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To Piero Lunghi. We miss you a lot.
To you our gratitude for ever

This book is dedicated to the memory of Piero Lunghi,
creator of the European Fuel Cell Technology & Applications Conference,

dear friend and colleague, who prematurely passed away in a car accident on damned November 9, 2007.

Piero made significant contributions in the field of fuel cells in the course of his too short career.
He was the eading figure in the formation of the fuel cell research group at the University of Perugia

and several activities and research projects initiated by him are still ongoing.
This means that, thanks to Piero, many young people are working in this exciting research field

and are coming to Rome to present their results. Therefore, Piero’s memory is in the conference name
but Piero’s contribution is still in the contents of this book.

The memory of our friend Piero, his great personal generosity and energy, survives in our hearts,
his contribution and his tenacity survive in the work of young people who carry on his vision

throughout the world.













Dear Participant,

Welcome to Rome and to the
4th edition of the European Fuel Cell
Technology and Applications “Piero Lunghi” Conference & Exhibition.

It is an honour for us to host you and we are pleased to say you will be enjoying the company
at this event of over 300 colleagues and leading experts in the wide field of fuel cells.
Covering the entire spectrum of research, development, demonstration and deployment,
120 lectures and 100 posters have been selected for presentation of the latest achievements
and updated perspectives in fuel cell technology.

With recession continuing to put pressure on economies worldwide, and in Europe especially,
it is becoming more and more apparent that the road to sustainable development,
to clean and efficient energy use, is one of precarious compromise between technological,
social and economic challenges. This is also reflected in the cross-cutting topics and wide range
of applications of all fuel cell types that are brought to you in this edition of the EFC,
featuring material development, manufacturing processes, lab tests and modelling,
system integration and field trials, fuel processing, policy measures and strategies,
as well as non-conventional applications and a few “crazy” ideas… Innovation is the key,
and fuel cells more than ever have the potential, and the power, to significantly contribute
in overcoming the difficulties of the near future.

We hope you will make full use of the many opportunities for networking provided:
coffee breaks and lunches are tastefully catered for, and discussions at the poster sessions
will be stimulated by a light aperitif.
Also, be sure to check out the exhibition area, a new entry to the EFC11, where research,
industry and market meet.

Finally, our beautiful new congress location has been chosen to provide you
with immediate access to the very heart of the Eternal City,
making up an unparalleled backdrop to what we hope will be a profitable stay
for you and a successful meeting.

           The conference Chairman
         and Organizing Committee
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ABSTRACT

Fuel  cell-based  cogenerative  systems  for  distributed 
residential  power  generation  represent  an  interesting 
alternative to conventional thermoelectric plants, thanks to 
their  possible  integration  into  the  overall  energy 
infrastructure to meet individual end uses of electricity and 
other local energy demands as heating. The goal of this 
paper  is  to  develop  a  complete  dynamic  model  of  a 
residential  cogenerative  (CHP)  energy  system  for  the 
optimization  of  the  plant  components,  with  particular 
attention to the heat exchangers, also in consideration to 
the transient response (in terms of the electricity and heat 
production)  of  the  whole  system.  The  research  activity 
was  carried  out  within  the  EFESO  project,  leaded  by 
Ariston  Thermo  SpA  and  founded  within  the  Italian 
program Industria 2015. A Solid Oxide fuel cell (SOFC), a 
fuel processor (constituted by a steam-methane reformer 
and a steam generator coupled to a burner) and a series 
of heat exchangers, for the thermal regeneration and the 
heat power recovery from the exhaust gases, are the root 
parts  of  this  CHP  system.  At  first,  the  model  was 
developed  in  Aspen Plus  environment  to  evaluate  the 
thermo-chemical operating conditions of the system and, 
subsequently,  all  the  system  components  were 
implemented  in  Matlab®Simulink  environment.  This  in 
order to analyse the behaviour of the CHP system under 
study  at  variable  loads  (for  example  in  periods 
characterized by production of electricity and only sanitary 
water).  With the aim to achieve a right dimensioning of 
the main plant components to guarantee a suitable inertia 
of  the  system  and  evaluate  the  system  global 
performance  (efficiency,  time  response),  suitable 
simulations  were  carried  out.  The  dynamic  model 
presented in this paper has permitted the analysis of the 
fully  functioning  of  the  FC-based  system,  allowing  the 
optimization of the plant components and its control logic.

INTRODUCTION

In  the  actual  energetic  background,  the  micro-
cogeneration systems (micro-CHP) based on solid oxide 
fuel  cell  (SOFC)  represent  an  interesting  alternative  to 
traditional  CHP technologies  to  efficiently  meet  heating 
and  electricity  needs  of  residential  dwellings  [1].  The 
SOFC,  in  fact,  is  a  highly  efficient  energy  conversion 
device that, thanks to its high operating temperature, can 
be  easily  coupled  with  a  thermal  recovery  system  to 
satisfy  a  possible  contemporary  request  of  heat  and 
electricity. So a model of SOFC-based CHP systems can 
be  an  extremely  valuable  tool  to  simulate  and  then 
analyse  the  plant  performances  both  in  steady  and  in 
transient  conditions. Various  models  have  been 
developed  to  simulate  dynamically  SOFC plant  [2]  and 
combined heat and power systems [3]. A review of SOFC 
numerical models can be found in the literature [4]. The 
goal of this paper is to develop a complete dynamic model 
of a residential cogenerative (CHP) energy system for the 
optimization  of  the  plant  components,  with  particular 
attention to the heat exchangers, also in consideration to 
the transient response (in terms of the electricity and heat 
production) of the whole system. 

STEADY AND DYNAMIC MODELING
Initially, a 0-dimensional model has been developed in Aspen 

Plus  environment, before  the  dynamic  implementation,  to 

characterize the “hotbox” thermochemical conditions. The CHP 

system core, called “hotbox”, has been constituted by: a SOFC 

stack  of  3  kWe,  a  fuel  pre-treatment  section  (including  a 

reformer,  a  burner  and  a  steam  generator),  a  cross-flow 

exchanger  (cathodic regeneration), two flow split modules (the 

O2 separator from cathode air and the anode water drainage), a 

mixer (the exhaust gases/gas cathode) and two heat exchangers 

for  the  heat  transfer  modelling  (in  particular:  the  internal 

cooling system and  the  external  one  for  the  recovery of  the 

exhaust anodic heat). The results of the Aspen Plus simulation, 

obtained in reference to some parameters set together with the 

technology  partners,  have  been  utilized  as  the  SOFC-based 

CHP system nominal operating conditions in the development 
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CHP system nominal operating conditions in the development 

1 Copyright © 2011 



16

of  the  dynamical  model  implemented  in  Matlab®Simulink 

environment [2]. 

In  Figure  1  the  relationship  between  the  modelled 
components is shown. In particular the dotted lines stand 
for  a  signal  transmission  between  two  blocks  (i.e.  the 
hydrogen flow rate  request),  while  the  continuous  lines 
and the dotted bold lines indicate respectively the material 
fluxes  (as  flow  rates)  and  the  heat  fluxes  (as  thermic 
power). 

Figure 1 Functional layout
Aiming to find the right size of the heat exchangers, with 
particular attention to the air-water heat exchanger and 
the  cathodic  regenerator,  a  simulation  campaign  was 
carried out to optimize the system dynamic response in 
presence of an electric power step from 2200 to 3000 W. 
In particular, the system response in terms of the current 
and the hot water supplied has been considered.
As  result,  the  geometric  characteristics  of  these 
components  and,  consequently,  their  definitive  time 
constants values have been determined. In Table 1, e.g., 
the geometric characteristics fixed for the air-water heat 
exchanger are shown.

Plates number 50

Dimension  H*L*P 490*218*246 mm

Nominal thermal power exchanged 7 kW

Nominal water flow rate 600 kg/h

Internal heat transfer coefficient 2000 W/mqK

Table 1 Air-water heat exchanger characteristics

In Figure 2 the  global system response (in terms of the 
produced  electric  current  and  output  voltage)  after  the 
heat  exchangers  sizing  is  presented.  Such  signals  are 
influenced by the inertia of all the components constituting 
the system and so they can can be considered as the 
overall response of the CHP system at the electric load 
variation.  Specifically,  the  delay  to  reach  the  new 
operating  conditions  is  approximately  of  220  seconds. 
Moreover,  with  particular  attention to  the air-water  heat 
exchanger, the delay due this single component is about 
100 seconds. This can be noted in Figure 3 in which the 
trend of the component output signal is shown. 

Figure 2 Current and voltage supplied

Figure 3 Hot water flow rate
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ABSTRACT
The purpose of this study is to improve the durability 

and to clarify the degradation cause of the intermediate 
temperature solid oxide fuel cells (IT-SOFCs) based on 
lanthanum  gallate  electrolyte  which  can  operate  at 

between 600 and 800°C. A disk-type electrolyte-supported 
cell  is  composed of  La0.8Sr0.2Ga0.8Mg0.15Co0.05O2.8 for  the 
electrolyte, Ni with doped ceria cermet for the anode, and 
Sm0.5Sr0.5CoO2.75 for  the  cathode. We  have  undertaken 
the improvement of the anode which has much effect on 
the  durability  performance.  In  order  to modify  the 
microstructures of  the anode, the cells were sintered at 
different  temperatures. They  were  Improved  Cell  #2 
(IP#2),  Improved  Cell  #3  (IP#3)  and  Improved  Cell 
#4(IP#4). In this study, durability tests using a 1 kW-class 
stack  has  been  performed  to  confirm  the  durability 
performance of the cells. In the long-term operation tests, 
the average voltage degradation rates per 1000 hr were 
obtained  as  0.32%  (IP#2),  0.30%  (IP#3)  and  0.33%  
(IP#4),  respectively.   These  values  indicated  better 
performances than the conventional  cell.  In the thermal 
cycle tests, the degradation rates were steadily improved 
from 0.09 %/cycle of the conventional cell to 0.07 %/cycle 
(IP#2),  0.045 %/cycle  (IP#3) and 0.028 %/cycle (IP#4). 
After the tests, the observation and analysis of the anode 
microstructures  showed that the degradation was mainly 
caused by the structural  change of the anode due to the 
Ni agglomeration.

INTRODUCTION
Solid Oxide Fuel Cell (SOFC) is a type of fuel cells that 

is  characterized  by  high  efficiency,  high  stability,  fuel 
diversity  and  internal  reforming. In  recent  studies, 
lowering the operation temperature to below 800°C is the 
mainstream.  This  temperature  range  allows  use  of 

metallic materials for components, speed-up for start-up 
and  high  system  stability.  Furthermore,  internal  steam 
reforming  of  hydrocarbon  fuels  is  available  in  this 
temperature region.

For the last 10 years, The Kansai Electric Power Co., 
Inc.  and  Mitsubishi  Materials  Corporation  have  been 
developing the disk-type planar  intermediate temperature 
SOFCs  (IT-SOFCs),  which  is  well-known  to  have  high 

oxide ion conductivity at between 600 and 800°C [1,2].  
In the study, a 10 kW-class system was developed and 
the field tests have been carried out and achieved several 
positive results. However, the cell durability and the cause 
of  degradation  mechanism  have  not  been  sufficiently 
clarified. In this study, durability tests using a 1 kW-class 
stack has been performed to improve the durability and to 
clarify  the  degradation  cause  of  IT-SOFCs  based  on 
lanthanum  gallate  electrolyte.  The  target  value is  0.25 
%/1000hr for the voltage degradation rate in the long-term 
operation. Also, an　expected　durability for 250 times 
start-stop  operations  should  be  necessary,  which  is 
roughly equivalent to the voltage degradation rate of 0.04 
%/cycle in the thermal cycle test. 

EXPERIMENTAL
A disk-type electrolyte-supported cell is composed of 

La0.8Sr0.2Ga0.8Mg0.15Co0.05O2.8 for  the  electrolyte,  Ni  with 
doped ceria cermet for the anode, and Sm0.5Sr0.5CoO2.75 

for  the cathode. In order  to improve the performances, 
three types of the cell　were prepared, Improved Cell #2 
(IP#2), Improved Cell (IP#3) and Improved Cell #4 (IP#4). 
Ce0.7Sm0.3O1.85 is used for the anode of the conventional 
cell  and Ce0.8Gd0.2O1.9 is  used for  an improved cell.  To 
modify  the  microstructures  of  the  anode,  they  were 
sintered  at  different  temperatures.  IP#2  anode 　 was 
sintered at the conventional temperature, IP#3 and IP#4 
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were sintered at 50 degrees and 25 degrees higher than 
the  conventional  temperature,  respectively.  For  a  cell 
stack unit, seal-less structure was adopted. A 1 kW-class 
stack was composed of 46 cells. As shown in Fig. 1, cell 
stacks units were vertically laminated and configured to a 
single  stack.  The  long-term  operation  tests  were 
performed  for  up  to  5000  hours  under  the  constant 
current  of  300  mA/cm2,  fuel  utilization  of  70%  and 
maximum  temperature  of  750ºC.  In  the  thermal  cycle 
tests, one thermal cycle consisted of 8 hours heating, 2 
hours  current  increasing,  3  hours  rating  and  11  hours 
cooling.

RESULTS AND DISCUSSION
In the conventional study, the durability performances 

were obtained as 0.51 %/1000hr  in the long-term opera-
tion test  and 0.09 %/cycle in the thermal cycle test, re-
spectively. In the long-term operation tests, the average 
voltage degradation rates per 1000 hr were obtained as 
0.32% (IP#2), 0.30% (IP#3) and 0.33% (IP#4), respect-
ively.　As shown in Fig. 2 and 3, in the thermal cycle the 
degradation  rates were 0.07  %/cycle  (IP#2),  0.045 
%/cycle  (IP#3)  and  0.028  %/cycle  (IP#4),  respectively. 
These results indicate that the modifications of the anode 
microstructure had the good effects on the durability per-
formances. As a result of the observation and analysis, it 
was  suggested  that  the performance  degradation  was 
mainly caused by the structural changes of the anode due 
to the Ni agglomeration. In addition, the anode microstruc-
tures of the cells which were sintered at higher temperat-
ures showed a slight change after the durability tests.

CONCLUSIONS
To improve the durability and to clarify the degradation 

cause  of  IT-SOFCs  based  on  lanthanum  gallate 
electrolyte, the long-term operation tests and the thermal 
cycle tests using a 1 kW-class stack were performed. The 
modifications of the anode structure effectively improved 
the  durability  performance  by  changing  the  sintering 
temperature of the anode. The main cause of the voltage 
degradation was due to the Ni agglomeration followed by 
the microstructure changes in the anode.
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ABSTRACT
Two  chitosan  membranes  with  different  degree  of 
deacetylation  (dda)  were  characterized  for  suitability  in 
methanol fuel cell applications.  It was found that the dda 
of  the  chitosan  membranes  affected  the  water  uptake 
thereby affecting the proton flow. At a temperature of 20 
oC,  chitosan  membranes with  a  difference  of  10% dda 
have  a  difference  of  about  5%  water  content. 
Thermogravimetry  analysis  shows  that  chitosan 
membrane with higher dda is more thermally stable than 
chitosan  with  lower  dda.  A  mass  balance  on  proton 
transfer across the membrane resulted in second order 
differential  equation.  Experimental  data  fitted  into  the 
equation gives a linear curve that was used to determine 
the membrane resistance. The performance of chitosan 
membranes and Nafion 117 membranes measured from 
a single cell DMFC with Pt-Ru/C anode catalysts and Pt/C 
cathode catalysts showed that Nafion membranes have a 
better  performance.  The  current  and  peak  power 
densities determined for Nafion membranes were 0.56 A/
cm2 and 0.075 W/cm2 respectively,  and for Chit-I,  were 
0.22 A/cm2 and 0.0274 W/cm2 respectively and for Chit-II 
membrane,  were  0.26  A/cm2 and  0.0424  W/cm2 

respectively. 

INTRODUCTION
The  growing  concerns  regarding  the  environmental 
degradation  caused  by the  emissions  from combustion 
engines  using  fossil  fuel  has  led  to  increasing 
development of  fuel cells  as alternative energy sources 
[1]. Notable among the fuel cells is direct methanol fuel 
cell (DMFC), which has received much attention in recent 
years  for  its  promising  qualities.  Some of  its  identified 
qualities are low pollution emission, existing infrastructure 
and propensity to be operated at low temperature.
The major drawbacks for using a DMFC is its low power 
density and low fuel utilization which are related to poor 
reaction  kinetics  and  methanol  permeation  through  the 
polymer  electrolyte  membrane  (PEM).  Methanol 
permeation causes a mixed potential hence contributing 
to  a  major  fuel  loss  and  as  a  result  the  DMFC 
performance decreases.  The commercial  PEM which is 

currently used in DMFC is Nafion 117 membrane [2]. It 
has  the  ability  to  provide  high  current  densities,  at 
relatively low temperature and pressure but its methanol 
permeability  is  very  high  hence  reducing  the  fuel  cell 
performance.  Recently, researchers have focused on the 
use of chitosan as membrane materials.
Chitosan  is  a  an  N-de-acetylated  derivative  of  chitin, 
which  can  be  obtained  in  large  amounts  from  fishery 
waste like crabs, lobsters and quills [3] thus obtainable at 
a very low cost.  In this paper chitosan membranes are 
manufactured, characterized and fabricated with Pt/C and 
PtRu/C catalyst layers for performance evaluation in the 
DMFC.

MEMBRANE PREPARATION AND TESTING 
Chitosan of different dda were prepared into membranes 
by dissolving chitosan flakes in acetic acid. The solution 
was cast on a flat sheet and then transferred to an oven 
to form a membrane. Prior to tests the membranes were 
cross  linked  in  sulfuric  acid  and  neutralized  in  sodium 
hydroxide. 
The dda of the chitosan membranes were measured to be 
Chit I = 82 mol% and Chit II = 72 mol %.  The membranes 
were  characterized  in  terms  of  thermal  stability,  water 
uptake,  and membrane  resistance  and were  measured 
against  that  of  standard  membrane;  Nafion  117.   The 
membrane resistance to proton transfer was determined 
by using a two compartment diffusion cell as described in 
the work of Osifo et al. and Pivovar et al. [4,5].
The  dense  polymer  membranes  made  as  showed  in 
Figure 1 were fabricated by hot pressing the anode with 
Pt/Ru/C and the cathode with Pt/C at 60oC. The catalyst 
deposited can be seen on the top layer of the membrane 
of Figure 1. The membrane performance was tested in a 
single cell air breathing DMFC. 

RESULTS AND DISCUSSION
The water uptake values of 65% and 60% for Chit-I and 
Chit-II  membranes  were  found  at  20  oC.   Chitosan  is 
highly  hydrophilic  with  a  hydroxyl  (OH-)  and  the  amino 
(NH2) groups on its backbone. It was also established that 
Chit-I  membranes  posses  a  higher  water  uptake  than 
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Chit-II membranes with a difference of about 5%.  Wan et 
al. [6]  associated  the  lower  water  uptake  in  high  dda 
membranes with a strong intermolecular hydrogen bond 
between the hydroxyl group and the amine group. It was 
found  that  the  water  uptake  in  chitosan  membrane  is 
higher than that of Nafion membranes.
It can be seen from Figures 2 and 3 for TG, DTG and 
DSC  thermograms  for  Chit-I,  and  Chit-II  membranes 
under  nitrogen  that  chitosan  membranes  are  stable  to 
230oC and Nafion 117 is stable to 320oC.  
The  membrane  resistance  R to  proton  flow  was 
determined.  The R of Chit-II membranes is slightly higher 
than that of Chit-I membranes.  This can also be related 
to the lower water  uptake of  Chit-II  compared to  Chit-I 
membranes. A comparison of flux across Chit-I and Chit-II 
membranes indicates that Chit-II membranes have lower 
flux,  and  this  is  attributed  to  a  very high  overall  mass 
transfer  resistance  for  Chit-II.  This  difference  in  R 
observed in chitosan membranes show that the dda has a 
significant effect on membrane resistance.
The  measured  cell  voltage  and  power  density  against 
current density showed that the DMFC performance using 
Chit-I MEA slightly exceeds that of Chit-II MEA.  
The low cell performance in Chit-II MEA is attributable to 
its high membrane resistance to proton flow,  low water 
uptake  and  possibly  the  amount  of  PtRu/C  catalyst 
loading on the membrane.  Therefore, the Chit-I MEA has 
better  properties  than  the  Chit-II  membrane but  Nafion 
117  membranes  still  exhibits  a  high  performance  with 
results of the same order magnitude as chitosan MEA.

Figure  1:  SEM  images  of  cross  section  of  chitosan 
membrane and catalyzed chitosan membrane

CONCLUSIONS
The  influence  of  dda  was  used  to  examine  chitosan 
membrane properties on fuel cell performance. Different 
dda of the two-chitosan membranes was found to affect 
the water uptake.  Chit-II membranes were found to have 
a high dda which enhanced its crystalinity thus preventing 
the water from entering the crystalline region resulting in 
decreased  water  uptake.  The  study  of  membrane 

resistance to proton flow showed that the resistance of 
Chit-II  membranes  was  higher  than  that  of  Chit-I 
membranes due to their different water uptake values.  
The performance of Chit-II  MEA was slightly lower than 
Chit-I MEA due to its low proton flow that can be attributed 
their difference in water uptake.  It may be suggested that 
the use of chitosan with a high dda will be preferred in an 
environment where high temperature methanol fuel cell is 
in operation, otherwise for a low temperature fuel chitosan 
with a dda less than 72% is suitable.
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membranes under nitrogen
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ABSTRACT  
      The mechanism of chemical degradation in 
perfluorinated and (more recently) aromatic PEM 
polymers has been controversial for a generation.  By use 
of model compounds degraded in the presence of 
hydroxyl radicals, important clues can be obtained which 
strongly suggest that side chain oxidation leading to 
homolysis of C-O ether linkages is the dominate pathway 
for chemical degradation. These results, and extension to 
the PEM polymers themselves, will be discussed, along 
with plans for the future. 

INTRODUCTION  
Polymer electrolyte membranes serve to separate 

fuels, such as hydrogen, from oxygen, while providing the 
pathway for proton conduction necessary for completing 
the overall process mass balance.  It is well known in the 
field that these membranes fail in time, thinning and 
developing pin holes with use.  As perfluorinated 
polymers are typically used in these commercial devices, 
the effluent water generally contains significant 
concentrations of fluoride ions, a by-product of the 
polymer degradation process.  In this study, small 
molecule model compounds and actual membranes were 
subjected to peroxy radicals, and the reaction products 
and kinetics examined, in order to shed light upon the 
mechanism by which this unwanted degradation 
proceeds. 

DURABILITY IN PEM POLYMERS 
Current PEMFC systems operate using 

perfluorinated polymer membranes, such as DuPont’s 
Nafion® ionomer, or the competing product from the 3M 
company.  These membrane polymers provide good 
proton conductance, water management, and reasonable 
mechanical and chemical durability in the application, 
albeit at a relatively high market price.  Hydrocarbon 
membranes have been proposed as a means of reducing 

costs for the membrane components.  A generally 
accepted concept within the field is that hydrogen 
peroxide, an unwanted side product of hydrogen fuel 
oxidation, breaks down into hydroxyl radicals, which then 
oxidizes the membrane polymers to produce fluoride (in 
the fluorinated polymer cases), carbon dioxide, and other 
reaction products.  Accompanying this chemical 
degradation is thinning and pitting of the membranes, and 
mechanical and/or electrical failure of the system.  
Minimization of oxygen permeation within the fuel cell will 
reduce production of peroxide species; introduction of 
peroxide-destroying additives, such as Ce3+ ions, can 
substantially reduce concentrations of these harmful 
species as well.  A detailed understanding of how 
structure of the PEMFC polymers and their susceptibility 
to chemical degradation has been elusive to date, but 
recent work with model compounds has provided relative 
degradation rate results which can be used to guide 
further synthetic efforts.1-3

The prior literature had emphasized the oxidation 
of residual carboxylic acid group present at the end of the 
poly(tetrafluoroethylene) backbone of the PEM polymers.  
These carboxylic acid groups indeed are highly reactive, 
but analysis of degradation rates as a function of 
carboxylic acid concentrations clearly shows that a 
second pathway of oxidative degradation needs to exist.  
As the manufacturers of the perfluorinated PEM 
membranes have improved their synthetic processes, the 
levels of residual carboxylic acid groups has fallen, but 
significant degradation rates persist.  While the literature 
has not previously been in agreement as to the additional 
point(s) of attack of peroxide upon Nafion and other 
membranes (options including the bridgehead C-F bond 
where the ether side chains are attached, ether groups 
themselves, and the sulfonic acid groups at the end of  
the side chains, the present work clearly indicates that 
side chain cleavage at ether linkages is the dominate 
alternative point of polymer degradation.  Analysis of the 
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products of both model compounds and PEM membrane 
polymers themselves, exposed to Fenton’s Reagent, 
clearly results in the expected radical intermediates from 
such ether bond breaking.  When Fenton’s degradation is 
carried out in the present of a radical trapping agent, the 
radicals associated with side chain ether cleavage have 
been trapped and validated. Work by the Schlick group at 
the University of Detroit Mercy (UDM), directly observed 
radical intermediates within the peroxide-degradation of 
both PEMFC membranes and some of the same model 
compounds as studied by the Schiraldi group, again 
identifying ether-derived radicals.4

Non-perfluorinated PEM polymers offer the potential 
for both reduction in costs, and decreased oxygen 
permeation rates when compared to their fluoropolymer 
counterparts.5  The oxygen permeation rates are very 
important because stability against radical degradation 
will be the product of a membrane’s inherent oxidative 
stability and the concentration of oxidative radicals 
present and available to degrade that membrane.  With 
decreased oxygen crossover through the membrane 
comes lower hydrogen peroxide concentrations and 
hence less opportunity for degradation.  A series of model 
compounds which mimic the most commonly considered 
non-perfluorinated membrane polymers were subjected to 
Fenton’s Reagent degradation, with their reaction 
products and relative oxidation rates examined. Once 
again, ether groups were found to be relatively unstable 
under simulated fuel cell operating conditions.  Aromatic 
sulfones, and sulfonated aromatic rings generally 
survived peroxide oxidation, with some ring hydroxylation 
resulting from the reaction conditions.  Sulfonic and 
phosphonic acid groups typically were not reactive during 
the Fenton’s testing.  When perfluoro and non-fluoro 
systems were compared, the non-fluoro compounds did 
degrade at ca. one order of magnitude greater rates; if, 
due to decreased oxygen crossover, peroxide levels are 

more than one order of magnitude less (as is typical for 
these membranes), then the net stability of aromatic 
membranes can meet or exceed those of the current 
perfluorinated systems. 

NOMENCLATURE 
.
PEM POLYMER ELECTROLYTE MEMBRANE 
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ABSTRACT 
Diesel fuel processor which consists of auto-thermal 

reformer, desulfurization and post-reformer was tested 
using structured catalysts. In previous research, the 
diesel fuel processor was successfully operated using 
granulated catalysts for 2,500 hours. In this research, 
three catalysts for each process were coated on ceramic 
monolith and metal foam using dip-coating method. 
Activity to each process was compared to the granulated 
catalysts. First, Pt/CGO was coated for auto-thermal 
reforming (ATR) of diesel. Pt/CGO coated monolith 
showed similar activity to granulated catalysts. However, 
fast degradation was observed after 24 hours operation. 
Second, ZnO was used to remove H2S in reformate. 
100ppm of H2S/N2 gas was used to compare ZnO coated 
monolith and metal foam with granulated ZnO. H2S was 
removed below 10 ppm when GHSV was 15,000/h over 
both structured catalysts. Third, Ru/CGO was coated for 
post-reformer which is developed to remove low-
hydrocarbon in reformate. Diesel reformate simulated gas 
containing 2% of C2H4 was fed to structured catalysts. 
Monolithic catalyst was superior to metal foam catalysts 
for post-reformer with respect to ethylene removal. 
1. INTRODUCTION 

Diesel is an attractive source of hydrogen for SOFC 
because of hydrogen storage density, supplement and 
safety. Although diesel is converted to syn-gas, several 
processes are required to stable operation of SOFC. One 
is desulfurization, which removes sulfur in diesel or 
reformates. Although ultra low sulfur diesel is available, 
diesel contains up to 1000ppm of sulfur compounds 
depending on its purposes and regions. Sulfur compound 
in diesel converts to H2S in reforming condition. H2S in 
reformate is successfully removed using commercial ZnO 
in previous research. Another process is removal of low-
hydrocarbons in reformate. Low-hydrocarbons, especially 
ethylene, are known to precursor of carbon deposition on 

reforming catalysts and SOFC anode. Post-reformer was 
developed for removal of low-hydrocarbons in previous 
research. Ru/CGO (3.0 wt.%) was selected for post-
reforming catalysts and optimum conditions were found. 
Diesel fuel processor, which consists of auto-thermal 
reformer, desulfurization and post-reformer, was 
developed and successfully operated for 2,500 hours. 
However, granulated catalysts for each process were 
used. Granulated and extruded catalysts are inefficient 
with respect to the cost and pressure drop.

In this research, three catalysts for each process 
were coated on two kinds of substrates. Coated catalysts 
were tested for each process. 
2. EXPERIMENTAL 

Catalysts were coated on the substrates using dip-
coating method. Pt/CGO (0.5wt.%), ZnO and Ru/CGO 
(3.0wt.%) were used for auto-thermal reformer, 
desulfurization and post-reformer respectively.

Schematic diagram for catalysts tests is shown in Fig. 
1. The liquid reactants, such as fuel and de-ionized water 
(>15 MΩ ), were supplied by an HPLC (high performance 
liquid chromatography) pump. The air, N2 and syn-gas 
were regulated using a mass flow controller. The reactors 
were made from a 12.7 mm STS (stainless steel) tube 
and placed inside an electrical furnace to maintain the 
reaction temperature. The products gas was analyzed by 
gas-chromatograph and NDIR. 

Commercial diesel, water and air were fed to auto- 
thermal reformer. Operating condition was O2/C of 0.8, 
H2O/C of 3 and 800°C. A gas hourly space velocity 
(GHSV) was varied from 12,500/h to 22,500/h. 
Desulfurization was conducted using 100ppm of H2S/N2
gas at 400°C and GHSV was varied from 5,000/h to 
20,000/h. Diesel reformate simulated gas containing 2% 
of C2H4 was used to test activity of Ru/CGO coated 
catalysts as post-reforming catalysts.  
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Figure 1. Schematic diagram for catalysts test 

3. RESULTS AND DISCUSSIONS 
Results of diesel ATR over the two structured 

catalysts are shown in Fig. 2. Fuel conversion was 
defined as carbon in fed fuel to CO, CO2 and CH4 in 
products. Pt/CGO coated ceramic monolith shows over 
98% of fuel conversion without detection of low-
hydrocarbon. Fuel conversion decreased when GHSV 
increased from 12,500/h to 17,500/h. However, no 
production of low-hydrocarbons increased. This indicates 
that decrease in fuel conversion is resulted from artificial 
error. In contrast to monolith catalysts, fuel conversion 
over metal foam catalysts was under 90%. However, 
Increase in GHSV does not lead to further decrease in 
fuel conversion except for artificial error. This implies that 
reforming reaction over metal foam catalyst is limited by 
steam reforming of low-hydrocarbons to H2, CO and CO2.
H2S concentration over ZnO coated substrates are shown 
in Fig. 3. Performance of desulfurization over monolith 
catalysts gradually decreased, while metal foam catalyst 
was able to sustain its performance up to GHSG of 
15,000/h. This is may be due to effects of transfer H2S to 
the reaction sites. H2S in monolith is mainly transferred by 
diffusion. On the other hands, Convective mixing occurs 
over metal foam because of randomly assembled metal 
foam. Especially, H2S removal can be largely 
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affected by mass transfer because of low concentration. 
C2H4 products after post-reforming using structured 

catalysts are shown in Fig. 4. C2H4 was removed to 
detection limitation over monolith catalyst. However, up to 
57% of C2H4 was reminded in reformate when metal foam 
catalysts was used. This result is consistent with the 
result of diesel ATR. No separation between catalysts and 
catalysts was observed by SEM. Therefore, this may be 
due to metal foam itself active to the adverse reaction 
such as coke formation.
4. CONCLUSIONS 

Catalysts coated on ceramic monolith and metal foam 
was tested for auto-thermal reformer, desulfurization and 
post-reformer. Fuel and C2H4 in reformate was completely 
converted over monolith catalysts, while metal foam 
catalyst shows better H2S removal performance than 
monolith catalyst. 
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ABSTRACT 

This paper presents the latest advances of The 
National  Hydrogen  and  Fuel  Cell  Centre  (NHFCC)  as 
integrant part of the policy and  national program  issues 
on fuel cells and hydrogen in Romania. The presentation 
is focused more on fuel cell  and hydrogen activities, in 
particular  the  current  research  directions.  The  new 
hydrogen research centre has the mission of deepening 
scientific  knowledge  of  the  hydrogen  and  fuel  cell 
chemical  and physical  processes and is  trying to  bring 
together technology and expertise to provide a platform 
for new business development into this new energy field 
in Romania.

INTRODUCTION

A number of R&D Centers that have as objectives 
the  development,  testing  and  validating  hydrogen 
technologies  and  equipment  exist  in  the  world  (USA, 
Japan,  Germany,  France,  Holland,  Spain  or  England). 
These  centers  have  already  defined  a  strategy  for 
developing  and  accelerating  the  research  and 
development  activities  in  the  field  of  hydrogen 
technologies, defining them in a competitive institutional 
framework, but coordinated at the national level. Whether 
they are called National Programs, National Initiatives or 
"Road map", they are intended to provide a unified and 
integrated view of these research priorities. 

The  National  Hydrogen  and  Fuel  Cell  Centre 
(NHFCC)  is  the  body  charged  by  Romanian  National 
Authority  for  Scientific  Research with  developing  and 
implementing new technologies related to the hydrogen 
energy.

The mission of NHFCC is to facilitate, prove and 
accelerate the development and deployment of fuel cell 
technology  and  fuel  cell  systems;  promote  strategic 

alliances  to  address  the  market  challenges  associated 
with the installation and integration of fuel cell systems; 
and  to  educate  and  develop  resources  for  the  various 
stakeholders in the fuel cell community.  NHFCC is a full 
member in the Research Group of the Joint Technology 
Initiative - Joint Undertaking on Hydrogen and Fuel Cells. 
The membership agreement guarantees rights in decision 
making,  in  defining business strategies and also in  the 
participation to the European calls that will  be launched 
within the FCH JU. 

The NHFCC results expected by 2020:
 to obtain definitive information regarding the cata-

lytic oxidation mechanism, oxygen reduction and 
proton  transport  through  polymeric  membranes 
by carrying out  fundamental and exploratory in-
terdisciplinary research;

 to develop simulation models capable of provid-
ing data design for hydrogen processors and fuel 
cell assemblies;

 to  obtain the first  portable fuel  cell  systems for 
back-up needs to achieve an integrated system 
competitive  from cost  and characteristics  points 
of  view  with  the  existing conventional  systems 
(diesel generators);

 to build a demonstration system that will generate 
energy using fuel  cells  connected to  a network 
similar to computer networks such as internet;

  to  develop  power  stations demonstration  sys-
tems  based  on  renewable  as  primary  energy 
source;

  to elaborate, at pilot scale, a hydrogen produc-
tion  technology  based  on  biomass  processing 
and thermo-chemical reactions; 

 to optimize the stations for hydrogen production 
through  catalytic  reforming  of  methane by  de-
creasing the costs and increasing the reliability; 
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 to make power stations using hydrogen produced 
from a catalytic reformer and to use these sta-
tions in remote areas in order to prove their utility;

 to  use  the  heat  energy  sources  from  thermal 
plants as cogeneration in hydrogen production by 
hybrid processes, e.g. nuclear hydrogen produc-
tion; 

 to obtain experimental models regarding the elec-
trochemical hydrogen production systems;

 to develop codes and procedures for implement-
ing  this  fuel  cell power  station  of  medium and 
large power;

 to develop an application for demonstrative pur-
pose, 1-2 MW power station based on hydrogen 
derived from regional sources.

 RESULTS

NHFCC  currently  performs  research  in  modeling, 
integrating  renewable  with  water  electrolysis,  catalytic 
membrane  reformer  design,  thermo-chemical  water 
splitting,  extensive  experimental  study-laboratory-scale, 
of a decentralized electricity generation system based on 
the  concepts  of  distributed  hydrogen  energy  resources 
and other cross-cutting issues.

Study  of  the  dynamics  of  isotope  transfer  under 
steady-state  reaction  conditions,  the  so-called  Steady-
State  Isotopic  Transient  Kinetic  Analysis  (SSITKA),  is 
successfully employed in investigation of the mechanism 
of catalytic reactions. The most important thing in SSITKA 
studies is a selection of reactor type. In close connection 
with the experience of  researchers from this center the 
steam methane reforming experiments are realized using 
Pd-alloy  membrane  reactors  and  steady  state  isotopic 
transient  kinetic  analysis. This  new  investigation  tool 
identifies  the  realistic  mechanism  of  physical  and 
chemical  processes  which  occur  within  the  main 
components  of  a  hydrogen  integrated  power  system – 
hydrogen  processor  by  methane  catalytic  steam 
reforming and hydrogen fuel cell, by implementing a new 
experimental  approach,  based  on  the  use  of  isotopic 
labeled compounds. The efforts are underlining the new 
approach  of  investigation  of  physical  and  chemical 
processes  which  occur  in  the  main  components  of  the 
technological  chain  of  a  hydrogen  power  station  – 
hydrogen  processor  base  on  methane  catalytic  steam 
reforming and proton exchange membrane fuel cell stack.

Nuclear  hydrogen  production  is  an  emerging  and 
promising alternative to steam methane reforming (SMR) 
for  carbon-free  hydrogen  production  in  the  future. The 
potential of the Copper-Chlorine (Cu-Cl) thermo-chemical 
cycle for large-scale hydrogen production using nuclear 
energy is under evaluation to perform an integrated lab-
scale  (ILS)  experiment  to  demonstrate  closed-loop 
operation of the Cu-Cl cycle. As a result of this interest 
the  center  is  a  part  of  an  international  project  named 
“Clean Hydrogen  Production  with  Water  Splitting 
Technologies”.  The  project  aims  is  to  develop  new 
methods of sustainable, low-cost production of hydrogen, 

using  nuclear  and  solar  based  technologies  of  water 
splitting. Sustainable hydrogen production at a large scale 
will  position the center on the world stage of clean fuel 
production.

Considering our mission of implementing hydrogen-
based technologies in Romania, one part of our activity is 
planned to be in the area of application design, fuel cell 
system  testing  and  technology  validation.  Taking  into 
account the specific conditions in Romania and also the 
limits of  our capacity to deliver  breakthrough science it 
was clear for us that we have to find our place in a more 
technological  area  where  engineering  capability  and 
knowledge of using new techniques and instrumentations 
could be a  plus for our expertise.  The laboratories are 
equipped with  advanced fuel  cell  test  stations,  allowing 
fuel cell testing and experimentation on a wide range of 
fuel cells, from single cell assemblies to 50 kW systems. 
Dynamic  load  testing  can  be  carried  out  on  proton 
exchange membrane (PEM), and direct methanol fuel cell 
(DMFC) systems, with full data logging. 

CONCLUSIONS

NHFCC  is  designed to  handle at  national  level  the 
issues  related  to  the  basic  research,  development, 
testing,  outreach  and  defining  national  codes  and 
standards related to the production, delivery, storage and 
use  of  Hydrogen. The main  objectives  of  NHFCC are: 
promoting  excellence  in  fundamental  and  applied 
research,  providing support  for  development  of  applied 
technologies and models,  advice and support  in  taking 
decisions  and  carrying  out  activities  for  authorities 
regarding the renewable energy in general and hydrogen 
technologies in  particular and  support  for  training 
activities for students and young researchers. There are a 
number  of  equipments  at  NHFCC for  testing  and 
validation of fuel cell technology, equipment that is highly 
specific and has been purchased with the idea of creating 
a  national  facility  to  serve  the  research  needs  and 
development. NHFCC  currently  performs  research  in 
modeling,  integrating  renewable,  catalytic  membrane 
reformer  design,  thermo-chemical  water  splitting  and 
other cross-cutting issues.
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ABSTRACT 
The  need  for  the  GHG  emission  abatement  becomes 
impellent, but the technologies proposed to capture CO2 

from the flue gases suffer of dramatic drawbacks. 
MCFC  offer  an unique opportunity:  they generate  CO2-
free additional power while are efficiently capturing  CO2. 
In selected cases, very relevant for CCS application,  the 
efficient  and  clean  power  generation  capability  of  the 
MCFC  can be preserved also for CO2 capture purpose, 
without  excessive  implementation  of  the  clean  up,  but 
simply  exploiting   proper   inner  configurations  of  the 
MCFC-CCS system itself.

INTRODUCTION 
Molten Carbonate Fuel Cells (MCFC) are intrinsically an 
“active”  CO2  concentrator,  which  concentrates  CO2 
producing at the same time additional electrical energy at 
notable efficiency. The cell electrochemical reactions itself 
selectively draw “diluted” CO2 from the flue gas fed to the 
cathode and transfer  it  into  the N2-free anode stream, 
where  is easily separable from H2 and H2O.. 
The potential exploitability of the MCFC for CO2 capture 
purpose is well known   [(1)]..  
A large variety of flue gas  characteristics,  typology and 
level  of  pollutants  are  to  be  considered  (natural  gas 
combined cycles, coal plants, industrial fields like cement 
plants,  refineries,  steel  industry).   Therefore  different 
configurations for  MCFC-CCS systems can be proposed, 
looking  for  the  one  most  suitable  for  each  specific 
situation. At this regard, the key is a continuous feedback 
between design and experimental activities

NOMENCLATURE 
GHG Green House Gases 
MCFC  Molten Carbonate Fuel Cell
CCS Carbon Capture and Sequestration
NGCC Natural Gas Combined Cycle
IGCC  Integrated Gasification Combine Cycle

BODY OF THE PAPER 
Figure 1 shows the results  of a set  of  single cells tests.
performed with a variety of low CO2 cathode gases (see 
table  1),  by  maintaining  constant  both  flow  rate  and 
composition  of  the  anode  gas.  The  key  role  on 

performance played by  CO2 level  at the cathode exit, 
immediately  evident by fig.1, defines threshold about the 
admissible  CO2  depletion  levels  and,  therefore,  about 
reasonable  CO2  capture  target.              . 

IR free voltages

450

550

650

750

850

950

0,00 20,00 40,00 60,00 80,00 100,00

                                    mA\cm2                 FIGURE 1 

m
V

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

B11

B12

CC2

       INLET   V \ I

 Curve

OUTLET@100mA\cm2

%CO2 % O2 %CO2 % O2

4  12,7 B10 2,6 12,3

4  8,6 B11 2,6 8,1

4 12,7 B1 2,2 12,1
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3 12,7 B4 1,6 12,3

3 6,4 B7 1,6 5,8

3 9,4 CC2 1,6 8,9

2 4,3 B6 1,1 3,9

2 6,4 B2 1,1 6,0

2 8,6 B3 1,1 8,3

2 8,6 B12 0,6 8,1

2 6,4 B9 0,6 5,8

For each curve, flow rates constant on the whole 

range of current density 

Table 1 

.  
The  above  data   directly  give  indication  about  the 
potential  of  MCFC-CCS  on   low  CO2  flue  gases  (for 
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instance NGCC exhaust) , but are also usable to evaluate 
MCFC CCS systems conceived as strings of   in series 
connected stacks,  of interest chiefly in case of  CO2 rich 
flue gases ( for instance the cement plants)
About the NGCC, analysis [ (2) ] based also  on results of 
the single cell  tests showed that  a NGCC plus MCFC-
CCS  plant  has  the  potential  to  achieve  70%  of  CO2 
separation, while producing additional power (+20%). The 
overall  plant  efficiency is  higher  than  if  a  conventional 
CCS is chosen. 
About the  coal  fuelled  IGCC,  significantly  higher  CO2 
sequestration levels, approaching 100 %, are potentially 
attainable by endowing  them with MCFC-CCS. Reliable 
and  high  efficiency  large  standard  gas  turbine  can  be 
maintained (no necessary smaller  H2 turbines [ (3)}
Very interesting the perspectives for the MCFC-CCS  on 
cement plants: starting from about 18 % of CO2, targets 
for a “direct”  capture up to 90 % are attainable without 
excessive CO2 depletions. The O2 content (about 10%) is 
close to the  minimum for such a target;  thus a calibrated 
strategy of   air addition is helpful .
An  additional  CO2  abatement  is  indirectly  provided 
through the CO-free power made available by the MCFC. 
NOx  contents  are  high,  often  120-250  ppm;  while  the 
threshold for MCFC is  currently considered 25 ppm.
However  25 ppm of NOx in the cathode gas don’t affect 
MCFC performance, as shown by Fig. 2
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FIG.2  -  Effect of  NOx (25 ppm) on V\I curve 

A set of experimental results with higher NOx content  (50 
ppm of NOx) [4] suggest that higher thresholds are to be 
expected, at least  in MCFC-CCS conditions.
MCFC-CCS  systems  arranged  as  strings  of   stacks 
having the cathodes in series connected, so that penalties 
are suffered only by the first stack of each strings while all 
the remaining ones work on clean gas, make acceptable 
higher  thresholds on the contaminant levels   (included 
NOx  )  and  make  exploitable  Direct  Internal  Reforming 
MCFC stacks for CCS  purpose [(5)],
A key result is  referred by [(4)]:

about 2\3 of the NOx in the oxidant was  systematically 
“captured” and released anode side, essentially as N2.  
Thus  MCFC-CCS  acts  automatically  as  additional  De-
NOX, by converting a major portion of the NOx into N2.
Table 2  summarises key assumption and main results of 
a very preliminary evaluation of the potential of a MCFC– 
CCS system constituted by a string of 4 stacks processing 
a  flue  gas  containing  900  kg\h  of  CO2  (typically 
generated  to produce 1 ton\h of  clinker by a coal fuelled 
cement plant)

Refernce  :  1 ton\h  of  clinker

H2 utilisation, overall, whole MCFC string          75 %

 Overall CH4 conversion           95 %

Separation efficiency of the CO2 separators           90 %

kW\ m2  @  630 A\m2  1° stack (274 m2)           0,5

kW\m2 @900 A\m2  stack 2-3-4  (326m2)           0,7  

 MCFC power lost  by  CCS devices          25 %

 MCFC net power          1° stack       102,7 kW

MCFC net power          single stack 2-3-4        171 kW

MCFC net power        total   (4 stack)        615,7 kW

CO2 from flue gas  fed  to cathode inlet       900 kg\h

Additional CO2   from   CH4 fed to  mcfc       303 kg\h

CO2 send to  sequestration site      1062 kg\h

CO2 released through the cathode  exhaust        141  kg\h 

CO2 emissions  without  CCS      900 kg\h

CO2 emissions  with MCFC- CCS      141 kg\h

CO2  avoided at the   plant site      759 kg\h

            Direct abatement  %        84 %

Credit from  CO2 free MCFC power    >  222 kg\h

Avoided CO2   (overall)    >  981 kg\h

Avoided CO2\ CO2 emitted  without CCS       109  %

 “Cement plant  +   electrical grid portion”  overall system  

CO2 emitted without CCS      1122  kg\h

Overall  CO2 abatement           87 %

                                       TABLE 2 

The analysis  indicates that reasonable  targets can be
a decrement  of   the  CO2 emissions from the cement 
plant   approaching  85%,  plus  an  additional  reduction 
(corresponding  to  about  20  %  )  through  the  CO2-free 
MCFC electrical power. Moreover, CO and SOx can be 
practically eliminated;  NOx decreased of at least  70 %.
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ABSTRACT
Platinum  electrocatalysts  on  carbon  carrier  were 

synthesized  using  magnetron  sputtering  method  and 
additionally treated by Ar+ ions. Thermogravimetric, TEM 
and XRD analysis and cyclic  voltammetry were carried 
out  to  clarify  their  composition  and  structure.  It  was 
shown, that carbon surface is rather uniformly covered by 
nanosized  (about  4  nm)  metal  particles  (40  wt.  %  of 
catalyst) of the single-phase composition. Additional ionic 
treatment results in increase of  electrocatalysts surface 
area, catalytic activity and life-time.

INTRODUCTION
The main shortcomings of conventional liquid phase 

chemical  methods,  widely  used  for  synthesis  of 
electrocatalysts  for  proton exchange membrane  (PEM) 
and  some  other  systems,  are:  the  large  number  of 
synthesis stages and necessity of catalyst purification by 
washing;  and  some  composition  and  phase  state 
limitations.  Thermal  decomposition  or  gas  phase 
reduction  often  result  in  catalyst  particle  sintering  and 
agglomeration.  Therefore  physical  synthesis  methods 
such as magnetron sputtering and ion implantation have 
substantial perspectives for electrocatalyst production [1-
3]. Magnetron sputtering method provides high efficiency, 
absence  of  poisoning  by  impurities  and  autocatalytic 
particle growth or agglomeration as it could be carried out 
at low temperatures.  Ion implantation results in surface 
compounds  synthesis  together  with  radiation  surface 
modification and it  could  be combined with  magnetron 
sputtering.  The  main  purpose  of  present  study  is 
optimization  of  mentioned  physical  methods,  mainly 
sputtering,  for  preparation  of  nanostructural  platinum 
electrocatalysts on carbon carriers.

EXPERIMENTAL
Electrocatalysts  with  Pt  content  10-40% on Vulcan 

XC-72  carrier  were  synthesized  in  conventional 

magnetron  sputtering  system  (Fig.1)  with  specially 
designed device which provides efficient carbon particle 
mixing by vibration and mechanic agitation which results 
in  uniform  distribution  of  metal  particles  on  carbon 
surface.

Fig.1. Scheme of magnetron sputtering system (1 – 
sputtering chamber, 2 – magnetron, 3 – electromagnetic 

vibration generator, 4 – demountable cup, 5 – metal 
particles flow, 6 – pumping, 7 – target cooling, 8 – 

working gas supply, 9 – inspection window).

Losses of Pt on the walls of the sputtering chamber 
of special design were relatively small (about 10%) and 
application  of  special  removable  plates  with  deposited 
platinum  made  the  platinum  recovery  process  rather 
easy.

Platinum  content  was  ascertained  using  TGA 
analysis. TEM and XRD analysis together with absorption 
and electrochemical measurements were carried out for 
characterization of produced samples. XPS analysis was 
carried out to be convinced of catalyst surface purity.

1 Copyright © 2011 
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Fig.2. TEM image of sputtered catalyst.on carbon

TEM  images  (Fig.  2)  analysis  have  led  to  the 
conclusion that  metal  nanoparticles rather  uniformly fill 
the  carbon  surface  and  have  sizes  less  than  10  nm 
(commercially  available  catalyst  (E-Tek,  Johnson-
Matthey,  Pt(40wt%)/C)  have  particle  sizes  3.5-3.9  nm 
[4]).  XRD  spectra  demonstrate  single-phase  particle 
composition. XPS analysis of specially prepared samples 
(ZrO2 and  carbon  plates  with  magnetron  sputtered  Pt 
coatings)  proved  that  surfaces  of  sputtered  metal 
particles  are  free  of  both  organic  and  inorganic 
impurities.

Electrodes  based  on  synthesized  electrocatalysts 
were tested in liquid electrolyte [5] and in PEM fuel cell 
and  water  electrolyzer.  Sputtering  process  parameters 
variation (discharge power, sputtering time, bias voltage, 
working gas pressure and composition) make it possible 
to form electrocatalysts with high active surface (up to 50 
m2/g) with high chemical purity. A qualitative correlation 
between characteristics of electrocatalysts and sputtering 
parameters was determined.  It  was particularly showed 
that  intensity  of  ionic  treatment  of  catalyst  during 
sputtering process (increase of ionic current from 0,10 to 
0,25 mA/cm2) considerably increases its surface area (up 
to 30%) and operating efficiency (up to 5%). The most 
effective catalysts were synthesized in conditions of high 
discharge power, long sputtering time, high negative bias 
voltage and medium working gas pressure (Ar with 5% H2 

addition).
Additional  surface  treatment  by noble  gas ions for 

example with Ar+ with energies about 10 keV  and dose 

5·1015 –  5·1016 ion/cm2  results  in  some  additional 
increase of the surface area (up to 5-10%) and in more 
significant increase of  the catalyst activity (up to 20%). 
Further  increase of  the ion energy or  dose resulted in 
detectable  catalyst  sputtering  and  decrease  of  the 
catalyst  content  and  surface  area.  Smaller  doses  and 
energies almost did not influence the activity. 

Electrocatalysts  with  Pt  content  40%  permitted  to 
obtain current density  0,9 A/cm2 (1,7 V) in electrolyzer 
and 0,65 A/cm2 (0,63 V) in a fuel cell – practically same 
as  chemically  synthesized  electrocatalysts  at  same 
loading. It is worth to mention that ion implantation also 
results in some electrocatalyst life-time increase probably 
due to removal of oxygen containing groups from carbon 
surface.

The  developed  physical  process  is  practically  one 
stage  process  and  has  good  perspectives  due  to 
simplicity, high efficiency and commercial attraction. 

New  electro-condensation  method  in  liquid  flow 
discharge is also under development.  The discharge is 
organized  in  three  phase  mixture:  liquid,  gas  bubbles, 
micro-size  metal  particles  and  provides  production  of 
nanoparticles  (obtained  size  is  up  to  50  nm)  due  to 
evaporation-condensation process. 
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ABSTRACT 
In the present investigation, the nanostructure of the 

mesoporous carbons were elaborately designed from the 
point of view of pore size, pore morphology and regularity. 
Furthermore, the effect of these properties on Pt’s 
electrocatalytic performance as the electrocatalysts in 
proton exchange membrane fuel cells.  

It was found that the different pore diameter and 
morphology of carbon supports displays a significant 
effect on the accessibility of Pt nanoparticles. Pt utilization 
efficiency was very low when the pore diameter of carbon 
support (Dp) was equal to the diameter of Pt 
nanoparticles (DPt). However, in the case that Dp was 
more than twice DPt, the electrochemical surface area 
and Pt utilization efficiency were dramatically enhanced, 
and in turn, electrochemical activity was greatly improved. 
Moreover, it can be obtained that the highly ordered 
structure and the very good 3-D interconnection of the 
nanospacings of their hexagonally arrayed carbon 
nanorods of CMK-3 can provide Pt nanoparticles with 
more electrochemically active Pt sites and higher 
electrochemical surface area. Consequently, Pt/CMK-3 
exhibited superior both ethanol electrooxidation and 
oxygen reduction reaction activity 

INTRODUCTION  
In order to make full use of Pt and reduce Pt 

usage, Pt nanoparticles should be supported on a 
supporting material, which could provide electrocatalysts 
with high Pt dispersion, utilization efficiency, activity and 
stability. Among the possible supporting materials, carbon 

is the most desirable and widely adopted one due to its 
distinguishing features. As known, the pore size, pore 
morphology and surface chemistry of carbon supports 
have a direct effect on the physicochemical and 
electrochemical performance of supported Pt catalysts 
(1).In the present investigation, the nanostructure of the 
mesoporous carbons were elaborately designed from the 
point of view of pore size, pore morphology and regularity. 
Furthermore, the effect of these properties on Pt’s 
electrocatalytic performance as the electrocatalysts in 
proton exchange membrane fuel cells was investigated. 

NOMENCLATURE 
In the case of pore size effect, wormholelike 

mesoporous carbons (WMCs) with two different pore 
sizes were adopted as the carbon mode (2). In the other 
case of pore morphology effect, WMCs and highly 
ordered mesoporous carbons (CMK-3) with the same 
pore size were used for investigation. 

It showed that the pore size played a decisive role in 
achievement of bigger electrochemical surface area and 
higher Pt utilization efficiency. When the pore size (DP)
equals to the diameter of Pt nanoparticles (DPt), these two 
Pt nanoparticles at both top and bottom of every 
nanopore will block the pore and thus the inner Pt 
nanoparticles in this nanopore will be very difficult to be 
accessed by both electrolyte and reactant (H2). In the 
case that the liquid fuel such as ethanol as the reactant, 
the pore size effect on the Pt’s activity becomes more 
prominent (3). 
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Interestingly, the pore morphology has a significant 
effect on the electrocatalytic activity of Pt for fuel cell 
reactions. CMK-3 provides more electrochemically active 
Pt sites and much bigger electrochemical surface area 
(ESA) than WMC. Consequently, Pt/CMK-3 exhibits 
higher activity towards ORR than Pt/WMC. This 
advantage becomes more prominent in the case of 
ethanol electrooxidation where the reactant molecules is 
bigger than O2, and moreover exists in liquid form (4). 
This indicates that high order structured and good 3-D 
networked arrayed carbon CMK-3 nanorods have high 
accessibility of reactants to Pt nanoparticles for 
significantly enhanced mass transport rate. 

It has been demonstrated that the microstructure of 
carbon support play a significant and even determining 
role in the physico-chemical and especially 
electrochemical performance of Pt electrocatalsyts in 
proton exchange membrane fuel cells.  
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ABSTRACT   

Pt-alloy electrocatalysts have been investigated 
for operation in a polymer electrolyte membrane (PEM) 
fuel cell up to a temperature of 130 °C. The surface 
properties were investigated by X-ray photoelectron 
spectroscopy (XPS) and low-energy ion scattering 
spectroscopy (LE-ISS, 3He+ at 1kV). The formation of a 
Pt skin layer on the surface of the alloy electro-catalyst 
was obtained by using a pre-leaching procedure. 
Furthermore, the amount of Pt-oxides on outermost 
atomic layers was much smaller in the PtCo than in the Pt 
catalyst. These characteristics appeared to influence 
catalysts’ performance and degradation. 

INTRODUCTION   

The oxygen reduction process in acid electrolyte-
based fuel cells is known to be enhanced on platinum 
alloys in relation to platinum metal [1, 2]. This 
enhancement in electrocatalytic activity was differently 
interpreted, and several studies were made to analyze in 
depth the properties of several alloy combinations.  
Although a comprehensive understanding of the 
numerous reported evidence has not yet been reached, 
the observed electrocatalytic effects have been ascribed 
to several factors (interatomic spacing, preferred 
orientation, electronic interactions) which play, under fuel 
cell conditions, a favorable role in enhancing the oxygen 
reduction rate (ORR). 
Several studies related to the surface properties of Pt 
alloys for oxygen electroreduction, especially those 
regarding the investigation of the surface chemistry of the 
topmost atomic layers, have been carried out on smooth 
ultrahigh-vacuum prepared electrodes.  A surface 
analysis of practical fuel cell catalysts can provide useful 
insights into the surface properties of the carbon-
supported Pt alloys. Moreover, there is an increasing 
demand for PEMFC operation at high working 
temperatures to improve efficiency and tolerance of 
contaminants and for an easy thermal and water 
management [2, 3]. 

In this work, we have investigated the properties of the 
near surface region of Pt/C and PtCo/C catalysts with 
suitable particle size (3 nm) by using X-ray photoelectron 
spectroscopy and low-energy ion scattering spectroscopy 
with particular regard to their influence on performance 
and degradation of high temperature 
polymer electrolyte fuel cells.   

RESULTS AND DISCUSSION   

Pt-alloy electrocatalysts have been investigated 
for operation in a polymer electrolyte membrane (PEM) 
fuel cell up to a temperature of 130 °C and at pressures 
up to 3 bar abs. [1, 2]. The aim was to   evaluate their 
performance and resistance to degradation. Nanosized Pt 
and PtCo catalysts with crystallite size of about 3 nm 
were prepared by using a colloidal route. A suitable 
degree of alloying and a face-centered cubic (fcc) 
structure were obtained for the PtCo catalysts by using a 
carbothermal reduction at high temperature (Fig. 1). 
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Figure 1 Structural properties of the prepared catalysts. 

The surface properties were investigated by X-ray 
photoelectron spectroscopy (XPS) and low-energy ion 
scattering spectroscopy (LE-ISS, 3He+ at 1kV) [2]. The 
formation of a Pt skin layer on the surface of the alloy 
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electro-catalyst was obtained by using a pre-leaching 
procedure. Furthermore, the amount of Pt-oxides on 
outermost atomic layers was much smaller in the PtCo 
than in the Pt catalyst. These characteristics appeared to 
influence catalysts’ performance and degradation. 
Accelerated tests (electrochemical cycling) at 110 ◦C and 
low R.H. showed good stability for the PtCo alloy. 
Furthermore, better performance was obtained at high 
temperatures (130 °C) and high pressure for the pre-
leached PtCo as compared to the Pt cathode catalyst 
(Fig. 2) in the presence of a PFSA membrane [3].  
At a moderate pressure  of 1.5 bar abs., maximum power 
densities of 800 and  700 mW cm-2 at 110 ◦C (H2-O2), 
were achieved for the PtCo cathode with 50% and 25% 
relative humidity (R.H.), respectively, by using 0.3 mg Pt 
cm-2 loading. At high pressure of 3 bar abs., a maximum 
power density exceeding 1000 mW cm-2 was obtained at 
130 °C and 100% R.H. [2].
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Figure 2. Comparison of the polarization behaviour for 
the (a)   Ketjenblack carbon-supported  50 wt.% Pt  and 
pre-leached 50 wt.% Pt-Co; (b)  unleached and pre-
leached 50 wt.% Pt-Co electrocatalysts  in the presence 
of PFSA  membrane  at 130 ◦C, 100% R.H., 3 bar abs. 
H2-O2. 
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ABSTRACT 
We describe a method of obtaining anode-supported 

ZrO2:Y2O3 (YSZ)  electrolyte  films  produced  by  reactive 
magnetron sputtering for intermediate temperature solid 
oxide  fuel  cell  applications.  A  pulsed  electron  beam 
treatment  was  used  as  a  method  of  preliminary 
modification of the porous structure in anode substrates. 
The influence of this pretreatment on the gas tightness, 
structural  and  electrochemical  properties  of  deposited 
films was studied. It is  shown that magnetron sputtering 
combined with a pulsed electron-beam treatment lead to 
the  formation  of  deposited  YSZ  films  with  a  fine 
microstructure  and improvement  of  electrochemical 
properties. For the electrolyte thickness about 2.5 µm and 
the gas permeability value of anode/electrolyte structure 
of  1.01×10-7 mol/m2s  Pa,  the  maximum  power  density 
achieved for a single cell at 800 °C and 650 °C was found 
to be 610 and 220 mW/cm2 in air, respectively.  

INTRODUCTION
The development of solid oxide fuel cells, especially 

those operating in the range of 600-800 °C (intermediate 
temperatures solid oxide fuel cells (IT-SOFC)) is a line of 
research  intensively pursued  worldwide.  In  order  to  re-
duce the operating temperature of SOFCs the electrolyte 
film should be as thin as possible. In case of anode sup-
ported SOFC,  to  fabricate  gastight  thin  electrolyte films 
with fine microstructure the different methods of prelimin-
ary surface modification of the porous anode substrates 
are applied. In this work, we have studied not only the de-
position of  thin  YSZ films,  but  also  preliminary surface 
modification of  the porous  anode substrates.  Thin  YSZ 
films  were  deposited  by reactive  magnetron  sputtering. 
Pulsed electron beam treatment (EBT) was used as por-
ous anode modification method to decrease the pore size 
of  anode  surface  and  to  form  an  intermediate  layer 
between the porous support and the gastight electrolyte. 
Influence  of  EBT parameters  on microstructure  of  both 

the modified anode surface and thin-film electrolyte are 
also studied.

EXPERIMENTAL
As  supports  for  YSZ  electrolyte  deposition  the  re-

duced two-layer porous anodes (60 wt. % Ni and 40 wt. % 
Zr0.9Y0.1O1.95)  were  used.  The  surface  functional  layer 
thickness in 15 µm had a pore size 0.5-1.3 µm. Gas per-
meability  of  this  anode  substrate  was  6.25×10-5 mol/
m2sPa.

Modification  of  the  porous  anode surface  was  per-
formed using an electron beam source generating a low-
energy high-current  electron beam with an electron en-
ergy of 10-12 eV, a beam current of 15 A, a beam diamet-
er of 70-80 mm and a pulse duration of 2-3.5 µs. The con-
ditions of the pulsed electron beam treatment were as fol-
lows: the energy densities (Es) were 0.8, 1.5, 2.5, 3.5 and 
4.5 J cm-2, the pulse count (N) was from 1 to 9, and fast 
quenching  from  the  melt was  1010 K/s.  The  operating 
pressure in the vacuum chamber was 3.8×10-4 Torr.

The electron beam treatment was applied in two dif-
ferent ways. The first consisted in an e-beam treatment of 
the initial porous anode samples. The second consisted in 
an e-beam treatment of a porous anode support together 
with a thin YSZ sublayer (0.5-2 µm thick) previously de-
posited onto it by magnetron sputtering.

All YSZ films were deposited by  reactive magnetron 
sputtering in the pulsed mode with a frequency of 50 kHz 
using a metallic ZrY target for deposition. Sputtering was 
carried out in the oxygen-argon atmosphere at a working 
pressure between 0.2-0.3 Pa. A constant  current  in the 
range of 3.2-3.6 A was applied to the target at a voltage of 
420 to 460 V. With a power of 1.5 kW on the target a de-
position  rate  of  3  µm/h  was  achieved.  The  distance 
between  the magnetron target and  the  substrate was 
about 80 mm. YSZ films were deposited at 550 to 600 °C.

 Scanning  electron  microscopy  was  used  tomicro-
structure  investigation.  The  electrochemical  measure-
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ments were conducted using the Potentiostat P-150S and 
Impedancemeter Z - 500P (Elins, Russia) in the temperat-
ure range of 550-800°С.

RESULTS
Fig.  1 represents the effect  of  electron beam treat-

ment  to  anode  surface  microstructure.  Shows  that  the 
treatment by electron beam lead to significant change in 
structure of anode surface. Modification of the initial an-
ode  substrates  at Es =  0.8  J/cm2 and  N ≤  3  (Fig.  1a 
(Sample 1)) results in melting of the substrate surface lay-
er which however is sufficiently developed. The increasing 
the energy density of the beam (up to Es = 4.5 J/cm2) and 
number o f pulse (N > 3) led to nearly full smoothing of the 
surface layer of the anode substrates and for all that the 
crack formation in width of up to several microns and mi-
crocraters of up to 25 µm in diameter on them were ob-
served.

   
Fig. 1. SEM images of modified anode substrates.

The  result  of  the  EBT  of  anode  substrate  with 
previously deposited onto them thin YSZ sublayer (Fig. 1b 
(Sample 2))  at  Es = 0.8 J/cm2 and  N = 3  became the 
formation on the surface of dense layer of Ni alloy with 
ZrO2 -Y2O3. On the surface were observed a network of 
microcracks of less than 1 µm in width. Note that in all 
cases  the  depth  of  the  modified  layer  is  almost 
independent of the energy density of the electron beam 
and are about 1-1.5 µm. The gas permeability values (G) 

for Samples 1 and 2 of (0.41·10-5) and (29.7·10-7) mol/m2s 

Pa, respectively were measured.
Fig.  2  shows  microstructure  of  the   magnetron 

sputtered  YSZ  films  deposited  on  the  initial  anode 
substrate (Fig. 2a, (Sample 3))  and anode support with 
thin sublayer treated by electron beam (Fig. 2b, (Sample 
4)).  In the first  case,  the entire  thickness of  the film is 
clearly  visible  columnar  structure but  despite  this  it  is 
sufficiently dense. A similar  structure  has an electrolyte 
film  deposited  on  the  anode  substrate  which  was 
previously treated by electron beam. The best results in 
terms  of  the  structure  of  the  electrolyte  films,  were 
obtained in the case of the sputtering thin YSZ film onto 
the YSZ sublayer coated anode substrate and modified by 
electron beam (Fig. 2 (b)). Figure 2b shows that the initial 
structure of the sublayer is columnar. However, in the film 
deposited  on  the  electron  beam  treated  sublayer  the 
columnar structure is almost completely suppressed. It is 
the result  of  preprocessing by which  the subsequently 
growth of the electrolyte films is carried out not from the 
single grain tops of the porous substrate and from nearly 
smooth  surface,  and  as  a  result  dense  and  rather 

homogeneous structure is formed.  The  gas permeability 

values for Samples 3 and 4 were (2.6×10-7) and (1.01×10-

7) mol/m2s Pa, respectively.

   
Fig. 2.  SEM images  of  cross  section  of  magnetron 

sputtered electrolyte.

 To  investigate  electrochemical  performance  fully 
assembled  cells  Pt/Ni-YSZ/YSZ/La0,7Sr0,3MnO3/Pt  were 
prepared. The open circuit voltages obtained for the single 
cell tested at different temperatures were 0.96-1.3 V. The 
maximum power density was achieved for Sample 2 (at 
the  electrolyte  thickness  about  2.5  µm  and  the  gas 
permeability value of 1.01×10-7 mol/m2s Pa) and were 610 
and  220  mW  cm-2 at  800 °C  and  650 °C  in  air, 
respectively (Fig. 3).

Fig. 3.  The  I-V characteristics  of  Sample  2:  1 - 550 °C; 
2 - 600 °C; 3 - 650 °C; 4 - 700 °C; 5 - 750 °C; 6 - 800 °C).

These results illustrates performance admissible for 
YSZ thin-film anode-based SOFCs operating at reduced 
temperatures.

2 Copyright © 2011 
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ABSTRACT  
The purpose of this work was the investigation of 

single cells of intermediate solid oxide fuel cell with thin 
ZrO2:Y2O3 (YSZ) electrolyte prepared by combination of 
reactive magnetron sputtering and pulsed electron beam 
treatment (EBT). Comparison of YSZ electrolyte 
microstructure and electrochemical characteristics of fuel 
cells made with electron beam treatment application and 
without it was realized. It was shown that EBT of thin YSZ 
sublayer allows improving of the deposited electrolyte 
crystallinity and increasing of its conductivity. A two-fold 
increase in power density and a decrease in the YSZ 
electrolyte resistance compared to the samples produced 
only by magnetron sputtering were achieved. The ohmic 
resistance and the maximum power density of the best 
samples about of 0.21-0.23 Ohm·cm

2
 and of 610 

mW/cm
2
, respectively, at 800 °C were obtained.   

 
INTRODUCTION 

Reducing the operation temperature of solid oxide 
fuel cells (SOFC) to the intermediate temperature range 
(600–800 °C) is considered as an effective way to reduce 
its cost and increase its reliability and stability. To attain 
this aim we need either to use materials with higher ionic 
conductivity, or to reduce the thickness of the electrolyte. 
Reducing the electrolyte thickness is a favorite way for 
practical applications, because cheap and reliable 
electrolyte materials, say yttria-stabilized zirconia (YSZ), 
can be used. In order to make the YSZ electrolyte 
material to be used in the intermediate temperature 
range, 10-m-thick or even thinner YSZ films are 
preferred. 

YSZ films can be fabricated by a number of 
processes but for thin film deposition the best method is a 

magnetron sputtering. Its advantages include: dense and 
thin YSZ films can be prepared, large area and uniform 
films can be produced with mass production capability. 

As is known YSZ films deposited on the porous anode 
substrate by reactive magnetron sputtering consist of a 
dense array of poorly defined fibrous structures [1]. To 
raise density and improve crystallinity of as-deposited 
YSZ films its high temperature annealing usually applied. 
In this work we are study another quicker and less 
energy-consuming method for improving of magnetron 
sputtered films quality that involved the electron beam 
treatment stage. 

EXPERIMENTAL 
A mid-frequency reactive magnetron sputtering 

system was used to deposit YSZ films. The sputtering 
power was kept at 1.2 kW. The sputtering targets were 
metallic Zr–Y composite with a Zr:Y weight ratio of 92:8. 
The O2 and Ar flow rates were 18 and 110 sccm, 
respectively. The total pressure was 0.15 Pa during 
deposition. The films were deposited upon 314 mm

2
 Ni–

YSZ anode substrates with 0.5 mm in thickness. The 
deposition rate was 4 m/h. The substrate temperature 
was 500°C. Treatment of some YSZ films was performed 
with an e-beam source [2] generating a low-energy high-
current electron beam. 

The crystallization and microstructure of the YSZ films 
were mainly examined by an X-ray diffractometer 
(Shimadzu XRD 6000) using CuKα radiation (λ = 0,154 
nm) and a scanning electron microscopy (Philips SEM 
515). 

The electrochemical impedance spectroscopy of YSZ 
film was measured with a Impedancemeter Z - 500P 
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(Elins) in a frequency range of 0.2–10
5
 Hz with AC signal 

amplitude of 10 mV. 
Single cells were obtained by adding a 20-m-thick 

LSM cathode on the sputtered YSZ films by using the 
screen printing method. The cathode was sintered at 
1150 °C for 1 h. The single cell performances were 
examined with the two-electrode four-wire setup. Pt 
meshes were pressed against the electrodes for better 
current collection. The performance of the cells was 
evaluated with a Potentiostat P-150S (Elins) from 600 to 
800 °C with humidified H2 (2–3% H2O) as fuel and air as 
oxidant. 

RESULTS 
Of the large number of cells two samples were 

selected. YSZ film with thickness of 5 m on sample 1 
was fabricated without electron beam treatment. On 
sample 2 YSZ electrolyte (thickness of 2 m) was 
deposited on preliminarily treated by electron beam YSZ 
sublayer (thickness of 0.4 m).  

SEM analysis shows that microstructure of the YSZ 
thin film deposited by reactive magnetron sputtering onto 
the anode substrate is columnar. Presence of columnar 
structure most likely is connected with substrate porosity. 
The surface diffusion of adatoms is insufficient to 
overcome the effects of shadowing resulting from the 
pores and growing grains. 

On sample 2 the columnar structure of YSZ film 
becomes blurred. Electron beam treatment of YSZ 
sublayer leads to melting of the surface layer in thickness 
no more than 1.5 microns and forming of dense structure 
with sufficiently smooth surface. In addition, EBT of thin 
YSZ film allows changing their crystalline structure as it 
will be shown below. Due to YSZ sublayer treatment by 
electron beam the electrolyte film in the sequel grows not 
from the grain tops of the porous substrate but from an 
almost smooth surface, and hence a dense and quite 
homogeneous structure of YSZ electrolyte is formed. 

Fig. 1 shows the X-ray diffraction patterns of the YSZ 
films deposited on porous anode substrate and pretreated 
YSZ sublayer, respectively. In all cases the cubic YSZ film 
phase in generally was detected. However, in case of the 
film on not treated anode substrate the diffraction patterns 
also showed some amounts of the tetragonal phase. 

The YSZ electrolyte film deposited on substrate with a 
sublayer treated by electron beam showed predominantly 
cubic phase. The results of X-ray analysis showed that 
the pulsed electron-beam processing can replace the 
high-temperature annealing process of films, which is 
traditionally used to improve structure and increase the 
gas-tightness of the electrolyte. 

Additionally, our investigations [3] shown that 
application of pulsed electron beam treatment of YSZ 
sublayers leads to an improvement of electrochemical 
parameters of the single fuel cells based on the samples 
described above. In particular, increase in both ionic 

conductivity of the electrolyte and the power density 
values of cells were observed.  
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Fig. 1. X-ray diffraction pattern of magnetron sputtered 
YSZ films on Sample 1 and Sample 2. 

 
Table 1 presents ohmic resistance (RE) and maximum 

power density Pmax of the fuel cells measured at 700 and 
800°C. The ohmic resistance of the cells was determined 
from high-frequency intercept of the impedance spectrum. 
All the cells differ from each other only by a manufacturing 
method and electrolyte thickness, while ohmic resistance 
of electrodes, current collectors and lead wires are 
identical in all cases. Therefore, changes of RE values are 
related directly to the change of the YSZ electrolyte 
conductivity.  

 
Table 1. Characteristics of the samples with YSZ film.  

Samples 

Electron 
beam 

treatment 
 

RE 
(Ohm·cm

2
) 

at 
700°C/800°C 

Pmax  (mW 
cm

-2
) at 

700°C/800°C 

1 
2 

– 
+ 

0.74/0.21 
0.24/0.21 

110/300 
360/610 

 
One can see that on Sample 2 in result of EBT is 

succeeded in three times to increase the maximum power 
density of fuel cell. This once again confirms that the 
pulsed electron-beam processing can be used instead of 
the high-temperature annealing to improve quality of the 
magnetron sputtered electrolyte. 

REFERENCES  
1. H.Q. Wang et al. / Solid State Ionics, 2011, V. 192 

(1), P. 413-418. 
2. G.E. Ozur et al. / Instruments and Experimental 

Techniques, 2005, V. 48(6). P. 753-760. 
3. N.S. Sochugov, A.A. Soloviev,  et al. / International 

J. of Hydrogen Energy, 2010, V. 36, P. 5550-5556. 

 
 



43



44



45

Proceedings of EFC2011 
European Fuel Cell - Piero Lunghi Conference & Exhibition 

December 14-16, 2011, Rome, Italy 

DRAFT EFC11020

DIRECT CARBON FUEL CELL WITH MOLTEN CARBONATE ELECTROLYTE: 
PERFORMANCE CHARACTERISTICS AND RELATION OF ANODIC AND 

CATHODIC PROCESSES 

Yu.D. Varlamov, M.R. Predtechensky, S.N. Ul’yankin 
 Institute of Thermophysics SB RAS 

Novosibirsk, Russia  

ABSTRACT
The fuel cell with free molten carbonate electrolyte 

providing the direct electrochemical oxidation of solid 
hydrocarbons was used as object of investigations. The 
experimental data on the effect of cathode gases 
composition, fuel type (dispersed and monolithic graphite, 
anthracite, and jet coal), temperature and electrical load 
to the fuel cell characteristics, and the composition and 
rate of emission of gaseous products of anodic reactions 
were presented and considered from a position of the 
relation of anodic and cathodic processes. 

INTRODUCTION
The direct carbon fuel cells (DCFC) take a special 

position in the series of the developed electrochemical 
generators (1, 2). The DCFC generate electric energy in 
the course of electrochemical reaction being similar to 
carbon combustion and, in accordance with 
thermodynamics, their theoretical efficiency limit is close 
to 100%. The recent publications [1–11] demonstrated 
potential achievement of 80% efficiency that, along to 
high specific characteristics, is the principal factor 
substantiating the prospects of practical introduction of 
DCFC. The known technical solutions of fuel cells can be 
conditionally divided into two groups. The first group 
includes the cells working with liquid electrolytes [1–6]. 
The second group includes the hybrid cells using the 
solid electrolyte (7-11) with complex schemes of transfer 
processes between the electrolyte and solid hydrocarbon. 
The developed constructions use a number of technical 
solutions applied in hydrogen fuel cells. However, unlike 
the hydrogen devices with liquid electrolytes the DCFC 
have some features. The amount of produced carbon 
oxides exceeds the one that is generated in hydrogen 
fuel cells. The anodic processes occur at the boundary of 
liquid electrolyte and solid fuel material, but the products 

of electrochemical reactions are the gases. The analogy 
with electrolysis processes takes place (12). The gaseous 
products can be dissolved in electrolyte and formed the 
bubbles. The fact of two-phase medium formation can be 
significantly influenced on the performance 
characteristics of fuel cell.

The goal of this work was approbation of a simple fuel 
cell circuit providing direct electrochemical oxidation of 
solid hydrocarbons including coal. In order to reveal the 
factors, which determine the fuel cell parameters, we 
studied the polarization characteristics of cathode and 
anode units by variation of the fuel type, gas mixture 
contents, and electrical load. To define the features of 
mass-transfer processes in DCFC the composition and 
rate of emission of gaseous products of anodic reactions 
was investigated.

The experiments were performed using the fuel cell 
design with a free electrolyte (13). The anodic and 
cathodic units were made in the form of a wire mesh 
containers placed in the hermetical vessel filled with 
electrolyte. A melt of carbonates of the eutectic 
composition 38 % Li2CO3 – 62 % K2CO3 was used as the 
electrolyte. The fuel cell design with a free electrolyte 
facilitated a removal of gaseous products of anodic 
reactions. Exhaust of gas products was provided through 
the pipe on the vessel cover. The rate of gas products 
emission and its composition were analyzed. The gas 
mixture of reagents (oxygen and carbon dioxide) was 
passed through the cathode container under variable 
excess pressure. The wire mesh design of cathode made 
it possible to eliminate the influence of gas diffusion 
processes that take place in porous cathodes.  

The used fuels were dispersed and monolithic 
graphite, anthracite, and jet coal of DSSh grade. For 
correct estimation of the fuel cell characteristics (current 
density and specific power), the plane and coaxial 
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designs of anode and cathode units were used. The 
anode containers were filled with dispersed fuel. The 
dispersed specimens were prepared by grinding and 
further sifting through calibrated sieves. The 
characteristic sizes of the used fuel particles were 0.9 
and 2.7 mm. The monolithic electrodes were made the 
same forms and dimensions as the anode containers.   

A correlation was noted between the fuel cell 
characteristics and hydrogen content in the fuel material. 
Thus, the highest open circuit voltage 1.12 V was 
recorded in the case of jet coal characterized with high 
hydrogen content. The following positions in the 
decreasing order are taken by anthracite 1.07 V and 
graphite 1.02 V. The same regularity was observed at 
measuring the specific fuel cell characteristics. The 
highest level of current density and specific power (120 
mA/cm2 and 70 mW/cm2) was recorded for jet coal. Then 
follow anthracite with the current density 80 mA/cm2 and 
specific power 50 mW/cm2 and graphite with specific 
characteristics 50 mA/cm2 and 35 mW/cm2, respectively. 
The results of measurements show the insignificant effect 
of the size of dispersed fuel particles to the anode unit 
polarization. Thus, variation of the average anthracite 
particle size from 0.9 to 2.7 mm causes the polarization 
difference within 30%. Nevertheless, the dispersed 
specimens with the average particle size of 0.9 mm are 
characterized with smaller change in polarization. The 
different characteristics of monolithic and dispersed fuel 
specimens were accounted for by the effect of losses at 
contacts between particles.  

The highest cell generated open circuit voltage was 
achieved at the cathode gases composition 
(oxygen/carbon dioxide ratio) corresponding to the 
stoichiometric mixture. However, the highest current 
density was registered at lower carbon dioxide contents. 
It was noted that even at the zero carbon dioxide content 
in the mixture the change in the cathode polarization in 
the high current range was essentially lower than that in 
the case of stoichiometric mixture.

The variation of carbon dioxide content in the mixture 
of cathodic gases not significantly influenced on the 
polarization characteristics of anode. However, at the 
increasing of current the oscillations of anodic potential 
was detected. 

The results of experiments had shown that the 
product of anodic processes is the carbon monoxide 
along with carbon dioxide.  The content of carbon 
monoxide is increased at increasing the temperature, but 
remains below than values corresponding to a 
thermodynamic equilibrium. The content of carbon 
dioxide in the products of electrochemical oxidation is 
increased at increasing the current in the fuel cell and at 
increasing the carbon dioxide content in the mixture of 
cathodic gases. The rate of emission of gaseous products 
of anodic reactions is increased non-linear with 
increasing the current in the fuel cell.

The observed effects are explained with respect to 
the processes in the cathode and anode of the fuel cell. 
Among the cathode processes, which determine 
polarization, the limiting process is transfer of oxygen 
molecules to the reaction zone. We assume also the 
relation of anodic and cathodic mass-transfer processes. 
This relation is determined by balance between the flux of 
cathode gases in a zone of reaction, quantity of 
molecules generated at electrochemical oxidation of fuel, 
their dissolution and diffusion in area of the cathode, and 
also quantity of gas removed by the way of bubbles. The 
obtained data confirm also a conclusion that the carbon 
dioxide is the main product of electrochemical oxidation 
of carbon fuel. The content of carbon monoxide is defined 
by chemical process of carbon corrosion due to the 
reverse Boudouard reaction. Based on obtained results 
the relatively simple design of fuel cell had been 
suggested. Achievement of high current density and 
specific power was demonstrated by using dispersed coal 
fuel.
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ABSTRACT
Metal-supported solid oxide fuel cells (SOFCs) have 

been introduced as a new design,  which bond a metal 
plate to a ceramic cell. Metal-supported SOFCs can stop 
leak of gas welding the metal plate and the interconnect. 
It also can take higher mechanical strength than ceramic-
supported  SOFCs.  However,  the  bonding  layer  existed 
between the fuel channel and ceramic cell can increase 
the  mass  transfer  resistance  and  decrease  the 
performance.  To  control  the  mass  transfer  rate,  the 
manifold design for stacks as well as the channel design 
for  single  cells  should  be studied.  This  paper uses the 
numerical analysis for the efficient method. The physical 
property  models,  the  governing  equations  (mass, 
momentum, energy and species balance equations) and 
the  electrochemical  reaction  models  are  calculated 
simultaneously in a 3-dimensional simulation. The current 
density–voltage (IV) curves measured experimentally are 
compared  with  the  simulation  data  for  code  validation. 
The current density, temperature and pressure distribution 
affected  by various  manifold  designs  are  presented  as 
numerical  results.  Parallel  type  has  average  current 
density of 4496 A/m2 and relatively uniform current density 
distribution. Serpentine type takes higher average current 
density than parallel type but its pressure drop is 30 times 
higher than parallel type. 

INTRODUCTION
The heat and mass transfer characteristics of SOFCs 

are  closely  linked  to  their  performance  and  durability. 
These heat and mass transfer rates can be altered by the 
use  of  different  channel  designs  for  reactant  gas  flow. 
Many  researchers  have  studied  channel  design  for 
SOFCs. Andreassi et al. (1) conducted a study on channel 
shapes  for  SOFCs,  and  Magar  et  al.  (2)  optimized 
channel dimensions. Zitouni et al. (3) investigated mass 
transfer inside SOFCs. Electric power generated from a 
single SOFC cell is insufficient for a commercial system. 
Hence, several cells are connected in series to increase 
output  capacity.  Thus,  SOFCs  are  manufactured  in 
stackable configurations. In an SOFC stack, the design of 
the  gas  flow  manifold  for  the  whole  stack  should  be 
studied for stack performance and durability.  Bi et al. (4) 
analyzed the key geometric parameters for SOFC stacks. 
Yuan (5) and Liu et al. (6) studied the effect of inlet flow 
patterns  in  stacks.  These  studies  focused  on ceramic-
supported  SOFCs.  However,  metal-supported  SOFCs 
have a metal plate and a bonding layer, which play roles 
in mass transfer resistance. Therefore, this study aimed 
to predict the effects of manifold structures on the heat 
and  mass  transfer  characteristics  of  a  metal-supported 
SOFC  stack.

RESULTS AND DISCUSSION
Using a numerical approach, the governing equations, 

the physical property models and electrochemical reaction 
models  were  calculated  simultaneously (7).  The 
simulation  data  were  compared  with  the  experimental 
results  to  validate  the  simulation  code.  Using  this 
simulation  code,  two kinds  of  manifold  designs  were 
compared. 
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The parallel manifold design is the one typically used 
for planar SOFC stacks. With this design, each cell had a 
similar current density because gas was evenly distributed 
from  the  main  manifold  to  each  channel.  The  average 
current density of the stack was 2,820.1 A/m2 which was 
lower than the other manifold designs. The temperature of 
bottom  cell  was  the  highest,  but  the  temperature 
decreased  toward  the  top.  The  maximum  air  pressure 
was 750 Pa. 

The serpentine manifold design connects the outlet of 
each cell with the inlet of the next cell in series. Therefore, 
the maximum pressure with this manifold was the highest 
among all the manifold designs. The bottom cell had the 
highest current density due to the high partial pressure of 
hydrogen.  The average  current  density of  this  manifold 
was  3,110.5  A/m2,  which  was  higher  than  all  other 
manifolds.  The  temperature  increased  from the  bottom 
cell to the top cell because the exothermic heat generated 
by the electrochemical reaction was delivered by the large 
flow of gas. The temperature difference was up to 70ºC, 
which can cause thermal expansion problems. (Arial 10 
pt) Put nomenclature here.  
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ABSTRACT

In this paper, meso scale combustion process in the 
perforated  silicon  carbide  (SiC)  tube  was  numerically 
simulated  for  reforming  methane  to  of  the 
syngas(Hydrogen,  Carbon  Monoxide)  approaches  with 
GRI Mechanism 1.2.

To verify the existence of super adiabatic flame, the 
combustion process under the lean equivalence ratio of 
mixture  of  0.65  and  inlet  flow  velocity  of  60cm/s  was 
examined.  Its  result  shows  that  the  flame  with 
temperature spike can be stabilized in a meso scale SiC 
tube  reactor.  The  flame  temperature  peak  was  located 
about  27.5mm  away  from  the  inlet  region.  The 
temperature on this peak was roughly 446K higher than 
the  adiabatic  flame  temperature  of  1753K  for  a  free 
laminar  flame at  these conditions.  And under operating 
conditions  of  rich  equivalence  ratio  of  2.0  relevant  to 
reforming process of methane, it was observed that the 
shape of flame temperature peak shows similar to that at 
equivalence ratio of  0.65 and its temperature peak was 
about  2,050K.  The  position  of  flame  temperature  peak 
was moved to outlet region gradually with increasing the 
inlet  velocity.  And  synthesis  gas  which  is  composed of 
10.1% CO and 14.7% hydrogen can be produced from 
methane using excess  enthalpy flame in a meso scale 
SiC tube.

INTRODUCTION

The  fuel  cell  is  energy  inverter  which  can  change 
chemical  energy  directly  to  electrical  energy  using  the 
potential  difference  between  hydrogen  and  oxygen.  Its 
features, such as high power density, simple construction 
and fast start-up make it suitable for domestic appliances. 
[1] 

Also, the efficiency of the process in a fuel cell is not 
limited by the Carnot cycle.[2] 

The benefits of hydrogen as a fuel source are clear in 
that  little  pollution  is  generated  when  hydrogen  is 
converted electrochemically into electricity in a fuel cell. 

In  high  temperature  fuel  cell  such  as  MCFC  and 
SOFC,  hydrogen  as  well  as  carbon  monoxide  can  be 
utilized  as  fuel.  Thus,  synthesis  gas,  which  can  be 
produced from hydrocarbon fuels, can be directly utilized 
in  such  high  temperature  fuel  cells.  For  the  projected 
demand in  hydrogen,  simple and efficient  processes of 
hydrogen generation from various feed stock should be 
engineered.  One  of  such  solutions  is  a  direct  partial 
oxidation of hydrocarbon by super adiabatic flame under 
rich condition without catalyst.[3]

Superadiabatic  flame  in  stationary  porous  media 
occurs inside the voids of  the porous matrix.  Energy is 
transferred to the solid by convection from the hot gases. 
Conduction  and  radiation  through  the  solid  porous 
medium, which has much higher thermal conductivity than 
the gas mixture recirculates some of  this energy to the 
upstream of the flame. This in turn transfers energy via 
convection to the incoming reactants. The porous matrix 
acts in essence as an integral preheater. This preheating 
allows for higher combustion temperatures and extends 
the flammability limit leading to reforming process at rich 
condition  compared  to  a  free  premixed  laminar  flame. 
Locally,  the flame zone may reach temperatures higher 
than  the  adiabatic  flame  temperature  of  the  unburnt 
mixture, which gives the name “super adiabatic or excess 
enthalpy flame” to this combustion technology.(4)

NOMENCLATURE

Φ : Equivalence Ratio

In
V : Inlet Velocity(cm/s)
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NUMERICAL SIMULATION MODELS

Figure  1  represents  the  configuration  of  silicon 
carbide tube. Silicon carbide(SiC) tube has 50mm length, 
6mm  outer  diameter and  4mm  inner  diameter. The 
computational mesh structure which is divided into 50X15 
and boundary conditions are set  to constant mass flow 
rate at  the inlet  and constant pressure condition at  the 
outlet  respectively.  The numerical  results  using a mesh 
size ten times as large as the present mesh size were 
almost same, so we used the present mesh size to save 
calculation run time.

Figure 1. Schematic diagram of Silicon Carbide(SiC) tube

RESULTS

Temperature Contour

Methane conversion contour
Figure  2.  Contours  of  temperature  and  methane 
conversion at inlet velocity 40cm/s and equivalence ratio 
2.0

The  temperature  and  conversion  contours  obtained 
from  the  numerical  model  are  shown in  Figure  2.  The 
methane  air  mixture  gas  inlet  velocity  for  this  case  is 
40cm/s and equivalence ratio 2.0.

A gas and solid wall temperature curves for different 
inlet velocity is shown in Figure 3. The gas temperature 
peak  was  roughly  100K  higher  than  the  adiabatic 
temperature  of  1950K  for  the  a  free  laminar  flame  at 
equivalence  ratio  1.0.  And  the  flame  with  temperature 
spike can be stabilized in a perforated SiC tube burner. 
The flame temperature peak was moved to outlet region 
gradually with increasing the mixture gas velocity.

A comparison  of  major  species  profile  is  shown in 
Figure 4. The major species in the combustion product 
include  methane,  hydrogen,  water,  carbon  monoxide, 
carbon  dioxide  and  acetylene  produced  under  rich 
condition by thermal partial oxidation.

Figure  3.  Comparison  of  gas  and  SiC  temperature  at 
equivalence ratio 2.0

Figure  4.  Comparison  of  major  species  profile  at  inlet 
velocity 60cm/s and equivalence ratio 2.0.
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ABSTRACT 
Educational programs and training activities are a key 

factor for the development of the technology and to favour 
its deployment in EU. This gap cannot represent a barrier 
for the technology development.
Today’s technicians and students are the next generation 
of potential fuel cell users and designers, and education 
now is a critical step towards the widespread acceptance 
and implementation of hydrogen fuel cell technology in the 
near future.

The  aim  of  the  project  is  to  develop  a  comprehensive 
basic training programme for different educational levels, 
starting  at  technical  schools,  up  to  undergraduate  and 
graduate studies to ensure an educated workforce that is 
able to support the development of sustainable industrial 
hydrogen and fuel cell sector and a commercial market.

INTRODUCTION 
The  European  Hydrogen  and  Fuel  Cell  Technology 

Platform estimated that the capacities needed in new jobs 
include  up  to  20.000  engineers  and  15.000  to  20.000 
service technicians that require training over the next 10 
years to fully realize the potential of the Snapshot 2020 
scenario. It is important to ensure that a lack of skills does 
not  become  a  barrier  in  the  fuel  cells  and  hydrogen 
development.
HYPROFESSIONAL  Project  (Grant  Nº  256758)  is 
supported by the FCH-JU (Fuel Cells and hydrogen Joint 
Undertaking) and is directly within the scope of the Annual 
Implementation Plan 2009, specifically in the Area SP1-
JTI-FCH.5  Cross-Cutting  Issues,  Topic  SP1-JTI-
FCH.2009.5.1 Development of educational programmes.

The project consortium is formed by the Foundation for 
the  Development  of  New  Hydrogen  Technologies  in 
Aragon  (ES),  Federation  of  Scientific  and  Technical 
Association  (IT),  San  Valero  Foundation  (ES),  UNIDO 

ICHET,  JRC,  WBZU  (Weiterbildungszentrum 
Brennstoffzelle  Ulm  e.V)  (D),  Association  PHYRENEES 
(F),  Environment  Park  (IT),   and  Centre  for  Process 
Innovation  (UK).  The  project  has  started  on  the  1st of 
January 2011 and will last for two years.

The project is focused on the development of educational 
programmes  and  training  initiatives  for  technical 
professionals (vocational training) to secure the required 
mid-  and  long-term  availability  of  human  resources 
capable to properly commission operate and maintain the 
technologies safely.

Educational  programs  and  training  activities  are  a  key 
factor for the development of the technology and to favor 
its deployment in EU. This gap cannot represent a barrier 
for the technology development.

Figure 1. Hierarchy of curricular for education 

graduate engineers on implementing hydrogen 

technologies. Roads2HyCom

There are initiatives, projects and courses (PhD, vocation-
al training, e-learning…) related to hydrogen technologies 
but skills shortages are a common feature of the techno-
logy landscape when a new technology starts to become 
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successful. These shortages can stretch right across the 
value chain, from applied research and product engineer-
ing, to manufacturing and maintenance. It is important to 
ensure that a lack of skills does not become a barrier in 
the Fuel Cells and Hydrogen development.

When Hydrogen and Fuel Cell technologies become more 
widespread within the EU it  will  become critical that the 
EU has the required human recourses trained and ready 
to  support  these  technologies  in  areas  such  as 
installations, servicing, training etc. The bases have to be 
set up on time and EU has to be prepared by means of 
coordination of stakeholders.

Figure 2: Project description

During the project lifetime an update on the current status 
have been made, which has revealed the existing gaps 
between  the  current  vocational  training  curricula  and 
training offer and the real needs of the industry. Through 
various  workshops all  relevant  stakeholders  have  been 
able  to  give  feedback,  and  the  results  of  this  work, 
materialized in proper teaching materials, will be tested in 
pilot actions.

The project objectives can be summed up in:

• Identify existing training programs related to hy-
drogen and fuel cells in the EU that may provide a 
good base for educational activities (Mapping).

• Development of specific initiatives, proposals, 
guidelines and/or projects to get consolidated 
educational programs for technical training at dif-
ferent levels, implementing the results of this pro-
ject and involving different stakeholders (industry, 
SMEs, educational entities, authorities...).

• Disseminate the results at different target audi-
ences to facilitate acceptance and implementation 
of these technologies by means of education. Ob-
jective of

• 2 pilot actions (minimum) involving different 
European countries is fixed.

• Increase in the number of state and local govern-
ment representatives which receive information 
and understand the concept of a hydrogen eco-
nomy, and how it may affect them. The participa-
tion of different EU countries (7) and the celebra-
tion of workshops (2 minimum) to involve different 
stakeholders will favor this objective.

• Exchange experiences, project results, training 
initiatives on-going, training courses and good 
practices (creation of an e-library) to take advant-
age of the work already done, to maximize the 
reach of education efforts and avoid duplication. 
The sought aim is to improve the quality and ef-
fectiveness of education and training initiatives re-
lated to hydrogen and fuel cells.

• Achieve a motivating personal and professional 
identity in future learning and adjustment to the 
development of the technology and social change

• Facilitate access to education and training sys-
tems related to hydrogen technologies and co-
ordinate efforts among Authorities, Industry, Edu-
cational Institutions, Universities and other stake-
holders. Pursue the development of a suitable 
European curriculum at different levels.

• Launch a comprehensive and coordinated public 
education campaign about the hydrogen economy 
and fuel cell technology to overcome lack of in-
formation barriers.

Finally, the results of the project will be handed over to 
HyRaMP,  as  a  European  wide  regional  association 
committed to hydrogen and fuel cells, for continuation of 
the work and guarantee to access of these results to any 
national or regional administration interested in adapting 
its educational system to these new technologies.
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ABSTRACT  
Recent method development and increasing 

computer power have made ab initio methods of 
computational physics a robust, complimentary tool of 
modern materials research. Here we discuss how these 
methods can be used to understand some basic 
mechanisms determining the ion mobility in ceria-based 
electrolyte materials and to predict compositions with 
improved ion conductivity as well as to suggest new 
doping strategies.   

INTRODUCTION  
Ceria-based materials are among materials 

supporting sufficiently high oxide-ion conductivity at 
intermediate temperature (1). Ceria is usually doped with 
cations of lower valence in order to create oxygen 
vacancies facilitating oxygen diffusion in the crystal.  Ionic 
conductivity (σ) can be expressed as a function of the so-
called activation energy for oxygen or vacancy diffusion

( aE ), ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅=

Tk
ET
B

aexp0σσ , where t stands for 

temperature, kb for the Boltzman constant, and σ0 for a 
temperature independent pre-factor.  The materials 

having lower aE can support ionic conductivity at lower 
temperatures. The decrease of the activation energy can 
be achieved, for example, by appropriate doping.    

The fundamental property of pure ceria is a coupling 
of oxygen vacancy formation and electron localization on 
cerium f-orbitals, turning the valence state of cerium ions 
from 4+ to 3+ (2). To accurately model this electronic 
localization/delocalization one needs to apply methods 

able to account for strong correlations, which have 
recently been done for ceria (3). The application of these 
methods allowed us to disclose some important 
mechanisms of optimized co-doping of ceria with 3+ and 
4+ dopants and the influence of light element impurities 
on ceria reduction. 

NOMENCLATURE 
The choice of best dopants and their combinations are 
normally guided by simple considerations based on ionic 
radii combined with trial-and-error method. Another 
approach based on the understanding of microscopic 
mechanisms operating in the material is possible. The 
study of doping of ceria with rare-earth elements showed 
that the lowest activation energy for oxygen diffusion in 
the series can be achieved for Pm and Sm in agreement 
with experimental data (4). It also disclosed the physical 
reasons of this behaviour. When dopants are introduces 
into the oxide matrix the latter is disturbed both 
electronically and elastically. These two contributions are 
balanced for Pm and Sm, which is reflected in the 
minimal activation energies for these elements. The 
understanding of the mechanism allows one now to 
suggest new combinations of dopants, which would fulfill 
the same criteria of balancing off electronic and elastic 
contributions, in particular, combination of Pr/Gd and 
Nd/Sm can show superior ion conducting properties 
compared to each of the elements separately. First 
predicted from theory this effect was confirmed 
experimentally (5).    
 
Doping of ceria with 4+ dopants CeO2-MO2 (M=Ti, Zr, Hf, 
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Th, Si, Ge, Sn ,Pb) can facilitate ceria reduction (6,7). 
The reducibility increases in the sequence of CeO2-SnO2, 
CeO2-GeO2 and CeO2-SiO2, which correlates with the 
decrease of the ionic radii of the solutes. For low solute 
concentrations there is an inverse relation between high 
reducibility and the solution energy of tetravalent solutes. 
CeO2-PbO2 is unique in the sense that the initial 
reduction occurs by Pb(IV)->Pb(II) instead of the usual 
Ce(IV) -> Ce(III) reaction. Among the investigated ceria 
compounds, CeO2-PbO2 has the lowest reduction energy 
and rather low solution energy.  The concentration 
dependence of the solubility and reduction energies for 
Si, Ge, Sn, Ti, Zr, Hf and Th dopants have also been 
studied. While the solution energies increase 
monotonously with concentration the reduction energy 
first decreases, as compared to pure ceria (except for Th, 
which exhibits a small increase) and with further increase 
of solute concentration it either remains almost constant 
(Zr, Hf and Th) or slightly increases (Ti, Si, Ge and Sn). 
 
The peculiar charge localization scheme in Pb doped 
ceria, facilitating vacancy formation, is not a unique 
possibility to reduce the oxygen formation energy. There 
are also other dopants and common impurities, including 
light element impurities, which can have similar effect. In 
particular, carbon and nitrogen when placed in ceria 
matrix can act in a similar manner being the sink for the 
charge and thus, changing the energetics of oxygen 
vacancy formation dramatically (8).  
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ABSTRACT

Solid Oxide Fuel Cells seem to be attractive due to 
high efficiency and fuel flexibility. Nowadays there is 
an  increasing  interest  in  microtubular  SOFC´s 
especially for portable applications because of  the 
improved  advantages  such  as:  higher  mechanical 
and  thermal  stability,  simpler  seal  requirements, 
higher  power  densities  per  volume unit  and rapid 
start-up/shut-down when we compared with planar 
and tubular conventional designs [1, 2]. In this work, 
the  feasibility  of  microtubular  SOFC,  supported  in 
the  anode,  for  portable  applications  (a  50W 
microtubular Ni-YSZ anode supported SOFC stack) 
is shown. 

The cells were made from commercial products; the 
compositions  for  the  supporting  cermet  porous 
tubes were Ni-YSZ (50 vol% Ni and 50 vol% YSZ). 
The anode tube dimensions were 12-15 cm length, 
400  m  wall  thickness  and  2.4  mm  internal 
diameter. Thin films of 8YSZ electrolyte (15-20 m) 
and  LSM-YSZ  cathode  composite  (50m)  were 
sequentially  deposited  on these tubes.  The single 
cells of the stack showed power densities of about 
0.6W.cm-2 at 800ºC and 0.7V using 97%H2-3%H2O 
as fuel and stagnant air as oxidant [3]. 

The integration feasibility of the stack in a portable 
power  module  is  also  demonstrated  by  the 
conceptual design of the system. An thermal energy 
balance  of  the  system  is  simulated  with  Matlab 
Simulink ® (flow sheet). The operation modes of the 

system, efficiency and convection inside the stack 
are studied via the Simulink® simulation (Figure 1). 
This system includes a burner and heat exchanger 
to warm up the stack up to 900ºC with the exhaust 
hydrogen that  the cells cannot  use.  The complete 
balance  of  plant  and  stack  calculations  give  an 
overall electrical efficiency around 40%.

Figure 1

From the thermal simulation done was shown that 
the  most  limitation  factor  for  the  efficiency  is  the 
isolation  of  the  stack.  Case it  is  not  well  isolated 
most of the Hydrogen is used to maintain the stack 
temperature,  decreasing  the  overall  system 
efficiency. Other critical factor is the efficiency of the 
system that  recover  the  energy from the  exhaust 
gas. This energy is to warm up the stack, increasing 
by that way the overall efficiency.

1 Copyright © 2011 
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 A modular  3D design of  the stack  is  also  drawn 
using Solid Works ®. In this design 16 cells of 15cm 
long are integrated in a stack structure module. The 
physical active area of those cells would be 13cm2 , 
and each cell should produce 3,125 W, so the full 
stack would produce around 50 Watts. The model is 
oversized assuming a low current density to ensure 
at least 50 W production and longer durability.
This model is used to study the possible flow paths 
though the stack with Solid Works flow simulation 
(Figure  2).  The  model  was  designed  taking  into 
account  the  mechanical  stability  and  the  thermal 
expansions  (Errore:  sorgente  del  riferimento  non
trovata). The stack model can be hence integrated 
in  an  autonomous  portable  power  unit  3D design 
complying with usual product specifications (Figure
4). 

Figure 2

This actual 3D stack model is a design exercise, but 
it will be modified to fit the requirements defined in 
future experiments with real single cells and stacks.

Figure 3

Figure 4

An  experimental  2  cell-stack  has  been  built  and 
tested at  800ºC using 97%H2-3%H2O as  fuel  and 
stagnant  air  as  oxidant  to  face  the  issues  of  the 
integration of several cells in the stack design. The 
cells  were  connected  in  series  obtaining  a  total 
active  area  of  8  cm2.  The  results  showed 
impedances of 8 ohms for the stack, this impedance 
should  be mainly  contact  impedance.  The current 
obtained from the 2 cell stack is 0.8 A at 1.1 V and 
as a consequence, the total power of the stack is 
0.9 W. Engineering effort has still to be devoted to 
reduce the deviations  from the theoretical  results. 
Performance losses are associated with the current 
collection in the cathode side in bigger active areas 
and  also  with  the  gas  transportation  along  the 
electrode pathways. The work is being continued for 
the construction of a first prototype.
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ABSTRACT 
The  electrochemical  characterization  of  the 

La2Ni0.6Cu0.4O4+δ compound, with K2NiF4-type structure, is 
investigated  as  cathode  material  for  intermediate 
temperature  solid  oxide  fuel  cell  (IT-SOFC)  based  on 
LSGM (La0.9Sr0.1Ga0.8Mg0.2O3-δ) electrolyte. A single cell of 
Ni-SDC(Sm0.2Ce0.8O1.9)/SDC/LSGM/La2Ni0.6Cu0.4O4+δ was 
tested as function of  temperature,  from 600 to 850 °C, 
using humidified H2 (~3% H2O) as the fuel and the static 
air as the oxidant. The electrochemical performance was 
evaluated by means of current voltage curves, impedance 
spectroscopy  measurements  and  durability  tests.  In 
addition,  the  microstructure  and morphology of  the  cell 
compounds  were  analyzed  after  testing  by  scanning 
electron microscopy equipped with energy dispersive X-
ray analyzer (SEM-EDX). The cell generated an optimum 
performance and achieved the maximum power densities 
of 138, 203 and 277 mW/cm2 at 750, 800 and 850 °C, 
respectively.  Cell  durability  tests  carried  out  at  different 
loads (134-493 mA/cm2) at 750, 800 y 850 °C for 44, 200 
and 80 h, respectively, indicate no signs of degradation in 
performance during testing.  Taken into account that the 
LSGM electrolyte is 0.45 mm thick, the cell performance 
achieved  is  very promising.  These results  suggest  that 
La2Ni0.6Cu0.4O4+δ is an excellent material for IT-SOFCs. 

INTRODUCTION
Mixed ionic and electronic conducting materials de-

rived from La2NiO4+δ with  K2NiF4-type structure have at-
tracted interests as cathode for IT-SOFC. The advantages 
of  La2NiO4+δ  compositions include relatively high oxygen 
ionic and p-type electronic conductivity, moderate thermal 
and chemical expansion, and high electrocatalytic activity 
(1).  Previous  studies  performed  by  our  group  on  the 
series of La2Ni1-xCuxO4+δ materials revealed that the com-
position with x=0.4 shows an oxygen excess (δ) of 0.07, 
exhibits  a good electrical  conductivity (65 S·cm-1  at 800 
°C) and a thermal expansion coefficient of 11.8 x 10-6 K-1 

that  matched with  LSGM electrolyte  as well  as a good 

electrocatalytic activity for the oxygen reduction at inter-
mediate temperatures (2,3). In this work, the electrochem-
ical performance of  La2Ni0.6Cu0.4O4+δ has been studied in 
IT-SOFC cell based on a LSGM electrolyte. 

EXPERIMENTAL 

La2Ni0.6Cu0.4O4+δ oxide was synthesized via the nitrate-
citrate  route  and  calcined  at  950  ºC.  Full  details  of 
preparation  method  can  be  found  elsewhere  (2).  The 
sample  was  characterized  by  X-ray  diffraction  (XRD) 
using a Philips “X Pert-MPD” diffractometer using Cu Kα 
radiation  (λ  =  1.5406  Å).  Chemical  compatibility  of  the 
La2Ni0.6Cu0.4O4+δ oxide  with  LSGM  electrolyte  was 
evaluated  by homogeneously mixing both materials in a 
1:1 weight ratio and calcined at 1000 ºC for 50 h. Then, 
the product was examined by XRD.

A single  cell was  prepared  with  La2Ni0.6Cu0.4O4+δ as 
cathode, Ni-Sm0.2Ce0.8O1.9 (2:1; w:w) as anode and LSGM 
as electrolyte. A thin buffer layer of Sm0.2Ce0.8O1.9  (SDC) 
between anode and electrolyte was used to avoid possible 
interfacial  reactions between both materials.  Fabrication 
of  the cell  used in this study was based on a previous 
report (4). This cell with an active area of 0.22 cm2 and a 
0.45 mm thick electrolyte was tested with humidified (3% 
H2O)  H2  as  fuel and  stationary  air  as  oxidant. The 
electrochemical behaviour was evaluated by cell current - 
voltage  curves  and  ac  impedance  spectroscopy  in  the 
temperature range 600-850 °C, and under several  load 
demand  at  750,  800  and  850°C.  Microstructure  and 
morphology of the cell and its components were analyzed 
by scanning electron microscopy (SEM, Hitachi S-2500).

RESULTS AND DISCUSSION  

XRD data showed that  La2Ni0.6Cu0.4O4+δ  presents the 
corresponding K2NiF4 single phase that was defined in a 
previous  article  in  the tetragonal  F4/mmm  space group 
(2).  Chemical  reactivity  tests,  carried  out  firing  the 
cathode  powder  with  the  LSGM electrolyte  followed by 
XRD  analysis,  indicate  no  reaction  between 

1 Copyright © 2011 
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La2Ni0.6Cu0.4O4+δ  and LSGM after heating at 1000  °C for 
50 h in air. 

Fig. 1 shows the cell voltage and power density as a 
function of current density at different temperatures. The 
open circuit voltages (OCV) of the cell  were 1.14, 1.13, 
1.11, 1.10 and 1.09, at 600, 650, 700, 750, 800 and 850 
°C, respectively, These OCVs are close to the theoretical 
values;  this indicates a good densification of the LSGM 
electrolyte and  no  gas  leakage  after  reduction  of  the 
anode. The maximum power densities achieved were 21, 
46,  84,  138,  203  and  277  mW/cm2 at  the  respective 
temperatures. Taking into consideration the thickness of 
the electrolyte (450  µm), the cell performances obtained 
are  encouraging. The total  cell  polarization resistances, 
measured by impedance spectroscopy, were 6.79, 3.24, 
1.81, 0.88, 0.73 and 0.46  Ω·cm2 at  600, 650, 700, 750, 
800 and 850 °C, respectively. 
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Fig.1. Voltage and power density versus current density of 
the cell in H2 at different temperatures.

The  performance  stability  of  cell  was  analyzed  at 
750,  800  and  850  °C,  during  44,  200  and  80  h, 
respectively. 

Initially,  the cell  was  running under  a fixed current 
density of 134, 179, 224, 269, and 291 mA/cm2 at 750 °C, 
each one for 4 h. The cell performance remained stable at 
each fixed current. The cell voltage dropped from 1100 
mV at open circuit to ∼ 784, 680, 664, 585, 487 and 443 
mV and the power densities reached were  ∼ 104,  122, 
130,  132,  and  128  mW/cm2  at  the  mentioned  current 
densities,  respectively.  In  general,  the  power  densities 
increased with the load. However, similar values of power 
density were obtained under a load demand of 224 and 
269  mA/cm2 indicating  that  the  cell  has  reached  the 
maximum power. Then, the cell was operated at 224 mA/
cm2  during 24 h and generated a power density of  ~ 130 
mW/cm2. 

At 800 °C, the cell was running under a fixed current 
density of 224, 269, 314, 359, 381 and 403 mA/cm2, each 
one for 4 h. The cell performance remained stable at each 
load demand reached values of power densities of ∼ 167, 
181,  190,  194  and  190  mW/cm2,  respectively.  The 
maximum values of  power density were reached under 
load demands of 359, 381 and 403 mA/cm2.  After that, 
the stability of the cell was investigated at 359 mA/cm2 for 
165  h,  without  practically  changing  the  values  of  cell 
voltage and power density (~200 mW/cm2). 

Finally,  the  cell  was  operated  at 850°  C  under 
different load demands (269, 314, 359, 403, 448 and 493 
mA/cm2) for h each one. Similar behaviour was observed. 
The cell voltage decreased to ∼ 769, 712, 664, 610, 559 
and 504 mV (Fig. 2) and the cell reached power densities 
of  ∼ 206,  223, 236, 246, 251 and 251 mW/cm2. These 
values revealed that the maximum power can be reached 
at a load demand of 448 mA/cm2. Therefore, the cell was 
tested at this load demand during 50 . The results showed 
that the cell performance(~251 mW/cm2) remained stable 
at this operation condition and no evidence of degradation 
in the cell performance.   
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Fig.2. Voltage of the cell versus time at 850 °C under 
different constant current densities

SEM micrographs after operation evidenced that the 
electrodes  (cathode  and  anode)  keep  the  porous 
structure, with a good adhesion with the electrolyte and 
exempt of signal degradation.
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DURABILITY IMPROVEMENT OF FLATTEN TUBULAR SEGMENTED-IN-SERIES 

TYPE CELL-STACKS FOR SOFC M-CHP

ABSTRACT
Durability tests of  flatten tubular segmented-in-series 

type cell-stacks (FT-SIS) have been carried out in electric 
furnaces  since  FY  2008  in  the  NEDO  project, 
“Development  of  system  and  elemental  technology  on 
SOFCs”. In our current design eight cells are placed on 
both  sides  of  an  electrically  insulated  support  and 
connected in series with ceramic interconnectors. A short 
bundle  composed  of  four  cell-stacks fabricated  in  FY 
2009 showed a thermal cycle degradation rate of as small 
as  0.01  %/cycle  in  100  TCs  test  after  2000  hour 
continuous operation. Then other short bundle in FY 2009 
also showed a degradation rate of 0.31 %/ 1000h during 
the last 1000 hour of a 4000 hour continuous test at rated 
current  density  of  0.24  A/cm2.  Secondary  ion  mass 
spectroscopy, scanning electron microscope analyses of 
the  tested  cell-stacks  indicated  that  inhibition of  Cr 
poisoning in cathodes and uniform and dense formation 
of  cathode interlayers were important for  their  durability 
improvement. In  FY  2010  fabrication  process  of  the 
cathode  interlayers  of  FT-SIS  cell-stacks  was  modified 
and alloy-free  connectors  between the cell-stacks  were 
employed for further reduction of Cr poisoning. Durability 
tests of  cell-stacks thus improved were conducted,  and 
their analysis are now underway.

INTRODUCTION
Durability tests of flatten tubular segmented-in-series 

(FT-SIS) type SOFC stacks for intermediate temperature 
operation, co-developed by Tokyo Gas and Kyocera, have 
been  carried  out,  as  one  of  five  different  type  SOFC 
stacks since FY 2008 in the New Energy and Industrial 
Technology  Development  Organization (NEDO)  project, 
“Development  of  system  and  elemental  technology  on 
SOFCs” (1). Its goal is to achieve technological forecasts 

of  a degradation rate less than 0.25 %/1000 hours and 
thermal  cycle  durability  more  than  250  times,  in 
collaboration  with  several  stack  manufacturers  and 
research institutes in Japan. The structure of FT-SIS type 
SOFC stacks is schematically shown in figure 1. In our 
current design eight cells are placed on both sides of an 
electrically insulated support and connected in series with 
ceramic interconnectors. Material cost of the FT-SIS type 
cell-stacks  would  be lower  than　 those of  planer  type 
SOFCs, because the support,  which occupies the most 
volume in the cell-stack  structure,  consists  of  insulated 
ceramics based on inexpensive MgO. It  should be also 
noted  that  its  alloy-free  structure  leads  to  two 
expectations;  a  superior  long-term  and  thermal  cycle 
durability, due to reduction of Cr poisoning in the cathodes 
and coefficient of thermal expansion (CTE) matching of 
ceramics ICs with the other components, a long term.

Fig.1 Schematics of overview of the FT-SIS type SOFC 
stack.

EXPERIMENTAL
Durability tests were carried out in electric furnaces 

using short bundles, each of which is composed of four 
FT-SIS  cell  stacks.  Cell  stacks  stand  on  a  metal  alloy 
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manifold  with  sealing  glass.  They  are  electrically 
connected with stack connectors between the undermost 
cells.  Fuel gas was H2 with addition of  20 mol% H2O, 
operation temperature 775 °C and 800 °C at the center of 
a short bundle, fuel utilization (Uf) 70 %, current density 
0.24 A/cm2, in our standard conditions. In thermal cycle 
(TC) tests short bundles were heated to 775 °C in three 
hours, held at 775 °C for one hour operation, and cooled 
down  to  150  °C  or  below in  less  than  four  hours.  An 
internal ohmic loss of each cell stack in the short bundle 
was measured with the current interruption method.

RESULTS AND DISCUSSION
A short  bundle  fabricated  in  FY  2009  showed  a 

thermal  cycle  degradation  rate  of  as  small  as  0.01 
%/cycle  in  100  TCs  test  after  2000  hour  continuous 
operation.  This  result  indicated  that  the  cell-stack  with 
ceramic  interconnectors  would  be  tolerant  to  thermal 
cycles. Then other short bundle in FY 2009 also showed a 
degradation rate of  0.31 %/ 1000h during the last 1000 
hour  of  a  4000  hour  continuous  test  at  rated  current 
density of 0.24 A/cm2. Secondary ion mass spectroscopy, 
scanning electron microscope analyses of the tested cell-
stacks  indicated  that  reduction  of  Cr  poisoning  in 
cathodes  and  uniform  and  dense  formation  of  cathode 
interlayers  were  important  for  their  durability 
improvement(2). 

In  FY  2010  fabrication  process  of  the  cathode 
interlayers of FT-SIS cell-stacks was modified and alloy-
free connectors between the cell-stacks were employed 
for further reduction of Cr poisoning. 
FY  2010  durability  tests  are  shown  in  table  1.  The 
degradation rates of the short bundles in FY 2010 were 
found to be 0.31 and 0.24 %/ 1000h during the last 1000 
hour  of  a  5000  hour  continuous  test  at  rated  current 
density of  0.24 A/cm2,775 °C and 800 °C,  respectively. 
These results indicated that degradation rates of FY 2010 
FT-SIS  cell  stacks  were  found  to  be  independent  on 
operation temperatures and different from stack to stack, 

some  lower  than  0.25  %/1000  h  which  is  the  project 
target. Their analyses are now underway. 

CONCLUSION 
FT-SIS cell stacks expected to be tolerant to thermal 

cycles and a superior long-term durability due to its alloy-
free  structure  have  been  tested  in  the  NEDO  project, 
“Development  of  system  and  elemental  technology  on 
SOFCs”.  A short bundle fabricated in FY 2009 showed a 
thermal  cycle  degradation  rate  of  as  small  as  0.01 
%/cycle  in  100  TCs  test  after  2000  hour  continuous 
operation. In FY 2010 fabrication process of the cathode 
interlayers of FT-SIS cell-stacks was modified and alloy-
free connectors between the cell-stacks were employed to 
achieve  reduction  of  Cr  poisoning  in  cathodes  and 
uniform  and  dense  formation  of  cathode  interlayers. 
Durability  tests  of  the  cell-stacks  thus  improved  were 
conducted  and  the  degradation  rates  of  the  cell  stack 
were founded to be some lower than 0.25 %/1000 h which 
is the project target.
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Operation 
conditions 

Average degradation rate 

Continuous test (%/1000 h) 

0 
-1000 h 

1000 
- 2000 h

2000 
- 3000 h

3000 
- 4000 h 

4000 
- 5000 h 

1) 5000 h at 775 °C 1.34 0.64 0.62 0.45 0.31

2) 5000 h at 800 °C 1.39 0.38 0.76 0.71 0.24

Table 1. FY 2010 durability tests and results.
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INTRODUCTION
Energy consumption rates, now and in the near 

future,  highlight  the  need  of  reaching  higher  electrical 
efficiencies, lowering fossil fuel consumption and carbon 
dioxide emissions. Solid Oxide Fuel Cells (SOFC) have 
long held the promise of more efficient power generation. 
SOFCs are particularly interesting for their relatively high 
operating temperatures that permits the integration with a 
gas turbine. The adoption of small scale gas turbine with 
high temperature fuel cells has experienced an increasing 
attention in the last years.  In the present paper a high 
temperature  SOFC,  natural  gas  fuelled,  with  direct 
internal reforming and air preheating is proposed. The fuel 
cell is integrated with a gas turbine cycle. Apart from the 
fuel cell, the proposed plant layout does not include any 
components far from the nowadays state-of-the-art.  The 
present  study  aims  to  investigate  two  different  tools 
adopted to predict the performances of a tight integrated 
SOFC – GT recuperative plant. First of all a SOFC model 
has  been  developed  with  Aspen  Plus,  a  common  tool 
largely  adopted  for  process  industry  simulations. 
Furthermore the obtained results have been compared to 
the simulations carried out with the Politecnico di Milano 
property code GS. 

ANALYSIS OF PLANT
The considered plant layout is presented in Figure

1.  It  is  a  recuperative  gas  turbine  cycle  where  the 
combustor is substituted by the SOFC system [1] which 
acts as an almost reversible fuel-oxidizer. The SOFC is 
fed with preheated and compressed air as oxidant, and 
desulphurized natural gas as fuel. The fuel cell  exhaust 
gases  are  directly  expanded  in  the  gas  turbine  and 
subsequently  cooled  by  the  regenerator.  The  fuel  cell 
performs the internal  reforming of  the hydrocarbons by 
the steam reforming reactions, exploiting also the water 
gas shift reaction for carbon monoxide consumption. The 
steam required for hydrocarbon reforming is obtained by 
partial  recirculation of  the anode off-gas  via  an ejector 
system,  sustained  by  the  fresh  inlet  fuel  flow,  which 
ensures the chosen steam-to-carbon ratio  (1.66)  at  the 
anode inlet.  A pre-reforming step before the anode inlet 

(PR)  cracks  the  higher  hydrocarbons,  prevents  carbon 
deposition and high temperature reduction at SOFC inlet 
that  can  compromise  the  SOFC  behaviour.  The  cell 
exhaust  gases  react  in  a  residual  combustion  plenum 
(EC) and are used for inlet air preheating before exiting 
the  SOFC  module  and  being  sent  to  external 
components.  All  the  assumptions  have  been  selected 
according to [2].

SOFC MODELLING
As  Aspen  Plus  does  not  provide  specific 

component for Fuel Cell simulation, SOFC modelling has 
been  carried  out  adopting  different  chemical  reactors, 
heat  exchangers  and  mixers.  The  chemical  simulation 
results to be the key point to match the fuel cell working 
conditions.  The  SOFC  layout  is  composed  by  the 
following reactors:

1. Natural  Gas-Anode  recirculation  mixer:  it  allows 

reaching the steam to carbon ratio required by the fur-
ther reforming step.

2. Reformer:  it  is  supposed  all  the CxHy species  con-

tained in the fuel are totally reformed. This component 
is used to simulate both the pre-reforming and the re-
forming reactions occurring at the SOFC block inlet 
and in the first part of the SOFC respectively. 

3. Oxidiser:  this  reactor  simulates  the  anodic/cathodic 

reactions trough the combustion of  inlet  gases with 
preheated air. Hydrogen is the primary fuel of the sys-
tem whilst carbon monoxide is mainly shifted to hy-
drogen but  can also be oxidized to carbon dioxide. 

1 Copyright © 2011 

Figure 1: Layout of the considered hybrid plant
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The CO concentration at the SOFC outlet is assumed 
equal to zero.  In a further step the overall  heat re-
leased from this component is coherently splitted in 
heat and electrical power.

4. Separator:  it  ensures  the  correct  separation  of  the 

oxygen, nitrogen, argon, water and carbon dioxide ex-
iting the cathode. All the remaining species are collec-
ted in the anode flow. 

5. Reverse WGS: it  allows the exit  conditions to be at 

thermodynamic equilibrium. The involved reaction is 
the reverse Water Gas Shift.  

6. Combustor: the anode exhaust gases after the recir-

culation  are  burned  with  oxygen-depleted  air  from 
cathode.

7. SOFC heat exchanger: After the  combustor, the ex-

haust gases preheat the air entering the SOFC. 

8. RWGS heater  and Reformer heater: these compon-

ents supply part of the heat coming from the oxidizer 
(Qcell) for the  Reverse WGS and  Reformer,  respect-
ively.  The overall SOFC block energy balance is re-
spected according to [2].

DISCUSSION OF RESULTS
Results of the considered hybrid cycle simulation 

carried out with GS and Aspen Plus are reported in Table 
1.  All  the  calculated  parameters  and  the  SOFC  gas 
composition are in good agreement with reference results 
[2], with a maximum span of 1%. The calculations related 
to the fuel conversion into the reactors used in order to 
simulate natural gas steam reforming, water gas shift and 
oxidation of fuel show an high accuracy of the simulation. 
The  thermal  and  power  balance  also  confirm  the 
assumption for SOFC behaviour simulation.

Table 1: Results 

Power Balance GS Aspen

SOFC output (kW) 2520.00 2515.35

Compressor input (kW) -1218.3 -1212.1

Turbine output (kW) 1844.9 1811.39

Net Gas Turbine output (kW) 568.9 547.6

Auxiliary (kW) -102.0 -101.8

Cycle net power output (kW) 2986.8 2961.2

Net electric LHV efficiency, % 54.8 54.4

Main SOFC parameters

Uf, s.s (%) 59.8 59.8

Overall Uf (%) 80.2 80.2

Ua (%) 22.1 22.1

Primary to secondary flow ratio 0.145 0.145

DC Electric Power (kW) 2681.0 2675.9

Heat for air preheatering (kW) 2130.0 2150.1

Tout SOFC stack (°C) 823.9 811.2

Anode outlet composition (%vol)

H2 16.1 16.1

H2O 48.9 48.9

CO 10.4 10.4

CO2 24.1 24.2

N2  0.45 0.45

Temperatures

TIT (°C) 788.5 777.7

TOT (°C) 570.7 561.4

Tout recuper. (°C)  253.1 259.1

 A simplified sensitivity analysis on UF has been carried 
out to highlight  the hybrid cycle performance variations. 
Plant efficiency resulted to be mainly affected by the cell 
net power, value that varies from 77% to 91% of the total 
gross power output.

CONCLUSIONS
The present work investigated the integration of a 

SOFC with a small/medium size gas turbine. The first part 
of this work has been focused on the modeling of hybrid 
cycle using Aspen Plus®. The key point of the numerical 
analysis  resulted  to  be  the  prediction  of  the  chemical 
behavior  of  a  complex  system  such  as  a  natural  gas 
fuelled  SOFC  with  internal  reforming.  The  analysis  is 
characterized by the lumped approach of the fuel cell that 
does not consider temperature, pressure and composition 
profiles along the fuel cell.
The calculated performance shows good matching with 
the reference case [2]. The calculated overall efficiency is 
in the range of 52.9% – 55.6%; this value would increase 
improving  the  component  technology,  i.e.  the  following 
parameters  :  DC/AC  inverter,  compressor  and  turbine 
polytropic  efficiency,  diffuser  isentropic  efficiency  and 
SOFC heat losses.
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Figure 2: Aspen model of  the SOFC
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ABSTRACT
Oxygen  nonstoichiometry,  total  conductivity  and 

Seebek coefficient of double perovskites REBaCo2-xFexO6-

d (RE=Gd, Pr, Nd, x=0-0.6) were measured in ranges of 
oxygen partial pressure (pO2) and temperature -5<log(pO2/
atm)<0 and 700-1050 °C, respectively. Cathodic behavior 
of  REBaCo2-xFexO6-d (RE=Gd,  Pr,  Nd)  oxides  was 
investigated  using  impedance  spectroscopy  in  the 
symmetrical  cell  REBaCo2-xFexO6-

d│Ce0.8Sm0.2O2│REBaCo2-xFexO6-d.

INTRODUCTION
Mixed  ionic-  and  electronic-conducting  perovskite-

type  oxides  are  the  state-of-the-art  materials  for  high-
temperature solid-state electrochemical devices such as 
solid oxide fuel cells (SOFCs),  oxygen membranes and 
sensors.  Recently,  double  perovskites  REBaCo2O6-d, 
where RE is a trivalent rare earth element, have received 
a  great  attention  as  attractive  materials  for  such 
applications  due  to  high  both  total  and  oxygen  ionic 
conductivity and relatively fast oxygen diffusivity even at 
temperatures as low as 400 °C. It is generally recognized 
that  defect  structure  is  of  key  importance  for 
understanding  these  properties.  In  addition 
thermodynamic  stability  with  respect  to  decomposition 
and reactivity with other components of SOFCs is crucial 
property  for  long-term  stability  of  their  characteristics. 
However, the data on the thermodynamic stability, defect 
structure  and  related  properties  as  function  of  oxygen 
partial pressure (pO2) and temperature are very restricted 
to date.

EXPERIMENTAL
Powder  samples  of  REBaCo2-xFexO6-d (RE=Gd,  Pr, 

Nd,  x=0-0.6)  were  synthesized  by  glycerol-nitrate 
technique using Gd2O3, Nd2O3, Pr6O11, BaCO3, Co3O4 and 
FeC2O4*2H2O  as  starting  materials.  Stoichiometric 
amounts  of  starting  materials  were  dissolved  in 
concentrated nitric acid and required volume of  glycerol 
was  added  as  a  complexing  agent  and  fuel.  Glycerol 
quantity  was  calculated  according  to  full  reduction  of 
corresponding  nitrates  to  molecular  nitrogen  N2.  As 
prepared solution was heated continuously at 100 °C until 
water  evaporation  and  pyrolysis  of  the  dried  precursor. 
The resulting ash was subsequently calcined at 1100 °C 
for 12 hours to get the desired double perovskite powder.

The  phase  composition  of  the  powder  samples 
prepared  accordingly  was  studied  by  means  of  X-ray 
diffraction (XRD) with a DRON-6 diffractometer using Cu 
Kα radiation. XRD showed no indication for the presence 
of a second phase.

Oxygen  nonstoichiometry  of  the  double  perovskites 
REBaCo2-xFexO6-d (RE=Gd,  Pr,  Nd,  x=0-0.6)  was 
measured  using  coulometric  titration,  thermogravimetric 
technique and chemical analysis. In situ x-ray diffraction 
measurements of crystal structure were carried out. Total 
conductivity  and  Seebek  coefficient  of  corresponding 
double  perovskites  were  measured  simultaneously  by 
means  of  four-probe  dc  method.  Oxygen  ionic 
conductivity  was  studied  in  specially  designed  and 
assembled  cell  using  YSZ  microelectrode. 
Thermodynamic  stability  limit  of  complex  oxides  was 
measured  using  EMF  method.  Reactivity  with 
Ce0.8Sm0.2O2 electrolyte was studied by means of  XRD. 
Cathodic behavior of REBaCo2-xFexO6-d (RE=Gd, Pr, Nd) 
oxides was investigated using impedance spectroscopy in 

1 Copyright © 2011 
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the  symmetrical  cell  REBaCo2-xFexO6-

d│Ce0.8Sm0.2O2│REBaCo2-xFexO6-d.

RESULTS AND DISCUSSION
All double perovskites studied were found to be highly 

nonstoichiometric with the oxygen content in slowly cooled 
samples  decreasing  in  the  range  PrBaCo2-xFexO6-d—
NdBaCo2-xFexO6-d—GdBaCo2-xFexO6-d.  As  an  example 
oxygen  nonstoichiometry  of  PrBaCo2O6-δ is  given  as  a 
function of pO2 at different temperatures in Fig. 1. 

Fig. 1. Oxygen nonstoichiometry of PrBaCo2O6-δ vs. 
log(pO2/atm) at different temperatures

Iron doping was found to increase oxygen content in 
corresponding complex oxides and lead to phase change 
in GdBaCo2-xFexO6-d from  Pmmm orthorhombic phase to 
tetragonal  one  with  space  group  P4/mmm.  Diffraction 
profiles  of  slowly  cooled  GdBaCo2-xFexO6-d (x=0-0.6) 
samples  are  shown  in  Fig.  2  and  calculated  lattice 
parameters in Fig. 3.

Fig. 2. Diffraction profiles of slowly (<100°C/h) cooled 
GdBaCo2-xFexO6-d (x=0-0.6) samples.

Fig. 3. Pseudo-cubic lattice parameters of GdBaCo2-

xFexO6-d (x=0-0.6) oxides vs. iron content at room 
temperature. Pmmm phase: a=ap, b=2bp, c=2cp; 

P4/mmm phase: a=b=ap, c=2cp
Total  conductivity  of  all  double  perovskites  studied 

was  found  to  increase  with  pO2 and  decrease  with 
temperature  (at  T>500  °C).  As  an  example  total 
conductivity of GdBaCo2O6-d is given as a function of pO2 in 

Fig. 4. Seebeck coefficient of REBaCo2-xFexO6-d oxides is 
positive  at  all  T  and  pO2 investigated.  Positive  sign  of 
thermo-EMF  and  total  conductivity  increase  with  pO2 

obviously show that  electron holes can be regarded as 
dominating charge careers in these complex oxides.

Fig.  3. Total  conductivity  of  GdBaCo2O6-δ vs. 
log(pO2/atm) at different temperatures.

It was also shown that double perovskites REBaCo2-

xFexO6-d (RE=Gd, Pr, Nd, x=0-0.6) are mixed conductors 
with predominant electronic  conductivity since oxide ion 
conductivity is lower on 4 orders of  magnitude then the 
total  one.  However,  the  ionic  conductivity  value  of 
GdBaCo2O6-δ,  for  example,  is  rather  significant  and 
exceeds that of such a well known cathodic material as 
La1-xSrxMnO3 and  compared  to  that  of  La1-xSrxCoO3.  In 
other  words,  encouraging  electrical  properties  promise 
good cathodic performance for REBaCo2-xFexO6-d oxides. 
For  example  polarization  resistance  of  GdBaCo2O6-δ 

cathode studied in symmetrical cell  come to value 0.15 
Ohm*cm2 at 700 °C demonstrating good performance of 
GdBaCo2O6-δ as a cathode material.
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ABSTRACT 
The application of Solid Oxide Fuel Cells (SOFCs) in coal-
based power plant would represent a turning point for the 
achievement  of  very  high  electric  efficiencies  and  the 
reduction of pollutants emission of the electric sector. The 
correct prediction of SOFC behaviour is one of the main 
issues to  be investigated for  the definition of  a  reliable 
model of an integrated gasification fuel cell (IGFC) plant.
This paper reports the results of a preliminary analysis of 
a  finite  volume  model  for  the  calculation  of  the 
performance  of  an  Intermediate  Temperature  (800°C) 
planar  solid  oxide  fuel  cell  fed  with  syngas  from  coal 
gasification.  For  given  cell  geometry  and  material 
properties,  the  electrochemical  and  thermal  models 
relates the initial fuel and oxidant gas composition, flow 
rates,  pressure  and  temperature  to  voltage,  current 
density,  internal  temperature  and  composition  profiles, 
fuel  and air  utilization and other  relevant  FC variables. 
The kinetic models of the reactions involved is considered 
for the calculation of electrochemical behaviour. 
A preliminary thermodynamic  analysis  is  carried  out  to 
evaluate  the  risk  of  carbon  deposition  in  presence  of 
syngas with high carbon monoxide and methane content, 
according to Boudouard and methane cracking reactions.

INTRODUCTION
Solid  Oxide Fuel  Cells  (SOFCs) are  energy conversion 
devices  that  produce  electricity  and  heat  directly  from 
gaseous  (or  gasified)  fuel  through  an  electrochemical 
oxidation. SOFCs are expected to play an important role 
in future power generation due to their high efficiency: It 
has  already  been  shown  that  hybrid  cycles  fed  with 
natural  gas  may  reach  extremely 
high  performances  (,  ),  while  the 
integration of coal gasification plant 
with  SOFC  and  CO2 capture 
promises  to  achieve  50-60% 
electrical  efficiency  with  near-zero 
pollutant  emissions.  Mathematical 
modelling is an essential tool for the 
analysis  of  fuel  cells.  This  is 
particularly  appropriate  for  SOFCs,  where  localised 

experimental measurements are difficult due to the high 
operating  temperature.  A detailed  simulation  of  SOFCs 
fed  with  high  CO  syngas  allows  gaining  an  effective 
insight on cell internal behaviour, applicable for  both  the 
development  of  new cell  design and  materials  and the 
investigation of different operating conditions such as fuel 
composition, temperature and pressure.

DESCRIPTION 
Numerical  simulation  of  the  module  network  of  a 
complete, hundred MW-scale IGFC normally results in a 
computationally  demanding  task.  Therefore,  a  typical 
element is usually separated from the fuel cell stack in the 
computational  domain.  Then,  based on the assumption 
that  the  process  is  periodic,  such  an  element  can  be 
regarded  as  the  representation  of  the  entire  fuel  cell 
system.  Following  this  approach  a  portion  of  cell  is 
simulated here considering a planar  SOFC with  15X15 
fuel and air channels (section 3mm X 2.5mm each) per 
single cell,  with direct internal reforming and cross flow 
configuration. The total cell active area is 20.25 cm2 while 
the cell area is 69.6 cm2.
 At  the  anode  side  only  H2 takes  part  to  the 
electrochemical reaction combining  with O2 from cathode 
while  the  other  fuel  species  are  converted  into  H2 

considering the reaction of steam methane reforming and 
water  gas  shift  according  to  .  The  calculation  of  the 
polarization losses as well as all the relevant aspects of 
the  local  heat  balances  carried  out  within  the  thermal 
model  are  based  on  the  assumptions  and  calculations 
reported  in   and  .  Two  different  configurations, 
representative of IGFC power plants already investigated 

by  the  authors  (input 
parameters  for  the  detailed 
analysis  of  cell  internal 
behaviour  have  been  taken 
respectively from   and  ) are 
considered here to highlight 
the effect of different syngas 
compositions on FC energy 
and mass balances: case A 

works at 19.1 bar and case B at 34.5 bar,

1 Copyright © 2011 

Fuel composition [% vol.] Case A Case B

H2 6.5 20.5

CO 19.6 3.7

CH4 0.00 26.3

CO2 44.8 8.1

H2O 27.0 24.9

N2 and other inerts 2.1 16.5

Tab. 1: syngas fuel composition for cases A and B.
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with fuel composition shown in Tab. 1. 

It is worth to observe that in case B: (i) the presence of 
high amount of CH4  makes the FC integration with other 
plant components more efficient [3]; (ii) the higher 
operating pressure strongly increases the cell voltage. 
The chemical species distribution profiles of syngas A and 
B are reported in Fig.  1 and Fig. 2 respectively, while fuel 
temperature and current intensity profiles along the cell 
length is showed in Fig. 4. Case A presents a current 
density of 13594 A/m

2
 operating a 0.747 V (fuel utilization 

Uf 70% and air utilization Ua 8.7%), while the current 
density of system B is 11135 A/m

2
 with cell voltage 0.816 

V (Uf 74%, Ua 48.3%). 

 The electrochemical behavior is shown in Fig. 3 for case 
B. The total DC power produced from the cell is 
respectively equal to 71 W and 63 W for case A and B. 
When expanded to a complete fuel cell stack of a IGFC 
power plant, it is possible to calculate that the total active 
surface for the fuel cells module network adopted: total 
active area is 9927 m

2
 (total area 34100 m

2
) in case  A, 

producing a DC electric power of 352 MW, while the total 

active area is 10048 m
2
 (34514 m

2
) in case B, producing 

316 MW.  The main difference between two systems is 
given by the molar flows at anode and cathode side: due 
to the high CH4 content converted to H2 by steam 
reforming, thus cooling the cell,  the air flow per single cell 
in system B is 10.75 mol/h instead of 51.8 mol/h of 
system A (where CH4 is absent).  
Finally a qualitative analysis of carbon deposition is 
carried out considering the impact of CO and CH4 content 
and current density through “driving force” coefficients: 

2
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CO

CO

p
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α = and 4
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CH crack

CH crack

H

CH
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CH4crack are lower than 1.0 carbon deposition is 
favourable according to the thermodynamic equilibrium, 
otherwise the effect of reactants able to consume solid C 
(i.e. H2, H2O) is sufficiently high to avoid the problem. A 
minimum value of boud=2.5 is encountered in case A (due 
to the absence of CH4, CH4crack is not calculated) at fuel 
cell entrance where the CO content is higher. For system 
B the most critical area is also at the entrance of fuel cell 
but the combined effect of CH4 content, high pressure and 
low temperatures lead to a lower value of boud and 
CH4crack (respectively 1.03 and 1.005). 
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Fig.  1: chemical species distributions along the cell anode, case A 
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Fig. 2: chemical species distributions along the cell anode, case B 
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ABSTRACT 
The development of sealants for solid oxide fuel cells 

(SOFCs)  is  a  significant  challenge  because  they  must 
meet  very restrictive requirements;  they must  withstand 
the  severe  environment  of  the  SOFC,  be  resistant  to 
oxidative  and  reducing  environments  and  be  thermo-
chemically and thermo-mechanically compatible with the 
materials to which are in contact. The problem becomes 
even more challenging as there is also a requirement for 
thermal cycle stability for planar stacks in which different 
SOFC  components  with  dissimilar  thermo-mechanical 
properties are sealed together. In this  work,  the design 
and operation of an SOFC short stack (based on planar 
anode-supported cells) with the performance of the glass 
ceramic sealant inside the stack are discussed.

In particular, joined Crofer22APU bipolar plates/glass-
ceramic  sealant/anode-supported-cell  (ASC)  in  SOFCs 
relevant conditions have been evaluated, in order to study 
the stability and effectiveness of the glass-ceramic (boron 
and  barium-free  silica-based)  sealant  used  in  the 
experiment.  The  time-evolution  of  the  cell  voltage  was 
investigated with respect to chromium poisoning issues; 
the cell open circuit voltage was demonstrated to be fully 
achieved by employing the glass ceramic sealant. 

The  Crofer22APU/glass-ceramic  sealant/ASC  cell 
was submitted to post mortem examination after the short 
stack  experiments.  Cross-sections  of  joined  samples 
were characterized by SEM and EDS analysis was carried 
out in order to detect any elemental diffusion into or away 
from  the  sealant  after  tests  and  to  examine  for  any 
chemical  interactions  between  Crofer22APU  and  ASC 
with  the  glass-ceramic  sealant  under  SOFC  relevant 
conditions.

INTRODUCTION 
A critical point in the fabrication of planar SOFC is the 

sealing  of  the  ceramic  electrolyte  with  the  metallic 
interconnect,  in  order  to  obtain  a  hermetic  (gas  tight) 
joint1. Five main approaches are being studied for sealing 
SOFCs:  brazing,  compressive  seals,  glass,  glass–
ceramic and glass-composite seals2, 3, 4. Glass–ceramics, 
which  are  prepared  by  crystallization  of  glasses,  are 
considered advantageous for SOFC sealant applications 
because,  by  carefully  choosing  the  glass  composition, 
glasses and glass–ceramics meet,  in  principle,  most  of 
the  requirements  of  an  ideal  sealant.  Glass–ceramics, 
which  can  be  prepared  by  controlled  sintering  and 
crystallization of  glasses,  are typically stronger than the 
parent  glass.  Moreover,  it  is  possible  to  tailor  the 
properties  of  the  resulting  glass-ceramic  sealant  (for 
example its thermal expansion) by controlling the kinetics 
of crystallization and the crystalline phases. To develop a 
suitable glass–ceramic sealant, it is therefore necessary 
to  understand  crystallization  kinetics,  sealing  properties 
and  chemical  interaction  when  in  contact  with  other 
components of the cell under SOFC relevant conditions5, 6, 

7.
The  results  reported  in  this  work  showed  a  good 
performance of the developed glass-ceramic  sealant  to 
operate in SOFC short stack environment.

SHORT  STACK  DEVELOPMENT  AND  SEALANT 

PERFORMANCE
The stack design is developed by pointing out on the 

assessment  of  external  manifolds,  flow  fields  for  the 
reactants distribution and assembly of single components. 
This work reports the results obtained with a single cell 
stack in order to deepen the behavior and stability of the 
glass ceramic sealant.
The  sealant  (SiO2-Al2O3-CaO-Na2O)6 was  deposited  on 
the preoxidised Crofer22APU frame by a slurry technique 
(glass powder dispersed in ethanol, solid content 45 wt.
%). The joined single repeating unit (SRU) (Crofer22APU 
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frame/glass-ceramic  sealant/ASC cell)  was  obtained  by 
placing the cell  on the top of  the slurry coated Crofer-
22APU. It was subsequently heat treated in a tubular oven 
in argon atmosphere at 900 °C for 30 min, heating rate of 
5 °C/min.
The single repeating unit was then placed between two 
end plates which provide the external  feeding of  react-
ants. The stack was then heated up to 800°C and it was 
characterized according to  an ageing experiment  up to 
500h. Several experiments have been carried out includ-
ing:
-ageing at  open circuit  voltage to analyze the effective-
ness and stability of glass ceramic sealant;
-ageing under current load to analyze the electrical per-
formance  of  the  stack  and  effectiveness  of  coating  of 
plates.
The stability of open circuit voltage at 800°C was evalu-
ated; the cell voltage was found to be stable at a value of 
1075 mV,  very close to the theoretical reversible voltage 
of 1080 mV. In this experiment, the interconnector were 
uncoated resulting in a voltage decay over time due to Cr-
poisoning even under OCV conditions.
Figure 1, shows the results obtained by running the stack 
under load. In particular, results refer to different polariza-
tion curves obtained over time. The measured stack effi-
ciency has been evaluated to be higher than 30% which is 
quite a promising value for the configuration we tested (in 
a single cell stack the contribution of end plates losses ac-
count for a big impact in the global performance).
Figure  2  shows  a  SEM  post-mortem  of 
Crofer22APU/glass-ceramic  sealant  interface  after  an 
ageing experiment up to 500 h. No cracks are observed at 
the interface (demonstrating very good thermo-mechanic-
al compatibility),  and no elements diffusion was detected 
into the glass-ceramic.
Ageing  experiments  by  using  protective  coating  layers 
have already shown the capability for the stack to operate 
under current load (0.75 A/cm2) for 300h without showing 
any degradation. Results will be reported in future works.

Figure 1. Polarization curves

Figure 2. SEM of Crofer22APU/glass-ceramic sealant in-
terface
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ABSTRACT 
This work is based on a complete hybrid system 

emulator test rig developed at the University of Genoa 
(Savona laboratory) by the Thermochemical Power Group 
(TPG). The plant is mainly composed of a 100 kW 
recuperated micro gas turbine coupled with both anodic 
and a cathodic vessels for high temperature fuel cell 
emulation. The test rig was recently equipped with a real-
time model to emulate components not physically present 
in the laboratory (SOFC block, reformer, anodic circuit, 
off-gas burner, cathodic blower). This model is used to 
completely evaluate thermodynamic and electrochemical 
performance related to solid oxide fuel cell systems. It 
generates (through a UDP based connection with the test 
rig control and acquisition software) a real-time hardware-
in-the-loop (HIL) facility for hybrid system emulation. 
Temperature, pressure and air mass flow rate at 
recuperator outlet (downstream of the compressor) and 
rotational speed of the machine are inputs from the plant 
to the model. The turbine outlet temperature (TOT) 
calculated by the model is fed to the machine control 
system and the turbine electric load is moved to match 
the model TOT values. 

In this work different tests were carried out to 
characterize the interaction between the experimental 
plant and the real-time model; double step and double 
ramp tests of current and fuel provided the dynamic 
response of the system. 

The control system proved to be fast, compared to 
the slow thermal response of the SOFC stack, and 
reliable. The hybrid systems operated at 90% of nominal 
power with about 56% of electrical efficiency based on 
natural gas LHV. 

INTRODUCTION 
Hybrid power plants, based on the coupling of a solid 

oxide fuel cell (SOFC) and a gas turbine (GT) can reach a 
very high efficiency level (over 60%), even in small size 
plants, producing almost negligible emissions and 
exhaust gases at high temperature condition, useful for 
co-generative applications. 

In order to study the complete behavior of fuel cell 
hybrid systems avoiding expensive rigs, it is possible to 
develop simplified emulators coupled with real time 
models able to generate effects similar to a real system. 

FACILITY DESCRIPTION 
The machine is a Turbec T100 PHS Series 3 and it is 

operated using its commercial control system in stand-
alone mode at constant rotational speed at 67550 rpm. In 
order to simulate the electrochemical behavior of the 
SOFC a high-fidelity real time model is connected to the 
physical plant, see Figure 1. 

A complete description of the chosen hardware-in-
the-loop implementation and of the model is given in [1]. 

TEST AND RESULTS 
Following the procedure explained in [1] a test has been 
performed varying the total power output by from 90% to 
80% in one single step. A PID power controller has been 
implemented to follow load variation requested by the 
user, it acts simultaneously on drawn current and fuel 
mass flow in order to keep constant Uf. The step demand 
is shown in Figure 2. 

 
Figure 1 - Plant layout, the blue box contains the SOFC 
model (the complete legend for transducers is reported 

in[1]) 

 
Figure 2 - Imposed current and fuel step - from 90% to 80% 

of nominal value 
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Figure 3 shows the behavior of Uf. The red line 
indicates the situation in which a fuel cell temperature 
controller is on (case 1), while for the blue line itÕs turned 
off (case 2). The temperature controller consists of a 
standard PID, with integrator reset, and acts on the mass 
flow that goes through the fuel cell in order to keep itÕs 
temperature as constant as possible. This is done by 
varying the bypass valve (VM, see Figure 1) opening. It 
can be easily observed how the Uf remains perfectly 
constant in case 1 being not affected by any temperature 
variation influence. 

 
Figure 3 - Utilization Factor variation 

 
Figure 4 - Cell Potential, Fuel Cell temperature, Turbine 

Outlet temperature variation 

Figure 4 shows the behavior of the Cell Potential (V), 
Fuel Cell Stack Temperature and Turbine Outlet 
Temperature. When the load change is requested to the 
cell stack a variation of its temperature occurs, a 
consequent variation of TOT occurs as well. The 
temperature controller acts immediately and after a short 
period of time its action becomes effective, Tfc begins to 

increase in order to reach the value it had before the step 
application. 

The significant increase of V is due to the decrease of 
losses. In a SOFC the ohmic resistances are way more 
significant than activation and diffusion ones and because 
they are mainly dependent by Tfc, when it is kept constant 
also the ohmic resistances can be considered as 
constant. So, when current decreases, losses decrease 
as well. 

In  Figure 4 the low frequency oscillatory behavior of 
Tfc and TOT are due to the continuous action of the 
controller that constantly acts in order to mitigate the 
error; while the high frequency oscillations are due to the 
great number of oscillations of the GT load (see Figure 5). 

The time response of the chosen fuel cell power 
controller is given in Figure 6, it can be observed that the 
controller takes about 20 s to adjust the cell load to get 
the imposed set point. Using a more prompt PID could 
lead to instabilities and possibly dangerous operation, 
anyway the PID coefficients need to be properly 
optimized to conciliate promptness and safety. 

 
Figure 5 - Gas Turbine net power output during fuel cell 

load step 

 
Figure 6 - time response of FC power controller 
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ABSTRACT 
 
Carbon supported Pt–Sn alloy catalysts were 

prepared by reduction of Pt and Sn precursors with formic 
acid. Modifying the Pt/Sn ratio and the reducing agent 
concentration significantly influences the cell performance 
and product distribution of the cell. A physicochemical 
investigation was carried out to support the interpretation 
of electrochemical results. Chronoamperometries carried 
out at 70º C and 90º C allowed it to identify the reaction 
products of ethanol electro-oxidation and their distribution  
for different catalyst catalysts. Optimum catalyst 
composition in terms of cell performance was found to be 
a Pt/Sn ratio of 3:1, even though large amounts of 
incomplete oxidation products are still produced. 

INTRODUCTION  
 
In some stationary and portable applications, fuel 

cells are widely recognized as very attractive devices to 
obtain directly electric energy from the oxidation of fuels. 
In this sense, recent investigations have been directed at 
DEFCs, and much effort has been made to address 
different existing limitations on using DEFCs. Most of the 
work involves the search and development of novel active 
electro-catalysts for ethanol oxidation, with significant 
progress achieved over the last two decades (1). For the 
wide spectrum of bimetallic and trimetallic studied 
catalysts, platinum-tin electrocatalysts have demonstrated 
an enhanced performance for ethanol oxidation (2). 
Antolini and González (2) showed the influence of the 
catalyst composition, and more concretely the degree of 
alloying and tin oxide in the cell performance, In this line, 
this work, by modifying the catalyst composition and 
concentration of the reducing agent, pretends to help on 
visualizing the effects of the catalyst composition and 
structure on the DEFC performance, and on the ability of 
the catalyst to most efficiently oxidize the alcohol.  

EXPERIMENTAL 
 
Pt–Sn/C electrocatalysts were prepared by the formic 

acid method (FAM) (3), consisting in the addition of a 
formic acid solution on a high surface area carbon black 
(Vulcan XC-72, Cabot, 240 m2 g−1). The carbon powder 
substrate was suspended in 0.5, 1 and 2 mol l−1 formic 
acid solution and the suspension was heated to 80 °C. 
Afterwards,  chloroplatinic acid (H2PtCl6. 6H2O, Aldrich) 
and tin chloride (SnCl2 2H2O, Merck) solutions were 
slowly added to the carbon suspension. All the catalysts 
consisted of 60% (w/w) metal (Pt + Sn) on carbon with 
different nominal Pt:Sn atomic ratios. 

 
XRD patterns were carried out on an universal 

diffractometer Rigaku Model Ultima IV (Rigaku Corp., 
Japan), at 3° min−1 for 2θ values between 20° and 100°. 
In order to confirm the composition, EDX of the catalyst 
was performed in a Zeiss-Leica/440 SEM microscope 
equipped with an Energy-dispersive X-ray spectrometer. 

 
Finally, fuel cell tests were performed on a 5 cm2 

commercial fuel cell station (Fuel Cell Tech.). Electrodes 
were prepared by brushing the catalytic ink consisting of 
2 mg cm-2 Pt for the anode for the different Pt-Sn 
catalysts, and 1 mg cm-2 form the cathode, adding Nafion 
as ionic binder on a total weight percentage of 10%.Fuel 
cell measurements were carried out on a pseudo-
potentiodynamic mode, from open circuit voltage down to 
200 mV, at 0.5 mV s-1. Chronoamperometries were 
carried out for 2 hours in order to collect the ethanol 
oxidation products. For this purpose, a fresh 1 M ethanol 
solution was pumped into the cell, collecting the products 
with a flask immersed on an ice bath, coupled with two 
consecutive gas bubblers, containing the first a saturated 
solution of 2,4-dinitrophenylhidrazine in 2M HCl, in order 
to capture the uncondensed acetaldehyde, and 1 M 
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NaOH in order to collect the CO2. Products were 
analysed by HPLC (Shimadzu) on a Aminex HPX-87H 
(Biorad) column.  
 
RESULTS AND DISCUSSION 

 
XRD patterns were used to estimate the crystallite 

size of the different catalyst, along with the alloying 
degree. All the catalyst were in the range of 3.5-5 nm, 
observing an increase in the crystal size for a large 
proportion of platinum in the catalyst. Degree of alloying 
shows an increase the higher is the tin content and for 
lower reducing agent concentrations. Values range from 
complete tin oxide for all the Pt9Sn/C to 50% of alloy 
degree for the PtSn/C catalysts (taking as base the 25% 
necessary amount of tin formation of Pt3Sn alloy (2)). 
Increase in the formic acid concentration leads to an 
increase in the tin oxide content. EDX results confirmed 
the nominal composition for all the prepared catalysts. 

 
Cell performance at 70ºC and 90ºC are shown in 

Figure 1. For comparison purpose, maximum power 
peaks achieved for each catalyst and each formic acid 
concentration is showed, for the two different operating 
temperatures.  
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Fig. 1. Power peaks for the different Pt/Sn catalyst 
prepared with different formic acid concentration at 

different temperatures 
 

As it can be seen, the best results are obtained for 
the Pt3Sn/C catalyst prepared with the lowest formic acid 
concentration. This could be explained taking into 
account that for the Pt9Sn/C there is no enough Sn 
promoting the ethanol electroxidation, and also, in the 
case of an PtSn/C, there is an excess of tin that leads to 
a poor platinum distribution on the surface for performing 
the ethanol oxidation process. Furthermore, the higher is 
the formic acid concentration, the larger is the amount of 
the semiconductive SnO2 species, leading to a poorer 
electrochemical activity of the catalyst. Results are similar 
at both temperatures, which may be an indication of a 
similar mechanism for ethanol oxidation.  

 

Figure 2 shows the product distribution for the 
operation at 90ºC.   
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Fig. 2. Product distribution for the ethanol oxidation 
 
As it can be seen, product distribution is notoriously 

affected by the catalyst composition and formic acid 
concentration. A larger amount of tin leads to a more 
efficient ethanol oxidation, even though the efficiency of 
the own oxidation is significantly low, with scarce 
amounts of ethanol being completely oxidized to carbon 
dioxide. Larger amounts of acetic acid are produced the 
higher is the tin content and the formic acid 
concentration, due to the expected large availability of 
Sn-OH coming from the oxide species required for the 
acetaldehyde-acetic acid step.  
 
CONCLUSIONS 

 
Formic acid concentration and tin content in PtSn/C 

have shown a notable effect on the cell performance, due 
to different structural properties of the resulting 
electrocatalyst. An optimum Pt:Sn ratio of 3:1 for a 0.5 M 
formic acid reducing agent was found in terms of a 
suitable Pt/Sn surface distribution and degree of Sn 
alloyed vs. semiconductive SnO2. This composition 
allows an optimum balance between the amount of tin 
present, the amount of this alloyed with platinum, 
promoting an electronic and structural effect, and a non-
excessive amount of tin oxides, enough to provide –OH 
groups without decreasing excessively the conductivity of 
the catalytic layer. 
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ABSTRACT
In order to commercialize the fuel cell systems, the 

development of a non-precious cathode is strongly 
required. We believe that high stability in cathode 
condition is essentially required for the cathode catalyst. 
Group 4 and 5 metal oxides are stable even in acidic and 
oxidative atmosphere. We had tried to apply group 4 and 
5 metal oxide-based compounds such as Zr-CNO, Ta-
CNO, ZrO2-x, Zr-ON, and Ta-CN to the cathode catalyst. 
The solubility of these compounds was lower than that of 
Pt black in 0.1 M H2SO4 at 30oC under atmospheric 
condition. Among these materials, partially oxidized Ta 
carbonitride (Ta-CNO) and Zr carbonitride (Zr-CNO) had 
the highest catalytic activity for the ORR. The onset 
potentials of them have reached that of Pt-C.  The 
material cost of them are far cheap compared to that of 
present commercial Pt-C at a fixed power. Although 
there is some difference in the ORR activity from Pt/C 
catalyst, these materials have a great potential for PEFC 
cathode.

INTRODUCTION
Polymer electrolyte fuel cells are expected for the 

residential and transportable applications, especially for
the automobile use, due to their high power density and 
low operating temperature. ENEFARM (home co-
generation system using 1 kW PEFC system)  are  
operating more than 20,000 units in Japan.  Fuel cell 
vehicles will be commercialized in 2015 in major 4 districts
in Japan. 

However, the estimated amount of Pt reserve is too 
small to supply for the huge number of fuel cell systems, 
especially fuel cell vehicles. In order to commercialize the 
fuel cell systems widely, the development of a non-
precious metal cathode is strongly required.

We think that new non-precious metal cathodes 
should have both high stability and high catalytic activity 

for the ORR. In particular, we believe that high stability in 
cathode condition is essentially required for the cathode 
catalyst. Group 4 and 5 metal oxides, which are well 
known as valve metals, are stable even in acidic and 
oxidative atmosphere. However, these oxides are 
generally insulator. In order to get some electrical 
conductivity, these oxides should be modified by the 
formation of the oxygen vacancy and/or the substitution of 
foreign atoms. 

We have reported that partially oxidized group 4 and 
5 metal carbonitrides were stable in an acid solution and 
had a definite catalytic activity for the oxygen reduction 
reaction (ORR) [1-5]. In this paper we will report our 
recent results of non precious metal oxide based cathode,
mostly partially oxidized TaCN and ZrCN, for polymer 
electrolyte fuel cells.

EXPERIMENTAL
The TaCN or ZrCN powders were heat-treated at 

800-1200oC under different flowing rate of the H2/N2 gas
mixtures that containing small amount of oxygen to obtain 
specimens with different oxidation state.

All electrochemical measurements were examined 
in 0.1 M H2SO4 at 30oC under atmospheric pressure using 
a conventional 3-electrode cell. The reversible hydrogen
electrode (RHE) was used for the reference in the same 
solution. Slow scan voltammetry (scan rate: 5 mVs-1)
was performed under O2 and N2 atmosphere to obtain the 
current for the oxygen reduction reaction (ORR). A current 
density was based on the geometric area. The onset 
potential was defined as the electrode potential at the 
ORR current density of -0.2 μA cm-2.

RESULTS AND DISCUSSION
We have tried to apply group 4 and 5 metal oxide-

based compounds such as Zr-CNO, Ta-CNO, ZrO2-x, Zr-
ON, and Ta-CN to the cathode catalyst. The solubility of 
these compounds was lower than that of Pt black in 0.1 M 
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H2SO4 at 30oC under atmospheric condition. Therefore, 
the 4 and 5 group oxide-based compounds had sufficient 
stability in acid electrolyte to apply to the cathode catalysts 
for PEFC. 

The catalytic activity of our material strongly 
depended on the degree of oxidation (DOO) for 
carbonitride compounds. By controlling the firing 
temperature, atmosphere and duration time, we have got 
the almost same onset potential of commercial Pt-C  for 
ORR.  Figure 1 show the result for Zr-CNO. The ORR 
current starts at 1.05 V vs. RHE. The partial oxidation of 
carbonitrides was greatly useful to enhance the catalytic 
activity for the ORR. In addition, an appropriate oxidation 
of carbonitrides is essential to have a definite catalytic 
activity for the ORR

Figure 2 shows the trend of the onset potentials of 
our new catalysts without platinum group metals for the 
oxygen reduction reaction (ORR) in our laboratory. Among 
these materials, partially oxidized Ta carbonitride (Ta-
CNO) and Zr carbonitride (Zr-CNO) had the highest 
catalytic activity for the ORR. The onset potentials of them
were almost reaching 1.05 V vs, RHE that is the onset 
potential of commercial Pt-C.

Figure 3 shows the comparison of materials cost at 
a fixed power.  These results were obtained at 80oC with 
using 5 cm x 5 cm single cells.  Definitly our new 
catalysts are far cheap compared to Pt-C.

Although there is some difference in the ORR 
activity from a Pt/C catalyst, these materials have great 
potential for PEFC cathode.
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ABSTRACT 
This paper describes a fabrication and investigation of 

a  metal-supported  solid  oxide  fuel  cell  (SOFC)  with 
magnetron-sputtered  Ni  anode  and  ZrO2:Y2O3 (YSZ) 
electrolyte. As a metal supports were used a porous Ni3Al 
samples  prepared  by self-propagating  high-temperature 
synthesis (SHS).  Deposition of  the electrolyte films was 
performed  on  the  porous  Ni3Al  substrates  which 
preliminary were coated by a Ni leveling and gas-diffusion 
layer.  The  surface  and  cross-section  microstructure  of 
Ni3Al  substrates  was  investigated.  The  cells  were  also 
characterized  by  means  of  i-V  characteristics  and 
impedance spectroscopy at an operating temperature of 
600-800 °C.   

INTRODUCTION
Metal  supported  solid  oxide  fuel  cells  (MS-SOFCs) 

are of  increasing interest  for mobile applications due to 
their robustness and potential to withstand severe require-
ments of the cell towards thermo cycling and mechanical 
stability under heavy vibration. 

As  materials  for  metal  supports  usually  stainless 
steels SS430, 434 and Fe-Cr alloys are used [1]. But in 
result of long-term testing of these materials at high tem-
perature diffusion of metal substrate elements into anode 
and vice versa  is  occurred. This considerably decreases 
anode catalytic activity and metal substrate corrosion sta-
bility.  In  order  to  eliminate  the  interdiffusion  of  the 
elements the formation of barrier layers at the interface 
between metal base and electrode or the introduction of 
stabilizers in the metal base plate are realized [2]. 

As the metal support for the formation of a fuel cell we 
have proposed to use porous metal substrates based on 
intermetallic  Ni3Al,  produced  by  self-propagating  high-
temperature  synthesis  (SHS). This  material  has  a 
coefficient  of  thermal  expansion  (CTE)  equal  to  about 
15·10-6 K-1 at 800 ° C, which is sufficiently near to the CTE 
of  the functional  layers  of  the fuel  cell.  In  addition,  the 

advantages of this material are the low rate of oxidation, 
the  relatively  low  price  and  ease  of  manufacturing 
process.

All  other  layers  of  SOFC  on  the  metal  support 
(electrodes and electrolyte) we suggested to form as thin 
films  by  magnetron  sputtering.  The  promise  of  this 
method  is  confirmed  by  the  results  of  previously 
conducted studies [3] to form a thin film YSZ electrolyte 
on a porous anode.

EXPERIMENTAL
Porous  supporting plates for SOFC were fabricated 

by SHS in the regime of thermal explosion. The porous 
feedstock were molded from a powder mixture of nickel 
UT-4 and aluminum ASD-6 by double-action pressing with 
a force of 70 to 110 MPa. Synthesis was carried out at 
constant  pressure  reactor  under  argon  pressure  of  105 

Pa. At temperatures of 500-600 degrees Celsius thermal 
explosion was recorded and the maximum temperature at 
the plate’s surface reached 1100 Celsius.

Thin  films  of  Ni  anode  and  YSZ  electrolyte  were 
deposited  on  NiAl  substrates  by  magnetron  sputtering. 
The  sputtering  targets  were  a  metallic  Ni  and  Zr–Y 
composite with a Zr:Y weight ratio of 92:8. YSZ deposition 
was carried out in the oxygen-argon atmosphere. With a 
power of 1.5 kW on the target a deposition rate of anode 
and electrolyte layers 20 and 3 µm h-1 were achieved, 
respectively. 

After  the  electrolyte  deposition  the  cathode  was 
formed  by  a  slurry  coating  and  drying  of  a 
(La0.80Sr0.20)MnO3-x paste (NexTech Materials,  Ltd.,  USA) 
because  the  technology of  magnetron deposition of 
porous cathode layers we have not yet been worked out. 
The cathode diameter was 15 mm, and so the size of the 
active  cell  area  was  1.75  cm2.  The  electrochemical 
measurements were conducted using the Potentiostat P-
150S  (Elins,  Russia)  and  Impedancemeter  Z  -  500P 
(Elins,  Russia).  The  impedance  was  measured  in  the 

1 Copyright © 2011 
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frequency range of 0.2-5·105 Hz with an excitation voltage 
of 10 mV under the open-circuit condition.

RESULTS
SHS  method  has  significant  advantages  in 

comparison  with  traditionally  used  methods  of  powder 
metallurgy, since it  allows getting porous product with a 
specified phase composition in one technological stage. 
Preliminary experiments  have  shown  that  by using  the 
method  of  SHS  we  can  form  porous  intermetallic 
substrates with a diameter of 20-50 mm, a porosity of 40-
50% and pore size of 3 to 15 microns (Fig. 1).

Fig.  1.  Cross-sectional  SEM  image  of  the  Ni3Al 
substrate.

The  gas  permeability  of  this  porous  substrate  was 
measured to be ~ 6.3×10-4 mol·m-2s-1Pa-1. After deposition 
of a Ni layer with thickness ~ 20 μm as a result of silting of 
small pores and reducing the size of large pores the gas 
permeability of the sample was decreased up to 2.3×10-6 

mol·m-2s-1Pa-1.  After deposition  of  a  YSZ  film  with 
thickness ~ 10  μm the gas permeability was decreased 
still more up to 2.3×10-7 mol·m-2s-1Pa-1.

Figure  2  shows  voltammetric  and  power 
characteristics of fuel cell. The no-load voltage Unl of this 
sample at temperature of  750°C was equal to 820 mV. 
This value is far from theoretically possible in air may be 
due to cracks formation in the electrolyte layer since CTE 
of Ni and YSZ layers are not well matched.

Voltammetric  characteristic  of  cell  is  nonlinear  (Fig. 
2). At current density above 200 mA the voltage drop ac-
celerated due to the appearance of concentration losses. 
Therefore at a temperature of  750°C the power density 
generated by fuel cell is not big and equal to 83 mW.

Fig. 2. Voltammetric and power characteristics of fuel 
cell  at temperature 750°C: H2: 40 ml min–1; air: 150 ml 
min–1.

The ohmic resistance of a fuel cell determined from 
the high-frequency intercept of the impedance spectrum is 
equal to 0.3 Ohm. This is slightly higher than the value of 
ohmic  resistance  for  the  same  fuel  cells  with  YSZ 
electrolyte  but  on  the  anode  support.  However  the 
polarization resistance of a fuel cell determined from the 
low-frequency intercept of  the impedance spectrum and 
comprising the ohmic resistance of the cell, its resistance 
associated with concentration polarization and other types 
of  polarization  resistance  was in  two  times  larger  than 
polarization resistance of the anode-supported fuel cell.

Apparently this is due to the fact that under deposition 
of  the  anode  Ni  layer  the  small  pores  of  the  Ni3Al 
substrate were completely closed by sputtered material, 
which led to a significant concentration polarization.

It should be noted that these results are initial. In the 
near  future  we plan  to  form  a  porous  NiO/YSZ anode 
layer by simultaneous reactive sputtering of Ni and Zr-Y 
cathodes. This  will  allow  not  only  eliminate  diffusion 
losses  and  better  to  match  CTE  of  the  anode  and 
electrolyte  materials,  but  also  significantly  increase  the 
area  of  three-phase  boundary  at  which  the 
electrochemical  reaction  is  occurred.  As  a  result,  the 
power characteristics should grow to an acceptable level.
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ABSTRACT 
Low temperature fabrication method was introduced 

to avoid interfacial reaction between LSGM electrolyte 
and anode electrode. Porous LSGM scaffold was 
formatted on the electrolyte and then prepared metal salt 
solution was infiltrated into it. According to the phase 
analysis, the infiltrated metal solutions were properly 
formed their phase after sintering at 1173K without any 
2nd phases.  The ac impedance spectroscopy was 
performed in 97% H2 and 3% H2O within the temperature 
873K – 1273K under open circuit voltage. The ASR of 
LSCM and Ni salt solutions infiltrated into scaffold type 
anode structure were measured and compared to 
conventional NiO-YSZ cermet anode. 

 
1. INTRODUCTION 

The SOFC cells consisting of an anode, a cathode, a 
solid electrolyte are a high efficient energy conversion 
system chemical energy directly into electric energy. 
Recently, various electrolytes were investigated for 
intermediate temperature SOFC. Lanthanum gallate with 
doping of Sr and Mg has been regarded as a promising 
electrolyte material for IT SOFC since it reported by 
Ishihara et al. in 1994[1]. It is much higher oxygen ionic 
conductivity than yttria-stabilized zirconia (YSZ), i.e. 
approximately 0.14S/cm at 1073K. It is also good 
chemical stability and negligible electronic conduction 
over a broad range of oxygen partial pressures (10-20 to 
1atm)[1-3]. However, LSGM has some serious problems 
such as the mismatch in its thermal expansion efficiency 
with a conventional electrode material (Ni-YSZ cermet). 
The other problems are high reactivity and inter-diffusion 
between LSGM electrolyte and the conventional anode 
material during high temperature co-firing [4].  

In this article, to solve these drawbacks of LSGM 
electrolyte, infiltration into the porous LSGM scaffold type 

anode on the LSGM electrolyte was introduced to avoid 
the formation of undesirable secondary phases between 
anode electrode and LSGM electrolyte. 

 
2. EXPERIMENTAL 

Preparation of Materials: La0.8Sr0.2Ga0.8Mg0.2O3-δ 
(denoted as LSGM) and anode catalyst solutions were 
each prepared by two methods: LSGM powder was 
prepared Glycine Nitrate Process (GNP) [5,6]. 
Commercial powders of La(NO3)3-6H2O (Aldrich), 
Sr(NO3)2 (Alfa), Ga(NO3)3-xH2O (Aldrich) and Mg(NO3)2-
6H2O (Aldrich) were used in this study. All have purities > 
99.9%. La0.75Sr0.25Cr0.5Mn0.5O3 (denoted as LSCM) 
solution were prepared using nitrate salts of La(NO3)3-
6H2O, Sr(NO3)2, Cr(NO3) 3-9H2O (Aldrich), Mn(NO3)2-
4H2O (Alfa). After the salts were dissolved in distilled 
water, the citric acid was added in it.  

Cell testing: The Area Specific Resistance(ASR) of 
the fabricated anode half cell were measured as a 
function of temperature in humidified H2 (3% H2O) using 
four probe measurements, on samples that were 
prepared infiltration of LSCM and Ni into porous LSGM 
scaffold. Impedance spectra were measure at open 
circuit in the potentiostatic mode with a frequency range 
of 0.01 Hz to 5MHz and a 20 mV root-mean-square ac 
perturbation using an Impedance analyzer (SI 1260, 
Solatron). 

 
3. RESULT AND CONCLUSION 

Fig. 1 shows the microstructure of porous LSGM 
scaffold sintered at 1200℃, 1250℃ and 1300℃ on 
dense LSGM electrolyte from SEM analysis and porosity 
of each samples was analyzed by using image analysis 
program (image J). The pore area percentages of porous 
LSGM scaffold were reduced as the values of 39.845%, 
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33.32% and 19.826% at 1200℃, 1250℃ and 1300℃. 
However, better adhesion was observed when sintering 
temperature was increased. However, as the sintering 
temperature increased toward 1300°C, the electrode 
microstructure became increasingly dense1173K. 

Fig. 1 SEM image of LSGM scaffold with various 
sintering temperature and image analysis 

 
Fig. 2 shows the EIS result of anode symmetric cells 

measured with using infiltrated Ni and LSCM and without 
infiltrated catalysts at 700℃ under open circuit condition 
in bubbled H2 condition. The result shows that the area 
specific resistance (ASR) dramatically decreased from 
140Ω·cm2 to 1.2 Ω·cm2 when infiltrated catalysts were 
used into porous LSGM scaffold. For the effect of 
infiltrated catalysts, The ASR of infiltrating Ni catalyst was 
relatively high compared to infiltrating LSCM catalyst. 
This was probably due to the undesirable secondary 
phases interface between LSGM and Ni such as 
(LaSrGaNiMg)O3-δ, LaSrGa(Ni)O4-δ and etc. However, in 
case of infiltrating LSCM catalyst, the ASR was very low 
because the secondary phases caused by interaction on 
interface between LSCM and LSGM were not observed 
when sintering at 900℃. The result is good match with 
XRD analysis data in Fig. 1. Fig. 4 shows the ASR of the 
cells as function of temperature. Over the whole 
temperature range, the ASR values of infiltrating LSCM 
are the smallest. 

 

Fig. 2 Electrochemical impedance spectra from anode 
symmetric cells in wet H2 

Fig. 3(a) shows the current-voltage characteristics 
and the corresponding power densities for the LSGM 
electrolyte supported single cell with BSCF and infiltrating 

LSCM into LSGM scaffold anode. The maximum power 
densities ranged from 0.214W/cm2 at 800℃ to 
0.036W/cm2 at 600℃. If a SOFC has the same 
configuration as the one shown here but the thickness of 
the LSGM electrolyte is reduced from 1.4mm to 14um, we 
estimate the maximum power density could reach 
1.04W/cm2.(Fig. 3(b))  
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ABSTRACT
The  development  of  alkaline  membrane  fuel  cells 

(AMFCs) enables the adoption of non-platinum catalysts 
which are intrinsically stable and have an activity similar to 
platinum in alkaline environment for the oxygen reduction 
reaction  (ORR).  In  preparing  air  electrodes,  polymer 
binders  were  effective  to  attach  non-platinum  catalyst 
particles  to  pore-filling  hydrocarbon  anion-exchange 
membrane  that  improves  the  durability  of  membrane 
electrode assemblies (MEAs). In this study, two different 
types of polymer binder were compared. For two polymer 
binders,  namely a polytetrafluoroethylene (PTFE) and a 
polyethylene, an investigation is made of the effect of the 
content  of  each  binder  in  the  air  electrode  on  the 
performance  and  durability  of  alkaline  membrane  fuel 
cells.  Electrochemical  properties  of  reinforced electrode 
were analyzed by electrochemical techniques including IV 
performance  test  and  electrochemical  impedance 
spectroscopy.  The  durability  of  MEA  was  tested  by 
continuous constant voltage operation.

INTRODUCTION
The  Slow   kinetics  of  oxygen  reduction  reaction 

(ORR) of PEFCs needs to use precious metal catalysts, 
usually platinum, on the cathode side. Alkaline membrane 
fuel  cells  have  the  potential  to  offer  advantages  over 
PEFCs because they can use transition metal  catalysts 
and  hydrocarbon  anion-exchange  membrane.  In 
preparing the electrodes for AMFCs, commercial  anion-
conducting  ionomer  is  not  enough  to  bind  catalyst 
particles  effectively  that  leads  to  rapid  performance 
decrease and low durability. In this paper, to understand 

the effects of  polymer binders for concrete electrode, PE 
emulsion  and  PTFE dispersion  were  added  to  catalyst 
slurry. AMFC MEA performances and durabilities prepared 
with different binder content were compared.

EXPERIMENTAL
Acta’s  Hypermec  4020  for  cathode  and  Johnson 

Matthey’s  HiSPEC  4000  for  anode  and  Commercial 
AMFC ionomer were used for the preparation of catalyst 
slurries. Prolaxkorea’s PE emulsion (REXAMINE 9159, 35 
wt%)  or  Dupont’s  Teflon PTFE 30 dispersion  (60 wt%) 
was  added  as  a  binder.  They  were  well  dispersed  via 
stirring  and  ultrasonication  and  then  sprayed  onto  the 
anion  conducting  membrane  (in-house  pore  filling 
membrane  using  porous  poly  ethylene  matrix,  ionic 
conductivity: 0.043 S/cm, thickness: 23 μm) to get MEAs 
(active area: 25 cm2). With providing H2 and CO2-free air, 
MEA performances were measured at 100% R.H. and 50 
°C.  And  also  electrochemical  impedance  spectroscopy 
was  analyzed  by  Biologic’s  high  current 
potentiostat/galvanostat  with  EIS(/Z)  (HCP-803).  The 
durability of the MEA was checked by continuous constant 
voltage at 0.6 V. 

RESULTS AND DISCUSSION
The  AMFC  MEA without  PE  binder  showed  best 

performance at 50 wt% ionomer content. To minimize the 
ionomer  effect  in  MEA,  all  tests  were  performed  by 
constant ionomer content. 

As increasing the binder content in catalyst slurry, the 
cell performances were continuously decreased except 5 
wt% addition.

1 Copyright © 2011 
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Fig. 1. AMFC performances tested with various PE binder 
contents for cathode layer; Catalyst loading 0.5 mgpt/cm2 

at anode, 0.1 mgCu-Fe/cm2 at cathode.

Fig.  2.Durability  test  for  MEAs  with  different  PE 
additives for cathode layer a) PE 0%. b) PE 5%. c) PE 
10%. d) PE 20%; Test conditions: H2 200 sccm R.H. 
100%  at  the  anode,  Air  (CO2 free)  600  sccm  R.H. 
100% at the cathode, Tcell=50 °C.

In  Fig.  2,  relative  durability  enhancement  effects 
according  to  the  degree  of  PE  binder  addition  were 
compared between MEAs with various PE binder contents 
and MEA without binder. Durability tests were conducted 
by constant voltage method at 0.6 V. Although the initial 
performance was two thirds of the MEA w/o binder, the 
current density of MEA with 20 wt% binder was only 40% 
decreased  after  12  hours  experiment.  This  means  the 
cohesion effect of  PE binder,  the same material as the 
matrix of pore filling membrane, in cathode catalyst layer. 
But  a  tradeoff  is  inevitable  between  performance  and 
durability in AMFC using polymer binder as an additive.

AMFC  performances  and  durabilities  were  also 
measured  at  versatile  conditions  including  binder 
contents,  different  kind of  binder (PTFE).  These will  be 
reported in detail at the poster presentation. 
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ABSTRACT  

Stress tests were applied to single cells in order to 
investigate the impact of severe operating conditions and 
to avoid harmful circumstances. Operating conditions are 
chosen to resemble real life operating conditions. 

INTRODUCTION 

The limited lifetime of PEMFCs still has to be 
overcome for achieving a successful commercialization of 
fuel cells. To be able to avoid severe damages and to 
increase lifetime of PEMFC further, it is required to 
indentify the occurrence and the impact of harmful 
operating conditions on the membrane electrode 
assembly. This research work focuses on operating 
conditions which occur in real life in fuel cell systems like 
for example fuel starvation, low gas humidity and 
elevated temperatures.  

RESEARCH METHODS 

The aim of the investigations included the 
assessment of the impact of the combination of different 
stress factors. In several experiments two or more 
operating parameters were changed to get an insight in 
mutual interactions of these settings. The fuel cells (25 
cm2 active area) were assembled with a reinforced PFSA 
(perfluorosulfonic acid) membrane, coated with Pt/C 
catalyst. To determine the effect of the chosen operating 
conditions on the durability, accelerated stress tests 
(AST) were performed. ASTs provide the possibility to 
estimate the influence of an operating parameter on the 
lifetime without long-term measurements. 

In situ and ex situ characterisation methods were 
applied to characterise the condition of the cells. The cell 

voltage was monitored permanently and polarization 
curves, hydrogen crossover measurements, impedance 
spectroscopy and cyclic voltammetry were conducted at 
the beginning, at the middle and at the end of the 
experiment. Additionally, the anode exhaust gas was 
analyzed and the fluoride emissions on the cathode side 
were observed.  

Some experiments were repeated with segmented 
cell hardware in order to get information of the local 
current distribution. Ex situ investigations of MEAs with 
infrared rays provided further information on local 
damages. These characterisations allowed a 
differentiation between membrane and electrode 
degradation. 

RESULTS 

One of the investigated stress factors was fuel 
starvation (Fig.1). These experiments with insufficient fuel 
supply provoke the gas flow dropping behind current 
demand in order to mimic real life conditions occurring 
when the partial pressure of hydrogen is insufficient to 
sustain the electric load of the system [1].  
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  Fig.1: Effect of stoichiometry and time on the voltage 
drop during a starvation interval 

Fuel starvation causes an inhomogeneous reactant 
distribution, and corresponding current distribution, which 
leads to fast degradation of the MEA [2].  

The segmented cell hardware allows measuring the 
local current distribution during fuel cell operation (Fig.2.). 
In combination with electrochemical characterisation 
conclusions on the state of the MEA can be drawn. 

Fig. 2: Distribution of the current density on the 
segments of the rectangular flow field during fuel cell 
operation with segmented cell hardware. 

Gas humidity influences lifetime considerably and gas 
humidity interferes strongly with other settings like current 
density [3]. The determination of CO and CO2 in the 
exhaust gases offers valuable results on operating points, 
where the electrodes were severely damaged. 

CONCLUSION 

The local current distribution and therefore the local 
identification of defects were achieved with two different 
methods. Segmented cell hardware facilitated in-situ 
space-resolved measurements of the current density. 
Infrared thermography offers the possibility to detect ex-
situ regions of the MEA which were affected by 
membrane thinning. The local formation of pinholes in the 
membrane of the fuel cells was determined and the 
influence of operating conditions was investigated. 
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ABSTRACT 
Nowadays, the ground transportation is highly 

dependent on oil, and public and private transport is one 
of the major causes of urban pollution, with more than 60 
% of railway lines depending on fossil fuels. In addition, 
the cost of electrifying these routes is too high and the 
visual impact that the overhead lines provoke in the cities, 
is very negative. To eliminate this dependence on the 
fossil fuels, the hydrogen and fuel cell technology is one 
of the most interesting areas to consider [1,2,3] 

INTRODUCTION 
Hynergreen is carrying out several projects which are 

analyzing and designing auxiliary power generators and 
main propulsion applications based on fuel cells, over 
different platforms of railway transport. For example, 
Hynergreen has designed a fuel cell system for a 
streetcar in Spain [4,5,6]. 

NOMENCLATURE 
RAMS: Reliability, Availability, Maintainability and 

Safety. 

POWER GENERATORS BASED ON FUEL CELLS 
A power generator based on hydrogen and fuel cell 

technologies is commonly composed on the following 
systems [7,8,9]: 

- Production or Storage System 

- Fuel Cell System 

- Power Conditioning System 

- Control System 

�

Figure 1.- Block diagram of the propulsion system in the tram 

Hynergreen has developed the detailed design of 
converters needed to adapt the power generated by the 
fuel cell. In the case of the fuel cell it is an unidirectional 
converter. It is a different example with batteries and 
supercapacitors, in which bidirectional converters have 
been designed, because in an instant of time may be 
providing auxiliary power, and in another, can receive it 
because excess power in the system. 

Hynergreen has analyzed several methods to provide 
hydrogen to the fuel cell systems. It could be possible to 
produce hydrogen by reforming different fuels on board 
(bioethanol reforming, diesel reforming, electrolysis, etc.), 
or by storing hydrogen in different technologies (hydrides, 
high pressure, alternative systems like storage in 
capillaries, etc.). 

Hynergreen has developed a model to define the fuel 
cell system and the power conditioning system taking into 
account the power and speed that the tram would need, 
and other route-related issues, like the distance, 
maximum slope of the route, railway stations to carry out 
shutdowns, working hours, etc. [10,11]. 
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Figure 2.- Distribution of the different systems in the tram 

The Power Conditioning System and the Control 
System are in charge of managing the power generated in 
the fuel cell and the power available in the batteries 
through different power converters, that are specifically 
designed for this application [12,13,14]. 

Figure 3.- 3D design of the unidirectional power converter system 

Moreover, Hynergreen has carried out a RAMS study 
(Reliability, Availability, Maintainability and Safety) of this 
fuel cell system to drive the above mentioned streetcar. In 
this study, Hynergreen has identified several failures that 
could happen, the cause and effects of these failures, 
their severity and the mitigation measurements to prevent 
and solve them [15,16,17] 
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ABSTRACT  
Ag coated NiO cathode for MCFC was prepared 

using nano Ag sol in order to improve the cathode 
polarization at low temperature. It was confirmed that Ag 
is well dispersed on the porous Ni plate by SEM. Ag 
coated cathode NiO shows the higher performance of 
0.8V at current density of 150mA/cm2 and 600 oC
compared with that of uncoated cathode of 0.76V. EIS 
analysis shows that the charge transfer resistance is 
reduced dramatically by Ag coating, which might result 
from the catalytic effect of Ag.   

INTRODUCTION  
Among many types of fuel cells, molten carbonate 

fuel cell (MCFC) operated at high temperature (650 oC)
has been studied intensively due to its high efficiency, no 
necessity of using expensive noble metal catalysts and 
variety of fuel selection [1].  However, MCFC has many 
problems to be solved such as Ni dissolution, anode 
creep, electrolyte loss, reinforcement of matrix and so on. 
Electrolyte loss is one of the most serious problems to be 
solved to enhance the lifetime of MCFC stack. The easy 
way to suppress the electrolyte loss is to operate the 
MCFC stack at relatively low temperature (600~620 oC). 
However, operating MCFC at low temperature causes the 
low cell performance due to low ionic conductivity of the 
electrolyte and slow electrode reaction kinetics [2]. The 
oxygen reduction reaction in cathode is considered much 
slower than the hydrogen oxidation reaction in anode, 
especially at low temperature. Thus, development of 
alternative materials for MCFC cathode is required to 
enhance the electrochemical performance of the cathode 
for low temperature operation. In the present study, Ag 
coated cathode is examined for MCFC application. Ag is 
a good electronic conductor and has been widely 

investigated as a catalyst for oxygen adsorption, 
dissociation and diffusion [3]. For these reasons, several 
studies on Ag added cathodes for SOFC have been 
published in the literature. Although Ag is considered 
more effective additive for MCFC due to low preparation 
and operating temperatures, there is few study on Ag 
added cathode for MCFC. In the present study, Ag coated 
cathodes are prepared and examined for MCFC 
application.  

EXPERIMENTAL  
A nanosized Ag sol suspension (Advanced Nano 

Products, Inc., Korea) was coated on a porous Ni plate, 
which was converted to a lithiated NiO cathode during 
pretreatment process. Ag sol was coated by a vacuum 
suction method. 2 % diluted Ag sol suspension was 
slowly dropped on the Ni plate, which was placed on a 
Buchner funnel sucked by flowing water. The coated Ni 
plate was then dried in an oven at 80 oC for 1 h. The Ag-
coated cathodes were evaluated by single-cell operation 
at 620 oC. The single cells had a 100 cm2 active electrode 
area, and they used the conventional cell components, 
Ni-5 wt% Al anode, Li/K carbonate electrolyte and LiAlO2
matrix. The flow rate of the reaction gas was fixed at 0.4 
for fuel and air utilization. The H2O in the anode gas was 
supplied using a water bubbler set to 50 oC. The DC 
current was loaded to the single cells using an electric 
loader (ESL300Z). The electrochemical impedance 
analysis (EIS) was carried out under different operating 
conditions using Solartron SI1287 and 1255B. The 
surface morphology and the Ag distributions on the Ni 
surface were examined using scanning electron 
microscopy (SEM; NOVA NanoSEM200, Hitachi). 
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RESULTS  
As shown in Fig.1, nano-sized Ag particles are 

homogeneously coated on NiO cathode. After Ag coating, 
the changes of mean pore diameter (MPD) and porosity 
do not occur. So, the mass transfer resistance during cell 
operation is not expected to be changed. To examine the 
electrochemical performance of modified cathode, a 
single-cell test using the prepared Ag-coated cathode is 
carried out. As shown in Fig.2, the cell performances of 
Ag coated cathode are higher than those of uncoated 
cathode in the range of temperature of the present 
experiment. Especially, the cell voltage of the single cell 
using Ag coated cathode is over 0.8V measured at a 150 
mA/cm2 of current density and 600 oC and this is much 
higher than that with conventional cathode (0.76V). To 
understand the higher performances in modified cathode, 
EIS analysis was carried out. Fig.3 shows the charge 
transfer resistances in two cells at various temperatures. 
The smaller charge transfer resistances in Ag coated 
cathode are observed in the range of temperature of the 
present experiment. As shown in Fig.2. and Fig.3, 
Reducing the charge transfer resistance enhances the 
cell performance. That is, Ag catalyst makes the charge 
transfer resistance in cathodic reaction reduced, which 
improves the cathodic polarization. It might be caused by 
the catalytic activity of Ag. 

CONCLUSION  
A well-dispersed Ag coated cathode was 

successfully prepared. The Ag-coated cathode 
dramatically enhanced cell performance at relatively low 
temperatures. Ag coating reduced the charge-transfer 
resistance in the cathode because of the relatively high 
electrical conductivity and catalytic activity of the oxygen 
dissociation of Ag. The modified Ag-coated cathode is 
expected to be a very promising cathode material that 
can be operated at low temperatures (600~620 oC). 
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Fig.1. The SEM images of (a) uncoated and (b) Ag 
coated Ni plates. 
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ABSTRACT 
The concern about environmental sustainability 

brought about by global warming in the last decades 
along with the scarcity of fossil fuel resources has 
fostered the research in renewable energies, high 
efficiency power generation systems and carbon dioxide 
capture and storage opportunities. The present work 
shows the performance of a system closely related to 
these three research areas. It focuses on a hybrid system 
composed by a reciprocating engine set (ICE) fuelled with 
biogas (BG) and a bottoming molten carbonate fuel cell 
network (MCFC) for active CO2 capture purposes. 

The proposed hybrid system constitutes the 
cogeneration unit of a wastewater treatment plant (i.e., 
driven by renewable energy) where electricity is 
generated efficiently and environmentally harmlessly 
thanks to the smart integration of two dissimilar 
subsystems in one of which CO2 is captured. In addition, 
the system has the potential to be economically 
interesting for various reasons. First, it is possible to 
enjoy more favourable market conditions (special regime 
in Spain) by using the heat rejected by the ICE to 
generate additional power and control the production of 
biogas. On top of this, there is a new business 
opportunities in the International Emissions Trading 
Market where CO2 can be traded. Despite these gains, 
there are also important economic drawbacks to be 
considered, mostly due to the added investment costs of 
the MCFC and the corresponding operating and 
maintenance costs: timely overhauls and the need to 
back up the fuel cell with a certain amount of natural gas 
(NG) limited to 10% of the annual heat input from fossil 
fuels. 

 
INTRODUCTION 

The first task of this work is to analyse the 
performance of the reference plant (without fuel cell) from 

real operation data recorded over a year. Then, after 
evaluating the sensitivity of fuel cell performance with 
respect to the most relevant operating parameters (fuel 
and carbon utilisation, current density, steam to carbon 
ratio and operating temperature), two different hybrid 
designs are developed. Finally, a project appraisal is 
presented aiming to find the break-even-cost of MCFC 
technology. 

DESCRIPTION OF HYBRID FACILITIES 
The BG produced by a water treatment plant is 

injected into an ICE whose exhaust gases feed the fuel 
cell cathode. This electrode captures a fraction of the CO2 
content in the engine exhaust gas stream whereas NG is 
injected into the anode (Project A). Alternatively, part of 
the BG can be premixed with NG before feeding the 
anode (project B) in which case one of the three ICEs 
available is put off service. 

ICE

Digesters

Air coolers

MCFC Stack ASU

Cathode gases
(to atmosphere)

Anode gases
(to H2O

condensation)

Air
BG
NG

Water
Combustion Gases

Anode Gases
Cathode Gases  

Figure 1: Block diagram of the hybrid facility. 

MODEL AND ASSUMPTIONS 
The performance of the ICEs is modelled as per the 

available operating data of the plant: BG is burnt 
stoichiometrically with a 31.9 electric efficiency (2), heat 
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losses of 5 % are considered and the ratio from available 
thermal heat to electric power output is 436 kWt /426 kWe 
for each engine. The exhaust gases from the engine feed 
the fuel cell cathode (with additional air being added for 
the reducing half reaction) whereas a fuel-steam mixture 
is supplied to the internal reformer before flowing into the 
anode where oxidation takes place. The MCFC behaviour 
is modelled as described in reference (3). 

The excess fuel in the anode exhaust is burnt 
separately from the cathode exhaust in order not to dilute 
the already captured carbon dioxide. To this aim, an Air 
Separation Unit (ASU) produces 98% pure oxygen (4). 

HYBRID CHP SYSTEM PERFORMANCE 
The afore described hybrid systems make use of 

atmospheric fuel cells operating at 650 ºC with 1100 A/m2 
current density and 3:1 SCR. Their performance is 
summarised in Table 1 where the information of the 
reference facility (base case) is also given. These data 
correspond to rated operation where EEE stands for the 
equivalent electric efficiency and CCR is the Carbon 
Capture Ratio: 

 
Subscripts e, th and CHP indicate electric, thermal 

and combined heat and power respectively. 
 

 Base Case Project A Project B 
 /  (Nm3 / h) 0 / 628 43.6 / 628 43.6 / 628 
 /   (kWe / %) 1242 / 31.87 1242 / 31.87 828 / 31.87 

 (kWe / %) - 205 / 47.43 580 / 37.06 
 (kWe / %) 1242 / 31.87 1447 / 33.22 1408 / 32.53 

Heat (kWth) - 1426 1426 
Engine jackets - 1271 847 

Anode gas heater - 35 0 
Cathode gas heater - 120 579 

 (%) - 32.95 32.95 
 (%) - 66.17 65.48 
 (%) - 62.76 61.46 

CO2 captured    
CCR - 0.2208 0.3747 

kg CO2/MWh1 - -1318 -1698 
Emissions    

kg CO2/MWh 598 336.4 317.1 
Table 1: Performance comparison. 

ECONOMIC ANALYSIS 
The assumptions for the economic analysis are: 

 Reciprocating engine: capital cost: 1021 €/kW; O&M 
cost: 16 €/MWh (6). 

 Fuel cell: O&M cost: 38 €/MWh (6). 
 Natural gas: 3.37 c€/kWh (7). 
 Electricity price: 9.68 c€/kWh for the first 15 years; 

6.51 c€/kWh afterwards (1). 
 Carbon credit: 15 to 40 €/ton CO2 (5). 
 External funds (debt/equity): 100-0 %. 

                                                           
1 CO2 captured over MWh consumed by the capturing system. It value is 
negative because the capturing process generates energy. This parameter would 
be positive for conventional systems based on chemical absorption. 

 Inflation/discount: 1.90 /7.50 %.  
 
These conditions yield the results plotted in Figure 2. 

Regardless of the project lifetime, the break-even MCFC 
capital cost is close to 3000 €/Kw, corresponding to a 
carbon credit of 32 €/ton of CO2. As expected, higher 
carbon credits yield higher break-een MCFC cost to still 
make the system economically interesting. 
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Figure 2: MCFC break-even-cost vs. life & EUA price. 

CONCLUSIONS 
The main conclusion drawn from this work is that the 

proposed system is not economically interesting presently 
due to the very high cost of fuel cells. Nevertheless, a 
reduction in the MCFC capital cost to below 1500 €/kW or 
an increase in the price of carbon credits to above 40 
€/ton CO2 would change the situation completely and 
make the system profitable. Both of these changes are 
likely to become a reality in the mid-term. 

With regard to the two alternative projects, A and B, it 
is worth noting that a very optimistic combination of the 
economic boundary conditions (2400 €/kW MCFC 
installation cost and 30 €/ton CO2) would make Project A 
feasible in spite of the statement given in the previous 
paragraph. On the contrary, Project B is always penalised 
by a larger and costlier MCFC whose efficiency 
decreases dramatically due to the need to recycle part of 
the anode gases to the cathode in order to provide it with 
enough CO2. 
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ABSTRACT 
Sulfonated  PEEK-WC  polymer  was  obtained  through 
chloro-sulfonic  acid  procedure  making  possible  the 
preparation  of  different  membrane  samples  with  a 
sulfonation degree from 48 to 90%. Several parameters 
such as sulfonation degree,  homogeneity and thickness 
affect significantly the S-PEEK-WC membrane properties 
as  well  as  the  electrochemical  performances.  Proton 
conductivity measurements were performed on S-PEEK-
WC membranes  in a temperature range from 80 to 120 

°C and at 100% of relative humidity (RH), reaching 2.5·10-

2 S·cm-1 as the best value at 100 °C and with a sulfonation 
degree of 90%. In the meanwhile, the open circuit voltage 
of S-PEEK-WC membrane (DS = 90%) varied from 0.963 
V at 60 °C to 0.802 V at 100 °C, demonstrating that an 
increase of temperature negatively affects the membrane 
performance  owing  to  the  mechanical  properties 
degradation.  However,  in  this  work  the  electrochemical 
performances in terms of polarization curves, open circuit 
voltage  and  proton  conductivity  of  S-PEEK-WC 
membranes  has  been  investigated,  giving  particular 
indications  about  intermolecular  interactions  and  water 
uptake at various sulfonation degrees. 

INTRODUCTION 
Proton exchange membrane fuel cells have attracted spe-
cial attention as an alternative technology to power pro-
duction  for  both  automotive  and  stationary applications 
[1]. Today, the commercial PEMFCs house a sulfonated 
perfluorinated polymer (Nafion) manufactured by DuPont 
as  an  electrolyte  membrane.  However,  Nafion  shows 
some drawbacks such as, for example,  high cost, high 

fuel crossover and low conductivity under elevated tem-
perature  and low humidity conditions. Therefore,  in  the 
last decade the scientific community has been involved to 
develop  different  kind  of  proton-exchange  membranes 
and, among them, sulfonated polyether-ether-ketone with 
cardo group (S-PEEK-WC) polymer  could constitute  an 
interesting  alternative  to  Nafion  membrane  for  PEMFC 
applications. According to the recent literature about S-
PEEK-WC, Basile and co-workers [2,3] performed differ-
ent  sulfonation procedures of PEEK-WC polymer using, 
for  example,  a  chlorosulfonic  or  concentrated  sulphuric 
acid route. In the first case,  a sulfonation procedure via 
chlorosulfonic acid was followed in order to milder sulfon-
ate PEEK-WC polymer and to avoid the aggressive effect 
of the concentrated sulphuric acid.  
Nevertheless, the aim of this work is to carry out an ex-
perimental  campaign  to  study  the  electrochemical  per-
formances  in  terms  of  polarization  curves,  open  circuit 
voltage  and  proton  conductivity  of  S-PEEK-WC  mem-
branes produced via chlorosulfonic acid procedure to pro-
pose them for real PEMFC applications.

RESULTS AND DISCUSSION 
Dense  S-PEEK-WC  polymeric  membranes,  having  an 

average  thickness  of  50  µm and  a  sulfonation  degree 
varying  from  48  to  90%,  were  prepared  by  solvent 
evaporation  method  after  the  chlorosulfonic  acid 
sulfonation  of  PEEK-WC  polymer.  Conductivity 
measurements on S-PEEK-WC membranes were carried 
out  in the membrane longitudinal  direction,  as reported 

elsewhere [4],  in a temperature range of 30 - 120 °c and 
at  100% of relative humidity. from our measurements, it 
was  evident  that  the  conductivity  increases  with  the 
temperature and DS.

1 Copyright © 2011 
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Figure 1.  Polarization curve at different temperature for 
S-PEEK-WC sample with DS = 90%.

The best conductivity value is equal to 2.5·10-2 S·cm-1  and 
it  was achieved for the S-PEEK-WC sample at  100 °C 
and DS = 90%, Table 1. 

Table  1.  Proton  conductivity  values  for  S-PEEK-WC 
membranes  at  different  DS  and  temperature,  Relative 
Humidity (RH) = 100%.
The measurement of the proton conductivity at 120°C was 
not possible to be performed for the S-PEEK-WC sample 
at DS = 90%, due to its high solubility at this operative 
temperature  
The  proton  conductivity  measurements  highlighted  that 
the  sample  S-PEEK-WC  at  DS  =  90%  was  the  most 
promising for fuel  cell  tests.  In fact,  polarisation curves 
were  performed  at  the  same  operative  temperature  in 
order to evaluate the performance.  MEAs were prepared 
by  cold  pressing  the  membrane  on  the  commercial 
electrodes  (ELAT  with  a  Pt  loading  of  0.6mg/cm2) 
Electrochemical  characterizations  were  carried  out  in 
terms of  I–V  curves  in  a commercial  5 cm2 single  cell 
(Globe-Tech) in a temperature range 30–100°C, with fully 
humidified H2 and air at three absolute bar. The gas fluxes 
were  fixed  at  1.5  and  2  times  the  stoichiometry  at  a 
current  density  of  1Acm−2 for  hydrogen  and  air 
respectively. At 30°C,after a conditioning at a constant cell 
potential of  0.2V, a reduction in the cell  resistance was 

observed from 2.5 Ωcm2 to 0.55 Ωcm2 due to membrane 
hydration. Successively, the polarization curves at 30, 60, 

80 and 100 °C were performed, as shown in Figure 1. It is 
evident that the performance increases by increasing the 
cell  temperature  up to  80°C,  over  this  temperature  the 
performance  decreases  due  to  the  weakening  of  the 
polymeric structure of the membrane. This behaviour is in 
accordance to proton conduction measurements.
In Figure 2, a comparison between the polarization curve 
for S-PEEK-WC at DS = 90% and Nafion112 is proposed.
It is evident that the performance of SPEEK-WC is lower 
than Nafion at its optimal operative temperature (80°C). 
Considering that the proton conductivity of  S-PEEK-WC 
(0.9DS) at 100°C is one order of magnitude higher than 
80°C and that the polarization curve at 100°C is reduced 
only  for  a  degradation  of  the  membrane  structure,  an 
improvement  of  the  mechanical  properties  of  this 
polymeric membrane could render it promising for fuel cell 
applications at higher temperature than conventional for 
Nafion.
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Figure 2.  Comparison  between  the  polarization  curve 
using S-PEEK-WC at DS = 90% and N112 at 80°C
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Membrane sample T°C RH%
Conductivity, S/

cm

 S-PEEK-WC DS = 

0.48
80 100 5.70*10-6

 S-PEEK-WC DS = 

0.48
100 100 1.13*10-3

 S-PEEK-WC DS = 

0.48
120 100 2.40*10-3

S-PEEK-WC DS = 0.9 30 100 5.50*10-3

S-PEEK-WC DS = 0.9 60 100 1.00*10-4

S-PEEK-WC DS = 0.9 80 100 1.82*10-3

S-PEEK-WC DS = 0.9 100 100 2.50*10-2

S-PEEK-WC DS = 0.9 120 100 -
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ABSTRACT 
New  Pt  catalysts  supported  on  graphitized  carbon 

material Sibunit-1562 with different Pt content (20, 40, and 
60  wt.  %)  were  prepared  and  tested  in  the  oxygen 
reduction  reaction  (ORR)  in  PEMFC.  Their  mass  and 
surface  specific  activities  were  compared  to  that  of 
commercial 20 wt. % Pt/Vulcan XC-72 catalyst. In order to 
keep the cathode thickness constant upon Pt variation at 
cathode  side  of  membrane  electrode  assembly  (MEA) 
from ultra-low (~ 6 μg Pt cm-2

) to moderate (200 μg Pt cm-

2
) loads  an  addition  of  carbon  black  to  catalyst  was 

suggested. In order to compare the activities, polarization 
curves  were  corrected  for  the  ohmic  resistances, 
hydrogen  crossover  and  reduced  to  the  standard 
conditions. As compared to commercial 20 % Pt/Vulcan 
XC-72,  new  Pt/Sibunit-1562  catalysts  showed  higher 
mass  and  specific  activities  due  probably  to  higher 
electron conductivity of graphitized Sibunit material, higher 
pore dimension and pore volume of Sibunit. 
INTRODUCTION 

High  overvoltage  of  ORR  at  the  cathode  of 
PEMFC increases platinum consumption. Several factors 
affect the performance of oxygen reduction catalyst in a 
three-phase system,  including intrinsic  kinetics  of  ORR, 
oxygen and water transport inside catalytic layer, proton 
transport  to  the  active  catalyst  sites.  Optimal  porous 
structure of the carbon support should minimize transport 
losses  and enhance ORR rate.  Among the parameters 
mentioned  above,  the  effect  of  the  carbon  support 
properties on the activity of Pt/C catalysts in the ORR in 
PEMFC is the object of this work. Recently, Gasteiger et 
al.  suggested  the  method  of  correct  measurements  of 
catalytical  activity  of  membrane  electrode  assemblies 

directly in fuel cell considering the omic resistance of the 
MEA and hydrogen crossover (1, 2). Up to now very few 
works were published considering the correct catalytical 
activities determination of different catalysts. 

The aim of this work was to systematic study of 
the  catalytic  activities  of  the  series  of  Pt/Sibunit-1562 
oxygen reduction electrocatalysts with Pt load of 20 - 60 
wt.  %  as  well  as  to  compare  the  activities  with  those 
obtained on commercial 20 wt. % Pt/Vulcan XC-72. 
EXPERIMENTAL

The  20,  40  and  60  wt.  %  Pt/C  catalysts  were 
synthesized  on  pyrolytic  carbon  material  of  globular 
structure (Sibunit-1562) having both a high porosity and 
high pore size (SBET = 449 m2g-1, Vpore = 0.860 cm3g-1, Dpore 

=  76.6  Å).  These  catalysts  were  compared  against 
commercial 20 wt. % Pt/C catalyst supported on Vulcan 
XC-72 carbon black (SBET = 210 m2g-1, Vpore = 0.355 cm 3 g-

1, Dpore = 50.3 Å). The MEA were prepared using standard 
CCM  procedure  by  spraying  of  catalyst  ink  onto  the 
Nafion-112 membrane. The Pt load at the anode was 0.2 
mg Pt cm-2 in all experiments. The content of Pt on the 
cathode was varied in the range of 6.25 - 200 μg Pt cm-2. 
To study catalyst activity at extremely low load of Pt at the 
cathode we mixed catalyst  particles with predetermined 
amount of carbon black in order to have a constant value 
of  catalyst  layer thickness at  different  catalyst  loadings. 
The method appears to produce consistent results on the 
catalytic activity of  the ORR catalyst.  Experiments were 
performed at 80 °C with humidified hydrogen and oxygen 
gases.  The  activities  of  the  catalysts  were  compared 
using  polarization  curves  corrected  for  the  ohmic 
resistance  of  the  MEA  and  the  current  of  hydrogen 
crossover. 

1 Copyright © 2011 
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RESULTS AND DISCUSSIONS 
According  to  the  gas  phase  titration  by CO of  the 

surface  of  Pt/C  catalysts  their  dispersion  (Ptsurface/Pttotal 

ratio)  were  found  to  fall  in  the  following  order:  20  % 
Pt/Sibunit-1562 (0.524) > 40 % Pt/Sibunit-1562 (0.345) > 
20  %  Pt/Vulcan  XC-72  (0.31)  >  60  %  Pt/Sibunit-1562 
(0.167).  These  results  allow  us  to  estimate  the  mean 
diameter  of  Pt  nanoparticles:  ~   3.3  nm  for  20  % 
Pt/Vu;lcan XC-72, ~ 2 nm for 20 % Pt/Sibunit-1562, ~ 3 
nm  for  40  %  Pt/Sibunit-1562,  and  ~  6  nm  for  60  % 
Pt/Sibunit-1562. New catalysts are characterized by very 
low Pt particle size which are increasing with the Pt load in 
agreement  with  literature.  In  order  to  compare  the 
activities of the catalysts in the oxygen electroreduction in 
PEMFC  ohmic  resistances  of  MEAs  and  hydrogen 
crossovers should be considered. The ohmic resistances 
obtained  by impedance spectroscopy as  well  as  in  the 
concentration H2/H2 element were found to be similar for 
all MEAs. Their values are  0.1 – 0.2 Ohm cm2 and do not 
depend on neither the type of Pt/C catalyst used nor the 
Pt load at cathode. Hydrogen crossover were found in the 
0.3 – 2.2 mA cm-2 range for all MEAs. Using these values 
corrected polarization curves were compared (Fig.1).
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Fig. 1. Activities of Pt/C catalysts with cathode load of 

100  μg  Pt  cm-2.  Squares  –  20  %  Pt/Vulcan  XC-72, 

circles  –  20  %  Pt/Sibunit-1562,  triangles  –  40  % 

Pt/Sibunit-1562,  diamonds  –  60  %  Pt/Sibunit-1562. 

Solid line corresponds to Tafel dependence with the 

angle of 70 mV dec-1.

All  catalysts  showed similar  Tafel  values at  low current 
densities which are close to the theoretical one of 70 mV 
dec-1  for  the  measurement  conditions  (1).  At  higher 
current densities nonlinear decrease of the iR corrected 
potential is observed due to effect of transport limitations. 
In order to establish the activities of catalysts the results 
obtained were reduced to the standard conditions accord-
ing to (2): PH2 = PO2 = 1 atm, T=80°C. The activities thus 
obtained were compared at the potential of 0.9 V (1). It 
was found that the mass activities of Pt/Sibunit-1562 cata-
lysts is decreased in the following order: 20% Pt (230 A 
gPt

-1) > 40 % Pt (83 A gPt
-1) > 60 % Pt (68 A gPt

-1) ≈ 20 % Pt/
Vulcan XC-72 (70 A gPt

-1). This order is well correlated with 

the Pt particle sizes. Higher activities of Pt/Sibunit-1562 
catalysts as compared to the commercial one can be ex-
plained by the porous structure which is more optimized 
for  ORR.  Similar  results  were  found  in  literature  for 
Pt/Sibunit catalysts (3).  In order to find the specific sur-
face activities of Pt in ORR the electrochemically active Pt 
surface (ECS) was determined by cyclic voltammetry con-
sidering 210 μQ cm-2 of the hydrogen monolayer charge 
on platinum. The specific surface activities of Pt/Sibunit-
1562  catalysts were found to increase in the following or-
der: 20 % Pt/Vulcan XC-72 (140 μA cmPt

2) < 60% Pt (150 
μA cmPt

2)  < 20 % Pt(210 μA cmPt
2) < 40 % Pt (550 μA 

cmPt
2). This order can be explained by the Pt size effect. 

Indeed it was found in literature that among similar Pt/C 
catalysts with 2 – 6 nm Pt size the maximal activity was 
observed for the catalyst where Pt dimension is 3.4 nm 
(4). Higher specific activity of 40 % Pt/Sibunit-1562 cata-
lyst (dPt ~ 3 nm), as compared to commercial 20 % Pt/Vul-
can XC-72 (dPt ~ 3.3 nm) most probably explained by the 
higher electron conductivity of graphitized Sibunit material. 
This phenomena was shown to exist for highly graphitized 
carbon materials (5, 6). The more optimized porous struc-
ture of Sibunit,  namely higher pore dimension and pore 
volume may also play an important role in the ORR activ-
ity enhancing (7, 8).
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ABSTRACT 
A new research theme  in the field of polymer electrolyte fuel 
cells (PEMFCs) is represented by the development and test of 
novel materials able to work as electrolytes at temperatures 
above 100°C. Among these materials, phosphoric acid doped 
Polybenzimidazole (PA-PBI) is raising increasing attention for 
its ability to conduct protons at temperatures up to 200°C [1]. In 
this work we present the results of the experimental study of a 
single high temperature operating fuel cell (HT-PEMFC) based 
on such electrolyte material. The experimental analysis 
described herein consists in a set of polarization curves 
performed at different temperatures and reactants 
stoichiometries during which fuel cell performances are 
monitored. In addition, global mass transport phenomena are 
analyzed by measuring fuel cell exhausts water concentration 
and mass flow of  reactants. The experimental work succeeds in 
detecting and quantifying water transport across the membrane 
in different operating conditions. Obtained results confirm the 
negligibility of water electro-osmotic drag [2] and show that 
water transport is dominated by diffusive phenomena. Even 
though water transport in HT-PEFCs has not been intensively 
studied yet, its quantification in fuel cell operating conditions is 
useful. The presence of water is actually told to increase 
cathodic overpotential because of air dilution and to improve 
proton conductivity. For this reason electrolyte resistivity is 
recorded during the test. This allowed to quantify the effect of 
membrane humidification on proton resistivity. The study is 
comprehensive of extensive measurements accuracy and 
repeatability analysis. 

 
INTRODUCTION 
PEMFCs have been recognized as a very promising technology 
for transport and stationary applications because of high power 
density, low or zero emissions and high efficiency. However 
they exhibit some limits, which affect both performances and 
power system design: low tolerance to fuel impurities, critical 

water management, difficult cooling and heat recovery at low 
temperature. An increase in operating temperature could   
mitigate these drawbacks. Unfortunately Nafion and other 
sulfonated polymers typically employed in this technology 
cannot reach temperature above 100°C. Actually their proton 
conducting mechanism relies on the presence of liquid water 
within the electrolyte. For these reasons, in the last decade 
many efforts have been made aiming to develop polymer 
membranes able to operate at higher temperature. One of the 
most successful materials is represented by PBI, a polymer that, 
when doped with phosphoric acid (PA-PBI), exhibits good 
proton conductivity at temperatures up to 200°C. Recent works 
have successively investigated performances,  proton 
conduction mechanism and many other aspects of PBI based 
HT-PEMFCs. Anyway there is lack of experimental analysis of 
water transport phenomena in this type of fuel cells during 
operating conditions. In our work measurements of water flux at 
anode and cathode outlet of a PBI based HT-PEMFC are 
performed with the intent to study fuel cell internal water 
transport mechanism and to obtain a first evaluation of 
electrolyte membrane water diffusivity by means of a simple 
mathematical model. 

EXPERIMENTAL 
Experimental tests were performed on a single membrane 
electrode assembly (MEA) that includes anode and cathode gas 
diffusion layers and PTFE sealing (CELTEC-P 2100, BASF 
Fuel Cell). The MEA under test is based on a PA-PBI 
electrolyte and has an active area of 20 cm2. During tests such 
HT-PEMFC was fed with dry reactants by controlling anode 
and cathode stoichiometries (λ). Temperature (T) and relative 
humidity (RH) at the outlet of anode and cathode flow fields 
were measured by accurate T-RH transducers. They were placed 
in heated aluminum blocks maintained at constant temperature 
in order to prevent water condensation and to keep humidity in 
the range of 60-80%, where measurement accuracy is higher. 
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Pressures (P) at anode and cathode outlets were measured by 
two absolute pressure transducers so that water concentration 
could be calculated by combining measured T, RH and P. After 
cathode T-RH transducer, exhaust water was removed by a 
condenser and dry air mass flow was measured with a 
volumetric gas flow meter in order to verify dry gas 
conservation. Water volumetric flow is simply calculated by 
multiplying water concentrations to dry gas volumetric flows, 
measured at cathode outlet or calculated by means of mass 
conservation law at anode side. Each instrument produces an 
analog signal, processed through a calibrated data acquisition 
system. In addition membrane proton resistivity was measured 
by means of 1kHz AC milliohmeter. Polarization curves were 
performed by imposing current density by means of an 
electronic load in order to cover nine different values between 
0.2 and 0.9 Acm-2 with constant step. Each value was kept for 
20 minutes during which 1200 points were acquired at 1Hz 
frequency. The values considered for calculation are the mean 
of 900 points randomly chosen from registered ones after 
outliers elimination. Polarization curves were recorded at fuel 
cell operating conditions listed in Table 1, each condition was 
repeated three times in different days to assure for repeatability 
and representative values were obtained as average of the three 
tests. 
 
Tcell [°C] λanode λcathode 
140 1.3 2-4 
160 1.3 1.5-2-4 
180 1.3 2-4 

Table 1: Fuel cell investigated operating conditions. 
 

RESULTS 
Measured fuel cell voltages are in good agreement with values 
provided by the producer and indicate lower performances than 
for low temperature PEMFCs. The proton resistivity is always 
between 70 and 90 mΩ cm2 in the tested operating conditions. 
Proton resistivity decreases slightly with increasing current 
density and increases with increasing stoichiometry, indicating a 
slight dependence with membrane humidification and drying, as 
found in [3]. Such dependence is anyway small and confirms 
the minimal importance of humidification to proton 
conductivity. Water generation on cathode electrode originates a 
concentration difference between cathode and anode that 
induces a water flow across the membrane. Since reactants are 
introduced dry at fuel cell inlet, global water transport across 
the membrane is coincident with water flow measured at anode 
outlet. This flow is between 5 and 15% of total water produced 
by electrochemical reaction. Observed water transport increases 
with current density while it decreases with cathode 
stoichiometry (Figure 1). Differently, fuel cell temperature 
appears to be completely irrelevant to water transport in the 
investigated range. Measures confirm that electro-osmotic drag 
plays an inappreciable role as demonstrated in [2] indicating 

that water transport is a diffusive process. Interestingly water 
concentration at anode outlet is always higher than water 
concentration at cathode outlet. This may be due to hydrogen 
consumption, being anode stoichiometry limited (1.3). As a 
consequence, under some operating conditions, net water flow 
inverts going from anode to cathode indicating that local water 
concentration values play an important role and no 
inhomogeneous profiles are present.  
In order to verify experimental findings a simple 1D model, 
describing dry gases conservation, water conservation at anode 
and cathode side, a model of water transport across membrane, 
was written making the following assumptions: current density 
is constant along the flow field channel and diffusive processes 
(across membrane and GDL) obey Fick’s law. The system was 
solved by fitting experimental data with an error below 5% 
(Figure 1). Such model allows quantifying membrane water 
diffusivity and GDL water diffusivity. The former is 
approximately 10-3cm2 s-1 while the latter results approximately 
30 times bigger, in agreement with [4]. These reasonable values 
constitute a first estimation and more work is in progress to 
refine the model.  
 

 
Figure 1: Water flux across membrane from cathode to 
anode in different operating conditions. Circles 
experimental, line model results. 
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ABSTRACT  
In the present work, a model-based parametric 

analysis of the performance of a direct ethanol polymer 
electrolyte membrane fuel cell (DE-PEMFC) is conducted 
with the purpose to investigate the effect of several 
parameters on the cell’s operation. The analysis is based 
on a validated one-dimensional mathematical model that 
describes the operation of a DE-PEMFC in steady state. 
More precisely, the effect of several operational and 
structural parameters on (i) the ethanol crossover rate, (ii) 
the parasitic current generation and (iii) the total cell 
performance is investigated. According to the model 
predictions it was found that the increase of the ethanol 
feed concentration leads to higher ethanol crossover 
rates, higher parasitic currents and higher mixed potential 
values resulting in the decrease of the cell’s power 
density. However there is an optimum ethanol feed 
concentration for which the cell power density reaches its 
highest value. Furthermore, the increase of the diffusion 
layers’ porosity up to a certain extent, improves the cell 
power density despite the fact that the parasitic current 
increases. Moreover, the use of a thicker membrane 
leads to lower ethanol crossover rate, lower parasitic 
current and lower mixed potential values in comparison to 
the use of a thinner one. Finally, according to the model 
predictions when the cell operates at low current 
densities the use of a thick membrane is necessary to 
reduce the negative effect of the ethanol crossover. 
However, in the case where the cell operates at higher 
current densities (lower ethanol crossover rates) a thinner 
membrane reduces the ohmic overpotential leading to 
higher power density values. 

INTRODUCTION 

The performance of DE-PEMFCs depends on 
numerous parameters, such as the ethanol feed 
concentration, the operating temperature, the specific 

area of the catalyst where the ethanol electro-oxidation 
and the ORR take place, the design parameters of the 
different layers comprising the fuel cell, the resistance of 
the catalyst layer, the conductivity of the membrane, the 
rate of the ethanol crossover, the released products of the 
electro-oxidation along with their influence on the species 
transport and so on. However, the investigation of the 
impact of each of the above mentioned parameters 
experimentally is cost prohibitive. As a consequence, 
theoretical investigations are also essential for an in-
depth understanding and optimization of the operation of 
a DE-PEMFC [1-3], and the analysis of the operating 
parameters that affect the cell performance is required for 
the further development of these devices. In the present 
work, a model-based analysis of the fuel cell operation is 
performed in order to investigate the effect of (i) the 
ethanol feed concentration and (ii) the porosity and 
thickness of the anode and the cathode gas diffusion 
layers and catalysts layers on (i) the ethanol crossover 
rate, (ii) the parasitic current generation and (iii) the total 
cell performance.  
 During the mathematical model development the 
following assumptions were made: (a) the equations are 
defined in one direction, (b) the cell operates under 
steady-state, isothermal conditions, (c) the oxygen 
permeation through the polymeric membrane is negligible 
and (d) from the crossovered quantity of ethanol, which is 
electro-oxidized over the cathode catalyst, the number of 
the released electrons is the same as those released 
over the anode catalyst. Additionally, taking into 
consideration the detailed reaction mechanism for the 
ethanol electro-oxidation over Pt based binary 
electrocatalysts, the product’s analysis and the released 
electrons during a DE-PEMFC operation, the main 
products of the electro-oxidation reaction are acetic acid, 
acetaldehyde and carbon dioxide, whereas approximately 
three up to four electrons are released [4]. In the present 
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study, it is assumed that four electrons are released 
during the ethanol electro-oxidation process over the 
anode catalyst. The dominant mechanisms concerning 
the fluxes of the aqueous ethanol solution as well as the 
humidified oxygen through the diffusion and the catalyst 
layers are diffusion and electroosmosis. The ethanol 
transport through the PEM is the result of three 
phenomena: electro-osmosis, diffusion and hydraulic 
permeation. However, based on the assumption that at 
both anode and cathode compartments the pressure is 
equal, the term for the ethanol transport due to the 
hydraulic permeation is neglected in the present 
investigation. A schematic representation of a single DE-
PEMFC together with the operational principles is 
depicted in Fig. 1. 

 
Fig. 1: Schematic representation of a DE-PEMFC and the 
phenomena occurring during its operation. 
 
For the numerical solution of the system of the governing 
differential equations (species mass transport balances 
coupled to electrochemistry) a fourth order Runge - Kutta 
method was implemented in an in-house FORTRAN 
code.  

Fig. 2 shows the effect of the ethanol feed 
concentration on the DE-PEMFC maximum power 
density according to (a) the mathematical model 
predictions and (b) the experimental data cited in the 
literature [5]. The mathematical model predictions 
correspond to the cell operation when a PtRu/C catalyst 
with loading of 1.0mg Pt cm−2 (20%) and a Pt/C catalyst 
with loading of 1.0mg Pt cm−2 (20%) are used as anode 
and cathode catalysts respectively. From both the 
experimental data and the model predictions it is 
observed that there is an optimum ethanol feed 
concentration of approximately 1.0 mol L−1 for which the 
cell’s maximum power density is achieved. Moreover, by 
increasing the feed concentration above this value, the 
cell performance deteriorates due to the higher ethanol 
crossover rates that lead to higher parasitic currents and 

higher mixed potential values. It is apparent from Fig. 2, 
that there is a good agreement between the model 
predictions and the experimental data for a feed 
concentration up to 1mol L−1.  

 

 
Fig. 2: The effect of the ethanol feed concentration on the 
maximum DE-PEMFC power density; Mathematical model 
predictions vs. experimental data. 
 
For a feed concentration above 1mol L−1, and specifically 
at 3 mol L−1, and 4mol L−1 the model over predicts the cell 
maximum power density. This behaviour could be 
attributed to the fact that at higher fuel feed 
concentrations the ethanol crossover rate is increased, 
thus, less cathode catalyst sites are available for the 
ORR to occur. 
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ABSTRACT
Infiltration  is  a  well-known  method  of  heterogeneous 

catalyst applications. Infiltration (also known as impregnation) 

is commonly used for preparation of supported catalyst systems. 

It  involves  the  dispersion  of  a  metal  salt  component  into  a 

support.  It  has  recently  been  applied  to  produce  enhanced 

SOFC electrodes in order to solve some problems SOFCs have 

been facing.

This paper first presents an extensive literature review on 

infiltration  applied  to  SOFC.  Specifically,  SOFC  electrode 

fabrication  by  infiltration  is  investigated.  studied.  The 

methodology studied  was applied to a single cell SOFC using 

Ni-YSZ anode- YSZ electrolyte-LSCF cathode. Two different 

cell  constructions were produced and tested;  first  the anode 

was supported  by an extra  layer  of  YSZ electrolyte  material 

with holes for mechanical strength, and then the cell was tested 

without this extra layer. The electrochemical performance test 

results showed that the cell with extra YSZ layer with holes was 

poorer compared to the cell without the layer probably due to 

the loss of the active area of the anode. The  paper summarizes 

the application of the infiltration to SOFC single cells and the 

electrochemical test results obtained at TUBITAK MARMARA 

RESEARCH CENTRE Fuel Cell Laboratories.

INTRODUCTION

Solid  oxide  fuel  cells  (SOFC)   convert  electrochemical 

energy using a fuel gas into electrical energy. SOFCs contain an 

oxide-ion  conducting  electrolyte  and  they  present  some 

advantages  over  the  rest  of  the  fuel  cell  types  such  as  cost, 

lower sensitivity to fuel impurities, and higher efficiency. These 

advantages mainly result from the high operating temperatures 

of 600-900 ºC which allows the use of nonprecious metals as 

electrocatalysts,  heat  recovery and high ionic conductivity of 

components.  Main  goals  in  SOFC production  are  decreasing 

the high manufacturing cost that causes expensive production of 

electricity and reducing the operation temperature to levels of 

500-800 ºC and enhance the tolerance for direct hydrocarbon 

fuels SOFC technology [1,2]. 

Infiltration is a well-known method of heterogeneous catalyst 

applications.  Infiltration,  also  known  as  impregnation,  is 

commonly used for preparation of supported catalyst systems. It 

involves  the  dispersion  of  a  metal  salt  component  into  a 

support.  It  has  recently  been  applied  to  produce  enhanced 

SOFC  electrodes  in  order  to  solve  the  problems  mentioned 

above.

EXPERIMENTAL
Infiltration  studies  applied  to  SOFC  applied  to  SOFC 

electrodes go back to as near as 1999 with Gorte and his group 

[1]  .  They developed a  methodology to  apply electrode and 

catalyst  materials  into  porous  electrolyte  scaffold  to  obtain 

better performing anodes and cathodes.  The methodology can 

be described as first producing the three layer backbone (ex: 

porous  YSZ-dense  YSZ-  porous  YSZ)  by  tape  casting, 

laminating the YSZ layers and sintering followed by infiltrating 

the electrode materials into the porous YSZ [2]. 

1 Copyright © 2011 



116

A related issue to the thickness of the porous backbone is 

the mechanical  strength.  In  order  to  increase  the  mechanical 

strength of the porous electrode which is produced Gorte and 

his group suggested  a thin porous anode scaffold and layering 

it  with  a  dense  support  layer[3].  This  work  describes  the 

methodology  of  producing  an  SOFC  composed  of  a  dense 

support  layer/  porous  anode scaffold/dense electrolyte/porous 

cathode scaffold and sintering the whole cell-to-be followed by 

electrolcatalyst infiltration. The whole scaffold is produced by 

using YSZ powder and tape casting the YSZ slurry formed by 

adding the necessary solvent, binder and plasticizer, the porous 

YSZ was produced by adding graphite as pore former to the 

YSZ slurry.  The laminated tapes were sintered together  after 

punching  the  support  layer  for  the  Ni(  NO)3.6H2O  anode 

solution to  be impregnated to  the active anode.  The cathode 

electrocatalyst was Lanthanum Strontium Cobalt Ferrite (LSCF) 

prepared as a solution  using the nitrate salts of the metals. The 

electrochemical  performance  test  results  of  the  cell  with  the 

support layer in the anode is compared to the cell without the 

dense support layer.

Figure1. Infiltration application through a support  layer,  cells 

produced  at  TUBITAK  Marmara  Research  Center  Fuel  Cell 

Laboratory
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ABSTRACT 
We  present  here  an  evaluation  of  the  layered 

perovskite materials with chemical composition  GdBaCo2-

xFexO5.5-δ (x  = 0.0,  0.3,  0.6)  as a  cathode materials  for 
intermediate temperature solid oxide fuel cell (IT-SOFC). 
We show results concerning their crystal structure as well 
as  data  concerning  their  electrical  conductivity  and 
performance in button-type SOFCs.   

INTRODUCTION 
 Perovskite-type  materials  with  general  formula 

Ln1-xAxBO3-δ (were Ln - lanthanide element, A – Sr, Ba and 
B is  a  transition metal)  are  already known as  potential 
cathode materials for SOFC applications. It is due to their 
mixed  ionic-electronic  conductivity,  which  can  enlarge 
effective  reaction  zone  over  the  entire  cathode-gas 
interfacial  area,  resulting  in  better  electrochemical 
performance1. Promising subgroup among this family are 

layered cobaltites ReBaCo2O5.5-δ (Re - rare earth element). 
It  was  noticed  that  these  compounds  are  formed  by 

[CoO2][BaO][CoO2][ReOδ]  plane  sequence  along  the  c 

direction. In addition if Re = Gd and in case of  δ< 1 the 
oxygen  vacancies  were  found  to  locate  in  gadolinium 
planes at (0,0,1/2) positions2. 

RESULTS AND DISSCUSION 
All powders were fabricated via soft chemistry method 

using  Gd(NO3)3•6H2O  Ba(NO3)2,  Co(NO3)2•6H2O, 
Fe(NO3)3•9H2O,  Ni(NO3)3•9H2O   and  citric  acid  as  a 
substrates.   The  water  solutions  of  substrates  in 
appropriate  ratios  were  first  rapidly  evaporated, 
subsequently obtained precursors were ground thoroughly 
in agate mortar and heated at 850°C for  4 h. Obtained 

powders  were  once  again  ground  in  agate  mortar  and 
heated at 1050°C for 8h.

At  room  temperature  all  samples  except 

GdBaCo1.4Fe0.6O5.5-δ exhibit  orthorhombic  Pmmm  space 
group  symmetry  with  doubled  b  and  c  cell  parameters 
(ap x 2ap x 2  ap  where  ap is  simple  perovskite  cell 

parameter).  GdBaCo1.4Fe0.6O5.5-δ was  found  to  exhibit 
tetragonal  P4/mmm  space  group  symmetry,  with  only 
doubled c cell parameter (ap x ap x 2ap). The GdBaCo2O5.5-

δ and  GdBaCo1.7Fe0.3O5.5-δ samples  undergo  the  phase 
transition into tetragonal P4/mmm space group symmetry 
(ap  x  ap  x  2ap),  which  could  be  seen  from  XRD 
measurements.

Fig. 1. XRD pattern for GdBaCo2O5.5-δ, GdBaCo1.7Fe0.3O5.5-δ 
and GdBaCo1.4Fe0.6O5.5-δ

An increase in conductivity observed at lower temperat-
ures, T < Ts (Ts - temperature of spin state transition) (Fig. 
2)  is  typical  for  semiconductor-type behavior.  Activation 

energies decrease for          GdBaCo2-xFexO5.5-δ with Fe 

1 Copyright © 2011 



118

substitution and where evaluated as 0.42 eV; 0.20 eV and 
0.13 eV for x = 0.0, 0.3 and 0.6 respectively. Furthermore 
at specific temperature Ts, change of  electrical behavior 

was observed and for GdBaCo2O5.5-δ it has been attributed 
to the metal-insulator transition caused by change of spin 
state of cobalt ions in octahedral environment2.

Fig. 2. Electrical conductivity of   GdBaCo2-xFexO5.5-δ in 
air as a function of temperature.

In  order  to  conduct  compatibility  experiments,  all 

cathode  materials  were  mixed  with  Ce0.8Gd0.2O2-δ 

electrolyte in 1:1 volume ratio, put into the tube furnace, 
heated  up  to  1000oC and  kept  in  this  temperature  for 
100h.   For  all  materials  no extra  phase was observed, 
which  indicates  good  chemical  compatibility  with 

Ce0.8Gd0.2O2-δ electrolyte. In Fig.3 exemplary XRD pattern 

of  mixture  of  GdBaCo1.7Fe0.3O5.5-δ and  Ce0.8Gd0.2O2-δ 

electrolyte is shown.  

With the aim of investigating the influence of Fe doping 

on  electrode  performance  under  working  conditions 

measurements of single SOFC cell  were carried out. In 

Fig. 4 exemplary voltage and power density as a function 

of  current  density characteristics are shown. As can be 

seen, voltage drop with increasing current is almost linear, 

therefore indicating that major part in the whole electrical 

losses can be ascribed to the ohmic resistivity of the elec-

trolyte.  It  is  caused  by the  specific  construction  of  the 

single  SOFC  cells  where  thick  (~800µm)  Ce0.8Gd0.2O2-δ 

electrolyte was used. 

Fig. 3.  Exemplary  XRD  pattern  of  mixture  of 

GdBaCo1.7Fe0.3O5.5-δ and Ce0.8Gd0.2O2-δ electrolyte.

Fig. 4.  Exemplary  voltage  and  power  density 

characteristic for cell with GdBaCo1.7Fe0.3O5.5-δ as cathode 
material. 
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ABSTRACT 
This work presents a comparative analysis of hybrid 

systems that make use of closed-cycle externally heated 
bottoming systems. Two options are considered: 
reciprocating (Stirling) engines and supercritical carbon 
dioxide turbines. These engines share the common 
feature of working on closed cycles with optimised fluids 
(H2 and CO2 respectively). However, they differ in their 
internal structure: Stirling engines make use of volumetric 
machinery whereas the SCO2 system is composed by 
turbomachinery. In both cases, the working fluid is 
subjected to very high pressure and temperature in the 
range of 50-200 bar and 40-650 ºC. 

A brief description of both bottoming systems is 
provided in the article along with the expected 
performance of each case in on-design and off-design 
(part load) conditions. The analysis is therefore split into 
two stages. First, a comparison is shown for on-design 
operation aiming to evaluate the maximum efficiency 
attainable by the proposed systems. Second, a 
preliminary analysis of off-design operation is presented. 

The paper concludes that hybrid systems based on 
atmospheric fuel cells and externally heated closed-cycle 
bottoming engines have the potential to outperform 
conventional pressurised fuel cells and gas turbines 
hybrids while preserving the topping system from the 
demanding operating conditions of the latter configuration 

INTRODUCTION 
The aim of this work is to develop a new concept of 

hybrid system based on a topping molten carbonate fuel 
cell and a bottoming externally heated heat engine. The 
integration is of the indirect type (there is heat exchange 
but no mass transfer) what brings about a higher life 
expectancy of the fuel cell due to its atmospheric 
operation. Other interesting features from a global 
standpoint are ease of operation and load control and 

possibility to operate the fuel cell in stand-alone mode. 
The first heat engine considered is a closed-cycle gas 

turbine operating with supercritical carbon dioxide. This is 
a configuration studied extensively so far by the authors 
who report a better performance of such system with 
respect to conventional hybrid systems (with either 
indirect or direct integration) both in on-design and off-
design conditions [1,2]. The advantage of supercritical 
fluids is the very low work required to elevate the fluid’s 
pressure at the compressor and hence the higher net 
work of the system. The interest of carbon dioxide lies in 
the close to ambient critical temperature (30.98 ºC) and 
low critical pressure (71 bar). These properties make it 
possible to develop supercritical cycles with conventional 
cooling techniques and economical piping. 

The second heat engine under consideration is a 
Stirling engine. It is also a closed-cycle engine but makes 
use of a reciprocating configuration. The working fluid of a 
Stirling engine can be hydrogen, helium, nitrogen or 
simply air; in the present paper, hydrogen is selected for it 
yields the best performance [3].  

A Stirling engine comprises: (i) a pair of cylinders 
where the fluid is compressed at low temperature and 
expanded at high temperature, (ii) a heater and a cooler 
to add and reject heat to and from the engine 
respectively, (iii) a regenerator placed in the middle of 
these heat exchangers in order to increase the efficiency. 
The main advantages of this engine are compactness, 
low vibrations, low noise and good part load performance. 
Durability and efficiency are also to be expected to these 
depend on the design operating conditions [4]. 

DESCRIPTION OF HYBRID SYSTEMS 
A general layout of the hybrid system proposed is 

shown in Fig. 1. A Molten Carbonate Fuel Cell is fed with 
preheated air and a mixture of water steam and natural 
gas that is indirectly reformed internally. The necessary 
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steam for the reforming process is generated outside of 
the cell in a dedicated steam generator that recuperates a 
fraction of the waste heat from the system. A catalytic 
burner is located in the cell exhaust to burn the inevitable 
excess fuel and increase the temperature of the heat 
source used to operate the bottoming engine (let it be 
noted that a minimum temperature of 700ºC is required if 
the heat engine is to achieve high efficiency). 

A fraction of the gas leaving the heat exchanger that 
transfers heat from the topping to the bottoming system 
(HX4 in Fig. 1) is recirculated to provide the cathode of 
the cell with the carbon dioxide necessary to avoid 
carbonate starvation. The remaining gas is used to 
preheat the fuel and air streams into the cell. 

 
Figure 1. Hybrid system layout. 

HYBRID SYSTEM PERFORMANCE 
Table 1 shows the performances of the two hybrids 

considered along with that of a conventional system using 
a hot air turbine. In all cases the cell operates at 
atmospheric pressure. Regarding the Stirling engine, the 
rated operating conditions are 150 bar mean pressure 
and 650 ºC head temperature (wall temperature of the 
pipes that form the heater). The shaft speed is 1500 rpm. 

 
Figure 2. Part-load performance (efficiency and contribution 

of the bottoming cycle to total power). 
 

The part-load performance of the systems is shown in 
Fig. 2 where it is assumed that both closed engines adopt 

an inventory control system. For the sake of clarity, the 
conventional system has not been included in the figure. 

At low current densities, the fuel cell exhaust mass 
flow rate decreases and so does the available heat for the 
bottoming cycle (which then operates with lower 
efficiency at part-load). Nevertheless, due to the higher 
efficiency of the cell at part-load, the global efficiency of 
the system is higher. In this regard, the reason why the 
Stirling engine experiences a steeper drop in efficiency is 
the lower internal pressure at part-load. 

 
 Parameter Air SCO2 Stirling 

M
C

FC
 Current density [ A m-2] 1100 

STCR [-] 3 
Temperature [K] 923 
Fuel/CO2 utilization [%] 75/70 
Efficiency [%] 48.94 

C
YC

LE
 

Compressor inlet [°C/bar] 25/1.01 35/75 650 °C 
150 bar Turbine inlet [°C/bar] 650/2.88 650/216.1 

Efficiency [%] 26.6 39.9 34.5 

H
S 

Net efficiency [%] 53.1 57 55 
Net power [kW] 521.2 553 539.8 
Heat engine fraction [%] 14.7 20.4 18.2 

Table 1. Rated performance. 

CONCLUSIONS 
The results shown in this work allow drawing the 

following conclusions: 
 Hybrid systems based on a closed-cycle externally-

fired heat engines achieve higher efficiencies than 
conventional systems under rated operating 
conditions. For a reference case, it is expected that 
the supercritical carbon dioxide turbine be close to 
60% whereas the conventional system using a hot air 
turbine does not even reach 55%. This latter figure 
can be expected from the Stirling-based hybrid. 

 The hybrid systems proposed exhibit an excellent 
part-load efficiency. At medium to high loads, the 
SCO2 turbine seems to be the most. 

 Globally, the interest of the proposed systems can be 
confirmed by looking at the contribution of the 
bottoming engines to the power produced by the 
system. While this fraction typically decays fast with 
load for conventional hybrids, it remains at high values 
for both the SCO2 turbine and the Stirling engine. 

 Finally, it is worth noting that the Stirling engine is 
more attractive in terms of technology readiness. 
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ABSTRACT 
Direct methanol fuel cells (DMFC) are one of the 

most promising power sources for portable applications, 
due to high power density, low operation temperature and 
liquid fuel, that is easily stored. However, the 
commercialization of DMFC is hindered by several 
technological problems, among which water management 
is one of the most critical issues. In particular, at the 
cathode side, a too low rate of water removal leads to a 
liquid water accumulation on the cathode, forming the so-
called water flooding problem, which reduces oxygen 
transport and lowers the cell performance. 

Both the experimental analysis and the proposed 
model allow a better understanding of water flooding. The 
findings confirm the possibility to optimize cathode GDL 
design, in order to ensure high rate of water removal and 
to avoid water flooding problem. 

 
INTRODUCTION   
 To characterize water flooding, it is essential to 
understand water transport through the membrane and 
water removal from the cathode gas diffusion layer (GDL) 
(1). Water transport through the membrane is due to three 
transport mechanisms: electro-osmotic drag by proton 
transport, diffusion by water concentration gradients and 
convection by hydraulic pressure gradients. Water 
transport in cathode GDL is controlled by diffusion and 
convection. 
 In this work a combined experimental and modeling 
approach is proposed to analyze the effects of cathode 
micro porous layer (MPL) on water flooding and DMFC 
performance. 
 
EXPERIMENTAL 
 The experimental analysis of DMFC performance and 
water transport is carried out utilizing the same equipment 
and methodologies presented in (2). The DMFC has a 

maximum cross-sectional area of 25 cm2. Two cathode 
GDL configurations have been considered: the first one 
with the MPL, the second one without the MPL.  
 This is a preliminary experimental work in which we 
consider only two extremely different operating 
conditions, varying temperature, methanol mass fraction 
and air mass flow rate. In the first condition temperature 
is 333 K, methanol mass fraction is 3.25% wt. and air flow 
rate is 0.62 g/min. In the second condition temperature is 
353 K, methanol mass fraction is 6.5% wt. and air flow 
rate is 1.14 g/min.  
 
MODEL 

In this work we present a 1D+1D model of DMFC in 
order to further investigate water flooding phenomenon. 
The model is a development of a previous work, already 
presented in (3). In the present work particular attention 
has been given to develop two-phase flow (vapor-liquid 
water) through cathode GDL and liquid water transport 
through the membrane, in order to describe liquid water 
presence at cathode side. The water balance at 
membrane-cathode GDL interface is described by the 
following stationary equation:  
 

 𝑁�,���� + 𝑁�,���� −  𝑁�,���� = 𝑁���,���� + 𝑁���,���� 
 

The water flooding at cathode side is modeled as 
reported in (4). The model is validated using the collected 
experimental data and the fitting parameters have 
reasonable values. 

 
RESULTS 
 In figure 1 the water flux at the cathode outlet is 
reported, considering the configuration with cathode MPL. 
It can be noticed that at low current density the water flux 
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is almost constant and then rises steeply, because of 
liquid water permeation through cathode GDL.  
 The model accurately reproduces experimental water 
flux in both cathode GDL configurations, permitting the 
description of flooding effect on performance. 

 

 
 
 Figure 2 shows the effects of flooding on DMFC 
performance, considering the configuration with cathode 
MPL. It can be noticed that in the first operating condition 
(333 K, 3.25% wt., 0.62 g/min) there is no influence of 
flooding: the model with or without the effect of flooding 
gives the same results. Instead in the second operating 
condition (353 K, 6.5% wt., 1.14 g/min) flooding occurs at 
high current density, when the water flux at cathode outlet 
becomes higher.  
 Also in the configuration without cathode MPL the 
effect of flooding is significant only at current density 
greater than 0.4 A/cm2.  
 The modeling approach permits to predict flooding 
onset and therefore it is able to estimate performance 
loss due to flooding phenomenon. 
 

 
 

 In figure 3 all the experimental polarization curves are 
reported. In the first operating condition (333 K, 3.25% 
wt., 0.62 g/min), when no flooding occurs, the presence of 
MPL at cathode side lowers the cell performance: this is 
due to a reduction of oxygen mass transport coefficient, 
which worsens cathode kinetics. In the second operating 
condition (353 K, 6.5% wt., 1.14 g/min), as far as flooding 
does not occur, the presence of MPL lowers cell 
performance, instead when flooding starts, the presence 
of MPL rises cell performance.  
 

 
 
 In conclusion the effect of MPL on DMFC 
performance is positive only when cathode is flooded, 
otherwise its presence hinders oxygen transport. 

NOMENCLATURE 
Nm,diff Diffusion flux through the membrane 
Nm,drag Electro-osmotic drag flux through the membrane 
Nm,perm Convection flux through the membrane 
Ngdl,diff Diffusion flux through the cathode GDL 
Ngdl,perm Convection flux through the cathode GDL 
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ABSTRACT 
In  the  present  work  the  effect  of  both  cell  discharge 
current  and  operating  temperature  on  (a)  the  ethanol 
conversion, (b) the reaction products distribution and (c) 
the reaction yield towards each released product, during a 
Direct Ethanol PEM fuel cell is examined. More precisely, 
the results of the continuous and on-line product analysis 
are presented and thoroughly discussed. The MEA of the 
fuel cell is comprised of a PtRu/C anode, a Nafion®-115 
membrane  and  a  Pt/C  cathode.  It  is  found  that  the 
increase of the cell current and the operating temperature 
lead to an increase of the ethanol conversion. The main 
products  detected  during  the  fuel  cell  operation  are 
acetaldehyde  (CH3CHO),  acetic  acid  (CH3COOH)  and 
small amounts of carbon dioxide (CO2). The selectivity of 
acetaldehyde ranges from 45% to 70%, the selectivity of 
acetic acid ranges from 25% to 45% and the selectivity of 
CO2 ranges from 5% to 15%. Moreover, as it concerns the 
reaction yield towards each product, it  is found that the 
increase of the temperature results in an increase of the 
yield. Furthermore, from the Arrhenius plots based on the 
products formation rate, it is found that the acetaldehyde 
is favored over PtRu/C compared to the other products. 
Finally,  based on the apparent  activation energy of  the 
CO2 formation rate,  it  is  concluded, that  the C–C bond 
breakage of the ethanol molecule is difficult to occur over 
the examined anode catalyst.

INTRODUCTION
Direct ethanol proton exchange membrane fuel cells (DE-
PEMFCs)  are  promising  candidates  as  power  sources 
especially  in  small-scale  applications.  The  last  decade 
PEMFCs  directly  fed  with  ethanol  have  been  receiving 
more  and  more  attention,  due  to  the  fuel  advantages. 
However,  there  are  some  challenges  that  should  be 
overcome,  such  as:  i)  the  high  anode  overpotential 
values,  ii)  the ethanol crossover from the anode to the 

cathode  side  of  the  cell  and  iii)  the  poisoning  of  the 
cathode catalysts due to the parasitic oxidation of ethanol, 
which leads to the mixed potential formation. Over the last 
years, several experimental works have been devoted to 
the direct  use of  ethanol  in  fuel  cells.  Almost  all  these 
scientific works deal with the problem of the slow ethanol 
electro-oxidation kinetics at the anode compartment, and 
the research conducted to find more effective catalysts [1-
6].  In order to effectively examine the role of  a catalyst 
and the ethanol  reaction mechanism over  this  catalyst, 
the analysis of the released products during the ethanol 
oxidation should be performed. Thus, in the present work, 
for the sake of on-line qualitative and quantitative analysis 
of  the  products  from  ethanol  oxidation,  a  combined 
approach for the continuous and on-line products analysis 
during  the  DE-PEMFC  operation  is  presented.  More 
precisely,  the  analysis  of  ethanol’s  electro-oxidation 
reaction  products  is  performed  in  a  specially  designed 
experimental  apparatus,  which  combines  a  gas 
chromatograph, a mass spectrometer and three IR gas 
analyzers.  The main advantages of  the present method 
are:  i)  in  the  present  case  the  products  analysis  is 
performed on-line in real time during the DEFC operation, 
in contrast to the methodology adopted in other works; in 
which the mixture of the released products was trapped in 
different bottles before being analyzed, ii) the continuous 
and on-line analysis could provide information about the 
reaction  behavior  as  well  as  the  whole  phenomena 
occurring during the fuel cell tests, and iii) the continuous 
and  on-line  analysis  reduces the  possible  experimental 
errors.
The  schematic  representation  of  the  experimental 
apparatus used for the experiments is shown in  Fig. 1. 
The  ethanol  aqueous  solution  was  fed  to  the  anode 
compartment at a constant flow rate by the aid of a dual 
syringe pump. The ethanol feed concentration was kept 
constant during the measurements. The ethanol aqueous 
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solution before entering the anode was preheated at the 
cell temperature. 

Fig.1: Schematic representation of the experimental apparatus. 

The pressure at both sides was equal to the atmospheric. 
The  volumetric  flux of  oxygen was controlled via  mass 
flow controllers. The oxygen was humidified before being 
fed  at  the  cathode  and  it  was  preheated  at  the  cell 
temperature. The fuel cell tests were performed using an 
AMEL-5000  electrochemical  station.  The  products 
released during the ethanol electro-oxidation were driven 
in  a  stainless  steel  bottle,  which  was  used  as  an 
evaporator. The bottle was heated at a temperature of ~ 
180οC,  which  was  used  to  guarantee  the  thorough 
gasification of the released liquid mixture including water, 
ethanol  oxidation  products  and  the  unreacted  ethanol. 
The gasification of the products was compulsory due to 
the  fact  that  the  analysis  system  consisted  of  a  gas 
chromatograph  Shimadzu  GC-14B,  equipped  with  a 
Porapak QS column, a mass spectrometer and three gas 
analyzers. The temperature of the gasification procedure 
was  determined  via  a  series  of  blank  experiments;  in 
order  ensure that  the evaporator’s  working temperature 
was  not  enough  for  the  ethanol’s  homogeneous 
activation. In order to perform the on-line analysis of the 
products released during the cell operation, the cell was 
operated galvanostatically at a constant current value for 
a few hours. For this purpose, the cell was operated at 
four  different  current  density  values  and  four  different 
temperatures according to the following criteria: (i) the cell 
voltage should not be lower than 0.1 V, in order to avoid 
the deep discharge of the cell and (ii) the temperatures 
should not exceed the temperature limit (T≤90oC) where 
Nafion membranes can work effectively. More precisely, 
the  cell  had  to  be  operated  at  a  constant  discharge 
current and temperature for a few hours. During this time 
period the cell voltage should not fluctuate significantly in 
order  to  avoid  possible  change  in  the  reaction 
mechanism. Furthermore, in order to perform the analysis 
as  effectively  as  possible  the  apparatus  had  to  be 
operated under steady state conditions. The effect of the 
cell current and the operating temperature on the ethanol 
conversion  is  depicted  in  Fig.  2.  It  is  shown  that  the 
increase of the cell current results in an increase of the 

ethanol conversion when the cell is operated at a constant 
temperature. 

Fig. 2: The effect of the operating discharge cell current and the 
temperature on the ethanol conversion.

The increase of the ethanol conversion is attributed to the 
fact  that the increase of  the current  load intensifies the 
ethanol electrooxidation over the anode catalyst in order 
to fulfill the current demand. For instance, at 60oC when 
the  cell  current  changes  from  20mA to  120  mA,  the 
increase  of  the  ethanol  conversion  is  approximately 
135%. At 90oC the corresponding value is approximately 
150%.  This  could  be due  to  the  reason that  at  higher 
temperature the oxidation reaction rate is enhanced and 
thus  more  efficient  fuel  utilization  is  obtained.  The 
maximum value of the ethanol conversion is 4.6% and it 
was recorded at 90oC and 120mA.
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ABSTRACT  
The present work investigates the performance and 

durability of Ni-based anode supported solid oxide fuel 
cells (SOFCs) under direct internal dry reforming of CH4 
and CO2 mixtures at around 800°C. Several experiments 
have been performed including catalysis experiments and 
long-term galvanostatic ageing (up to 300h) with different 
CH4/CO2 molar ration. Catalysis experiments in a micro-
reactor bed configuration over Ni-YSZ anode samples 
have been performed by means of temperature 
programmed techniques aiming to investigate the 
conversion rate of methane under dry reforming as well 
as the operating conditions leading to carbon formation. 
Durability of full anode supported cells were investigated 
by observing the voltage evolution over the time under 
galvanostatic mode and by taking impedance spectra 
after each 50h of operation. Post-mortem analyses were 
performed after each experiment to verify the morphology 
of the carbon eventually deposited in the anode 
electrode. 

 
INTRODUCTION 

SOFC anodes that can sustain direct internal 
reforming need a high (selective) catalytic activity to fully 
convert the methane in H2 and CO. Low methane 
conversion rates would cause inacceptable energy 
losses, and would increase the carbon deposition risks in 
the anode. Ni based anodes have been reported to have 
the capability of direct internal reforming [1,2]. 
When the fuel is NG, steam reforming is generally 
preferred and thus adopted. CO2 reforming (known as 
dry-reforming) is also an interesting option under the 
following circumstances: i) the anodic exhaust is 
recirculated to convert the inlet fuel, therefore both H2O 
and CO2 available for reforming methane; ii) biogas is 
used as a fuel, hence a significant amount of CO2 
(usually ranging between 30-50%) is already available in 
the inlet feed.  
A main concern that arises when the Ni phase in an 
SOFC anode is directly converting a carbon fuel (e.g. CH4 

or CO) is the risk of carbon deposition. Ni is active 
towards catalytic steam and dry-reforming, but also with 
respect to carbon formation. The two main reactions 
involved for carbon formation are the following: 
 

 Methane cracking: CH4 2H2 + C. 

 Boudouard reaction: 2CO  CO2 + C. 

It is well known from literature [3] that carbon can form 
under different morphologies depending on 
thermodynamic conditions, substrate and precursor. A 
main rough distinction can be drawn among amorphous, 
filamentous and graphitic carbon [4]. The latter is 
generally found at higher temperatures and on low 
surface area catalysts (e.g. in steam reforming reactors), 
while amorphous carbon is more likely to be found at 
lower temperatures and with higher surface area catalysts 
(e.g. in methanation reactors). The filamentous whisker-
like growth is often observed in SOFC anodes, even if it is 
likely that more types of carbon simultaneously form on 
the same structure. 
Figure XX. Durability of a Ni-based SOFC under dry 
CH4/CO2 (1:1 mol%) at 15A, 60%FU and 750°C 

TEMPERATURE PROGRAMMED EXPERIMENTS 
Temperature programmed experiments in micro-

reactor consisted in a quartz tube with a catalyst bed 
containing small samples of Ni-YSZ anode support (50-
200 mg), all placed in electrically heated furnace. The 
exhaust gases leaving the catalysts bed were monitored 
by means of a mass spectrometer. Such experiments 
were conducted prior the electrochemical tests to 
preliminarily investigate the catalytic properties of the Ni-
based anode toward dry-reforming and carbon formation 
reactions. 

In Fig.1 are reported the temperature programmed 
reaction (TPRx) and isotherm conversion at 800 °C, 
respectively, for a CH4/CO2 1/1.4 mol. fuel mixture. An 
almost full conversion of methane is observed at 
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temperature above 700 °C. The conversion of methane is 
almost stoichiometric with CO2 (i.e. CH4 + CO2  2H2 + 
2CO, with negligible reverse water gas shift reaction, 
H2+CO2  CO+H2O). 

 
Fig. 1 TPRx under mild dry-reforming conditions 

(CH4:CO2 1:1.4 mol.). 
No carbon was observed with temperature 

programmed oxidation (TPO) experiments an anode 
samples exposed at 800 °C with CH4/CO2 having an 
excess of CO2. With the equi-molar mixture carbon was 
instead detected during the TPO experiment (with CO2 
formed around 500-700°C due to carbon oxidation). 
Basically, an excess of CO2 to the stoichiometric one 
seemed to effectively eliminate the risk of carbon 
formation. 
 
DURABILITY EXPERIMENTS  

The durability of the full anode-supported SOFC cell 
is then analyzed by observing the voltage evolution over 
the time in a galvanostatic experiment, during which the 
cell’s impedance spectrum is also measured after every 
50h of operation.  

The SOFC cell is a circular anode supported cell with 
50cm2 active area. The anode is the traditional Ni-YSZ 
cermet, with a thickness slightly above 500 μm. The 
electrolyte a 5 μm thickness dense layer of 8YSZ; a 
barrier layer of 5 μm YDC is placed between the 
electrolyte and the LSCF cathode in order to avoid the 
formation of highly resistive secondary phases. 

All the experiments have been performed under the 
following operating conditions: 

 
 Start-up: 30°C/h inH2/N2 5/95% mol. 
 Stabilization: 25h in dry H2 at 15A, 60%FU; 
 Dry-reforming experiment: 250 h in dry CH4/CO2 

(1:1 mol% - 1:1.5 mol% - 1:2 mol%) at 15A, 
60%FU; 

 Shut-down, 30°C/h, H2/N2 5/95 %mol. 
 

The air flow has been kept constant at 750 Nml min-1 
throughout the test. The observed voltage behaviour 

obtained at 800°C with a CH4/CO2 1:1 mol. mixture is 
shown. The voltage clearly decays over the time due to 
instable operation caused by carbon build-up in the 
anode electrode.  

 
Fig. 2 Durability of a Ni-based SOFC under dry 
CH4/CO2 (1:1 mol%) at 15A, 60%FU and 800°C. 

By observing the EIS measured during the 
experiment, carbon formation is likely to be responsible 
initially of a slight increase cell’s ohmic resistance and 
eventually of a more pronounced /and catastrophic) 
increase of the concentration polarization (probably due 
to carbon obstructing the pores through which the gas 
flows toward the TPB region). 

Post-mortem observations of the anode electrode 
tested with the equi-molar CH4/CO2 mixture of Fig. 2 
confirmed that an   abundant amount of carbon whiskers 
was present inside the anode structure. The filaments 
diameter ranged between 30-40 nm. FESEM observation 
showed clearly the morphology of the carbon filaments as 
well as the whisker nucleation from the Ni structure. 
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ABSTRACT  
Combined Heat and Power systems based on Polymer 
Electrolyte Fuel Cells (PEFC CHP) are a very promising 
technology due to their low pollutant emissions and high 
efficiency. However, one of the main technical issues of 
this technology regards the very low carbon monoxide, 
CO, content required to ensure long-term performance of 
the PEFC.  In this work, the experimental characterization 
of the fuel processor of a pre-commercial PEFC CHP 
system is presented. The influence of the main 
parameters governing the conversion within the chemical 
reactors is analysed in stationary state. Uncertainty and 
repeatability analysis are performed for all the 
experimental conditions and the acquired measures are 
processed through statistical tools in order to minimize 
the effect of composition measurement uncertainty, 
including natural gas composition variability. A numerical 
modelling is then carried out to simulate the complete 
CHP system to individuate the experimental conditions 
among the experimentally investigated ones that 
maximize the overall efficiency. 

INTRODUCTION 
Combined Heat and Power system based on a Polymer 
Electrolyte Fuel Cells (PEFC CHP) are a very promising 
technology due to their high efficiency and low emissions. 
However, advanced and fully-integrated fuel processors 
are necessary to ensure best performance and longest 
lifetime of the stacks. Therefore, the research activities 
regarding the integration of PEFC with fuel processor are 
under increasing attention [1].   
In this work, the experimental characterization of the fuel 
processor of a pre-commercial PEFC CHP system is 
presented; a simplified scheme is reported in Figure 1. A 
modelling analysis of the complete system, necessary to 
individuate optimal operating conditions, is also included. 
This activity is carried out in the framework of REAL FC 
project [2], which aims at characterizing the performance 
and the lifetime of two pre-commercial PEFC CHP 

systems (30 kW electrical and 45 kW thermal capacities) 
for the residential sector. 

 
Figure 1: Simplified scheme of the CHP system 

EXPERIMENTAL METHODS 
The on-board data acquisition system acquires 21 
variables with 0,5 Hz frequency, including 10 
temperatures, 8 pressures and 3 mass flows. Mean and 
standard deviation are calculated in order to evaluate 
steady state conditions.  
At the boundaries of the system, the following 
measurements are recorded: the total natural gas mass 
flow rate along with its composition, the ambient air 
temperature, the exhaust composition and emissions, the 
cogeneration water temperature at the inlet as well as at 
the outlet and, finally, its mass flow rate. 
The natural gas flow rate is kept constant, because at the 
moment the prototype operates only at nominal power. 
The controlled parameters are: (i) the steam reformer skin 
temperature, (ii) the inlet steam-carbon ratio and (iii) the 
water gas shift skin temperature. A test grid combining 
three values for each controlled parameters is adopted. 
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Syngas compositions at different reactors outlet are also 
characterized by gas chromatographic measurements 
that are repeated three consecutive times to verify steady 
state operation; typical composition ranges are reported 
in Table 1. The results reproducibility is verified 
characterizing the same operating conditions in different 
days. Gas chromatographic measures do not guarantee 
mass balance closure and are affected by uncertainty on 
calibration: a coherence analysis method is developed to 
verify measures reliability considering the variability of 
natural gas composition.  
 

Reactor Dry molar fractions [%] 
 H2 CO CO2 CH4 
SR 71,2-77 1,7-9,2 13-16,5 1,2-8 
WGS 73-78,4 0,7-3 15 -19,3 1,2-8 

Table 1. Typical syngas dry molar fraction ranges. 

EXPERIMENTAL RESULTS 
Two widely used indexes are here adopted for the fuel 
processor evaluation. The hydrogen efficiency of Steam 
Reforming (SR) reactor, defined as: 

   

and the hydrogen efficiency of both SR and Water Gas 
Shift (WGS) reactor: 

  

These evaluation indexes, calculated after the cited 
coherence analysis, show trends with temperature and 
steam-carbon ratio coherent with the literature [3]. SR has 
maximum hydrogen efficiency for high temperature and 
high steam-carbon ratio; the best temperature condition 
for WGS is a trade-off between reaction kinetics and 
thermodynamic equilibrium. However, these efficiencies 
do not identify the optimal operating conditions of SR and 
WGS that maximize the overall efficiency because some 
important aspects are not taken into account, like:  
 a higher CO content at WGS outlet causes higher 

hydrogen oxidation in CO PReferential OXidation 
reactors (PROX), reducing overall efficiency;  

 a lower methane conversion in SR may cause a too 
high energy content in fuel cell anode exhaust, 
unsustainable for the system; 

 hydrogen production is not always sufficient to permit 
fuel cell operation at nominal power.  

A modeling analysis is carried out to consider these 
aspects and to evaluate properly the overall efficiency.  

NUMERICAL MODEL 
The process is modelled in Aspen Plus, ver. 7.2. Given 
the high temperatures, the fluids are described by the 
built-in IDEAL property method [4]. Moreover, given the 
complexity of the overall system, reactors do not include 

the chemical kinetics, but employ reaction progress 
degrees as adjustable parameters. In SR, the reforming 
and the water-gas-shit reactions are defined, in WGS only 
the later, whereas in PROX the combustion of CO and of 
H2. The progress degrees in SR and WGS as functions of 
SR exit temperature will be regressed against 
composition measures. The CO combustion progress is 
determine by imposing the CO concentration at the 
PROX outlet, while the H2 combustion progress by 
imposing a selectivity with respect to CO. Regarding heat 
exchangers, the so-called UA parameter is estimated 
from the experimental data and imposed in the model. 
Finally, characteristic curves of pumps and fan are taken 
from manufacturer datasheets. 
 

 
Figure 2. Preliminary experimental results of . 

NOMENCLATURE  
  hydrogen efficiency 
 hydrogen massflow 
 lower heating value 

 natural gas burner inlet flowrate 
 natural gas reforming inlet flowrate 
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ABSTRACT 
A fuel cell produces electricity and heat [1,2]. Low 

thermal conductivity of materials composed a solid oxide 
fuel cell (SOFC) and absence of effective heat carriers 
can lead to significant temperature irregularity within the 
SOFC stack. 

A heat model of a SOFC system included a stack 
consisted of tubular cells, a reactor for methane partial 
oxidation (R-MPO), and an afterburner has been 
developed. The results of simulation were proved using 
the SOFC system on the base of 16-cell stack. 

 
INTRODUCTION 

The above-mentioned SOFC system has three areas 
for heat generation: i) the R-MPO; ii) the stack; iii) the 
afterburner.  

R-MPO. The transformation of the reactants in the R-
MPO can be presented as follows 

⎛ ⎞⎛ ⎞ ⎛ ⎞+ = − + + − +⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠

4 2 2 2 2
2 1 2 11 2 1

2 3 3 3 3
sCH sO H CO ( s ) H O CO          (1)  

An approximate equation for the heat flow (NQ, PO) in 
the R-MPO was obtained applying the heat balance 
equation to this transformation: 

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
4

4
1 32 2 23air

Q,PO CH
CH

VN . V .
V

                                       (2) 

where Vair is the air flow and VCH4 is the methane flow to 
the R-MPO. Obviously, NQ,PO increases with Vair increase 
at VCH4=const, decreases with VCH4 increase at Vair=const 
and is proportional to VCH4 at air:CH4=const. Fig. 1 shows 
that NQ,PO strongly depends on the air flow.

Stack. The heat flow generated by the stack is  
NQ,st = nI(Vtn – U/n)               (3)  

where n is the number of the cells, I the current, U the 
stack terminal voltage, and Vtn=1.346 V is the thermo 

neutral voltage for a mixture 
3
2 H2+ 3

1 CO. 
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Fig. 1. The R-MPO heat flow vs. the methane flow. Numbers at 
the curves are the air flows in l/h. 
 
Fig. 2 illustrates the dependence of the stack electrical 
power Ne and heat flow on current. I-U curve is plotted on 
the base of experimental data. It can be seen that even if 
the stack power change is small (ca. 5% within the shown 
range of current), the stack heat flow change is very big (ca. 
80%). 

Afterburner. The heat produced by the afterburner 
can be calculated using the following equation: 
NQ,ab = 12.9VCH4(1 – 0.102Vair/VCH4 – 1.35nI)            (4) 

Fig. 3 demonstrates that the heat produced by the 
afterburner strongly increases with the methane flow 
increase and the stack current decrease. 
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Fig. 2: Heat flow, electrical power and terminal voltage of the 
stack vs. the stack current. 
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Fig. 3: The afterburner heat flow vs. the methane flow. Numbers 
at the curves are values of current in Ampere. 
 
EXPERIMENTAL 

The results obtained in the frame of the theoretical 
consideration were proved using a SOFC system on the 
base of 16-cell (Fig. 4). Temperature was measured at 
the top, middle and bottom of the stack (Tt, Tm, and Tb). 
The R-MPO, the stack itself and the afterburner mainly 
influence the temperature in these points. 

 
Fig. 4: Schematic view of the SOFC system. Points for 
measuring temperature are indicated by ■. 

 
The SOFC system was tested under various regimes. 

As an example, Fig. 5 shows time dependences of Tt and 
Tm, and the corresponding heat flows calculated by 

equations (3-4). It can be seen that for both points the 
temperature change correlates with a change of 
corresponding heat flow. 
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Fig. 5: Time dependence of top temperature and reactor heat flow 
(above), and middle temperature and stack heat flow (below). 

CONCLUSIONS 
The theoretical study shows that the following 

parameters influence the average stack temperature and its 
distribution along the stack: i) methane flow rate; ii) methane 
to air flow rate ratio; iii) stack current. If the SOFC system 
does not include the means for the forced leveling of the stack 
temperature zone then it is impossible to change arbitrarily 
the stack power: even insignificant variation of the latter can 
cause unacceptable change of the stack temperature profile 
(zone). In order to provide a definite stack power under the 
stack temperature uniformity it is necessary to supply the 
system with a definite methane flow rate and to keep the 
definite both the methane to air flow rate ratio and the stack 
current. The obtained results can be used as the base for 
elaboration of an algorithm for the SOFC system control.  
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ABSTRACT
The present work focuses on the influence of nano-sized 

Al2O3 and Co2O3 addition on the microstructure, mechanical 
and  electrical  properties  of  the  solid  state  compositions 
Ce0.8Gd0.2O2-δ,  Ce0.8Sm0.2O2-δ,  Ce0.8Sm0.1Nd0.1O2-δ and 
(La0.75Sr0.2Ba0.05)0.175Ce0.825O2-δ synthesized  via  solid  state 
reactions. The use of nano-sized aluminum oxide enables its 
uniform  distribution  in  the  volume  of  the  electrolyte  and 
improves its mechanical properties. The introduction of cobalt 
oxide reduces the temperature of obtaining gastight ceramic 
samples and prevents the formation of second phases (low-
conducting ReAlO3,  where Re: rare  earth  element)  during 
sintering.  Moreover,  it  was  found  that  the  simultaneous 
introduction of aluminum and cobalt oxide additives in Gd-
doped ceria can increase the microhardness of the electrolyte 
and its stability in a reducing atmosphere of H2+3%H2O (tests 
carried out for 250 hours).  The influence on the electrical 
conductivity is ambiguous. In the case of the two-component 
systems  Ce0.8Gd0.2O2-δ+2mol%Al2O3+1mol.%Co2O3  and 
Ce0.8Sm0.2O2-δ+2mol%Al2O3+1mol.%Co2O3 the  electrical 
conductivity increases, as compared with basic electrolytes 
Ce0.8Gd0.2O2-δ and Ce0.8Sm0.2O2-δ,  while  in  the case of  the 
multi-component  systems  the  electrical  conductivity 
decreases.

INTRODUCTION
Solid electrolytes exhibiting high oxygen ion conductivity 

are  of  the  special  interest  for  their  application  in 
electrochemical  devices  such  as  in  oxygen  sensors, 
electrochemical oxygen pumps and solid oxide fuel cells 
(SOFCs). In the case of high temperature fuel cells, solid 
electrolytes based on stabilized zirconia with the fluorite-
type lattice structure have been extensively investigated. 

Yttria  stabilized  zirconia  exhibits  sufficient  ionic 
conductivity  at  1000ºC  and  is  characterized  by  good 
thermal  stability.  Cubic  zirconia,  stabilized  with  8  mol% 
yttria (8YSZ), has been widely used as the electrolyte in 
SOFCs.  However,  high  working  temperatures  (~900-
1000oC) are usually needed for SOFCs with 8YSZ as the 
electrolyte.  Such  high  operating  temperatures  lead  to 
higher  fabrication  cost  as  well  as  to  lower  working 
efficiency.  The  solid  electrolytes  based  on  CeO2 are 
considered at the present as the most promising ones for 
the intermediate temperature range (600-850ºC) [1]. Ceria 
solid solutions exhibit 4 to 5 times higher ionic conductivity 
values at the intermediate temperature range compared 
to zirconia solid solutions [2]. This property has provoked 
the increasing interest of the scientific community on the 
investigation  and  the  use  of  ceria  as  the  electrolytic 
material, since the reduction of the operation temperature 
of  SOFCs  constitutes  a  primary  goal  that  has  to  be 
reached.  Among  doped  ceria  electrolytes  samarium  or 
gadolinium  doped  CeO2 electrolytes  have  been  widely 
accepted  as  exhibiting  the  highest  ionic  conductivity 
because  of  the  small  association  enthalpy  between 
dopant cation and oxygen vacancy in fluorite lattice [3]. 
The main disadvantage of the specific electrolytes is the 
increase of the electronic conductivity under low oxygen 
partial  pressures,  due  to  the  reduction  of  ceria 
(Ce4+→Ce3+)  [1].  The  consequence  of  this  chemical 
reaction  is  that  (i)  there  is  a  volume expansion  of  the 
lattice  which  can  result  in  mechanical  failure  of  the 
electrolyte;  and  (ii)  electronic  (n-type)  conductivity  is 
introduced  that  reduces  performance  due  to  electronic 
leakage currents between the anode and cathode [4]. It 
has  been  reported  that  the  reduction  of  ceria  can  be 
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neglected at lower temperatures (500-600ºC), but at such 
low  temperatures  the  electrical  conductivity  of  singly 
doped ceria is not suitable for SOFC. The strategy of co-
doping has been used by many research groups in order 
to enhance the ionic conductivity of doped ceria and to 
improve their electrolytic properties [5-11]. 

However, the weak mechanical strength of ceria-based 
ceramics limits their extensive application as electrolytes 
because  they  may  be  susceptible  to  fracture  due  to 
thermal  and mechanical  stresses  during cell  fabrication 
and  operation.  Some  attempts  have  been  made  to 
increase their toughness by introducing insulating second 
phases,  such  as  Al2O3,  which  is  characterized  by  low 
thermal  mismatch  with  the  matrix  and  high  elastic 
modulus (380×109 kPa),  so the induced internal  stress 
field can deflect or pin cracks [12-14]. It was reported that 
Al2O3 shows a beneficial effect  not only on mechanical, 
but also on the electrical  properties of  YSZ electrolytes 
when a proper doping level of Al2O3 (2-4 mol %) is added 
[15-17]. However, as reported by Zhang et al. the addition 
of alumina results in a slight increase of the interior grain 
conductivity and a rapid decrease of the grain boundary 
conductivity [12].  They suggested that  the grain interior 
conductivity  of  Ce1−yGdyO2−δ is  composition-dependent. 
For compositions y≥0.1, it decreases with the increase of 
Gd  content,  while  increases  with  the  decrease  of  Gd 
content in the range of y=0.1-0.2. Therefore, an increased 
grain interior conductivity for Al-doped Ce0.8Gd0.2O2−δ is, to 
a large extent, related to the solid-state reaction between 
Al2O3 and  Gd2O3,  which  results  in  a  decrease  in  the 
amount of Gd dissolving in CeO2 [12]. On the other hand, 
the detrimental effect on the grain boundary conductivity 
was attributed to the possible formation of GdAlO3 [12]. 
Kim at al. [13] reported that the total conductivity of Gd-
doped ceria  increased with  5-7  mol% alumina  addition 
due to the increase of  the grain conductivity.  Assuming 
complete  GdAlO3 formation  with  alumina,  the  increase 
was much higher than that expected for the sample with 
decreased Gd content.  Moreover,  it  was found that  the 
conductivity  of  Ce0.8Gd0.2O1.9 with  alumina  addition 
decreased more slowly in comparison with Ce0.8Gd0.2O1.9 

without  alumina  addition  during  exposure  in  reducing 
atmosphere  (PO2=10-22 atm),  indicating  the  improved 
mechanical strength.  The present study focuses on the 
influence of nano-sized Al2O3 on the electrical properties 
and microhardness of a series of fluorite-type ceria-based 
oxide composite electrolytes, and on the synergistic effect 
of Co2O3 addition in selected oxides.
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ABSTRACT
This work presents research on crystal  structure of 

the  series  of  perovskite-type  oxide  materials  exhibiting 
proton conductivity in humidified atmospheres, which can 
be applied as solid electrolyte in Solid Oxide Fuel Cells. 
The  effect  of  composition  in  the  series  of  Ba1-xSrx(Ce-

0.5Zr0.5)0.9Nd0.1O2.95 materials on crystal structure is studied. 
Evolution  of  pseudo-cubic  unit  cell  volume,  volume  of 
atoms  per  pseudo-cubic  cell,  free  lattice  volume, 
tolerance factor and distortion angle is described.

INTRODUCTION
At  the  current  stage  of  development  of  the  Solid 

Oxide  Fuel  Cell  (SOFC)  technology  resistance  of 
electrolyte  material  seems  to  be  one  of  the  main 
components of ohmic losses of a cell, and hence is the 
key limiting  factor  for  its  overall  performance.  It  would 
appear  that  contemporary  oxygen-ion  conducting 
electrolytes (e.g. zirconia or ceria-based materials) have 
already reached its maximal ionic conductivity, therefore 
new groups of ion-conductors should be sought. One of 
possible  solutions,  proposed  by  Iwahara  et  al.  [1],  is 
application  of  proton-conducting  electrolyte.  In  early 
1980s, Iwahara et al., and later other researchers, found 
that  perovskite-type  oxides  belonging  to  the  (Ba,Sr)
(Ce,Zr)O3-δ group  exhibit  proton  conductivity  when 
exposed  to  H2O-containing  atmosphere  [2-4].  Such 
material,  when  optimized,  can  achieve  high  ionic 
conductivity  especially  in  the  low  temperature  range 
(<600°C).  Another  benefit  received  from  application  of 
proton-conducting membrane in SOFC would be lack of 
dilution of fuel at the anode side by water vapor - product 
of chemical reaction.

The  most  promising  material  in  terms  of  ionic 
conductivity within the (Ba,Sr)(CeZr)O3-δ group was found 

to  be  rare  earth  doped BaCeO3 [5],  however  it  suffers 
from  lack  of  chemical  stability  in  CO2-containing 
atmosphere and high toxicity of  barium. Typical remedy 
for the lack of chemical stability is partial replacement of 
cerium by zirconium. Substitution of barium with strontium 
would substantially decrease material’s toxicity.

In this work we present results of studies of the effect 
of size of the A-site cation in perovskite crystal lattice on 
its  crystal  structure,  on  the  example  of  Ba1-

xSrx(Ce0.5Zr0.5)0.9Nd0.1O2.95-group of compounds.

EXPERIMENTAL
All samples were synthesized using high-temperature 

solid  state  method.  BaCO3 (Chempur,  99%),  SrCO3 

(Aldrich  99,9  %),  ZrO2 (anatase,  Aldrich  99%),  CeO2 

(Aldrich, 99.9%) and Nd2O3 (Aldrich, 99.9%) were used as 
starting  materials.  Thoroughly  milled  reactants  were 
calcined  at  1200°C  for  24h.  After  subsequent  milling 
powders were uniaxially pressed at 100 MPa and sintered 
at  1550°C  for  24h.  Phase  composition  and  crystal 
structure were investigated using X-ray powder diffraction 
(XRD)  method.  Measurements  were  conducted  on 
Panalytical X'Pert Pro diffractometer using Cu-anode X-
ray  tube.  Phase  composition  was  determined  by 
comparison of measured patterns with PDF-2 database. 
XRD  data  were  refined  using  GSAS/EXPGUI  Rietveld 
refinement software package [5,6].

RESULTS AND DISCUSSION
Fig.  1  shows the area of  the main  reflex  on X-ray 

diffraction patterns obtained for the studied materials after 
sintering at  1550°C.  Except  for  all-Sr  sample,  all  other 
powders were found to be single-phased with perovskite-
type structure. In the case of xSr = 0 pattern characteristic 

for  cubic  m3Pm  structure  was  observed.  Growing  Sr-
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content  led  to  appearance  of  new reflexes  from  c3R  

rhombohedral-symmetry  perovskite  structure,  and  to 
gradual shift  of  the diffraction peaks towards higher 2θ 
angles. At xSr equal to 0.75 the main peak (Fig. 1) became 
split  into  three  separate  ones,  which  indicates  Pbnm 
orthorhombic symmetry of the crystal. In the case of all-Sr 
sample,  except  for  the  main  perovskite-phase  peaks, 
traces  of  CeO2-type  impurities  could  be  noticed. 
Estimated  corresponding  weight  fractions  of  perovskite 
and CeO2-type impurity were 90% and 10%. 

Fig. 1. XRD patterns for (Ba,Sr)(Ce0.5Zr0.5)0.9Nd0.1O2.95 

samples.

Ionic conductivity of solids is governed in the main by 
structural  conditions  [7].  Fig.  2  presents  evolution  of 
selected  parameters  calculated  and  refined  from  XRD 
data:  pseudo-cubic  unit  cell  volume  (Vpc),  volume  of 
atoms  per  pseudo-cubic  cell  (Vat),  free  lattice  volume 
(Vfree),  tolerance  factor  calculated  from Shannon’s  ionic 
radii (tShannon) and refined from XRD measurements (trefined), 
and Ce-O-Ce distortion angle.

Pseudo-cubic unit cell volume was observed to be the 
highest for Ba-perovskite and upon substitution of Ba with 
Sr gradually decayed. Similar tendency was calculated for 
volume  of  atoms.  These  two  contribute  to  non-
monotonous  variations  of  free  cell  volume,  which  is 
defined as relative difference of those two.

Tolerance factor values decrease almost linearly with 
growing  Sr  content,  and  at  the  same  time  Ce-O-Ce 
distortion  angle  increases,  which  confirms  observed 
transformation of perovskite-structure from higher to lower 
symmetry. 

It  would  be  interesting  to  investigate  the  relation 
between  presented  crystal  structure  evolution  and 
transport  properties  of  this  group  of  materials.  The 
presented work is planned to be supplemented with the 
results of  ongoing electrical  conductivity measurements, 
as  well  as  water  incorporation  and  stability  in  CO2 

atmosphere studies.

Fig. 2. Refined crystal structure parameters of Ba1-

xSrx(Ce0.5Zr0.5)0.9Nd0.1O2.95 materials.
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ABSTRACT 

In the present work is reported for the first time the 
thermodynamic analysis of aqueous-phase glucose 
reforming. The reaction has been studied at low 
temperature values (298-338K) and at atmospheric 
pressure with the reactants to be in liquid phase and the 
products in gas phase. For the calculations it is 
considered the Van’t Hoff’s equation and the case that the 
two phases (liquid and vapor) are in equilibrium. 
According to the results temperature increase affects 
positively the conversion of glucose to hydrogen.  
Comparable with glycerol and ethylene glycol which are 
also considered being among the most promising sources 
for hydrogen production, glucose gives the highest 
conversion.  
Keywords: aqueous-phase glucose reforming, aqueous-phase 
ethylene glycol reforming, aqueous-phase glycerol reforming, 
thermodynamic analysis, hydrogen production 

INTRODUCTION 

Hydrogen can be produced from diverse domestic feedstocks 
using a variety of process technologies. Hydrogen-containing 
compounds such as fossil fuels, biomass or even water can 
be a source of hydrogen. Thermochemical processes can be 
used to produce it from biomass and from fossil fuels such as 
coal, natural gas and petroleum. However, liquid phase 
reforming is a renewable and eco-friendly process at the 
same time. According to the recent literature, the aqueous-
phase of methanol [1], ethanol [2], ethylene glycol [1], glycerol 
[3] and glucose [4] can be used for hydrogen’s production via 

the reaction of reforming. Glucose is a major component of 
biomass and has emerged as the best candidate for biomass 
derived hydrocarbon processing for hydrogen. Investigation 
from the literature indicates that it can be considered as a 
promising renewable energy source [5].  
Today, despite the fact that a sufficient number of biofuels, 
such as ethanol [6, 7] , glycerol [8], and bio-oils [9] and its 
constituents, such as acetic acid [10], have been already 
thermodynamically examined, studies on thermodynamic 
analysis of aqueous-phase glucose, glycerol and ethylene 
glycol reforming have not been reported yet in the literature.  
Herein in order to take information about the theoretical 
hydrogen yield of the aqueous-phase glucose reforming 
reaction the thermodynamic analysis is studied at low 
temperature (298-338 K) and at atmospheric pressure.  The 
temperature range is restricted as in the literature there are no 
further data for glucose’s solution at higher temperature. The 
results are compared with those of glycerol and ethylene 
glycol. 

RESULTS & DISCUSSION  

The aqueous-phase glucose reforming is described 
by the following reaction:  

6 12 6 2 2 2( ) 6 ( ) 6 ( ) 12 ( )C H O l H O l CO g H g  
,considering glucose and water in liquid phase. This 
chemical equation represents a heterogeneous chemical 
system. The two major assumptions that were made for 
the calculations are: (i) the two phases are in equilibrium 
 ( )

l v
f f  [11], (ii) due to the lack of information of the 
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water’s and glucose’s activity coefficients values in an 
aqueous glucose solution at different temperature values, 
these  are kept constant ( cos0.8, 1.53water glu e   [12, 
13]). Additionally, the Van’t Hoff’s equation was used for 
calculating the equilibrium constant as a temperature 
function. Numerical values for the standard enthalpy of 
the reactions were computed from tabulated formation 
data which were obtained from chemical engineers’ 
handbooks [14]. The above calculations were 
accomplished by using a simple mathematical model 
which was developed in Matlab environment. As it can be 
seen from Fig.1 temperature affects positively the 
hydrogen production under mild conditions. More 
precisely at atmospheric pressure and at 298K it is 
observed almost 50% glucose conversion and at 338K is 
almost succeeded the complete glucose conversion to 
carbon dioxide and hydrogen.  

Figure 1: Glucose conversion under its aqueous reforming 
reaction in temperature range 298-338 K and at atmospheric 
total pressure. 

As it can be concluded, the aqueous glucose reforming 
reaction can be conducted under mild conditions and thus 
glucose can be also a good fuel candidate for fuel cells.  
The same behaviour (increase of conversion with the 
increment of temperature) under the same examined 
temperature range and at atmospheric pressure is 
observed for the glycerol and ethylene glycol. However, 
the conversion of those is found to be 3% and 6% lower 
than glucose’s.  
The novelty of this work lies in the fact that in the 
literature there is no thermodynamic analysis of the 
aqueous glucose, glycerol and ethylene glycol reforming 
reaction and so the comparison of the thermodynamic 
analysis’s results with others’ works is not possible.  

Thus, it is concluded that significant kinetic difficulties of 
the reaction need to be overcome in order to obtain the 
thermodynamically calculated results. 

NOMENCLATURE  

 l
f : fugacity of liquid phase 

 v
f : fugacity of vapor phase 

i  : activity coefficient, i : water, glucose   
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ABSTRACT 
Electrochemical impedance spectroscopy (EIS) is 

applied as a base diagnostics technique to undertake in-
situ  analysis  and categorize  irreversible  changes in  the 
kinetic  and  transport  properties  of  a proton  exchange 
membrane  (PEM)  fuel  cell. An  extensive  study  of  the 
performance  of  an  8  cell-PEMFC  with  an  open  air 
cathode, is carried out under various operating conditions. 
It is found that the DRT representation complements the 
equivalent circuit elements approach based on a complex 
non-linear least square (CNLS) fitting algorithm. It enables 
a clearer identification of  the elementary processes and 
their dynamic characteristics.

INTRODUCTION 
A well  established method for  analysing imped-

ance spectra is generally made using an a priori equival-
ent circuit describing the transfer function of the system in 
study. Limitations of this approach are  the low resolution 
in the frequency domain and ambiguity of the equivalent 
circuit. This work illustrates the application of DRT and its 
contribution to the interpretation of the EIS.

EXPERIMENTAL 
An eight-cell  stack,  with an active area of  3.8 cm2, 

was  employed,  using  a  commercial  catalyst  coating 
membrane (3M) and GDL (gas diffusion layer,  Johnson 
Matthey).  Bipolar  plates  were  made  of  graphite  from 
Schunk,  with  anode  flow  fields  having  a  proprietary 
design.  The  stack  has  an  open-cathode  with  vertical 
channels.  An  air  fan  is  located  at  the  edge  of  the 
manifolds providing high stoichiometry oxidant supply and 
stack cooling. A purpose-built fuel cell testing station was 
used to control  the inlet temperature, pressure and flow 
rate for the anode gas stream. Impedance measurements 
were carried out using a Solartron Frequency Response 
Analyser  Model  1260.  The  frequency  was  typically 
spanned between 20 kHz and 0.1 Hz.

RESULTS AND DISCUSSION
Cathode  stack  cells  fed  by  air,  exhibit  mass 

transport limitations in both the gas diffusion (GDL) and 
catalyst (CL) layers. Oxygen is supplied to the CL active 
sites by air  diffusion through the pores in the GDL and 
active layer. Oxygen dissolves in the polymer phase on 
the surface of the layer agglomerates and then reacts with 
the catalyst particles. Fig.1a shows a schematic of the cell 
cross  section depicting typical  thicknesses of  GDL and 
CL.  When  water  is  present  in  the  CL,  a  water  film  is 
assumed  to  cover  the  agglomerates  (Fig.1b),  causing 
additional mass transport resistance for the oxidant.

Typical a.c. impedance data in a Nyquist plot are 
pictured in Fig.1c for different air supplies at 0.5  Acm-2. 
The analysis was firstly made using an a priori equivalent 
circuit describing the transfer function of the system. Two 
RQ elements  connected  in  series  are  identified  to  de-

scribe the impedance response of the cell: R(RQ)(RQ). A 
constant phase element (CPE) was chosen to describe 
the impedance observed behavior  (Q).  For the cathode 
and anode, a Warburg impedance element (finite length 
type) was also added to the circuit to account respectively 
for the oxygen diffusion and water transport coupling.

The a.c. impedance data were associated in the 
high-frequency region (>100 Hz) to charge transport in the 
catalyst  layer,  and in the low frequency region to mass 
transport in the gas diffusion layer (GDL), catalyst layer 
and membrane.  At higher currents, gas diffusion in the 
GDL and the catalyst layer becomes dominant, which is to 
be expected since air is used as the oxidant.

The distribution of the relaxation times (DRT) is 
derived from the above described impedance model for 
each electrode, Eq.1.

1 Copyright © 2011 

( )
( ) ( )

)1(

tanh

1

1

jwτ

jwτ
R+R

+jwQ

=wZ

D

D

D

α



138

         
    

Fig.1 Schematic cross section of MEA (a);  Catalyst layer model (b); 
DRTs for different air supply rates at 0.50 A (c); DRTs illustrating the 
effect  of  wet  and  dry  hydrogen  at  0.25  and  0.50  A (d).  Respective 
Nyquist plots are shown as insets.

where j is the imaginary unit, w the frequency (Hz), R the 
resistance, α the constant-phase element exponent, Q the 
constant-phase element constant,  τ D the finite diffusion 
Warburg element time constant and RD the corresponding 
resistance.  The  mathematical  expression  for  the  DRT 
(Eq.2) is derived following the methodology presented by 
Fuoss and Kirkwood [1]:

where  
α/1

0 )(QRτ = is  the circuit  characteristic  response 

time  in  the  absence  of  the  finite  diffusion  Warburg 
element. The expression also shows that there can be a 

strong coupling between that element and the rest of the 
electrical circuit, if  τ D is of the same order of magnitude 
of τ 0. The DRT reduces to the Cole-Cole distribution if τ
D and/or R/RD take very small values.

The decrease in air supply at 0.5 bar causes an 
increase in the total resistance, which is more evident for 
the lower flow rate, Fig.1c. DRT exhibits deconvolution of 
the  anode and  cathode processes,  revealing the  mass 
transfer  limitations in the CL for  the gas  phase;  this  is 
evident  by  the  values  of  Deff,  the  effective  diffusivity, 
estimated  from  the  DRT  peak  locations,  with  values 
ranging from 1.7E-06 to 2.0E-06 for CL. 
With  the  increase  in  the  air  flow  there  is  significant 
decrease  in  mass  limitation  due  to  the  presence  of 
accumulated water,  as it  is  also evident in Fig.1c.  This 
water  reduces  the  path  available  for  the  transport  of 
oxygen and forces it to dissolve and diffuse through the 
water film to reach the active sites (Fig.1b). This effect 
lowers the effective oxygen diffusivity in the GDL due to 
the filling of the pores by liquid water, which reduces fuel 
cell performance by hindering the oxygen transport from 
gas  channel  to  reaction  sites,  and  by  covering 
electroactive sites. Fig.1d shows typical DRT profiles for 
dry and wet hydrogen supply at 0.1 bar. Although, in this 
case,  Nyquist  plots  are  rather  similar,  DRT  analysis 
enabled the identification of  limiting diffusion process at 
the anode related to the presence of water in the porous 
media.  This  is  taken as  indicative  of  preferential  water 
back  diffusion  towards  the  anode  side  in  the  present 
conditions of passive water management.

CONCLUSIONS
The use of DRT is applied to EIS data,  obtained 

from an 8 cell-PEMFC with an open air cathode. 
A  clearer  understanding  of  the  mass  transfer 

diffusion processes occurring at the anode and cathode is 
achieved.  In  particular,  the  identification  of  diffusion 
limitations at the anode was possible in situations of air 
depletion and lack of hydrogen humidification.
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ABSTRACT 
A micro fuel cell specifically designed to power 

complex intelligent autonomous portable systems is 
presented in this work. The requirements posed by the 
corresponding pulse shaped load profiles are analyzed 
and considered for the design of the passive self-
breathing micro fuel cell.  Prototypes with an active area 
of 0.1 cm2 are built based on printed circuit board 
technologies and wet etching technologies are used for 
micro structured current collectors. Successful operation 
of the cell was demonstrated with pulse power densities of 
up to 220 mW cm-2. 

INTRODUCTION 
Increasing use and development of portable 

autonomous electronics leads to a strong demand for 
autarkic power sources [1]. Apart from several 
approaches of energy harvesting integrated energy 
storage is needed for higher energy demands depending 
on the application. Fuel cells are a promising candidate 
providing potentially high energy densities and 
efficiencies. 

Focusing on predominantly periodic pulse-shaped 
loads typically induced by applications like wireless sensor 
nodes, the transient and dynamic characteristics of the 
micro fuel cell are of significant importance and need to 
be considered during the development and design 
process. 

PEMFCs and miniaturized hydrogen generators have 
been studied and developed at the Center of 
Microperipherics at TU Berlin and Fraunhofer IZM for 
several years [2-5]. As additional components of a typical 
fuel cell system cannot be scaled down to the dimensions 
of micro fuel cell systems in the range of 1 mW to 1 W 
and consequently would reduce the power and energy 
density,  it is necessary to forego components like valves, 

pumps or humidifiers in miniaturized systems and design 
predominantly passive systems. In our approach a 
passive self-breathing micro fuel cell (µPEMFC) is 
connected to a galvanic hydrogen generating cell that 
provides hydrogen “on-demand” [4]. 

THEORY 
The transient characteristics of a fuel cell are 

analyzed and considered in the design process. Based on 
the considered load profile with pulses in the millisecond 
range oxygen supply to the open cathode and water 
management of the self-humidifying membrane are 
identified to be the key factors in cell design. Based on 
our previous design of a micro fuel cell [3] the anodic gas 
diffusion layer is abandoned in favor for a micro structured 
flow field. On the cathode side however, the gas diffusion 
layer is reintroduced and used as a buffer volume during 
the load pulse. Assuming pulses of up to 50 mA for the 
given load scenario the active cell area is minimized to 
increase system efficiency. Thus an active cell area of 0.1 
cm² leading to current densities of up to 500 mA cm-² has 
been used. The general cell design is illustrated in Fig. 1. 
The anodic base plate provides electrical contact and the 
hydrogen supply. The planar cell is assembled by stacking 
the membrane electrode assembly (MEA), the cathodic 
GDL-buffer and current collector on to the base plate. 
Homogenous electrical contact is achieved by fixing the 
metallic endplate. A high opening ratio of the current 
collector leads to low concentration gradient between the 
fuel cell cathode and the environment. A low opening ratio 
of the current collector leads to a high concentration 
gradient between the fuel cell cathode and the 
environment. A stationary state can be assumed here 
resulting from the mean current of the pulse loads. As the 
mean current is rather low, e.g. 0.5 mA for a duty cycle of 
1/100, the used opening ratios are comparatively small. 
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EXPERIMENTAL 
Several planar cells with different current collector 

openings were built (Fig. 2). The anodic base plate was 
fabricated through wet etching in a PCB substrate. Wet 
etched aluminum foils are used as the cathodic current 
collectors. On both components a layer of 3 µm nickel and 
2 µm gold was electroplated as diffusion barrier and to 
improve electrical contact. All measurements were 
performed under constant ambient conditions. The cells 
were operated in dead-end mode. An electric load was 
used to generate continuous pulse currents as defined by 
the load profile. In all cases a quasi steady state was 
achieved after approx. 50 minutes. During short load free 
periods the 1-kHz impedance was measured in order to 
study the self-humidification based on the membrane 
conductivity. Additionally periodic measurements of the 
transient cell voltage were taken using a digital storage 
oscilloscope. 

RESULTS AND CONCLUSIONS 
As a very condensed view of the results the resulting 

polarization curves are illustrated in Fig. 3. A comparison 
between pulsed loads and stationary loads is shown. The 
stationary cell voltages and power densities are mainly 
illustrated on the left hand side of the figure. The 
maximum current densities of the cells are comparatively 
low, which is due to the limited mass transport. In this 
case the cell with the higher opening ratio shows a better 
performance at higher current densities. Under a pulsed 
load all cells are able to provide significantly higher 
current densities than under stationary load. In the case of 
the pulsed load (10 ms pulse, duty cycle: 1/100) however, 
the cells with the lower opening ratios are strongly 
benefiting from the reduced mass transport capabilities. 
The cell voltage is generally higher. The power maximum 
of the cell with the highest opening ratio is significantly 
lower than in the stationary case. The cell with the lowest 
opening ratio shows a drastically improved power density 
providing 220 mW cm-2 under pulsed load. This general 
trend is strengthened by cells with opening ratios in 
between the highest and lowest opening ratio of 63% and 
0.007%. 

It can be concluded that the cathode side and 

specifically the design of the current collector openings 
have a significant impact on the performance of a passive 
self-breathing micro fuel cell. High pulse power densities 
can be achieved for typical duty cycles if small cathode 
openings are used.  
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Figure 1: Exploded view of the µPEMFC,  

active area 0.1 by 10 mm² 

 
Figure 2: Prototype and current collectors with different opening 

ratios ca. 25 °C / 40 % r.h.
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Figure 3: Resulting polarization curves for stationary and 

pulsed loads 
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ABSTRACT 
A porous Ni-Cr plate was investigated as a catalyst 

for internal reforming of a simulated biogas for high-
temperature fuel cells. The porous Ni-10wt%Cr catalyst 
manufactured by conventional process exhibited very low 
catalytic activity. Pretreatment of the catalysts by partial 
oxidation followed by reduction at 700OC was found to 
improve the catalytic activity as well as stability 
significantly. Effects of reforming temperature and 
reactant gas compositions on gas conversions were also 
examined. 

INTRODUCTION 
Utilization of biogas for hydrogen production and fuel 

cell has received much attention in recent years (1). Ni-
based catalysts are well known for methane reforming 
and electrochemical hydrogen oxidation in high-
temperature fuel cells. In this study, a porous Ni-Cr plate 
known as an anode for MCFC was investigated as a 
catalyst for internal reforming of a simulated biogas. 

Combined indirect and direct internal reforming of 
methane has been effectively used in MCFC to remove 
significant part of heat generated by electrochemical 
reaction in the stack (2). Thermal management of the 
stack by internal reforming of methane becomes more 
important as operating current of the stack becomes 
higher, since high current operation results in increase of 
cell temperature and temperature gradient. Further 
improvement in operating current density of MCFC is 
needed for cost reduction of the stack which is critical for 
MCFC commercialization.  

In this study, a porous Ni-Cr plate was examined as a 
catalyst for indirect internal reforming of a simulate biogas 
composed mainly of CH4 and CO2 at temperature range 
of 550oC-700oC. 

EXPERIMENTAL 
The porous Ni-10wt%Cr plate was prepared by 

conventional procedure of tape casting, drying and 
sintering as described in our previous study (3). Catalytic 
reaction was carried out in a reactor with cylindrical 
stainless steel housing and a disk-type catalyst layer. The 
catalyst with outer and inner diameters of 50mm and 
8mm, respectively, was sandwiched between two Inconel 
screens which played as flow paths. All of these layers 
were fixed by two disk-type stainless steel end plates in 
the reactor. Then the reactor was placed in a furnace and 
heated up to the operating temperature under N2 flow 
before carrying out pretreatments and reforming 
reactions. A simulated biogas containing CO2 and CH4
with a CO2/CH4 ratio of 0.57 was introduced to the reactor 
with steam. N2 was added to keep the total flow rate of 
reactant gas at GHSV of 20,000-50,000h-1. Composition 
of the effluent gas was analyzed by a gas 
chromatograph. Catalyst was characterized by XRD, 
XPS, FEG-ESEM and TEM/EDS. 

RESULTS AND DISCUSSION 
Fig. 1 shows the effect of pretreatment conditions on 

activity of Ni-Cr catalyst towards steam reforming of 
simulated biogas at 700oC. It can be seen that the as-
received Ni-Cr catalyst showed very low catalytic activity 
(about 5% CH4 conversion). In an attempt to improve the 
activity, Ni-Cr catalyst was partly oxidized in air for 2h at 
500 oC-700 oC, followed by reduction under H2/N2 flow for 
1h at 700oC. By applying the pretreatment, the CH4
conversion increased dramatically to 85% and 87% when 
catalyst was activated at 600oC and 700oC, respectively, 
with the pretreatment at 700oC leading to stable 
performance. Surface reconstruction and generation of 
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fine particles which consisted of Cr2O3 and Ni supported 
on Cr2O3 in pretreatment process were supposed to 
account for the enhancement in catalytic performance. 

The long-term stability of the Ni-Cr catalyst was 
investigated at 550oC-700oC and the results are shown in 
Fig. 2. Prior to the experiments, all catalysts were pre-
oxidized in air at 700oC for 2h followed by reduction in 
H2/N2 at 700oC for 1h. CH4 conversion increased as the 
temperature increased and the activity maintained 
relatively stable with a slight degradation of 2-4% in CH4
conversion over 100h on stream. Fig. 3 shows the 
influence of gas hourly space velocity (GHSV) on CH4
conversion. With decreasing GHSV, the conversion 
increased and approached to the equilibrium one.  

In order to find out a sufficient amount of steam 
required to minimize the effect of carbon deposition on 
activity and stability of pretreated Ni-Cr catalysts, the 
influence of inlet steam/CH4 ratio was tested over 100h at 
700oC and the results are shown in Fig. 4. CH4
conversion stayed relatively stable at a steam/CH4 ratio of 
2 or 3, but in case of steam/CH4≤1.5, initial degradation 
in activity was observed due to the carbon deposition. 

The results obtained in this study indicates that a 
porous Ni-Cr catalyst plate of 100cm2 area can convert a 
simulated biogas into hydrogen-rich stream with 
equilibrium gas composition at CH4 flow rate of 
500cc/min. Considering that MCFC with 100cm2-area
electrode needs CH4 flow rate of about 35cc/min, one 
porous Ni-Cr catalyst plate with the same active area can 
be used to remove heat generated from more than 10 
cells. Controlling rate of internal reforming and the 
distribution of cooling load within the stack, however, 
requires careful control of catalytic activity within the 
catalyst plane. Therefore, research is underway to obtain 
a porous Ni-Cr catalyst plate with distributed in-plane 
activities. In addition, a catalyst resistant to H2S poisoning 
is being investigated for real biogas application. 

ACKNOWLEDGMENTS 
This Research was supported by the Global 

Research Laboratory Program funded by the Ministry of 
Education, Science and Technology through National 
Research Foundation of Korea. 

REFERENCES 
(1) Biofuels for Fuel Cells, P. Lens, P. Westermann, M. 

Haberbauer, A. Moreno (Eds), 2005, IWA Publishing. 
(2) Z. Ma, R. Venkataraman,M. Farooque, J. Fuel Cell 

Sci. Tech. 2010, Vol. 7, 051003-1 - 051003-8. 
(3) S.H. Kim, Y.T. Kim, J. Han, S.P. Yoon, S.W. Nam, T.- 

H. Lim, H.-I. Lee, Catalysis Today 146, 2009, 96-102. 

Fig. 1. Effect of pretreatment condition on catalytic performance 
of poeoua Ni-Cr catalyst (test conditions: 
H2O/CH4/CO2/N2=2/1/0.57/1.7; GHSV=50,000/h, reaction 
temperature=700oC)

Fig. 2. Evolution of catalytic activity during 100h continuous 
reaction at various reaction temperatures 

Fig. 3. Effect of GHSV on CH4 conversion 

Fig. 4. Evolution of catalytic activity during 100h continuous 
reaction under various steam/CH4 ratios
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ABSTRACT 
The  Ni-Al  anodes  of  the  molten  carbonate  fuel  cell 

(MCFC)  with  three  different  structures  were  successfully 

fabricated in order to reduce the thickness of anode; one was 

the non-supported anode made by a conventional tape casting 

method,  and  others  were  the  supported  anodes  made  by 

lamination or direct casting on the porous nickel screen. The 

single  cell  performances  using  the  prepared  anodes  were 

demonstrated above more than 1,000h at operation temperature 

of 650oC. The cell performances of the non-supported anode, 

the  laminated  anode,  and  the  direct  cast  anode  were  0.835, 

0.857,  and  0.858V,  respectively,  at  current  density  of 

150mA/cm2. The corresponding amounts of nitrogen cross-over 

of the cell A, B, and C were 4.2, 1.0, and 0.6% at operation 

time  around  1,000h.  It  was  shown  from  these  experimental 

results that the thin anode by direct casting method improved 

the mechanical strength and MCFC performance. The ability to 

utilize  a  thin  configuration  of  anode  should  cut  down  the 

amount  of  nickel  alloy,  and  consequently  reduce  its 

manufacturing cost.

INTRODUCTION 
In regard to the commercialization of MCFC, it is required a 

lifetime of 40,000h and a voltage decay rate of less than 10% 

during this period [1]. Furthermore stack cost down is one of 

the  primary challenges  in  stack  research for  many developer 

besides scale-up and demonstration. There are many approaches 

to  achieve  the  cost  reduction  by  using  alternative  low-cost 

materials, reducing the quantity of material used, and improving 

manufacturing methods [2]. Some approaches for reduction of 

manufacturing  cost  were  concentrated  on  fabrication  of  thin 

anode [3]. The anode hydrogen oxidation exhibits relatively fast 

reaction kinetics at MCFC temperature of 650oC compared with 

the cathode oxygen reduction. Partial  flooding of anode with 

molten carbonate is also acceptable, and this is used to act as a 

reservoir  for  carbonate.  The major  problem of thin anode  is 

mechanical deformation under compressive load in the MCFC 

operation. The deformation of thin anode could lead to increase 

the interfacial resistance between cell components. 

In  this  study,  three  types  of  anode  were  prepared  by 

different  manufacturing  method  with  total  thickness  around 

0.3mm.  The  promising  thin  structure  of  MCFC  anode  was 

suggested by examination of prepared samples through the test 

of mechanical strength, cell performance, and post analyses.. 

.
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ANNEX 1 

FIG.  1.  SINGLE  CELL  PERFORMANCE  OF  MCFC 

WITH  PREPARED  SAMPLES:  (A)  NON-SUPPORTED 

ANODE,  (B)  LAMINATED  ANODE,  AND  (C)  DIRECT 

CAST ANODE.

Fig.  1 shows the single cell performances of MCFC 
assembled  with  prepared  samples  at  operation 
temperature  of  650oC.  The  single  cell  test  of  non-
supported anode (cell A) was operated up to 1,022h as 
shown in Fig.  1 (a). The cell voltage and OCV of cell A 
were 0.835V and 1.062V, and the cell voltage at operation 
time around 1,000h was 0.809V. The single cell  test  of 
laminated anode (cell B) was operated up to 1,579h as 
shown in Fig. 6 (b). The cell voltage and OCV of cell B 
were 0.857V and 1.070V, and the cell voltage at operation 
time of around 1,000h was 0.838V. The single cell test of 
direct casting anode (cell C) was operated up to 2,032h 
as shown in Fig. 6 (c). The cell voltage and OCV of cell C 
were 0.838V and 1.075V, and the cell voltage at operation 
time  of  around  1,000h  was  0.845V.  The  rate  of  cell 
voltage loss during operation time of 1,000h of cell A, B, 
and  C  were  26,  19,  and  13mV/1,000h.  The  cell 
performance  and  durability  of  the  direct  casting  anode 
showed  the  better  characteristics  rather  than  those  of 
non-supported anode or laminated anode. The amount of 
nitrogen cross-over of  each cells were slowly increased 
according  to  operation  time.  The  increase  of  nitrogen 
crossover  was caused by the declination of  capacity to 
contain  molten  carbonate  electrolyte  in  the  matrix. 
Furthermore  the  deformation  of  thin  anode  could 
accelerate  the  nitrogen  cross-over  by  inducing  the 
unbalance between cell components.The amounts of N2 

crossover of cell A, B, and C were 4.5, 1.0, and 0.6 % at 
operation time around 1,000h. The nitrogen cross-over of 
non-supported anode was higher than those of supported 
anodes, which should be affected by deformation of thin 
anode. From the results of  single cell  performance and 
nitrogen crossover, the preparation of thin anode by direct 
casting on porous nickel  support  could be proposed to 
improve  the  durability  of  cell  performance  as  well  as 
mechanical strength. 
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ABSTRACT  
In this work, results are presented of the 

development of a portable power system as standard 
equipment for defense use. The system uses a SRE H2
PEM Fuel Cell and a Li battery buffer (30Wh). 
Characterization of the PEM fuel cell stack on a wide 
range of temperatures and relative humidity’s the 
behaviour at negative temperatures (-5ºC -10ºC, -15ºC) 
has been established.  Furthermore, performance was 
evaluated after the cell was submitted to cycles from -
25ºC to + 25ºC. Only marginal loss in performance was 
registered   when testing at   + 2.5ºC and + 25ºC. On the 
basis of the obtained results a strategy for start-up and 
shut-down has been designed in order to be implemented 
for operation at low temperatures. The fuel is provided by 
an on board H2 generator based on sodium borohydride 
aiming to provide 72h autonomy to the dismounted 
soldier. 

INTRODUCTION  
The supply of energy to a modern army is one of 

the main logistic challenges that any military operation 
faces. The energy needs of ground forces are considered 
at several levels: portable power, mobile systems, tele-
communications or stationary requirements. Traditional 
solutions present limitations and drawbacks with batteries 
having small power density and providing limited 
autonomy, so that they cannot provide the power needs 
for the soldier without excess weight. Furthermore, 
energy supply in isolated areas requires specific logistics.  

Fuel cells, specifically proton exchange 
membrane (PEM) fuel cells, jointly with state of the art 
hydrogen technology, are emerging as viable to 
overcome some of the above referred limitations and 
difficulties, providing increased energy densities. 
Hydrogen can be produced on-site as a clean fuel, and 

used through fuel cells that can work at low temperatures 
and at low levels of noise. Further advantages of fuel cell 
(FC) systems are the possibility of acting as a charger 
coupled to rechargeable batteries and also to facilitate 
inter-operability for different equipments acting as a 
central power source with high efficiency. 
The project intends to develop a new solution for the 
energy requests of the modern dismounted soldier with 
increased volumetric and gravimetric power densities and 
extended autonomy when compared to today´s situation. 
The advantages for FCs choice are: Weight reduction; 
Instant refuelling; Silent operation; Lower heat signature; 
Greater fuel efficiency; Longer run-times. 

The approach followed in this work considers an 
air breathing PEM fuel cell with  a power density of 300 
mWcm-2  with an on-board hydrogen generator 
developed using sodium borohydride (half a kilo of NaBH4
in aqueous solution can supply more than 1 kWh). The 
integration of a PEM fuel cell with a chemical hydride 
reactor is achieved, fulfilling the operational requirements 
defined by the Communications and Information System 
Directorate (Portuguese Army). 

OPERATIONAL SPECIFICATIONS  
The operational specifications considered for the 

project took into consideration the work being done at 
NATO and EU  regarding the energy requirements of the 
dismounting soldier [1-2]: autonomy- 72h; Average 
power- 30W; peak power (10% of the time) 50W;   
temperature range: between -30ºC and +60ºC, storage 
temperature: between -40ºC  and + 60ºC; start- up 
temperature: Minimum 0ºC; -30ºC (with optional heating 
kit); relative humidity: 0% a 95 % (MIL-STD-810F);   
volume < 5 dm3;   weight < 3,2 kg; Altitude: [0m ; 2000m] 
considering maximum power (50W); noise level: 50 dB(A) 
at  1 m from the source; system architecture must make 
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available a hybrid operation mode.Other requirements: to 
keep working during 1 hour when dived. The proposed 
solution allows fuel replenishment in batch on-demand 
production taking the system to a total volume of 2 L and 
weight less than 1 kg. 

RESULTS AND DISCUSSION 
The fuel cell, a PEM technology low power FC 

was developed by SRE with the research support of 
LNEG and has the following main characteristics [3,4]: 
Passive management of water and heat for reliable; 
performance (external humidification and system for 
temperature control are not required); air breathing 
cathode; reduced system complexity; minimised power 
consumption of auxiliary components; optimised cell 
geometry and materials; low need of  maintenance. 

A standard polarization curve of SRE cells 
indicated power densities better than 300 mWcm-2, see 
figure 1a). 

Characterization of the PEM fuel cell stack on a 
wide range of temperatures and relative humidity’s was 
undertaken. The fuel cell behaviour at negative 
temperatures (-5ºC -10ºC, -15ºC) has also been 
established at LNEG. Furthermore, performance was 
evaluated after the cell was submitted to cycles from -
25ºC to + 25ºC, figure 1b). Experiments show an 
acceptable response of the FC at negative temperatures, 
with a limitation on the maximum power available. The 
performance will improve with the use of warm air (can be 
done using internal heat sources like the hydride reaction 
and the DC/DC converters). Only marginal loss in 
performance was registered when testing at +2.5 ºC and 
+ 25ºC, figure 1c). 

Other tests revealed that a negative storage 
temperature doesn’t have a significant limitation on the 
stack performance. The global evaluation is that the SRE 
stack can fulfil the stringent requirements concerning 
temperature, with some reduction on the power 
availability. 

Sodium borohydride is currently being studied as 
a promising hydrogen storage option for portable 
applications, due to its high gravimetric capacity (10.73 
wt%), well within DOE targets for 2015. The use of 
sodium borohydride have the following advantages in 
portable applications: supplies hydrogen without the need 
for compression or liquefaction; hydrogen is stored at 
ambient conditions in liquid stabilised fuel which is water-
based; catalysed hydrolysis produces pure humidified 
hydrogen; easily couple to a fuel cell system; allows 
variable output rates and delivery pressure; reaction is 
exothermic, allows heating of the gas and also the fuel 
cell; by-products are water soluble and recyclable; fuel is 
stabilised, safe for transportation, non-flammable and 
non-explosive. 

 A number of research works at LNEG [5] have 
put forward the use of sodium borohydride hydrolysis to 
produce meaningful hydrolysis reaction rates to feed low 
power PEM fuel cells, even at sub-zero temperatures. 
Catalysts have been developed in a tailor-made fashion 
for this application regarding rates and fixation on suitable 
supports, in order to allow a good water and heat 
management and easy hydrogen production when 
needed.  

In this particular case, the proposed solution 
allows for fuel replenishment in batch on-demand 
production taking the system to a total volume of only 2 L 
and a weight less than 1 kg. The system will provide 72h 
autonomy to the dismounted soldier. It considers a batch 
producing module concept with 250 L of NH2 for 8h 
autonomy, see figure 1d).  

                                - 25ºC – 2.5 h

~+ 2.5ºC – CP

+ 25ºC – CP

- 25ºC – 2.5 h

~+ 2.5ºC – CP

+ 25ºC – CP

- 25ºC – 2.5 h

~+ 2.5ºC – CP

+ 25ºC – CP

- 25ºC – 2.5 h

~+ 2.5ºC – CP

+ 25ºC – CP

- 25ºC – 2.5 h

~+ 2.5ºC – CP

+ 25ºC – CP

- 25ºC – 2.5 h

~+ 2.5ºC – CP

+ 25ºC – CP

              (a)                                         (b) 

               (c)                                          (d)                                 
Fig. 1 Typical polarization curve of developed fuel cell at near 
room temperature (a); negative temperature cycles (b); 
maximum fuel cell power display by the fuel cell stack after 
stage at - 25ºC according to the temperature cycle (c); 
schematic of proposed prototype (d). 
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ABSTRACT 
In September 2010, the German Federal Government 

established a National Energy Concept with very 
ambitious targets for preventing climate change. 
Emissions of CO2 are to be reduced by 80% by 2050, 
total energy consumption by 50%, the share of renewable 
energies in end energy consumption is to increase to 
60%. These very challenging goals will be reached by a 
simultaneous linear increase in GDP. The 6th National 
Energy Research Programme is an effective means of 
fostering R&D in various fields including fuel cells and 
hydrogen technologies. This is an important measure for 
implementing the Energy Concept. The measure has 
been becoming operative since 1st of September 2011.  

Energy Research is one pillar of the National 
Innovation Programme (NIP), which is the basis for 
research and development and also demonstration in the 
field of hydrogen and fuel cells. Four federal ministries are 
involved: the Ministry of Economics and Technology 
(BMWi), the Ministry of Transport, Building and Urban 
Development (BMVBS), the Ministry of Education and 
Research (BMBF) and the Ministry for the Environment, 
Nature Conservation and Nuclear Safety (BMU). The 
inclusion of these ministries means that basic research, 
applied research, development and demonstration 
activities can be supported. The national organization 
NOW was founded to coordinate activities within NIP. The 
main focus is on six fields of application: traffic, hydrogen 
production by electrolysis, energy supply for households, 

industrial applications, specific “early“ markets and 
overlapping non-specific developments. Coordinated 
interaction between research, development and 
demonstration is a strong driver for achieving early market 
entry. 

The German Government has already supported 
R&D for fuel cells and hydrogen technologies within the 
5th National Energy Research Programme since 2005. 
Support for fuel cell development is ongoing. Although 
enormous progress has been reached in the past decade, 
further technological progress is necessary. Nearly all 
types of fuel cells are being considered, LT- and HT-PEM, 
SOFC, MCFC and DMFC, including reforming processing. 
Current core issues are a further increase in lifetime and 
cost reduction. 

The German R&D and demonstration system is 
closely involved in international activities, e. g. the Fuel 
Cell and Hydrogen Joint Undertaking (FCH JU) of the 
European Union. Progress in Germany is regularly 
communicated to the various bodies of the FCH JU, e.g. 
the Member State Representative Group and the 
Scientific Committee. Global cooperation is implemented 
in the International Energy Agency (IEA) and the 
International Partnership for Hydrogen and Fuel Cells in 
the Economy (IPHE). 
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ABSTRACT

The  use  of  electric  power  for  the  auxiliary 
propulsion  of  sailboats  progresses  because  of  the 
increasing performance and reliability of Li-ion batteries. 
Nevertheless the autonomy of these prototypes remains 
at  relatively  small  levels  compared  to  that  of  classic 
sailboats  powered by internal  combustion engines.  The 
sailboat ZERO CO2 aims at providing a solution more in 
adequation with the end user requests, by being the first 
to integrate a power PEM fuel cell associated with a Li-ion 
battery.  The  autonomy  achieved  with  this  design  is 
estimated at about 12 days of  “standard” sailing, taking 
into  account  a  daily  operation  of  about  one  hour, 
corresponding to  the entries and exits  to  and from the 
harbors. The PEM fuel cell system integrated inside the 
boat  is  based  on  the  GENEPAC  technology,  whose 
compactness  facilitates  the  integration  onboard  [1],  [2]. 
The system “plug-in range extender” architecture is based 
on classic architectures of hydrogen and air lines: dead-
end  operation  at  the  anode,  air  supply  by  centrifugal 
compressor  and  membrane  humidification.  One  of  its 
original features is the design of cooling loops, specific to 
that  maritime  use.  Moreover,  the  constraints  of  this 
application  have  been  taken  into  account,  such  as 
corrosion or the phenomena of roll and pitch.

The tests of the hybrid system were carried out in 
real conditions and have allowed identifying different ways 
of improvements. In addition, the monitoring of the system 
ensures  a  complete  feedback  during  yachting.  Some 
significant results of  the qualification of  the system and 
last sailing data will be presented.

INTRODUCTION

The  use  of  electric  power  for  maritime  propulsion 
covers a large range from approximately several kilowatts 
to 100 kW. A 5 kW electric motor could be used for small 
ships or for small speed driving cycle. Passenger ships 
require rather an electric propulsion of 50 kW to 100 kW. 
Sailing boats propulsion is evaluated between 10 kW to 
40 kW. If batteries are fully fitted to short and selectively 
navigations, they induce a significant extra weight. For an 
equivalent autonomy of some tens of hours, the weight of 
the  batteries  would  represent  more  than  80%  of  the 
weight of the boat.

Nevertheless,  full  electric  propulsion  based  on  a 
hybrid approach between batteries and a fuel cell system 
satisfies  all  criteria  like  autonomy,  performance, 
compactness and lightness. Moreover, the noiseless and 
the lack of air and water pollutions enhance conveniences 
onboard when the motor  is  used for auxiliary power or 
during a drop anchor. This challenge has been taken up in 
the sailboat Zero CO2.

The  electrical  architecture  is  based  on  two  main 
networks.  The  first  one,  called  “servitude”  network,  is 
used  for  recharging  classical  lead  batteries  to  supply 
sailing device, comfort on board and a monitoring system. 
The second one, called “power” network, is based on a 
specific  15  kW.h  Lithium  Iron  Phosphate  battery  pack 
used  for  the  propulsion  and  the  servitude  batteries 
recharging  during  anchorage.  The  hydrogen  fuel  cell 
system  supplies  automatically  and  simultaneously  both 
networks  when  a  given  state  of  charge  of  the  power 
battery  is  reached.  The  global  energy  management  is 
showed on fig.1 below. 

1 Copyright © 2011 
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INTRODUCTION
Within the framework of sustainable development, 

today flaring sewage biogas cannot be considered a sus-
tainable solution. Many biogas valorisation routes are pos-
sible,  including  internal  combustion  engines,  micro-tur-
bines, fuel cells and biogas upgrading to biomethane. Fuel 
cells are one of  the most promising technologies due to 
their greater electric efficiency and reduced environmental 
footprint in comparison to conventional technologies. Units 
operating at high-temperature are the most adequate for 
biogas and other hydrocarbon applications as fuels can be 
internally reformed within the fuel cell. 

Two different types of  high-temperature fuel cells 
were  identified,  namely  Molten  Carbonate  Fuel  Cell 
(MCFC) and Solid Oxide Fuel Cell (SOFC), but with a very 
different status of development: SOFC is still at a prototype 
level, but showing very good prospects in terms of technic-
al and economical performance. It  seems ready to over-
come some of the intrinsic problems of MCFC (i.e.: high in-
vestment cost, low stack durability…). The aim of this pa-
per is to assess the performance, operational limits and re-
liability of this type of fuel cells.

METHODOLOGY
A biogas-powered SOFC pilot plant has been con-

structed in Mataró WWTP (Spain) in order to investigate 
the potential of this technology in sewage treatment (Figure 
1).  The pilot plant  treats 10 Nm3/h biogas and produces 
both on-site electricity and heat. 

Technical indicators  have been collected through-
out  the  entire  line (i.e.:  biogas  treatment  + fuel  cell).  In 
particular,  technical  assessment  is  focused  on  (1)  the 
capability of biogas treatment systems to operate efficiently 
regarding  specific  pollutants  (mainly  H2S,  hydrocarbons 
and siloxanes) in the mid and long terms and on (2) the net 
electric  and thermal  efficiencies  of  the selected end-use 
technologies  with  important  emphasis  on  the  process 

reliability. Several process conditions have been tested on 
the  biogas  treatment  in  order  to  find  out  the  optimized 
operating parameters.

Figure 1. SOFC Pilot plant at Mataró WWTP

PILOT PLANT DESCRIPTION
Raw biogas analyses showed really high concen-

trations of H2S (2.000 - 3.600 ppm), siloxanes (4 – 6 mg 
Si/Nm3) and linear hydrocarbons (6 – 10 mg/Nm3). As the 
inlet requirements for these contaminants in fuel cells are 
really stringent (H2S 1 ppm, siloxanes 0,5 mg Si/Nm3 and 
hydrocarbons 0,1 mg/Nm3), the application of such a pol-
luted biogas in fuel cells represented a real challenge. Pre-
vious experience showed that having a reliable and robust 
biogas treatment is the major issue that needs to be ad-
dressed in fuel cell applications.

Biogas  t  reatment:   A  bio-trickling  filter  was  the 
chosen technology for main H2S removal because of its low 
operating  costs  compared  to  physical  -  chemical  treat-
ments. A further polishing stage with adsorption technolo-
gies (iron oxides, biogas drying to 3 – 5 ºC and activated 
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carbon) is used to remove the remaining H2S and other 
biogas contaminants.

Fuel cell: A small amount of clean biogas, 0,9 – 1,2 
Nm3/h, fuels a fully integrated SOFC unit of 2,8 kWe and 1,2 
kWt. The fuel cell operates at high temperature, 850ºC, al-
lowing biogas internal reforming:  biogas is turned into H2 

and CO, which are the fuels that can be electrochemically 
oxidised in a SOFC anode (reactions 1, 2 and 3 show the 
electrochemical processes at the fuel cell stack):

R1 (Cathode): ½ O2 (g) + 2e-  O2-

R2 (Anode): H2 (g) + O2-    H2O (g) + 2e-

CO (g) + O2-    CO2 (g) + 2e-

R3 (Global): H2 (g) + ½ O2 (g)    H2O (g)
CO (g) + ½ O2 (g)    CO2 (g)

Internal reforming allows for efficient thermal integ-
ration between the stack and the fuel conversion and puri-
fication steps.  Some considerations  on biogas reforming 
are presented below:

• Two reforming agents are used:  CO2,  present in 

the biogas, and steam (externally added). This type of re-
forming is called combined reforming (reactions 4, 5 and 
6). Steam addition is adjusted to obtain an O/C ratio of 2 in 
order to avoid soot formation.

R4 (dry reforming):      CH4(g) + CO2(g)  2H2(g) + 2CO(g)
R5 (steam reforming): CH4(g) + H2O (g)  3H2(g) + CO2(g)
R6 (water gas shift):    CO(g) + H2O(g)  H2(g) + CO2(g)

• Reforming occurs in two separated locations (all in-

side the SOFC unit!): in a pre-reformer operating at 550ºC 
(Indirect Internal Reforming, IIR) and inside the stack (Dir-
ect Internal Reforming, DIR). Full methane conversion (i.e.: 
100%) is achieved inside the stack, as seen in Table 1:

Table 1. Gas composition in the SOFC unit (reforming)

Clean 

biogas

Inlet pre- re-

former*

Outlet pre-

reformer

Outlet 

stack

O2 (%) 3,00 1,40 0,00 0,00

CO (%) 0,00 0,00 5,59 5,27

CO2 (%) 29,96 14,00 16,31 21,64

H2 (%) 0,00 0,00 35,55 12,24

H2O (%) 0,00 53,28 28,50 57,89

CH4 (%) 60,05 28,06 11,46 0,07

N2 (%) 6,99 3,27 2,59 2,89

* Sum of clean biogas (17 Nl/min) and steam addition (950 
g/h). Flows adjusted to avoid soot formation

RESULTS AND CONCLUSIONS
Biogas  treatment: Removal  efficiencies  greater 

than 99% have been observed over a 10-month period and 
the contaminants’ concentration after the entire treatment 
system never  exceeded the fuel  cell  limit.  However,  the 
availability of the biotrickling filter was found to be very low 
(average 65%) because of filter clogging and this has dra-
matically affected the overall availability of the entire SOFC 
line.

Fuel cell: The summarized electrical performance 
of the SOFC unit during the first operational month (August 
2011) is presented in Table 2.

Table 2. SOFC electrical performance

Net electric efficiency (%)
(taking into account the internal electric 
consumptions in the fuel cell)

43,2

Capacity factor (%)
(net output power/nominal power)

78,6

Intrinsic availability fuel cell (%)
(running  time/total  time  not  including 
problems with the biogas treatment)

93,5

Availability SOFC plant (%)
(running time SOFC line/total time)

35,5

Although the net electric efficiency is showing very 
good prospects, significant improvements are required on 
the capacity ratio. The maximum net power obtained, 2,2 
kWe, is too low and was attributed to the low methane con-
tent  of  the  inlet  gas.  The  difficulties  to  achieve  nominal 
power conditions were also observed on the first trials with 
biogas-powered MCFC (McDanneld 2009 reported a capa-
city value of 32% during 4 years of operation!).

As a general conclusion, biogas treatment techno-
logies can be successfully coupled to SOFC units but ma-
jor attention should be paid to their robustness, reliability 
and stability in order to avoid inefficient fuel cell operation 
and unexpected shut-downs. Therefore, it is necessary to 
keep the availability of the treatment technologies as close 
as possible to 100%. Further references and experimenta-
tion is  required involving biogas producers,  biogas treat-
ment suppliers and fuel cell manufacturers to cope with all 
these drawbacks.
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ABSTRACT  
The first Fuel Cell Bus in Brazil started operation for 

passenger transportation in November 2010 in São 
Paulo, as part of a test program to prove viability for daily 
operation of a 12m urban bus prototype. The project 
called “Hydrogen Fuel Cell Buses for Urban 
Transportation in Brazil” has been funded by the Global 
Environment Facility (GEF) and the Brazilian Government 
and was implemented by the United Nation Development 
Programme (UNDP).   

BACKGROUND  
Bus transport is a major factor in passenger 

transportation in Brazil, as it is in most emergent 
economies. The country is one of the world’s largest bus 
markets and the São Paulo Metropolitan Area (SPMA) is 
one of the largest urban concentration in the world with 
over 25,000 buses in service. 

The São Paulo Metropolitan Area also suffers from 
some of the world’s worst air pollution problems. Buses 
are major contributors to air pollution. In addition to toxic 
pollutants, diesel buses in SPMA release more than 1.5 
million tons of carbon dioxide annually. Therefore Fuel 
Cell buses are an attractive proposition for Brazil’s cities 
and they might become an attractive early market entry 
point for this technology.  

A phased approach was adopted by the Brazilian 
Government for the project development, starting with a 
feasibility study, followed by a demonstration phase and 
two steps of scale-up programs. The demonstration 
program consists of the first Fuel Cell Bus as prototype 
followed by three additional busses operating during a 18 
months program of full passenger service in the bus 
corridors of SPMA. Part of the whole program is as well  
a hydrogen production and filling station consisting of an 
electrolyser with 120 kg hydrogen/ day production 

capacity, with compressor and storage devices for 350 
bar filling capability. 

THE PROJECT 

Figure 1: EMTU- Fuel Cell Bus on the road  and 
Hydrogen Station 
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The UNDP contracted a consortium consisting of the 
Brazilian companies: AES Eletropaulo, BR Petrobras, 
Marcopolo,Tuttotrasporti and the international partners 
Ballard, Electric Power Research Institute (EPRI 
International), Hydrogenics and Nucellsys.  

The Brazilian Fuel Cell Bus prototype is equipped 
with a 150 kW Nucellsys fuel cell system with Ballard 
stacks, 100kW/60kWh Zebra batteries and the Elfa – 
electric drive train system from Siemens. Bus and chassis 
are developed and manufactured in Brazil by Marcopolo 
and Tuttotrasporti. Tuttotrasporti is as well the bus 
integrator.

.

Figure 2: Architecture of the Fuel Cell Drive System of the 
EMTU - Bus

The concept of the FC-Bus system is seen in figure 2. 
The Fuel Cell Systems are operating in a voltage range of 
250-450 V, the batteries in a range of 500-700V. To 
operate both in parallel, DC/DC converter have to be 
applied to adjust the different voltage levels. The choice 
of high temperature Zebra batteries happened in view of 
the high ambient temperatures in Brazil which are not at 
all a problem for this type of battery technology. A 
hydraulic cooling system is used for the cooling of the 
electric power systems. This decision will be reviewed in 
the next phase because of weight, noise, cost and 
packaging problems related to the hydraulic approach 
compared to a pure electric one.  

Further modifications in the concept are foreseen mainly 
because of local content requirements from the Brazilian 
partner. Analyses in this point are ongoing with the 
objective to start the three- bus - project in the first half of 
2012.  

EXPERIMENTAL RESULTS  

The prototype was exposed to a comprehensive test 
program including day-to-day operation in public 
transportation to prove its functionality and acceptance by 
the transit authority and the passengers. High 
temperatures up to 45 °C, extreme rain and humidity 
situations and overloading were special challenges in this 
phase where the bus could prove its quality, its 
robustness and its full capability to operate in the EMTU 
tracks.

The main achieved functional results are: 
• Fuel Consumption in average 9,18 kg H2/ 100 km 

in bus corridor operation with average speed of 
27 km/h and max of 60 km/h. 

• Range of more than 400 km with a 45 kg H2 
storage unit 

• Startability with full load of 18.5 t: 0 to 50 km/h in 
less than 15 s. 

• Acceleration : 1,10 m/s² @ 0% slope, 0,5 m/s² @ 
10%, 0,1 m/s² @15%  

• Gradability: 30 km/h @ 10% slope, 20 km/h @ 
15% and start without backward movement up to 
a slope of 25%.  

• Noise level: Fulfilling legal requirements (Conama 
272/2000)

NEXT STEPS 

Based on the achieved results of the prototype bus, the 
consortium together with UNDP and EMTU are preparing 
now the next phase of the project with additional three 
demonstration buses before entering in the scale-up 
phases III and IV.
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ABSTRACT
Molten carbonates, mostly known as electrolytes in high-
temperature  fuel  cells  (MCFC),  are  in  the  heart  of  new 
important applications such as CO

2
 capture, direct carbon 

fuel cell (DCFC) and composite carbonate/oxide electrolyte. 
These  topics  were  discussed  in  two  recent  international 
workshops that will be summarized in this paper.
Keywords:  MCFC,  DCFC,  CO

2
 capture, composite 

carbonate/oxide electrolytes.

MOLTEN CARBONATES: ENERGY DEVELOPMENT
On the basis of two recent events and the substantial topics 
and discussions that have been covered: “Fuel cells in the 
carbon cycle”, held in Naples  on 12-13 July 2010 and the 
"2011  International  Workshop  on  Molten  Carbonates  & 
Related Topics", held in Paris on 21-22 March 2011, this 
publication will give an up-to-date overview from the molten 
carbonate fuel cells (MCFC) to new topics related to other 
kinds of fuel cells (direct carbon fuel cell DCFC, composites 
SOFC/MCFC systems) and carbon dioxide or CO

2
 capture 

which are growing applications concentrating an important 
research and technological effort. Other innovative fields are 
also present  such as geology,  production of  nanocarbon 
particles  etc.  If  we  add  potential  applications,  such  as 
catalysis, waste destruction, surface treatment, we can see 
that the field of molten carbonates is very rich and offers 
opportunities  for  fundamental  science  and  competitive 
applications. The principal goal is environmental protection 
through more efficient energy systems; in two words, the idea 
of “energy without CO

2
” or to be more prospective “non-

polluting energy using the value of CO
2
”. Molten carbonates 

and MCFC are in the heart of this new vision of energy 
development.

MCFC
Important achievements have been realized in the field of 
MCFCs in the past years. More than 90 systems have been 
installed all over the world (mainly in Korea, the US and 
Germany), with powers varying from 250 kW to 2.8 MW. 70 
MW and 50 millions kWhe of electricity have been produced, 
most of it directly for customers. Efficiencies of about 47-50% 
and lifetimes of  about  35 000h  have been reached for 

systems of 250-400 kW, installed in hospitals, universities, 
industries  (waste  water,  telecommunications,  breweries, 
manufacturers)  and  marine  transportation.  Although  the 
situation of developers in Europe is delicate (Ansaldo fuel 
cells stopping activities, CFC-solution (MTU) in a stand-by 
position), this technology is in continuous growth. FuelCell 
Energy in the US is increasing rapidly its production capacity 
and product quality at lower costs. South Korea appears to be 
as the biggest actor in terms of strategy and market, with the 
biggest  production  facility  (100  MW/year)  very  recently 
installed [1]. MCFC systems have several advantages [2,3]. 
They have a highly conductive electrolytes (about 1 S cm-1) 
and their temperature of 600-650°C allow the use of varied 
fuels (natural gas, biogas, gasified coal, biomass, ethanol 
etc.).  They can also be used as CO

2
 concentrators or traps 

for this greenhouse gas. Among MCFCs drawbacks, one can 
mention:  -  low  current  densities  (120-160  mA.cm-2);  - 
corrosiveness  of  the  carbonate  melt  provoking  cathode 
dissolution and the attack of separator plates, resulting in a 
progressive  decrease  in  the  performance; -  the  liquid 
electrolyte management does not allow the application of 
MCFC in the field of traction. Therefore, more research efforts 
are still required: - protection of the cathode, separator plates 
and wet-seals from corrosion (by protective coatings or using 
new materials; - improvement of the electrolyte conductivity, 
wettability and stability; - increase in power density; - control of 
the Ni anode coarsening, etc.

DIRECT CARBON FUEL CELL 
Carbon is a particularly important fossil fuel, because it has a 
high energy density and important resources exist for at least 
200 years, spread all over the world, in particular in China and 
the U.S. However, more efficient ways of carbon conversion 
are required. Molten carbonates are also considered for new 
fuel cell devices, such as the Direct Carbon Fuel Cell. The 
principle of this device is to oxidize electrochemically a carbon 
fuel  (waste  tires,  pyrolysis  of  biofuels,  farming products), 
knowing that the energy per unit volume released is 4 times 
higher than with methane [4]. The hybrid direct carbon fuel 
cell,  HDCFC,  combining  molten  carbonates  with  solid 
electrolytes [5-7], aims at combining the properties of molten 
salts with those of solid oxides. It is in fact a SOFC system 
with a reservoir filled with molten alkali carbonate at the anode 

1
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side,  allowing an easier  transfer of  the carbon fuel.  The 
molten carbonate has an important role in the global oxidation 
process,  because  it  is  an  excellent  fuel  carrier  and 
electrochemical mediator favoring the oxidation reaction. This 
concept  is  very  promising  because  it  allows  to  have  a 
classical SOFC cathode protected from the corrosive effects 
of molten carbonates and an efficient way to oxidize directly 
carbon fuel through molten carbonates. The proof-of-concept 
is achieved and power densities of over 120 mW cm-2 can be 
reached [6].  Further  advances are expected in a nearby 
future.

COMPOSITE OXIDE/MOLTEN CARBONATE
In  the last  10 years,  it  has been shown that  combining 
ceramics with molten salts presents a growing interest for 
innovative  high-temperature  fuel  cells  applications.  In 
particular, doped-ceria oxides mixed with molten salts, such 
as chlorides, fluorides, carbonates and sulphates [8-18] have 
been  investigated.  This  phase  being  molten  or  partially 
molten at intermediate temperature (>500°C for carbonates) 
would create an interfacial conduction pathway. Oxide ions 
ensure the conductivity in the oxide phase; meanwhile the 
conductivity  is  attributed  mostly  to  carbonates  in  the 
carbonate phase. Nevertheless,  a rigorous image on the 
conductivity mechanisms is still difficult to establish, but it is 
clear in the recent literature that these composites form highly 
disordered  interfacial  regions  (“superionic  highways”, 
“percolating conducting paths”) between the oxide phase and 
the carbonate phase [17]. Some achievements have already 
been  realized.  Li  et  al. have  developed  a  so-called 
NANOSOFC  (nano-solid  oxide  fuel  cell),  based  on  a 
composite with nano-SDC salt mixed with a Li-Na carbonate 
eutectic [18]. A maximum output power density of 140 mW 
cm-2, stable for 200 hours, was reached at 650°C. Di et al. 
studying the same kind of composites, observed a sharp 
increase in the conductivity related to a superionic phase 
transition  in  the  interface  between SDC and carbonates 
phases [13]. The cell reached a maximum power density of 
590 mW cm-2 at 600°C. R. Raza et al. showed that the use of 
Na

2
CO

3
 improved significantly  the  performance,  reaching 

1.15 W cm-2 at 500°C [19]. Very recently, there are numerous 
research projects dealing with new insight in the mechanisms 
or on the general performance, but it is out of the frame of this 
paper to give more details.

CARBON CAPTURE & STORAGE
MCFC device can act as CO

2
 separator and concentrator, 

given its property to transport CO
2
 from the cathode to the 

anode stream while producing electricity from fuels at the 
anode side. CO

2
 can be extracted from the flue gas of a 

combined  cycle  power  plant  while  generating  electricity, 
avoiding loss in plant efficiency and consequent increase in 
primary energy consumption. The benefit of using MCFC 
seems to be proven but the effectiveness still  has to be 
evaluated  against  other  alternatives  for  CO

2
 emission 

mitigation: - Pre-combustion (gasification + CCS); - Oxy-fuel 
combustion  (low  volumes,  high  cost);  -  Post-combustion 
(amine, ammonia, electrochemical separators, etc.). MCFCs 
can reach 90% CO

2
 separation efficiency while producing 

electricity at high generation efficiency. The potential and the 
market  are  therefore  enormous,  but  the  capacity  for 
producing MCFCs for this application is as yet inadequate for 
large power plants (100 Mton CO

2
/y). Smaller power plants 

(15 MtonCO
2
/y) can find more immediate implementation. 

Different systems to separate, concentrate or capture CO
2 

are under investigation and seem to have interesting features 
[20,21]. 

OTHER APPLICATIONS
Several promising fields can be mentioned, but we will only 
give a brief overview on some of them. Molten carbonates 
have an increasing significance for geological applications 
[22].  They can also be used in the oxidation of UO

2
 to 

uranates in the nuclear area [23]. Another application is the 
Homogeneous catalysis, i.e. catalytic dimerisation of methane 
in custom-developed molten salts [24,25].

CONCLUSION
Our  aim  was  to  show  which  are  the  classical  fields  of 
application  of  molten  carbonates  and  which  are  the 
breakthroughs.  New  insight  into  the  physic-chemical 
properties of these molten salts is necessary because there 
are  enormous  challenges  in  the  field  of  energy  and 
environment protection. 
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ABSTRACT
Molten salt/oxide composites are in the heart of an intense 
field of research for high-temperature fuel cell devices. These 
electrolytes show a highly enhanced conductivity. This work is 
focused  on  gadolinia-doped  ceria  and  Li-K  carbonate 
composites.  It  reviews  the  literature  and  presents  recent 
results of the authors. 
Keywords: carbonate/oxide composites, MCFC, DCFC, impedance 
spectroscopy, ionic conductivity.

GENERAL FRAME
The search of new electrolytes is a growing field presenting 
challenging  trends,  among  which  the  use  of  composite 
materials based on mixtures of carbonates and zirconia or 
ceria-based compounds. Twelve years ago the group of Bin 
Zhu begun to explore these materials as electrolytes for the 
intermediate- temperature solid oxide fuel cells, IT-SOFC [1-
5]. Ceria-based composites are the most studied because 
because of their conductivity; gadolinia-doped ceria (GDC) or 
samaria-doped ceria (SDC) were mixed to chlorides [1,5], 
fluorides [1,2,6,7], carbonates [2-5] or sulphates [8]. According 
to literature, these composite materials, with enhanced ionic 
conductivity, are supposed to conduct both O2- and H+. The 
carbonate  eutectic  being  molten  or  partially  molten  at 
intermediate  temperature  (>500°C)  would  create  an 
interfacial conduction pathway. O2- ensure the conductivity in 
the  oxide  phase;  meanwhile,  the  conductivity  would  be 
attributed to H+ in the carbonate phase. However, the real 
mechanism paths are still controversial. Different approaches 
can be found, among which a complex ionic transport with 
intrinsic and extrinsic species and a specific ionic transport at 
the  interface  between  oxide  and  carbonate  [9].  This 
presentation  gives  an  overview  on  molten  salt/oxide 
composites and on the understanding of the ionic transport 
mechanism. 

LITERATURE ADVANCES
Many  recent  papers  have  attempted  to  analyze  the 
mechanisms  involved  in  the  conductivity  of  composite 
electrolytes.  No  complete  explanation  has  ever  been 
published;  apart  some  interesting  assumptions.  Several 
authors propose that the enhanced conductivity of the ceria-
based oxides/molten carbonates is due to the ionic transport 
of both oxides and protons. This hypothesis was formulated 
due to the fact that water is formed under fuel cell conditions 
both at the anode and at the cathode side seems to support 
the idea of proton mobility. Xia et al. observed that a CO

2
/O

2 

oxidant mixture conduced to higher power densities than 
N

2
/O

2
 [10]. Furthermore, CO

2
 was detected in the anode 

outlet  gas.  This  was  explained  by  an  additional  CO
3

2- 

conduction and a ternary H+, O2- and CO
3

2- conduction was 

assumed. The fact that oxide ions ensure the conductivity in 
the oxide phase seems perfectly understandable. The claim 
that, in the molten carbonate phase and at the interface with 
the  oxide  phase,  protons  are  responsible  of  the  ionic 
transportation  is  still  to  be  proven.  First,  because  the 
existence of protons should be explained in the conditions 
used  (residual  humidity,  HCO

3

-...).  Second,  the  ionic 

conductivity  in  molten  carbonates  is  mainly  ensured  by 
carbonate ions. The situation is surely complex and the real 
mechanism paths still controversial. Different approaches can 
be  found,  among  which  a  complex  ionic  transport  with 
intrinsic and extrinsic species and a specific ionic transport at 
the interface between oxides and carbonates [11]. According 
to Bin Zhu  et al., ceria-based composites electrolytes also 
form  highly  disordered  interfacial  regions  (“superionic 
highways”, “percolating conducting paths”) between doped-
ceria phase and carbonate phases [12]. The influence of 
protons conduction at the interface is also a key aspect to 
solve.  A  deeper  insight  is  required  including  a  clear 
understanding on the melt chemistry relative to carbonates 
together  with  possible  dissolved  species  as  water  and 
hydroxides,  as  well  on  what  happens  with  oxide  ions 
conductivity in presence of carbonates, before and after their 
melting  temperature.  The  existence  of  a  dual  H+/O2- 

conduction caused by “super ionic highways” in the interface 
region  between  the  oxide  and  carbonate  phases  is  still 
questionable. Other techniques are needed to obtain more 
precise information, such as NMR adapted to the detection of 
protons, carbon and oxygen. Combining this technique with 
Tof-SIMS surface analysis, diffusion coefficients of oxygen 
and protons could be obtained and this might give a clear 
picture of the ionic conductivity going on in such complex 
media.

EXPERIMENTAL
Experimental procedure and techniques were fully described 
in  previous  papers  [7,14-15].  XRD,  thermo-gravimetric 
analysis (TGA), differential thermal analysis (DTA), SEM and 
electrochemical measurements were described elsewhere 
[14]. 

1
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SYNTHESIS OF RECENT RESULTS 
A first study was focussed on the synthesis of GDC / (Li

2
CO

3
-

K
2
CO

3
:72.7-27.3mol%) and GDC /(Li

2
CO

3
-Na

2
CO

3
:  52-48 

mol%) composites and on their structural and morphological 
characterisations, as well as on their physical and thermal 
transformations during thermal  cycling [7].  TGA and DTA 
thermal analyses coupled with mass spectrometry at different 
compositions and temperatures showed that an endothermic 
peak detected at high temperature (485°C) corresponds to 
the  melting  point  of  Li

2
CO

3
-K

2
CO

3
 (62-38  mol%).  The 

intensity of this peak increases with the content of carbonates 
in the composite. The stability of the composite was verified 
after thermal cycling and an ageing treatment of 168 hours, 
with very low weight losses of both water and CO

2
.  High-

temperature XRD indicated that only GDC peaks are clearly 
visible. The peaks related to Li

2
CO

3
 and Li

2
CO

3
-K

2
CO

3
, of 

lower intensity, can also be detected. Moreover two well-
separated phases with  different  grains and shapes were 
clearly  evidenced  by  SEM.  A  white  and  finer  phase 
corresponds to  GDC and a gray and coarser  phase to 
carbonates.  After  sintering,  a  better  densification  can  be 
observed, with  a microstructure revealing sub-micrometric 
particles of  GDC and a more uniform distribution of  the 
molten  carbonate  phase.  The  results  obtained  with 
GDC/Li

2
CO

3
-Na

2
CO

3
 are quite similar. Arrhenius conductivity 

plots  obtained  by  impedance  spectroscopy  showed  a 
discontinuity between lower temperatures dominated mainly 
by the conduction of oxide ions and higher temperatures 
where  the  conductivity  of  carbonates  is  predominant.  In 
between, around the carbonates melting point, lies a zone 
where  different  hypothesis  can  be  analyzed.  These 
conductivity plots are sensible to the gaseous atmosphere, in 
particular under hydrogen where the discontinuity occurs at 
lower  temperatures  suggesting  the  presence  of  a  new 
composition of the molten phase that might be provoked by a 
localized electronic conductivity (reduction of Ce4+). A specific 
conduction pathway is probably happening in the interface 
between  the  oxide  and  the  carbonate  phases,  involving 
oxide, oxygen reduced species and even other species. This 
is complex and would require sophisticated analyses (XPS, 
Tof-SIMS,  NMR...)  to  be able  to  give  a  rational  answer. 
Ageing  and  cycling  studies,  including  Arrhenius  plots, 
TGA/DTA and  XRD  analyses  show  the  stability  of  the 
composite and its behaviour. A study of the conductivity of 
GDC/LiK30 over 6 000h showed a relative stability, beginning 
with 9 10-2 S cm-1 and declining after 3 500h before stabilizing 
at 7 10-2 S cm-1.  A single cell  test with GDC/carbonates 
composite showed the feasibility of such systems, even if a 
performance of only 60 mW cm-1 were obtained at 600°C; 
better results could be expected by optimizing both the set-up 
and cell components, in particular the composite composition 
and structure. Single cells with GDC/LiK (30/70 wt%) as 

electrolyte, Ni/electrolyte as anode and LiNiO
2-x

/electrolyte as 

cathode  were  tested  at  different  temperatures  with  pure 
hydrogen  as fuel and pure oxygen (30 mL/min) as oxidant. At 
465°C, the performance of the cell is very low with 8 mW cm-2 

at a potential of 0.5 V. The temperature is lower than the 
melting temperature of the salt (T

m
 = 488°C) and the mobile 

charge carriers are most probably oxide ions through the 
GDC bulk or along the space charge region between the two 
phases. Above the melting point, the ionic conductivity of the 
electrolyte and the performance of the cell become higher. At 
505°C, a maximum of 31 mW cm-2 were reached and at 
550°C,  59 mW cm-2 were detected.  A cell  with  another 
composite CeO

2
/LiK (30/70 wt%) was also tested under the 

same conditions. CeO
2
 is supposed to be an ionic and 

electronic insulator, which might become a semiconductor in 
reducing  atmospheres.  Despite  the  fact  that  CeO

2
 is 

supposed to be an ionic and electronic insulator, the cell 
showed even higher performances than the GDC/LiK30 cell. 
148 mW cm-2 were reached at 600°C. The most probable 
conduction path is along the surface of the oxide grains, 
inside the interfacial region between cerium oxide and the 
carbonate.

CONCLUSION
Composite  materials  are  interesting  electrolytes  for  high-
temperature fuel cells. Structural, morphological and electrical 
properties are stable over long durations (6000 h with respect 
to conductivity). Ionic conduction mechanisms were partially 
understood, but further analyses on surface conduction are 
necessary.  
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EXTENDED ABSTRACT  

PEM fuel cell based heat and power cogeneration 
systems are perceived as a promising opportunity for 
further improvement of energy efficiency. In practical 
applications the required hydrogen for the fuel cell is 
produced through reforming of light hydrocarbons such 
as natural gas. Previous studies showed advantages of 
palladium based membrane reactor (MR) for pure 
hydrogen separation over conventional natural gas 
processor. For instance, net electrical efficiency of about 
43% can be achieved, which is 9% higher than the total 
efficiency of a conventional fuel processing system 
composed by reforming reactor, two-step water gas shift 
reactors and final CO purification through preferential 
oxidation reactor system [1,2]. The use of a MR allows 
feeding a PEM fuel cell with pure hydrogen instead of a 
syngas (hydrogen diluted with inert gases), therefore 
having a complete fuel utilization in the fuel cell. 
Moreover, by using undiluted hydrogen the fuel cell 
operates at higher voltage with the same power output. 
Besides enhancement in electric efficiency, the adoption 
of MR also creates improvements in compactness, 
reducing the number of reactors from four to one, 
resulting interesting for micro-scale generators. 

This work deals with the comparison of different 
technological MR approaches such as packed bed 
membrane reactors and fluidized bed membrane reactors 
applied to a 2 kW PEM-based micro-CHP system. The 
MR required in this application is not intended for 
complete conversion of methane (neither complete 
hydrogen separation); rather the system is designed so 

that a fraction of the fuel exits the retentate stream. The 
retentate stream, containing unconverted methane and 
unpermeated hydrogen is combusted to provide the 
required heat to maintain the reforming reaction. In order 
to uphold this balance, only 60 to 70 % of the maximum 
possible produced hydrogen needs to be recovered. The 
permeated hydrogen feeds the anode of the PEM fuel cell 
for production of electric energy. Thermal energy on the 
other hand is recovered through heat exchange with the 
fuel cell and the exhaust gas. Considering that typical 
PEM fuel cells operating temperatures are limited to 
around 75 °C, the maximum temperatures obtained for 
the heat recovery circuit are of 60-70 °C. 

In the reactors discussed, hydrogen is removed from 
a mix undergoing steam methane reforming by means of 
a thin palladium based membrane (ranging 3 to 50 
micron thick) that is perm-selective to hydrogen. In either 
pure palladium or palladium-alloy membranes, depending 
on the preparation technique, the layer thickness and the 
use of alloys, there is a defined maximum temperature 
above which the membrane stability and selectivity 
performance would be severely decreased. This limit is 
typically placed between 723 and 973 K. Therefore, for 
the systems here presented we pay particular attention to 
the temperature profile along the membrane. 

The study begins with a comparison between both 
reactor types and evaluation of their impact on the overall 
performance of the CHP through simulation. Then 
experimental activity on a lab-scale fluidized bed reactor 
gives indications about working conditions and 
performances of the system. 

1 Copyright © 2011  
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First, a packed bed MR is studied using bi-
dimensional CFD simulation where a Pd-Ag membrane 
supported over a single dead-end tube is used. The CFD 
code used has been previously validated [1] with 
experimental tests from literature. The dimensions of the 
tube are 6 cm in diameter and length varying from 38 to 
68 cm depending on the operating condition. Results for 
systems having a temperature limit of 873 K and 923 K 
show that despite the short length of the reactor, due to 
the endothermicity of the reforming reaction the 
temperature difference along the membrane is of around 
100 K when the reactor is fed with a mix of methane and 
steam. Very high temperature gradients may compromise 
the integrity of the Pd layer causing its detachment from 
the support and subsequent loss in perm-selectivity. 
However, if the feed is pre-reformed, this temperature 
variation is reduced to around 10 K. 

Unlike packed bed reactor, fluidized beds are able to 
operate under virtually uniform temperature conditions, 
with advantages in terms of membrane stability and 
reducing membrane area. Results show an increase of 
about 20 to 25 % in membrane area required for the 
packed bed reactor without pre-reforming compared to 
the fluidized bed option [3]. 

Experiments were carried out over a fluidized bed MR 
for simultaneous steam methane reforming over a CPO 
catalyst and hydrogen separation as schematically shown 
in Figure 1. The lab-scale reactor containing 10 dead-end 
tubes of porous metal with a deposit of 4.5 micron Pd-Ag 
layer, makes an overall 190 cm2 of membrane area 
capable of producing up to 90 Nl/h of hydrogen at 903 K 
and 5.3 bar on the reacting side, and 0.2 bar on the 
permeate side. The analysis focuses on methane 
approach to equilibrium conversion and hydrogen yield, 
discussing their variation with operating parameters, and 
studying membrane stability under fluidization conditions. 
Moreover, a continuous run test (under reactive 
fluidization conditions similar to industrial applications) 
was carried out for two weeks to validate (for the first 
time) the reactor performance and membrane stability 
over longer runs. 

For the parametric analyses, the operating 
temperature range tested was varied between 773 to 903 
K; the reactor pressure in the range 2.5 to 5.3 bar; 
methane feed flows ranging 0.3 to 1.3 Nl/min; steam to 
carbon ratio from 2.5 to 4.5, and the fluidization regime 
characterized by u/umf in the 1.4 to 3.6 range. Results 
showed that, as expected, methane conversion was 
higher in the case of membrane reactor when compared 
with the conventional reactor. On the other hand, 
approach to equilibrium conversion was lower for the 
case with permeation of hydrogen, meaning that the gap 
between equilibrium conversion and real conversion 
becomes more significant (in relative terms). This 
behaviour is based in the fact that the continuous 
extraction of hydrogen from the mix flow leads the 

reaction to remain far from equilibrium. With respect to 
operating conditions, approach to equilibrium conversion 
showed a strong positive relation with temperature, while 
it was less affected by pressure. Results also showed 
that hydrogen recovery is higher for lower steam to 
carbon ratios. Therefore showing that, despite the higher 
driving force for reforming reaction with higher steam to 
carbon ratio, the larger dilution of hydrogen is detrimental 
to the driving force for permeation through the 
membrane.

Finally, a two week continuous run test was 
performed showing the reactor performance to be stable 
and the membrane perm-selectivity to remain 100 % 
even while working at elevated temperatures (903 K) and 
under bubbling fluidization regime. 

Figure 1: Fluidized bed membrane reactor layout. 
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ABSTRACT 
The effects of biofilm growth on cathode surface in terms 
of power generation in single chamber microbial fuel cells 
(SCMFCs) treating wastewater were investigated in this 
work.  SCMFCs with different anode areas and platinum-
based/platinum-free  cathodes  were  operated  for  15 
weeks, monitoring power densities and potentials with the 
time. Three anode areas (2, 10 and 40 cm2) were used to 
test the performance of SCMFCs, started with clean and 
sterilized  anodes.  Platinum-free  and  platinum-based 
cathodes (Pt loading: 0.5 mgPt/cm2) of the same surface 
of 5 cm2 were compared. The power generation increased 
from 2 to10 cm2 anode area, but reached a plateau from 
10  to  40  cm2.  SCMFCs  with  Pt-based  cathodes  had 
higher  power  generation  at  the  startup  period,  but  the 
difference quickly vanished after 3-5 weeks of operation 
in  consequence  of  biofilm  formation  on  cathodes.  The 
results achieved clearly show how the bio-catalyses on 
graphite base electrodes is competitive with the chemical 
catalyses on cathodes as well as anodes in SCMFCs. 0.1 
cathodic/anodic surface ratio can be enough to guarantee 
a stable power generation and long-term operation in low 
cost MFCs.

INTRODUCTION 
Microbial fuel cell (MFC) is a novel electrochemical bio-
technology to produce electricity and degrade the organic 
compounds from wastewater by the catalyses of bacteria. 
Even  if  the  electricity  production  is  still  too  low,  high 
chemical  oxygen  demand  (COD)  removal  efficiency  is 
reached.  However,  in  order  to  achieve  the  real-world 
application  of  MFCs  in  wastewater  treatment  plants, 
further development in MFC configuration and electrode 
materials is crucial. In particular, the replacement of the 
expensive platinum catalyst (still used at the cathode, like 
in  polymeric  electrolyte  membrane  fuel  cells)  and  the 

improvement  of  MFC  operational  stability  result  to  be 
significant. Platinum is the best-known oxygen reducing 
catalyst, but high pH (7 or more) and the inhibition of the 
catalytic  activity  due  to  the  contaminants  present  in 
wastewater  penalize  significantly  the  MFC performance 
[1].  This study targets the replacement of the expensive 
platinum  cathodes  with  graphite  biocathodes  keeping 
high power generation in low cost, membraneless single 
chamber microbial fuel cell. 

MATERIALS AND METHODS
Single  chamber MFCs (volume: 0.13 L), inoculated with 
raw  wastewater,  fed  weekly  with  a  substrate  of  3  gl-1 

sodium acetate were operated in batch configuration at 
room temperature of 30±2 °C, during 15 weeks.
Untreated plain carbon cloth was used as anode  (2, 10 
and  40  cm2 of  geometric  area).  Carbon  cloth  30  wt% 
PTFE  treated  with  a  micro  porous  layer  (5  cm2 of 
geometric area) was used as the base cathode structure 
[2].  In the case of Pt-based cathodes, a loading of 0.5 
mgPtcm-2 was applied, in the other case no catalyst was 
applied. A platinum free cathode with a biofilm grew on it 
during 4 weeks was considered “biocathode”.
SCMFCs  electrodes  were  connected  with  an  external 

load  of  100  Ω and  the  voltage  was  measured  in 
continuous.  Short  Circuits  Potential  and  Open  Circuit 
Potentials  (anodic  and  cathodic) were  measured  daily 
versus  Ag/AgCl.  Power  curves  of  SCMFCs at  different 
external  loads  (Rext)  were  determined  weekly.  The  Rext 

was  changed  from  33  ohm  to  1492  ohm  and  the 
corresponding  generated  voltage  (V)  was  measured 
using a multimeter after the stabilization of  each value. 
The power density was calculated according to  V2/A*Rext 

and  the  current  density  was  V/Rext.  The  COD 
concentration in the single chamber was measured at the 
beginning and at the end of every week experimentation 

1 Copyright © 2011 
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using HACH high range (0–1500mg/L) COD vials and DR 
220 spectroscopy (HACH, Loverland, CO).

RESULTS AND DISCUSSION
The initial cathodic Open Circuit Potentials (OCPs) were 
525 ±30 mV vs Ag/AgCl in case of Pt-based cathode and 
lower  (150  ±25  mV  vs  Ag/AgCl)  in  case  of  Pt-free 
cathode,  nevertheless,  all  the  cathodic  OCP  values 
dropped dramatically (especially the first days) due to the 
oxygen consumption inside the cathode structure (Figure 
1). 
Anodic OCPs stabilized at -490±22 mV vs Ag/AgCl after a 
week  due  to  the  establishment  of  the  anaerobic 
conditions in all the MFCs. 
Short  circuit  potential moved from initial  positive values 
(close to the cathode OCP) to -382±45 mV vs Ag/AgCl 
(close  to  the  anodic  OCPs),  with  the  progression  of 
biofilm  growth,  independently  of  the cathode type (and 
the anode area). 
The power generation was 15-20% higher in the cells with 
anode areas of 10 cm2 than 2 cm2, but it was very similar 
to that produced with 40 cm2 anodes. This result indicated 
the presence in the cell of an important resistance at the 
higher  currents,  not  dependent  on  the  anodic  surface 
area. 
Pt-based cathodes MFCs had higher power generation 
(402-476 mW/m2) than the Pt-free cathodes MFCs (307-
358  mW/m2)  in  the  first  3  weeks  (start-up),  but  this 
difference  rapidly  vanished  in  the  4th-6th weeks  after 
biofilms colonized the cathode (Figure 2). The MFCs had 
the highest power generation in the 4th-8th week, which 
there was no significant difference between Pt-free (405-
483 mW/m2)  and Pt-based (382-460 mW/m2)  cathodes. 
These results clearly confirmed that the biofilm growing 
on  the  Pt-free  cathodes  (biocathodes)  facilitate  the 
cathode reaction achieving similar  power generation as 
the Pt-based cathodes  [3,4].  From the 9th week to 15th 

week, the power generation decreased 10 mW/m2 every 
week in all MFCs, possibly due to pH increase (due to the 
progressive  addition  of  sodium  acetate)  and  to  the 
consequent  biofilms  evolution  that  increased  the  mass 
transport resistance on the electrodes surfaces [5].
Overcoming  the  limitation  of  the  mass  transport 
resistance,  mainly  due  to  the  batch  condition,  single 
chamber  microbial  fuel  cells  seems,  in  conclusion,  a 
possible  good  configuration  for  low  cost,  “full  bio-
electrochemical” system treating wastewater.

Figure 1.  Cathodic Open Circuit  Potential trends during 
the 15 weeks experimentation [4].

Figure 2. Power generation peaks trends during the 15 
weeks experimentation [4].
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ABSTRACT
Stainless steel has good qualities for a PEM fuel cell 

bipolar  plate.  Due  to  the  harsh  PEMFC  conditions  it, 
however,  requires  a  coating  to  be  durable.  The 
requirements  for  a  good  coating  are  good  electrical 
conductivity and low corrosion rate. Protective coatings for 
SS  have  been  developed  and  tested.  In  this  study 
different  CrN coatings on SS 316L were studied with a 
multisinglecell, in which several parallel samples can be 
tested  in  similar  conditions.  Plasma  nitridation  was 
implemented  on  Cr  coated  samples  to  obtain  CrN. 
Different  manufacturing  techniques  for  Cr  layer  were 
used.  The  results  with  different  samples  varied.  Good 
qualities were measured but none of  the sample types 
performed well  in  all  the characterization methods. The 
research with this type of coating will be continued.

INTRODUCTION
The  bipolar  plate  material  for  polymer  electrolyte 

membrane  (PEM)  fuel  cells  should  be  electrically 
conductive,  low in  weight  and cost,  and durable  in  the 
corrosive  environment.  Stainless  steel  (SS)  has  been 
considered as a potentially feasible material. It, however, 
does  not  endure  the  acidic  conditions,  and  therefore 
protective coatings for SS are being developed. Materials’ 
resistance  to  corrosion is  also  an important  parameter, 
even though lately it has been considered of having less 
importance than the low contact resistance with the other 
fuel  cell  components  because  the  state-of-the-art  MEA 
quality  is  considered  high  enough to  tolerate  corrosion 
products.  CrN  has  been  studied  extensively  as  the 
PEMFC bipolar plate material and promising results have 
been  obtained  (1,  2,  3,  4,  5).  In  this  study  different 
manufacturing methods for producing a layer of Cr on a 
SS substrate to act  as a basis for the CrN coating are 
characterized and the final coatings are tested in-situ in a 

fuel cell environment. Nitriding of the Cr coating is done 
by  plasma  nitriding,  which  commonly  is  done  on  bare 
steel to obtain CrN (2, 6, 7).

MATERIALS AND METHODS
In this study CrN coatings on SS 316L were studied 

with a multisinglecell device (description can be found in 
Ref. 8). In a multisinglecell, several parallel samples can 
be tested in similar conditions and therefore the results 
are comparable. In Figure 1 a unit cell of a multisinglecell 
can be seen.

Figure 1. Unit cell of a multisinglecell.

The use of a multisinglecell multiplies the capacity of 
a test station. It creates conditions very similar to a real 
fuel  cell,  decreasing  the  amount  of  single  cell  tests 
required. The multisinglecell does not eliminate the need 
of  stack  testing  in  order  to  prove  sample  material’s 
feasibility to fuel cell applications but it is an effective tool 
for screening candidate materials in a cost effective way.
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The  CrN  materials  tested  in  this  study  were  all 
manufactured in a similar manner. First a layer of Cr was 
implemented  on  the  SS  316L  surface,  and  it  was 
subsequently  plasma  nitrided  in  order  to  obtain  a  CrN 
layer. There were different techniques to manufacture the 
Cr  layer  including  PVD,  commercially  electrodeposited 
hexavalent Cr and inhouse electrodeposited trivalent Cr. 
Hard trivalent Cr has no industrial process like hexavalent 
Cr,  which,  however,  is hazardous to health.  It  could be 
replaced by trivalent Cr if  a good process is developed. 
Different  thicknesses  of  these  coatings  were  produced 
and tested. PVD Cr thicknesses were 50 and 500 nm and 
1 µm, hexavalent Cr thicknesses 2, 5 and 10 µm, and the 
trivalent Cr thickness was 10 µm.

The MSC test  durations were app. 650 h with  fully 
humidified high hydrogen and air flows and a low constant 
current. The operating temperature was 80 °C.

The measured qualities from the SS samples were 
the interfacial contact resistance (ICR) and iron emissions 
adsorbed to the MEA and GDLs from the stainless steel 
due to corrosion. It has to be taken into account that the 
corrosion  product  cations  can  replace  protons  in  the 
membrane, thus increasing its resistance and therefore 
the  corrosion  susceptibility  of  materials  cannot  be 
overlooked. The samples were also analysed with XRD to 
find the CrN phase after the nitridation of the Cr layer. The 
ICR  measurement  was  conducted  by  sandwiching  the 
samples between two uncoated carbon cloth pieces and 
measuring  the  voltage  over  it  while  leading  current 
through the assembly. The iron amounts in the MEA and 
GDLs were dissolved in an acid bath and analysed with 
ICP-AES.

RESULTS
The  results  from  the  ICR  measurements  were 

somewhat promising. Low values from the fresh samples 
were measured. During the test the response of ICR to 
the fuel cell  conditions varied. One of the sample types 
did not experience any increase in the ICR values while 
some sample types clearly had too high an ICR increment 
during the test.  Mainly the thickest  hexavalent  coatings 
had low ICR values and the thinnest  PVD coating had 
high  values.  With  trivalent  Cr  both  high  and  low  ICR 
values were obtained.

The iron emission measurements’ results were also 
varied. In each measurement reference cells without SS 
samples were run and the iron amounts dissolved from 
the MEA and GDLs were below 2 µg.  The best  tested 
samples  did  not  exceed  the  reference  cell  values,  i.e. 
effectively  there  were  no  iron  emissions  from  these 
samples.  Clearly  too  high  values  were  also  measured, 
especially from the samples with the thinnest hexavalent 
coating. However, none of the samples have as high iron 
emissions  as  were  obtained  from  visibly  markedly 
corroded samples that were from tests in a previous study 
(8).

CONCLUSIONS 
Different CrN coatings on SS 316L were tested in-situ 

in fuel cell conditions with a multisinglecell. Coatings were 
manufactured by plasma nitriding Cr layers which were 
produced  with  differernt  methods,  such  as  PVD  and 
electroplating. Measured qualities were the ICR of the SS 
samples before and after the test, and the iron amounts 
released in possible corrosion adsorbed in the MEAs and 
GDLs. 

There  were  small  visual  changes  in  all  of  the 
samples. Promising results in terms of ICR were obtained 
with  the hexavalent  Cr  coatings.  The  trivalent  coatings’ 
quality was most likely varied because of the small scale 
production  and  improving  the  process  could  end  up in 
good  results  because  low  ICR  values  were  already 
obtained  with  a  part  of  the  samples  even  though  high 
values  were  also  measured.  Promisingly  low  iron 
emissions were also measured from several sample types 
excluding the thinnest coatings. The plasma nitridation of 
Cr  is  possibly a feasible method for  producing suitable 
coatings  for  SS  as  bipolar  plates  for  the  demanding 
conditions of a PEM fuel cell. The manufacturing methods 
studied here for the CrN coating will be developed further 
as not one of them performed well in the different analysis 
methods. The extensive research on these coatings is still 
in progress.
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ABSTRACT 
From an economic and environmental point of view 

the search for alternative renewable energy sources and 
the  development  of  electric  powered  technologies  with 
greater efficiency is widely justified. 

Biogas consists mainly of methane (CH4) and carbon 
dioxide (CO2) and is produced during anaerobic digestion 
of sewage sludge. The use of biogas in fuel cells satisfies 
both  aims,  as  it  combines  high  performance  and  low 
environmental  impact  technology,  with  the  use  of  high 
quality and economically attractive fuel.  

The  objective  of  this  study,  framed  in  the  project 
BIOCELL, is to assess the feasibility of using PEM fuel 
cells (PEMFC) to generate electricity from hydrogen (H2) 
obtained via biomethane dry reforming (DR). The specific 
project developed by Aguas de Murcia has an innovative 
feature  which  is  obtaining  hydrogen  through  a  dry 
reforming process. One of the most attractive features of 
DR is  that  the CO2 of  biogas can  be used as  oxidant 
during  the  reforming  reaction,  avoiding  the  CH4/CO2 

separation and CO2 emissions.
The composition of biogas produced in WWTP can 

vary  a  great  deal  so,  in  order  to  be  able  to  use  the 
resource, it is necessary to establish a pre-treatment to 
homogenize its quality. After analyzing the information, it 
has been decided that the main components to eliminate 
are  hydrogen  sulfide  (H2S),  water,  halogenated 
compounds and siloxanes.

There is information about laboratory tests with DR 
and fuel  cell  operation on a small  scale.  Operating the 
prototype plant will  allow us to clarify doubts about the 
continuous  operational  capacity  of  the  system  and  to 
evaluate whether it represents an acceptable alternative 
in  cost-efficiency  terms  in  the  current  state  of 
development of the technique.

A pilot  plant  has  been  built  in  Murcia-Este  WWTP 
consisting of: (1) biogas cleaning and polishing (chemical 
washing  and  drying),  (2)  a  fuel  processor  stage  (DR, 

water  gas-shift  (WGS)  and  CO  Preferential  Oxidation 
(COPROX)) and (3) two PEMFC (1.5 kWe). 

Interim results  indicate  that  the functioning of  each 
one  of  the  stages  separately  is  feasible.  The  pre-
treatment  allows preserving the reforming catalyst  from 
the  damaging  effects  of  humidity,  H2S  and  siloxanes 
through biogas DR, it is possible to achieve a processor 
efficiency of 46.63% and obtain a reformed gas with a H2 

content of 38.5%.
The next steps are to continue experimenting in order 

to establish energy and reactive consumption and identify 
operating conditions which allow us to obtain maximum 
performance from the prototype running continuously.

INTRODUCTION 
The European Union (EU) puts much emphasis on 

developing means of  dealing with  both  global  warming 
control and the energy market. Within this framework, the 
EU makes a firm independent commitment to achieve at 
least  a  20% reduction  of  greenhouse  gases emissions 
and the target of a 20% share of renewable energies in 
overall EU energy consumption by 2020. 

Anaerobic digestion of sludge to biogas is the most 
applied  technology  for  recovering  energy  from 
wastewater. A series of commercial solutions enable us to 
exploit  the biogas, but the use of biogas with fuel cells 
combines’ high electric efficiency and low environmental 
impact technology.

Aguas de Murcia,  company belonging to the Agbar 
Group, is aware that all its activities should be done in a 
sustainable  way,  and  carries  out  research  projects 
focused on the valorization biogas generated in WWTP. 

The  objective  of  this  study,  framed  in  the  project 
BIOCELL, is to assess the feasibility of using PEMFC to 
generate electricity from H2 obtained via biomethane DR. 

One of the most attractive features of this study is 
that H2 is obtained through a DR process; since the most 
common way of  reforming is steam methane reforming 
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(SMR). By DR method, the CO2 of biogas can be used as 
oxidant  during  the  reforming  reaction,  avoiding  the 
CH4/CO2 separation and CO2 emissions.

The  composition  of  the  biogas  produced  in  the 
anaerobic  digesters  of  WWTP can  vary  a  great  deal, 
depending  mainly  on  the  characteristics  of  the 
wastewater processed, but raw biogas generally consists 
of CH4, CO2, as well as trace amounts of H2S, ammonia 
(NH3) and siloxanes.

In  order  to  valorize  the  biogas,  it  is  necessary  to 
remove  the  pollutants,  homogenizing  its  quality, 
preserving  the  catalyst  from  damages  and,  overall, 
increasing  the  process  performance.  The  purity 
requirements  are  mainly  determined  by  the  reformer 
catalyst sensibility.

After  analyzing  available  information,  previous 
experiences  on  technologies  for  biogas  valorization, 
literature  and  the  advices  of  catalyst  and  equipment 
manufacturers,  it  has  been  decided  that  the  main 
components  to  remove  are  H2S,  water,  halogenated 
compounds and siloxanes.

A pilot plant has been built in Murcia-Este WWTP to 
carry  out  the experimental  trials.  The main stages that 
made  up  this  installation  are:  (1)  biogas  pretreatment 
(chemical  washing and drying),  (2) fuel  processor (DR, 
WGS and COPROX) and (3) two PEMFC (1.5 kWe).

The  complete  sequence  of  biogas  pretreatment 
includes:  caustic  scrubbing,  to  remove  sulphur 
compounds;  cooling,  to  remove  water  and  siloxanes, 
adsorption on activated carbon, to remove water, nitrogen 
and sulphur compounds, and adsorption on silica gel, to 
remove water and siloxanes traces.

The reforming reactor is feed with a biogas stream 
made  up  of  50%  CH4 and  50%  CO2,  and  the  dry 
reforming is carried out according to: CH4 + CO2 ↔ 2H2 + 
2CO. The conversion of CH4 in this phase is close to 75% 
and the optimal temperature is above 700°C.

WGS reactor (CO + H2O ↔ CO2 + H2) should be fed 
with  pure  water  in  quantity  enough to  maintain  a  ratio 
H2O/CO=7  and  T  between  300  and  350ºC.  The  CO 
conversion during this process is over 98%.

The last  stage, COPROX (CO + ½ O2 ↔ CO2), is 
very sensitive; operating parameters should vary between 
tight  ranges (T,  flow,  inlet  concentrations).  T should  be 
between 118-150°C and it is possible to reach conversion 
efficiencies close to 100%. 

If CO conversion is lower than 99.5%, it is necessary 
to  recycle  the  stream  to  the  burner.  CO  is  the  main 
pollutant for PEMFC’s catalysts and its content should be 
less than 10 ppm.  

Interim results indicate that the functioning of each 
one  of  the  stages  separately  is  feasible.  The  pre-
treatment  allows preserving the reforming catalyst  from 
the  damaging  effects  of  humidity,  H2S  and  siloxanes 
under a highly variable range of biogas compositions.

Through  biogas  DR  is  possible  to  achieve  a  fuel 
processor  (DR+WGS+COPROX)  efficiency  of  46.63%, 
which means a H2 content of 38.5% in reformate.

The  next  steps  are  to  continue  experimenting  in 
order to establish energy and reactive consumption and 
identify  the  operating  conditions  that  lead  to  maximum 
performance from the prototype running continuously.

NOMENCLATURE
CH4Methane
CO Carbon monoxide
CO2  Carbon dioxide 
COPROX CO Preferential Oxidation
DR Dry reforming
EU European Union 
H2 Hydrogen
H2S Hydrogen sulfide 
kWe kilowatt of electrical energy
PEMFC Proton exchange membrane fuel cell
SMR Steam Methane Reforming
T Temperature 
WGS Water Gas Shift
WWTP Wastewater Treatment Plant
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ABSTRACT 
At the DLR Institute of Technical Thermodynamics 

new concepts for fuel cell stacks are developed and 
tested for various applications and load profiles. Thereby, 
the main focus lies on the simplification of the stacks for 
reaching a cost reduction as well as an increase of the 
(volumetric) power density. 

Today’s polymer electrolyte fuel cells (PEFCs) are 
applicable only within a limited thermal operating range. 
This limitation restricts the spectrum of possible 
applications and hinders their flexibility during operation. 

At DLR a new bipolar design is developed and tested 
in combination with a new kind of sealing which allows  
operation at low and high temperatures (-20 up to 130°C)  

The investigation shows technical relevant 
performance at standard operation temperature. It has 
been proven that the performance reduces with 
increasing temperature up to 120°C, but the performance 
- depending on water management strategy - at operating 
temperatures of around 110°C is still enough for standard 
applications. Further increase of the performance will be 
expected after the usage of segmented cells and local 
electrochemical impedance spectroscopy.  

The fulfillment of these “boundary” conditions will lead 
to an improved operational flexibility of polymer 
electrolyte fuel cell stacks, especially in the stationary and 
mobile sector. 

INTRODUCTION 
Today’s polymer electrolyte fuel cells (PEFCs) are 

applicable only within a limited thermal operating range. 
This limitation restricts the spectrum of possible 
applications and hinders their flexibility during operation. 
Therefore, new concepts for fuel cell stacks are needed 
to overcome this restriction which is done at DLR’s 

Institute of Technical Thermodynamics. The main focus of 
its activities lies on the simplification of the stacks for 
reaching a cost reduction as well as an increase of the 
(volumetric) power density. 

INVESTIGATIONS AND DEVELOPMENTS 
One of the most important targets in PEFC’s research 

is to enlarge the range of operating temperature. Thereby, 
a continuous operation at elevated temperatures or an 
extended temperature range for a limited time is 
requested. In order to avoid critical operating conditions 
and to ascertain a sufficient durability and performance of 
a fuel cell stack, special concepts regarding the bipolar 
plates, the cooling strategy, the membrane electrode 
assemblies as well as a closer look on the water 
management are essential. Furthermore, the operating 
strategy of the stack has to be adapted to all its 
components. 

The strategy assumes operating temperatures from 
60 up to 130°C. Additionally, a cold start should be 
feasible from -20 °C, even if during the start-up procedure 
the total net power can not be supplied right from the 
beginning. An elevated temperature range should be 
applicable for short durations of approximately 1 hour. 

The fulfillment of these operation modes leads to an 
improved operational flexibility of polymer electrolyte fuel 
cell stacks, especially in the stationary and mobile sector.  

For this purpose a new bipolar plate design with a 
multi serpentine flow field was developed and 
successfully manufactured in composite material. Fig. 1 
shows the end plates of the corresponding stack which is 
optimized in order to reduce the weight. In front of the 
stacks appropriate bipolar plates and segmented cells are 
shown.  
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By implementing of segmented bipolar plates 
(segmented cells) into the fuel cell stack and, thus, using 
DLR’s measurement technique for determination of local 
current density distribution (PCB technology) the life-time 
of the stacks can be extended by an adapted control 
strategy. With segmented cell measurements an 
optimization of the performance with special 
consideration of the water management is possible. Fig. 2 
shows a standard measurement with this tool for two 
different operating points. 

All investigations are mainly carried out with Ion 
Power Membrane electrode assemblies. The first results 
of short stack measurements are shown in Fig. 3 and 4. 

In Fig. 3, showing generated current to relative 
humidity (RH) correlation, a strong dependency on water 
and humidification strategy can be seen. As it is the target 
not to increase the humidification while increasing the 
operation temperature during the limited time, the 
humidification  drastically reduces in this operation mode. 
In Fig. 4 these results and the limitation of performance 
are shown.  

One important result is that operations at higher and 
lower temperatures are reversible. Although performance 
reduces this reduction does not reach the expected 
values. Measurements available so far indicate that it 
should be possible to develop a technically relevant stack 
for mobile applications by further optimisation using 
segmented cells. A further improvement is expected by 
locally resolved impedance spectroscopy, which will be  
one of the next development steps at DLR. 
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Fig. 1: DLR-stacks with conventional and segmented 

bipolar plates (segmented cells). 

 
Fig. 2: Schematic results of segmented cell 

measurements for two different operating points 
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Fig. 3: Dependency of generated current from relative 

humidity (RH) of the cell and its temperature 
(RHAnode = RHKathode = RH) 
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Fig. 4: Decrease in current generation at an increase of 
temperature from 90°C to 100, 110, 120°C (Anode 
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ABSTRACT 
Procedures  for  manufacturing  thin-layer  SOFC  on 

new type of porous Ni-Al compressed foam substrate with 
functionally graded design of  anode and cathode layers 
were elaborated including both traditional approaches as 
well  as  new  advanced  techniques  (MO  CVD, 
electrophoretic deposition, electron bean and microwave 
radiation sintering). High and stable performance of these 
cells was demonstrated. 

INTRODUCTION
Solid  oxide  fuel  cells  on  metallic  substrates  are 

promising  for  mobile,  distributed  standby  or  auxiliary 
power units due to resistance to thermal and mechanical 
stresses.  When  the  metallic  substrate  is  applied,  the 
SOFC can be manufactured as a  thin-layer  composite, 
and their operating temperatures can be shifted into the 
intermediate  (600-800oC)  range.  This  work  presents 
results  of  design  and  characterization   of  the  metal-
supported  SOFC  using  a  new type  of  porous  metallic 
substrate made from Ni-Al alloy.

PREPARATION OF CELLS
Open-cell  nickel  foams  were  manufactured  by  the 

nickel  electroplating  of  the  polyurethane  foam  samples 
followed by sintering under N2 + H2  atmosphere,  uniaxial 
compression,  pack aluminizing and annealing  at 1000 oC 
for  1  h  under  air.  Substrates   for  deposition  of  SOFC 
functional  layers  were  prepared  as  bi-layer  composites 

(Fig.  1).  The  main  part  consisting  of  cellular  ceramic 
skeleton  covered  by  Ni-Al  layer  ensures  the  substrate 
robustness,  heat and electric conductivity, and  moderate 
thermal  expansion.  Co-sintered  Ni-Al  platelet  (porosity 

~50%, thickness 500 µm,  the average pore size 50 µm) 
is used as support for depositing functional layers . A high 
corrosion  resistance  of  Ni-Al  alloy  prevents   the  cell 
performance degradation.

Anode nanocomposites  comprised of  NiO/YSZ with 
spatially graded grain size, porosity and content of Ru/Ln-
Sr-Mn-Cr-O  promoters  were  supported  by  slip  casting 
slurries in isopropanol with polyvinyl butyral. Thin layers of 
electrolytes (YSZ, GDC, ESB, YSmBi) were supported by 
MO  CVD  or  electrophoretic  deposition.  Functionally 
graded cathodes comprised of porous perovskites layers 
(La-Sr-Mn-O, La-Bi-Mn-O, La-Sr-Fe-Ni-O, etc) and dense 
thin  perovskite-electrolyte  nanocomposite  layers  were 
supported by slip casting, air brushing and electrophoretic 
deposition.  Layers  were sintered to  required density by 
traditional thermal or unique radiation- thermal (e-beam or 
microwave)  techniques.  Button  size  cells  were  tested 
using wet  H2/air  feeds.  Morphology of  functional  layers 
and cells across-section was studied by SEM with EDX 
analysis.

FEATURES OF THE CELL DESIGN
Typical arrangement of functional layers is shown in 

Fig.  2.  First  macroporous  layer  (thickness  ~40  μm) 

comprised  of   coarse  (20-30  µm)  NiO/YSZ 
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nanocomposite  particles  was  supported   into  the 
substrate  pores  without  depositing  any  protective 
interlayers.  Subsequent  anodic layers (total thickness up 
to  20  μm)  deposited  from  suspensions  with  the  fine 

(~0.1µm)  fraction content of 50–100% fill also the gaps 
between course  particles  of  the  first   layer.  The  upper 
dense (porosity <10%) anode composite layer (thickness 
~1 μm) provides required smoothness for  depositing thin 

(~10µm)  electrolyte  layer.  Rather  dense  cathode 

nanocomposite layer (thickness up to 20 µm) sintered by 
radiation-thermal  techniques  strongly  adheres  to 
electrolyte  without  any  cracks  or  formation  of  isolating 

layers. Porous perovskite layers (thickness up to 30 µm) 
supported on nanocomposite layer were removed before 
sample fixation in epoxy resin to prepare cross-section. 
Ru/Ln-Sr-Mn-Cr-O  promoted  anode  nanocomposites 
were supported on  the other side of Ni-Al substrate. 

2 mm

1

2

Fig. 1. Composite SOFC substrate: 
(1) – Ni-Al plate; (2) – Ni-Al/ceramic skeleton 

Fig. 2. Typical SOFC cross-section:
(1)-(3) – graded anode on porous substrate; (4) – 
electrolyte; (5) cathode nanocomposite layer.

Sintering  parameters  were  optimized  to  provide 
required  layers  density  while  avoiding  formation  of 
isolating pyrochlores.

CHARACTERIZATION OF THE CELL
Typical  results  of  SOFC testing in  the  intermediate 

temperature range are given in Fig. 3. Power density up to 
500 mW/cm2 was obtained at 700 oC for wet H2 or CH4+ 
H2O (O/C=2) feeds. Cell performance was stable without 
degradation at middle–term (~100 h) tests at 600-800 oC. 
Impedance spectroscopy studies revealed that the cell air 
specific  resistivity  is  determined  by  cathode.  Specific 
resistivity of supported anode platelet reduced by H2 was 
stable  in  H2/H2O  stream  for  >  1000  h  demonstrating 
corrosion resistance of substrate.

Fig. 3. Typical polarization and power density curves 
at 600, 700 and 800oC with wet H2/air feeds

.

CONCLUSIONS
Bi-layered Ni-Al based foam substrate with graded poros-
ity provides required robustness and compatibility with an-
ode nanocomposite for design of  metal-supported SOFC. 
Deposition of graded composite anode, thin-film electro-
lyte  and thin nanocomposite cathode layers ensured high 
and  stable  performance.  Microwave  and  e-beam  tech-
niques  sllow  sintering  of  functional  layers  to  required 
density  and  their  reliable  connection  with  the  gas-tight 
electrolyte at decreased temperatures which prevents un-
desired phases formation. 
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ABSTRACT

Distributed  hydrogen  production  seems  to  be  the  ideal 

solution  to  feed fuel  cell  systems.  In  order  to  sustain  quick 

loading variations, very compact systems and very fast start-up 

and shut-down procedure, ATR reactor is selected as the best 

H2 production reactor for coupling with a fuel cell system. Since 

ATR  reactor  is  a  self-sustained  system,  in  order  to  improve 

reactor performances and global system compactness, n heat 

exchange system was integrated in  the reactor  for  the heat 

transfer from the products to the reactants. Great versatility of 

the system was achieved by feeding system with both gaseous 

or liquid hydrocarbons. However, it’s very hard to realize n high 

performances  system  for  both  fuels,  due  to  the  different 

characteristics  of  fuels.  Preliminary  tests  shows  satisfying 

results with both fuels: very short transitory times and a high 

hydrocarbons conversion were observed in the whole test. 

INTRODUCTION

To counter the antithetic problems of energy growing demand 

and environmental  pollution,  the combination hydrogen-fuel 

cell  seems to  be the most  viable  solution.  Due to  the  high 

difficulties in H2 transport and storage, distributed production 

is a very interesting solution. In this aim, H2 production by ATR 

of hydrocarbons results as the best solution for the coupling 

with a fuel cell system, due to its versatility and compactness, 

as  well  as  its  self-sustainability  and  the  ability  to  process 

different fuels. Despite CH4 is the hydrocarbon with the highest 

H/C ratio, a liquid hydrocarbon (diesel-like) has a very higher 

energetic density, and thus improves the system compactness. 

By  feeding  a  liquid  hydrocarbon,  a  system  for  vaporize  the 

liquid fuel is needed: thermal vaporization may be achieved by 

means of an external heat exchanger, but this solution implies 

an increase in plant size and a substantial increase in operating 

costs;  furthermore,  liquid  fuel  heating  may  cause  the 

hydrocarbon  cracking  and  the  coke  formation.  Non-thermal 

vaporizers are considered: fuel atomization may be achieved 

with an ultrasound assisted injector [1] or with a high pressure 

alternate  injection  system  [2].  In  this  way  hydrocarbon  is 

delivered  in  very  small  droplets  that  quickly  vaporize  on 

contact  with  other  pre-heated reactants,  thus avoiding coke 

formation. Since ATR is a catalytic reaction, the choice of an 

appropriate  catalytic  system  is  a  fundamental  step  in  the 

reaction setup. Previous studies have demonstrated the impor-

tance of a flat thermal profile along the catalytic bed [3]: in this 

way honeycomb monoliths result as the favourite solution. An 

ideal catalyst may show high selectivity towards steam reform-

ing, partial oxidation and water gas shift reactions as well as 

may inhibit side reactions as cracking and coke formation. 

EXPERIMENTAL

An  ATR  catalytic  reactor  was  designed  and  realized  [4] to 

produce up to 5 Nm3/h of H2 by ATR of CH4 (as natural gas-like) 

and C12H26 (as  diesel-like).  Air  and water are also fed to the 

system:  reactants  rates  are  controlled  by  means  of  MFC 

(Brooks) for gaseous reactants and Quantim (Brooks) for liquid 

reactants. 

The catalytic zone was realized with a rectangular section: this 

configuration allows a quick access to the catalytic volume, so 

facilitating  the  maintenance  procedures.  The  catalysts  are 

placed  in  5  bricks  sized  39x57x11  mm,  in  order  to  improve 

reactants mixing after each brick and to facilitate the reaction 

control  along  the  catalytic  bed.  Downstream  the  reaction 

volume a special heat exchanger is placed to pre-heat air and 

vaporize  and  over-heat  water  by  recovering  heat  from 

products stream. The special  configuration of heat exchange 

module  maximize  the  heat  transfer  toward  reactants.  Pre-

heated reactants (steam and air) as well as cold hydrocarbons 

(methane or dodecane) are sent to a mixing module placed 
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just  before  the  reaction  module,  in  which  a  homogeneous 

reactant  stream  are  achieved  and  then  is  delivered  to  the 

reaction  module.  In  the  start-up  phase,  the  reaction  is 

triggered  by  an  electrical  resistance  placed  just  before  the 

catalytic volume.

Particular  attention  was  focused  in  the  dodecane  delivery 

system: a high pressure and alternate spray feed system, based 

on  a  “common  rail  injection  system”,  was  adopted;  by  this 

system,  the  formation  of  micro  droplets  of  hydrocarbon  is 

ensured, which  vaporize  instantly  in  the mixing chamber on 

contact  with  other  preheated  reactants.  A  radial-jet  high-

pressure pump (BOSCH mod. CR/CP1S3/R55/10-1S) maintains 

the fuel  at  about 1000 atm inside a rail  to quench pressure 

fluctuations. The rail supplies fuel to an electro-injector which 

provides the dodecane into mixing chamber.  The amount of 

supplied  fuel  is  controlled  by  width  and  frequency  of  valve 

openings, driven by a specifically designed PWM circuit (GISA 

elettronica). The high-pressure injection of dodecane assures 

the atomization in  very small  droplets of  about 20 microns, 

which vaporize instantly. Dodecane is stocked in a vessel at 4 

atm to provide fuel in high pressure circuit.  In  vessel line,  a 

Coriolis-based  mass  flow  controller  (Brooks)  is  placed  for 

measuring dodecane consumption during system operation. A 

rotary low pressure pump was placed to assure an appropriate 

flow in high pressure pump circuit.

The  process  control  is  assured  by  means  of  a  series  of 

thermocouples placed along the catalytic bed (after each brick) 

as  well  as  in  the  mixing  volume and  downstream  the  heat  

exchange  module.  Products  composition  was  monitored  by 

means  a  mass  spectrometer:  the  sampling  current  passes 

through  a  cold  trap  to  remove  water  before  analysis. 

Temperatures  and  concentrations  are  recorded  by  a  Hiden 

Analytical analysis system. 

RESULTS AND DISCUSSION

The start-up phase was carried out by powering the trigger and 

feeding to the system air and CH4 (O2/C = 1.37; GHSV = 7000 h-

1) to warm up the reactor. The system quickly reaches very high 

temperatures  along  the  whole  catalyst,  in  this  phase  a  H2 

concentration  of  13% is  also  obtained.  In  a  few of  minutes 

GHSV was raised to 25000 h-1 in order to reduce the warm-up 

procedure:  in  this  phase  H2 production  and  CH4 conversion 

slightly  increase.  The  start-up  takes  few  minutes,  in  which 

temperatures  and  composition  values  reach  a  quasi-steady 

state.

After start-up, air, water and methane were delivered to the 

system: O2/C ratio was held at 0.56, as well as GHSV was held 

to 70000 h-1; H2O/C was varied between 0.49 and 1.08. Finally, 

the methane is replaced with the dodecane at the same feed 

conditions.  Results  are  summarized  in  the  Figure  1Errore:

sorgente  del  riferimento  non  trovataErrore:  sorgente  del

riferimento non trovata.

The increasing in H2O/C ratio produces very weak variations: 

the CH4 conversion has  no variation,  while  H2 concentration 

slightly  increases.  These  results  may  be  explained  with  an 

enhancement in WGS reaction, leaded by the increase in the 

fed H2O. No relevant changes are also observed for the thermal 

profile along the catalytic bed, in which a temperature jump 

(T1-T4)  of  80°C  is  recorded.  A  very  lower  temperature  was 

observed downstream the last catalytic brick (TPROD): this value 

may be affect  to the flux inside the adjacent heat exchange 

module. 

Figure 1  -  Composition and temperature at several feed conditions  

(GHSV = 70000 h-1; O2/C = 0.56)

By feeding dodecane, an evident reduction in H2 concentration 

was  observed,  according  with  thermodynamic  equilibrium. 

Thermal efficiency η has no relevant changes in the switching 

from gaseous  to  liquid  hydrocarbon.  An  evident  increase  in 

thermal profile along the whole catalytic bed was observed; 

however the maximum temperature difference along catalytic 

bed still remain 80°C. The absence of CH4 in product stream as 

well  as  the  composition  very  close  to  the  thermodynamic 

equilibrium values may result from a complete conversion of 

fed dodecane, due to a correct operation of dodecane delivery 

system, which leads to an optimal mixing of hydrocarbon with 

other reagents.
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ABSTRACT
Nano-structural  components  have  attracted  increasing 
attention  in  intermediate/low  temperature  ceramic  fuel 
cell.  We  reported  here  a  ceramic  fuel  cell  with  a 
configuration  of  (Ni/Fe)-NSDC/NSDC/LiNiZnO-NSDC  by 
all  nano-composite  materials  and  operated  at  low 
temperature  range  of  500-600  oC.  The prepared  nano-
composite materials are characterized by X-ray diffraction 
(XRD),  Emission  scanning  electron  microscopy  (SEM) 
and  Transmission  electron  microscopy (TEM). 
Electrochemical  performances  were  studied  by  current 
-Voltage, power density characteristics and Ac impedance 
spectroscopy. The short term stability of fuel cell was also 
investigated in 100 min. The high fuel cell  performance 
and reasonable stability demonstrated that the all nano-
composite  fuel  cell  concept  is  feasible  and  may  have 
great potential in future study. 

INTRODUCTION
The  recent  extensive  studies  of  ceria-carbonates 
composite  electrolytes  offering  a  combination  of  high 
conductivity and excellent performance have opened the 
potential  solution  of  realizing  solid  oxide  fuel  cells 
(SOFCs) to operate in the low temperature range, which 
also supply new research strategy for materials choice, 
electrode microstructures and fuel cell stability [1,2].
Most  recently,  a  nano-composite  SDC-carbonate 
electrolyte  is  also  developed  through  a  one-step  co-
precipitation  process.  The  nano-composite  electrolyte 
realizes the super-ionic conduction at 300 °C (0.1 Scm-1) 
and unique hybrid proton and oxide ionic conductivity [3]. 
In  addition,  the  study  of  nano-structural  electrodes 
materials for intermediate/low temperature SOFCs is also 

particularly interesting [4,5]. The electrode made by nano-
scale particles has enhanced electro-catalytic activity for 
their  higher  specific  area,  which  leads  to  larger  triple 
phase  boundary  (TPB)  for  electrochemical  reaction 
compared  with  micro-scale  one.  More  importantly,  the 
homogeneous  and  contiguous  of  nano  electrode  will 
improve the thermal stability and oxygen ionic diffusion. 
In the present study, single cells are fabricated with all 
nano-composite components. Electrochemical impedance 
spectroscopy  analysis  demonstrates  the  high 
electrochemical  activity  of  the  nano-composite  cell 
components for low temperature SOFC. The short-term 
continuous discharging study under a constant resistance 
condition showed its stability at fuel cell atmosphere.

EXPERIMENTAL 
Nano-composite  electrolyte  and  anode  materials  are 
synthesized  by  co-precipitation  approach  with  different 
precipitators.  The detailed preparation procedures have 
been  reported  elsewhere  [3,5].  The  cathode  material 
LiNiZnO composite is prepared by modified combustion 
method with inorganic carbon disperser to get nanosize 
particles  [6].  Fuel  cell  fabrication  and  electrochemical 
performance measurements can refer our previous work 
[7]. 

RESULTS AND DISCUSSION
The  electrochemical  performance  of  fuel  cell  was 
evaluated  by  Ac  impedance  at  open  circuit  voltage 
condition.  As  shown  in  Fig.  1,  all  impedance  spectra 
exhibited a capacitive effect and two depressed arcs. The 
capacitive effect is caused by the steel device tester and 
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the instrument leads. The high frequency intercept on X 
axis is the series resistance.  The high frequency arc is 
attributed to the anode polarization resistance, while the 
low frequency is  associated with cathode resistance by 
oxygen reduction reaction. The different between the high 
and  low  frequency  intercept  is  the  total  electrode 
polarization  resistance.  The  low  values  of  these  high 
frequency  intercepts  demonstrated  the  high  ionic 
conductivity of nano-composite electrolyte. For instance, 
the calculated ionic conductivity is 0.12 Scm-1 at 600 oC, 
which  is  much  higher  than  that  of  most  current  single 
phase electrolytes.  The anode polarization resistance is 
0.25  Ωcm2 at 550  oC, which is much lower than that of 
Ni/Fe-SDC by mechanical mixing method (0.265 Ωcm2 at 
800  oC) [8].  Besides, the  cathode  resistance  takes  up 
major part of the total electrode polarization resistance, 
which can be intercepted by the lower activity of oxygen 
reduction  reaction  compared  with hydrogen  oxidation. 
Furthermore,  the  electrodes’  processes  exhibit  slightly 
higher resistance compared with electrolyte loss due to 
interfaces’ polarization losses. However, consideration the 
much  improved  ionic  conductivity  of  nano-composite 
electrolyte,  the  nano  scale  electrodes show  adequate 
electro-catalytic activity for electrode redox reaction. 

Fig. 1 - Typical EIS of fuel cell at different temperatures.

It  is  an argument that  the nano-particles may not keep 
stable at elevated temperature due to their high surface 
energy. The particles coarsening will significantly reduce 
the specific surface area and consequently the fuel cell 
performance.  Fig.  2  is  the  short-term  fuel  cell 
performance under a constant resistance condition. The 
resulted  voltage  increases  slightly  with  time.  The 
corresponding  current  density  increases  at  the  first 
operation period up to 60 min, and then keeps stable for 
the rest 40 min. A relative high current density of 1.8 Acm-

2 was achieved at 500 oC. Therefore, the fuel cell shows 
reasonable stable performance under fuel cell operation. 
The investigation of long-term stability is now under way. 

Fig. 2 – Short time performance under a constant 
resistance condition and 500 oC.

CONCLUSIONS
Nano-composite materials are synthesized and employed 
as  electrodes and  electrolyte  materials  for  low 
temperature ceramic fuel cells. Fuel cell shows expected 
high  performance and reasonable  stability  under  H2/Air 
condition based on all nano-composite components in the 
device  construction.  Therefore,  all  nano-composite 
components concept can be recommended as promising 
ceramic fuel cell system for low temperature application.
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ABSTRACT
The catalytic activity of CeO2  supported Pt-Ni and Pt-Co 
bimetallic  catalysts  was  investigated  in  the  low 
temperature ethanol steam reforming (ESR) reaction. The 
investigated  catalysts  were  obtained  through  wet 
impregnation  and  coprecipitation,  both  followed  by 
calcination,  and  properly  characterized  by  different 
techniques  such  as  X-ray  diffraction,  BET  and 
temperature-programmed reduction. The catalytic activity 
tests  were carried out in both diluted and concentrated 
reaction  mixture,  to  better  simulate  a  raw  bio-ethanol 
stream. The results of catalytic activity tests showed that 
the  preparation  method  may  play  a  significant  role  to 
determine the final catalysts performances. Moreover, by 
evaluating  the  effect  of  operative  parameters  such  as 
temperature,  GHSV,  the  water-to-ethanol  molar  ratio 
(denoted as r.a.) and the dilution ratio (denoted as r.d.) for 
the prepared samples in terms of activity and selectivity in 
the  low  temperature  ESR  reaction,  the  experimental 
results showed that the best performances was obtained 
for  the  impregnated  Pt/Ni/CeO2 catalyst:  it  showed  a 
complete conversion and a composition that agrees with 
thermodynamics values already at low contact times. An 
interesting performance in  terms  of  durability has  been 
given by the PtCo-based catalysts.

INTRODUCTION
Despite  the  deep knowledge  of  the  natural  gas  steam 
reforming technology, there is interest in using ethanol for 
fuel-cell hydrogen production (1). Ethanol is more readily 
obtained from renewable sources and directly usable as 
an aqueous solution. Moreover it has a lot of advantages 
that  include  low  toxicity,  low  vapor  pressure  and,  of 
course, a great theoretical hydrogen storage density (2). 
Ethanol contains a carbon-carbon bond that is difficult to 
break  and  there  is  the  possibility  of  producing 
intermediates with a great tendency to form undesirable 

by-products.  Thermodynamic  studies  (3,4)  on  ethanol 
steam reforming reactions have shown that the ideal ESR 
reaction  is  C2H5OH  +  3H2O  =  6H2 +  2CO2 and  the 
equilibrium product mixture contains a complete ethanol 
conversion and traces of acetaldehyde and ethylene. The 
reaction  network  that  results  from  catalytic  reaction  of 
ethanol is very complex, including by-products formation, 
and depends on the reaction conditions.  There has not 
been extensive research of catalytic performance studies 
for low temperature steam reforming of ethanol. In those 
studies,  monometallic  and bimetallic  catalysts based on 
noble (Pt,  Rh, Pd) and non noble (Ni,  Co,  Cu) metals, 
supported  on  ionic  oxides,  mainly  CeO2,  have  been 
proposed  for  hydrogen  production  from  ethanol.   The 
noble  metals  are  used  for  their  attitude  to  promote 
dehydrogenation, decomposition and WGS reactions, that 
are in favour of hydrogen production, while the non noble 
metals are employed for their capability in the C-C bond 
rupture (2). The reason for the successful use of ceria in 
catalysis and especially in three-way catalysts (TWCs) is 
connected to  its  ability to take up and release oxygen, 
This  function is  called oxygen storage/release  capacity, 
following variations  in  the stoichiometric  composition of 
the feedstream (10).
By  thermodynamic  studies,  it  was  observed  that  low 
pressure (atmospheric),  high temperature (>600°C) and 
high r.a.  (>3)  were  favourable  for  high  H2 production 
(5,6,7). Since the high temperature operating range could 
not favour the low temperature CO-purification steps, the 
low  temperature  ESR  reaction,  that  depresses  CO 
formation  and  allows  the  overall  thermal  efficiency  be 
increased,  has also been proposed in  literature (7,8,9). 
This  thermodynamically  unfavoured  conditions  lead  to 
coke formation, causing reduced H2 selectivity and poor 
catalyst life. The desired reaction can be approached with 
suitable choices of catalysts and operating conditions (5). 
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Thus, the objective of this work was to find an  optimal 
catalyst for the low temperature ethanol steam reforming 
reaction among Pt-based bimetallic catalysts, containing 
Ni  or  Co,  supported  on  CeO2,  in  order  to  obtain  a 
complete ethanol conversion, a high H2 selectivity, a low 
CO content in the outlet gas stream and a high catalyst 
durability study.

EXPERIMENTAL
The Pt-Ni and Pt-Co catalysts were prepared through two 
different methods, wet impregnation and coprecipitation, 
using in both cases a noble metal content of 3 weight % 
and a non noble metal  content of  10 weight %. All  the 
samples were characterized by different techniques such 
as X-Ray Diffraction (XRD), N2 adsorption at -196°C and 
Temperature Programmed Reduction (TPR). 
The catalytic activity tests were performed in a lab-scale 
plant, using diluted and concentrated reaction mixture. In 
the first case, the operating conditions were: P= 1 atm, T= 
300°C,  GHSV=  15000  h-1,  total  flow  rate  QTOT=  1000 
Ncm3/min  (EtOH/H2O/N2 =  0.5/1.5/98  vol  %).  In 
concentrated conditions, different r.a. and r.d. values were 
used to better simulate the raw bio-ethanol stream;  the 
temperature range was 300-500°C, and the GHSV one is 
7500-15000  h-1.  The  effect  on  catalysts  activity  and 
selectivity of  the  catalyst  preparation method  and  main 
operating  conditions,  such  as  temperature,  GHSV  and 
reactants mixture composition, were evaluated. 
The preliminary results are very interesting and promising. 
The tests performed in diluted conditions lead to prefer 
the  catalysts  obtained  through  impregnation,  especially 
when the non-noble metal is added before the noble one, 
suggesting  that  it  could  be  crucial  to  have  Pt  directly 
available  at  the  gas-solid  interface  to  favour  ethanol 
adsorption. 

Table 1:  Ethanol and water conversion and hydrogen yield in  

diluted catalytic tests (*)

Catalyst XEtOH [%] XH2O [%] YH2 [%]

Pt/Ni 100 49 45
Ni/Pt 100 31 31
Pt-Ni 100 28 55
Pt/Co 100 41 46
Co/Pt 100 18 55
Pt-Co 87 15 45
(*) Catalysts denoted with / are impregnated samples while the 
–  the symbol for the coprecipitated ones

In concentrated conditions, a more detailed screening of 
the  catalysts  performances  at  different  operating 
conditions  were  carried  out.  As  a  result,  the 
3%Pt/10%Ni/CeO2 catalyst obtained through impregnation 
seems to be very promising for the low temperature ESR 
reaction,  in  terms  of  activity  and  selectivity  among the 
investigated  catalysts,  since  the  experimental  values 
agree  with  the  equilibrium  data,  in  particular  with 
increasing contact time. 
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Figure 1. Experimental (points: ■ H2O ♦H2 ▲ CH4 □ CO2 ◊ CO ● 
C2H5OH)  and  equilibrium  (lines)  products  distribution  as  a 
function  of  temperature  for  Pt/Ni  catalyst  in  concentrated 
catalytic  tests  (Total  flow rate=1000Ncc/min;  GHSV=15000h-1; 
r.d.=4; r.a.=3)

Preliminary  tests on the stability of the catalysts showed 
that the Pt-Co catalysts, despite the lower agreement of 
the  product  distribution  with  the  thermodynamic 
calculations,  are  also  interesting,  in  particular  for  their 
higher durability and H2 selectivity.
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ABSTRACT 
Different  catalysts vanadium-based supported on mixed 
oxide  (Al2O3,  CeO2,  TiO2,  CuFe2O4)  for  the  partial 
selective oxidation of H2S were investigated. 
These catalysts were compared in terms of H2S and O2 

conversion, SO2 selectivity and durability in the range of 
temperature 50-250°C (GHSV=15000 h-1, O2/H2S = 0,5). 
Results  proved  that  the most  interesting catalysts  were 
V2O5/CeO2 and V2O5/CuFe2O4 that showed very high H2S 
and O2 conversion, higher than 95% and respectively a 
SO2 selectivity of 14% and 20%.
Finally,  a  deeper  study on  the  V2O5/CeO2 catalyst  was 
performed  by  investigating  the  influence  of  H2S 
concentrations, space velocity, and the O2/H2S molar feed 
ratio  in  terms  of  SO2 selectivity and  in  order  to  obtain 
preliminary kinetic data to the correct design of a catalytic 
reactor for the biogas clean-up to feed MCFC.

INTRODUCTION
Biogas is a valuable renewable energy carrier and can be 
employed directly as a fuel or as a raw material for the 
production of syngas.
It may also be used in fueling internal combustion engines 
and  fuel  cells  for  production  of  mechanical  work  and 
energy.
Because biogas contains amounts of sulphur compounds, 
such as hydrogen sulphide, there is a need to remove H2S 
in a simple but selective way when biogas is fed to molten 
carbonate fuel cell since hydrogen sulphide lead 
to  poisoning  of  the  anode  and  electrolyte  and  to 
deactivate of the sites for oxidation .
In this regard,  next  to the technologies of  H2S removal 
based on the physical processes, a primary importance is 
played by selective catalytic  H2S oxidation to  elemental 
sulphur at low temperature (50-250°C). 

In a previous work different catalysts  (activated carbon, 
mixed metal oxides) were examined in the reaction of H2S 
oxidation  to  sulphur.  Results  showed  the  mixed  metal 
oxide showed better  performances in  terms of  catalytic 
activity and selectivity than activated carbon. 
Then,  the  purpose  of  this  work  is  to  prepare  and 
characterize  a  vanadium-based  catalyst  supported  on 
mixed  oxide  in  order  to  obtain  an  active  and  selective 
catalyst  for  the  reaction  of  H2S  oxidation  to  elemental 
sulphur. 

EXPERIMENTAL RESULTS
Four  catalysts  V2O5/CeO2,  V2O5/CuFe2O4,  V2O5/Al2O3, 
V2O5/TiO2 were  prepared  by wet  impregnation  method. 
Catalytic tests were carried out in a fixed bed flow pyrex 
reactor, under atmospheric pressure and in the range of 
temperature  50-250°C at  15,000  h-1 GHSV,  by feeding 
1000 ppm of H2S, 500 of O2 and balance nitrogen. 
The exhaust stream was analyzed by a quadrupole filter 
mass spectrometer equipped with a sulphur trap in order 
to follow all the reactants and the gaseous product at the 
reactor outlet. 

The H2S, O2 conversions, and the SO2 selectivity were 

calculated by using the following equations, by consider-

ing negligible the gas phase volume change:

H2S Conversion (%) = (ppm of H2S reacted / ppm of 

H2S fed)·100

O2  Conversion (%) = (ppm of O2 reacted / ppm of O2 

fed)·100

SO2 Selectivity (%) = (ppm of sulfur dioxide / ppm of hy-

drogen sulfide reacted)·100

Results  showed  that  the  conversions  of  H2S  and  O2 

increase  with  temperature  in  the  range  50-250°C  so 
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different for catalysts tested. Particularly at T=250°C (Tab.
1), the V2O5/Al2O3   exhibited a 75% H2S conversion while 
all  the  catalysts  showed a  H2S conversion  higher  than 
95%.  For  the  V2O5/CuFe2O4 catalyst  the  H2S,O2 

conversions were practically complete.

Tab. 1: H2S, O2 conversion at T=250°C for different catalysts

Catalyst X H2S, % X O2, %
V2O5-Al2O3 75 80

V2O5-TiO2 95 96

V2O5-CeO2 97 90

V2O5-CuFe2O4 100 100

In Fig. 1, results of catalytic activity test are compared in 
terms of SO2 selectivity in the range of temperature of 50-
250°C for the different catalysts.
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Fig. 1: SO2 selectivity in the range 50-250°C for vanadium- 
based catalysts supported.

For all the samples, the behaviour of the SO2 selectivity 
depends  strongly  on  temperature;  the  continuous 
increase of the SO2 selectivity was observed in the overall 
temperature range. A SO2 selectivity ~20% was noted for 
V2O5/CuFe2O4 catalyst, while the most interesting samples 
are the V2O5/CeO2 and V2O5/TiO2. 
For the V2O5/CeO2 catalyst was examined the effect of the 
H2S concentrations, space velocity and molar ratio O2/H2S 
in order to minimize the selectivity system to SO2. 
Results  of  Tab.  2 showed  that  despite  the  sensible 
change in the GHSV values, any significant variations of 
the H2S, O2  conversions and SO2 selectivity are obtained.

Tab. 2: Effect space velocity on the catalytic activity of 
V2O5/CeO2, (T=250°C, O2/H2S=0.5)

GHSV, h-1 xH2S, % xO2, % sSO2, %
15000 97 91 14
45000 97 100 13

In  Tab. 3 the effect of the inlet H2S concentration in the 
feed gas at constant temperature and O2/H2S molar feed 
ratio are  reported in terms of  H2S conversion and SO2 

selectivity.

Tab. 3: Effect H2S concentrations on the catalytic activity of 
V2O5/CeO2, (T=250°C, O2/H2S=0.5, GHSV=15000h-1)

H2S,ppm O2, ppm xH2S, % sSO2, %
1000 500 98 14
500 250 98 17
250 125 100 26

The analysis of  the results shown in  Tab. 3 indicates 

that there is a measurable effect of the initial concentra-

tion of H2S in the gas supply only on the selectivity to SO2.

Despite  the  previous  unpromising  results,  additional 

catalytic tests were performed at different O2/H2S molar 

feed ratio values, and the relevant results are reported in 

Tab. 4, where a very good result in terms of SO2 selectiv-

ity was obtained for the O2/H2S value of 0.4, for which the 

SO2 selectivity results drastically reduced from 13% to 4% 

without any significant reduction of the H2S and O2 con-

versions.

Tab. 4: Effect molar ratio O2/H2S on the catalytic activity of 
V2O5/CeO2, (T=250°C, GHSV=15000h-1)

The  V2O5/CeO2 catalyst  has  exhibited  good 
performances  in  terms  of  catalytic  activity,  stability  and 
SO2 selectivity.  An  interesting  result  for  SO2 selectivity 
(4%)  was obtained  with  a  sub-stoichiometric  feed  ratio 
(O2/H2S = 0.4). The effect of the gas hourly space velocity 
(GHSV = 15,000-45,000h-1) and the inlet concentrations of 
H2S (250  ppm,  500  ppm)  did  not  contribute  to  reduce 
significantly the SO2 selectivity.
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ABSTRACT 
The growing attention on efficient and sustainable energy 
technologies and the use of renewable sources promoted 
many researches on  green technologies.  Among them, 
the Molten Carbonate Fuel Cells (MCFCs) are attractive 
for their possibility to be supplied by biogas [1÷3]. Biogas 
contains up to 70% of methane, 30÷40% of carbon diox-
ide  and  contaminants  like  sulfur  compounds,  siloxanes 
and halogenated organic compounds. The most harmful 
for environment and equipments is the hydrogen sulphide 
(H2S).  In MCFCs applications H2S poisons both the re-
former and the electrodes catalysts of the fuel cell react-
ing with nichel. Consequently, the biogas should be puri-
fied and H2S fraction reduced to  the MCFCs tolerance 
limit (< 0.5 ppm) to allow its safe use. The activities here 
presented are focused on H2S adsorptive abatement us-
ing commercial  adsorbents  under  anaerobic  conditions. 
The present work provides informations on nature of the 
anaerobic H2S adsorption on Activated Carbons, the influ-
ence of thermal treatment on adsorption capacity and the 
feasibility of regeneration. 

INTRODUCTION 
Among green energy production systems, fuel cells are 
the  latest  option  with  high  efficiency  and  sustainability. 
The Molten Carbonate Fuel Cells are the most attractive 
for their possibility to be supplied by biogas.
Biogas is a renewable source, which is usually produced 
by anaerobic digestion of waste or biomass and it mainly 
contains methane and carbon dioxide. Table 1 shows the 
typical biogas compositions for different biological wastes 
and sources [4,5]. Besides CH4 and CO2, biogas contains 
several  contaminants  such  as  sulfur  compounds, 
siloxanes  and  halogenated  organic  compounds.  All  of 
these  compounds  have  detrimental  effects  on 
environment, human health and equipments even if they 

are  on  the  ppm  level.  The  most  harmful,  toxic  and 
corrosive is the hydrogen sulphide [6]. It has two negative 
effects: it poisons the reforming and the fuel cell catalysts, 
producing  nickel  sulphide,  and  it  causes  loss  of  the 
electrolyte,  reacting  with  alkaline  ions  [7,8].  Thus,  H2S 
content should be reduced to the MCFC tolerance limit (< 
0.5  ppm).  In  the  past  several  H2S-removal  methods 
have  been  developed  and  the  adsorption-oxidation 
process  can  be  considered  as  an  effective  and 
economical approach.
Four commercial  ACs,  with  different  chemical 
properties,  have  been  tested  to  evaluate  their 
performance in adsorption of low concentration of H2S 
in N2 (50 ppm).

Table  1. Typical  compositions  of  biogas  for  different 

sources.
Source CH4 (%) CO2 (%) N2 (%) O2 (%)

Landfill 47 - 57 37 - 41 1 - 17 <1

Sewage 61 - 65 36 - 38 <2 <1

Farm 55 - 58 37 - 38 1 - 2 <1

EXPERIMENTAL 
Commercial ACs, were tested both as-prepared and after 
thermal  activation.  The  behaviour  of  adsorbents  was 
tested in a inert test bench with a simulated flow stream 
(200 ml/min of 50 ppm of H2S in N2) using a quartz reac-
tor with 1.5mm of internal diameter and Sulfinert® lines to 
avoid  adhesion .  The output  gas was analyzed by gas 
crhomatography using a DMD detector with a limit of de-
tection of 200ppb and a continuos electrochemical sen-
sor. Accelerated tests are conducted (GHSV = 20000 h-1) 
to evaluating performance of several ACs. The best per-
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forming carbon, AC1, was tested varying GHSV to study 
the effect on adsorption capacity.
All  samples  exhibited amorphous  structure  and  no 
evidence  of  sulphur  species  was  recorded  in  X-Ray 
patterns. Porosimetry measurements showed a variety of 
specific  area,  ABET,  for  different  kind  of  NP  carbons 
(Table1).  AC1  (NP-P-W) samples  showed  a  significant 
microporous  component,  Vμ ~  0.30  mL g-1.  After  H2S 
adsorption tests, ABET always decreases and EDX sulphur 
content  increased  especially  for  NP  samples.  The 
presence  of  a  well  developed  microporous  area  could 
explain  the  higher  adsorption  capacity  of  AC1  NP–W 
sample than others (Figure1). 
Table  2 summarizes the ACs characterization data (NP: 
as-prepared; P: pretreated; W: worked).

Table 2. ACs physical-chemical features.
Sample ABET

(m²g-1)
AExt

(m² g-1)
Aint

(m² g-1)
Vμ

(mL g-1)
EDX 
(c/s)

AC3 P 694 371 323 0.14 1,89
AC3 P-W 612 280 332 0.14 14,5
AC2 NP 923 475 448 0.20 1,82
AC2 NP-W 914 441 473 0.21 4,21
AC4 NP 1203 731 472 0.20 5,73
AC4 NP-W 1177 687 490 0.21 7,32
AC1 NP 978 294 684 0.30 2,57
AC1 NP-W 956 255 701 0.31 13,1

Figure 1. Breakthrough curves of all NP and P samples. 

All samples showed an higher breakthrough point when 
no thermal treatment occurs, that  points out the crucial 
role of water in hydrogen sulphide removal. GHSV affects 
the behaviour of AC1 samples, it shows a bigger sulphur 
content and a wider adsorption capacity.
The best performances showed by AC1 is a consequence 
of contemporary presence of high surface area and metal 
ions which have redox properties. 
Obtained results suggested that ACs are suitable throw-
away samples  for  “deep”  desulphurize  biogas  reaching 
very low concentration of H2S according to MCFCs limits. 
Regeneration,  indeed,  is  not  recommended  because  it 
brings  to  an  adsorption  capacity  reduction  each 

adsorption/regeneration cycle.
Carbons  containing  metal  salts  showed  a  specific 
affinity  for  sulphur  compounds  satisfying  MCFCs 
requirements when they are supplied by biogas.  
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ABSTRACT 
Developments on NANOCOFC (Nanocomposites for 
advanced fuel cell technology)-a EC-China research 
network, www.nanocofc.com bring about many new 
functional materials for advanced fuel cell technologies by 
introducing nanotechnology into the ceria-composite field. 
The NANOCOFC has developed this field with more great 
potentials for continuous research and developments. A 
typical example is single-component fuel cell reactor or 
electrolyte-free fuel cell technologies. A radical new fuel cell 
R&D and new strategy would be explored and developed. 
Since invented in 1839, all fuel cells (FCs) have been built 
using three components - the electrolyte, anode and cathode 
with the electrolyte as the core. Liberation from the 
constraints of electrolytes has created a revolutionary way to 
construct a more efficient, ultra low cost and simple FC. The 
core of our new invention and advanced technology consists 
of a single layer with mixed ionic and semi- conductivities, 
providing direct and more efficient conversion from 
chemical energy to electricity. The FC reactions take place 
on surfaces of particles all over the component acting as a 
reactor. This article makes a short review on materials and 
technology for this radical new fuel cell R&D. 

INTRODUCTION
Developments on NANOCOFC (Nanocomposites for 
advanced fuel cell technology)-a EC-China research 
network, www.nanocofc.com bring about many new 
functional materials for advanced fuel cell technologies 
by introducing nanotechnology into the ceria-composite 
field [1-6]. The NANOCOFC has developed this field 
with more great potentials for continuous research and 
developments. A typical example is single-component 
fuel cell reactor or electrolyte-free fuel cell 

technologies. A radical new fuel cell R&D and new 
strategy would be explored and developed. 
Since invented in 1839, all fuel cells (FCs) have been 
built using three components - the electrolyte, anode 
and cathode with the electrolyte as the core. Our 
invention on electrolyte-free, one-component FC, see 
illustration in Figure 1, represents a radically new 
approach to FC R&D. Obtained results show 
performance as good as existing three-component FCs 
and prospects for further improvements are excellent. 
This will lead to very simple constructions and much 
reduced cost, opening up for earlier commercialisation. 
It could significantly reduce the device expenditure and 
the complexity, helping pave the way towards more 
cost efficient FCs and marketing competitive and 
perhaps even the arrival of the hydrogen economy 
highlighted by Materials Views and Nature 
Nanotechnology [7-8].  

Figure 1 conventional three component FC with 
anode, electrolyte and cathode (A) has been replaced 
by a single layer/component device (B)  

This new invention is based NANOCOFC. It is a very 
new scientific methods and research areas: from 
nano-ceramic composite technology development and 
multi-functional nanocomposites have been 
successfully demonstrated low-temperature 
(LT :300-600 ℃) solid oxide fuel cell (SOFC), and the 
establishment of a new promising research areas, 
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leading to a worldwide study follow-up. Only since 2010 
more than 70 articles published, from Sweden, 
Portugal, UK, France, Finland, Turkey, the United 
States, Canada, Japan, China, India, Pakistan, 
Malaysia, follow-up Dr. Zhu pioneering field LTSOFCs.

EXPERIMENTAL 
Method is to use two-phase composite nanoparticles of 
different materials to construct interfaces and a variety 
of functionalities, such as super-ionic conduction. A 
typical example is a core-shell structured 
nanocomposites. This single component device has 
been resulted from NANOCOFC advantages with 
further development and integration of semiconductor 
as new multifunctional materials. 

RESULTS AND DISCUSSION 
Figure 1 shows a typical core-shell structure of the 
ceria-carbonate nanocomposite identified by the high 
resolution TEM analysis.

Figure 2 Ceria-carbonate core-shell nanocomcposite 
structure

Figure 3 displays the performances for the single 
component and conventional three-component 
devices.
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Figure 3 I-V and I-P characteristics, (a) for conventional 
three-component configuration and (b) for the single 

component device.
It can be compared to traditional electrolyte based 
three component fuel cell technology the single 
component devices may more effectively achieve all 

the functions and energy conversion since removal of 
two interfaces between the anode/electrolyte and 
electrolyte/cathode. This will greatly stimulate the 
generation of hydrogen and FC technologies and 
related energy sectors. Nature (Nature 
Nanotechnology) selected it as research highlights 
"Fuel Cells: three in one 
(http://www.nature.com/NNANO/RESHIGH/2011/0611/  
full/NNANO.2011.93.httm)

CONCLUSIONS  
It can be anticipated that this new invention will bring 
about not only revolutionary fuel cell technologies, but 
also allowing for considerably simpler and more 
cost-effective constructions and system designs. 
Transforming future fuel cell markets and coming closer 
to commercialization in an extended range of 
applications will no doubt also lead to significant 
economic and scientific impacts. 
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ABSTRACT 
In this  work  a  biogas  fed  prototypal  power  system 

based  on  a  500  We  HT-PEM  fuel  cell  is  presented 
together with preliminary results on the main components 
at  laboratory  level.  The  experiments  carried  out  on  a 
subscale biofilter showed that complete elimination of H2S 
was possible for simulated biogas with H2S content up to 
500  ppm.  The  effect  of  the biogas  composition on the 
performance  of  a  single  cell  was  investigated.  The  full 
scale system is under construction.

INTRODUCTION
The use of biomass for electrical generation can be an 

attractive  solution  especially  when  integrated  with  high 
efficiency energy conversion devices such as fuel cells . 
H2S content in biogas as high as thousands ppmv and, 
when using a single shift reformer, CO content of 2-3 %, 
are the main challenges in this fuel cell application. 

Biological filters seem to offer a cost effective option 
for  H2S  biogas  clean-up  compared  with  chemical  and 
physical  processes.  High  Temperature  PEM  (HT-PEM) 
fuel cell, based on polybenzimidazole (PBI) polymer and 
phosphoric  acid,  is  a  promising technology when using 
high CO content reformates.  Nevertheless experimental 
data on such systems are scarce in literature.

In  this  work  a  prototypal  500  We HT-PEM fed  with 
biogas  using  a  biofilter  and  a  single  shift  reformer  is 
outlined. Some data collected on a subscale biotrickling 
filter  using  Thiobacillus  species  as  sulphide oxidising 

microorganisms are presented together with experimental 
data on a HT-PEM single cell.

EXPERIMENTAL SET UP

Figure 1. Simplified schematic of the system

1 Copyright © 2011 
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The  complete  system  consists  of  a  biological 
biotrickling filter, a reformer, a fuel cell stack and ancillary 
equipments needed for safe and unmanned operation in 
an  industrial  environment.  This  system  (Figure  1),  is 
planned to be operated into a mobile laboratory unit and 
fed with part of the biogas produced by an industrial size 
anaerobic  digester  in  the  North  East  of  Italy.  Typical 
expected biogas compositions are 60% of methane, up to 
40% of carbon dioxide and a few parts per thousands of 
oxygen. Sulphur contaminants are present in the available 
pretreated  biogas  as  hydrogen  sulphide,  ranging  within 
100 and 400 ppmv.

To investigate the applicability of the biotrickling filter 
and of the HT-PEM for this purpose, experiments in lab-
scale systems have been carried out. 

Biotrickling filter. The lab filter unit for H2S removal of 
artificial biogas consisted of a drain vessel with a volume 
of 3 liters and a column with 320 mm height and 120 mm 
inner diameter. 

The column was filled with 277 g Pall  rings as inert 
carrier material. The temperature was set to 30 °C.

For start-up of the system 2.5 l medium with an active 
culture  from  a  large-scale  system  were  inserted  and 
recirculated by a membrane pump. The gas composition 
was analysed by an automated gas analysis system.

Fuel processor. The fuel processor is composed of a 
burner,  a  steam  reforming  reactor  and  a  single  CO 
purification stage (Water Gas Shift Reactor - WGSR). The 
burner unit consists of a start burner and flameless burner 
based on a catalytic  bed.  Therefore fuels  with different 
heating values, such as fuel cell anode off gas and biogas 
can  be used.  The HT-PEM fuel  cell  is  composed of  a 
single  commercial  PBI  BASF  Fuel  Cell  Celtec  P-1000 
MEA.  The MEA has an  active  area of  50  cm2 and  an 
average thickness of 860 µm.  Other data regarding the 
reformer and the fuel cell are presented in .

RESULTS AND DISCUSSION
Experiments on laboratory scale biofilter showed that, 

under  given  conditions  (from  100  up  to  500  ppm) 
complete elimination of H2S was possible (Figure 2). Only 
at  the  start-up  phase  a  low  amount  of  H2S  could  be 
detected in the outlet. 

The  recirculation  rate  could  be  reduced  for  75% 
without  any  performance  loss.  The  same  is  true  for 
changing  gas  flow  rates.  These  findings  indicate  the 
applicability of biotrickling systems for desulphurization of 
biogas for operation of a HT-PEM FC system.
The laboratory tests on the reformer and fuel cell  stack 
were aimed to analyse the effects of operating conditions 
on  performance.  The  reformer  was  operated  with  a 
synthetic gas mixture similar as for the CH4 content, to the 
typical biogas expected from the anaerobic digester. The 
gas mixture composition was: 66.5% CH4, 33.5% N2. In 
Figure 3 the HTPEM polarization curves measured with 
pure hydrogen and the gas mixture are presented. 

Figure  2. Performance of  the  biotrickling  filter:  H2S 
removal  from  a  defined  gas  mixture  at  increasing  H2S 
inlet concentration.

Figure  3 Effect  of  fuel  gas  composition  on  cell 
performance. Cell temperature: 160° C.

The tests were useful to determine the expected fuel 
cell performance and to find the optimal operating point, in 
terms of  air/fuel  ratio,  of  the burner  used in the steam 
reformer.
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ABSTRACT 
The  thermodynamic  quality  of  different  fuel  processing 
types and the influence of  operation conditions are the 
parameters which affect the fuel processing performance. 
The  exergetic  analysis  of  well-defined  reference 
processes  for  stand-alone  processors  with  a  reversible 
coupling to the ambient state for steam reforming (SR), 
partial oxidation (POX) and autothermal reforming (ATR) 
delivers the benchmark and the basis for the optimal heat 
recovery strategy. The exergy balance provides a method 
to  evaluate  the  performance  of  these  types  of  fuel 
processing under equilibrium condition. This methodology 
is  applied on the reference processes first.  In the next 
step  of  exergetic  analysis,  the  ideal  components  are 
replaced  by  real  components  by  using  exergetic 
efficiencies  in  still  ideal  systems.  Finally,  the  system is 
simplified  with  economic  feasible  components  (e.g. 
replacement  of  heat  pumps  by  heat  exchangers)  but 
applying  the  identified  recovery  options  and  again 
evaluated  by  exergetic  analysis.  The  steam  reforming 
process shows the highest exergetic efficiency in an ideal 
system with ideal components while partial oxidation has 
the  worst  exergetic  efficiency under  this  condition.  The 
exergetic  efficiency  of  endothermic  steam  reforming 
reaction  at  a  real  process  with  thermal  integration and 
heat  recovery  system  depends  considerably  on  the 
components efficiencies (only heat exchangers efficiency) 
and the steam carbon (S/C) ratio. The exergetic efficiency 
of  the  exothermic  partial  oxidation  reaction  doesn’t 
depend on the  components  efficiencies  in  a  wide area 
because enough heat is available for the heating of the 
reactants. Depending on the investigated case (S/C) the 
heat loss of evaporation of SR changes the picture and 
POX may be the most interesting stand-alone solution.

INTRODUCTION 
A literature review showed that a comparison of different 
results  of  fuel  processors  are  almost  not  comparable 

caused  by  a  lack  of  a  standardized  evaluation 
methodology. It makes it difficult or almost impossible to 
compare  and  evaluate  the  different  methods  for  each 
special  condition  in  different  applications. 
“Thermodynamic analysis” and precisely “exergy balance” 
of a fuel processor under different conditions can provide 
a  reliable  method  for  each  special  application.  In  the 
frame of this work, a standard methodology based on the 
“exergy analysis of the system” will be introduced for the 
well-known fuel processing methods.

1. SIMULATION OF A FUEL PROCESSOR
The  core  of  the  system  is  the  processor.  The  fuel 
processor was assumed as an isothermal system under 
equilibrium  conditions.  The  isothermal  conditions  are 
guaranteed by a reversible coupling of the processor to 
the ambient state. In the first phase methane was used as 
a fuel. In a second phase also higher hydrocarbons has 
been systematically investigated (see 4.). The feedstock 
and  reformatted  gas  composition  are  defined  and  fuel 
processing reactions are analyzed at different  operating 
conditions during the simulation of different fuel processor 
types  in  thermodynamic  equilibrium  condition.  The 
optimum  reformatted  gas  composition  depends  on  the 
fuel processing type and its operating condition. Table 1 
shows the gas composition of  SR, POX, and ATR with 
highest rate of hydrogen and carbon monoxide.

FP Type
Reformatted Gas composition (mole %)

H2O CH4 CO2 CO H2

SR 15,9 0.55 4,84 14,85 63.85
POX 0.99 0.173 0.413 31.62 65.55
ATR 17.88 0.43 6.89 17 57.77

Table 1: Composition of reformatted gas for different 

fuel processing types of methane

1 Copyright © 2011 
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2. EXERGETIC ANALYSIS OF METHANE IDEAL FUEL 

PROCESSOR 
An ideal fuel processing system (see figure 1) is operating 
in  isotherm  and  isobar  condition.  The  feedstock  heat 
pumps (HPW, HPF) supply required reversible technical 
work to bring the feedstock (fuel, water and/or air) from 
ambient  condition to  operating condition.  The produced 
reversible work of reformatted gas cooling is removed by 
a heat engine (HEG). A Carnot cycle (heat pump or heat 
engine)  provides  the  required  heat  or  remove  the 
produced  heat  of  the  reactor.  SR  has  the  highest 
exergetic efficiency at each operating temperature in this 
ideal system At the abovementioned optimum operating 
condition which is different for each fuel processing type, 
SR  exergetic  efficiency  is  about  96.9%  (TSR=750°C, 
S/C=2)  whereas POX and ATR exergetic  efficiency are 
about  90.5%   (TPOX=1200°C,  O2/C=0.5)  and  91.33% 
(TATR=750°C, S/C=2) respectively. 

Figure 1: Ideal structure for stand-alone SR with 

reversible coupling to ambient state

3. EXERGETIC ANALYSIS OF METHANE REAL FUEL 

PROCESSOR 
The combination of heat pumps and heat engines is only 
needed  for  engineering  an  ideal  process,  in  a  real 
simplified  model,  they  can  be  replaced  by  heat 
exchangers  for  heat  recovery of  reactant  and  products 
(reformate). SR needs a burner to supply this endotherm 
process with heat. Now the exergetic efficiency depends 
not  only  on  the  fuel  processing  type  and  its  operating 
conditions  but  also  on  the  performance  of  the  heat 
exchangers.  Because the POX can be used as a heat 
source the exergetic  efficiency of  ATR is slightly higher 
than of  SR at  each operating condition. Their  exergetic 
efficiency decreases from 84.5% to 79.5% at 750°C with 
S/C of 2 when heat exchangers efficiency reduces from 
90%  to  70%.  The  exergetic  efficiency  of  POX  fuel 
processor  remains  constant  about  83%  even  if  heat 
exchanger  efficiency  decreases  from  90%  to  70%  at 
1200°C  with  O2/C=0.5  The  effect  of  heat  exchanger 
efficiency is negligible for POX in a wide area because 
thermal losses of the heat exchangers are compensated 
by produced heat in the exothermal POX reactor. 

4. EXERGETIC  ANALYSIS  OF  HEAVIER 

HYDROCARBONS FUEL PROCESSING 
Similar  to  methane,  the  exergetic  analysis  of  fuel 
processing systems with heavy hydrocarbons has also be 
performed  for  SR,  POX and  ATR.  In  order  to  achieve 
reproducible  results,  the  fuel  processing  of  pure 
hydrocarbons (alkanes and alkenes) is performed instead 
of real hydrocarbons mixtures.  
The  performance  of  fuel  processing  of  different 
hydrocarbons clearly depends on the number of  carbon 
and hydrogen atoms as well as their ratio beside the fuel 
processing  type  and  the  operating  condition.  The  total 
system heat demand increases for the fuel processing of 
heavier  hydrocarbons.  This  is  caused by a  higher heat 
demand  for  the  preheating  of  fuel  and  water  (water 
evaporation in SR and ATR) as well as higher heat losses 
through water condensation in cooling of reformatted gas. 
Consequently, the exergetic  efficiency of  lighter alkanes 
and  alkenes  is  higher  than  heavier  ones  in  all  fuel 
processing types,  although outlet  CO and H2 flow rates 
increase with the number of carbon and hydrogen atoms.

5. CONCLUSION
The production  of  syngas  can  be  clearly  compared  by 
using the exergetic efficiency as a measure. For each fuel 
composition  and  operating  condition  (especially 
temperature  and  heat  exchangers  efficiency)  the  same 
reference cycle depending on the process can be used as 
a benchmark for the quality of the real plant design.
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ABSTRACT
Lignin is the second most abundant biopolymer on earth, 
constituting 30% of the dry weight of softwood and 20% of 
hardwood. In this study, lignosulfonate, is used as fuel in 
the  solid  oxide  fuel  cell  to  produce a  power  and heat, 
which is a byproducts from the wood pulp using sulfite 
pulping. To enhance the performance and conductivity of 
the biomass based fuel cell, the lignin was treated with hy-
droxides (Li/K) and chlorides (Fe2Cl3) at different temper-
ature 200-500 °C. Single cell performances were evalu-
ated by I-V measurements, and when 50 wt. % lignin was 
introduced into the SDC by ball-milling, the 50 wt.% lignin-
SDC  anode  material  could  achieve  the  highest  power 
density of up to 45 mW cm-2. The corresponding power 
density  was  up  to  130m  W  cm-2  when  50  wt.%  lign-
in-SDC have similar performance. It has been concluded 
that a direct lignin fuel cell is feasible and the lignin hydro-
philicity is critical for the cell performance. And the calcu-
lated electrical efficiency of the cell was about 30%. It has 
been  found  that  the  open  circuit  voltage  (OCV)  of  the 
DCFC could reach around 0.8 V in most of the trials. The 
pH adjustment not only increased the maximum current 
density but also reduced the differences between the two 
types of lignins, resulting in an OCV of 0.7-0.8 V. It has 
been concluded that a direct lignin fuel cell is feasible and 
the lignin hydrophilicity is critical for the cell performance. 

INTRODUCTION
Due to the expected extinction of petroleum resources in 
the  near  future,  development  of  sustainable  alternative 
energy  has  now  been  focused  on  more  and  more 
worldwide. Generation of  energy from biomass which is 
renewable  has  been  considered  as  one  of  the  best 

solutions.  Among all  chemical  components  in  biomass, 
lignin is a major one with a high molecular-weight of the 
highest percentage of carbon atoms and has the highest 
heating value.   Lignin can thus be feasibly used in the 
energy sector either for simple burning as a solid fuel or 
for generation of heat or electricity. Nowadays, there are 
plenty amounts of industrial lignin present as by-products 
in  e.g.  pulp  and  paper  industry  or  simply  as  industrial 
wastes.  Generally  speaking,  residuals  utilization  is  an 
opportunity of an important transformation of fountain of 
expenses  into  fountain  of  turnover  or,  at  least,  of 
expenses reduction. Therefore it is very valuable to utilize 
the lignin for e.g. generation of energy.
Solid oxide fuel cells (SOFCs) are promising and environ-
mental friendly energy conversion systems with high en-
ergy efficiency. The research interests have been attrac-
ted to decrease cell operating temperature below 600 ◦C. 
Low-temperature solid oxide fuel cells (LTSOFCs), i.e. op-
erating  at  400-600◦C,  have  demonstrated  a  promising 
high performance for different fuels. Compared with tradi-
tional high temperature (HT) devices, they have lower op-
erating costs and possess special advantages for trans-
portation  and  for  distributed  power  applications.  In  this 
study, the structure, morphology, phase composition and 
electrical properties of the powders were studied by X-ray 
diffraction (XRD),  scanning electron microscope (SEM), 
energy dispersive X-ray analysis (EDAX) and TGA/DTA. 
Electrochemical performance of lignin doped SDC as an-
ode for application was investigated in low temperature 
solid oxide fuel cell.

1 Copyright © 2011 
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Fig. 1. Cell voltage and power density vs. current density 
for  direct  lignin  fuel  cell  with  Lignosulphonate  as  fuel 
operated at 550 ºC.

The pure lignosulfonate was tested with a conventional 
three  component  fuel  cell  (Anode-electrolyte-Cathode). 
The electrolyte used on the cell was SDC. The Anode was 
a mixture of  lignosulphonate with  LiNiCuZnO and SDC 
with the same volume ratio, the cathode was a mixture of 
LiNiCuZnO with SDC also with the same volume ratio. For 
the treated lignin, a conventional fuel cell was fabricated 
with three layers: Anode-Electrolyte-Cathode using a layer 
of lignin which acts as a fuel layer. 
It is expected that there might be a limited electrical con-
ductivity in the lignin applied, although lignin is generally 
non-crystalline.  To  enhance  the  performance  and  con-
ductivity of  the biomass based fuel  cell,  the lignin  was 
treated with hydroxides (Li/K) and chlorides (Fe2Cl3) at 
different  temperature  200-500°C.  Single  cell  perform-
ances were evaluated by I-V measurements, and when 50 
wt. % lignin was introduced into the SDC by ball-milling, 
the 50 wt.% lignin-SDC anode material could achieve the 
highest power density of up to 45 mW cm-2. The corres-
ponding power density was up to 130m W cm-2 when 50 
wt.% lignin-SDC have similar performance.  It  has been 
concluded that a direct lignin fuel cell is feasible and the 
lignin hydrophilicity is critical for the cell performance. And 
the calculated electrical efficiency of  the cell  was about 
30%.  It  has  been  found  that  the  open  circuit  voltage 
(OCV) of the DCFC could reach around 0.8 V in most of 
the trials. The pH adjustment not only increased the max-
imum  current  density  but  also  reduced  the  differences 
between the two types of lignins, resulting in an OCV of 
0.7-0.8 V. It has been concluded that a direct lignin fuel 
cell is feasible and the lignin hydrophilicity is critical for the 
cell performance. These results suggest that the pure car-
bon with high surface area improved the electrical con-
ductivity, which lowered the ohmic polarization of  anode 
and upgraded the efficient contact of anode surface with 
electrolyte. 

Fig. 2 Figure2 XRD results of lignin treated and as-prepared 
composite
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ABSTRACT

 A hardware-based simulation of an integrated 
gasifier/fuel cell/turbine hybrid cycle (IGFC) has been 
implemented through the Hybrid Performance (Hyper) 
project at the National Energy Technology Laboratory, 
U.S. Department of Energy (NETL) in Morgantown, West 
Virginia, U.S.A.  The Hyper facility is designed to explore 
dynamic operation of hybrid systems and quantitatively 
characterize such transients [1][2]. It is possible to model, 
test and evaluate the effects of different parameters on 
the design and operation of a gasifier/fuel cell/gas turbine 
hybrid system and provide means of quantifying risk 
mitigation strategies. 
 Previous implementation of facility emergency 
shutdown in response to certain failures has resulted in 
hardware failure of both the turbomachinery and the 
simulated fuel cell. 
 An analysis of system performance was 
completed to evaluate failure modes leading to the 
destruction of equipment.  The primary linking event in 
these cases was compressor stall and surge resulting 
from the sudden loss of fuel during implementation of the 
double block and bleed strategy used in emergency 
shutdown.  A new mitigation strategy involving automated 
ramps was developed for controlled emergency 
shutdown.  The implementation of this strategy is 
described in detail, and the efficacy is analytically 
compared with the results of previous failures. 

SHUT-DOWN STRATEGY IN HYPER FACILITY 

 The Department of Energy has identified hybrids 
as a key technology in reaching high efficiencies and low 
emissions in future power generation. To reach a high 
level of efficiency, the complexities of the highly coupled 

FC/GT cycle have been resolved for all stages of 
operation [3][4], from startup to shutdown. 
The Hybrid Performance (Hyper) project at NETL makes 
use of hardware simulation of a 200kW to 700kW solid 
oxide fuel cell (SOFC) system coupled to a 120kW 
turbine [3]. The major hardware components of the Hyper 
facility are shown with the integrated fuel cell and gasifier 
models in Figure 1. 

Figure 1: Flow Diagram for the Hybrid Performance 
Simulation Facility at NETL 

 The safety protocol requires a total of 8 
interlocks, 4 safety related and 4 operational, to protect 
the entire Hybrid system and the personnel, furthermore 
an industry standard double block and bleed strategy is 
used [5]. As shown in Figure 1, FV-408, FV-430 and FV-
414 are used in normal shut-down operation; in an 
emergency failure FV-408 and FV-430 cut the fuel and 
FV-414 vents the fuel from the line to the atmosphere 
immediately. 
 In this paper an emergency shut-down is 
analyzed in steady-state operation: turbine speed at 
nominal point, electric load at nominal point and no fuel 
cell load demand.
 As analyzed in previous work [6]0, the 
compressor performance must be monitored for 
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precursors to stall and surge, especially during transients 
where thermal energy to the turbine is decreased.  When 
a sudden loss of energy occurs, the turbine speed 
decreases in response to reduction of heat to the turbine 
and turbine inlet temperature. In these 300 ms, the 
compressor mass flow decreases, the stall margin is 
reduced and compressor stall occurs. The compressor 
load on the shaft is dropped and the turbine speed rises 
immediately. Figure 1 displays the decrease of speed, 
subsequently, the stall event on the first peak and four 
surge cycles in just five seconds in response to 
compressor inlet flow variation.

Figure 1: Emergency shut-down in previous 
configuration

 The Hyper Facility is significantly different from a 
simple or recuperated cycle.  The air plenum size is 100 
times larger than the original compressor plenum, and the 
square root of the vessel size is proportional to reduction 
of the surge margin [8]. 
 Considering this, a new control strategy has been
implemented to avoid compressor stall in an emergency 
shut-down procedure, specially decreasing the fuel flow 
gradually.  An automatic procedure has been 
implemented to coordinate the entire safety life of the 
Hyper from start-up to shut-down operation.  

The “Finite State Machine” is the new control 
strategy for the Hyper Project to ensure stable operation.
The system control strategy is controlled on the current 
operating state of the system and has been designed 
based on previous analysis of system performance.  A 
separate response was developed for each of seven 
possible operating states of the equipment, including: 
initial, startup, ignition, ramp-up, nominal, ramp-down, 
and the final state. 
 The virtual machine controls the Hyper Facility 
completely driving all actuators in response to the 

operating state.  The states sequence is driven by 
automatic transaction, forwarding the system toward 
nominal state or emergency state during any failure. 
 In start-up the gas turbine can be shutdown and 
the natural gas can be vented to the atmosphere 
immediately, since the turbine speed is low.  Alternatively, 
in nominal operation, since the turbine speed is high, the 
fuel must be reduced gradually avoiding compressor stall. 
Lastly, the fuel must be cut only when the turbine speed is 
moderate.
 Future developments are leading to implement 
multi-input, multi-output controllers optimizing the 
dynamic integration between fuel cell and gas turbine [9].  
If the control signal strays outside of the safety limits, the 
state machine will bring the facility to a safe operating 
state. The virtual machine sets the basis to a safe and 
reliable system to a multi-input, multi-output control. 
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ABSTRACT 
Microbial fuel cells (MFCs) are an emergent 

technology capable of wastewater treatment and generating 
electricity by harvesting the energy from organic substrates. 
Nonetheless, prior to the large scale applications of MFCs, the 
critical issues of low power densities and expensive 
anode/cathode materials should be addressed. Most commonly 
used anodes are carbon based materials (carbon cloth, brush or 
graphite rod), which have limited surface area for biofilm 
growth and electron transfer. This study considers the use of 
activated carbon nanofibers nonwoven (CNFN) as a novel 
anode for use in MFC systems, proposed to drop internal 
resistance due to an increased bioavailable surface area for 
electron transport. The COD removal efficiency estimates using 
ACNFN was found to be higher than that of carbon cloth and 
GAC anodes. While it had similar power density estimates to 
that of GAC anode. The results thus indicate the viability of 
ACNFN as an alternative anode material in MFCs.

INTRODUCTION 
Microbial fuel cell (MFC) is an innovative bio-

electrochemical system (BES) exploiting anaerobic bacteria to 
generate electricity from organic substances [1]. Using MFCs 
to generate electricity from wastewater treatment would be a 
solution to the burgeoning concerns of energy and environment. 
Electricity generation in an MFC is dependent on both 
biological and electrochemical processes. The underlying 
driving force for electricity generation is extracellular electron 
transport carried out by exoelectrogenic bacteria (biofilm) 
attached on the anode surface [3]. Extensive studies have been 
conducted to explore novel electrode materials to enhance 
electron transfer and increase surface area for biofilm formation 
[3, 4]. The objective of this study was to develop a novel anode 
material, carbon nanofiber nonwoven (ACNFN) with high 
porosity and large surface area (~1000-1200 m2/g). To compare 
the performance to conventional anode materials (CC and 

GAC) for enhanced biofilm formation and electron transfer on 
the anode with improved organic substrate removal and power 
generation. 

NOMENCLATURE 
Microbial fuel cell, anode electrode, carbon nanofibers, 

microbial biofilm 

METHODS 
SCMFCs with domestic wastewater containing diverse 

anaerobic bacteria were used as inocula. All the electrochemical 
and wastewater characterization were performed using standard 
protocols. The morphology of bacterial adhesion on three anode 
materials was observed using a SEM. The ACNFN was 
fabricated by the heat treatment of electro-spun 
Polyacrylonitrile precursors to produce nano-sized polymer 
fibers in a nonwoven architecture [5].   

RESUTLS 
Three significant findings were obtained in this study. 

First, ACNFN exhibited elaborate and extensive bacterial 
adhesion (Electron Microscopy Observations, (Figure 1) over 
GAC and CC, due to its enormous surface area and nanofiber 
interconnectivity, resulting in easy diffusion of nutrients. 
Second, the MFCs with CNFN and GAC as anode had similar 
power density curves (3±0.28 W/m3), while CC had the lowest 
power density values (1.1±0.13 W/m3) (Figure 2). There could 
be two possible reasons, one, although CNFN has greater 
bacterial adhesion, GAC as anode support has lower internal 
resistance for electron transport; two, CC has low surface areas 
and less biomass growth, so less power density. Third, the 
MFCs with CNFN achieved higher COD removal efficiency 
(85±4%) than those of GAC (75±4%) and CC (70±2%).This 
study has revealed the distinct advantages of CNFN in terms of 
biofilm growth, electron transfer, power generation and 
wastewater treatment, which possesses a great potential for 
large-scale efficient MFC systems to treat wastewaters.  
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Figure 1: The plain CNFN (a) and the ACNFN with bacterial 
adhesion (b) 

Figure 2: The power density curves for CNFN, GAC and CC. 
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ABSTRACT
This note presents a high-pressure double-chamber 

testing platform for measurements of the impact of flow 
uniformity in flow distributors on the performance of planar 
solid oxide fuel cell at elevated pressure conditions. 
Electrochemical impedance spectra (EIS) of two sets of 
nearly identical single-cell stacks except using different 
flow distributors confirm that the better flow uniformity in 
flow distributors is important to the cell performance at 
both atmospheric and elevated pressures (p), up to 16% 
increase in power densities found at p = 0.5 MPa.

INTRODUCTION
The hybrid system of solid oxide fuel cell and micro 

gas turbine (SOFC/MGT) has been recently considered 
as an alternative distributed power source that can be 
used to meet the future energy demand, of which 
pressurized SOFC stacks are required for such 
integration. Unfortunately, available literatures related to 
the tests of the pressurized SOFC are relatively rare [1,2]
due to the complexity of high-pressure cell operations.
Therefore, there is still a need in establishing the 
knowledge on the effect of pressurization to the cell 
performance and to the variation of ohmic and 
polarization resistances for SOFCs. This motivates the 
present study.

Recently, we have shown that by increasing the flow 
uniformity in flow distributors of a single-cell stack 
operated at normal pressure, not only the cell 
performance can be enhanced, but also the longevity of 
planar SOFCs can be improved [3,4]. As the second 
objective, this study further measures the impact of flow 
uniformity under elevated pressure conditions using the 
same methodology in Refs. [3,4]. This note addresses 
one key question: What are the effect of pressurization 
and the impact of flow uniformity to the cell performance 

of the aforesaid single-cell stacks? This is achieved by 
measurements of power-generating characteristics and 
EIS of two sets of nearly identical single-cell stacks except 
using different flow distributors with different degrees of 
flow uniformity, each set operated at both p = 0.1 MPa 
and p = 0.5 MPa.

EXPERIMENTAL METHOD
Figure 1 presents a high-pressure double-chamber 

SOFC testing platform, including such as a high-pressure 
program-controlled tubular furnace (the inner chamber)
which is resided in a relatively large pressurized chamber 
(the outer chamber). The single-cell stack embedded in a 
ceramic housing is assembled by an anode-supported

air in

Furnace

fuel in

furnace

air out

fuel out

pressure vessel

single-cell stack

wires to 
electric load 

wires from 
controller

Fig. 1. Schematic of a high-pressure double-chamber 
SOFC testing platform.
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SOFC, a supporting frame made of crofer 22-APU and
two current collectors which are sandwiched by a pair of 
rib-channel flow distributors and placed inside the inner 
chamber, so that measurements can be carried out at 
high temperature and under elevated pressure conditions. 
Hence, the effect of flow uniformity on the cell 
performance at elevated pressure can be identified by
direct comparisons of the power-generating 
characteristics and EIS data between two sets of nearly 
identical single-cell stacks using two different designs of 
flow distributors (designs I and II), as shown in Fig. 2. 
Note that only design II uses small guide vanes around 
the feed header of rib-channel flow distributor, so that the
degree of flow uniformity can be significantly improved, 
much higher than that of design I [3,4].

Fig. 2. Photographs of two flow distributors (design I and 
design II) [3,4].

RESULTS AND DISCUSSION

Figure 3 shows the power-generating characteristics 
of two sets of nearly identical single-cell stacks except 
using different flow distributors, each set being measured 
at both p = 0.1 and 0.5 MPa. Three important points 
deserve to comment. (1) The open circuit voltage (OCV) 
increases with increasing pressure as expected according 
to the Nernst equation. (2) For both designs with and 
without using guide vanes, the higher the pressure is, the 
higher the power density is. (3) By using small guide 
vanes, the power density of design II can be increased as 
compared to that of design I under exactly the same 
experimental conditions, about 13% increase at 0.1 MPa
and up to 16% increase at 0.5 MPa. These results can be 
further explained by the EIS data, as shown in Figs. 4 (a) 
and (b). It is found that the ohmic resistances at the high 
frequency end are almost the same for both designs at p
= 0.1 MPa (Fig. 4a) and p = 0.5 MPa (Fig. 4b), indicating 
that the effect of pressurization has little influence on the 
ohmic resistance. On the other hand, the scales of the low 
frequency arc, which may be used to represent the 
polarization resistance, clearly decrease with increasing 
pressure as well as with increasing the degree of flow 
uniformity. This is because the processes of gas 
conversion and diffusion in porous electrodes can be 
enhanced by the increase of pressure as well as by the 
increase of the degree of flow uniformity in flow 
distributors.
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CONCLUDING REMARKS
This note presents the importance of flow uniformity in 

flow distributors to the performance of pressurized SOFC, 
which is useful to the future development of integrating 
power generation technology with micro gas turbines.
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PEFC CATHODE CATALYS

AND PORE SIZE DISTRI

 

 

 

ABSTRACT 

This paper discusses the importance of considering 
pore size distribution and mixed wettability
polymer electrolyte fuel cell (PEFC) catalyst layer (CL).
simple 1-D model for the PEFC cathode considering 
capillary transport of liquid water is employed to illustrate 
the need for experimental data in the hydrophobic regime 
of the capillary pressure – saturation relationship.
INTRODUCTION 
Water management is a longstanding issue in 
is concerned with the balancing of 
humidification for the necessary proton transport and the 
avoiding of CL pore flooding by liquid water
research on liquid water transport in PEFCs has been 
mostly focused on the membrane and the porous 
transport layer but little attention has been paid to the 
catalyst layer. In this paper, we emphasize the need for 
properly considering the mixed wettability and pore size 
distribution in PEFC CL models for liquid water transport
CATALYST LAYER – STRUCTURE AND WETTABILITY
The exact 
structure of the 
PEFC CL 
remains a topic 
of debate. An 
agglomerate-
type structure 
shown in the 
adjacent Figure 
has been 
considered in 
many modeling 
studies. 
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ANALYSIS OF CAPILLARY FLOW DRIVEN MODEL FOR WATER TRANSPORT 
PEFC CATHODE CATALYST LAYER: CONSIDERATION OF MIXED WETTABIL

AND PORE SIZE DISTRIBUTION 

This paper discusses the importance of considering 
mixed wettability nature of a 

polymer electrolyte fuel cell (PEFC) catalyst layer (CL). A 
D model for the PEFC cathode considering 

capillary transport of liquid water is employed to illustrate 
the need for experimental data in the hydrophobic regime 

saturation relationship. 

Water management is a longstanding issue in PEFCs and 
of PE membrane 

for the necessary proton transport and the 
by liquid water [1]. Prior 

research on liquid water transport in PEFCs has been 
and the porous 

but little attention has been paid to the 
emphasize the need for 
wettability and pore size 

liquid water transport.  
AND WETTABILITY 

An agglomerate is essentially aggregates of 
carbon (20-30 nm diameter) supporting 
nm) which are held together by a thin ionomer fil
CL can be considered to be 
The primary pores (i.e. intra
argued to interface with carbon while the secondary pores 
(inter-agglomerate pores) 
carbon-surface partially covered by ionomer.
and the ionomer possess different contact angles for 
water, and a recent study
ionomer nanostructure/orientation, 
either hydrophobic or hydrophilic behavior.
catalyst layer has pores with mixed wettability. 
PORE SIZE DISTRIBUTION 

The pore size of the CL has been reported to range 
nm, which is comparable to the mean free path length of 
~70 nm for oxygen. This implies that oxygen transport 
some pores would be dominated by Knudsen diffusivity 
rather than molecular diffusivity.
Figure 2 wherein a 
bimodal PSD of CL 
[adopted from Ref 7]
Furthermore, depending
on the pore wettability 
characteristics, the local 
liquid water saturation 
and capillary pressure 
would dictate which size 
pores are occupied by 
means of the Young

Laplace equation   

CAPILLARY TRANSPORT 
Models for liquid water transport in PEFC catal
are based on capillary transport
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FOR WATER TRANSPORT IN 
ON OF MIXED WETTABILITY 

An agglomerate is essentially aggregates of 
30 nm diameter) supporting Pt crystallites (2-5 
are held together by a thin ionomer film. The 

nsidered to be aggregates of agglomerates. 
(i.e. intra-agglomerate pores) can be 

argued to interface with carbon while the secondary pores 
agglomerate pores) interface with ionomer film or 

y covered by ionomer. The carbon 
and the ionomer possess different contact angles for 

study shows that depending on the 
ionomer nanostructure/orientation, ionomer can exhibit 
either hydrophobic or hydrophilic behavior. Thus, a PEFC 

has pores with mixed wettability.  
PORE SIZE DISTRIBUTION (PSD) CONSIDERATION 

The pore size of the CL has been reported to range 5-300 
comparable to the mean free path length of 

his implies that oxygen transport in 
would be dominated by Knudsen diffusivity 

rather than molecular diffusivity. This is illustrated in 
e 2 wherein a 

bimodal PSD of CL 
]. 

Furthermore, depending 
e wettability 

characteristics, the local 
liquid water saturation 
and capillary pressure 
would dictate which size 

by 
means of the Young-

    


.  

CAPILLARY TRANSPORT OF LIQUID WATER 
Models for liquid water transport in PEFC catalyst layer 
are based on capillary transport [2-7].  

Department of Mechanical Engineering, University of Roma 

Queen's University 

Fig 2. Bi-modal PSD of CL. 
Adopted from Ref [7] 
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The implementation of such simplified water transport 
models requires that the capillary pressure (Pc) – 
saturation (s) relationship and the saturation-dependent 
permeability for the porous CL is known. Arbitrary Pc-s 
relationship have been employed in [2-5], whereas Pc 
behaviour inferred from indirect experiments has been 
employed by Wang and Nguyen [6] and shown in Figure 
3. The hydrophilic 
pores constitute up to 
67% of the pores 
whereas the 
hydrophobic pores the 
balance. None of the 
aforementioned 
models consider PSD 
and, therefore, cannot 
capture saturation-
dependent change in 
oxygen transport 
model discussed 
earlier. Eikerling [7] proposed PSD-based model but 
consider the pores of the composite CL structure to 
possess single, uniform wettability. The Pc-s curve 
obtained from the bimodal PSD and contact angle 
reported by Eikerling does not capture the mixed 
wettability characteristic type behavior.  
We have inverted the Pc-s data of Nguyen et al to obtain 
PSD by assuming 
different contact 
angles. We note that a 
contact angle of 89.95 
degrees yields pores 
of expected range, i.e. 
less than 300 nm. 
Since the reported 
data is only in the 
hydrophilic pore 

regime (Pc ≤ 0), we 
have assumed a 
similar PSD for the 
hydrophobic pores. In 
this case we have chosen a contact angle=95. The 
derived mixed-wettability PSD (assumed lognormal) is 
shown in Figure 4.  
WATER TRANSPORT IN THE CATHODE CL (CCL) 
Considering capillary transport for liquid water in CCL, 
and adopting a physically meaningful boundary condition 
of Pc=0 at the PTL/channel interface, it can be readily 
deduced that the Pc in the CL will be greater than zero. A 
direct implication of this point is that the Pc-s data in the 
hydrophobic region is required. To quantify how high the 
Pc in the catalyst layer can be expected to be, 1D 
transport equations for CCL and GDL, along with the 
corresponding boundary conditions, here omitted for the 
sake of brevity, allow to solve for overpotential , proton 

flux jp, O2 partial pressure p, water vapour flux j
v
 and 

partial pressure q, and, finally, liquid water pressure p
l
 

and flux j
l
. Equations, based on Eikerling [7], are solved 

over CCL and GDL thickness (see Figure 1). Further 
simplifications assume, for the current work, that , p and 
q are constant over the CCL, and that no evaporation 
phenomena may 
occur, i.e. Qlv

=0. 
Results, referring to 
the  operating 
conditions reported in 
Table 1, show (Fig 5) 
that the distribution of 
saturation in CL is 
predicted to be as 
high as 80% close the 
membrane, and the 
capillary pressure of 
almost 0.8 atm is 
calculated 
correspondingly. 

Parameter Symbol Value 

Overpotential   0.35 V 

Permeability (CCL)   5E-16 cm2 

Permeability (GDL)  5E-12 cm2 

Exchange current density   1E-5 A/cm2 

Total gas pressure     3 atm 

CCL thickness  LCCL 10 µm 

GDL thickness  LGDL 250 µm 

Table 1: 1D PEFC model: main parameters. 

Thus, our work has shown that it is crucial to have reliable 
data in the hydrophobic region of the capillary pressure 
curve. A model that links the PSD with liquid saturation 
can capture the physics of oxygen transport as and when 
the mode of diffusion changes from molecular to Knudsen 
with change in local saturation levels. 
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Fig 3. Pc-s for PEFC CL. Adapted 

from [6] 

 
Fig 4. Pore Size Distributions (PSD) 
and inversions of experimental data 

(from [6]) 

 
Fig 5. :Liquid water pressure (top-left), 
liquid water flux (top-right), capillary 
pressure (bottom left) and saturation 

(bottom right) as functions of CCL 
thickness 
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ABSTRACT

Heat and water management were investigated for stable 

operation  of  1 kW-class  DMFC  system.  1  kW-class 

DMFC  stack  for  scooter,  forklift,  boat,  etc.  was 

manufactured with 80 cells and the active area of  MEA 

was 150 cm2. The system was composed of the stack and 

a number of support components including liquid pumps, 

air  blower,  methanol  concentration sensor,  chamber  for 

mixing  water  and  methanol  and  heat  exchangers.  The 

system operated at constant current of  30 A using low-

concentration  methanol  solutions.  On  the  base  of 

experimental  results,  heat  and  mass  balances  were 

calculated in and around the stack. Capacity of cathode 

heat exchanger (or  condenser) was proposed for water 

management.  Capacity  of  anode  heat  exchanger  was 

also  suggested  mainly  for  heat  management.  Heat 

exchangers with the calculated capacities were applied to 

the 1 kW-class DMFC stack system. We could operate 

the DMFC system stably keeping the water level of mixing 

chamber and maintaining the stack temperature constant. 

Effect of system operating conditions such as methanol 

solution concentration, fuel stoichiometric ratio, and stack 

temperature was also discussed.

INTRODUCTION

Direct  methanol  fuel  cell  (DMFC)  is  suitable  for  small 

power  source  less  than  2  kW  due  to  its  simplicity  of 

handling liquid fuel and organizing system. Managing heat 

and  water  of  the  DMFC  system  is  essential  for 

autonomous  operation.  The  water  and  methanol  fuel 

recycling  system  is  being  used  to  supply  the  proper 

concentration  of  methanol  solution  efficiently  and  to 

increase fuel efficiency. Water consumption is occurred at 

anode  site  by  the  electrochemical  oxidation  reaction. 

Water  and  methanol  crossover  from anode to  cathode 

intensifies the water deficiency in anode water circulation 

loop. Condensed water at cathode outlet should be used 

to replenish the anode water. System design and control 

containing the  above-mentioned are  required  for  stable 

and  autonomous  operation  of  DMFC  by  using  heat 

exchangers, condenser, etc. 

In  this  experiment,  we  were  manufactured  the  1kW-

class DMFC stack with 80 cells of MEA. A DMFC system 

with  stack  and  support  components  was  prepared  and 

operated  in  various  conditions.  On  the  base  of  the 

experiment  results,  mass  and  heat  balances  of  the 

system focused on the stack were calculated under the 

various conditions.

EXPERIMENT

1  kW-class  system  consisted  of  the  stack  and  the 

auxiliary  components  of  liquid  pumps,  air  blowers,  a 

methanol  concentration  sensor,  water/methanol  mixing 

chamber  and  heat  exchangers.  The  DMFC stack  was 

manufactured with 80 cells of the MEA of which the area 

was 150 cm2, carbon bipolar plates as flow distributor and 

1 Copyright © 2011 
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current collector, and gaskets film for sealing. All auxiliary 

components were driven by external  power source and 

controlled  by  designed  operating  conditions.  All 

experiments were performed with a 1 L/min rate of the 0.7 

M methanol concentration and fixed flow rate of air supply. 

The experiments were on the constant current mode with 

fixed capacities of anode/cathode heat exchangers. The 

stack  voltage,  concentration  of  methanol,  methanol 

consumption,  mass  change  of  mixing  chamber  and 

temperatures of each point were measured. All measured 

data were analyzed and used as the basic information for 

calculations.  The  proper  conditions  from  the  result  of 

calculations were applied the stable system operations.

RESULTS

At room temperature of 30oC, the system was operated 

under  the  constant  load  from  5  A  to  30  A  which 

corresponds to 33.3 mA/cm2 and 200 mA/cm2 (Fig. 1). 

5 10 15 20 25 30

30

40

50

60

70

80

90

100

 Voltage(V)

 Stack Temp.

 Fuel Efficiency

 

T
e

m
p

e
ra

u
tr

e
(o

C
),

 F
u

e
l 

E
ff

ic
ie

n
c

y
(%

),
 V

o
lt

a
g

e
(V

)

Current (A)

-8

-6

-4

-2

0

 Level
 L

e
v

e
l C

h
a

n
g

e
(g

/m
in

)

Fig.  1. Stack voltage, stack temperature, fuel efficiency, 

and  water  level  in  the  fuel  mixing  chamber  versus 

operating current.

DMFC system characteristics under various current were 

given  in  Fig.  1.  As  the  current  was  higher,  the 

temperatures and fuel  efficiencies increased. The water 

level  change  was  a  minimum  at  15  A  and  then 

dramatically declined as the current increased. The fuel 

efficiency was defined as the theoretical fuel consumption 

divided by the actual fuel consumption. At high current, 

the volume of  methanol solutions in the anode channel 

was small due to the gas phase of carbon dioxide. So, the 

methanol  crossover  was  lower  and  led  to  higher  fuel 

efficiency. The amount of  water from the ORR reaction 

was larger than that consumed by the MOR reaction was 

and the amount is larger with higher current. However, at 

upper 15 A, water deficiency in the system was severer 

than  the  lower  current  which  may  be  caused  by  the 

system  temperature.  Vapor  pressure  of  water  increase 

exponentially  as  the  temperature  increased.  Therefore, 

heat  management  was  essential  in  the  view  point  of 

stable  and  water-autonomous  operation  of  the  system. 

For  water  management,  gas-liquid  separation was also 

important.

On  the  base  of  the  experiment  results  and  theoretical 

predictions,  the  water  and  mass  balances  were 

calculated. First, the stack performances were estimated 

at the operating conditions. And then, anode and cathode 

heat  exchanger  capacities  were  determined  for  the 

optimum  system  performance  as  room  temperature. 

Finally, the effects of system operating conditions such as 

methanol  solution  concentration  and  fuel/oxidizer 

supplying ratio will be discussed.

CONCLUSION

The heat and water management of the 1 kW-class direct 

methanol  fuel  cell  (DMFC)  system for  stable  operation 

was  investigated.  The  system  consists  of  1  kW-class 

DMFC  stack  and  a  number  of  support  components, 

including  liquid  pump,  blower,  methanol  sensor,  and 

methanol/water  mixing  chamber.  Based  on  the 

experimental measurements, heat and mass balance was 

calculated in and around the stack to obtain the optimal 

capacity  of  anode  and  cathode  heat  exchangers. 

Capacities of  two heat  exchangers  were determined to 

maintain  the  stack  temperature  and  the  water  level 

change. In addition, system operating conditions such as 

a  methanol  solution  concentration,  a  fuel  feeding 

stoichiometric factor are proposed for stable operation of 

the DMFC system.
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 ABSTRACT 
At sub-zero temperature, the startup capability and 
performance of DMFC is poor. Performance degradation 
of direct methanol fuel cell (DMFC) was investigated by 
freeze/thaw cycle. Maximum power density of DMFC 
decreased as the cycle number increased by 71% after 
35 cycles of -20oC and 60oC and by 62% after 12 cycles 
of -32oC and 60oC. However, the cells purged by nitrogen 
gas before freeze stage were found to have less 
performance loss than the cell which was not purged. 
Electrical resistance increase of the cells with gas purge 
was also less. These results showed that it is necessary 
to remove the water in DMFCs to maintain stable 
performance under sub-zero temperature and gas 
purging is proved to be effective for storage under 
subzero temperature. 

 INTRODUCTION 
Direct methanol fuel cell (DMFC) is promising for portable 
power sources. In order to be used outdoors the system 
should be durable in an outdoor environment such as 
subzero temperature and low humidity. Researches on 
the behavior of polymer electrolyte membrane fuel cell 
(PEMFC) in sub-zero temperature were reported with 
hydrogen fuel, but there are little reports for DMFC. Main 
reasons for the fast performance degradation of 
hydrogen-fed PEMFC were reported that the ice formed 
from the water in cathode made pinholes and cracks on 
the GDL and the interface between electrode and 
membrane. In case of DMFC water is much more in 
anode side although water is also produced in the 
cathode. In this work, the effect of freeze/thaw cycles on 

the performance degradation was investigated. To 
understand the correlation between cell performance 
degradation and freeze/thaw cycles, polarizations 
increase of anode and cathode and cell resistances were 
analyzed separately. Effect of the temperature of the 
freeze stage was investigated. The purging effect was 
also studied on the performance degradation of DMFC by 
freeze/thaw cycles. 

 EXPERIMENTAL 
Freeze/thaw cycles were repeated on DMFC that is to 
store at -20oC for 20 hours or -32oC for 12 hours and then 
to heat to 60oC for 30mins. Different purging scenarios 
named anode/cathode purge, cathode purge, no purge 
with nitrogen gas were adopted for comparison. To 
understand correlation between single cell performance 
degradation by freeze/thaw cycles and to find dominant 
factors, single cell performance test and EIS 
measurement and SEM, CV were examined.  

 RESULTS AND DISCUSSIONS 
Comparing the overpotential changes of anode and 
cathode at 140 mA/cm2 of -20oC data (shown as figure 1), 
the overpotential change of the cathode side (74% 
increase) was much bigger than that of the anode side 
(12% increase). Cell resistance increased also by 18.43%. 
As the freeze/thaw cycles repeated, the diameter of 
impedance arc increased gradually. SEM image showed 
that the catalysts layer of the cathode was detached 
locally from the membrane. To know the effect of sub-
zero temperature of freeze state, -20oC data and -32oC
data were compared. Maximum power density decreased 
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by 71% after the freeze/thaw cycles repeated 35 times at 
-20oC (shown as figure2), but max power density 
decreased by 62% only after 12 cycles at -32oC. Water in 
the cathode and anode was purged by nitrogen to 
prevent the performance degradation of DMFC by 
freeze/thaw cycles. The performance of the cell without 
purging decreased by 62% after 12 freeze/thaw cycles at 
-32oC, the performance of the cell with anode and 
cathode purging decreased only by 13%, and the 
performance of the cell only with cathode purging 
decreased by 30%. 

 CONCLUSION 
The freeze degradation of DMFC with different 
temperature and different gas purging effect was 
investigated. Maximum power density decreased from 
121.74 mW/cm2 to 35.7 mW/cm2 after 35 freeze/thaw 
cycles at -20oC which showed 71% degradation of 
performance. The polarization change of the cathode side 
was larger than the anode side which means the 
performance degradation by freeze/thaw cycles occurred 
more from the cathode rather than anode. Cell resistance 
increased by 22.5% probably caused by the local 
detachment of electrodes and membrane. Performance 
degradation rate was accelerated by freeze/thaw cycle 
when the temperature of freeze state was low. Maximum 
power density decreased by 71% after the freeze/thaw 
cycles repeated 35 times at -20oC, but max power density 
decreased by 62% only after 12 cycles at -32oC. This 
means water remaining in MEA of DMFC result in 
microstructure change and sharp performance 
degradation. Purging water before freeze has a good 
effect on preventing DMFC performance degradation by 
freeze/thaw cycle. Therefore, purging water with nitrogen 
gas provides an effective solution for DMFC storage at 
sub-zero temperature. 
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ABSTRACT  
Towards competent production of clean, electrolytic 

hydrogen, PEM water electrolysis offers several 
advantages, such as high purity of the produced gases, 
very high level of operation safety and direct storage of 
gases under high pressure. The work presented here is on 
the development of efficient proton exchange membrane 
(PEM) water electrolyzers, employing high specific surface 
area IrxPt1-xO2 electrocatalysts synthesized by the modified 
Adams fusion method. A typical three-electrode cell was 
used to evaluate the performance of the materials for water 
splitting. The performance of electrodes for oxygen 
evolution reaction was assessed by steady-state current-
potential measurements while their electrochemical 
characteristics and stability were studied by cyclic 
voltammetry. It was found that Ir-Pt bimetallic electrodes are 
highly efficient and stable electrodes for oxygen evolution 
reaction. Their high intrinsic electrocatalytic activity in 
combination with their large surface area and stability are 
quite promising for the development of economically 
feasible electrocatalysts for PEM water electrolyzers. 

INTRODUCTION 
 Direct electrochemical splitting of water is a non-
polluting way of producing pure hydrogen and oxygen, while 
proton exchange membrane (PEM) electrolysis systems 
have attracted great interest as a hydrogen production 
method. Provided that the energy required for electrolysis 
is supplied from renewable sources (e.g. solar power), the 
produced hydrogen is a clean, zero carbon footprint energy 
carrier. PEM systems offer several advantages but the 
major disadvantage remains the relatively high anodic 
overpotential for the oxygen evolution reaction (OER). 
Oxygen evolution occurs on noble metal electrodes (e.g. Pt, 
Au, Ir, Rh, Ru, Ag), but metal oxides (e.g., RuO2, IrO2) are 

generally more active for OER than metal electrodes [1]. 
Issues such as the reduction of catalyst loading and 
extension of lifetime attract continuous research interest. In 
this work, unsupported IrxPt1-xO2 electrocatalysts were 
synthesized and evaluated for PEM water splitting. 

EXPERIMENTAL 
A series of IrxPt1-xO2 (x=1, 0.8, 0.5, 0.2) nanoparticle 

electrocatalysts were synthesized by the modified Adam’s 
fusion method using metal chloride precursors. After 
sintering at 500oC, powders were washed with excess DD 
water to remove all Cl- ions. Crystalline phase and structure 
identification of the materials were assessed using X-ray 
Diffraction analysis. The catalysts specific surface areas 
were measured with BET.  

A Glassy Carbon Electrode (GCE) was used as a 
working electrode where the synthesized electrocatalysts 
were casted on by means of a catalyst ink consisting of the 
electrocatalyst, ethanol and 5% Nafion solution. The 
performance and stability of the prepared electrocatalysts 
were evaluated with repetitive cyclic voltammetry in a three-
electrode cell in 0.5 M H2SO4 solution. 

RESULTS AND DISCUSSION 
XRD diffraction patterns for the IrO2 and Ir0.8Pt0.2O2

powder materials revealed a rutile crystalline structure 
without the presence of metallic Ir or Pt. The characteristic 
reflections of Pt cubic structure were also present in the 
XRD spectra of the Ir0.2Pt0.8O2 mixed oxide, indicating that 
traces of platinum may have not inserted into the structure 
of the mixed Ir-Pt oxide. The average crystallite size for all 
synthesized metal oxides was estimated at 2-10 nm, using 
the Scherrer equation. 

BET measurements revealed high specific surface 
areas for all oxide materials prepared: 152 m2g-1 for the 
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pure IrO2, 270 m2g-1 for Ir0.5Pt0.5O2, 99 m2g-1 for Ir0.8Pt0.2O2
and 191 m2g-1 for the Ir0.2Pt0.8O2 material, which are of the 
highest reported in literature [2]. 

The cyclic voltammograms of all prepared 
electrocatalysts, in a 0.5 M H2SO4 solution with a scan rate of 
20 mV s-1 at room temperature during 180 scan cycles, are 
shown in Figures 1a-d. Pure IrO2 exhibits significant stability 
of structure, with 18% reduction of current density after 180 
cycles. This reduction occurs within the first 50 cycles, after 
which the performance remains stable. The characteristic 
peaks referring to redox couples of Ir3+/Ir4+ and Ir4+/Ir5+

appear at 0.6 and 1 V respectively, versus the Ag/AgCl 
reference electrode. In the repetitive cycling voltammograms 
of the Ir0.8Pt0.2O2 oxide (Figure 1b), the corresponding redox 
peaks for both Pt and Ir redox couples appear. This material 
represents the higher stability of the synthesized materials, 
during cycling with a total 14% reduction in current density 
after 180 cycles. The current density towards oxygen 
evolution decreases by a factor of two with the incorporation 
of 20% atomic Pt in the structure of IrO2. Ir0.5Pt0.5O2 (Fig. 1c) 
exhibiting lower current density for the OER and less stability 
during cycling. The voltammogram shape is representative 
for the mixed oxide structure synthesized, as the 
characteristic peaks of both Pt (hydrogen evolution, oxygen 
reduction and oxygen evolution) and IrO2 (anodic peals 
corresponding to the Ir3+/Ir4+ and Ir4+/Ir5+ redox couples) are 
observed [3]. The characteristic cyclic voltammograms for the 
Ir0.2Pt0.8O2 are presented in Figure 1d. This material contains 
the higher amount of Pt (80%) and presents the lowest 
performance for OER, and poor stability (40% reduction in 
current density during cycling). The stability during cycling of 
the Ir-Pt mixed oxides studied is an important factor for their 
practical application in unitized regenerative PEMFCs, 
where cycling between fuel cell and electrolysis modes is 
repeated on a frequent basis [3]. Furthermore the Ir0.5Pt0.5O2
electrocatalyst presents a bifunctional character accounting 
for considerable efficiency both for OER and HER. This has 
been reported in the literature and the Pt-Ir system has been 
known as effective electrode in URFCs. 

CONCLUSIONS 
The application of the modified Adams fusion method 

resulted in the synthesis of unsupported nanostructured 
IrxPt1-xO2 electrocatalysts with small particle size and high 
BET surface area. These metal oxides present significant 
stability during redox cycling and thus they can be 
considered as promising materials for the development of 
efficient PEM water electrolyzers and unitized 
regenerative PEM fuel cells. The development and 
performance evaluation of these materials in MEAs of a 
PEM cell is undergoing. 
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ABSTRACT (< ARIAL 10 PT UPPERCASE) 
Fuel cell has been being regarded as a promising 

alternative energy sources due to high energy density, 
quick response, and low emission. Since hydrogen is 
used as a fuel for fuel cell, hydrogen production has been 
being an important issue due to increase of demand for 
fuel cell. Thus, many researchers have been studied on 
various fuel processors and way to increase the 
reforming efficiency.  

In order to find the optimal design parameter to 
increase reforming efficiency, two-dimensional dynamic 
model of catalytic combustor-reformer integrated module 
was developed by Matlab/Simulink. In order to resolve 
the energy balance and species conservation, the model 
is discretized into 5 control volumes of combustion 
catalyst, combustor gas channel, combustor wall, 
reforming catalyst, and reformer gas channel in radial 
direction. And the model is discretized into 5 control 
volumes along the gas flow direction. With this axial 
discretization, the configuration effects of reforming gas 
and combustion gas on the reforming efficiency can be 
captured easily. 

In order to validate the model, the simulation results 
are compared with experimental data. The simulation 
results are in good agreement with the experimental data.  

INTRODUCTION (< ARIAL 10 PT UPPERCASE) 
Fuel cells are highly efficient electric power 

generation systems. Especially, combined heat & power 
systems with high temperature polymer electrolyte 
membrane fuel cells (PEMFCs) is promising candidate for 
residential applications [1]. The high temperature fuel cell; 
SOFC can provide two advantages of on-site electricity 
generation and utilization of the heat produced during 
operation of fuel cells [2, 3]. The exhaust gas from the 
anode side of SOFC can be utilized to offer the heat to 

the reforming reaction in the fuel processor, because the 
reforming reaction is the endothermic process [4]. 

The objective of this study is to develop two-
dimensional dynamic model of integrated reactor of 
catalytic combustor and catalytic reformer. This work 
suggests the basic insight for optimal design of the 
integrated reactor. 

MODEL DESCRIPTION 
The fuel processor developed in this work is the 

endothermic steam reforming of methane in the catalytic 
reformer and catalytic combustion taking place in catalytic 
combustor. Figure 1 shows the schematics of the 
discretization of catalytic combustor and catalytic 
reformer. The model was discretized into two-
dimensionally to solve for local states of the coupled 
reactor. Temperature throughout the model are 
determined by solving the dynamic energy conservation 
equation: 

in in o u t o u t in
d TN C v N h N h Q
d t

                (1) 

The species mole numbers at each gas control 
volume exit is determined from species conservation: 

( )
i n i n o u t o u t

d N X N X N X
d t

     
              (2) 

The convection heat transfer between combustor 
and reformer was determined from Newton’s law of 
cooling:

2 1
( ) ( )t rd Q A h T T
d t

              (3) 

In the steam reforming of methane is well known as 
the main process for hydrogen and synthesis gas 
production for large-scale processes such as methanol or 
ammonia synthesis. The main chemical reactions in the 
reformer are: 
 methane steam reforming 
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4 2 23 2 0 6 . 1 /C H H C O H H k J m o l       (4) 
 water gas-shift 

2 2 2 4 1 /C O H O C O H H k J m o l       (5) 
 reverse methanation 

4 2 2 22 4 1 6 4 /C H H O C O H H k J m o l      (6) 
The kinetics is used in the present work to describe the 
steam reforming process. The rate equations for the 
chemical reactions (1)-(3) are: 
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      (9) 

The SOFC anode-off gas was used in the combustor as a 
fuel. The main species of the anode-off gas is carbon 
monoxide, hydrogen, air, and water molecules. Thus, the 
main chemical reactions in the combustor are: 
 carbon monoxide oxidation 

2 21 / 2C O O C O                          (9) 
 hydrogen oxidation 

2 2 21 / 2H O H O                         (10) 

Figure 1. The discretization schematics of coupled 
reactor of catalytic combustor and catalytic reformer 

SIMULATION RESULTS 
The integrated reactor model of combustor and 

reformer was validated by comparing with the 
experimental data. The gas inlet conditions of combustor 
and reformer was shown in Table 1. The steam to carbon 
ration and the excess air ratio was 3 and 3.5, 
respectively. Table 2 shows the comparison between 
experimental result and simulation data. The simulation 
results are in good agreement with the experimental data 
within a slight difference. Since the model was discretized 
into 5 control volumes in the air flow direction, the 
distributions of temperature and species mole fractions 
through the reactor were captured, represented in Figure 
2.
Table 1. Inlet conditions for the steam reformer and 
catalytic combustor 

Reformer 
(100 ℃)

Compositions SLPM 
CH4 4.62 
H2O 13.86 

Combustor H2 6.78 

Ti = 325 ℃ 

λ = 3.5 

S/C ratio = 3.0

CO 0.94 
CO2 3.68 
H2O 16.33 
Air 64.33 

Table 2. Comparison of reaction characteristics 
between experiment and simulation 

 Experiment Simulation Error 
Combustor 

Temperature (℃) 892 896 4 

Reformer 
Temperature (℃) 579.3 589.2 9.9 

H2 (Vol. %) 77.7 74.9 2.8 
CH4 (Vol. %) 4.4 4.4 0.0
CO (Vol. %) 6.7 7.9 1.2 
CO2 (Vol. %) 11.2 12.8 1.6 
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Figure 2. The distributions of temperature and 
species mole fraction through the reactor 

CONCLUSIONS 
The two dimensional dynamic model of coupled 

reactor of catalytic combustor and catalytic reformer was 
developed by using matlab/simulink. The mode well 
predicts the experimental data. The distributions of 
reactor characteristics were captured. This study is 
helpful to obtain the optimal design of integrated reactor 
of combustor and reformer. 
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ABSTRACT 
Aim of this work is to investigate how SO2 and NOx can 
affect MCFC performance. Experimental tests will be 
performed at the Fuel Cell Center laboratories of KIST 
and ENEA thanks to 10 cm×10 cm single cell and 3 cm2 
button cell facilities and using a gas composition which 
simulate conditions of MCFCs when running in a 
combined cycle power plant. In the case of the button cell 
a different composition was used in order to avoid a fast 
degradation of the cell related to corrosion of current 
collector and fluctuation of EIS spectra. Polarisation 
curves, endurance tests, impedance measurements and 
gas analyses will be carried out to support the 
investigation. 
Theoretical analysis will be based also on a modelling 
experience which allows the use of detailed codes 
validated on MCFC standard operation without 
contaminants and which are now being to be extended to 
operation in presence of contaminants on the basis of the 
experimental data. Both experimental and theoretical 
results will be presented and discussed in detail. 

 
INTRODUCTION 
The research activity on MCFCs paid special attention to 
the possibility to use different fuel gases (natural gas, coal 
gas, biofuels, landfill gas, etc.). As the fuels can contain 
components harmful to MCFC operation, many works 
about anode poisoning mechanisms and effects can be 
found in literature.  

Now the new application of MCFCs in the framework of the 
CCS (Carbon Capture and Storage) leads to focus attention 
on the risk of poisoning at the cathode side. In fact, MCFCs 
can be proposed as an interesting CCS solution taking 
account that MCFC cathode fed with air containing CO2 can 
return fresh air. This peculiar property is related to the 
electrochemical reactions that take place inside MCFCs 
and allow CO2 and O2 can move from the cathode to the 
anode selectively. So MCFCs can be used, for example, to 
reduce the CO2 emissions per kWh of a conventional power 
plant by feeding its exhaust to MCFC cathode: the CO2 is 
concentrated at the anodic side and then more easily 
separated from this stream characterised by lower flow-rate 
and higher CO2 concentration. Moreover, additional power 
is produced during the separation process. As a number of 
contaminants can be present in the flue gas to be fed to the 
cathode, specific tests need to clearly define MCFC 
tolerance limits. 
 
RESULTS 
In particular the study has been focused on the effects of 
SO2 e NOx at cathode side, since both can be found in 
traditional power plants’s exhaust gases, which makes 
extremely important to understand the possible effect of 
these compounds on the performance of MCFCs. 
A number of works on this topic can be found in literature, 
but it is not completely clear what the MCFC tolerance limit 
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for sulphur compounds is, as the limit depends on many 
factors such as temperature, pressure, gas composition, 
current density, cell components and system configuration 
(e.g. recycle and clean-up). Also the effect of Nitrogen 
compounds is still not completely clear and further 
experiments are needed. 
SO2 in the cathodic gas could react with the cathodic 
compounds and form sulphur ions which migrate through 
the electrolyte and reach the anodic side where they can 
chemically react with the anodic gas and form other 
sulphur compounds. In particular hydrogen can react with 
sulphur ions and form hydrogen sulphide, in which 
harmful effect has already been discussed in several 
works. 
Experiments about the exposure time effects have been 
performed in the laboratories of the Center for Fuel Cell 
Research at KIST, in particular focusing on the voltage 
decay related to the effect of 0.8 ppm of SO2 and 20 ppm 
of NO at cathode side. Electrochemical Impedance 
Spectroscopy at open circuit voltage and gas 
chromatography analysis have been used to support the 
investigation. From this first results again sulphur 
compounds seems to have a main role in MCFCs 
poisoning, since the cell is affected by the presence of 
even less than 1 ppm of SO2 and the cell life is drastically 
reduced by this effect (Fig. 1). 
 

 
Fig.1: SO2 exposure time effect (0.8 ppm). 

 
The effect of NOx seems not to be as severe as the one 
of sulphur compounds but also in this case an effect has 
been observed, in particular in the early stages of 
poisoning, according with literature.  
 

 
Fig.2: NO exposure time effect (20 ppm). 

In ENEA, to perform impedance analysis, button cells were 
applied and electrochemical impedance analysis (EIS) was 
used in a frequency range between 0.01 Hz to 10 kHz. This 
EIS analysis was carried out at 100 mA/cm2. The SO2 
poisoning was carried out with 0.2, 0.4, 0.8, 1, 2 and 6 ppm 
until the Nyquist plot reached a new steady state, assuming 
the saturation state was already reached. The first shifted in 
ohmic resistance was observed when a very small quantity 
of SO2 was introduced. The Nyquist plots of 0 – 1 ppm of 
SO2 more or less were showing the similar trend and 
shape. However, when the SO2 concentration was higher 
than 1 ppm, the ratio between charge transfer to mass 
transfer region seems to increase. This phenomenon 
suggested the poisoning was occurred and it seemed there 
was a reaction between SO2 and electrolyte. 
 

 
Fig.3: EIS Spectra at 100 mA/cm2 after 1.5 h SO2 poisoning. 

 
Further studies related with SO2 poisoning at different 
exposure time and temperature along with durability test at 
higher SO2 concentration or SOx composition should be 
carried out. 
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ABSTRACT 
Following our  previous  study,  we report  here  novel 

preparation of the low temperature single component fuel 
cell  and  related  materials  and  performance  using 
methanol  as  fuel  for  the  first  time.  A maximum  power 
density of 206 mW/cm2 was achieved at 550 0C, indicating 
the feasibility of  direct  liquid  fed single  component  fuel 
cells.   

INTRODUCTION 
Solid oxide fuel cell  has attracted much attention in 

past  decades  because  it  supplies  higher  efficient  and 
environmental  benign  electricity  compared  with 
conventional energy conversion technologies [1]. One of 
the  major  research  subjects  is  to  lower  the  operating 
temperature  to  improve  reliability  and  reduce  the 
manufacture  cost  [2].  In  order  to  reduce  the  work 
temperature, high ionic conductivity of electrolyte which is 
considered as the core materials in solid oxide fuel cell is 
needed. The extensive study of ceria based composite as 
functional electrolytes for low temperature solid oxide fuel 
cell has effectively reached the goal without compromising 
the  cell  performance  at  the  reduced temperature  [3-5]. 
More  recently  study  on  nanocomposite  materials  for 
advance  fuel  cell  technology  (NANOCOFC), 
www.nanocofc.com,  leads  to  a  new  field  -  single 
component fuel cells . The fuel cell was designed by only 
using  one layer  of  mixture possessing mixed ionic  and 
electronic  conductivity.. A  brief  introduction  about  the 
single  component  fuel  cell  was  displayed  in  Figure  1. 
Compared  with  the  traditional  three  layer  fuel  cell  with 
anode,  electrolyte  and  cathode,  it  achieves  the  same 
functions at given temperatures [8].

The studies of single component fuel cell major focus 
on  the  hydrogen  fuel  and  no  report  on  operations  for 
hydrocarbon fuels was carried out. Therefore, in this work, 
a single component fuel cell was studied to use alcohol as 
a  fuel.  We  investigated  various fabrications of  single 
component  fuel  cells,  and  their  electrochemical 
performances based on fuel cell test. It showed the same 
or  even  better  performance  than  the  conventional  fuel 
cells. 

Figure-1 Construction of single component fuel cell fuelled 
by methanol 

 

EXPERIMENTAL 
For Ionic  conductor  material,  NDSC were used as 

our  previous  publication  [9].  For  electronic  conductor, 
LiNiZnOx was  used.   To  produce  a  homogeneous 
distribution  of  LiNiZnOx-NSDC,  the  following  procedure 

1 Copyright © 2011 
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was adopted.  Stoichiometric  amounts  of  Li2CO3  (99%, 
Sigma–Aldrich), NiCO3∙2Ni (OH)2·6H2O (~46% Ni basis, 
Sigma–Aldrich),,  Zn(NO3)2·6H2O  (≥99.0%,  Sigma–
Aldrich)   were  mixed,  grounded  and  put  in  200  ml 
deionized water to form suspension. Then, 10 g citric acid 
(99.5%, Sigma–Aldrich) was added and stirred firmly to 
obtain a homogeneous solution. Molar ratio among metal 
oxide were LiO:NiO:ZnO = 1:1:1.  Then, the appropriate 
amount NSDC powders were mixed in above prepared 
200 ml solution to form slurry. Then, the slurry was heated 
at 200 0C with continuous stirring to get dry mixture. The 
dry mixture was sintered at 700oC for 1 hour to get the 
final material. 

The fuel cell was fabricated uniaxially with a load of 
200 kg/cm2 to form one single layer. Both end surfaces 
was  covered  by  silver  net  which  is  used  as  current 
collector. The cell diameter was 2 cm and thickness of .
1-.12  cm  was  used.  The  cell  was  tested  at  different 
temperature  with  methanol  solution  as  fuel  and  air  as 
oxidant.  The crystal structure and phase analysis of the 
powder was characterized by a D/Max-3a Regaku X-Ray 
diffractometer with Co Ka radiation, 35 kV voltage, 330 
mA current at room temperature.

RESULTS AND DISCUSSION
The XRD pattern of LiNiZnOx-NSDC material is shown in 
Fig.2. From the figure, it can be seen that the material is 
mainly characterized by individual phase of oxides such 
as NiO, ZnO and SDC phase. The diffraction peaks of 
CeO2 were associated with NSDC. No peak of  Lithium 
suggests  that  it  was  doped  into  the  oxides.  Figure.3 
shows the power densities at different temperature. It can 
be  seen  that  the  cell  performance  206  mWcm-2 was 
achieved at 550 0C. The 60 wt % methanol solution was 
used in order to fully utilize its energy density and its con-
version  efficiency.  As  our  material  LiNiZnOx-NSDC  is 
mixed ionic and electronic conductor,  the high perform-
ance interprets  the feasibility of  production of  electricity 
without using electrolyte layer as in three component fuel 
cell and without any short-circuit problem. When methanol 
and air  are supply from two sides of  single component 
device, the hydrogen which derives from methanol and air 
can be broken down to H+  and O-2. Then at the particle 
surface, they can interact to form water and electricity at 
same time.

CONCLUSIONS
The performance of single component fuel cell fuelled by 
methanol  and  air  as  oxidant  was  studied.  A maximum 
power density of  206 mWcm-2 was obtained at  550  oC 
using LiNiZnOx-NSDC material. The preliminary study has 
proved the feasibility of the single component fuel cell with 
directly  hydrocarbon  fuel  and  the  competent 
electrochemical  performance  indicates  its  promising 
application for the future high efficient energy conversion 
technology.   
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ABSTRACT 
Several  system  configurations  of  PV  systems  for 

powering the telecommunication base stations in remote 
sites  have  been  analyzed  and  compared.  It  has  been 
found that the use of fuel cells not only as a back-up but 
also as supplement power results in reduced size of PV 
panels and reduced number of batteries required. 

 Possibility of producing hydrogen improves system's 
autonomy albeit at higher overall cost. The results of this 
analysis indicate that the fuel cell  systems still  result  in 
higher  cost  of  electricity than the conventional  systems 
with batteries and diesel generator, but this difference in 
cost of electricity may be justified by other advantages of 
fuel  cells  such  as  higher  reliability,  higher  operational 
range,  lower  noise  and  lower  environmental  impact. 
Furthermore, uncertain oil prices and fast developing fuel 
cell and hydrogen technologies could make the fuel cells 
even more attractive for these applications in near future. 

INTRODUCTION 
Expansion  of  telecommunication  networks  has 

created a market for stand-alone power supply systems, 
as the base stations often have to be located in remote 
areas.  Utilization  of  renewable  energy  sources, 
particularly through photovoltaic panels and wind turbines, 
is often an economic solution. Inherent intermittent nature 
of  renewable  sources  is  not  compatible  with 
telecommunication systems whose need for uninterrupted 
supply is  mandatory.  This  leads  to  the  need of  energy 
storage and power back-up solutions. Usual approach of 
using batteries for energy storage and diesel generators 
as a back-up has been challenged with introduction of fuel 
cells, Fig. 1. Techno-economical analysis with simulation 
program  HOMER  [1]  has  been  made  for  the  400  W 
remote  base  station  located  at  the  middle  Dalmatian 
island.  Project  lifetime  was  20  years  with  fixed  annual 
interest rate of 6%.

β

PV panel

+              -

Battery

PEM 
fuel cells

Base station

Fig. 1. Fuel cells as back-up in stand alone system

RESULTS AND DISCUSSION 
Stand-alone  system comprising PV panel,  batteries 

and fuel cell stack was optimized with components' size 
and panel’s slope as optimization variables. Parameters 
such  as  unit’s  capital  cost,  lifetime  and  operating  cost 
were  taken  into  account.  Due  to  still  undeveloped 
hydrogen  technologies  market  price  projections  were 
used, namely: 2000, 4000 and 6000 $/kW for the fuel cell 
[2-4]; 5, 10 and 20 $/kg for hydrogen. 
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price scenarios
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For the most optimistic projections system’s levelized 
cost of energy (LCE) is 0.52 $/kWh at the panel slope of 
35°, Fig.  2. However, this analysis does not account for 
the hydrogen storage, and with hydrogen consumption of 
56 kg/year requirement for hydrogen high pressure tanks 
significantly increases the overall price and storage size 
making  it  impractical. Possible  solutions  are  limiting 
hydrogen  consumption,  i.e.  decrease  fuel  cells’ 
engagement, or “on site” hydrogen production via water 
electrolysis, all at the expense of other components.
Limiting  annual  hydrogen  consumption  to  9  kg/year 
combined  with  two  refuelings  a  year  (during  regular 
maintenance checks) results in need of six storage tanks 
(50L /  200 bar).  Fuel  cells’ annual  engagement  is  249 
hours and it is active only during three months, Fig 3.
 

Fig. 3. Fuel cells‘ annual engagement

“On site” hydrogen generation via water electrolysis 
(Fig.  4)  makes  system  fully  autonomous  but  projected 
1500 $/kW [2] price of the elelctrolyzer accompanied with 
high capital cost of extra PVs due to low electrolyzer/fuel 
cells round-trip  efficiency ruins the system economy. 

β

PV panel

+              -

Battery

PEM 
fuel cells

Electrolyzer

H2 tank

Base station

Fig. 4. Stand alone system with “on site” hydrogen 
generation

Table  1  shows  comparison  of  different  stand-alone 
systems, namely:  syst.  1 with diesel  generator  used as 
back-up, syst. 2 with fuel cells as a back-up and syst. 3 
with  “on  site”  hydrogen  generation.  Even  with  storage 
costs not taken into account systems with fuel cells could 
not  compete  economically  with  system  using  diesel 
generator. Also, at the moment, hydrogen storing is two 
orders  of  magnitude  more  expensive  than  oil  storing 
which emphasizes the result even more. 

Table 1: comparison of different stand-alone systems

 PV battery diesel FC e-lyzer tank slope LCE

 (kW) (unit) (kW) (kW) (kW) (unit) (°) ($/kWh)

syst. 1 2,5 8 0,6 / / / 35 0,601

syst. 2 3,2 12 / 0,5 / 6 55 0,73

syst. 3 4 10 / 0,5 1,5 6 65 0,794

CONCLUSION
Expensive  hydrogen  storage  tanks  is  the  main 

obstacle in implementation of  fuel cell  supported stand-
alone systems. “On site” generation does not solve this 
problem due to  need for  extra  PV installed but  makes 
system completely autonomous. Even with the optimistic 
price projections, with storing not accounted for, system 
with diesel generator is still about 20% cheaper. Though, 
since  reliability  is  far  more  important  than  the  price  in 
telecommunications (especially with small users such as 
the base stations), fuel cells comparative advantages over 
diesel generators could still be decisive.  
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ABSTRACT  
For high efficiency of PEM fuel cell, bipolar plate 

needs further improvement contact resistance between 
bipolar plates as well as between bipolar plate and gas 
diffusion layer. Common bipolar plates of PEM fuel cell 
are used to two plates between membranes due to water 
flow channel. In this study, polymer composite coated 
metal bipolar plate of all-in-one type is fabricated and 
compared to common bipolar plate. The bipolar plate of 
all-in-one type is attached two metal plates that use 
polymer composite adhesive. Carbon black is used as 
conducting filler in polymer composite. The optimum 
composition of polymer composite and fabricating 
process are investigated. The electrical contact 
resistance of bipolar plate of all-in-one type are tested 
and compared to common bipolar plate. The bipolar plate 
of all-in-one type is minimized contact resistance between 
plates. 

INTRODUCTION  
The metal bipolar plates have been developed to 

substitute for graphite bipolar plate, and have many 
advantages such as high electrical conductivity and 
mechanical strength, easy to manufacturing and low 
volume [1,2]. However, metal is easy corroded under 
proton exchange membrane (PEM) fuel cell operating 
condition. Therefore, metals for commercial bipolar plate 
need passivation layer coating on the surface [1,2]. Many 
coating materials have been developed, such as noble 
metal (gold, silver and platinum), carbon, ceramic, 
conducting polymer and polymer composites [1,2]. A 
polymer composite coating compared to other materials 
is low material cost and easy fabrication process such as 
hot-press molding, injection molding, and painting 
methods [1]. However, polymer composite coated bipolar 

plates have high contact resistance between bipolar 
plates as well as between bipolar plate and gas diffusion 
layer due to high contact resistance between metal 
substrate and composite coating layer [3]. Common 
bipolar plates of PEM fuel cell are used to two plates 
between membranes due to water flow channel. A 
previous study reported that the directly grown CNTs on a 
304 stainless steel surface were used as a conducting 
interlayer to minimize the contact resistance between the 
304 stainless steel and composite layer [3]. The grown 
CNTs can solve the contact resistance between bipolar 
plate and gas diffusion layer. In this study, polymer 
composite coated metal bipolar plate of all-in-one type 
was fabricated and compared to common bipolar plate. 
The bipolar plate of all-in-one type is attached two metal 
plates that use polymer composite adhesive. The 
electrical contact resistance of bipolar plate of all-in-one 
type are tested and compared to common bipolar plate.

EXPERIMENTAL DETAILS 
316L stainless steel (316L SS) was chosen as a 

substrate of bipolar plate. Polyamide-imide (PAI) and 
carbon black were chosen as the binder and conducting 
filler, respectively. These materials were dissolved in N-
methylpyrrolidone to produce slurry of PAI/carbon 
composite. The PAI/carbon composite was painted onto 
the 316L SS after CNTs grown that surface. Bipolar plates 
of two types were fabricated. Fig. 1 shows common 
bipolar plate and all-in-one type bipolar plate which 
attached two metal plates that use polymer composite 
adhesive. 

RESULTS AND DISCUSSION  
Bipolar plate specimens were fabricated with 35 wt.% 

carbon black added PAI composite by painting method.  
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(a)                        (b) 
Fig. 1 Schematic diagram of (a) common bipolar plate 
and (b) all-in-one type bipolar plate. 
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Fig. 2 Contact resistance between bipolar plate and gas 
diffusion layer of PAI coated 316L SS with and without 
grown CNTs at 150 N/cm2.

(a)              (b)               (c) 

Fig. 3 Schematic diagram of contact resistance test 
between bipolar plates; (a) common bipolar plate, (b) all-
in-one type bipolar plate and (c) reference test of bipolar 
plate.

Fig. 2 shows contact resistance between bipolar 
plate and GDL. The contact resistance PAI/carbon 
composite coated CNTs grown 316L SS bipolar plate 
decreased to 12 mΩcm2 due to improvement of contact 
resistance between 316L SS and PAI/carbon composite. 
Fig. 3 shows schematic diagram of contact resistance 
test between bipolar plates. The contact resistance 
between bipolar plates (Rbp/bp) of common bipolar plate 
was calculated according to the following equation: 

Total resistance = 2(R1+R2+R3) + 2R3 +R4 
Rbp/bp = 2(R1+R2+R3) + 2R3 +R4-2(R1+R2+R3) 
Rbp/bp = 2R3+R4     (1) 

The contact resistance between bipolar plates 
(Rbp/bp) of all-in-one type bipolar plate was calculated 
according to the following equation: 

Total resistance = 2(R1+R2+R3) + 2R3 +R4 
Rbp/bp = 2(R1+R2+R3) + 2R3-2(R1+R2+R3) 
Rbp/bp = 2R3         (2) 

R4 is contact resistance between surfaces of 
common bipolar plate. Fig. 4 shows contact resistance 
between bipolar plates. The bipolar plate specimens were 
fabricated that PAI/carbon painted on the 316L SS after 
grown CNTs. The contact resistance of common bipolar 
plate and all-in-one type were 120 and 10 mΩcm2,
respectively.  
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Fig. 4 Contact resistance between bipolar plates of 
common bipolar plate and all-in-one type bipolar plate 
150 N/cm2.

CONCLUSIONS  
A polymer composite coated metal bipolar plate of all-

in-one type is fabricated and compared to common 
bipolar plate. The bipolar plate of all-in-one type is 
attached two metal plates that use polymer composite 
adhesive. The all-in-one type bipolar plate is able to solve 
contact resistance between surfaces of common bipolar 
plate.  
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ABSTRACT 
Water-gas shift (WGS) represents an important industrial 
reaction conventionally performed in  fixed  bed reactors 
(FBRs) in the field of reforming processes to remove or, at 
least,  to  reduce  the  CO  concentration  of  a  reformed 
stream. As an alternative technology to the conventional 
systems,  palladium-based  membrane  reactor  (MR) 
technology could play an important role in the viewpoint of 
high purity hydrogen production. Indeed, this technology 
allows  the  thermodynamic  constrains  of  WGS  reaction 
performed in FBRs to be overcome, owing to the selective 
permeation  of  hydrogen  through  the  membrane. 
Composite  membranes,  constituted  by  Pd-layer 
supported  onto  porous  stainless  steel  (PSS),  could  be 
useful for the purpose. The aim of this work is to analyze 
the potentiality of a supported PSS palladium MR for high 
purity H2 production via WGS reaction.
At 390 °C and 0.8 bar of pressure difference across the 
membrane,  the  permeation  tests  on  the  Pd-based 

membrane  shows  an  ideal  permeation  selectivity  αH2/N2 

around 300. The reaction tests are performed at the same 
temperature in a reaction pressure range between 7 – 11 
bar, keeping constant the permeate pressure at 1.0 bar. 
As a best result of this work, a CO conversion of 80%, a 
hydrogen  recovery  of  60%  with  a  hydrogen  purity  of 
around 95% is achieved operating at H2O:CO = 1:1, p = 
11 bar and gas hourly space velocity = 5750 h-1. 

INTRODUCTION 
The  majority  of  hydrogen  produced  industrially  comes 
from  natural  gas  via  reforming  reactions  performed  in 
conventional reactors.  The reformed stream leaving the 
conventional  reformer  is  constituted  mainly  by H2,  CO, 
CO2,  H2O and small  amounts of  unconverted reactants 

[1]. Commonly, the up-grading of this hydrogen-rich gas 
stream is devoted to reduce the CO concentration up to a 
specified level, having in mind two main goals: to increase 
the hydrogen production rate and to purify the reformed 
stream. To these ends, WGS reaction is widely used. In 
small-scale processes such as the fuel processing for fuel 
cells  (e.g.,  PEM  fuel  cells),  usually  WGS  reaction  is 
performed  in  a  single  fixed  bed  reactor  (FBR)  at  an 
intermediate  temperature.  An  interesting  alternative  for 
increasing CO conversion is the MR utilization, in which 
some reaction products (e.g., H2) are selectively removed 
from the reaction side and collected in the permeate side 
via  permeation  through  the  membrane,  shifting  the 
reaction  towards  further  products  formation  and, 
consequently, increasing the conversion. Therefore, MRs 
have  deserved  considerable  attention  in  the  scientific 
literature and particular attention has been paid towards 
the H2 removal performed by using selective dense Pd-
based membranes or its alloys [2-5].
In  particular,  composite  Pd-based  membranes  can  be 
realized depositing a small  Pd-based layer onto porous 
support  obtaining,  contemporary,  cost  reduction  and 
increasing of  mechanical  resistant. On this route, many 
studies has been focused on the development of thin Pd 
film deposited on porous supports.  Among the different 
porous supports (ceramic, glass, metallic), stainless steel 
sintered  porous  support  is  particularly  suitable  for  the 
integration with Pd-based layers owing to its easy welding 
with dense metallic  materials.  PSS supports  show also 
other  benefits  such as the high mechanical  strength,  a 
linear  coefficient  of  thermal  expansion  close  to  that  of 
palladium and the relatively low price.
The aim of the present study is to use a PSS supported 
Pd-based  membranes,  characterized  by  20  μm  as 
thickness, for the up-grading of a typical industrial syngas 
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stream via WGS reaction performed at 390 °C. In detail, it 
has  been assumed that  the  syngas produced in  IGCC 
plant  was  already  treated  in  order  to  reduce  the  CO 
concentration  from  around  40%  to  below  8%  and  to 
minimize  the  CO  poisoning  effects  on  the  membrane 
surface. Thus, the influence of feed conditions (H2O/CO 
ratio,  feed  flow  rate  and  different  feed  mixtures)  and 
reaction  pressure  (7.0  –  11.0  bar)  on  the  reactor 
performances in terms of CO conversion, H2 recovery and 
H2 permeate purity is studied.

RESULTS AND DISCUSSION 
The experimental  tool  used for the tests  is reported in 
Figure  1,  where  a  supported  porous  stainless  steel 
palladium-based membrane  is  housed in  a  membrane 
reactor module. The inlet stream is supplied in the shell, 
while  the  permeate  stream  comes  out  from  the  inner 
membrane  tube.  Figure  2  shows  the  conversion  and 
hydrogen  recovery  trends  by  increasing  the  reaction 
pressure. As expected, hydrogen recovery is emphasized 
at  higher  reaction  pressures  because  of  the  improved 
hydrogen permeation driving force.  As  a  consequence, 
the higher the pressure the higher the hydrogen removal 
from the reaction to the permeation side. On the contrary, 
the  conversion  follows  a  constant  trend  because  the 
positive effect of the selective permeation of hydrogen is 
counterbalanced by the negative effect due to the loss of 
CO for permeation.
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Figure  2.  CO  conversion  and  hydrogen  recovery  vs 
reaction pressure,  at  390 °C,  CO/H2O = 1/1,  permeate 
pressure = 1.0 bar and GHSV = 5750 h-1.

As  a  result,  at  11  bar,  CO  conversion  is  80%  and 
hydrogen recovery around 60% and the permeate purity 
is around 95% in all pressure investigated.
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Figure 3. CO conversion vs GHSV at different feed molar 
ratio,  T  =  390  °C,  reaction  pressure  =  11.0  bar  and 
permeate pressure = 1.0 bar.

Therefore, keeping constant the reaction pressure at 11.0 
bar, the influence of GHSV and the feed molar ratio have 
been  studied.  Figure  3  depicts  the  CO  conversion  by 
increasing  the  GHSV  at  different  feed  molar  ratio 
H2O/CO.  As  shown,  at  constant  GHSV,  the  CO 
conversion is improved by increasing the feed molar ratio. 
In  particular,  at  3450 h-1 the CO conversion  enhanced 
from 85.0% to 97% by increasing the H2O/CO ratio from 
3/1 to  4/1.  This  effect  is  due to the water  excess  that 
shifts the WGS reaction towards the products formation. 
On the contrary, a GHSV decrease acts favorably on CO 
conversion. Indeed, the reduction of this parameter leads 
to higher residence time of reactants in the catalytic bed 
and, thus, higher contact time of them with the catalyst, 
promoting the conversion. Furthermore, the H2 recovery is 
around 83.0% at GHSV = 3450 h-1, whereas it drops to 
31.0% at GHSV = 13984 h-1.
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Figure 1. Experimental tool used for WGS reaction.
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ABSTRACT

The main obstacle to  a wide diffusion of  fuel  cell  (FC) 
powered Zero Emissions Vehicles (ZEVs) is the hydrogen 
storage technological  drawbacks,  as  high cost  and low 
storage volume density. Installing a fuel processor, able to 
produce H2 to be fed to FC from a liquid fuel before the 
FC stack, seems to be a viable solution to overcome H2 
storage  problems.  In  the  present  work,  a  light  vehicle 
power  generator  composed  by  a  ethanol  membrane 
reformer and a PEMFC is modeled and designed. Such a 
generator is realized by coupling the most market-appeal 
clean liquid fuel, the ethanol, and the most technologically 
strengthened and the only off-the-shelf fuel cell type, the 
PEMFC,  by  applying  a  membrane  reactor  (MR)  for 
converting ethanol and separating the hydrogen produced 
in one single and compact device.

By applying an optimal reactor operating conditions set, a 
design of ethanol MR + PEMFC system in substitution of 
a Pb battery pack for a light electrical vehicle is proposed 
in  order  to  evaluate  the  configuration  feasibility  for 
automotive applications.

INTRODUCTION

Although important forward steps have been made in 
last years towards the development of reliable hydrogen 
based  systems,  the  fuel  cell  Zero-Emissions  Vehicles 
(ZEV) are not applied in large scale yet for a series of 
unsolved matters, mainly:

1- the high cost of the components; 
2- hydrogen storage drawbacks.

The first obstacle will be overcome when an industrial fuel 
cell  (FC)  production  will  be  implemented,  while  the 
application  of  a  fuel  processor  seems to  be  a  reliable 
solution  to  the  second  problems.  In  fact,  converting  a 
liquid fuel  to pure hydrogen would allow the storage of 
liquid in the place of the hydrogen. 
Particularly,  in  the  present  work  the  application  of  an 
ethanol steam reforming membrane reactor is assessed. 
The  membrane  reactor  is  a  device  able  to  produce 
hydrogen  from  ethanol  and  simultaneously  separate  it 
through  a  selective  Pd-based  membrane  [1-5]. 
Assembling the membrane reactor before the FC would 
allow  the  production  and  separation  of  an  extra-pure 
hydrogen stream by using an extremely compact device.

PROCESS DESCRIPTION

The process layout is shown in the following Figure 1 
[6]. Three lines are shown in the flow sheet: the solid line 
represents the reactant gas mixture, the dash line is the 
sweeping  gas  flow,  needed  to  carry  out  the  hydrogen 
produced  and  permeated  through  the  selective 
membrane,  and  the  dash-and-dot  line  is  the  heating 
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stream needed to supply heat duty to the reactor and to 
vaporize and pre-heat the reactant stream.

The  gas  mixture  (solid  line),  fed  to  membrane 
reformer reaction zone, is composed by C2H6O and H2O 
and passes over the catalyst bed to be converted. Then, 
the outlet stream, composed by un-reacted ethanol, un-
permeated  H2,  H2O,  CO,  CO2 and  CH4,  is  sent  to  the 
burner to supply process heat duty. The new feedstock is 
vaporized, pre-heated and sent again to the reactor. 
The sweeping steam water (dashed line) is managed with 
a close cycle. The sweeping water–hydrogen separation 
after  the  membrane  reactor  is  made  by  condensation, 
recovering part of the heat for the vaporization of the inlet 
steam.
The heating stream (dash and dot line) is produced by 
ethanol  burner  and  used  to  supply  heat  to  heat 
exchangers and to MR. An air cycle is used as heating 
fluid.  Air  is  heated  up  by  burner  flames  and  then  it 
supplies all process energy requirements.

Figure 1 - Ethanol membrane reformer process scheme [6]

The  ethanol  steam  reforming  membrane  reactor  is 
the core of the process. It is rigorously modeled by a 2D 
mathematical model, reported in [6], in order to evaluate 
the  reactor  behavior  within  wide  ranges  of  operating 
conditions.

SYSTEM DIMENSIONING
The  table  below summarizes  the  optimal  operating 

conditions selected in a previous work [6].

W/F 110 kgcath/kmol

R
P 30 bar

inR
T , 723 K

HF
T 1023 K

Sweeping-to-ethanol ratio 7

Steam-to-ethanol ratio 6

Giving  as  process  specific  a  pure  hydrogen 
production equal to 64 Nm3/h, able to supply a 4 kW fuel 

cell for a mini-car, such a stream can be produced by a 4-
tubes-and-shell  ethanol  membrane  reformer  (Figure  2) 
with  a  length  of  1.52  m,  a  total  diameter  of  40  cm 
(considering  a  clearance  of  2  cm  between  shell  and 
tubes) and a total volume of 0.76 m3. By this reactor, the 
ethanol conversion in hydrogen is 98%.

Figure  2 -  4-tubes-and-shell  ethanol  membrane  reformer 

configuration [6]

NOMENCLATURE (< ARIAL 10 PT UPPERCASE)
FC = Fuel Cell
PR = reactor pressure
TR,in = inlet reactor temperature
THF = heating fluid temperature
W/F = catalyst pellets to inlet molar flowrate ratio
ZEVs = Zero Emissions Vehicles
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ABSTRACT 
In this research,  a mathematical  model to simulate the 
electrochemical  impedance  spectrum  in  the  frequency 
domain  and  the  current  distribution  and  the  oxygen 
diffusion in the time domain of polymer electrolyte fuel cell 
(PEFC)  cathode  catalyst  layer  (CCL)  operated  at  any 
current of the polarization curve has been developed. In 
the model, the Fick’s second law in the frequency domain 
is solved to define oxygen distribution through CCL. The 
rate of oxygen transportation and proton conductivity are 
related  to  the  current  distribution  equation.  The  model 
compared  against  the  frequency  response  of  an 
experimental impedance spectrum, is then converted into 
the  time  domain  using  the  inverse  Laplace  transform 
method.  The  results  show  that  high  proton  resistance 
within the CCL ionomer can bias the current distribution 
towards the membrane interface. The results also show 
that  non-steady  oxygen  diffusion  in  the  CCL  allows 
equilibrium  to  be  established  between  the  bulk 
concentration  supplied  at  the  GDL  boundary  and  the 
surface concentration of the oxygen within the CCL. The 
developed model can be applied to unveil  the effect  of 
kinetic,  ohmic,  and  mass  transport  mechanisms  on 
current distribution through the thickness of the cathode 
catalyst  layer  (CCL)  from  the  measured  impedance 
results.

INTRODUCTION 
Electrochemical impedance Spectroscopy (EIS) is an in-
situ  experimental  technique  that  can  unveil  the 
electrochemical  and  diffusion  process  that  occur  at 
different rates within the PEFC. The resulting impedance 
is  shown  in  a  complex  plane  and  represents  the 
electrochemical and diffusion mechanisms of the PEFC in 
the frequency domain. The interpretation of EIS data still 
remains  a  complex  problem  and  there  is  a  lack  of 

understanding of how to interpret the frequency response 
of the EIS in relation of the spatiotemporal mechanisms 
that  occur  within  the  PEFC.  An  impedance  approach 
which allows a spatio-temporal  interpretation of  internal 
fuel cell processes has not been presented or validated in 
fuel cell research to date. 

NOMENCLATURE 

PR  is the resistance to the flow of ions in the electrolytic 

phase  of  the  CCL, )/exp(/ 0 bjbR SC η=  represents  the 

charge transfer resistance presented in the oxygen reduc-

tion reaction (ORR), where b is the Tafel slope, Sη  repre-

sents a value of voltage in activation overpotential, and 0j

is  the  exchange  current,  ( ) ( ) 5.05.0
/tanh WWWW TiTiRZ ωω=  

is 

defined as the Warburg impedance and describes diffu-
sion across a finite dimension in the frequency domain, 

with ( )DcFzRTR oW

*22/δ=  defined as resistance for the diffu-

sion process and DTW /2δ=   defined as the time constant 

to diffuse oxygen through the CCL.  ( ) PiY ω , where Y  re-

presents a parameter related to CPE, superscript  P  re-
presents a parameter to correct the inhomogeneity in the 
distribution of charge, ω is the angular frequency, and i

is the imaginary component in impedance, 

Transport Mechanisms in Frequency Domain
The main assumptions and considerations for the current 
theoretical treatment of the CCL are as follow: the math-
ematical analysis is considered for a PEFC under isobaric 
and isothermal conditions; spatial gradients are only con-
sidered through the thickness of the CCL, and therefore 
the  model  is  mathematically  one-dimensional;  electron 
transfer in the carbon of the CCL can be regarded as be-
ing negligible [3]; the dispersion of polymer electrolyte are 
spread homogenously in the CCL;  the rate of oxygen di-

1 Copyright © 2011 
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stribution is considered as a non-steady process. The cur-
rent across the thickness of the cathode catalyst layer can 
take part in the charge transfer due to ORR or contribute 
to the charge in the capacitive effect between the elec-
trode and electrolyte interface. 
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1 ηωη P
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=                                         [1]

the effect of diffusion on the distribution of oxygen con-
centration through the CCL in the frequency domain con-
sidering Fick’s second law and Faraday’s law yields:
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Substituting Eq. 2 and the potential in the electrolyte net-

work 
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Eq.3 represents the current distribution through the thick-
ness of the CCL in the frequency domain taking into ac-
count spatio-temporal oxygen distribution, electrode kinet-
ics, charge capacitance and proton resistance in the CCL. 
The potential in the frequency domain can be obtained by 
differentiating Eq.3 and substituting into Eq.1. The imped-
ance of the CCL is defined as the ratio between the po-
tential and the current at frequency domain.
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                                      [4]

Model Validation in Frequency Domain
The modelling predictions of the mechanistic treatment of 
Eq.4 can be compared against  an experimental imped-
ance spectrum reported in the literature of a hydrogen-air 
PEFC (H2/Air) operated at 700 mA/cm2 and 60 °C [4]. 
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Figure 1 Comparison impedance between simulated (-) 
and measured (♦) data
         Transport Mechanisms in Time Domain
The inverse Laplace transform of  Eq.  3  represents the 
current distribution in the CCL in time domain and can be 
applied for any zone of the polarization curve (low, mid, 
high current).
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The simulations in time domain show that the concentra-
tion distribution of  oxygen through the CCL occurs in a 
non-steady manner and recovers to the bulk concentra-
tion supplied in the GDL.

Figure  2  Simulated  oxygen  concentration  distribution 
through the CCL thickness

A high ionic resistance within the CCL electrolyte tends to 
skew the current distribution towards the membrane inter-
face.  Therefore  the  same  average  current  has  to  be 
provided for few catalyst sites near the membrane. 

Fig.  3 Simulated current density distribution through the 
CCL thickness
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ABSTRACT 
This work presents a three-dimensional fluid dynamic 

analysis of the gas channels of high temperature polymer 
electrolyte membrane fuel cells. Different patterns for gas 
flow field (pin-type, parallel channels, comb-type and 
multiple serpentine), as well as different channels 
geometrical characteristics are evaluated. The 
optimization of HT-PEM internal geometry is here 
performed accounting for overall pressure losses, gas 
distribution over the electrode area and residence time. In 
order to have a deeper understanding of the fluid dynamic 
field inside anode and cathode compartments and to 
identify the best channel design, the following geometrical 
parameters are considered: channel hydraulic diameter, 
active surface ratio, gas path. 

INTRODUCTION 
The design of the bipolar plates, whose roles are the 

electrical contacting of the fuel cells, the guidance of the 
reactant gases and the thermal management, is a 
fundamental task in HT-PEM fuel cells in order to 
optimize transport resistances and reactant distribution 
over the active surface area. Their optimization can 
therefore significantly improve the cell performance and 
also reduce costs considerably.  

In this work an investigation on the fluid dynamic 
phenomena in anode and cathode compartments of 
polymer electrolyte membrane (PEM) fuel cells operating 
at high temperature (T > 100 ¡C C) is proposed.  

Even if several studies on the flow channels geometry 
of LT PEM fuel cells has been performed, these results 
cannot be extended to HT PEM, as sensible differences 
are expected (i.e. water is supposed to be produced in 
vapor phase). Thus, flow channel geometry optimization 
must account for other different phenomena when 
working at high temperature. 

According to the above mentioned reasons, a good 
and effective flow field design based mainly on channel 

optimization is crucial to obtain proper fuel cell operation. 
Significant differences of the output power density have 
been observed just due to an adequate flow channel 
distribution [1-2]. 

NUMERICAL METHOD AND ANALYSIS CRITERIA 
In all our simulations we have neglected any type of 

chemical reaction and heat transfer: our analysis is aimed 
at finding the best plate design in terms of fluid dynamic 
performances. Several channel configurations are 
reconstructed and discretized; the fluid dynamic field is 
solved by means of a three-dimensional Navier-Stokes 
model through a commercial CFD software. The solver is 
set as steady-state (which means that the governing 
equations do not contain time-dependent terms) and 
segregated (that is, the governing equations are solved 
sequentially, segregated from one another). Since 
governing equations are non-linear and coupled, the 
solution loop must be carried out iteratively in order to 
obtain a converged numerical solution. 

Besides the reduction of fluid dynamic losses, in the 
present analysis we have considered other parameters, in 
order to have a deeper understanding of the fluid dynamic 
field inside anode and cathode compartments and to 
identify the best channel design. Such parameters are: 
¥ Channel Diameters, which has a direct impact on gas 

velocities (once the mass flow rate is given) and thus 
on the overall pressure loss. 

¥ Active Surface Ratio, Sact=Seff/Stot, which plays a key 
role for chemical reactions to take place and has a 
strong influence on the utilization coefficient. 

¥ Gas Path, directly related to the residence time 
tres, that is the time a fluid particle takes to exit from the 
plate. Residence time is also the maximum time allowed 
for reactions to take place and, thus, it has a double 
meaning: chemical, since tres may be comparable to 
chemical reaction characteristic time, and physical, for it 
may be comparable to the diffusion time through the 
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porous GDL. In our analysis, we will focus on the average 
residence time. 

RESULTS AND DISCUSSIONS 
The fluid flow field for four different cathode channel 

layouts are shown in figure 1: a) pin-type layout; b) 
channel conÞguration; c) comb-type cathode pattern and 
d) serpentine-type design. All the channels have a square 
section. The geometrical characteristics of channels, gas 
flow and of the adopted mesh are reported in table 1.  
The gas considered in the cathode compartment is air. 

 
Figure 1 - Pressure losses in [Pa], according to the different 
channel designs. 

Active area (square cell) 49 mm2 

Channel width 1.5 mm 
Channel hight 1.5 mm 
Land width 2.0 mm 
mesh characteristic length (tetragonal) 0.2 mm 
Inlet flow rate  4.84  10-6 kg/s 
Cell temperature 423 K 

 
Table 1 Ð Geometrical and thermo-fluid dynamic characteristics of 

channels and gas flow, [1]. 

 
Figure 2 - Residence times for different cathode layouts 

Figure 1 reports pressure losses in the cathode 
compartments for all the different layouts. The pin-type 
layout grants the lower pressure loss (<50 Pa). The 
reliability of the simulation can be checked by observing 

that the predicted pressure losses reproduce with good 
agreement those in [1] for the same layouts. 

Calculating the active surface coefficient, the pin-type 
layout appears as the most convenient, since it is 
characterized by the largest contact surface between 
reactant gas and active polymer membrane (Sact=0.705). 

The residence time for the different channel layouts 
are reported in figure 2. Looking at the average value, the 
serpentine layout grants the highest residence time. 
However, it is important also to consider the maximum 
and minimum, as they may indicate the presence of 
possible preferred paths  inside the cathode 
compartment, which could influence the uniform diffusion 
on polymer active surface and thus the overall utilization 
coefficient. From figure 2 it is clear how the serpentine 
layout has the most isotropic fluid dynamic field, providing 
the best conditions for reactants to diffuse towards the 
active membrane. This observation is confirmed by other 
works in literature, [1,2]. 

To further investigate possible improvements, the 
serpentine layout was changed by reducing the channel 
diameter (see layouts a and b in Figure 3). This increases 
the active surface coefficient (from 0.375 to 0.474) and 
reduces the average residence time to 0.20s, with a 
variation much smaller. Due to the above mentioned 
advantages, layout b) appears to be more suited for HT 
PEM employment, even though it is characterized by a 
sensibly higher pressure loss than layout a). 

Given the serpentine layout, we also explored the 
influence of path curvature at serpentine bendings: 
decreasing the junction radius from 1.1 mm to 0.2 mm 
(i.e. ∼ 80%) pressure loss increases of ∼ 5% 

 
Figure 3 - Pressure losses inside the serpentine layouts 
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ABSTRACT 
Polymer Electrolyte Membrane Fuel Cells (PEMFCs) 

operating at temperatures higher than 100¡C provide 
several advantages with respect to standard cells, as they 
greatly enhance CO tolerance and they allow a 
simplification in cooling and water management and an 
enhancement in electrochemical kinetics. On the other 
hand the problems of lower performance, degradation of 
engineering materials and mechanical failure should be 
assessed.  

In order to reduce experimental tests and costs, the 
development of reliable numerical models is a 
fundamental step. The aim of this paper is the 
development of a three-dimensional non-isothermal 
numerical model of high temperature PEMFCs and its 
validation through accurate experimental data. The model 
has been developed in the CFD code ANSYS FLUENT 
12 environment, with dedicated libraries specifically 
developed to solve the charge conservation equation for 
HT-PEM fuel cells. Experimental tests, performed in the 
laboratories of the University of Trieste on single HT-
PEM, are used to update and validate the model at 
different operating conditions. 

 
PHYSICAL AND NUMERICAL MODEL 

 In Errore. L'origine riferimento non è stata 
trovata.Figure 1 and in Table 1 the cross section of a 
PEM fuel cell single channel is shown. It can be divided 
into the following regions: current collectors, gas channel, 
gas diffusion layer, catalyst layer and membrane.  The 
numerical simulations have been performed on this single 
channel characterized by three cathode gas channels and 
two anodic gas channels. CFD code ANSYS FLUENT 12 

allows the solution of the governing equations used in our 
3D, non-isothermal, unsteady model. They consist of five 
principles of conservation: mass, momentum, species, 
energy and charge.  

 

 
Figure 1: Single channel cross section 
 
The assumptions of the model are the following: 

¥ Steady state 
¥ Constant load condition 
¥ Laminar flow and ideal gas  
¥ Water produced by cathode electrochemical 

reaction, due to the high temperature, is 
assumed to be vaporous phase 

¥ Water transport through the membrane is 
ignored 

¥ Membrane is considered impermeable to 
gases 

¥ Ohmic heating is neglected 
¥ Gas diffusion layer and catalyst layer are 

assumed homogeneous and isotropic 
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In Table 2, the thermo-physical and electrochemical 
properties are summarized. 

 
Parameter Value Unit 
Cell width 3.4 mm 
Channel length 235 mm 
Channel height 0.7 mm 
Anode channel width 0.7 mm 
Cathode channel width 1 mm 
Anode GDL thickness 0.34 mm 
Cathode GDL thickness 0.34 mm 
Membrane thickness 0.065 mm 
Anode GCL thickness 0.04 mm 
Cathode GCL thickness 0.11 mm 
Electrode height 2 mm 

Table 1: Single channel geometrical characteristics 

Parameter Symbol Value  Unit 
Membrane Ionic conductivity κ0 12.99 S/m 
GDL/CL electric conductivity κ0 103.3 S/m 
Electrode electric conductivity κ 535 S/m 
Anodic charge transfer coeff. αa 1  
Cathodic charge transfer coeff. αc 1  
Anode exchange current  
density  

1.0e+8 A/m3 

Cathode reference exchange  
current density  

170 A/m3 

Porosity GDL ε 0.8 - 
Porosity CL ε 0.6 - 
Open circuit voltage V0 1.015 V 
Thermal conductivity of  
GCL/GDL 

 1.7 W/(m*K) 

Thermal conductivity of  
membrane 

 0.95 W/(m*K) 

Thermal conductivity of 
 current collector 

 25 W/(m*K) 

Permeability of GCL/GDL  5e-12 m2 
Table 2: Electrochemical and thermal properties 

Membrane proton conductibility has been evaluated 
by FLUENT libraries that use a function characterized by 
an exponential function of temperature: 

 
 
This function can be customized through the 

adimensional parameters β, λ and ω that have been 
assumed as 5, 1 and 0.0005 respectively, [1, 2]. 

The transfer current (anodic and cathodic) is found by 
means of  the Butler-Volmer equation: 
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This model has been validated comparing the 

numerical results with the experimental ones in [1, 2]. In 
Table 3 the initial conditions are reported. 

 
 Anodic channel Cathodic channel 
Gas mass flow rate (kg/s) 4.5e-7 3.25e-5 
H2 mass fraction 1 - 
O2 mass fraction - 0.22 
N2 mass fraction  - 0.78 
Operating pressure (Pa) 101325 101325 

 Table 3: Initial conditions 
 
 In the middle section of the domain a symmetry 
condition has been imposed. On the other surfaces the 
imposed temperature has been the operating one (398 K, 
413 K, 433 K). The potential has been completely 
assigned on the cathodic surface while the anodic surface 
has been considered as a 0 potential.  
 
RESULTS AND DISCUSSION 
 

 
Figure 2: Comparison of polarization curves for HT PEM 
working with both H2 and Syngas. 
 

Figure 2 shows a comparison of the obtained 
polarization curves with HT PEM working with both pure 
H2 and Syngas. The Figure highlights the good matching 
between our data and polarization curves of a commercial 
HT PEM, [1, 2]. 
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ABSTRACT 
Proton Exchange Membrane Fuel Cells (PEMFC) 

have many attractive features, including high power 
density and high efficiency: these are among the reasons 
why they are considered as a promising clean energy 
technology for both transportation and stationary 
application sectors. However, several unsolved 
technological problems with economic uncertainties have 
limited their widespread commercialization, such as 
intolerance to CO and CO2, slow cathode kinetics, liquid 
water and heat management.  

Since most of these problems are related to low 
temperature (<80 ¡C) operation and to the high relative 
humidity of reactant gases, consistent research efforts 
have been directed to the technology of High 
Temperature PEM (HT-PEM, 100 - 200¡C, atmospheric 
pressure and dry conditions). The main differences of  
High Temperature (HT) PEM fuel cells as compared to 
Low Temperature (LT) ones are: reduction of CO 
poisoning at the anode, accelerate reaction kinetics at the 
electrodes and consistent simplification in  water and heat 
management.  

However, this kind of cells are still in the developing 
phase and, to reach rapid commercialization, significant 
progress is required to produce systems that achieve the 
optimum balance of cost, efficiency, reliability and 
durability. Therefore, an accurate experimental 
characterization of fuel cells in single cell and stack 
configurations should be performed. 

This paper presents the experimental characterization 
of a HT PEM fuel cell stack. The PEMFC stack nominal 
power is 1000 W (@ 31.5V) and its operating temperature 
range is 140¡-160¡C.  The experimental activity has 
regarded a series of tests in order to measure the 
performance under various operating conditions, with 
particular emphasis on temperature and gas mixtures 

different feeding gas at the Anode side. Results are 
compared to LT PEM performances in literature.  

INTRODUCTION 
Among the many types of fuel cells, PEMÕs are the 

closest to commercialization, due to the moderate 
working temperature, which allows for a broad selection 
of construction materials. Possible applications range 
from portable electronics over power back-up and 
vehicles to CHP (combined heat and power) units and 
smaller decentralized power plants. 

Recent progress in H2/air PEM fuel cells has focused 
on the need to develop PEM fuel cells that operate above 
100¡C. There are several compelling reasons for 
operating at a higher temperature [1]: (i) Electrochemical 
kinetics for both electrode reactions are enhanced; (ii) 
water management can be simplified because only a 
single phase of water need to be considered; (iii) the 
cooling system is simplified due to the increased 
temperature gradient between the fuel cell stack and the 
coolant; (iv) waste heat can be recovered as a practical 
energy source; (v) CO tolerance is dramatically increased 
thereby allowing fuel cells to use lower quality reformed 
hydrogen, [2]. 

In this work, an experimental analysis of high 
temperature PEM fuel cell stack is proposed. First, the 
description of our experimental set-up is presented; the 
results in term of polarization curves and load history are 
proposed, with comparison to similar cases with low 
temperature (LT) PEM fuel cells. 

 
 

EXPERIMENTAL SETUP 
Figure 1 represents the experimental setup of our HT 

PEM test bench.  
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Figure 1: Overview of experimental setup.  

 
The main characteristics of employed HT PEM stack 

are reported in Table 1. 
Number of Stacks 1 
Cells/Stack 65 
Height 178 mm 
Width 159 mm 
Length 523 mm 
Weight ∼ 7 kg 
Nominal Power 1000 W 
Nominal Voltage 31.5 VDC 
Nominal Current 32 A 
Cathode: Temperature 0-40¡C Ð atmospheric air 
Anode:  Fuel H2 (99.9%)  -  Reformate 
 Inlet Pressure 50-75 mbar 

Min. Stoichiometry 1.15 
Max. Inlet Temp. 175¡C 

Operating Temperature 100¡C-175¡C 
Table 1: HT PEM Stack characteristics. 

 
RESULTS AND DISCUSSION 

Several tests have been performed: two duty cycles 
are considered, as reported in Fig. 2 with pure hydrogen 
and the results in term of polarization curve are reported 
in Fig. 3 and compared to those obtained by means of a 
LT PEM fuel cell, taken from [3, 4]. The main 
characteristics of LT PEM are reported in Table 2. 
Operating Voltage 22-50 V 
Fuel 99.99% H2 
Pressure 70 Ð 1720 kPa (g) 
CO content in anode gas < 0.5 ppm 
Power output 1200 W 

Table 2: LT PEM characteristics. 
 
The employed HT PEM has been monitored during 

operation with feeding gas characterized by different 
concentrations of CO, conditions in which a LT PEM fuel 
cell cannot operate. Figure 3 highlights the obtained 
polarization curves and shows that up to a 2% CO 
concentration, our HT PEM behaves better than the 
chosen LT PEM. The polarization curve, then, highlights 
the same performaces as the LT fuel cell up to a 4% CO 
concentration. Polarization curves are obtained at 70% 

load for both fuel cells. HT PEM working temperatures 
are reported in Fig. 2; LT temperature is 65¡C, [3, 4]. 

 
Figure 2: Duty cycles (a) and (b). 

 
 
Figure 3: Polarization curves obtained with the 

adopted duty cycles and pure H2, with different 
concentrations of CO. LT PEM fuel cell polarization 
curves are reported for comparison, [3, 4]. 
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ABSTRACT  
Nano structured lanthanum based iron and 

cobalt-containing perovskite has a high potential for a 
cathode material in intermediate temperature solid oxide 
fuel cells (SOFCs) (700– 800 ℃ ) due to its electro-
catalytic activity at a relatively low operating temperature. 
In this study, nanocrystalline La0.58Sr0.4Co0.2Fe0.8O3-
δ (LSCF) materials are successfully synthesized using a 
complex method with inorganic nanodisperasnts, carbon 
black (CB) and aqueous dispersion of carbon black 
(AqCB). When AqCB are used as a dispersants, the 
surface areas of the LSCF powder increase from 25 m2g-
1 to 40 m2g-1. The cathode sintered at 800 oC of LSCF 
with CB shows polarizations of 0.10 Ωcm2 and 0.28 
Ωcm2 at 700 oC and 650 oC, respectively. The 
polarizations of LSCF with AqCB are 0.08 Ωcm2 and 0.13 
Ωcm2 at 700oC and 650oC, respectively. The increment 
in surface area of AqCB-LSCF results in a lower cathode 
polarization and a higher electro-catalytic activity. The 
aqueous dispersion of CB is a good candidate as an 
inorganic dispersant for synthesis of nanocrystalline 
cathode materials in views of enhanced catalytic activity 
and eco-friendliness.

INTRODUCTION 
 Solid oxide fuel cells (SOFCs) are believed to be 

the most promising candidates for the future of energy 
generation systems for power plants and distributed 
power. For the state-of-the-art anode-supported SOFC 
operating at 800 ℃, the performance of the conventional 
La1−xSrxMnO3-δ (LSM)-based cathode is not satisfactory 
due to sluggish oxygen reduction reaction (ORR) kinetics, 
which causes a low current capacity of the cell [1, 2]. 
Moreover, most of the electrochemical reactions in LSM-
based cathodes using pure electronic conducting 
materials are restricted to the triple phase boundary of 

the electronic conducting sites, the ionic conducting sites, 
and the gaseous oxygen. Hence, considerable efforts are 
being made to develop a new class of perovskite-based 
cathode materials for SOFCs that have mixed ionic and 
electronic conductivity with a high electro-catalytic activity 
for oxygen reduction at a relatively lower operating 
temperature (700–800 ℃) [1-11]. Amongst these, iron 
and cobalt-containing perovskites (LSCF) are good 
candidates for SOFC cathode materials, because of their 
high electronic and ionic conductivity as well as a high 
oxygen permeability and electro-catalytic activity. With a 
Gd-doped ceria (GDC)-based interlayer, the perovskite-
based compounds having the general formula 
La0.58Sr0.4Co0.2Fe0.8O3-δ have been reported to be very 
effective for IT-SOFC (700–800 ℃) applications because 
of a high catalytic activity of LSCF and suppressing the 
formation of resistive phase such as strontium zirconate, 
due to GDC diffusion blocking layer [5, 6, 10-14].  

The electrochemical performance of anode-
supported SOFCs with a LSCF-type cathode can also be 
varied by processing and micro-structural parameters of 
the cathode materials [5, 14]. Small-particle-size and 
high-surface area in nanocrystalline materials are favored 
for the cathode electrode for SOFCs [15-17], which 
results in enhancement of an electro-catalytic reduction of 
oxidant along with a higher catalytic activity [18-20]. The 
nanocrystalline cathodes can be easily sintered and the 
extent of sinterability of these powders can be controlled 
by the amount of the organic binder added during the 
preparation of the thick film paste for screen printing. 
Nevertheless, the high temperatures involved for phase 
formation of cathode materials hinder the formation of 
nanostructures [20-22]. In previous work [23], a complex 
method with ethylene diamine tetra-acetic acid (EDTA) 
and citric acid as chelants was used to synthesis 
La0.6Sr0.4Co0.2Fe0.8O3-δ, and the temperature for phase 
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polarization and a higher electro-catalytic activity. The 
aqueous dispersion of CB is a good candidate as an 
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generation systems for power plants and distributed 
power. For the state-of-the-art anode-supported SOFC 
operating at 800 ℃, the performance of the conventional 
La1−xSrxMnO3-δ (LSM)-based cathode is not satisfactory 
due to sluggish oxygen reduction reaction (ORR) kinetics, 
which causes a low current capacity of the cell [1, 2]. 
Moreover, most of the electrochemical reactions in LSM-
based cathodes using pure electronic conducting 
materials are restricted to the triple phase boundary of 

the electronic conducting sites, the ionic conducting sites, 
and the gaseous oxygen. Hence, considerable efforts are 
being made to develop a new class of perovskite-based 
cathode materials for SOFCs that have mixed ionic and 
electronic conductivity with a high electro-catalytic activity 
for oxygen reduction at a relatively lower operating 
temperature (700–800 ℃) [1-11]. Amongst these, iron 
and cobalt-containing perovskites (LSCF) are good 
candidates for SOFC cathode materials, because of their 
high electronic and ionic conductivity as well as a high 
oxygen permeability and electro-catalytic activity. With a 
Gd-doped ceria (GDC)-based interlayer, the perovskite-
based compounds having the general formula 
La0.58Sr0.4Co0.2Fe0.8O3-δ have been reported to be very 
effective for IT-SOFC (700–800 ℃) applications because 
of a high catalytic activity of LSCF and suppressing the 
formation of resistive phase such as strontium zirconate, 
due to GDC diffusion blocking layer [5, 6, 10-14].  

The electrochemical performance of anode-
supported SOFCs with a LSCF-type cathode can also be 
varied by processing and micro-structural parameters of 
the cathode materials [5, 14]. Small-particle-size and 
high-surface area in nanocrystalline materials are favored 
for the cathode electrode for SOFCs [15-17], which 
results in enhancement of an electro-catalytic reduction of 
oxidant along with a higher catalytic activity [18-20]. The 
nanocrystalline cathodes can be easily sintered and the 
extent of sinterability of these powders can be controlled 
by the amount of the organic binder added during the 
preparation of the thick film paste for screen printing. 
Nevertheless, the high temperatures involved for phase 
formation of cathode materials hinder the formation of 
nanostructures [20-22]. In previous work [23], a complex 
method with ethylene diamine tetra-acetic acid (EDTA) 
and citric acid as chelants was used to synthesis 
La0.6Sr0.4Co0.2Fe0.8O3-δ, and the temperature for phase 



230

 2 Copyright © 2011  

formation was lowered from 900 oC to 600 oC. Inorganic 
nano dispersants, carbon black, were used to control the 
distribution and size of the nanocrystalline LSCF. The 
LSCF-based cathode powders were successfully 
synthesized with inorganic nano dispersants, which were 
characterized for structural, thermal, and electrical 
properties and compared with a powder synthesized 
without inorganic nano dispersants. However, the 
inorganic nanodispersant is nano-sized and low density 
particles, which can be easily scattered in process. 

In this work, for synthesis of La0.58Sr0.4Co0.2Fe0.8O3-δ, 
the inorganic nanodispersant is modified as an aqueous 
solution for being easy to control. The aqueous 
dispersant is expected to be beneficial to disperse carbon 
black and break agglomeration of carbon black out. The 
effects of carbon black aqueous dispersion are 
characterized and compared with solid state carbon black. 
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ABSTRACT 
Energy dispersive spectrometry (EDS) line scan and 

laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) were applied to the study of 
chemical reactivity and elemental interdiffusion at the 
interface between La0.8Sr0.2MnO3 (LSM) and 
La0.83Sr0.17Ga0.83Mg0.17O2.83 (LSGM), which are typical 
materials for intermediate temperature – solid oxide fuel 
cells (IT-SOFC). LSM and LSGM were synthesized by 
solid state and co-precipitation routes, respectively, and 
their characterization was performed by X-ray diffraction 
(XRD). The study focused on the interface reactivity of 
pellet/film and film/film configuration interfaces. The 
samples were fired at 1300 °C for a few hours and the 
chemical interaction and cation interdiffusion was 
evaluated with the two above mentioned independent 
techniques. Both methods reveal moderate diffusion of 
Mn into the LSGM matrix and possibly a small counter-
diffusion of Ga ions into the LSM matrix.  

INTRODUCTION  
Among the oxygen-ion electrolytes, ABO3 perovskites 

based on LaGaO3 and doped at both A- and B-sites are 
currently receiving a lot of research attention for the 
development of intermediate-temperature solid oxide fuel 
cells (IT-SOFCs) [1]. Indeed they show high ionic 
conductivity at 600-800 °C over a wide range of oxygen 
partial pressures, a negligible electronic conductivity, and 

thermal expansion coefficients similar to those of other 
fuel cell components [2-4]. For example, Sr- and Mg-
doped LaGaO3 with composition La0.8Sr0.2Ga0.8Mg0.2O2.8 
(LSGM) has an oxygen-ion conductivity of approximately 
10-1 S cm-1 at 750 °C, which exceeds the ionic 
conductivity of Y2O3-stabilised ZrO2 at the same 
temperature [5]. 

However, there are concerns with respect to 
interdiffusion of metal components at the interface of La1-

xSrxGa1-yMgyO3-d and the electrode materials [6] or 
electrode materials and current collectors [7]. In particular, 
the most classical cathode material, i.e. La1-xSrxMnO3-d 
(LSM), which suffers from a very low ionic conductivity 
[8]., may be suitable for IT-SOFC only if mixed with a solid 
electrolyte; for this reason, composite cathode materials 
have been extensively investigated in the last decade [9].  

EXPERIMENTAL  
La0.83Sr0.17Ga0.83Mg0.17O2.83 and La0.8Sr0.2MnO3- 

powders used in this study were synthesized using co-
precipitation and solid state routes respectively [10]. The 
sample used for the interdiffusion experiments was a thick 
layer of LSGM sandwiched between an LSM pellet and an 
LSM film, which were fired at 1300°C for a few hours. 
Figure 1 shows a typical interfacial morphology between 
LSM-LSGM thick films (left side) and between LSGM thick 
film-LSM pellet (right side) taken from a fracture surface. 
The light grey central strip is the LSGM film, even though 
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in the present sample its porosity is still much too high to 
be used as electrolyte material; however, in the present 
work the focus is only on the possible interdiffusion 
process so it was not paid special care to the densification 
process of the electrolyte. 

RESULTS AND DISCUSSION 
EDX spot analyses taken at random in the LSGM 

thick film revealed the presence of a Mg-rich phase 
interpreted as MgO. This secondary phase was not 
detected by XRD analysis on LSGM powder prior to 
sintering, even if it should be said that MgO is not easily 
revealed in the XRD analyses of these samples.  

EDX line scan analyses through the entire sandwich 
were carried out along many lines and all confirmed the 
diffusion of Mn atoms into the LSGM film. The same 
analyses are not conclusive at all for what concerns the 
diffusion of Ga or Mg atoms into the LSM phase. Of 
course, La and Sr are homogeneously distributed 
everywhere. 

In the same way, ICP-MS analyses were taken along 
lines going across the three layers. Mn ICP-MS analyses 
confirmed the EDX outcomes, namely the diffusion of Mn 
atoms into the LSGM, but it was not possible to quantify to 
what extent because the laser spots were much too large, 
i.e. 10 µm.  

CONCLUSIONS 
EDX analyses, supported by ICP-MS analyses, have 

pointed out a serious manganese cation diffusion into the 
LSGM phase despite the low sintering temperature, i.e. 
1300 °C. Based on the ionic radii of different cations it is 
clear that manganese can substitute for Ga and/or Mg in 
the B site. Grains of a magnesium-rich phase interpreted 
as MgO have been revealed by EDX analyses inside the 
LSGM thick layer suggesting a lack of counterdiffusion of 

Mg cations into the LSM. Both analyses have not given 
any evidence of sensible Ga ion diffusion. 
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ABSTRACT 
In  the  presented  paper,  the  2D  PIV  method  was 

applied  to  experimental  investigation  of  velocity  field 
distribution inside the three different  SOFC geometries. 
The point of research was to select the type of geometry 
which can provide the most  uniform distribution for  the 
fuel and oxidant. To verify all received experimental data, 
authors  have  also  selected  several,  crucial  for  PIV 
calculations,  parameters  (i.e.  size  of  the  interrogation 
window, interrogation window overlapping ) and analyzed 
their influence on accuracy of obtained results. 

INTRODUCTION 
Flow control of the gas components inside the SOFC 

fuel cell is of great importance for its operation and safety 
reasons.  The  velocity  distribution  of  gases  inside  the 
anode  and  cathode  channel  influences  the  rate  of 
diffusion  of  those  gases  into  the  electrolyte. 
Electrochemical reactions responsible for the temperature 
and  thermal  stresses  distribution  depends  on  this 
diffusion process. The point is to obtain the most uniform 
distribution of  gases velocity  as  it  should  minimize the 
temperature  gradients  inside  the  ceramic  SOFC 
components (1-2).

Optimization  of  the  velocity  distribution  may  be 
achieved by the proper visualization of the flow inside the 
fuel  and  oxidant  channels.  Nowadays,  it  is  mostly 
performed  by  means  of  numerical  calculations,  but  as 
those models needs verification, authors have decided to 
study  this  problem  experimentally.  To  our  knowledge, 
there are few papers representing these approach and 
they are mostly presenting experimental results for other 
types of fuel cells (3-5).

In the presented paper, authors by means of PIV (6) 
measurements have tried to visualize the air flow inside 
the models of circular-planar SOFC gas channels. 

Figure 1. 1 – Measurement chamber, 2 – Laser head, 3 – CCD 
camera, 4 – Mixing chamber, 5 – Mass flow controller, 6 – 

Smoke generator, 7 – Air container, 8 – Data acquisition sys-
tem.

Figure. 2. Two of the investigated geometries. Channel 1 (left), 
Channel 2 (right).

1 Copyright © 2011 
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In  the  experimental  measurements,  the  SOFC 
geometries were represented by the plexiglas transparent 
models and the air was used as the experimental fluid. All 
of the channels had an overall circular shape of diameter 
equal to 0,09 m and height  of 0,005 m (figure 2).  The 
experimental setup used for measurements is presented 
in figure 1. To perform the measurements, the incoming 
air  was  initially  mixed  with  the  tracer  particles  that 
followed  the  flow  accurately.  The  Particle  Image 
Velocimetry  (PIV)  method  was  used  to  calculate  and 
visualize  the  flow  patterns  of  air  in  the  examined 
channels. In the measurements a typical double pulsed 
ND:Yag laser of energy about 30 mJ/shot and one CCD 
camera positioned perpendicularly to the light plane were 
used  to  visualize  the  flow  structure  in  each  channel. 
Monochromatic series of images have been recorded by 
the  CCD matrix  that  in  the  case  of  camera  resolution 
2048x2048 pix consist of  about 4 million CCD sensors.

To ensure the dynamic similarity of fluid behavior the 
Reynolds  numbers  for  the  specified  geometries  were 
calculated  and  fixed  in  range  from  5  –  250  what 
corresponded with flow rate values in range from 0.3 – 
3.0 l/min. The point of the measurements was to compare 
the velocity distributions in all channels and to select the 
geometry  that  provided  possibly  the  most  uniform 
distribution of velocity in whole channel area.

Results  from  measurements  are  presented  in  the 
form of two dimensional vector fields (figure 3) and the 
series of plots that represents the velocity profiles in the 
specific sections of each examined geometry (figure 4). 

In the investigations, authors have also put attention 
to the accuracy of represented average velocity values. 
In each plot measurement uncertainties were illustrated in 
the form of error bars and also as the group of separated 
figures where the influence of the PIV crucial parameters 
such  as  size  and  spatial  distribution  (overlap)  of  the 
interrogation windows on the results was also examined 
(figure 5a-b).

Figure 3. Velocity field distribution in channel 1 (left) and 
channel 2 (right).
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Figure 4. Velocity profiles in the middle cross section; 
(Left) Channel 1, (Right) Channel 2.

   (a)                              (b)

Figure 5. (a) Influence of the interrogation window size on 
the accuracy of the velocity field calculations. (b) Influence of 

the various overlap factor on the accuracy of PIV results.
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ABSTRACT 
A 10 kg magnesium hydride (MgH2) tank was designed 
and  tested  under  various  experimental  conditions.  This 
tank is  coupled to  an external  heat source with  a  high 
temperature thermal fluid.  An hydrogen storage capacity 
of  600  g  (6,5  Nm3)  was  obtained.  This  represents  a 
system weight  capacity of  1,1  wt.  % and  an  energetic 
density of 360 Wh.kg-1. The complete loading time is 35 
min  with  a  mean  hydrogen  flow  rate  of  180  Nl.min-1. 
Discharging  is  performed  in  180  min  with  a  mean 
hydrogen flow rate of 35 Nl.min-1. 

INTRODUCTION 
The part  of  decentralized electricity production by solar 
panels  and  wind  turbine  is  growing  every  day  and 
electricity  storage  solutions  are  needed  to  adjust  this 
intermittent production. Hydrogen produced by electrolysis 
can be a good storage solution. The stored hydrogen can 
then be used to produce electricity in a fuel cell at high 
efficiency. This kind of  system is also  interesting when 
used  as  non  grid  connected  sites  or  as  high  density 
Uninterruptible  Power  Supplies  (UPS).  However,  an 
efficient  and  safe  hydrogen  storage  solution  is  still 
needed.  Until  now,  the  two  main  solutions  at  industrial 
scale  are  high  pressure  storage  (  20  -  70  MPa)  and 
cryogenic  storage  (20  K).  A third  possibility  is  to  store 
hydrogen in solid state as metal hydride. Magnesium can 
absorb hydrogen at 1 MPa and 370 °C and desorb it at 
0,2  MPa  and  310  °C.  In  magnesium  hydride  (MgH2) 
hydrogen is reversibly stored with the same density as in 
liquid state. High reaction kinetics are obtained by Ball-
Milling (BM) of the MgH2 with additives [1].  

Desorption  and  absorption  reactions  are  very 
endothermic and exothermic, respectively. Heat has to be 
removed  or  brought  to  a  material  that  exhibits  poor 
thermal conductivity. Compaction of the BM powders with 
Expanded  Natural  Graphite  (ENG)  allowed  a  large 
improvement of thermal conductivity [2]. However, in most 
of the cases, heat transfer still remains the limiting factor 
during tank loading and discharging. To obtain fast loading 

times,  magnesium  hydride  tank  must  be  designed  as 
efficient heat exchangers [3], [4].

In this study, the behavior of a large scale magnesium 
hydride tank coupled with an external heat source via an 
high temperature thermal fluid is presented. This system 
allows to simulate the thermal integration of metal hydride 
tanks with high temperature fuel cells.

EXPERIMENTAL SETUP
A  tank  filled  with  10  kg  of  MgH2 compacted  discs 
containing  Expended  Natural  Graphite  (ENG)  was 
designed and built. It is composed of an internal stainless 
steel  (316L)  tube  containing  a  stack  of  73  compacted 
discs delivered by McPHy Energy [5]. 
The magnesium hydride powders were Ball-Milled (BM) 
with  8 wt.% of Ti-V-Cr alloy as additive and compacted 
with 10 wt.% ENG. A second steel cylinder surrounds the 
first one with a 7 mm inter space. A thin bar was welded 
on the external radius of the internal cylinder to increase 
the fluid  velocity and the heat  exchange coefficient.  An 
high temperature thermal fluid is flowing between the two 
cylinders to warm the hydride during the desorption phase 
and to cool it  during the absorption phase. The tank is 
introduced in an insulating jacket of 150 mm thickness to 
minimize thermal losses during the desorption process. A 
simplified tank scheme is presented in figure 1. 
The  internal  volume  is  14  liters  (138  mm  internal 
diameter, 900 mm length). The total tank weight is 55 kg 
including MgH2 discs, steel tank, sensors. 
A thermal  regulation  group  is  used  to  impose  the  oil 
temperature  at  the  tank  inlet.  A  synthetic  oil 
(MALOTHERM SH) is  used as thermal  fluid (maximum 
temperature 350 °C. 
A dedicated test bench allows to measure hydrogen mass 
flow,  pressure  and  temperature  inside  the  tank  during 
absorption and desorption reactions.
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Figure 1 : experimental magnesium hydride tank

RESULTS
For the absorption step, the hydride tank is heated up to 
240 °C. An hydrogen pressure of 1.1 MPa is then applied 
at  the  tank  inlet.  The  tank  temperature  immediately 
reaches the equilibrium temperature corresponding to the 
tank  pressure.  We  can  observe  in  figure  2  that  the 
pressure into the tank rises slowly to reach the imposed 
pressure at the absorption end. At the reaction beginning 
the hydrogen flow is equal to 180 Nl.min-1 (figure 2) and a 
large pressure drop is observed between the applied inlet 
pressure (1.1 MPa) and the pressure into the tank (0.1 
MPa) owing to pressure losses in the gas circuit (valves, 
filter, tube).
A volume of 6000 Nl of hydrogen (0.5 kg) was absorbed in 
35 minutes.  This  corresponds to  a  material  gravimetric 
capacity of 5.5 wt.% (including Ti-V-Cr alloy additive but 
excluding  ENG)  and  to  a  mean  hydrogen  flow of  180 
Nl.min-1.

Figure 2 : hydrogen flow, pressure and temperature  
during tank loading

For the desorption step, the hydride tank is heated up to 
340 °C. An hydrogen flow of 35 Nl.min-1 is then imposed 
at  the  hydrogen  tank  outlet.  A  fast  decrease  of 
temperature  is  observed  into  the  tank,  down  to  the 
equilibrium  temperature  corresponding  to  the  hydrogen 
pressure  (figure  3).  The  mean  hydrogen  flow released 
during desorption is sufficient to feed a 3 kWe fuel cell 
(based on H2 LHV and 50 % efficiency fuel cell) during 
around 2 hours and 30 minutes.
The life time stability of the material was studied in a small 
scale tank (150 g MgH2) and is presented in figure 4. A 
slight  decrease  of  0.15  wt.%  of  hydrogen  capacity  is 
observed after 600 cycles.

Figure 3 : hydrogen flow, pressure and temperature  
during tank discharging

Figure 4 : life time stability of magnesium hydride and  
evolution of loading time

An improvement of loading and discharging time was also 
observed during the first  cycles.  It  was attributed to an 
improvement of the heat exchanges inside the tank due to 
recrystallization  of  the  hydride  and  improvement  of  the 
thermal  contact  between  the  compacted  discs  and  the 
tank wall. 
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ABSTRACT  
Aim of the present work is to analyse the effect of the 

preparation procedure when GDEs are obtained via spray 
coating of the catalytic layer. A commercial carbon cloth 
GDL coated with MPL was used as substrate of the 
catalytic ink that was sprayed onto it, using two different 
aerograph nozzle dimensions. The prepared GDEs were 
assembled into a fuel cell lab prototype using commercial 
polymeric membrane (Nafion Membrane N212) and 
bipolar plates (Fuel Cell Technologies). Their 
performances were tested in terms of steady-state 
polarization and power densities curves and compared 
with those of a commercial reference GDE. 

INTRODUCTION 
In a PEM-Fuel Cell (PEM-FC) the catalyst layer is 

either applied to the membrane (Catalyst Coated 
Membrane, CCM) or to the gas diffusion layer (the so-
called Gas Diffusion Electrode, GDE) [1-2]. In the present 
paper GDE samples were prepared by spraying a 
catalytic slurry of a commercial catalyst (30% Pt/C) on a 
commercial Gas Diffusion Medium (GDM). The 
performances of the prepared GDEs, both at the anode 
and at the cathode side, were compared with those of a 
commercial GDE reference sample (E-TEK LT140). 
Moreover, Impedance Spectroscopy measurements (IS) 
were performed in order to better understand the 
polarization phenomena occurring during the FC 
operation.  

EXPERIMENTAL 
Commercial Gas Diffusion Media (SCCG 5–P10, 

SAATI) consisting of a carbon cloth (GDL) coated with a 
carbon micro-porous layer containing 12%wt of PTFE 
(MPL) were used as substrates for the deposition of the 
catalytic slurry [3]. The catalytic ink (in the following 
Ink01) to be sprayed on the GDM was prepared starting 

from a commercial catalytic powder (30 wt% Pt on Vulcan 
XC-72 (E-TEK)) that was mixed with a 5 wt% Nafion 
solution (Aldrich) and suspended in isopropanol and 
water, stirring for 1h and sonicating for 1.30 h. To verify if 
the rheological behaviour of the catalytic ink was 
appropriate for spraying deposition, the slurry viscosity 
was measured immediately after the preparation. A 
rotational rheometer (Rheometrics DFR 200) was used 
under the following experimental conditions: T=20°, 25 
mm parallel-plates geometry, gap = 0.5-1.0 mm, range of 
shear rate 10-3 - 10+3 s-1. The rheological measurement 
was repeated after 1 week of in-pot ageing to verify the 
slurry stability. The catalytic ink was sprayed onto the 
substrate with two aerographs of different dimensions of 
the nozzle and N2 as carrier up to the requested Pt 
loading. Tow GDEs were obtained, GDE1 and GDE2 in 
the following, with a Pt loading of 0.5 mg/cm2 and 0.4 
mg/cm2, respectively. Upon coating deposition a thermal 
treatment at 700 °C for 15 min was performed. XRD 
characterization was performed on the samples in order 
to evaluate Pt crystallite size after deposition. A 
commercial Nafion® 212 membrane was used. The 
performances of GDE1 and GDE2, both at the anode and 
cathode side, were evaluated using a commercial E-TEK 
GDE as reference (Pt loading 0.6 mg/cm2). The cell 
testing was performed at 60 °C and 100% relative 
humidity at both anode and cathode side (RH 100/100 
H2/air) with reactants flow of 0.5-2.0 Nl/min for H2 and air, 
respectively. The polarization phenomena were 
investigated via Impedance Spectroscopy (IS) in 
Galvanostatic mode at different current densities. IS 
spectra were recorded at OCV and from low to high 
current density ( 0.1 – 1.0 A/cm2). 

RESULTS AND DISCUSSION 
In Figure 1 the flow curves of the ink01 as prepared 

and after 1 week of in-pot ageing are reported. Ink01 as 
prepared shows a pseudo-plastic shear thinning 
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behaviour and a viscosity value of about 6 mPa*s at 
shear rate >1000 s-1. Both rheological behaviour and 
viscosity are thus appropriate for spraying deposition. A 
closely similar behaviour was observed even after 1 week 
of in-pot ageing confirming that the adopted slurry 
composition should result in a quite stable ink. 
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Figure 1: Rheological behaviour of ink01 as prepared (black squares) ad 
after 1week in-pot ageing (open stars). 
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Figure 2: Polarization curves of GDE1, GDE2 and E-TEK (reference) 
used at the anode (a) and cathode (b) side. 

Independently from the nozzle dimensions, an 
average diameter of about 6-7 nm was calculated from 
XRD measurements for Pt-particle size both for GDE1 
and GDE2. This value is comparable to that of the 
commercial E-TEK reference (4 nm) and it is reported to 
be appropriate for PEMFCs applications [4]. 

In Figure 2 the polarization curves of the FC 
incorporating one of the prepared GDEs at the anode or 
cathode are compared with a reference assembly 
mounting commercial GDEs at both electrodes. It is 
evident that electrochemical performances of both GDE1 
and GDE2 are worse than that of the E-TEK reference, 
especially if they are used at the cathode side (Figure 2 
b). In Figures 3 and 4, the impedance spectra of two 
different cell configurations at low (0.1 A/cm2) and high 
(0.9 A/cm2)current density are reported. 

The impedance spectra were modelled with [parallel Rp-
CPE]-Rs (low current) and [parallelRp-CPE]-Rs-[parallelRd-
CPE] (high current) equivalent circuits to evaluate 
activation (Rp), diffusion (Rd) and ohmic (Rs) resistances 
[5], (Figure 5). As evidenced in Figure 5, the different 
performances of GDE1 and GDE2, with respect to E-TEK 
reference, primarily depend on Rp (Figure 5b), which in 
turn is mainly affected by the active area and the catalyst 
content. Being the XRD crystallite size similar in GDE1, 
GDE2 and E-TEK, the observed discrepancies could be 

only ascribed to the different Pt loadings of the samples. 
Analysis are still in progress to corroborate this 
hypothesis. 
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Figure 3: Comparison of impedance spectra of the running cell using 
GDE1, GDE2 and E-TEK (reference) at the cathode side. 
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Figure 5: Comparison of a) Ohmic, b) Polarization and c) Diffusion 
Resistances of GDE1, GDE2 and E-TEK (reference). 

CONCLUSIONS 
The preparation procedure here adopted allows to obtain 
catalytic inks with appropriate rheology and viscosity to 
be used in spray applications. The rheological behaviour 
is quite stable for reasonable ageing time. The worst 
electrical performances of the GDEs prepared in this 
work, compared to those of a commercial sample, can 
only be ascribed to the lower Pt of GDE1 and GDE2 and 
they do not seem to depend on the nature of the 
substrate or on some preparation procedures (e.g. nozzle 
dimension). 
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ABSTRACT
Six different perovskite-type oxide compositions were 

investigated: four of them are simple perovskite 
compounds LaMnO3 (LM), La0.70Sr0.30MnO3-δ (LSM), 
La0.80Sr0.20FeO3-δ (LSF), La0.75Sr0.25Cr0.50Mn0.50O3-δ 
(LSCM), and two of them, YBaCo2O5±δ (YBC) and 
LaBaCo2O5±δ (LBC), belong to the so-called layered 
perovskite structure; all of them they have been prepared 
using a carbonate co-precipitation route in aqueous 
medium. The precipitation yield of the single metal ions 
has been calculated based on thermodynamic simulation 
of the precipitation process and compared with the actual 
yield experimentally determined via chemical analysis of 
the mother liquors. Upon thermal treatment at high 
temperature LM, LSM, and LSCM  have been obtained as 
pure phase, YBC and LBC retained traces of impurity 
phases while LSF was a multiphasic sample. Operating 
pH higher than 7.5 is suggested to avoid ion losses for all 
cations, and special attention must be paid when II group 
elements are involved in the precipitation. Although not 
conclusive, precipitation equilibria calculation is a useful 
tool for the ‘a priori’ evaluation of the experimental 
conditions in the co-precipitation of multi-component 
oxides.  

INTRODUCTION
Solid Oxide Fuel Cells (SOFCs) are promising 

devices for high efficiency power generation. At present, 
the large scale application of SOFCs is primarily hindered 
by the high cost of the devices and the degradation of the 
materials arising from the high operating temperature 
(800-1000°C). Perovskite type oxides are widely 
investigated for both electrolytes and electrodes for IT-
SOFCs [1] operating at lower temperatures (500-700 °C); 

they promise tunable properties and enhanced chemical 
stability among the various components in a cell. A simple 
and economic co-precipitation route for the synthesis in 
aqueous medium with ammonium carbonate precipitating 
agent has been demonstrated to be effective to prepare 
electrolyte materials such as La0.8Sr0.2Ga0.8Mg0.2O3-δ [2]. 
The cited preparation route has been applied to some 
traditional and innovative compounds proposed as 
cathode or anode materials in SOFC, having the 
perovskite (La(Sr)MO3-δ, M = Fe, Mn; La(Sr)MM’O3-δ, M = 
Cr, M’ = Mn) or layered perovskite (MBaCo2O5+δ, M = La, 
Y) structures.  

EXPERIMENTAL  
The cited preparation route has been applied to some 

traditional and innovative compounds proposed as 
cathode or anode materials in SOFC, having the 
perovskite (La(Sr)MO3-δ, M = Fe, Mn; La(Sr)MM’O3-δ, M = 
Cr, M’ = Mn) or layered perovskite (MBaCo2O5+δ, M = La, 
Y) structures. The precipitation yield of the constituent 
cations was investigated by ICP-MS analysis of the 
mother liquors and of the powders; the phase 
development was studied by X-Ray Powder Diffraction 
and Thermogravimetric analysis. The morphology was 
studied by Scanning Electronic Microscopy (SEM). 
Effects of pH and concentration of the involved species 
on the precipitation are discussed, and predictions on the 
best conditions are tentatively made via calculation of the 
precipitation equilibria with the Medusa software and 
database [3]. 

RESULTS AND DISCUSSION 
Care should be taken in the preparation when II 

group elements (Sr, Ba) have to be precipitated. Indeed, 

1 Copyright © 2011  
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both experimental results and heterogeneous equilibria 
calculations suggest that higher excess of ammonium 
carbonate precipitating agent should be used and a 
higher reaction pH is recommended in order to limit ion 
losses (Figure 1). However, an “ad hoc” evaluation must 
be done, particularly when transition metal ions are 
present, to avoid the formation of complexes between the 
transition ions and ammonia/ammonium or hydroxides 
ions. These complexes, being highly soluble, would result 
in ions losses too. 

Depending on the experimental conditions, crystalline 
precipitates (La1-xSrxMnO3, La1-xSrxFeO3) were obtained, 
or (La1-xSrxCr1-yMnyO3, LaBaCo2O5 and YBaCo2O5) 
completely amorphous precursor’s powders were 
observed (Figure 2). In some cases the morphology of 
the precipitated powders after desiccation at 110 °C is 
very fine, with mostly sub-micrometer sized particles, 
despite some degree of agglomeration; after firing at high 
temperature single phase compounds are obtained 
except for La(Sr)FeO3, and small micron-sized particles 
could be retained even after prolonged thermal 
treatments (10 h) (Figure 2).  

 

CONCLUSIONS
1) The carbonate route here proposed is suitable for 

co-precipitation of multi-component systems. It can 
provide very fine-grained precursor powders with 
homogeneous composition, ideal for electrode materials 
preparation. 

2) Considering the operating conditions and the 
constituent ions adopted in this work, an operating pH 
higher than 7.5 is recommended: lower operating pH will 
not assure the quantitative precipitation of the 
constituents, while higher pH could favour possible partial 
re-dissolution of the ions, particularly the transitions 
metals, via complexation phenomena with OH- or NH4+ 
ions. 

3) Although not conclusive, precipitation equilibria 
calculation is a useful tool for the ‘a priori’ evaluation of 
the experimental conditions in the co-precipitation of 
multi-component oxides and for selecting the initial 
reaction conditions; however, an appropriate 
experimental tuning cannot be avoided. 

4) The formation of an amorphous precursors, due to 
the small size of the aggregates, facilitates the solid state 
reactions that drive to the formation of the final 
perovskite, thus lowering the formation temperature. The 
composition of the final perovskite is also strictly related 
to ion losses during preparation which must be lowered 
as much as possible with an appropriate tuning of the 
operating conditions. However, the obtainment of a single 
phase material is not assured by a quantitative 
precipitation. 

5) The final microstructure of the perovskites 
apparently preserves the original morphology of the 

precursor: highly crystallized precursors result in highly 
sintered perovskites, while amorphous precursors in fine 
grained powders. 
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ABSTRACT 
Hydrogen fuel produced by reforming contains, in 

addition to hydrogen, CO2, CO, sulphur compounds and 
small hydrocarbons in varying amount. The effect of CO2
and a few example hydrocarbons has been studied on 
traditional PEM fuel cell anodes by cyclic voltammetry 
and constant load experiments.  In addition, 
Electrochemical Impedance Spectroscopy and Mass 
Spectrometry have been employed to aid in the analysis. 
The effect of adsorption potential, cell temperature, 
humidity of the feed gases and concentrations of selected 
impurities has been studied.  

INTRODUCTION  
The majority of today’s hydrogen is produced via 

hydrocarbon reforming. The resulting product contains 
hydrogen, a considerable amount of carbon dioxide and 
carbon monoxide, as well as trace amounts of other 
species, such as sulphur compounds and small hydro-
carbons (1). Regardless of various cleaning processes, 
some of these impurities can reach the anode of the fuel 
cell and it is therefore of great importance to study their 
effect on the fuel cell, which is the focus of this study.  

The effect of CO2 and the example hydrocarbons 
ethene and toluene has been studied on Pt/C and PtRu/C 
anodes using stripping cyclic voltammetry, in inert gas 
and in the presence of hydrogen, and constant load 
experiments, where the fuel cell has been run with 
oxygen on the cathode and pure or contaminated 
hydrogen on the anode. Mass Spectrometry has been 
used to analyse the products in the outlet stream of the 
anode and Electrochemical Impedance Spectroscopy to 
monitor the build-up of resistance in the cell with time 
during exposure to impurities. The effect of adsorption 
potential, cell temperature, humidity of the feed gases 

and concentrations of selected impurities has been 
studied.  

RESULTS 
Constant load experiments indicate that there is no 

immediate or short term irreversible effect of up to 30% of 
CO2 or ppm amounts of hydrocarbons on the 
performance of the fuel cell. The effect of about 100 ppm 
of ethene and toluene in the hydrogen feed during 
constant load is shown in Figure 1, where fluctuations in 
the cell potential are obvious when impurities are present, 
although there are no evident potential losses (2, 3). A 
similar experiment was performed with 20% CO2 (not 
shown here) giving results similar to the previous ones in 
the sense that no immediate or short term potential 
losses were observed. However, no potential fluctuations 
were observed in the presence of CO2.

 Although CO2 is an essentially inert specie in a fuel 
cell, it can, undergo a conversion to a CO-like specie 
upon adsorption to the surface, which can be removed 
through oxidation to CO2 in a similar manner as CO.  This 
can be seen by the behaviour during stripping cyclic 
voltammetry (see Figure 2 (bottom)). Since the 
introduction of CO2 to the hydrogen feed has no visible 
effect on the cell potential, it is obvious that only a small 
fraction of the CO2 species present undergoes this 
transformation, otherwise a potential drop similar to that 
seen during CO poisoning would be visible.  

The stripping cyclic voltammetry curves in Figure 2 
show that there is a potential to poisoning by both CO2
and unsaturated hydrocarbons at greater concentrations 
and/or during extended time periods. At concentrations of 
about 100 ppm ethene and toluene, maximum catalyst 
coverage is reached in about 2-5 minutes (2, 3), while 
20% CO2 requires about 30 min to reach maximum 



242

 2 Copyright © 2011  

coverage, which indicates that the conversion of CO2 to 
CO-like species is relatively slow.  

Unsaturated hydrocarbons, including aromatics, can 
then be partly hydrogenated and desorbed at low 
potentials (2, 3), while they can require relatively high 
potentials to be oxidised, especially in the case of 
aromatics (3).  

Figure 1: The influence of introducing 100 ppm of ethene 
(above) and toluene (below) to the hydrogen fuel stream of a 
PEM fuel cell operated at a constant load at 80°C. Both 
electrodes contain Pt/C as the catalyst, the gases were 
humidified to 90% RH before entering the fuel cell. 

The effect of adsorption potential depends greatly on 
the interaction of the impurity with the different states of 
the catalyst surface. The adsorption of CO2 derivatives is 
at a maximum at low potentials where the catalyst surface 
is covered with hydrogen, while the adsorption ethene is 
very small in this area and reaches a maximum when the 
Pt surface is essentially bare just before the onset of the 
oxidation peak (2). Toluene, however, adsorbs in a very 
large potential window. This difference is most likely due 
to the various ways adsorbed hydrogen takes part in the 
reactions. Due to this behavioural difference with 
adsorption potential the adsorption potential for ethene in 
the stripping cyclic voltammograms in Figure 2 was 0.25 
V, instead of 0.15 V, which was used for both CO2 and 
toluene. 

Figure 2: Stripping cyclic voltammetry curves recorded in a fuel 
cell operated at 80°C and 90% RH for ~100 ppm ethene (top) or 
toluene (middle), and 20% CO2 (bottom) in inert gas. Adsorption 
times were 2 min for ethene and toluene and 30 min for CO2.
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ABSTRACT 
A global guidance for application of detailed Life Cycle Assessment (LCA) to FC technologies, processes 
and systems has been developed within the EU funded FC-HyGuide Consortium. The tool (manual, PCRs, 
case  studies)  aims  at  providing  entrepreneurs,  consultants  and  experts  with  a  standardized  and  ILCD 
(International Reference Life Cycle Data System) compliant guidance for use in policy context and reliable 
decision-making support. The main aspects that have been addressed are: (1) data quality assessment; (2) 
crucial information needed; (3) background and foreground data; (4) FC stack and balance of system; (5)  
perspectives on technological evolution; (6) protection of property rights; (7) end of life and recycle. Three 
LCA case studies dealing with different FC technologies, namely Molten Carbonate Fuel Cells (MCFCs),  
Solid Oxide Fuel Cells (SOFCs), Polymer Electrolyte Membrane Fuel Cells (PEMFCs) were also carried out  
as a template for the Guidance Manual application.

INTRODUCTION
A FC-Guidance Manual (2011) was developed 

by the FC-HyGuide Consortium to facilitate LCA 
applications  to  Fuel  Cells  (FCs),  by  designing 
clear provisions on how to perform each step of 
the LCA procedure. The Manual allows developer 
Companies to assess their own technology and to 
make the non-confidential information available to 
the ILCD Data Network. The document consists of 
two parts,  the first  providing general  information 
on the document itself, explaining its purpose and 
structure  and  the  second  investigating  how  to 
perform  LCA  of  FC  technologies.  The 
methodological aspects related to the definition of 
functional  units,  system  boundaries  selection, 
allocation  principle  and  selection  of  impact 
indicators,  among  other  aspects,  are  explained 
with reference to the technological systems under 
study. The guidance document is complemented 
by three annexes:  the first  annex provides  LCA 
study  reporting  templates  (to  report  results  and 
conclusions of the LCA study in a complete and 
accurate way, without bias to the audience); the 
second one provides a data collection template in 
the form of “questionnaire” tables, while the third 
annex  provides  examples  of  LCA  of  fuel  cells 

performed  by  the  Consortium  Partners  in 
accordance with the Manual provisions,  with the 
purpose  of  supporting  the  Companies  in  the 
application  of  the  guidance  document.  The 
application  of  LCA  procedures  to  Molten 
Carbonate Fuel Cells (MCFCs), Solid Oxide Fuel 
Cells  (SOFCs)  and  Polymer  Electrolyte 
Membrane Fuel Cells (PEMFCs) is here reported.

MATERIALS AND METHODS
According  to  the  FC-LCA  Guidance 

procedures,  goal  and scope of  LCA study were 
firstly  defined  and  functional  units  were 
respectively chosen as: 500 kWel (2.9E+08 MJel) 
for  the  operating MCFC system,  1  MJex for  the 
operating SOFC system (considering a lifetime of 
20  years)  and  1.2  kWel (6.5E+02  MJel)  for  the 
PEMFC operating system (1500 working hours). 
PEMFCs only  generate  electricity,  while  SOFCs 
and  MCFCs,  operating  at  higher  temperatures, 
also supply heat as a co-product. Nevertheless, in 
the analyzed case of  MCFCs, the functional unit 
chosen did not include heat, since the heat output 
was not used yet within a cogeneration system. 
For this reason, only in the case of SOFC system, 
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the functional unit refers to a hybrid unit “electricity 
+ heat” measured in terms of exergy delivered:

Exergy  delivered  (MJex)  =  Electricity  delivered  
(MJel) + ςth* Heat delivered (MJth)

where ςth = 1-(Ta/Tm) is the Carnot factor. Ta is the 
ambient temperature and Tm the thermodynamic 
mean  temperature  between  To (temperature  of 
delivered heat) and Tr (return flow temperature). 
The  inventory  analysis  was  carried  out  by 
identifying  the  input  and  output  material  and 
energy flows involved in the production and use 
processes and avoiding allocation. In addition to 
the  specific  inventory  data  provided  by  the 
producer company, average and generic LCI data 
(e.g.  about  electricity  and  auxiliary  materials 
supply) were derived from scientific literature and 
from the databases available within the software 
SimaPro 7.3 used for performing the LCA study. 
Among the impact assessment methods available 

within  this  software,  the  CML  2001  approach 
(http://cml.leiden.edu/software/data-cmlia.html) 
was applied. The impact categories considered for 
each  analyzed  system  were:  Abiotic  Depletion 
Potential,  Acidification  Potential,  Eutrophication 
Potential, Global Warming Potential, Ozone Layer 
Depletion Potential, Human Toxicity Potential and 
Photochemical Oxidation Potential. 

RESULTS
Table 1 shows the impacts (with and without 

2%  cut-off,  as  recommended  by  the  FC-Guide 
manual)  generated  by  the  operating  assembled 
MCFC, SOFC and PEMFC systems, supplied with 
natural  gas  for  the  production  of  electricity/heat 
during  the  whole  specific  system  lifetime.  Each 
system’s functional unit is indicated in the Table 
headings.  A  final  Completeness,  Sensitivity, 
Consistency  and  Uncertainty  check  (as 
recommended  by  the  FC-Guide)  was  also 
performed. 

Table 1. Main impact categories calculated for the operating assembled MCFC, SOFC and PEMFC systems.

Impact category Unit

Total generated impact
Impact generated

with 2% cut-off

MCFC 

system

(2.9E+08 MJel)

SOFC 

system

(1 MJex)

PEMFC 

system

(6.5E+02 MJel)

MCFC 

system

(2.9E+08 MJel)

SOFC 

system

(1 MJex)

PEMFC 

system

(6.5E+02 MJel)

Abiotic depletion kg Sb eq 4.62E+05 1,79E-03 6,83E+00 4.37E+05 1,79E-03 6,70E+00

Acidification kg SO2 eq 1.39E+06 1,76E-04 1,01E+01 1.38E+06 1,75E-04 1,01E+01

Eutrophication kg PO4
--- eq 2.29E+04 1,59E-05 1,64E+00 2.20E+04 1,58E-05 1,61E+00

Global warming kg CO2 eq 1.12E+07 2,10E-01 1,31E+03 1.09E+07 2,10E-01 1,29E+03

Ozone layer depletion kg CFC-11 eq 5.27E-01 2,57E-08 3,20E-03 5.24E-01 2,57E-08 3,18E-03

Human toxicity kg 1,4-DB eq 2.08E+07 1,95E-02 7,99E+02 1.87E+07 1,92E-02 7,02E+02

Photochemical oxidation kg C2H4 5.70E+04 1,29E-05 4,76E-01 5.54E+04 1,28E-05 4,61E-01

DISCUSSION AND CONCLUSIONS
Consistent  FC  use patterns,  system 

boundaries, LCIA methods and data with similar 
degree of accuracy were used  for the three LCA 
studies. Due to the different typology, size, scale 
and  foreseen  final  use,  the  Guidance  Manual 
does not suggest a comparison among the three 
cases.  Table  1  shows  some  of  the  calculated 
indicators only to provide an order of magnitude of 
achieved results. 
The  study focused  on  input  flows  and  steps 
characterized  by  the  highest  environmental 
burden. In the case of the MCFCs, for example, 
the following considerations can be derived:

a) Palladium,  chromium  and  electricity  supply 

mainly  affect  the  global  warming  and  abiotic 
depletion categories, while additional important 
contributions to human toxicity category come 
from copper, nickel and iron. 

b) Nickel  and  palladium  particularly  affect 
acidification  and  photochemical  oxidation, 
whereas  copper  and  chromium  are  also 
relevant for eutrophication. 

c) Ozone  layer  depletion  is  affected  by  the 

tetrachloroethylene used for matrix production. 

d) When the operational phase is analysed, the 

highest contribution to most categories comes 
from the natural gas supply.

Similar considerations can be done about relevant 
environmental flows affecting the production and 
use of SOFC and PEMFC systems. 
An  in-depth  discussion  of  the  factors  that  may 
have  affected  the  different  results  allowed  the 
identification  of  crucial  factors  such  as  size, 
temperature,  quality  of  data,  potential  for 
cogeneration, materials for active components.

ACKNOWLEDGMENTS
The  Authors  gratefully  acknowledge  the 

financial  support  received  from  the  European 
Commission  within  the  7th  Framework 
Programme,  Project  no.  256850, FC-Hy  LCA 
Guide (Fuel  Cell  –  Hydrogen  LCA  Guide,  EU). 
Supporting Action SP1-JTI-FCH.2009.5.5.

REFERENCES
FC-Guidance  Manual  (2011).  Guidance 

document  for  performing  LCAs  on  Fuel  Cell 
Technologies  FC-Guide.  http://www.fc-
hyguide.eu/ and references therein included.



245

Proceedings of EFC2011

European Fuel Cell - Piero Lunghi Conference & Exhibition

December 14-16, 2011, Rome, Italy

EFC11163 

C ADSORPTION ON ALLOYED NI-CU (111) SURFACE: A DFT STUDY 

Lichao Jia, Bo Chi, Jian Pu, Li Jian
 School of Materials Science and Engineering, State Key Lab 

of Material Processing and Die & Mould Technology, 
Huazhong University of Science and Technology

Wuhan, Hubei 430074, China 

ABSTRACT
The carbon adsorption on alloyed Ni-Fe(111)surfaces 

was studied systematically using density function theory 
(DFT).  The  adsorption  energies,  adsorption  structures, 
projected density of states  (PDOS) were calculated. The 
calculated  results  showed  that  the  adsorption  of  C 
decreased by the introduction of Cu into Ni-based anode. 
The reason for this decrease was that the d bands of the 
Ni-Cu alloy have smaller overlap with p orbits of atomic 
carbon.

INTRODUCTION 
Ni has been used as an anode material because of 

its low cost, good chemical stability, and excellent catalytic 
activity  toward  hydrogen  oxidation  and  reforming  of 
hydrocarbon fuels. However, carbon deposition on the Ni-
based  anode  in  the  direct  oxidation  of  hydrocarbon 
process  will  quickly  deactivate  the  anode  and  then 
degrade  cell  performance.  Many  researchers  have 
demonstrated  that  carbon  formation  at  the  anode  is 
greatly suppressed when Ni is partly displaced by Cu. In 
order to gain insight  to this process,  Density Functional 
Theory (DFT) calculations based on generalized gradient 
approximation  have  been  used  to  investigate  the  C 
adsorption on Ni (111), Cu (111) and alloyed Ni-Cu (111) 
surfaces.

CACULATION DETAILS AND RESULTS
We employ a six-layer slab with a 12Å thick vacuum 

layer to model all the surfaces and put adsorbate on one 
side of the slab.  The atoms  of  the  top three layers are 
allowed to fully relax.

The  Schematic  representations  of  adsorption  sites 
are shown in Fig.1. The high symmetry adsorption sites 

(top, bridge, hcp, fcc) on the Ni and Cu (111) surface are 
chosen  to  research  the  adsorption  of  C  atom.  After 
geometry optimization, the C atom on the bridge site of 
both  the  two surfaces moved  to  the  hcp  site.  The 
adsorption energies are summarized in Table1.  It can be 
concluded that C atoms prefer the hollow sites (hcp and 
fcc) on the Ni (111) surface, due to the high adsorption 
energy (6.89eV and 6.77eV). For the alloyed Ni-Cu (111) 
surface,  the hollow sites  increase  because  the surface 
consists  of  two  kinds  of  different  metal  atoms.  The 
adsorption sites considered in this work are named fcc1, 
fcc2,  hcp1,  hcp2.  Their  adsorption  energy  are  5.65eV, 
6.55eV, 5.60 eV, and 6.61 eV, respectively. 

The metals with stronger adsorption energy are more 
likely to be poisoned from carbon deposition. Combined 
the adsorption energy and the Density of State (DOS),as 
shown  in  Fig.2, we  can  find  that  the  high  adsorption 
energy  of  atomic  C  adsorbed  on  Ni  (111)  surface 
correspond to the overlap between carbon 2p orbital and 
Ni 3d orbits. The addition Cu can weak this overlap which 
can lower the adsorption energy of atomic carbon. 

It  is  indicated  from  our  calculations  that  the 
development  of  a  better  carbon-tolerant  anode  can  be 
achieved by alloying with the metals whose d band have 
smaller overlap with C 2p orbits.
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Table 1 Adsorption energies of C adsorption sites of Ni, Cu and alloyed Ni-Cu(111)surfaces

Ead(eV) top hcp(1) fcc(1) hcp2 fcc2

Ni 4.44 6.89 6.77 — —
Cu 3.09 4.97 5.02 — —
Alloy — 5.60 5.65 6.61 6.55

2 Copyright © 2011 

Fig.1 Schematic representations of adsorption sites on (a) Ni  or Cu (111)  and (b) 

alloyed Ni-Cu (111) surface

a b

Fig. 2 PDOS of C adsorbed (a) Ni (111), (b) Cu (111), and (c) alloyed Ni-Cu 

(111) systems

a

c

b
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ABSTRACT 

Perovskite powder LaCo0.6Ni0.4O3 was synthesize by 
polymeric steric entrapment synthesis method and 
characterized by XRD and SEM. Conductivity and 
long-time compatibility with SUS430 interconnector of this 
material were tested, which implied LaCo0.6Ni0.4O3 was a 
candidate contact material for intermediate temperature 
SOFC cathode’s current collector. 

 
INTRODUCTION 

Contact interlayer between metal interconnection and 
ceramic cathode was used in the intermediate 
temperature solid oxide fuel cell (IT-SOFC) stacks to 
reduce the interface resistance[1]. Cathode materials with 
high conductivity was employed as current collector and 
their compatibility in the work condition was 
investigated[2]. In this work, polymeric steric entrapment 
synthesis method (SES)[3] was utilized to fabricate 
LaCo0.6Ni0.4O3 powder with the assistance of poly vinyl 
alcohol (PVA), the availability like conductivity and 
compatibility of this powder for contact material of 
IT-SOFC was further discussed. 

 
SYNTHESIS & CHARACTERIZATION 

Precursor obtained by evaporating the mixed solution 
of metal nitrate and PVA was heated to various 
temperatures. Molar ratio of PVA monomer to electric 
charge of cations was 1.25:1. XRD patterns implied that 
La2O2CO3 and La2NiO4/La2CoO4 formed in the 
combustion process were existed at 450°C and below. 
LaCo0.6Ni0.4O3’s peaks emerged as temperature increased 
up to 500°C with the decomposition of other compounds 
and the secondary phases like La2O2CO3 and 
La2NiO4/La2CoO4 decomposed completely at 550°C and 
750°C respectively during the formation process of pure 
LaCo0.6Ni0.4O3 powder. The morphologies of the powder 
showed in Fig1 implied that hollow particles were obtained 

 
Fig1. SEM morphology of powers prepared in different 
temperature 
 
 

 
 
Fig2. Conductivity of LaCo0.6Ni0.4O3 bar 
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in 450°C without large amount of fine grains swelling up 
on the surface as sintered in 500°C. When temperature 
got higher, the carbonic remnant decomposed and a 
net-connected structure formed from 550°C to 750°C with 
the growth of perovskite particles, corresponding with the 
XRD results.  

LaCo0.6Ni0.4O3 solid bar was obtained by dry pressed 
powder fabricated at 750°C following sintered at 1350°C 
for 3 hours. Porosity of this specimen was 15% and 
conductivity was tested from 200°C to 850°C as shown in 
Fig2. The fitted line demonstrated that relationship 
between conductivity and temperature obeyed the 
equation as follows:  ln(σT)=19.43-1055/T, from which 
the activation energy derived to be 8.77kJ/mol. The 
conductivity was higher than 900S/cm form 500°C to 
speculated higher than 1100°C and had the peak value of 

950 S/cm at 750°C. 
 

COMPATIBILITY TO STEEL INTERCONNECTION 
The LaCo0.6Ni0.4O3 powder layer and SUS430 steel 

substrate were co-heated at 750°C for 1000 hours to 
observe the contact effects between their interfaces 
shown in Fig3. The powder layer maintained a well 
connection with substrate steel by inserting some particles 
to the Cr2O3 and MnCr2O4 oxide scale, referred to others’ 
research[4]. According to the XRD pattern in Fig3, peaks 
of LaCo0.6Ni0.4O3 and substrate submerged the evidence 
of generated spinel and metal oxide phases. EDS line 
pointed out the diffusion of Cr and Mn was effected by 
connected LaCo0.6Ni0.4O3 powder, resulting in 
discontinues spinel/metal oxide membrane and secondary 
phases like NiO/Fe2O3 from the reaction of interconnect 
and contact material. 

Powders of Fe2O3, Cr2O3 and Mn2O3 mixed with same 
weight of LaCo0.6Ni0.4O3 powder were sintered at 1000°C 
for 5 hours, respectively, to examine the compatibility of 
among the contact material and steel elements. XRD 
patterns were shown in Fig4, testified that Fe and Cr 
diffused into the lattice of LaCo0.6Ni0.4O3, replaced partial 
atoms of Co/Ni, formed new perovskite and spinel. Mn2O3 
reformed to Mn3O4 but barely reacted with LaCo0.6Ni0.4O3 
to form new spinel compared to Fe/Cr oxide.  

Former work demonstrated that LaCo0.6Ni0.4O3 was a 
promising contact materials with high conductivity and 
adequate compatibility to the steel interconnection for 
IT-SOFCs. Further study should be taken to investigate 
the reaction between contact material and interconnect in 
the SOFC’s working condition. 
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Fig3. SEM/XRD/EDS cross-section of LaCo0.6Ni0.4O3 
and interconnector co-heated at 750°C for 1000 hours 
 
 

 
Fig4. XRD patterns of Fe2O3, Cr2O3 and Mn2O3 
co-heated with LaCo0.6Ni0.4O3 at 1000°C for 5 hours. 
No. of the phase as: 1 LaCo0.6Ni0.4O3, 2 Fe2O3, 3 
LaFeO3, 4 NiFe2O4, 5 Cr2O3, 6 LaCrO3, 7 NiCr2O4, 8 
LaMnO3, 9 Mn3O4 
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INTRODUCTION 
Power production from biomass is one of the most 

effective means to implement the concept of small distributed 

generation with limited CO2 emissions. Currently available 

systems have electric efficiency in the range of 13-18%. A 

SOFC coupled to a biomass gasifier may give substantially 

higher electric efficiency. Thermal integration is a key aspect in 

such a context, to achieving optimal operation of both SOFC 

and gasifier [1,2]. 

In this work the potential of a power generation system 

based on a SOFC coupled to a thermally integrated biomass 

gasifier  is analyzed with special regard to the analysis of the 

effect of SOFC H2 fuel utilization on performance, by varying 

biomass moisture content. A complete model, based on 

simplified 0D assumptions [1,2], is proposed to this aim 

allowing for a detailed investigation of the influence of key 

driving parameters on performance. 

SOFC-GASIFIER INTEGRATED 0D MODEL 
The 0D model is capable of representing the behavior of a 

SOFC coupled to an integrated downdraft gasifier as described 

in the Figure 1 schematic. Thermal integration is provided by a 

burner, capable of utilizing part of residual heating value of the 

syngas as available at the outlet of the SOFC.  

The numerical model is composed mainly by two modules 

(gasifier and SOFC), both based on a 0D approach as described 

in [2]. 

  
Figure 1: Schematic of the system: SOFC fed by integrated 

biomass gasifier. 

The overall model has been implemented in Matlab-

Simulink. Synthetic details of the two modules are given in the 

following two sub-sections. 

 

 

Gasifier module 

The performance representation of the biomass gasifier 

module is based on a 0D global gasification reaction [3], which 

may be written for woody material (CH1.44O0.66) as 

2452423221

22266.044.1

76.3

76.3

mNCHxOHxCOxCOxHx

mNmOOwHOCH

+++++

→+++ (1) 

where w is the amount of water per mol wood, related to the 

biomass Moisture Content (MC) [1-3], m is the amount of 

oxygen per mol wood, and xi are molar fractions of gaseous 

products. Chemical equilibrium is assumed to occur: this 

assumption implies that the gasifier volume may assure enough 

residence time over the reactive bed.  

The energy balance may be written as follows, 

incorporating the integration term (dHint) given by the burner, 

exploiting the residual heating value of the syngas, composed 

by H2, CO and CH4. 

245)(2423
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NCHvapOHCO
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mdHdHxdHxdHx

dHxdHxdHwdHdH

++++

+=++ (2) 

The energy balance, along with elemental balances, 

equilibrium constants, and further chemical reactions (methane 

formation and water gas shift reactions), constitute a 3 equation 

non linear set. Results have been validated versus experimental 

data in [1], in the case of an adiabatic gasifier (dHint=0). 

SOFC module 

The SOFC module is based on a 0D approach, capable of 

representing a planar stack under steady state operating 

conditions [2]. The main assumptions are that the cell is 

isothermal, H2 is the only gaseous species participating to 

electrochemical reactions, and the SOFC H2 fuel utilization (µf) 

is a fixed parameter. Water gas shift reaction is also taken into 

account to calculate further H2 production via H2O production 

in the SOFC anode. 

The cell voltage is defined as  

 =  − Δ − Δ − Δ (3) 

where EMF is the ideal voltage, whereas modeling of the 

three losses is implemented via electrolyte resistance and 

thickness (Δ), Tafel equation (Δ) and as a function of 

H2 partial pressure via the SOFC H2 fuel utilization µf (Δ) 
[2]. 

Results of the 0D model have been compared to a 1D 

SOFC model, giving always error within 7% with respect to a 
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large variation of both operating temperature and

utilization [2]. 

ANALYSIS OF RESULTS 
The model has been applied to the analysis 

of biomass MC by varying fuel cell operating conditions, and 

mainly SOFC H2 fuel utilization, which 

parameter linked to the electrochemical exploitation of the cell 

active area. 

The SOFC has an active area of 1 m
2

biomass inlet flow has been set equal to

corresponding to a thermal power of 4.5 kW.

The SOFC operating voltage has been 

the range 0.6-0.65 V as an optimal compromise between 

power density and efficiency.  

Three different MCs have been studied: 0.1, 0.3 and 0.5.

Figure 2: Global efficiency (%) and required O

(m
3
/h) as functions of SOFC H2 fuel utilization.

The effect of SOFC H2 fuel utilization is reported in 

Figure 2. It may be observed that, as a general trend, the low H

utilization operating conditions have to be 

despite the theoretically high availability of integration heat, a 

high amount of air (O2 flow rate as plotted in the Figure) is 

necessary to let the SOFC operate at optimal operating 

In fact, at low H2 fuel utilization, the flow rate is remarkably 

high, thus leading to high cell losses; thermal integration would 

even increase H2 partial pressure thus leading to too high 

current density, and in turn to low voltage (and efficiency) 

SOFC operating conditions.  

The described behavior of the system is 

Figure 3, where the integration heat (provided by 

reported for all the studied cases. It is worth underlining that at 

MC=0.5 the curve exhibits a peak, occurr

utilization=0.8, that is due to two concurrent phenomena:

1) The heating value presented by the off gas is 

decreased by the higher exploitation of the SOFC

higher H2 fuel utilizations. 

2) Higher MCs allow the gasifier to produce syngas 

characterized by higher H2/CO ratio

much more favorable water gas shift behavior into the 
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large variation of both operating temperature and SOFC fuel 

analysis of the influence 

by varying fuel cell operating conditions, and 

which is an operating 

parameter linked to the electrochemical exploitation of the cell 

2
, while the woody 

t equal to 1.03 kg/h 

. 

operating voltage has been controlled to lie in 

compromise between SOFC 

: 0.1, 0.3 and 0.5. 

 

equired O2 mass flow 

fuel utilization.  

fuel utilization is reported in 

Figure 2. It may be observed that, as a general trend, the low H2 

be avoided. In fact, 

despite the theoretically high availability of integration heat, a 

high amount of air (O2 flow rate as plotted in the Figure) is 

at optimal operating voltage. 

fuel utilization, the flow rate is remarkably 

; thermal integration would 

partial pressure thus leading to too high 

current density, and in turn to low voltage (and efficiency) 

d behavior of the system is also highlighted in 

provided by the burner) is 

It is worth underlining that at 

a peak, occurring at H2 fuel 

utilization=0.8, that is due to two concurrent phenomena: 

The heating value presented by the off gas is 

decreased by the higher exploitation of the SOFC at 

the gasifier to produce syngas 

H2/CO ratio further giving 

more favorable water gas shift behavior into the 

SOFC [1,2]. This is key to both have the SOFC 

operating much closer to pure H2 fuelling operating 

conditions, as well as having 

waste. 

Again at MC=0.5, H2 

curve peak (0.85) present lower 

to a higher request in terms of O

again Figure 2). 

Thus, the link between air (O

integration heat (dHint) is extremely important, and the 

capability of the gasifier to work with minimum air request has 

to be sought, along with the control of SOFC operating voltage. 

Figure 3:Integration heat as a function of SOFC H2 

utilization and biomass MC.

SOFC electric power output

the system efficiency since 

constant for all the cases), is reported in Figure 2. It is worth 

underlining that high power output is alwa

MC and H2 Fuel utilization

and the possibility of operating the gasifier with high water 

content (leading to a high H

of H2 utilization is then important as it 

power output at both MC=0.3 and MC=0.5, respectively at H2 

utilization =0.85 and 0.8. 

CONCLUSIONS 
The operation of a SOFC fed by 

gasifier has been proven to be highly dependent on the cell 

operating conditions, and specifically on H

analysis of the effects of thermal integration heat on system 

performance (power output and efficiency) has been carried 

out, to prove that optimal system control, especially 

cell operation, is key to fu

Moisture Content and to achieve maximum performance in 

terms of power output and efficiency.
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. This is key to both have the SOFC 

operating much closer to pure H2 fuelling operating 

conditions, as well as having much lower off gas 

 fuel utilization higher than at the 

(0.85) present lower integration heat, finally leading 

to a higher request in terms of O2 flow rate at the gasifier (see 

Thus, the link between air (O2) request by the gasifier and 

) is extremely important, and the 

capability of the gasifier to work with minimum air request has 

to be sought, along with the control of SOFC operating voltage.  

 
Integration heat as a function of SOFC H2 

utilization and biomass MC.  

ower output, (which may be interpreted as 

since biomass consumption has been kept 

for all the cases), is reported in Figure 2. It is worth 

power output is always obtained at high 

Fuel utilization, to have optimal fuel cell voltage 

and the possibility of operating the gasifier with high water 

high H2 partial pressure). Optimal control 

important as it allows to have high 

power output at both MC=0.3 and MC=0.5, respectively at H2 

SOFC fed by an integrated biomass 

gasifier has been proven to be highly dependent on the cell 

specifically on H2 fuel utilization. An 

analysis of the effects of thermal integration heat on system 

performance (power output and efficiency) has been carried 

system control, especially in terms of 

cell operation, is key to fully exploit biomass with high 

Moisture Content and to achieve maximum performance in 

terms of power output and efficiency. 
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ABSTRACT

Polymer electrolyte membrane fuel cells PEMFCs are new 
energy conversion devices that produce electricity from a 
supply of fuel, such as hydrogen. One of the major barriers in 
achieving efficient energy conversion is limited resources and 
high cost arising from the noble metal Pt of the Pt-based 
catalysts. Here, we present the results of the nitrogen-doped 
carbon-based non-platinum catalysts exhibiting attractive 
catalytic activity and stability for PEMFCs. 

INTRODUCTION
Proton exchange membrane fuel cell (PEMFC), as a 
competitive renewable energy device amongst alternative 
energies, has garnered great attention around the world in the
past decade because of their advantages such as 
environmentally friendly, high energy efficiency and power 
density. Furthermore, coupled with its low operating 
temperature and the resulting quick startup of PEMFC, PEMFC 
is regarded as an ideal power source for a zero-emission 
vehicle. Their commercialization is, however, hampered by 
durability, reliability and high costs issues. The high costs are 
mostly attributed to the high price of membrane and catalysts. 
Pt and Pt-based alloys electrocatalyst are the most widely used 
oxygen reduction reaction (ORR) catalysts in PEMFC. 
However, platinum metal are expensive, limited supply and 
readily poisoned by carbon monoxide. Therefore, the 
alternative materials, which can substitute the precious metal Pt-
based catalysts, are urgently required. 
Among the widely investigated catalysts, the chalcogenides 
catalysts and the transition metal chelates are regarded as the 
most promising catalysts due to their high activity towards the 
ORR, making them has the potential to address the cost issues 
of electrocatalysts in PEMFC. However, transition metal 
chelates show low stability in acidic conditions. Recently, 

doped carbon nanomaterials have generated more excitement 
owning their remarkable ORR activities and high durability by 
doping N (and B) to carbon, which make them present the 
potential for construction exploration of low-cost and high 
performance PEFCs. Since Gong et al.[1] reported that 
vertically aligned nitrogen-containing carbon nanotubes (VA-
NCNTs) could also express much better electrocatalytic activity, 
stability, and tolerance to cross-over effect than un-treated 
NCNTs in alkaline fuel cells, further proving its potential of the 
application in making fuel cell a cost efficient technology.
Here， I will present our work on carbon-based catalysts 
prepared from the phenolic resin and conductive polymer 
polyaniline doped with nitrogen [2]. The catalysts were prepared 
by the polymerization process, followed by the heat-treatment 
under ammonia atmospheres. The catalysts were characterized 
by the XRD, TEM, XPS. The activities of the catalysts were 
evaluated in the electrochemical measurement and single cell 
test, respectively. The results show that the catalysts present 
high ORR activity, which can comparable to the commercial 
JM-Pt/C catalysts. The stabilities of the catalysts are higher than 
the Pt/C catalysts in acid and alkaline fuel cells.

RESULTS
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Figure 1 Current-potential curves for the carbon based catalysts 
from PANI in 0.5 M H2SO4 at a rotating rate of 1600 rpm. 
Black line: Saturated with nitrogen. Red line: saturated with 
oxygen. Scan rate=5 mV s−1. .

Figure 1 shows the linear scan curves for nitrogen-doped carbon 
from the polyaniline treated at 800 oC in 0.5 M H2SO4 solution 
at a rotating rate of 1600rpm. As shown in the Figure 1, the 
oxygen reaction starts at a very positive potential, about 0.82
Vvs.SHE, which could be attributed to incorporation of 
nitrogen into the carbon.
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Figure 2 Stability test for the carbon based catalysts from 
PANI in 0.5 MH2SO4 at a rotating rate of 1600 rpm. Black line: 

Initial activity. Red line: after AAT. Scan rate=5 mV s−1.
AAT: CV cycling 0-1.0 V,1000cycles
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Figure 2 shows the polarization curves for ORR before and 
after stability test for the carbon based catalysts. The half-wave 
potential loss is much lower than that of the Pt/C catalysts2,
indicating its higher stability than the commercial Pt/C 
catalysts.

CONCLUSION

The nitrogen doped carbon catalysts prepared from the 
polymers shows high activity toward the oxygen reduction 
combing with their high stability under high potential and acid 
conditions. Thus, they are expected to substitute the Pt-based 
catalyst for application in fuel cells as cathode catalysts.
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ABSTRACT 
Steam biomass gasification by fluidized bed reactor systems is a very promising technology for extracting the renewable energy content of the  
biomass: coupled with the in situ CO2 sorption, by the way of powder sorbents into the bed, it’s possible to achieve a hydrogen content suitable  
for Fuel Cell feeding (80% hydrogen content with sorption- 40% without sorption). Common and cheap sorbents are naturals CaO based 
powders (dolomite and limestone), but they present a limited cycling resistance (around 50% decrease of the efficiency after 10 cycles) that  
limits their use in real conditions. The aim of this work is the realization of synthetic sorbents by means of hydrolysis technique consisting of 
CaO on Mayenite binder (Ca12Al14O33) to increase the cycling resistance and the CO2 sorption efficiency. The influence  of CaO precursor; CaO / 
Ca12Al14O33 weight ratio and CaO grain size distribution has been considered. The 75/25 powder obtained by Ca(CH3COO)2 precursor with fine 
starting granulometric distribution (d32≈2.6 μm), showed an efficiency around 80% of the theoretical one, almost stable along all the 25 cycles  
carried out, very important feature for the syngas synthesis process. 

INTRODUCTION 
Hydrogen production from renewable energy source and 
its  use  in  combination  with  Fuel  Cell  is  a  key  step  to 
achieve an energy system sustainable and independent 
from fossil fuel.  An important energy source in between 
renewable ones can be the biomass  [1], that up to now 
has been mainly converted directly into heat  [2],  with a 
low energy efficiency.
Steam gasification process, in particular by fluidized bed 
technology,  is  able  to  convert  the  biomass  energetic 
content into a hydrogen rich syngas (composed mainly by 
H2 ≈  40% molar,  CO ≈  20% molar,  CO2 ≈  20% molar 
,CH4≈ 10% molar and with a LHV value syngas around 12 
MJ/kg)  [3] [4],  that  can  be used   for  electrical  power 
production. CO2 sorption by sorbent powders inside bed 
reactor [5] increase the process efficiency, as the removal 
of  CO2 will  move  the  equilibrium  point  of  reactions 
enhancing  the  H2 production  process. Theoretical 
calculations [6] [7] show that sorbent powders can offer a 
syngas content of 80% hydrogen, 15% CH4 and residual 
of CO plus CO2. The reaction is the following: 

In such a way, the CO2 is converted to a solid carbonate 
and  there  is  the  advantage  to  shift  the  conventional 
chemical limit of the gasification reactions. Most effective 
and cheapest sorbents are naturals CaO based powders 

(as dolomite and limestone),  but  actually they shows a 
limited cycling resistance that cause a fast decrease of 
the sorption capacity (around 0,5 of the theoretical after 
10 cycles)  [8]. The research effort is devoted to develop 
new powders that  can have  high adsorption efficiency 
and high cycling stability (resistance to the sinterization 
and to the mechanical friction). Adsorption efficiency can 
be improved using adequate precursors for the sorbent 
specie; cycling resistance can be improved using a binder 
in addition to the sorbent material [9], [10], [11], [12]. The 
aim of this work was to study different powders composed 
of CaO as sorbent material and Ca12Al14O33 as support. In 
particular  different  CaO precursors  and different  weight 
ratios  between  CaO  and  Ca12Al14O33 have  been 
evaluated.  

Figure  1:  on  the 

top:  behaviors 

with  different 

CaO/Ca12Al14O33 

ratio and CaO dif-

ferent  precursors; 

on  the  bottom 

granulometry  in-

fluence  on  ad-

sorbing  proper-

ties.
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Figure  2:  SEM  image  doesn’t  evid-

ence sintering after 25 cycles

EXPERIMENTAL 
Sample  preparation:  In  order  to  improve  the  cycling 
resistance,  binders  can  be  effective  for  reducing  the 
sintering  process.  To  find  a  reasonable  balance  in 
between the amounts of sorbent powder and binder, three 
different  ratio  of  CaO/Ca12Al14O33 has been tested.  The 
samples has been obtained by hydrolysis of CaO reagent 
grade and adequate amount of  Al(NO3)3●9H2O, in order 
to  obtain  the ratios:  85%:15%, 75%:25%, 65%:35%. In 
order to improve the sorption capability, acting on the final 
crystal  structure  of  the  sorbent  phase,  three  different 
Calcium oxides precursors have been tested. In fact, for 
the synthesis of the powders, the CaO has been obtained 
from the following three different routes:
• CaO reagent grade from Sigma Aldrich,
• CaO from calcined CaCO3,
• CaO via  Ca(CH3COO)2 from hydrolysis of 
CaCO3+CH3COOH.
Also, the influence of the starting granulometry of Calcium 
Oxide  on  the  sorption  behavior  has  been  studied, 

selecting the particles size dp in the ranges:  0<dp<75µm, 

and 75µm <dp<106 µm.
Tests:  In order to appreciate the grain size distribution, 
measurements  with  laser  granulometer  Malvern 
Mastersizer have been carried out.
High temperature X-ray diffraction data taken on Elettra 
synchrotron  centre  allowed  to  analyze  the  powder 
composition at process temperature (800°C).

Figure  3:  800°C  X-ray  diffrac-

tion  pattern  of  sample  75-25 

from Ca(CH3COO)2. 

CO2 sorption  efficiency 
was  verified  by  means  of  TGA analysis  during  multi 
cycles tests: 25 cycles composed of  capture/calcination 
stages  (650  °C  in  CO2 environment/  800  °C  in  N2 
environment).    
SEM measurement executed on a Philips 505 machine 
gave morphological information about cycled powders.
Results:  Granulometry  analysis  showed  that  better 
results in adsorption rate were obtained on sample from 
milled  CaO (fig.1:  bottom panels).  It  can  be  seen that 

powder with a smaller size (milled one - d32=2,6µm) has a 
higher adsorption efficiency in respect to the other (not 

milled one – d32=4µm). From TGA analysis (fig1:  upper 
panels) it can be seen that powder obtained from Calcium 
Acetate  precursor  showed  the  best  adsorption 

performance (more than 15% higher than powder from 
CaO reagent grade), and all  synthetic sorbents show a 
good  cyclability  in  respect  of  natural  sorbent.  The 
goodness of  the synthesis procedure is confirmed from 
high  temperature  XRD  measurements  that  show  the 
presence  of  expected  phases  without  un-expected 
compounds.  Rietveld  analysis  confirmed  the  expected 
CaO/Ca12Al14O33 ratio. Morphological analysis by SEM on 
cycled sorbent shows no evidence of  sintering process 
after 25 cycles.

CONCLUSIONS 
New  synthetic  sorbents  have  been  realized  with 
improvement  in  the  crucial  features  of  adsorption 
efficiency and cycling resistance. This result is effective to 
increase  the  hydrogen  production  from  biomass 
gasification in  order  to  use the syngas for  FC feeding. 
New studies not included in this work are also showing 
the efficiency of these powders for the TAR removal on 
syngas cleaning process.
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ABSTRACT  

The global effort to reduce greenhouse gases 
emissions into the atmosphere motivates the 
development of novel technologies that can efficiently 
produce electricity while simultaneously capturing CO2 
(for geologic storage or enhanced oil recovery).  Solid 
oxide fuel cells (SOFC) have the potential to play such a 
role because they can achieve high electrical conversion 
efficiencies – especially in gas turbine hybrid 
configurations – while operating on a wide range of fuels, 
e.g. natural gas, biogas, coal- and biomass-derived 
syngas [1].  Furthermore, since they convert 
hydrocarbons to electricity via electrochemistry, rather 
than via combustion in air, they naturally produce an 
(anode) exhaust stream with a high CO2 concentration, 
greatly facilitating CO2 capture. This study is a detailed 
investigation of various plant designs for SOFC-based 
power generation. The baseline case employs SOFC 
operating on compressed natural gas (NG). Two other 
fuel options are considered: biogas from anaerobic 
digestion and coal/biomass-derived syngas. The latter 
case includes solids handling, gasification and syngas 
cleaning systems.  

The efficiencies (HHV basis) achieved with a SOFC-
based power plant capturing CO2 and fed by natural gas 
(NG), biogas from anaerobic digestion of biomass and 
coal syngas, respectively, are 62.0%, 61.1% and 47% 
respectively. 

 
INTRODUCTION 
SOFC systems coupled with gas/steam turbines as 
bottoming cycles have the potential to play a key role for 
future new generation large power plants (>1 MW) [2] due 
to the high electrical efficiency achievable at affordable 
costs [3]. In addition, carbon capture can be added as a 
feature of the plant in quite attractive ways compared to 
conventional NG-fired combined cycle plants and coal-

based IGCC plants. In principle, either pre- or post-SOFC 
CO2 capture can be employed [3,4]; the latter option is 
certainly the one to chose when CH4 is a significant 
fraction of the fuel mixture feeding the SOFC.  

 
POWER GENERATION WITH NATURAL GAS  

In plants that vent CO2 (V- plants), the SOFC anode 
and cathode exhausts are mixed together and combusted 
to recover the chemical enthalpy of the unconverted fuel 
(H2 and CO) leaving the SOFC; the hot combustion gases 
generate additional power either by flowing in a gas 
expander (pressurized SOFC plant venting CO2, i.e. NG-
V-20bar) or in a heat recovery steam cycle (HRSC) as for 
the atmospheric plant (NG-V-ATM case).  

In plants designed for CCS, the SOFC exhaust 
streams are maintained separated to facilitate CO2 
capture. The anode exhaust is burned with pure oxygen 
to obtain a hot H2O/CO2 stream, which is flowed through 
a dedicated expander power and then further cooled 
down (recovering additional power in the HRSC) to 
facilitate the water removal, eventually yielding an almost  
pure CO2 stream. Heat integration in the CCS plants is 
somewhat more complicated because of the separate 
management of SOFC exhaust streams.  For this reason, 
the heat integration and bottoming cycles are carefully 
optimized to maximize the electrical efficiency [5].  

The SOFC is operated at 800°C; and its operating 
voltage is calculated as following: 

����� � ����������������� �� ��� � ��� � � .    Eq.1 
The Nernst potential is given by the reversible 

thermodynamic potential of the oxidation of H2 (and CO) 
as a function of temperature, pressure and gas 
composition. The area specific resistance (ASR) of the 
fuel cell is taken as 0.28 Ω cm2, with an operating current 
density j of 0.64 A cm-2 and a global fuel utilization of 
85%. Anode exhaust recirculation is employed to provide 
a sufficient steam-to-carbon ratio at the inlet of the anode 
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chamber, while the recirculation of the cathode exhaust 
provides a way to heat the fresh stream up to 650 °C 
(cathode inlet) avoiding an expensive air-recuperator.   
 
POWER GENERATION WITH ALTERNATIVE FUELS  

Two alternative fuel options have been considered 
for the power plant featuring a pressurized SOFC-base 
hybrid cycle capturing CO2. The first one is only a slight 
variation from the NG case, and consists in a methane-
rich biogas (60/40 CH4/CO2 vol.) from anaerobic digestion 
feeding the SOFC plant. The second fuel option is coal 
syngas produced by a Shell coal gasification process; for 
this fuel configuration, the whole integrated gasification 
fuel cell (IGFC) plant has been modeled. 

 
RESULTS  

In Fig. 1 is reported the plant layout for the NG-CCS-
20bar plant. In Fig. 2 the main energy flows of such plant 
are shown; an efficiency of 62.0% (HHV basis) is 
achieved.  

 
Fig. 2   Sankey diagram of plant in Fig. 1 

The efficiency penalty for CO2 capture is less than 4% 
due to the advantageous post-SOFC capture performed; 
in fact, the SOFC generator already oxy-combusts 
(electrochemically) the most of the fuel, while the 
remaining part is oxy-combusted in a dedicated burner. 

For the NG case, we modeled the full 2x2 design matrix 
with either atmospheric vs. pressurized operation, 
with/without CCS.  The results are reported in Fig. 3.  

 

 
Fig. 3   Comparison of a NG plant either 

atmospheric or pressurized, with/without CCS 
The lower efficiency penalty for CCS in the atmospheric 
case is essentially due to different design solutions and 
constraints considered in the atmospheric and 
pressurized plants, respectively. 
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Fig. 1   Layout of the NG fed plant pressurized at 20 bar and capturing CO2 (NG-CCS-20bar) 
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ABSTRACT 
The  study  of  platinum  loading  effect  on  catalysis  of 
cathodic reaction in Single Chamber Microbial Fuel Cell 
(SCMFC) was carried out aiming at defining a strategy for 
MFC cost  reduction and validate  a  protocol  to  test  cell 
components.
The  daily measured  polarization  curves  (V-I)  showed a 
decrease in the maximum current in all  SCMFCs, while 
the  ohmic  losses  (the  polarization  curve  V-I  slope) 
increased over the operational time, since the conductivity 
of the solution dropped one order of magnitude (0.9 mS 
minimum).  In  the  SCMFCs,  which  was  80-90%  COD 
removal efficiency after the 8 days of experimentation, the 
decrease of the solution conductivity is in agreement with 
the  organic  substrate  degradation.  The  polarisation 
curves  shift  down  day  by  day  over  the  experimental 
period. This electrochemical behaviour underlines the limit 
of the batch configuration. The progressive reduction of 
substrate, other than the increasing of the mass transport 
resistance could mask other processes occurring in the 
cell. 
The  SCMFCs  with  0.5-1  mgPt/cm2 on  the  cathode 
obtained  the  best  power  generation  (786  mW/m2),  10-
15% higher than the SCMFCs with 0.01-0.25 mgPt/cm2, 
thanks  to  the  higher  potentials,  and  the  SCMFCs  with 
0.005  mgPt/cm2 had  the lowest  power  generation (550 
mW/m2).  Pt  load of  0.5 mgPt/cm2 seems give the best 
cost-performance balance. 

INTRODUCTION
The microbial fuel cell (MFC) is a biotechnology capable of 
converting  biodegradable  organic  compounds  (e.g. 
hydrocarbon, protein) of wastewater into electricity, a great 
promise  for  environment  and  energy  sustainability.  An 
anaerobic biofilm oxidizes the organic compounds at the 
anode  generating  electrons  and  protons  that  reach  the 
cathode and  react  with  oxygen.  In  order  to  achieve  the 
real-world  application  of  MFCs  in  wastewater  treatment 

plants, further developments in novel MFC configurations 
and cost-effective electrode materials should be validated, 
in particular,  the replacement  of  the expensive platinum. 
This work investigated the variation of power generation in 
MFCs with different low platinum loading cathodes, one of 
the most expensive of component used in low temperature 
fuel cells, including microbial fuel cells.

MATERIALS 
Batch mode Single Chamber Microbial Fuel Cells (0.13 L 
each SCMFC) with raw wastewater as inoculum and fed 
with an initial sodium acetate concentration of 3 gl-1 were 
operated for 8 days at constant temperature of 30±2 °C. 
Different  cathodes  (platinum  loaded,  unloaded  and 
biocathode)  were  tested.  Carbon  cloth  30wt%  PTFE 
treated with a micro porous layer (5 cm2 of geometric area) 
was used as the base cathode structure [1]. In the case of 
Pt-based cathodes, the platinum loading varied from the 
lowest value of 0.005 to the higher value 1mgPt/cm2. In the 
case  of  Pt-free  graphite  cathode  no  any  catalyst  was 
applied. In the case of biocathode, a Pt-free cathode with a 
biofilm grew during 4 weeks of cell operating was tested. 
Aiming at the cathode study, carbon cloth (untreated, 20 
cm2 of  geometric  area)  already well  colonized by biofilm 
was used as anode current collector. 

METHOD
The anodic and cathodic  Open Circuit  Potentials (OCPs) 
were daily measured (vs Ag/AgCl). Power generation and 
characteristic curve of SCMFCs at different external loads 
(Rext)  was  daily  determined  using  the  polarization  curve 
measurements.  The  Rext was  changed  from  33  ohm  to 
1492 ohm and the corresponding generated voltage (V) 
was  measured  using  a  multimeter  after  stabilization  (5 
minutes). The current density I was calculated according to 
I  =  V/A*Rext,  and  the  power  density  was  calculated 
according to V2/A*Rext. The COD concentration in the single 
chamber  was  measured  4  times  during  the 
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experimentation  using  HACH  high  range  (0–1500mg/L) 
COD vials and DR 220 spectroscopy (HACH, Loverland, 
CO). Electrical  solution conductivity was daily measured. 
Cathodic  polarization  curves  were  performed  at  the 
beginning of the experimentation in a phosphate buffer as 
well  as during the experimentation using a  potenstiostat 
(Amel 474). Each SCMFC was studied for 8 days.

RESULTS AND DISCUSSION
The  results  showed  that  cathodic  Open  Circuit  Potential 
(OCP) and cell  power output varied with the Pt loadings. 
The higher cathodic OCPs were measured by MFCs with Pt 
loadings  of  0.1-1  mgPt/cm2  (527-589  mV)  and  the  lower 
ones by MFCs with Pt-free graphite cathode (114 mV) and 
biocathode (12 mV). During the experimentation, cathodic 
OCP of Pt loaded cathodes dropped dramatically, especially 
the first days, probably due to the poisoning of the catalyst, 
while the OCP of graphite cathode and of the biocathode 
remained stable. The decrease of the cathodic OCP as well 
as the overall  OCP (OCPcathode -  OCPanode)  with  time was 
attributed to biofilm growth on the cathode surface. Anodic 
OCPs  were  490±20  mV  vs  Ag/AgCl  along  all  the 
experimentation, independently of the cathode type. 
In  the  first  day,  the  MFCs  with  0.5-1  mgPt/cm2 on  the 
cathode  obtained  the  best  peak  power  generation  (786 
mW/m2), 10-15% higher than the SCMFCs with 0.01-0.25 
mgPt/cm2, thanks to the higher potentials, and the SCMFCs 
with  0.005  mgPt/cm2 reached  550  mW/m2.  Graphite 
cathode MFC had the lowest power generation achieved in 
the  experimentation  due  to  the  low  catalytic  activity  of 
graphite as showed in Figure 1. 
Biocathode MFC had higher power generation than graphite 
cathode MFC due to the activity of biofilm formed on the 
cathode, in spite the very low OCP of it. This observation is 
confirmed by the peak power evolution in time. In fact the 
peak power of graphite cathode increased the first days as 

the biofilm grew up (in the first 5 days, Figure 1). Viceversa, 
in case of Pt-based cathode, all the power peaks decreased 
constantly  (Figure  1)  due  to  the  biofilm  growth  on  the 
cathode,  as well  as the decrease  in  solution conductivity 
and the decrease of  organic compounds concentration in 
the system. The cathodic polarization curves done in half 
electrochemical cell with phosphate buffer, showed similar 

results  of  a  previous work  [2],  with  similar  trends.  MFCs 
with  cathode Pt  loading from 1 to  0.1  mgPt/cm2 showed 
slight  better performance than the others Pt loading.  The 
daily polarization curves (V-I)  were analyzed to  study the 
time behaviour. In all SCMFCs the maximum current output 
and  the  ohmic  losses  (the  polarization  curve  V-I  slope) 
increased over the 8 days of work, since the conductivity of 
the  solution  dropped  one  order  of  magnitute  (0.9  mS 
minimum), underlining the limit of the batch configuration. 
These  effects  tend  to  mask  the  deactivation  of  the  Pt 
catalyst due to biofilms grew on the cathode surfaces.
The  solution  conductivity  decreased  according  to  the 
organic substrate concentration in the SCMFCs. 80-90% of 
removal  efficiency  was  estimated  after  the  8  days  of 
operation. The COD degradation was generally independent 

from of the platinum loading at the cathode as well as the 
presence of platinum as showed in Figure 2. 

As can be seen in  Figure 1,  Pt  loaded and bio cathode 
power output differences were reduced in time.
We  conclude  that  on  short  time  the  Pt  loaded  cathodes 
show  a  better  performances,  but  long  time  studies  are 
necessary. The biofilm formation on cathode will reduce the 
catalyst activity and, probably, on long time this activity could 
become  not  significant.  In  front  of  these  low  Pt  loading 
cathodes could be used as reference for short time studies 
aimed at  the  anode and cell  structure  development.  The 
batch cell  configuration is not the better one to study the 
MFC long  time  performances  due  to  the  COD decrease 
during the experiment. 

Figure 1. Power peaks trend during the experimentation.

Figure 2. COD degradation during the experimentation.
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ABSTRACT
This work reports experimental and numerical studies 

on the scale effect of pin-type interconnectors to the cell 
performance of a single-cell stack for planar solid oxide 
fuel cells. It is found that by adjusting the pin and channel 
widths  and  their  related  fraction  ratio  of  pin-type 
interconnectors,  an  optimal  cell  performance  of  single-
cells stacks can be obtained. 

INTRODUCTION 
Planar  solid  oxide  fuel  cell  (SOFC)  has  received 

much attention due to  its  simpler  assembly and higher 
power  density relative  to  the  tubular  SOFC.  To  form  a 
stack, multiple single-cells have to be connected in series 
by  interconnectors  which  act  as  gas  distributors  to 
separate  and provide uniform flow fields in both  anode 
and cathode and also provide the necessary support and 
make the electrical connection with electrodes. To reduce 
the concentration polarization, the contact area between 
the interconnectors and the electrodes must be minimized 
so  that  more  reactants  can  penetrate  into  the  porous 
electrodes. On the other hand, the contact area cannot be 
too small,  otherwise the ohmic resistance would be too 
high. Hence, the objective of this work is to find out an 
optimal design of pin-type interconnectors that considers 
various pin and channel widths (Wpin and Wchannel) and their 
corresponding  fraction  ratio  (f =  Wpin/Wpitch)  yielding the 
highest  cell  performance  of  a  given  single-cell  stack, 
where Wpitch = Wpin + Wchannel. 

Many numerical models for pin-type SOFC have been 
developed  to  analyze  the  size  effect  on  the  cell 
performance  (e.g.,  Refs.  [1,2]).  However,  it  should  be 
noted  that  these  results  appear  to  be inconsistent  and 
have not yet validated by experimental  data.  Thus,  this 
study measures the power-generating characteristics and 
electrochemical  impedance  spectra  (EIS)  of  various 
single-cell  stacks  using  the  metallic  pin-type 

interconnectors  with  different  values  of  Wpitch and  f. 
Moreover, a 3D reacting flow model is also developed to 
analyze  the  transport  phenomena  in  these  single-cell 
stacks. 

EXPERIMENTAL METHOD
In  this  study,  we  apply  the  crofer-22  APU metallic 

plates  to  fabricate  various pin-type interconnectors  with 
different Wpitch and f, as shown in Fig. 1a, so that the size 
effect on the cell performance and its polarizations can be 
measured. 
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Fig.  1.  (a)  Schematic  of  a  pin-type  interconnector;  (b) 
photograph of the testing rig; (3) exploding sketch of the 
testing rig.

Applying  the  same  methodology  as  in  Ref.  [3,4],  we 
measure  the  power-generating  characteristics  and  the 
EIS of  single-cell  stacks  using different  values  of  Wpitch 

and f. Figure 1b presents the photograph of the testing rig 
in  which  a  single-cell  stack  is  embedded in  a  ceramic 
housing  inside  a  program-controlled  furnace,  and  its 
exploding sketch is also shown in Fig. 1c for clearness. 
The single-cell stack consists of an anode-supported cell 
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with an effective area of 40 mm x 40 mm, two crofer-22 
APU  pin-type  flow  distributors,  and  two  B85  ceramic 
housings  for  the  purpose  of  support  and  insulation. 
Concerning  the  current  collection,  nickel  and  platinum 
wires  are  directly  welded  on  the  two  metallic 
interconnectors.

NUMERICAL SIMULATION
A 3D reacting flow model implemented by CFD-RC 

packages is established to conduct numerical analyses. In 
this model, two parameters, which are the pre-factor and 
the  activation  energy  corresponding  to  the  exchange 
energy,  are  calibrated using the experimental  data.  For 
detailed descriptions on the governing equations used in 
the present study, the reader is directed to Ref. [5].

RESULTS AND DISCUSSION
Figure  2  shows  both  experimental  and  numerical 

results for the size effect of the pin-type interconnectors 
on  the  cell  performance.  The  experimental  data  reveal 
that the power density (PD) increases as values of  Wpitch 

decrease, by which all other experimental conditions are 
kept  the  same.  Such  increase  in  PD  is  because  the 
reactants are easier to diffuse into the porous electrodes 
under the bottom of the pin for smaller Wpitch, and thus the 
corresponding concentration polarization is reduced. 
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Fig.  2.  Variations  of  the  power  density  with  f at  three 
different  Wpitch obtained by numerical simulations, where 
three  solid  symbols  are  the  experimental  data  for 
comparison. 

The  numerical  data  are  in  good  agreement  with 
experimental data. The numerical results also show that 
the smaller the Wpitch is, the higher the PD is. Furthermore, 
the tendency of the variation of PD with f can be divided 
into three parts.  (1) The PD drastically increases with  f 
when f < 0.5. (2) When 0.5 < f < 0.7, the drastic increase 
in PD quickly levels off. (3) When  f > 0.7, values of PD 
even decrease with f.

These  experimental  and  numerical  results  can  be 
further  confirmed  by  the  EIS  measurements.  Figure  3 
shows the EIS data of the single-cell stacks using the pin-
type interconnectors with different values of  f. Note that 
these data in Fig. 3 are measured at  V = 0.6 V over a 
wide  rage  of  frequency from  50  m  Hz to  3  kHz.  Also 
shown  in  Fig.  3  is  the  fitting  data  obtained  using  an 
equivalent  circuit  model  (ECM).  It  is  found  that  the 
decrease  of  f has  little  influence  on  the  polarization 
resistance,  but  it  has  strong  impact  on  the  contact 
resistance  between the interconnectors  and the porous 
electrodes leading to a significant increase of the ohmic 
resistance, as can be seen from Fig. 3.
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Fig. 3. The Nyquist plot of the single-cell stacks using the 
pin-type interconnectors with different values of f, in which 
data are measured at V = 0.6 V. 

CONCLUDING REMARKS
This  note  investigates  the  size  effect  of  pin-type 

interconnectors  on  the  cell  performance  of  single-cell 
stack for planar SOFC. A better combination of  Wpitch = 4 
mm and f = 0.66 for pin-type interconnectors is found by 
which the optimal cell performance, such as higher power 
densities and smaller ohmic and polarization resistances, 
can be achieved.
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ABSTRACT 
Palladium composite membranes, 20 to 30 µm thick, 

have been obtained by electroless plating on modified 
macroporous stainless steel supports. Membranes have 
been successfully tested for more than 6000 hours at 
400°C in various gas mixtures in a laboratory pilot loop; 
their performances in the water gas shift of syngas and 
ethanol steam reforming have also been assessed.  
 
INTRODUCTION  
 Palladium based membrane reactors are widely 
studied for production of high purity H2 in several 
processes, such as natural gas steam reforming, ethanol 
steam reforming and WGS of synthesis gas [1]. Due to 
the considerable cost of palladium, research effort are 
addressed to obtain low thickness Pd-membranes, 
prepared by deposition on cheaper materials, such as 
macro-porous metals and ceramics, by various 
techniques, including electroless plating.  Electroless 
plating is an autocatalytic process which allows obtaining 
thin films with good adhesion characteristics; moreover it 
does not require expensive set-up and is relatively easy to 
scale-up from laboratory to industrial scale. As much as 
the thickness of Pd layer is lowered, however, obtaining 
defect-free coatings with adequate adhesion and stability 
is becoming a critical issue in order to produce high purity 
hydrogen suitable for feeding PEM fuel cells. In this frame 
RSE is developing Pd composite membranes prepared by 
electroless plating on stainless steel tubular macroporous 
supports. In this paper preparation process and 
performances of these membranes are presented.   
 
RESULTS 
Supports are 10 mm O.D. AISI 316L macroporous  tubes, 
with  a mean  pore size of about 2 µm, a porosity around 
the 20% and a mean rugosity of about 4 micron.  

Membrane preparation is performed according to a 
procedure involving the following steps [2]: 
- Machine polishing of the support with a diamond 

paste to reduce surface mean rugosity of 5-6 times. 

- Cleaning of the support in an ultrasonic bath with 
acetone, followed by successive rinsing in water, 
diluted hydrochloric acid, de-ionized water up to a 
neutral pH, and acetone.  

- Oxidation of the support in a oven with static air at the 
temperature of 500 °C for two successive cycles of 10 
hours.  

- Activation of the oxidised support by dipping into an 
acidic stannous chloride solution and a palladium 
chloride solution, alternately, for 5-6 times.  

- Deposition of palladium by electroless plating 
performed in a solution of PdCl2, ammonia (to control 
pH), EDTANa2 (complexing agent) and hydrazine 
(reducing agent).  Pd plating is obtained by circulating 
the solution in a reactor where the membrane is 
immersed and kept in rotation in order to obtained an 
homogeneous deposit on the external surface and 
facilitate nitrogen evacuation from the reaction zone; 
temperature is kept constant (45-50°C) by a 
thermostatic bath. Typically 1-2 microns of Pd are 
deposited for each bath.  

At the end of each bath, membrane thickness is 
estimated by gravimetric measurements and, thereafter, 
He permeance at room temperature is determined. The 
membrane is considered as dense and, consequently, 
palladium deposition stopped, when He permeance is 
reduced below 10-9 mol/sec/m2/Pa at a transmembrane 
pressure of 5 bar.  
Following the above procedure membranes in the range 
20-30 µm have been obtained. Fig. 1 shows a SEM 
micrograph of such a membrane. Pd covers uniformly 
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metal surface and deeply penetrates in the pores, insuring 
a good anchorage to the support.  

 

 
Fig. 1 SEM micrograph of a Pd-membrane  
deposited on a porous stainless steel support 

 
These membranes have been extensively tested in a 
laboratory pilot loop in multi-component gas mixtures and 
by evaluating specific reactions such as methanol steam 
reforming [3] and water gas shift (WGS) of syngas [4].  
The WGS reaction has been carried with a 29 µm thick 
membrane at 410-414°C, feeding a gas mixture with a 
7.6% CO concentration and H2O/CO ratio in the 2.7-3.6 
range. The membrane reactor  was able to achieve up to 
he  85.0 % of CO conversion, while only the 37% as a 
maximum,  was reached with a traditional reactor in the 
same operating conditions (fig. 2). Up to the 82% of H2 
has been recovered with a purity exceeding the 97%.  
Another membrane, 20 µm thick, has been operated for 
more than 6600 hours in the 300-400°C for 14 cycles. The 
stability of this membrane has been first checked at RSE 
laboratories in pure gases (H2 and He) at 300-400°C. The 
membrane has been exposed to a H2 flux for more than 
1650 hours, without any degradation of its performances. 
The membrane has been then used for WGS tests and 
for the reforming of a bioethanol mixture at 390°C at ITM-
CNR. Results of WGS tests are discussed in detail in this 
conference [5]. The membrane exhibited stable 
performance for more than  4000 hours; a progressive 
decline of hydrogen flux an of permselectivity has been 
then observed, due to the membrane fouling with the 
catalyst used for bioethanol reforming reaction.   
In summary the above described membranes exhibit a 
good stability on the long-term and can be used to study 
several reactions in membrane reactor configuration.  In 
order to produce high purity hydrogen suitable for feeding 
PEM fuel cells, however, both H2 permeance and perm-
selectivity should be improved. To this purpose the 
following routes can be followed: 
- a proper thermal treatment in inert gas before 

operation in H2, to allow release of intrinsic stresses 
and minimize the formation of defects (pinholes);  

- modification of the support by deep coating deposition 
of a ceramic “barrier” layer, such as γ-alumina. This 
barrier can reduce both surface roughness and avoid 
diffusion of iron from the support into the Pd-layer, 
allowing to obtain dense membrane with a thickness 
as low as 10 µm [6]. 

 

0

20

40

60

80

100

0 20 40 60 80 100
HRF (%) 

C
O

 c
on

ve
rs

io
n 

(%
) 

steam/CO = 3.58 

steam/CO = 2.66

T=410°C

 
Fig. 2 CO conversion as a function of H2 recovery 
(HRF) for various syngas mixtures  
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ABSTRACT 

Pacific Northwest National Laboratory (PNNL) is 
collaborating with industry to deploy and independently 
monitor 5- to 40-kilowatt-electric (kWe) combined heat 
and power (CHP) fuel cell systems (FCSs) installed in 
light commercial buildings.  This article discusses results 
from PNNL’s research efforts to independently monitor 
the engineering, economic, and environmental 
performance of these FCSs at installation sites. 

 
INTRODUCTION 

PNNL has been working to independently monitor 
and analyze the performance of micro- CHP FCSs 
installed in light-commercial buildings.  The FCSs are 
expected to achieve an electrical efficiency of 36%, a 
heat recovery efficiency of 40%, and an overall efficiency 
of 76%, based on the higher heating value (HHV) of 
natural gas.  Data measured in real time at one-second 
time intervals over the project’s five-year lifetime will be 
used to benchmark their performance against stated 
manufacturer data and U.S. Department of Energy (DOE) 
program goals. 

This research effort is independently analyzing key 
engineering performance parameters, including (1) the 
real-time net system electrical and heat recovery 
quantities available; (2) the real-time net system 
electrical, heat recovery, and overall efficiencies; and (3) 
the buildings’ utilization of electricity and heat from the 
CHP FCSs.  

The effort is also objectively evaluating key 
environmental performance parameters, including (1) the 
change in greenhouse gas (GHG) and air pollution 
emissions with a switch from conventional power plants 
and furnaces to CHP FCSs; (2) the change in GHG 
mitigation costs from the switch; and (3) the change in 
human health costs related to air pollution. 

The research is also independently analyzing key 
economic performance parameters, including the average 
marginal cost of the CHP FCSs (1) per unit of power, and 
(2) per unit of energy. 

 
METHODOLOGY 
Engineering Performance: Efficiency and Utilization 
 The net heat recovery efficiency,   , of a CHP FCS 
can be defined as the quotient of the net heat recovered 
from the FCS for external heating,   , and the energy 
input to the system based on the HHV of natural gas, 
    , as in Eq. 1: 

   
  

        
 (1) 

where      is the mass flow rate of natural gas [1].  The 
net electrical efficiency of a CHP FCS can be defined as 
the quotient of the net electric power output of the FCS, 
   , (including electricity supplied from the fuel cell stack 
and any energy storage, minus electricity drawn internally 
by ancillary loads such as pumps and compressors) and 
the energy input to the system based on the HHV of 
natural gas: 

   
   

        
 (2) 

The net overall efficiency,   , is the sum of the two, 
shown in Eq. 3:   

         (3) 
The in-use electrical and heat recovery efficiencies 
reduce the values in the numerator by any energy that 
goes practically unused, e.g., when supply exceeds 
demand.  
 If the CHP FCSs recover some heat for external 
heating that is not usefully consumed at the building site, 
this energy is unused.  In this case, the net in-use heat 
recovery efficiency and the net in-use overall efficiency 
both decline.  As a result, an important performance 
parameter is the average percentage of building heat 
demand supplied by the CHP FCSs over time,    : 

     
  
   

 (4) 
where    is the instantaneous heat recovery of the FCS, 
    is the instantaneous heat demand of the building at 
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the same time step, and the quotient of the two is 
summed over all time steps in the formula.  This data is 
needed to derive FCS energy capacity utilization. 

Environmental Performance: Emissions 
Environmental performance is quantified by applying 

a life cycle assessment methodology, described in 
[1,2,3,4], that delineates the mass of GHG and air-
pollution emissions per unit of output.  This method also 
quantifies the negative environmental impacts of these 
emissions in terms of financial costs to society [5,6,7]. 

Economic Performance: Average Marginal Cost 
The average marginal cost of power is the expected 

total project cost of an installation divided by the sum of 
the total installed electrical power and heat recovery 
power at that site.  In Eq. 5 for the average marginal cost 
of combined electrical and thermal power (cP), C is the 
total project cost,     is the electrical power output of the 
installation (for example, in units of kWe), and    is the 
heat recovery power output of the installation (for 
example, in units of kilowatts-thermal (kWth)): 

QW
Cc

E
P  


 

(5) 
 

Applying management accounting principles, a derivation 
(not shown here) indicates that this value also equals the 
average marginal cost of either electricity or heat from the 
FCS per unit of electrical or thermal power, respectively.  
The average marginal cost per unit of electrical and heat 
recovery energy can be derived in a similar manner. 

 
RESULTS 

According to available data, the heat supplied by the 
FCS is predicted not to exceed thermal building demands 
frequently.  However, during periods of minimum heating 
demand at six of the ten installation sites, heat utilization 
is expected to be below 100%; FCS heat supply is 
predicted to exceed minimum building heat demand 
primarily in summer at southern locations.  Modeling 
results indicate that CHP FCS installations with heat 
utilization approaching 100% are more economical and 
also more environmentally benign. 

For the CHP FCSs, the average marginal cost per 
unit of electrical power varies between $15,000/kWe and 
$19,000/kWe; the average marginal cost of electrical plus 
heat recovery power ranges between $7,000/kW and 
$9,000/kW.  The latter CHP value is more competitive 
with current generation technologies.  Applying a 
management accounting approach, this value is also 
equivalent to the average marginal cost of either heat or 
electricity from the CHP FCS per unit of electrical or 
thermal power, respectively.  In other words, this value 
can be directly compared with competing generator costs 
for electric power plants in $/kWe or boilers/furnaces in 
$/kWth. 

The average marginal cost per unit of electrical 
energy ranges between $0.38/kWh and $0.46/kWh;  the 
average marginal cost per unit of electrical and heat 
recovery energy ranges between $0.18/kWh and 
$0.23/kWh.  The latter CHP value is more competitive 
with current generation technologies, and can be 
compared directly with competing generator costs for 
electric power plants in $/kWhe or boilers/furnaces in 
$/kWhth. 

Stated manufacturer performance data appear to be 
consistent with measured values.  For the first month of 
data collected on two installed FCSs, the FCSs achieved 
an average net system electrical efficiency of 35%, 
consistent with the manufacturer-stated efficiency of 36%.   
The FCSs achieved an average net electrical output of 
4.8 kWe, consistent with the manufacturer-stated output 
of 5 kWe. The average heat supply temperature to the 
building is measured as 45°C, while the manufacturer-
stated maximum supply temperature is 65°C.  The 
discrepancy is attributed to the relatively low hydronics 
inlet temperatures at this particular building site.   
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ABSTRACT 
We reported here a new concept of  a single functional 
layer which can act as a fuel cell for the direct reformation 
of  a  hydrocarbon  fuel  based  on  the  nanocomposite 
materials for advance fuel cell technology (NANOCOFC), 
www.nanocofc.com.  The fuel cell  was designed by  only 
using  one layer  of  mixture possessing mixed ionic  and 
electronic conductors. This functional layer is integrated 
with  catalysts  (Zn/Ce/Fe)  which  enhance  the  fuel  cell 
reaction without any additional reformer for hydrocarbon 
fuels like biogas/syngas. 
This simple functional single layer (SFL) fuel cell  offers 
numerous  benefits  over  conventional  fuel  cells: 
nanostructure,  very  simple  design,  cost  effective; 
automated; light-weight; non-noble materials; high energy 
efficiency.
The effect of biogas flow on the performance of the cell 
has been studied at 400-600 0C. This  cell have shown the 
cell  performance around 300mW/cm2 between 480-600 
°C  using  direct  biogas  as  a  fuel,  and  shows  the 
comparable performance to the conventional three layer 
cell. No carbon or coking has been found on the fuel side 
using SEM/EDX and Raman spectroscopy Analysis.

INTRODUCTION 
In the 21st century,  energy and environmental  demands 
have  becomes a serious  issue.  In  order  to  reduce  the 
primary  energy  demands  and  CO2  emissions,  many 
efforts   are going on to develop the cost effective and 
environmental  friendly  technologies  for  sustainable 
development [7].
Fuel cells attracts much attention for its high efficiency be-
cause of heat and power generation simultaneously, and 
environmental  friendly[6-7].  There  are  many  fuel  cells 
(FCs), but high temperature fuel cells are more attractive 
due to its  fuel  flexibility.  The commercialisation of  such 
fuel  cells  has been  delayed due to technology complex 
and high costs. 
We presented a promising break-through for FC research 
and commercialization, based on new principle and tech-

nology [1-5]. FCs are traditionally based on a three-com-
ponent configuration -  anode, electrolyte and cathode –
leading to a complex structure and high cost as well, not 
least since the three components have to be chemically 
stable and mutually compatible. This invention on electro-
lyte-free, one-component FC is reported earlier [5].
In this paper, we present some experimental results using 
biogas  as  fuel  with  mixed  (electronic  and  ionic 
conductors) for single layer fuel cell. The device performs 

well at temperatures of 450-600 °C. 

EXPERIMENTAL

Preparation of mixed (electronic &ionic) conductor
The mixed- conducting materials for single functional lay-
er  device  were prepared by wet chemical method. Stoi-
chiometric amounts of NiCO3.2Ni (OH) 2·6H2O, CuCO3·Cu 
(OH) 2 and  Zn  (NO3)2·6H2O  and  Fe  (NO3)3.6H2O  (Sig-
ma-Aldrich, USA) were mixed and grounded for 1 hours. 
Then mixed carbonates put into 50g  H2O and added 5g 
citric acid and then heated and stirred the mixture to form 
a solution. After 30 minutes, we added an ionic conductor, 
Ce0.8Sm0.2−xO2−δNa2CO3 (NaSDC) nanocomposite reported 
elsewhere [8] with  2:  1.  The mixed solution was further 

heated and stirred for 1 hour. Finally the dried powder was 
sintered at 750 oC for 3h. Some typical compositions with 
a molar ratio among metal elements are: Ni:Cu:Zn:Fe = 
5:4:8:1. 

Fabrication of single layer device
The obtained mixed powder was pressed uniaxially with a 
250 MPa load to flat tablets of the single-layer material, on 
which both end surfaces were pasted by silver as current 
collectors.  The tablet diameter was normally 1.3 cm and 
its thickness 0.06 − 0.10 cm. 

Fuel cell measurements
The performance of the cell was measured using a com-
puterized  instrument  (L43  Inc,  Tianjin,  China)  over  the 
temperature range of 400 − 600 °C. Biogas and air were 

1 Copyright © 2011 
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supplied in the range of 80 – 100 ml min−1 under 1 atm on 
each side of the cell. 

RESULTS AND DISCUSSIONS
The  comparison  of  conventional  three  layers  (anode, 
electrolyte and cathode) FC and single functional layer FC 

is  illustrated  in  Figure  1.  It represents  a  radically new 
approach to FC R&D.

Figure:1 Schematic diagram of conventional three layers 
SOFC and single functional layer fuel cell. 

The performance of  the single functional  layer  FC was 
obtained with biogas as shown in Figure 2. 

Figure:  1 SFL  fuel  cell  performance  with  biogas  at 
different temperatures

The  obtained  results  show  as  good  as  existing  three-
component  FCs and prospects for further improvements 
are excellent. No carbon or coking has been found on the 
fuel  side  using  SEM/EDX  and  Raman  spectroscopy 
Analysis. Further  discussion and  results  will  be  added  in 

final manuscript.

CONCLUSION

It  is  concluded  that  biogas-fueled  have  the  stable 
operation  with  internal  reforming  at  the  fuel  side  and 
higher fuel utilization with significance efficiency at lower 
flow  rates.  It  is  also  observed  that  the  porous 
microstructure  is  necessary to  lower  the mass  transfer 
resistance and charge transfer. 

Future work will be focus on optimization to obtain the 
high  performance  w.r.t  microstructure  and  porosity  and 
long term stability for all kind of fuels.
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ABSTRACT 
Core-shell nanostructure with Pd in the core and 

Pt  in  the  shell  supported  on  carbon  as  a  catalyst  for 
oxygen  reduction  reaction  in  DMFCs  is  configured 
achieving reduced Pt loading.  The Pt@Pd/C nanoparticle 
is  prepared  by  the  galvanic  displacement  reaction 
between Pt4+ and Pd.  Pt@Pd/C electro-catalyst exhibits 
high catalytic activity and selectivity toward ORR.   

INTRODUCTION
Direct  Methanol  Fuel  Cells  (DMFCs)  have 

significant advantages such as high energy density, rapid 
start-up  and  compactness  over  rechargeable  batteries 
and other types of fuel cells. Despite these, there are still 
scientific  and  technological  difficulties  hampering  the 
widespread commercialization of  DMFCs.  For  instance, 
Methanol  crossover  from  the  anode  to  the  cathode 
through proton exchange membrane has been a major 
bottleneck in the performance of  DMFCs and results in 
parasitic  methanol  oxidation  on  the  cathode  at  typical 
operating  potentials,  which  leads  to  the  formation  of  a 
mixed  potential  that  not  only  lowers  fuel  utilization 
efficiency  but  also  adversely  affects  the  cathode 
performance,  and  thus  a  loss  in  the  overall  fuel  cell 
efficiency.  Although Pt is one of the best oxygen reduction 
catalysts,  its  activity  is  not  selective  to  the  oxygen 
reduction  reaction (ORR) in  presence  of  methanol  and 
hence the fuel crossover can cause significant reduction 
in fuel cell performance (1). A much higher loading of Pt is 
therefore  used  at  the  DMFC  cathode  than  that  at  the 
cathode of a hydrogen PEM fuel cell. Besides methanol 
crossover, there are also conscious efforts to reduce the 
amount of Pt used in the cathode catalyst.

The  high  cost  and  scarcity  of  Pt  pose  serious 
problems for the widespread commercialization of fuel cell 
technologies. The cost of Pd, however, is currently about 
one-third  that  of  Pt,  and  it  is  at  least  50  times  more 
abundant than Pt (2). Recently, Pd and Pd alloy catalysts 

have been found to exhibit good activities and methanol 
tolerance  (1)  in  ORR  even  though  the  intrinsic  ORR 
activity of Pd is lower than that of Pt. Development of Pt-
based  core–shell  nanoparticles  as  electrocatalysts  for 
polymer  electrolyte  membrane  fuel  cells  has  been  an 
emerging research area as this class of material can offer 
great scope for cost reduction as well as electrochemical 
stability.  Recent  studies  show  that  it  is  necessary  to 
improve the Pd core catalytic  activity for  which several 
approaches have been developed such as incorporation 
of  second  element  like;  Fe,  Co  etc  (3).   Instead,  the 
activity  of  core  can  be  tuned  by  varying  the  synthetic 
method  without  the  addition  of  a  second  element.  Pd 
nanostructure is used as a core. In order to prepare Pd/C 
we have used different reducing agents like, formic acid, 
sodium borohydride and ascorbic acid.  Carbon-supported 
Pt@Pd “core-shell”  nanoparticles  are  synthesized  by a 
galvanic  displacement  reaction  between  Pt4+ and  Pd. 
Pt@Pd/C  is  characterized  by  transmission  electron 
microscopy (TEM) and X-ray powder diffraction (XRD). In 
addition,  the electrocatalytic  characteristics  of  Pt@Pd/C 
electro-catalysts  for  ORR and methanol tolerant  activity 
are investigated.

RESULTS AND DISCUSSION 
Fig.1 shows comparative catalytic activities for Pd/C 

prepared by different reducing agents towards ORR. The 
results  show that  Pd/C prepared  by sodium brobydride 
(NaBH4)  reduction  method  has  higher  catalytic  activity 
compared  to  that  obtained  by  other  reducing  agents. 
Hence, we have selected Pd/C, obtained using NaBH4, as 
a core for Pt.  TEM images presented in Fig.  2 clearly 
show the formation of Core-Shell nanostructures. 

The  crystalline  nature  of  the  electro-catalysts  is 
evaluated by XRD. The XRD patterns presented in Fig. 3 
are characteristic of highly crystalline face centered cubic 
structure  with  peaks  corresponding  to  (111),  (200)  and 
(220).  

1 Copyright © 2011 
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Fig.1 Linear sweep voltammetry (LSV) data for ORR in O2 

saturated aq 0.5 M HClO4 at 1 mV/s scan rate and 1500 
rpm on Pd/C prepared using different reducing agents. 

           

Fig. 2 TEM images for Pt@Pd/C

Fig.  4 provides hydrodynamic  voltammograms  for 
Pd/C,  Pt@Pd/C and commercial  Pt/C.  The data show 
that Pt@Pd/C catalyst exhibits significant improvement in 
the  ORR  activity  over  Pt/C.  In  order  to  evaluate  the 
methanol  tolerant  character  of  the  Pt@Pd/C  catalyst, 
LSV is conducted in methanol containing aq 0.5 M HClO4 

solution saturated with O2 (Fig.5) .From the data it is clear 
that Pt@Pd/C shows higher methanol tolerant character 
than Pt/C.

 

Fig. 3  XRD patterns of Pt/C and Pt@Pd/C
 

Fig. 4 LSV data for Pd/C, Pt/C and Pt@Pd/C under 
the same experimental conditions as mentioned in Fig. 1.

Fig. 5 LSV data for Pt/C and Pt@Pd/C with methanol.

CONCLUSION
Core-Shell  structured  Pt  on  Pd/C  nano  catalyst 

prepared  through galvanic  displacement  exhibits  higher 
catalytic activity towards ORR with and without methanol 
in relation to Pt/C.  
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ABSTRACT
In order to lower the operation temperature of the solid 
oxide  fuel  cell,  hollow  and  core-shell  electrolyte  were 
introduced into our research system. The superionic and 
dual  H+ /O2- conducting materials  were  obtained  by 
combining proper materials in a single core-shell unit. 

INTRODUCTION
As a kind of electrochemical devices, solid oxide fuel cell 
is  efficient,  environmentally  benign  and  fuel-flexible. 
However, its commercial application is limited by the high 
operating temperature. Our research aims at lowering the 
working  temperature  through  the  morphological 
modification  for  the  electrolyte  materials  in  order  to 
popularize  its  application  finally.  Therefore,  hollow  and 
core-shell structures are introduced.
To date,  there  are  various  methods  applied  in  the 
synthesis  of  hollow  oxides,  such  as  reverse  micelle 
transition, the Ostwald ripening process, Kirkendall effect, 
sacrificial core technique and so forth (1-8). What’s more, 
Core-shell  composites  have  been  a  research  hotspot 
because of  the broad tune of  core and shell  materials, 
and  consequently,  the  properties  of  the  resulting 
composites.

NOMENCLATURE
No nomenclature.
The  higher  specific  surface  area  of  the  hollow  nano-
electrolyte  can  bring  more  opportunities  to  form  the 
defects  on  the  surface,  which  play  a  crucial  role  in 
decreasing the activation energy and then lowering the 
working  temperature  for  SOFC.  Core-shell  materials 
always exhibit  dramatically improvement  compared with 
each  single  component  due  to  a  coordination  action 

between  the  core  part  and  shell  layer.  In  our  recent 
research work, the normal solid core has been changed 
into  the  hollow structure,  such  as  the  hollow spheres, 
nanotubes etc., in order to combine the advantages of the 
hollow and  core-shell  structure.  Double  layers  or  even 
multilayers can also be introduced in the hollow/core-shell 
nanocomposites, as shown in Fig 1 (see the Annex).

By selecting proper materials, not only the lower working 
temperature,  but  also  the  better  thermal  stability  and 
compatibility with the electrode materials can be realized. 
In order to get the superionic and dual H+ /O2- conduction, 
the O2- conductor  (doped CeO2)  and conductor  (doped 
BaCeO3,  BaZrO3,  Ga3Nb3O9)  are  combined  in  a  single 
core-shell  unit.  In  these  systems,  many interfaces  and 
grain boundaries can be introduced, which thus act as the 
“superionic  highways”  in  a  two-phase  or  multiphase 
material.  Finally,  a superionic  conduction mechanism in 
these new types of nanocomposite materials is discussed.
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From the successful attempts of these technologies 
in the automotive industry, fuel cells could become the 
main power source for small general aviation aircraft or 
could replace APU and internal sub-systems on larger 
aircraft, to obtain all-electric or more-electric air vehicles. 
There are several potential advantages of using such a 
power source, that range from environmental and 
economic issues to performance and operability aspects. 

An all-electric General Aviation airplane was 
realized within the ENFICA-FC program (ENvironmentally 
Friendly Inter City Aircraft powered by Fuel Cells - EC-
6FP-2005-30779-AERO-1, Ott. 2006 coordinated by Prof. 
Giulio Romeo). The electric-motor-driven two-seat 
airplane powered by fuel cells was developed and  
validated by flight-test in May 2010. The airplane 
represents the first and unique aeroplane flying in the 
world. The all-electrical power system was successfully 
tested during the six experimental test flights carried out 
by POLITO.

A particular architecture was adopted for the power 
system in order to achieve a safe and flyable aircraft for 
the prescribed mission: a battery system was added as a 
secondary power source to increase the rate of climbing 
during the most power-demanding phases (take-off and 
climbing to 500m altitude). While fuel cells is always 
providing up to its maximum power output (20 kW) for 
normal flight (cruise and descending); the battery was 
designed to supply  20 kW for 18 minutes. Hydrogen 
storage system is working, for this application, at 350 bar. 
The FC system, which is able to provide 20 kW of net 
unregulated power, consists of: a) FC Stack and 
Electrochemical System, b) Heat Exchanger System; c) 
Air Delivery and Water recovery system; d) Water 
Management Subsystem; e) Electrical and Electronic 
Support System and a Control and Internal Battery 
Subsystem. The Electro-Chemical Sub System (ECSS) 
consists of two separate FC units. The stacks were 
designed for a maximum current of 110A. 

Some structural components were carefully re-
designed: engine mount as support for different 
subsystems (Fig. 1), special lightweight support plate for 
hydrogen tanks, etc. The final and most extensive 
campaign test was the one devoted to the complete 
aircraft; ground test and flight test were performed at 
Reggio Emilia airport with the goal to validate the design 
and installation of the complete converted aircraft. During 
roll-out tests a fuel cell only take-off was also simulated to 
demonstrate, from a performance point of view, the 
capability of a fuel cell only complete mission. 

Fig. 1. Engine bay installments of the fuel cell and of 
the high pressure hydrogen tank 

This stage mainly investigated the behavior of 
output power when connected to the real load (i.e. the 
propeller), behavior of propeller, handling of system 
partial failures, temperatures with the real cooling system 
(i.e. cooling system exposed to aircraft speed) and finally 
aircraft performances in take-off and cruise. Great 
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attention was paid to correct handling of the two onboard 
power sources, testing several scenarios in which 
different failures were simulated. Having the complete 
system installed on board allowed to check the real 
efficiency of cooling systems. In order to investigate this, 
temperatures were observed during high speed roll-outs 
which were performed for testing theoretical data about 
taking-off distances and speeds; cooling systems 
presented a very satisfactory behavior keeping 
temperatures below admissible limits (Fig. 2).  

 
Fig. 2. Systems Temperature during Roll-out Tests.

Take-off and climbing was obtained at power of 38 
kW. Level flight was attained at 150 km/h by mean of only 
a fuel cell power setting. 2.5 hours of effective flight were 
obtained during flight tests for a total path of 237 km (Fig.
3). A new speed world record of 135 km/h and an 
endurance of 39 min. was established during flights 
conducted for the FAI Sporting Code Category C 
(airplane). Previous record was established by the Boeing 
R&T Centre in the first hydrogen flight (120 km/h for 20 
minutes, but for a motor-glider, FAI Class D); DLR also 
flew in 2009 but with a motor-glider powered by fuel cells. 

Fig. 3. Rapid200-FC During Flight Test.

Introduction of the second power source requires a 
more complex electronic control system; it’s necessary 
indeed that fuel cell is always automatically selected as 
the main power supplier in order to minimize battery use 

that is “activated” only when requested power exceed fuel 
cell maximum one; at the same time the controller needs 
to be able to instantly draw power from battery to replace 
fuel cell in case of fuel cell malfunction.  

The real strength of the “all-electric aircraft” concept 
does not lie in an improvement in the performances, but 
in the environmentally friendly use of the aircraft itself; 
such an aircraft could be used in airports surrounded by 
urban centers, during the night and in an environments 
that are restricted because of excessive pollution risk. 
The excellent results obtained by the flight tests 
confirmed the good quality of the several elements 
assuring the safety flight of a so sophisticated machine 
and can be considered as a further step in the European 
and World Aeronautics Science in introducing a 
completely clean energy (ZERO CO2 EMISSION). 
Among the advantages of an aircraft of this type, mention 
can be made of its remarkable silence: a characteristic 
that can greatly improve the quality of life around city 
airports. 

At the same time, more theoretical type studies 
have been carried out in designing an aircraft powered by 
hydrogen for 20-30 passengers in the regional and 
intercity sector” (Fig. 4). The airplane works on hydrogen, 
taking advantage of the “fuel cell” technology at present 
available, to create an  aircraft that is able to connect 
cities through flights while totally eliminating the 
environmental impact. The study led to a better 
understanding of the practical meaning of transition from 
kerosene to hydrogen in transport airplanes 

      
Fig. 4. Inter-city aircraft powered by fuel cell 
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ABSTRACT 
Partially oxidized tantalum carbonitrides (Ta-CNOs) 

were evaluated as non-platinum cathode catalysts for 
polymer electrolyte fuel cells. Ta-CNOs were annealed 
under 2% H2/N2 containing 0.5% O2 at 1000oC to 
elucidate the origin of the catalytic activity for oxygen 
reduction reaction (ORR). The ORR activity increased as 
the degree of oxidation increased. X-ray absorption 
revealed that the Ta-CNO with high ORR activity had 
some oxygen vacancies. By Raman spectroscopy, we 
found that carbon was deposited at the surface of the Ta-
CNOs during partial oxidation process. These results 
suggested that both oxygen vacancies and deposited 
carbon have a key role in enhancing the ORR activity of 
the Ta-CNOs. 

INTRODUCTION 

Polymer electrolyte fuel cells are expected for the 
residential and transportable applications, especially for 
the automobile use, due to their high power density and 
low operating temperature. However, the estimated 
amount of Pt reserve is too small to supply for the huge 
number of fuel cell systems, especially fuel cell vehicles. 
Thus, in order to commercialize the fuel cell systems, the 
development of a non-precious cathode is strongly 
required. We think that alternative non-precious cathodes 
must have both high stability and high catalytic activity for 
the oxygen reduction reaction (ORR). In particular, we 
believe that high stability in cathode condition is 
essentially required for the cathode catalyst. Group 4 and 
5 metal oxides, which are well known as valve metals, are 
stable even in acidic and oxidative atmosphere. 
Therefore, we examined group 4 and 5 metal oxide-

based compounds such as Ta-CNO1), ZrO2-x
2), Nb-CNO3), 

and Zr-CNO4) to apply for the cathode catalysts. In 
particular, partially oxidized tantalum carbonitrides (Ta-
CNOs) has been attracting a great deal of attention as 
non-platinum-group cathode catalysts, which has a high 
onset potential for ORR that is comparable to those of 
platinum-based catalysts and rather high stability than 
platinum1). In this study, in order to gain insights into 
catalytically active sites and to elucidate factors that 
improve catalytic activities of Ta-CNOs, we conducted x-
ray absorption and Raman spectroscopy measurements.  

EXPERIMENTAL 
TaC0.58N0.42 powders were heat-treated at 1000oC for 

10 h under different flowing rate of the 2%-H2/N2 gas 
containing 0.5% oxygen to obtain specimens with 
different oxidation state. In order to quantify the degree of 
oxidation of the TaC0.58N0.42, the XRD integrated peak 
intensity at 2θ = 35o of TaCxNy, I (TaCxNy), and the XRD 
integrated peak intensity at 2θ = 28.3o of Ta2O5, I (Ta2O5), 
were utilized to calculate the ratio, I (Ta2O5)/{I (TaCxNy)+ I 
(Ta2O5)}. The ratio, I (Ta2O5)/{I (TaCxNy)+ I (Ta2O5)}, was 
designated the degree of the oxidation (DOO) of the Ta-
CNO.  

All electrochemical measurements were examined in 
0.1 M H2SO4 at 30oC under atmospheric pressure using a 
conventional 3-electrode cell. The reversible hydrogen 
electrode (RHE) was used for the reference in the same 
solution. A current density was based on the geometric 
area. The onset potential was defined as the electrode 
potential at the ORR current density of -0.2 μA cm-2. 

The electronic structure and the local structure of Ta 
in the Ta-CNO catalysts were characterized by using x-
ray absorption spectroscopy (XAS) at Ta-L3 absorption 
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edges. The XAS measurements were performed on a 
beamline BL14B2 at SPring-8. Raman spectroscopy was 
conducted using confocal Raman microspectrometer 
(LabRam ARAMIS, HORIBA JOBIN YVON) with 531.95 
nm laser of 6 mW.  

RESULTS AND DISCUSSION 
Figure 1 shows the relationship between the DOO 

and the EORR. The EORR abruptly increased with the 
increasing DOO up to 0.2. The maximum of the EORR is 
approximately 0.9 V. The starting material (DOO=0) and 
the completely oxidized material (DOO=1) had a poor 
catalytic activity. This result indicated that an appropriate 
oxidation of TaC0.58N0.42 was essential to obtain the ORR 
activity.  

Figure 2 shows the radial structure functions obtained 
by Fourier transforms of Ta-L3 edge EXAFS for the Ta-
CNO with the DOO from 0 to 0.16 and commercial Ta2O5. 
The peak at 3.0 Å decreased and the peak at 3.6 and 1.8 
Å increased with the increasing DOO. The peak at 3.0 Å 
was corresponding to the Ta-Ta bond in the Ta-CN, and 

the peaks at 3.6 and 1.5 Å were identified as Ta-Ta and 
Ta-O bond in Ta2O5, respectively. These results indicated 
that the Ta-Ta bond in the Ta-CN decreased and the Ta-O 
bond increased with the increasing DOO up to 0.16. 
These results suggested that the coordination number of 
O around Ta atom decreased with the increasing DOO, 
that is, the introduction of oxygen vacancies. This result 
implies that the oxygen vacancies might create the 
adsorption site of O2 molecule. 

Figure 3 shows the Raman spectra of Ta-CNO with 
DOO=0.98 and Ta2O5. As shown in Fig.3, the Ta-CNO 
contained graphite like carbon. Carbon deposited during 
the partial oxidation from carbide in the following 
equation. 

2TaCxNy+5/2O2=Ta2O5+yN2+2xC   (1) 
The deposited carbon might play an important role such 
as micro electronic conduction pass and formation of 
oxygen vacancies. 
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ABSTRACT 
Molten Carbonate Fuel Cells (MCFCs) can be proposed 
as an interesting CCS solution taking account that MCFC 
cathode fed with air containing CO2 can return fresh air. 
This peculiar property is related to the electrochemical 
reactions that take place inside MCFCs and allow CO2
and O2 can move from the cathode to the anode 
selectively. So MCFCs can be used, for example, to 
reduce the CO2 emissions per kWh of a conventional 
power plant by feeding its exhaust to MCFC cathode: the 
CO2 is concentrated at the anodic side and then more 
easily separated from this stream characterised by lower 
flow-rate and higher CO2 concentration. Moreover, 
additional power is produced during the separation 
process. Is possible then to think about the retrofitting of 
existing traditional power plants integrated with MCFC 
used to concentrate CO2 and separate it more efficiently. 
In order to verify the actual possibility of real integration 
and the real energy consumptions the study has been 
referred to a separation plant with MCFC-oxyfuel. Aim of 
this work is to demonstrate the feasibility of this system 
according to different operating conditions of exhausted 
gas of the power plant.  
By calculating primary energy consumption for CO2
avoided, MCFC capture system can be compared to the 
conventional systems. 
A theoretical analysis based on modelling activity and 
experimental data are presented.  

INTRODUCTION 
Fossil fuels (oil, gas and coal) are still the most used 
energy sources worldwide, covering over 80% of energy 
consumption on the planet. To their undisputed 
supremacy, however, is related part of the problem of 
carbon dioxide (CO2), whose concentration in the 
atmosphere is considered the main cause of climate 
change.  
The need to meet the growing worldwide demand for 
energy, particularly that of emerging countries, goes hand 
in hand with the need to counter the risks of climate 
impact resulting from increased production of CO2.
The primary solution to this problem is to reduce the use 
of fossil fuels for energy production, replacing them with 
the growing use of alternative sources, but despite being 
the subject of studies and investments, alternative energy 
still have a relatively modest role: the biomass materials 
and similar substances (wood, various types of waste) 
cover 10% of total energy requirements, a percentage 
that is expected to remain stable. Renewable energy, 
such as wind and solar, are growing but their contribution 
to the world energy production is only 1%. 
Fossil fuels are expected to remain the protagonists on 
the world energy scene for decades. To get in the short 
term a significant reduction in CO2 emission an 
immediate solution is needed, directly on their use.
CCS (Carbon Capture & Storage) allows to capture and 
sequester the CO2 generated by the use of fossil fuels, 
reducing emissions into the atmosphere. 
A new technology emerging in this scenario is the 
possible integration of molten carbonate fuel cells 
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(MCFC) in a combined cycle plant (NGCC): this solution 
will be presented, demonstrating the validity from an 
energetic point of view, by comparing it with a mature 
technology, the 'chemical absorption’. 
Molten Carbonate Fuel Cells (MCFC), used alone or 
integrated with appropriate separation devices can be 
used as a solution for post-combustion capture. 
The use of fuel cells is in general more advantageous 
due to higher efficiency compared to that of conventional 
plants of the same size. Important, though not always 
highlighted, is the absence in their exhaust of nitrogen 
oxides, that  have a high environmental impact. 
These systems, besides having no environmental impact, 
offer the distinct advantage of operating as an "active" 
system, producing instead of consuming electricity, while 
capturing CO2.
This prerogative derives directly from their particular 
operating mechanisms which transfers and concentrates 
at the anode a consistent part of the CO2 supplied with 
cathodic oxidant gas. More precisely, inside the cell the 
electric current pass through the electrolyte due to the 
transfer of CO3

= ions formed at cathode, at the expense 
of CO2 in the cathodic  gas flow. In this way, the CO2 in 
the anodic exhaust gas is concentrated by a mechanism 
directly related to the current produced by the cell. 
The state of the art of the MCFC system typically involves 
the use of stacks or piles of "standard" cells. 
In this way is possible to obtain a high concentration of 
CO2 (more than 30% by weight) in the anodic exhaust 
making it easier to separate CO2, while the CO2 of the 
cathodic flow is almost completely eliminated. 
It should be noted however, that the molten carbonate 
fuel cells by their nature are concentrators, so for them to 
be considered CO2 capture systems they should be 
equipped cells with a conventional device used to capture 
the CO2 in the anodic exhaust. 
In order to verify the actual possibility of real integration 
and the real energy consumptions the study has been 
referred to a separation plant with MCFC-oxyfuel.  
The importance of  comparing different technologies for 
CO2  sequestration is particularly important for several 
reasons: 
• Discrepancies in the initial conditions and choice of 
parameters can lead to differences in cost and 
performance, often higher than the truth 
• The quality of a new technology can be enhanced by 
the poor quality of the reference taken for comparison 
• Ratings and invalid comparisons may have important 
implications for commercialization  and may lead to a 
poorer quality of solutions chosen, resulting in losses for 
companies and governments 
Unfortunately, a solid and transparent benchmark for 
CCS is difficult to obtain because of the lack of well-
documented references. 
To overcome this problem the European Commission has 
established a "benchmarking task force" for developing a 

methodology to compare the CO2 capture technology that 
can be taken as a reference. 
The index thus found is called SPECCA (Specific Primary 
Energy Consumption for CO2 avoided).  
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ABSTRACT 
Polyaniline (PANI) and phosphoric acid (PA) doped 

sulfonated polybenzimidazole (SPBI) composite 
membrane (named SPBI/PANI-PA) was prepared for 
application in high-temperature proton exchange 
membrane fuel cells (PEMFCs) without the need of 
humidification. The composite membrane shows robust 
mechanical properties and excellent proton conductivities 
(>0.1 S cm-1) at elevated temperatures (>160℃),  PA 
loadings of 7.85 mol PA/SPBI, and tensile stress at break 
and elongation of 0.87 MPa and 70.56%, respectively. 
The synthesis and characterization of PANI and SPBI 
were introduced in this paper. SPBI copolymers from 3, 
3’, 4, 4’- Tetraaminobiphenyl (TAB) and monosodium salt 
5-sulfoisophthalic acid (SIPA) were synthesized by one-
step high temperature polymerization method, using 
polyphosphoric acid (PPA) as the solvent. The optimal 
preparation conditions of SPBI were obtained by single 
factor experiments: when the mole ratio of TAB and SIPA 
was 1, the monomer concentration was 4.82 wt %, 
polymerization time and temperature were 17 h and 
200℃, respectively.  

Keywords: sulfonated polybenzimidazole; polyaniline; 
membrane; fuel cell; proton conductivity

INTRODUCTION 
High-temperature proton exchange membrane fuel 

cells (PEMFCs) are particularly attractive because of the 
potential benefits of faster electrode kinetics, high 
tolerance to fuel impurities, no humidification 
requirements, and simplified system design [1, 2]. Great 
efforts have been dedicated to develop high temperature 
fuel cell membranes for operation at temperatures above 
100℃, including sulfonated poly(arylene ether sulfone) 
copolymers [3, 4], sulfonated polyimide copolymers [5], 
and radiation-grafted membranes [6]. Among those 

membranes materials, polybenzimidazoles (PBIs) is one 
of the most studied high-temperature polymer electrolyte 
material for applications in PEMFCs [7-10] because of 
their outstanding thermal, oxidative, chemical, and 
hydrolytic stability under fuel cell operating conditions. 
However, PBI must be modified because it is not a 
proton-conductive material by itself. Many different 
methods have been carried out to achieve this goal, for 
example, the introduction of sulfonic acid groups into PBI 
polymers by chemical modification [8], the physical 
blending of PBI with other sulfonic acid-containing proton-
conductive polymers [11,12]. However, the conductivities 
of these SPBI membranes were relatively low since the 
PBI basic imidazole groups could neutralize and 
inactivate some of the sulfonic acid groups, thus these 
sulfonic acid groups could not contribute to proton 
conductivity any more.  

Presently, the acid-doping method is the most effective 
method for the application of PBI membranes at high 
temperature and low humidily [2, 13]. Most researches 
showed that the H3PO4-doped PBI membranes exhibited 
improved fuel cell performance above 185℃  without 
outside humidification. Furethermore, at 185 ℃ , the 
presence of even 3% CO did not have significant effects 
on polarization cures. In addition, with the increase of 
H3PO4-doping level and temperature, the conductivity of 
the membrane significantly increased. Also, compared 
with nafion membranes, humidity did not have a 
significant effect on the H3PO4-doped PBI membranes 
conductivity, and the fuel humidification was not 
necessary in fuel cell operations because of the proposed 
unique proton conduction mechanism by self-ionization 
and self-dehydration [14]: 

5H3PO4 2H4PO4
+ + H3O+  +  H2PO4

_
  + H2P2O7

2-
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Therefore, the increase of H3O+ could also increase the 
membrane conductivity because of the dissociation of 
acid and increase numbers of charge carriers: 

H3PO4 H3O+  +  H2PO4
_

+ H2O
The work in this paper was focused on the 

development and characterization of a PANI and PA 
doped sulfonated PBI membrane. Both the pure SPBI 
copolymer membranes and the SPBI/PANI-PA blend 
membranes were successfully prepared. The proton 
conductivities and physical properties of these 
membranes were studied.  

NOMENCLATURE 
PEMFC proton exchange membrane fuel cell 
PBI polybenzimidazole 
ANI aniline 
PANI polyaniline
PPA polyphosphoric acid 
PA  phosphoric acid  
SPBI sulfonated polybenzimidazole
SPBI/PANI-PA the composition we prepared for the 

membrane
TAB 3, 3’, 4, 4’- Tetraaminobiphenyl 
SIPA monosodium salt 5-sulfoisophthalic 

acid 
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ABSTRACT
The  proposed  work  aims  to  the  development  of  a 
concrete theoretical background that will be used as the 
basis  of  fundamental  knowledge regarding the complex 
process of H2S utilization in H+ conducting cells for the 
cogeneration of H2, H2SO4 and/or electricity. To this end, 
CFD simulation studies will be employed in order to define 
all transport phenomena carried out in and along the cell. 
Issues  to  be  considered  refer  to  the  distribution  of 
chemical  components  and  temperature  in  the  defined 
geometry and to the electrochemical behavior of the fuel 
cell.  Meanwhile,  a  dynamic  simulation  model  will  be 
developed in order to capture transient responses taking 
place  at  the  H+ conducting fuel  cell  membrane reactor 
regarding  chemical  composition,  operating  temperature 
and  useful  thermal  production.  Such  an  advanced 
simulation  approach  targets  to  the  acquisition  of 
significant  information concerning thermal  management, 
composition  analysis  and  voltage-current  (V-I) 
characteristics. 

INTRODUCTION
Currently, the continuous increase in energy demands is 
almost  completely  met  by  the  limited  conventional 
reserves of fossil fuel supplies setting in this way a two-
fold  problem for  the  next  decades:  The  aggravation  of 
Global Warming and the depletion of energy supplies. To 
this  end,  an  innovative  and  environmental  friendly 
approach  based  on  clean  energy  sources  has  to  be 
adopted [1]. H2S is abundantly found in Black Sea waters 
and can be considered as an important H2 source. Early 
theoretical  calculations,  have  identified  the  potential  of 
producing around 270·106 tons of H2, which corresponds 

to the preservation of 808·106 tons of gasoline or 766·106 
tons of natural gas in terms of power production [1,2]. The 
process steps for H2 extraction and utilization have been 
proposed in [1,3]  and consist  of  a)  pumping sea water 
containing  H2S  to  the  surface,  b)  extraction  of  a 
concentrated H2S/H2O mixture and c) decomposition of 
H2S to H2 and S. As far as step c) is of concern, stable 
ceramic H+ conductors that operate between 700-1000K 
are widely investigated at present, due to their ability to be 
utilized in electrochemical reactors and fuel cells [4]. The 
anode of the cell is exposed to a H2 containing gas, while 
the  cathode  is  exposed  to  either  an  inert  gas  or  air 
depending  on  the  selected  mode  of  operation 
(electrochemical reactor or fuel cell). Aim of this work is to 
initially analyze the transport phenomena that take place 
in the H+ conducting cell  fed with  the H2S/H2O mixture 
using  CFD  modelling.  Component  and  temperature 
profiles  along  the  cell  are  going  to  be  fully  described. 
Moreover,  a dynamic nonlinear mathematical  model will 
be  developed  and  simulate  the  time  dependence  of 
chemical composition and temperature in the reactor/fuel 
cell  concept  providing  significant  insights  in  the  V-I 
dynamic  behavior.  The  proposed  overall  mathematical 
framework  will  precede  the  experimental  and  control 
studies  that  aim  at  the  effective  H2S  utilization  in  H+ 

conducting cells in a small scale apparatus. 

SYSTEM DESCRIPTION
The H+ conducting cell that will be analyzed involves three 
sections:  a)  the  anode,  b)  the  membrane  and  c)  the 
cathode.  The  anode  is  exposed  to  a  H2S/H2O mixture 
(0.1-1% H2S) and catalyzes the decomposition of H2S to 
H+ and  S.  Following  that,  the  protons  are  transferred 
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through  the  membrane  to  the  air  or  inert-exposed 
cathode, where they will be converted to H2O, generating 
at  the  same  time  electrical  power  or  to  H2 under  the 
“pumping”  mode  of  operation.  Simultaneously,  the 
produced Sn (n  = 1-8)  at  the anode will  react  towards 
SO2/SO3 and further, the excess of H2O will lead to H2SO4 

production.  Overall,  the proposed approach enables:  a) 
production of pure H2 at the cathode, b) co-generation of 
H2SO4 at  the  anode,  c)  high  efficiencies  towards  H2 

production due to the shift of the equilibrium [4], and d) 
flexible  operation  for  the  simultaneous  production  and 
separation of H2 or its direct use for power generation. 

CFD SIMULATION ANALYSIS
For  a  better  insight  of  the  SOFC  operation,  CFD 
simulations  are  performed and the  transport  processes 
described  by  the  continuity,  momentum  and  species 
(neutral  and/or  charged)  conservation  equations  are 
analyzed.  Simultaneously,  gas  phase  and  surface 
reactions  as  well  as  electrochemical  reactions  taking 
place at the three phase boundary are introduced to the 
model.  The  above  mentioned  process  network  strongly 
coupled  partial  differential  equations  along  with  the 
appropriate boundary conditions were numerically solved 
based on the finite volume method. Complimentary to the 
voltage-current  curves  (V-I  characteristics)  the  CFD 
simulations allow for the calculation of the velocity field, 
the temperature  spatial  profile,  as  well  as,  the species 
mass fractions distribution.

DYNAMIC MODEL DEVELOPMENT
The nonlinear dynamic mathematical model development 
involves several specifications to be met. The proposed 
model  describes  thoroughly  the  main  features 
encountered during H+ conducting cell  operation,  while 
also include the ability of being used in advanced control 
applications and optimization studies. Therefore complex 
equations  that  usually  involve  many  parameters  to  be 
estimated should be of reduced number since they lead to 
increased  computational  time.  The  dynamic  model 
consists of two sets of mass balance equations regarding 
the anode and cathode sections. Membrane permeation 
will be further considered through mass transfer equations 
as long as CFD simulations will reveal their significance in 
the  overall  mathematical  framework.  Furthermore,  an 
energy balance that encompasses the overall cell system 
(anode-membrane-cathode)  is  employed  towards 
evaluating temperature transient responses. Since, CFD 
modeling will consider the distribution of components and 
temperature  along  the  cell,  the  first  approach  towards 
dynamic  modeling  will  consider  lumped  models. 
Simulations  with  different  H2S/H2O  ratios,  operating 
temperatures  and  feed  flows  will  provide  a  concrete 
sensitivity  analysis  in  order  to  identify  their  effect  on 
system  operation  and  further  be  used  as  the  basis  of 
future  control  studies.  Previous  work  regarding  fuel 
processing and fuel cell dynamic modeling can be found 
in  [5,6],  and  will  be  fully  accounted  during  this  study. 
According to such outcomes, a control analysis would be 

possible to be applied by implementing advanced (model 
predictive  control)  and  conventional  techniques  (PID 
controllers).

CONCLUSIONS
Main aim of this paper is to present an overall theoretical 
mathematical  framework  regarding  Black  Sea  -  H2S 
utilization  in  H+  conducting  cells  for  the  simultaneous 
production and separation of H2 or its direct use for power 
generation in a small scale apparatus. CFD and dynamic 
simulation are expected to guide further actions regarding 
experimental implementation, perspective of future scale 
up and advanced control and optimization studies.
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ABSTRACT  

Two hydrotalcite-like compounds with different Mg/Al 
molar ratio were synthesized as precursors of active 
catalysts for dry biogas reforming. 120 h-catalytic tests 
were carried out at 700 °C, CH4:CO2 molar ratio of 1:1 
and a mass/feed alimentation ratio (W/F) of 0.4 
mg·min·cm−3. Higher activity was achieved with the 
catalyst with Mg/Al molar ratio of 2, showing both the 
same stability. Used catalysts were characterized by 
temperature programmed oxidation (TPO) and scanning 
electron microscopy (SEM) in order to obtain information 
about coke deposition. High coke deposition rate was 
found in the catalyst with Mg/Al molar ratio of 2 and SEM 
images revealed the apparition of filamentous coke. No 
coke was detected by SEM when catalyst with Mg/Al 
molar ratio of 3 is used. 

INTRODUCTION 

Biogas is a hydrogen source produced by the 
anaerobic digestion of organic matter present on waste. 
The utilization of this resource not only constitutes an 
alternative fuel that can reduce fossil fuel dependency 
and emissions of greenhouse gases, but also helps to 
reduce all the organic matter present on waste (1). The 
hydrogen, obtained by biogas dry reforming can be used 
to feed certain types of fuel cells, which offer the 
advantages of higher efficiencies and neither pollutants 
nor greenhouse gases generation. Since CH4 and CO2 
are the main components present in biogas (2), CO2 
reforming of methane constitutes an interesting process 
to study. The major drawback on this reaction is catalyst 
deactivation, mainly produced by carbon deposition (3). 
Catalysts obtained by hydrotalcite-like precursor 
calcination show very interesting properties as high 
surface area, basic properties and high dispersion (4). 

Addition of Lanthanum leads to improve the resistance to 
coke formation (5). 
The aim of this work is to study the influence of Mg/Al 
molar ratio on catalytic activity and stability. 

EXPERIMENTAL 

Two precursors (LaHT2 and LaHT3) were 
synthesized by the co-precipitation method under low 
supersaturation conditions, varying the Mg/Al molar ratio 
(LaHT2: Mg/Al molar ratio= 2, LaHT3: Mg/Al molar ratio = 
3). Precursors were calcined at 750 ºC.  
Chemical composition was determined by ICP-MS. X-ray 
diffraction and TPO were used to corroborate the 
hydrotalcite-like structure. In order to test catalytic activity 
and stability, catalytic tests were performed in fixed-bed 
quartz reactors at 700 ºC, reactants feed of CH4:CO2 1:1 
and W/F of 0.4 mg·min·cm−3. Catalysts were pre-reduced 
at an adequate temperature, which was determined by 
temperature programmed reduction (TPR). Catalytic tests 
were performed at low methane conversion in order to 
ensure that the whole mass of catalyst was acting, and 
that deactivation was not hidden by an excess of catalyst 
mass. In order to evaluate catalytic stability, 120 h tests 
were performed. After reaction, TPO tests revealed coke 
formation while SEM microscopy provided evidences of 
its morphology. 

RESULTS AND DISCUSSION 

Characterization. Chemical composition is shown in 
Table 1. Nominal values of Ni and La are 3.3 and 2.0% 
respectively.  

Table 1. Experimental Mg/Al molar ratio, Ni and La relative 
content of LaHT2-750 and LaHT3-750. 

Catalyst Mg/Al molar ratio % Ni % La 
LaHT2-750 1.7 2.9 1.6 
LaHT3-750 2.3 2.8 1.8 
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X-ray diffractograms and TPO characterization of the 
precursors LaHT2 and LaHT3 (not shown here) 
corroborated that hydrotalcite structure was obtained.  
Calcination of the precursors leads to the active catalyst 
where the mixed oxide Mg(Ni,Al)O was formed, according 
to X-ray characterization. TPR experiments of the 
catalysts showed that 650 ºC is the right reducing 
temperature in order to reduce the NiO which is less 
strongly interacting with MgO (6). 

Catalytic tests. CH4 conversion (XCH4) and CO2 
conversion (XCO2) are represented in Fig. 1. XCO2 is 
higher than XCH4 in both cases which must be attributed 
to the reverse water-gas-shift reaction (RWGS), 
confirmed by water presence in product stream. Higher 
activity is observed for LaHT2-750 (33.5 molCH4·h-1·gNi

-1) 
compared to LaHT3-750 (31.1 molCH4·h-1·gNi

-1). However, 
same stability was observed in both catalysts. These 
good stabilities are remarkable since reaction 
temperature and reactants feed ratio are higher than the 
ones in which carbon deposition is disfavored (750 ºC 
and CH4:CO2 of 1:1.2) (7). 

Fig. 1.  CH4 and CO2 conversion vs. time obtained for LaHT2-
750 and LaHT3-750 catalysts at CH4:CO2 1:1 ratio and W/F = 
0.4 mg·min·cm-3

.

Post-reaction characterization. TPO experiments 
were used to quantitate coke deposition rate. It was 
calculated as the weight loss associated to CO2 signal on 
MS spectrometer divided by time on reaction. LaHT3-750 
has a lower coke deposition rate (0.015 gC·gNi

-1·h-1) than 
LaHT2-750 (0.079 gC·gNi

-1·h-1).  
According to the temperature at which C is oxidized 

it can be classified as Cα, Cβ or Cγ
 (8). In the TPO of 

LaHT2-750 catalyst two peaks are detected: 580 ºC 
(ascribed to Cβ) and 880 ºC (ascribed to Cγ). These 
species are inactive and supposed to be responsible of 
catalyst deactivation (9). 

Post-reaction SEM image of LaHT2-750 catalyst 
showed filamentous coke presence. However, no carbon 
was observed for LaHT3-750. 

Fig. 2. Post-reaction SEM images of LaHT2-750 and LaHT3-
750 catalysts.

A higher stability in LaHT3-750 is probably due to a higher 
interaction between Ni and Mg as Mg content in this 
catalyst is higher, what may favour Ni dispersion and 
smaller Ni particles formation. For the same reason since 
the interaction is higher, the Ni activity might be lower. 

CONCLUSIONS 

Two catalysts for biogas dry reforming obtained after 
calcination of hydrotalcite precursor were tested at 700 ºC 
for 120h showing low deactivation. It can be concluded 
that despite LaHT2-750 was more active, more coke was 
deposited which means less stability despite having the 
same deactivation ratio. 
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ABSTRACT 
Efficient treatment of biomass derived oil in the presence 
of  steam  and  suitable  reforming  catalyst  produces  a 
hydrogen rich stream which after proper purification can 
feed fuel cells.  Preliminary tests with acetic acid as the 
representative model compound of the aqueous fraction 
of  bio-oil  were  conducted.  The  performance  of  three 
industrial  reforming  catalysts  was  investigated  under 
variable  temperature,  steam/carbon  ratio  and  space 
velocity. Reforming experiments of the aqueous phase of 
three  different  pyrolysis  oils,  demonstrated  that  it  is 
possible  to  produce  high  yield  of  hydrogen  with  low 
carbonaceous deposits The performance of two catalysts, 
Ni  and  Rh  supported  on  CeO2-ZrO2,  prepared  in  the 
laboratory was also investigated and the results showed 
that the amount of coke can be drastically reduced over 
the Rh catalyst. 

INTRODUCTION 
Currently,  hydrogen  is  mainly  produced  from  non-
renewable  sources,  namely  natural  gas  and  petroleum 
fractions. A crucial issue is to find alternative production 
technologies based on other resources than fossil fuels. 
The  use  of  biomass for  hydrogen production offers  an 
attractive alternative as it will lower the carbon footprint for 
hydrogen  production.  Two  possible  technologies  that 
explored  in  recent  years  are  steam  gasification  of 
biomass  and  catalytic  steam reforming  of  pyrolysis  oil. 
The latter route begins with fast pyrolysis of biomass in 
order  to  produce  bio-oil,  which  can  be  converted  to 
hydrogen, either as a whole or using specific fractions, via 
catalytic steam reforming. The most serious drawback in 
steam reforming reactions is the formation of carbon on 
the  catalyst  surface,  which  blocks  active  centers  and 
leads to catalyst  deactivation (1).  Especially with bio-oil 

which  contains  thermally  unstable  components  the 
problem of coke formation is even more severe. 
The  most  common  metals  which  show high  activity  in 
steam reforming of bio-oil components are Ni and noble 
metals  (Rh,  Pt,  Pd,  Ru)  (2,3).  Supports  like  alumina, 
calcium  aluminates,  magnesium  aluminate,  zirconia, 
ceria-zirconia are usually used (4). 
Interesting results with Ni and Rh catalysts supported on 
calcium  aluminates  with  varying  Ca/Al  ratio  were 
observed in acetic acid and acetone reforming. Both the 
Ni and Rh catalysts were proved very active in reforming 
the oxygenates  with  complete  conversion  at  750oC  at 
space velocities of 34000hr-1 (5). 
The aim of this study was to investigate the performance 
of  steam  reforming  catalysts  and  determine  the  best 
reforming  operating  conditions  for  hydrogen  production 
from  aqueous  fraction  of  bio-oil  employing  a  fixed  bed 
reactor  in  a  small  scale  pilot  plant  unit.  The  effect  of 
catalyst type, molar ratio steam/carbon, and bio-oil feed 
was explored.  

EXPERIMENTAL

   Catalysts  

Three industrial catalysts (A, B, C) with Ni as the main 

active metal were used in the tests. In addition, Ni (10wt

%) and Rh (1 wt%) home-made catalysts were also used. 

Cerium  oxide,  enriched  with  lanthanum  oxide  and 

zirconium oxide (Mel Chemicals XZO1768) was used as 

the  carrier.  For  the  addition  of  metals,  the  wet 

impregnation  method  was  employed.  The  precursors 

used for Ni and Rh were Ni(NO3)2·6H2O and RhCl3·3H2O 

respectively.  The  samples  were  dried for  24h  in  110°C 

followed by calcination in air flow at 800°C for 5h.

1 Copyright © 2011 
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Experimental set up
The  experiments  were  conducted  in  a  pilot  plant  unit 
(SYNGAS) The unit is fully automated and can support a 
fixed-bed reactor under conditions covering both low- and 
high-pressure  operation  and  temperatures  up  to  1050 
°C. The main parts  of  the unit  are  the  Liquid  and Gas 
Delivery (Feedstock  section),  the fixed bed reactor,  the 
product analysis and the automation unit.

RESULTS AND DISCUSSION

Initially the study focused on the design and construction 

of a new nozzle for the admission of the feedstock in fine 

droplets  in  order  to  decrease  the  extent  of  thermal 

decomposition  which leads to coke deposits.  Preliminary 

reforming tests at 800oC were performed over the three 

industrial  catalysts  using  acetic  acid  as  feedstock.  The 

duration of all tests was 3h. Acetic acid is one of the major 

components and its content in the bio-oil is relatively high 

(up to 30 wt%). Among the three catalysts tested A, B and 

C, catalyst  B exhibited less tendency in coke formation 

with  satisfactory  activity  and  hydrogen  yield  (~90%). 

Based  on  this  conclusion  catalyst  B  was  selected  for 

performing steam reforming experiments with the use of 

the aqueous fraction of bio-oil. 
A series of tests were performed in order to evaluate the 
catalytic  performance  for  the  steam  reforming  of  the 
aqueous fraction of bio-oil over catalyst B. In all tests the 
main  gaseous products  formed  were  hydrogen,  carbon 
dioxide and carbon monoxide. Very small concentrations 
of  methane  (<0.5%)  were  obtained  implying  that 
decomposition  to  methane  is  very  limited  or  methane 
formed is sequentially fully reformed.

Further experiments were performed on exploring the H2 

yield  and  the  coke  yield  using  aqueous  fraction,  from 

different bio-oils at temperatures about ~830oC and space 

velocity 4000 h-1. The conversion attained was very high 

for all the three bio-oils and also hydrogen yield indicating 

that  pilot  plant  can  process  effectively  more  than  one 

types  of  bio-oil.  Minor  differences  were  observed  in 

hydrogen yield which may arise from the small differences 

in  C  and  H  content  of  the  bio-oils  (6).  However,  the 

differences in the composition to the various oxygenated 

compounds (6) is reflected to the coke yield which varied 

from 5.5 to 10.2%. 

The synthesized Ni and Rh catalysts were tested in the 

pilot unit.  The range of  H2O/C molar ratio was between 

6.7  and 9.The space velocity was varied from 4160 to 

4760 h-1. Conversions up to 86% was attained over the 

catalyst  containing  10wt% Ni.  The  conversion  over  the 

catalyst containing Rh is slightly lower mainly due to the 

much lower metal loading (Rh 1wt%). Hydrogen yield is 

comparable with that of  the industrial  catalysts. Both Ni 

and  Rh  catalysts  suppressed  the  amount  of 

carbonaceous  deposits.  The  catalyst  with  1wt% Rh  on 

ceria-zirconia support modified with lanthana exhibited the 

lowest coke deposits not surpassing 1.2% of the incoming 

carbon of the feed at a steam to carbon ratio equal to 6.7.

CONCLUSIONS
Complete conversion of  acetic acid with hydrogen yield 
(almost 90%) can be attained over commercial reforming 
catalysts at temperatures around 800  oC at a steam to 
carbon  ratio  equal  to  8  and  high  space  velocity. 
Experiments  employing  the  aqueous  phase  of  bio-oils 
demonstrated that the aqueous phase of  bio-oil  can be 
fully converted to hydrogen rich gas with high hydrogen 
yield.
Coke deposited over Ni and especially over Rh catalyst 
was much lower than that  over  the industrial  catalysts 
implying  that  not  only  the  metal  but  the  support  also 
affects extent of reactions leading to coke. The amount 
of coke deposited on the catalysts especially over the Rh 
was very low demonstrating the potential of the catalysts 
supported on ceria zirconia modified with lanthana to be 
used for the efficient production of hydrogen employing 
the aqueous phase of bio-oil.   

ACKNOWLEDGMENTS
The authors gratefully acknowledge BP International Ltd.

REFERENCES
1. Guel I., Torres da Silva I., Seshan K., Lefferts L. 2008. 
Sustainable route to hydrogen-Design of stable catalysts 
for the steam reforming of  biomass related oxygenates 
Applied Catalysis B: Environmental 88:59.
2. Basagiannis A. C.and X. E Verykios.  2006. Reforming 
reactions of  acetic acid on nickel  catalysts over a wide 
temperature range. Applied Cataysis.A: General 308:182.
3. Vagia E. Ch. and A. A. Lemonidou. 2010. Investigation 
of  the properties  of  ceria-zirconia-supported Ni  and Rh 
catalysts  and  their  performance  in  acetic  acid  steam 
reforming. Journal of Catalysis 269:388-396. 
4.  Kechagiopoulos  P.  N.,  S.  S  Voutetakis,  A.  A. 
Lemonidou and I. A. Vasalos. 2006. Hydrogen Production 
via Steam Reforming of the Aqueous Phase of Bio-Oil in a 
Fixed Bed Reactor. Energy Fuels 20:2155-2163.
5. Vagia E. Ch. and A. A. Lemonidou. 2008. Hydrogen 
production  via  steam  reforming  of  bio-oil  components 
over  calcium  aluminate  nickel  metal  catalysts.  Applied 
Catalysis A: General 351:111-121.
6. Sfetsas Th., Michailof Ch., Lappas A., Li Q. and Kneale 
B.. 2011. Qualitative and quantitative analysis of pyrolysis 
oil by gas chromatography with flame ionization detection 
and comprehensive two-dimensional gas chromatography 
with  time-of-flight  spectrometry.  Journal  of 
Chromatography A 1218:3317-3325.

2 Copyright © 2011 



289

 1 Copyright © 2011  

Proceedings of EFC2011 
European Fuel Cell - Piero Lunghi Conference & Exhibition 

December 14-16, 2011, Rome, Italy 

EFC11192 

RELATION OF ANODIC AND CATHODIC PERFORMANCE TO PH VARIATIONS IN 
MEMBRANELESS MICROBIAL FUEL CELLS 

 
 

P. Cristiania, E. Guerrinib, S. P. Trasattib 
 aRSE - Ricerca sul Sistema Energetico S.p.A. 

Environmental and Sustainable Development Department 
Milan, Italy. 

bUniversità degli Studi di Milano  
Department of Physical Chemistry and Electrochemistry 

Milan, Italy. 
 

 
ABSTRACT 

One-compartment (membraneless) microbial fuel 
cells (MFCs) are effective tools to test new bio-technology 
at a laboratory level. More efforts in MFC design and 
materials are necessary to move from laboratory tests to 
real applications, including use of cheaper materials for 
electrodes and components, and improvement of long-
term stability of anodic and cathodic processes.  

In such a context, this paper presents the results of 
an experimentation to investigate electrochemical and 
chemical performances of single chamber membraneless 
MFCs having positive and negative electrodes made of 
graphite-based materials without any chemical catalyst 
load. Cells were built and operated with raw wastewater 
(inoculum) and sodium acetate as substrates. The 
progression of the power in the MFC and the relationship 
between cell performances and induced pH variation 
(from pH 6.7 to 10.2) during cell operations are discussed. 

 
INTRODUCTION 
 Microbial fuel cell (MFC) is the innovative 
electrochemical bio-technology to produce electricity 
directly from wet biomass, in particular wastes. Therefore, 
a broad range of potential MFC applications is in 
wastewater treatment, where the biodegradation 
processes are crucial and require significant consumption 
of electricity. MFC differs from other low temperature fuel 
cells because its electrodes (the anode at least) are 
colonized by living organisms able to catalyze the 
electrochemical reactions and the transfer of electrons 
from the anode to the cathode. In a typical microbial fuel 
cell, biomass is directly introduced in the anodic 
compartment, with a continuous or intermittent flow 
(batch), the bacteria grow on the anode and form a biofilm 

able to carry out the oxidation of organic substances into 
carbon dioxide, hydrogen ions and electrons, in spite the 
absence of oxygen. The strict relation between MFC 
power generation and biomass oxidation is already 
proved in studies drawn at laboratory level all over the 
world [1]. More efforts in MFC design and materials are 
now necessary to move from laboratory tests to real 
applications, including use of cheap materials and 
improvement of long-term stability of anodic and cathodic 
processes.  
In such a context, experimentation has been conducted to 
investigate, by anodic and cathodic polarization curves, 
the pH variation and the performances of a very simple 
bio-electrochemical system, consisting in a single cell 
membraneless MFCs, with electrodes made of graphite-
based materials without chemical catalyst (2). The MFCs 
were operated at 30 ± 3 °C with an inoculum of raw 
wastewater and a substrate of 3 gl-1 of sodium acetate 
weekly added. 

 
MATERIALS AND METHODS 

Single chamber MFCs (volume: 0.13 L), with air 
cathode, inoculated with raw wastewater, fed weekly with 
a substrate of 3 gl-1 sodium acetate were operated in 
batch configuration at room temperature of 30±2 °C 
during five months, connecting the electrodes by an 
external resistance of 100 Ohm. Untreated plain carbon 
cloth was used as anode (5 cm2 of geometric area). 
Carbon cloth 30 wt% PTFE (5 cm2 of geometric area), 
treated with a micro porous layer of graphite, was used as 
the base cathode structure. Maximum power, measured 
as trend of stabilized voltage on external load changed 
from 33 to 1492 , and pH was monitored weekly in each 
MFC. Polarization curves on both positive and negative 
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electrodes, after two hours left in open circuit were 
periodically performed by a potentiostat.  
 
RESULTS 

In the single cell membraneless MFCs used (Figure 
1) the microorganisms pool of wastewater built in time a 
thick biofilms on both electrodes. The biofilm on the 
cathode acted as electrolytic membrane, inhibiting the 
oxygen diffusion to the anode, allowing the ionic exchange 
between anode-cathode. After the biofilm stabilization, the 
MFCs produced current densities in the range of 0.1- 0.5 
mA cm-2 and a maximum power density of almost 50 
Wcm2. 

 

 
Figure 1. Image and schematic of a single chamber 

membraneless MFC. 
 
The oxidation of acetate to carbon dioxide 

(bicarbonate and carbonates), simplified in (1) was 
documented by chemical analyses.  

CH3COONa + 2H2O = 2CO2 + 7H+ + 8e- + Na+          (1) 
 
The mass transport resistance as well as the bio-

electrodes potentials strongly influenced the global 
reaction catalyzed by the complex microbiological system 
of biofilm operating in MFC. An increase of pH occurred 
as consequence of the progressive sodium acetate 
addition, due to the proton consuming and the poorly 
buffered solution of wastewater. A pH increase from 6.7 
up to high value as 9.5 permitted the growth of both 
anodic and cathodic biofilms, leading to the peak of cell 
performance, in spite the deposition of calcium carbonate 
on the cathode water side (fig. 2). The excessive increase 
of pH, over 10 units, strongly affected the MFC power 
performances and the anodic electrode in particular (Fig. 
3). The results are quite in agreement with previous works 
conducted with the same substrate that suggested pH 9.5 
as optimum [3], for the cathodic reaction at least [4]. 

In conclusion, biofilm results the key tool of reliable 
low cost fuel cells, operating at low temperature by 
microbiological components growing on anode, cathode 
and in the electrolyte. Decreasing the overpotential of the 
anodic reaction (Figure 3), avoiding the excessive 
increase of pH (due the batch condition), seems a good 

way to improve the electrical performance of tested 
microbial fuel cell. 

 

   
Figure 2. Image of 6 months operating cathode: water 

side (left) and air side (right). 
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Figure 3. Cathodic ad anodic polarization curves 

performed on the electrodes of a MFC working at different 
pH, starting from the open circuit potential (0.16 mV/sec 
scan rate). 
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ABSTRACT 
The aim of the current work is the presentation of a 
framework which is designed and developed to control a 
Polymer Electrolyte Membrane (PEM) fuel cell system. 
The framework is based on a Nonlinear Model Predictive 
Controller (NMPC) to control the produced power using 
current as manipulated variable resulted from a reliable 
and efficient dynamic optimization algorithm. The 
experimentally validated model that was utilized in the 
control scheme, relies on mass balances and 
electrochemical equations and it is oriented towards 
process operation and control. To validate the robustness 
of the NMPC scheme a small-scale fully automated unit 
was used that generated experimental data under various 
operating conditions. The on-line application of the 
resulted NMPC scheme showed that the proposed 
control framework results in improved performance 
regarding the effective power control under varying 
operating conditions. 

INTRODUCTION  
Fuel Cells (FC) systems are part of a promising 
environmentally friendly electricity generating technology 
which can be used for stationary and mobile applications. 
The existing categories are mainly based on the type of 
electrolyte and the operating conditions. The Polymer 
Electrolyte Membrane fuel cells (PEMFC) are currently 
considered a good candidate for ground vehicle 
applications and small portable devices as they have high 
power density, fast start-up time as well as long cell and 
stack life. The choice of the operating region leads to 
different characteristics for the system regarding its 
profitability, effectiveness and safety. The dynamic 
response of a fuel cell is affected when the power 
demand varies [1]. Overall a PEMFC is a complex system 

with various phenomena evolving while it operates, which 
poses interesting control challenges in order to provide 
an efficient energy conversion.  

FUEL CELL MODEL 
A semi-empirical isothermal dynamic model was used 
that takes into account main variables, such as the 
operating temperature, the partial pressures of all gases 
and the fuel cell current [2]. The model relies on first-
principle equations and it accounts for mass dynamics in 
five control volumes: the gas flow channels, the gas 
diffusion layers and the membrane. The equations that 
describe the operation of the FC consist of the voltage-
current characteristics having experimentally defined 
parameters. It has been validated against experimental 
data generated by the PEM fuel cell and it provides the 
basis for real-time control and online optimization studies 
under a wide range of operating conditions. 

EXPERIMENTAL UNIT SETUP 
In order to study and improve the behavior and 
performance of the fuel cell model it is important to 
measure a variety of variables. Therefore a small scale 
plant was used which was designed and constructed at 
CPERI/CERTH based on a modular and flexible 
architecture [2]. The Fuel Cell Testing Unit (FCTU) is 
comprised out of a humidification system, two mass flows 
for the regulation of the gases and two PID controllers for 
the anode and cathode pressure regulation. Also the 
temperature control subsystem includes a fan assisted air 
cooling system and an electrical heat up system. THe 
above controllers and the voltage, the current density and 
all the other variables of the unit are coordinated through 
an on-line supervisory control and data acquisition 
system (SCADA). 
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CONTROL FRAMEWORK 
To control the PEMFC a NMPC-based framework is 
proposed based on a simultaneous optimization method 
which discretizes both manipulated variables and states.  

Nonlinear Model Predictive Control  
Model predictive control (MPC) is part of a family of 
optimization-based control methods, which perform on-
line optimization for the future control moves over a 
prediction horizon. At each sampling time a finite horizon 
optimal control problem is solved using the current state 
of the process as the initial state. MPC is based on the 
fact that past and present control actions affect the future 
response of the system. Using a process model, the 
optimizer predicts the effect of past inputs on future 
outputs. The deviation of the model prediction from the 
actual response is recorded and considered as the error 
of the process model. The calculated error defines a bias 
term that is used to correct future predictions and it is 
constant for the entire prediction horizon. 
To effectively control the power of the PEMFC, the current 
is used as a manipulated variable. Power is selected as 
controlled variable. This particular control scheme is 
suitable for applications that required power varies. As an 
example of such applications, that has been used 
previously by the authors, is the battery charging control 
in an autonomous power system where power or voltage 
is the controlled variable. A systematic sensitivity analysis 
has been performed regarding the prediction horizon 
length, the optimization and feasibility tolerance of the 
constraints in order to improve the computational 
efficiency of the underlying optimization problem. The 
prediction horizon is set at 5 sec while the control horizon 
is 1sec. The performance of the overall scheme has been 
also fine-tuned so that the resulting controller can be 
deployed at an on-line industrial automation environment. 

Dynamic Optimization 
The NMPC formulation includes the solution of an 
optimization problem at each sampling instance. The 
optimization method which is developed in the current 
work is a direct method which uses an augmented 
Lagrangian solver and the problem formulation involves 
orthogonal collocation on finite elements. Therefore, the 
constrained optimization problem is converted into a large 
scale but sparse nonlinear programming problem, which 
is exploited to achieve an efficient solution [3]. 
The nonlinear differential algebraic model is comprised 
out of eight differential equations and one algebraic which 
is discretized at 10 finite elements having 4 collocation 
points each. The collocation points are selected as the 
roots of orthogonal Legendre polynomials. The resulting 
discretized system has 361 variables and 342 equations.  
On-line Implementation 
The NMPC controller was deployed to the automation 
system of the unit and an OPC-based interface was 

developed for the synchronization of the NMPC 
framework and the SCADA system. THe MPC framework 
algorithm is executed on-line currently on a PC which is 
communicating in tear time with the control system. The 
mean and maximum execution time for the optimization 
step is 36ms and 93ms while the sampling interval is 
1sec. The behavior of the controller was tested against a 
power profile with various set points changes. A thorough 
on-line experimental study was performed that shows the 
reliable response of the controller. 

RESULTS  
Results indicate that the developed NMPC framework 
exhibits excellent performance characteristics in terms of 
both computational requirements and convergence rates 
between successive iterations. Furthermore it is 
illustrated that the system can adjust to set point changes 
in the power demand and to sudden power fluctuations. 
On-line experimental studies showed that the control 
framework results in improved fuel cell operation under 
varying conditions. Overall the proposed approach 
guarantees that the PEMFC performs within its operating 
objectives and illustrates an excellent potential for on-line 
applications in order to manage the produced energy in 
an optimum manner.  

CONCLUSIONS AND FUTURE WORK 
In this work a nonlinear MPC controller was derived 
which demonstrated that the NMPC formulation is a 
suitable approach for the efficient and optimal operation 
of the system, having fast response time and negligible 
offset from the desired set point. The overall framework 
was implemented and verified in the experimental fuel cell 
system. The future actions involve the development of a 
multivariable scheme which will include other 
manipulated and controlled variables of the system will be 
included in the control scheme, such as air flow, 
hydrogen flow and stoichiometry. Furthermore in order to 
improve the overall efficiency and safe operation, the 
controller would further include mathematical models for 
the auxiliary subsystems. 
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ABSTRACT 

The performance of  the CeO2-based composite anodes 
depends on microstructural features such as particle size, 
tripe  phase  boundaries  (TPB),  surface  area,  and 
percolation. To improve the performance of anode, i.e. to 
enlarge TPB, anode materials with both porous structure 
and  phase  homogeneity  of  metal  and  ceramic  are 
preferred. In the present study, we developed a novel one-
step  template-,  surfactant-free  synthesis  route  for 
mesoporous  NiO-Ce0.8Sm0.2O2-δ composite  anode  by 
homogeneous  precipitation  of  precursor  in  aqueous 
solutions followed by calcination.  The  composite  anode 
sample was characterized by thermogravimetry analysis, 
X-ray diffraction,  SEM, BET, etc.  The refinement of  the 
XRD  data  indicated  that  the  composite  sample 
synthesized by the process  called “one  step  synthesis” 
produced  smaller  crystallite  size  in  comparison  to  the 
sample attained by the two steps process. Fuel cells have 
been  constructed  using  as-prepared  composite  as 
anodes and lithiated NiO as cathode based on the SDC-
carbonate  composite  electrolyte.  Simple  preliminary 
performance tests  were done with single cells  in which 
such  I–V  curves  indicated  that  the  cell  with  one  step 
anode had better performance. 

INTRODUCTION
Solid  oxide  fuel  cells  (SOFCs)  have  been  extensively 
identified as one of the most promising energy conversion 
technologies  characterized  by  high  efficiency,  low 
emission,  and  excellent  fuel  flexibility.  Recently,  great 
effort has been devoted to low temperature SOFC since it 
can  allow  stainless  steel  as  interconnecting  materials, 
versatile sealing, and prolonged lifetime.

[1]  The  doped-ceria-carbonate  two-phase  composites 
have been widely studied as functional electrolytes for low 
temperature SOFCs in recent years and excellent fuel cell 
performance  has  been  achieved.[2,  3]  Exploitation  of 
anode with sufficient catalytic activity is urgently required 
to develop low temperature SOFCs.
In recent years, the design and synthesis of mesoporous 
metal oxides with high thermal stability, high surface area, 
and  crystalline  framework  have  attracted  considerable 
interests because of their potential applications in many 
areas.[4, 5] However, the work reported on application of 
mesoporous materials for SOFCs is scarce. The porosity 
of the anode cermet serves two functions. The first is to 
allow  for  easy  diffusion  of  gaseous  reactants  into  the 
cermet microstructure, and the second is to lengthen the 
triple  phase  boundary  (TPB)  region  by  increasing  the 
number of interfaces between Ni, SDC, and the gaseous 
reactants. Both of these functions improve the efficiency 
of the SOFC by increasing mass transport (i.e., gaseous 
diffusion,  adsorption  processes,  and  surface  diffusion) 
and creating a longer boundary region over which charge-
transfer processes can occur.

Here we report the synthesis and characterization of 
mesoporous NiO-SDC microspheres as anode materials 
for SOFCs by a novel one-step template-, surfactant-free 
synthesis  route.  The  composite  anode  sample  was 
characterized  by  thermogravimetry  analysis,  X-ray 
diffraction,  SEM,  BET,  etc,  and  then  applied  for  single 
SOFCs cell.

1 Copyright © 2011 
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EXPERIMENTAL

RESULTS AND DISCUSSION

Fig.1 SEM image of SDC-NiO composite precursor.

Fig.1 shows that the SDC-NiO precursor prepared by 
the single step method exhibits microsphere shape with 
the size between 6-10 µm.  

Fig.2 XRD pattern of as-prepared SDC-NiO composite precursor.

Fig. 2 shows the XRD pattern of as-prepared SDC-
NiO  sample  which  can  be  indexed  to  two  phases 
corresponding to Ce0.8Sm0.2O2-δ solid solution and NiO. No 
other phase can be indexed. 

Fig.3 SEM of as-prepared SDC-NiO composite powder.

Fig. 3 shows the SEM image of as-prepared SDC-NiO 
sample  which  indicates  a  clear  mesoporous  structure, 
with  the  pore  size  of   can  be  indexed  to  two  phases 
corresponding to Ce0.8Sm0.2O2-δ solid solution and NiO. No 
other phase
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ABSTRACT  
Direct carbon fuel cell (DCFC) is very attractive due 

to direct conversion of various solid carbon sources and 
its favorable thermodynamics. The main bottleneck of the 
DCFC is the solid fuel-to-solid anode interface. In this 
study, the cell performance and a mechanistic origin of 
DCFC with Ni-gadolinia-doped ceria (GDC) anode were 
investigated by using liquid Sn, group VIII transition 
metals, and carbon black mixture.  

INTRODUCTION  
Coal is the most abundant and widely distributed 

fossil fuel, is second in terms of being a primary energy 
source, and is a major source of electricity generation by 
thermal power plants (41%, globally) [1,2]. Therefore, 
significant improvements in the coal fuel conversion and 
utilization efficiencies of power generation systems are 
needed in order to reduce the possible problem of global 
warming. In an attempt to resolve this matter, DCFC is a 
promising electrochemical power source for central plants 
and even portable applications [3-5]. DCFC can convert 
chemical energy directly into electric energy and thereby 
utilize various types of carbon sources (coal, coke, 
natural gas, petroleum, and even biomass). The overall 
cell reaction in DCFCs is the electrochemical oxidation of 
carbon to carbon dioxide, as shown Fig. 1.  

However, the electrochemical reaction of solid carbon 
or coal has intrinsic properties of a large activation energy 
(26 kcal mol-1) and slow kinetics at the anode [6,7]. An
alternative strategy for overcoming the intrinsic difficulties 
in applying an electrochemical reaction directly between 
solid carbons and a solid anode was developed by using 
molten metals such as Fe [8], Ag [9], and Sn [10-12] as 
an anode in conjunction with a solid electrolyte. In our 

precious study, DCFC system was successfully 
developed that uses liquid Sn-mixed solid carbon fuels on 
the Ni-YSZ anode-supported button cell [13, 14]. 

Fig. 1. Schematic of the direct carbon fuel cell

In this study, the cell performance and a 
mechanistic origin of DCFC with Ni-GDC anode were 
investigated using liquid Sn, group VIII transition metals 
(Ni, Co, Fe) catalyst mediator, and carbon black mixture 
as direct fuels. DCFC with the fuel-mediator mixtures can 
be exhibited much higher performance than with only 
pure carbon fuels. The role of mediators could promote 
the transport of fuels and oxygen ions. Furthermore, 
enhancing the catalytic activity of the DCFC anode was 
shown by adding the transition metals-impregnated the 
carbon fuels. We also try to understand electrochemical 
characteristics such as impedance spectra and 
polarization curves based on the morphological and 
structural analysis of the electrode. 
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EXPERIMENTAL 
DCFC cell tests were performed with Ni-GDC anode 

electrolyte-supported button cells, as shown Fig. 2. Ceria 
provides a high catalytic activity and ionic conductivity 
due to its oxygen storage and transport properties 
[15,16].  

Fig. 2. Cross-sectional SEM image of DCFC MEA. 

The experimental DCFC unit is composed of an 
alumina ceramic reactor with a furnace and an 
electrochemical workstation, as shown Fig. 3. The 
alumina ceramic reactor was heated to 750°C at a rate of 
5°C min-1. During heating, pure Ar gas was provided at a 
flow rate of 30 ml min-1 in order to remove residual gas in 
the anode and pure O2 gas was fed into the cathode at a 
flow rate of 100 ml min-1. Once the desired operating 
temperature was achieved, power generation 
experiments were conducted and the resulting 
polarization curves were measured using the 
electrochemical workstation. 

Fig. 3. Photograph of the experimental DCFC unit.

RESULTS AND DISCUSSION 
The cells for Sn-carbon fuels exhibited a power 

density of 72 mW cm-2. This result provides a higher 
performance compared to that of our precious study [13, 
14]. Such enhancement of the DCFC performance 
indicates that low ohmic and anode polarization 
resistances might be caused by excellent catalytic activity 
and oxygen ion transfer of Ni-GDC with liquid Sn anode 
at the enhanced anode interface. We will discuss in more 
detail in the conference presentation. 

Fig. 4. Polarization curves for Sn-carbon fuel.
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ABSTRACT 
In Hybrid systems, both the control and the analysis of 

the variables are important to achieve high efficiency and 
to  improve  the  global  performance.  It  is  decisive  to 
analyze how the variability of some parameters affects the 
performance,  durability  and  efficiency  of  the  entire 
system. 

Research on the distribution of gases on the stack is 
reported on this paper. On the one hand, the stack has 
been tested in a range of pressures on the anode and the 
cathode; on the other hand the number of reactant gases 
inlets  has  been  duplicated,  achieving  a  more  uniform 
distribution in the cells of the stack. 

Results show that increasing pressure has a notable 
effect  on  the  distribution  of  gases,  improving  the 
generated voltage by the stack. The new inlet of the stack, 
especially  the  fuel  inlet,  also  favors  a  more  uniform 
distribution, with remarkable results.

INTRODUCTION 
Fuel  cells  have  potential  for  provide  power  in 

stationary and mobile applications due to its high energy 
efficiency  and  clean  and  flexible  use.  The  long-term 
potential is even greater when we focus on fuel production 
using renewable energy.  The ultimate goal is to reduce 
dependence on energy sources such as oil and natural 
gas, and reduce emissions. 

Besides  of  the  technical  challenges,  which  are 
discussed throughout  this  paper,  there are obstacles to 
reach  the  successful  implementation  and  the 
infrastructure of hydrogen fuel cells, that it can be solved 
only  by  integrating  all  the  elements  in  more  complex 
systems.

In  addition  to  get  technical  achievement  at  the 
individual  level  in  each  element,  and  for  the  sake  of 
advance to the next step, we are working for the operation 

of the different embedded elements in the overall system. 
Focusing on this particular goal, the installation is tested 
to  carry  out  the  planned  scenarios  for  the  next  years 
regarding to performance of the system and its operation. 

The main motivation for the project is to demonstrate 
how renewable energy jointly with  hydrogen technology 
may be able to achieve stationary, stand alone, secure, 
and  efficient  systems  for  its  future  implementation  in 
remote areas.

The overall  system was started  up  on  2006 in  the 
Fuel Cell Unit laboratories of CIEMAT (Centre for Energy, 
Environment  and  Technology  Research).  Along  these 
years it has been collecting operating data, expanding the 
experience of the group on hybrid systems. 

Fuel cells do not work as an isolated element but they 
need a wide range of elements for its management and 
control. Figure 1 shows the set of valves and instruments 
for its operation.

Figure 1. Fuel cell diagram.

The fuel cell is part of a set of equipment, which are 
forming  a  hybrid  system  able  to  satisfy  a  particular 
demand of energy.

1 Copyright © 2011 
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This  hybrid  system  (EGA1500)  [1,2]  consists  of 
Proton  Exchange  membrane  fuel  cell  NUVERA, 
compound of 48 cells (500 W), hydrogen storage system 
in  form  of  metal  hydrides  (70  Nm3,  30  bar),  22 
photovoltaic  panels  Würth  (1.4  kWp),  Tudor  Batteries 
OPzV  (600  Ah),  H  &  H  dynamic  load  (up  to  5  kW), 
hydrogen  purification  system  and  a  data  acquisition 
system and management and control program developed 
in Labview environment.

RESULTS 
After several assays the pressure on the cathode was 

increased  to  1.4  bars.  Besides,  it  has  increased  the 
pressure on the anode to values of 1.8 bar.

The variable hydrogen pressure tests try to show the 
behavior of the fuel cell and fuel distribution through the 
cells of the stack.

Fuel cell polarization curves
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Figure 2. Fuel cell polarization curves at 1.8 bar on the anode.

In the direction of complete the study, the fuel cell was 
integrated  with  the rest  of  the hybrid  system,  and was 
tested in operation. 

Every operating parameter of the system is displayed 
and  stored  by  the  monitoring  and  control  program 
implemented by Labview. These parameters are given in 
the table 1.

Table 1. Fuel cell operating parameters.

Parameters

Hydrogen flow rate

Hydrogen supply pressure 

Air supply pressure 

Fuel cell current 

Load current 

Battery current 

PV panels current 

Electrolyser current 

Bus voltage

Battery SOC(%) – state of charge

Stack power 

Battery power 

PV panels power 

Electrolyser power 

Load power 

PV panels temperature 

Indoor temperature 

Metal hydrides temperature

Fuel cell stack voltage 

Hydrogen detector

Figure 3 shows the operation of the entire system in a 
period  of  24  hours.  The  power  initially  configured  to 
dissipate  by  the  load  was  1500  W  which  was  later 
reduced to 1250 W.

Just in the time with low solar irradiation, the battery 
charge  was  decreasing  down  to  88%  of  SOC. 
Automatically the fuel cell started working.

 Due to  the load change,  the entire  production was 
routed to recharge the batteries with the objective to reach 
the fixed level.

EGA performance (W)

-2000

-1500

-1000

-500

0

500

1000

1500

2000

4:00 8:00 12:00 16:00 20:00 0:00

Time (h)

Power(W)
Solar power

PV power

Battery power

Load power

Fuel cell power

Figure 3. Hybrid system performance.

The control of the variables is a decisive factor for the 
functionality and useful life of the fuel cell. As far as we 
are able to control them, we will be able to increase their 
efficiency.
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ABSTRACT 

There are five useful concepts in understanding fuel cell 
performance. Thermal and exergetic efficiencies, power, area 
specific resistance (ASR), and degradation.  The later two must 
be developed for different fuel cell operating modes. The 
concepts of exergetic efficiency and entropy production are 
related to ASR and degradation.  It is shown that exergetic 
efficiency is a time-dependent function useful in describing the 
thermal efficiency of a fuel cell and the change in thermal 
efficiency of a degrading fuel cell.  

INTRODUCTION  
 

 The actual fuel cell potential is decreased from its full 
potential, the Nernst potential, because of irreversible losses, 
described in part by the concept of area specific resistance 
(ASR).  Multiple phenomena contribute to irreversible losses in 
an actual fuel cell.  For the hydrogen oxidation reaction the fuel 
cell voltage, E, is typically given by (1, 2): 
 
       
      [1] 

 
where: 
         
       
 [2] 
 
 
F = Faraday’s constant 
J = operating current, amperes/cm2 
J(to) = current at time to, amperes/cm2 

Eo
H2/O2rxn(T) = voltage at unit concentrations for H2/O2 reaction 

at temperature T 
 

The Nernst equation, while widely used in equilibrium 
electrochemistry, is valid only for J=0 and η=0. It assumes 
thermodynamic equilibrium across a non-polarizable, 
reversible interface. 

Area specific resistance (ASR) reduces power output from 
a fuel cell and fuel cell efficiency.  Degradation is the change of 
ASR over time, dASR(t)/dt.  Fuel cell area specific resistance 
and rate of change of ASR occur primarily from corrosion 
which  limits the practical operating life of fuel cells.   
 

ASR(t) is generally a combination of resistances and 
overvoltages: 

 
       
      [3] 
 
ηa

act = activation polarization for the anode  
ηc

act= activation polarization for the cathode  
ηa

conc = concentration polarization for the anode  
ηc

conc= concentration polarization for the cathode  
Rohmic = series ohmic resistance of all fuel cell components 
including interconnect, interlayers, electrolyte, and contact 
layers 
 

The detailed performance of fuel cells must include 
concepts other than ASR including phenomena such as 
competing electrochemical reactions and electronic shorting (3) 
which reduce power output. These phenomena may also change 
with time.  However, the topic of this paper is rate of change of 
ASR as defined above. 
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Because of ASR and degradation, below a certain level of 
power or power density, the electrochemical work function, 
given by,  
       
    [4] 
 
 
it is no longer economical to operate a fuel cell or fuel cell 
system.  General expressions can be derived for fuel cell 
performance involving the variables E, J, µF, pressure, and fuel 
flow rate to explore the full envelope of fuel cell operation. 
 

There are common modes of fuel cell operation – constant 
voltage, constant current, constant power, etc. – which may 
affect degradation.   There is no standard way to operate a fuel 
cell.  Even so, the optimization of its performance to maximize 
an objective function would use controlled variables such as 
current and voltage.  

A most common type of overall ASR and degradation 
behavior is ohmic and parabolic (12). Degradation phenomena 
include nickel coarsening of electrodes, growth of oxide layers 
on interconnects, growth of non-conductive phases between 
electrodes and electrolyte, polarization overpotential, etc. (6-
12).  Most if not all fuel cells have these types of degradation.   
 

Specifically, by way of example, for the solid oxide fuel 
cell, LSM and YSZ can react and form low-conductive layer of 
SrZrO3 and La2Zr2O7, the latter being formed even at a 
relatively low temperature of 900ºC.  In accordance with the 
Tammann Equation (13), 

 
L=Kt1/2    [5] 

 
 
where L is the thickness of the reaction product layer, K is a 
constant. This equation can mathematically describe the time 
dependence of the parabolic ohmic resistance. 
 

Conclusions 

 
1. Equation [4] is one of five equations for describing, 

understanding and comparing fuel cell performance.  
Comparison can be made across fuel cell types and 
fuels. 

2. The rate of change of exergetic efficiency is related to 
degradation and fuel cell thermal efficiency.  

3. The fuel cell expends energy for power production 
and waste heat generation due to ohmic degradation. 

4. Fuel cells can be operated in many modes – constant 
voltage, constant current, constant power, etc.   
Degradation is calculated in different ways for each.  
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ABSTRACT 
We report for the first time an easy and quick 

synthesis of hollow core mesoporous shell carbon 
(HCMSC) simply templated from unpretreated solid core 
mesoporous shell (SCMS) silica using a cheap precursor 
like sucrose. Physical characterizations show uniform 
spherical carbon capsules with a hollow macroporous 
core of ca. 305 nm and a ca. 55 nm thick mesoporous 
shell, forming a well-developed 3-D interconnected 
bimodal porosity. HCMSC supported Pt with an average 
Pt particle size of 2.3 nm was synthesized and showed 
significantly higher electrocatalytic activity for oxygen 
reduction reaction, compared with a commercial catalyst 
Pt/Vulcan. The primary tests suggested that Pt/HCMSC, 
due to its particular structure and the high dispersion of 
noble metal particles, is a promising catalyst for fuel cells 
application. 

1. INTRODUCTION
Hierarchically porous carbons, especially those 

possessing well-defined macropores and interconnected 
meso-/micropores, attracted much attention because of 
their excellent performance of mass transport from 
macropores and their high specific surface areas from 
micro-/mesopores (1, 2). Since firstly reported by S.B. 
Yoon et al. in 2002, an unique dual-porosity carbon 
structure with macroporous hollow cores and 
mesoporous shells, named hollow core mesoporous shell 
carbon (HCMSC), was considered to be promising for 
fuel cell application as catalysts support (2, 3). However, 
the synthesis was tedious and expensive with the 
incorporation of the reactive species (e.g., aluminum 
oxide) onto the silica template and use of complicated 
carbon precursors (e.g., DVB/AIBN) resulted in for carbon 
production.  

In the present work, we propose a facile method to 
synthesize HCMSC with a high specific surface area and 
a large pore volume, using unpretreated SCMS silica as 
template and cheap sucrose as the carbon precursor. To 
the best of our knowledge, such a quick and inexpensive 
method has not been reported so far. The obtained 
carbon material was applied as the Pt support. The 
dispersion of platinum nanoparticles, the catalytic activity 
and durability of the supported catalyst were investigated. 

2. EXPERIMENTAL
2.1 Synthesis of HCMSC and Pt/HCMSC catalyst 
Solid core mesoporous shell (SCMS) silica was 

synthesized according to the reference (4). Hollow core 
mesoporous shell carbons (HCMSCs) were synthesized 
using a hard templating method: 1 g of SCMS silica was 
added to a solution containing 0.63 g of sucrose, 0.07 g 
of H2SO4 (98 wt. %, Sigma Aldrich) and 2.5 g of H2O. The 
mixture was kept at 100 °C for 6 h, then the temperature 
was increased to 160 °C and maintained for another 6 h. 
The impregnation procedure was repeated with 0.4 g of 
sucrose, 0.05 g of H2SO4 and 2.5 g of H2O, in order to 
completely infiltrate the internal pores of the template. 
The carbon-silica composite was obtained after pyrolysis 
at 900 °C for 6 h and then washed in 5 wt. % HF solution 
to remove the silica template.  

Dispersion of the catalytic metal on the support was 
achieved by wet impregnation as reported before (5). 
HCMSC supported Pt catalyst was prepared and denoted 
as Pt/HCMSC, with 16.7 wt. % of Pt confirmed by ICP. 

2.2 Characterization 
Field emission scanning electron microscope 

(FESEM), model JEOL JSM 6700F, was employed to 
determine the morphology. Nitrogen adsorption isotherms 
at 77 K were recorded by an ASAP2010 Instrument 
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(Micromeritics). Transmission electron microscopy (TEM), 
model JEOL JEM 2010, was used for estimation of the 
platinum particle size and distribution.  

Linear sweep voltammetry (LSV) was performed in 
O2-saturated 0.5 M H2SO4 solution at a scan rate of 5 mV 
s-1. An Ag/AgCl (1.0 M Cl–) electrode and a Pt wire were 
used as reference and counter electrode, respectively. A 
rotating glassy carbon disk covered with a thin layer of 
Nafion®-impregnated catalyst (area: 0.126 cm2) was used 
as the working electrode. The working electrodes were 
prepared as follows: 5.0 mg of catalyst were mixed with 
0.1 ml of ethanol, 0.1 ml of isopropanol and 30 µL of 
Nafion® solution (5 wt. %). The mixture was sonicated for 
30 min. Then 5 µl of the slurry was applied to the surface 
of the glassy carbon electrodes and the covered 
electrodes were kept at room temperature for 1 h before 
use. 

3. RESULTS AND DISCUSSION 
The FESEM image (Fig. 1A) confirms that the 

HCMSC has a hollow core diameter of ca. 305 nm and 
shell thickness of ca. 55 nm. From nitrogen adsorption–
desorption isotherms, HCMSC exhibited a large BET 
specific surface area of 1258 m2 g–1 and a total pore 
volume of 1.06 cm3 g–1, which were mainly attributed to 
the presence of the mesopores in the shell. A pore size 
distribution centred at ca. 3.3 nm was estimated using 
BJH model in the HCMSC. TEM image of Pt/HCMSC 
(Fig. 1B) showed that the metal particles were 
homogeneously and highly dispersed on HCMSC with 
small particle size (2.3nm). 

Fig.1 FESEM image of HCMSC (A); TEM image of Pt/HCMSC (B) 

Fig. 2 displays the linear scan voltammetry (LSV) and 
Koutecky-Levich plots (at 0.6 V and 0.65 V) of Pt/HCMSC 
and Pt/Vulcan catalysts at various rotating speeds of 
RDE. The limiting currents of ORR on Pt/HCMSC were 
much higher than those on the Pt/Vulcan at the same 
scanning ratet which could be partly attributed to the 
diffusion-favored porosity of HCMSC. The mass activities 
(imass) were derived from Koutecky-Levich plots at 0.65 V 
and 0.6 V. The imass of Pt/HCMSC were 0.031 A mg-1

Pt at 
0.60 V and 0.013 A mg-1

Pt at 0.65 V, which were much 
higher than those of Pt/Vulcan (0.025 A mg-1

Pt at 0.60 V 
and 0.0088 A mg-1

Pt at 0.65 V), indicating the higher 
catalytic activity toward ORR for the former.  

Potential cycling was used to evaluate the durabilities 
of the catalysts. After 5000 potential cycles, the loss of 
ECSA for Pt/Vulcan catalyst was 26 %, which was almost 

twice of that for Pt/HCMSC catalyst. The lower ECSA loss 
for Pt/HCMSC catalyst is likely due to stronger interaction 
between Pt and HCMSC support confirmed by XPS (Pics 
are not shown here). 

Fig. 2 Oxygen reduction reaction and Koutecky–Levich plots of 
Pt/HCMSC (A) and Pt/Vulcan (B) 

4. CONCLUSION 
HCMSC with a bimodal pore system composed of a 

hollow core and mesoporous shell has been facilely 
synthesized by impregnation, using cheap sucrose as 
carbon precursor and unpretreated SCMS silica as hard 
template. The prepared carbon materials with uniform 
spherical grains showed a narrow pore size distribution, a 
high specific surface area as well as a large pore volume 
in the framework. The HCMSC supported catalyst 
(Pt/HCMSC) with smaller Pt particles was found to be 
more catalytic active toward oxygen reduction reaction 
compared with the commercial catalyst Pt/Vulcan. From 
the accelerated degradation tests, the Pt/HCMSC 
showed less ECSA loss than the commercial Pt/Vulcan. 
From the present results, HCMSC materials have 
confirmed to be potential supports for fuel cell catalysts. 
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ABSTRACT
Microbial Fuel Cells (MFCs) are particularly appealing for 

applications  where  microbial  assisted  physics-chemical 

reactions  are  involved,  such  as  wastewaters  plants,  as  large 

quantities of water have to be treated and significant electric 

energy production can improve the sustainability of the process. 

In  this  work,  we  study  the  performance  of  modular  MFC 

systems consisting in the connection of more cells in series or in 

parallel  and  derive  an  analytical  model  to  determine  the 

electrical parameters of multiple-cell connections.

Index Terms: Microbial fuel cells, MFC systems, energy harvesting 

INTRODUCTION
A  MFC is  a  special  kind  of  fuel  cell  that  generates 

electrical energy by oxidation of organic matter using bacteria 

as  catalysts  of  chemical  reactions[1,2].  It  is  composed of  an 

anode (oxidation electrode) and a cathode (reduction electrode). 

The  most  important  factors  limiting  the  performances  of  an 

MFC are:  anode reaction; fuel  oxidation;  electron transfer  to 

anode;  electric  load  resistance;  proton  diffusion;  cathode 

reaction; oxygen diffusion; and non-ideal fuel flow. As power 

density of the single MFC is increased by improving structure 

and  materials,  scaling  geometry  (anode  and  cathode 

dimensions, cell volume) in order to obtain the desired power 

output, is not straightforward [3]. A possible solution is to adopt 

a modular strategy by using several cells, electrically connected 

together [2]. In a previous work [4], the characteristics of MFCs 

and  the  parallel  and  series  connections  of  two  MFCs  were 

addressed. In the present contribution, we extend our analysis to 

the case of an arbitrary number N of MFCs and provide some 

reliability considerations.

MULTIPLE-CELL SYSTEMS
The  tested  MFCs  are  mediator-less,  single-chamber 

cells with an open air cathode and operate in batch mode.

Single cells experimental results and characteristics have been 

reported in [4]. It is possible to observe that there is a roughly 

linear  relationship  between  voltage  and  current  and  that  the 

MFC, especially near the maximum power point (MPP), can be 

modeled with a voltage generator having an open circuit voltage 

V0 and a  series  resistance  R.  Table  I  summarizes  the model 

parameters of these MFCs.

Table I Electrical parameters of the four cells

MFC V0 (mV) R(Ω) MFC V0 (mV) R(Ω)

A 330 330 C 310 212

B 318 210 D 370 307

Previous work [4] discussed double-cell systems, equations 

have been derived for open-circuit voltage and internal series 

resistance in case of series and parallel cell connection. Fig. 1 

shows  a  comparison  between  the  experimental  MFC  system 

output power and the simulated system output power calculated 

using the parameters derived from the single-MFC experiment 

and model.

When  several  MFCs  are  available,  it  is  possible  to 

generalize the equations describing V0T and R0T for an arbitrary 

number of cells. Given a system composed by N cells, where 

the  i-th  cell  delivers  an  open-circuit  voltage  V0i and  has  an 

internal series resistance R0i , the series connected system open-

circuit  output  voltage  V0Tseries and  internal  series  resistance 

R0Tseries can be calculated as

∑
=

=
N

i

iTseries VV
1

00     (1);   ∑
=

=
N

i

iTseries RR
1

00   (2)

The parallel  connected system open-circuit  voltage V0Tpar and 

the internal series resistance R0Tpar are given by eq. (9) and (10).

Mixed series-parallel connection can also be applied when at 

least  four  MFCs  are  available.  We  analyzed  the  system 

consisting of the parallel connection of the series of cells A and 

B  with  the  series  of  cells  C  and  D.  This  configuration  is 

characterized by the following parameters for the linear model 

model: V0T = 669 mV; R0T= 265 Ω 

1 Copyright © 2011 
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The output power as calculated with the above model 

parameters is shown in Fig.  2.  Since the model is linear,  the 

maximum output power is the sum of the maximum power of 

the four single MFCs, The maximum power point depends on 

the specific  connection scheme:  changing the position of  the 

cells in the scheme results in different values of V0T and R0T, 

which  deliver  always  the  same  maximum  power  but  for 

different load impedance.

SINGLE-MFC FAILURE
Failure modes for a single MFC can result in the cell 

becoming:  a)  an  open  circuit  (e.g.  mechanical  failure  and 

electrolyte loss or loss of microbial population); or b) a short 

circuit  (e.g.  introduction  of  a  low-resistance  conduction  path 

between the electrodes). These failure modes affect the system 

in different ways depending on the connection topology

A: Series connection.

Failure mode a): the system suffers from a catastrophic fail: 

no power can be delivered to the load.

Failure mode b): The open-circuit voltage and the internal 

series resistance are modified according to eqs. (1) and (2). The 

net effect is a loss of the available power.

B: Parallel connection

Failure mode a):  the open-circuit  output  voltage and  the 

internal series resistance are modified according to eq. (3) and 

(4). The net effect is a loss of available power.

Failure mode b): the system suffers from a catastrophic fail: 

no power can be delivered to the load.

CONCLUSIONS
In this work, we studied the performance of modular 

MFC systems consisting in the connection of cells in series and 

in parallel. As a guideline for the choice of topology, we derived 

an analytical model to determine the electrical parameters of a 

system composed of N MFCs. Failure mode effects on different 

topologies were also discussed.

The proposed  model  enables  the study of  multiple-MFC 

systems in  the linear  approximation and allows choosing the 

topology that maximizes the output power on the basis of the 

electrical characteristics of each available cell by matching the 

open-circuit voltage and internal series resistance to the load.

Fig. 1 Output power as a function of RL: experimental data (symbols) and cal-

culated values (lines).

 Fig. 2 Model evaluation of output power as a function of RL for a four-cell 

system composed by two parallel connected branches, one consisting of cells A 

and B connected in series, the other consisting of cells C and D connected in 

series.
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ABSTRACT 
The  transesterification  of  vegetable  oils  appears  as  a 
commercial  viable  process  to  produce  biodiesel  for 
transportation  market.  This  process  requires  methanol, 
steam and electricity with some additional chemicals with 
biodiesel as main product and a mixture of glycerol and 
water  (80/20 wt%)  as by-product.  The utilization of  this 
huge amount of glycerol appears as a not easy solvable 
problem  and  thus  several  authors  have  proposed 
alternative  ways.  Among  these,  one  promising  way 
concerns to integrate the main production process with a 
glycerol  feed  bottoming  cycle  to  satisfy  plant  energy 
requirements.  To  this  aim,  a  steam  reforming  glycerol 
bottoming cycle designed to syn-gas production to supply 
Molten Carbonate Fuel Cells seems to be one of the most 
promising one. Mass and energy balances of  the main 
process  within  syngas  utilization  as  feed  for  molten 
carbonate  fuel  cell  have  been  determined  and  the 
reported  results  have  demonstrated  the  technological 
feasibility of this  application. Results have evidenced that 
plant  integrated  with  bottoming cycle  can  reach  a  high 
level of energy self-production.

INTRODUCTION 
Glycerol  is  a  byproduct  of  biodiesel  production,  which 
involves  the  transesterification  of  vegetable  oils.  Using 
glycerol  to  produce  value-added  products  such  as 
hydrogen  is  economically  desired.  In  this  way,  the 
integration of glycerol with a fuel cell bottoming cycle, to 
satisfy biodiesel plant energy requirements seems to be 
an  interesting  way.  This  study  started  from  the 
experimental  evidence  that  glycerol  can  be  catalytically 
reformed to  produce hydrogen rich  gas  mixture  having 
good  characteristics  to  be  used  as  fuel  for  a  molten 
carbonate fuel cells. After a preliminary step, purported to 
plant  mass  and  energy  flows  determination,  authors 
considered the integration of a bottoming cycle based on: 
i) steam reforming of glycerol for syn-gas production; ii) 
molten carbonate fuel cells (MCFC) system supplied by 
syn-gas for heat and electricity production. 

OVERVIEW OF BIODIESEL PRODUCTION PROCESS 
Table 1 shows input and output necessary to Kansas City 
plant for methyl ester production to produce a biodiesel 
flow of about 10,500 kgh−1 [1].

Table 1: Input and output flows of biodiesel production process

GLYCEROL STEAM REFORMING
Steam  reforming  must  be  carried  out  at  high 
temperatures, low pressure and high steam carbon ratio 
by different kind of feedstocks [2]. Overall, the reaction of 
glycerol steam reforming can be given as follows:
C3H8O3 + 3H2O → 7H2 + 3CO2 (ΔH0

298= +346.4 kJ mol−1)
On the basis of thermodynamic analyses, products molar 
fractions of steam reforming process were estimated (Fig. 
1),  in  terms  of  heat  and  mass  balances,  according  to 
industrial biodiesel production cycle.

Figure 1: Power & mass balance of the stream reforming process

1 Copyright © 2011 
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MOLTEN  CARBONATE  FUEL  CELLS  BOTTOMING 

CYCLE
In such a plant lay-out, the best benefits can be obtained 
if heat and electricity produced by MCFC system will be 
utilized to meet energy requirements of main production 
process.  The  energy  flow  balance  has  been  sized  to 
generate electricity as required by the plant (303.6 kW) 
and heat (31018 MJ/h) as much as possible. The syn-gas 
flow  (6937.6  Nm3/h)  coming  from  reformer  section  is 
supplied in part (6278 Nm3/h) to an industrial burner and 
in part (659.62 Nm3/h) to a MCFC system for electricity 
and  heat  co-generation.  The  gas  flow  and  energy 
balances  of  the  bottoming cycle  are  detailed in  Fig.  2. 
From  this  flow  sheet,  it  is  noticeable  that  MCFC  and 
burner  are closely integrated; in fact,  the MCFC anode 
spent gas (119.87 Nm3 h−1) is recycled to the burner for 
the combustion of  residual  hydrogen,  carbon monoxide 
and methane. At the same time, a partial flow of exhausts 
at  the  exit  of  burner  is  recycled  to  supply  MCFC inlet 
cathode with the necessary flow of CO2 (550 Nm3 h−1).
 

Figure 2: Gas flow and energy balance of bottoming cycle

MASS  AND  ENERGY  FLOWS  FOR  THE  GLOBAL 

PROCESS
The molten carbonate fuel cells system concerns a series 
of stack operating at 923K of temperature and fed by a 
flow of syn-gas. The MCFC system is supplied by a flow 
of: Fsfc = 659.62 Nm3 h−1, with a combustion potential of: 
Pin = 894.76 kW.
The MCFC energy balance: Pin=Pel+Hloss+Hinc+Hth 
Pel is the released electric power (303.6 kW); Hloss is the 
heat loss due to irradiation, prefixed equal to 5% of inlet 
energy flow (44.73  kW);  Hinc is  the  potential  energy of 
combustion available in the outlet MCFC exhaust (398.94 
kW), based with respect to LHV. By developing the above 
reported equation, it has been determined the heat flow 
Hth =  147.49  kW  (529  MJh−1)  released  by  MCFC,  as 
sensible  heat,  and  the  MCFC  electricity  efficiency  has 
been calculated with Eq.:
MCFCel.eff.=Pel/Pin x 100 = 303.6/894.76 x 100 = 33.9% 

The combustion section concerns a burner : inlet flow of 
syn-gas (6277.99 Nm3 h−1)  plus a flow of   exhaust gas 
(119.87  Nm3 h−1)  recycled  from  MCFC  anode 
compartment. The thermal power released by the burner: 
HRel = 8469.29 kW = 30,489 MJh−1 has been calculated on 
the  basis  of  lower  heating  value  (burner  efficiency  of 
95%). The thermal power available from the combustion 
of  gases  produced  by  glycerol  steam  reforming 
corresponds  to  a  rate  of  80.6%  of  the  total  heat 
requirements.  In  addition  to  this  one,  a  partial  flow  of 
combusted exhaust at exit of burner is recycled to MCFC 
cathode compartment to supply CO2 requirements.

Figure 3: Mass and energy flows for the global process

CONCLUSIONS
The comparison of this flow-sheet with a traditional one 
evidenced that:
Inlet mass flows of crude oil and chemicals don’t change 
as  well  as  amount  of  produced  biodiesel,  with  the 
exception  of  glycerol  that  in  traditional  production  line 
appears as by-product while in the proposed scheme is 
treated to sustain energy requirements of main process.
Traditional plant requires electricity (303.6 kW) and heat 
(14422 MJ/h) from external sources, while the proposed 
process requires a reduced rate (6807 MJ/h) of heat from 
external. The plant integrated with bottoming cycle shows 
a selfproduction of  energy of  82.5%, with  a  substantial 
enhancement  of  plant  complexity,  that  should  require  a 
further analysis how it influences plant cost investment.
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10504 kg/h   

Released heat   
30489MJ/h   

Electricity   
303 . 6 kW   

Heat   
529 MJ/h   

Heat from   
external  source   

6807 MJ/h   

R - Process H eat   
23403 MJ /h   

Syngas   
6937 . 6 Nm 3 /h   

Irradiation   
44 . 73 kW   

MCFC   

Burner   

7086 MJ/h   

Water   
3148  kg/h   

Purification 

  Vaporizer 
  

   
Steam reforming   

Crude glycerine   
  2235 kg/h   

Steam   
14422 MJ/h   

Reagents   
5975 kg/h   

  

Crude oil    
10897 kg/h   

Plant  of    
biodiesel process   

Electricity   
303 . 6 kW   

O il  and grease   
129 kg/h   

Total wastewater   
4451 kg/h   
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ABSTRACT
The aim of this work was to investigate the effects of 

freezing/thawing (F/T) cycles and cell purging time, on a 
single  direct  methanol  fuel  cell  (DMFC).  Purging  tests 
indicated that the higher the cell resistance before each 
F/T cycle,  the better  the cell  performance during each 
F/T  cycle,  which  is  directly  related  to  the  absence  of 
water in the cell  itself  before freezing. SEM analysis of 
MEAs not properly purged before the F/T cycles showed 
that after only 20 F/T cycles the low temperature storage 
(–21 °C) induced a significant MEA degradation,  which 
affected the subsequent cell performance and durability, 
which  depend  of  the  purging  procedure,  purging  time, 
and  purge  flow.  By  opportunely  modification  of  the 
purging  procedure,  the  performance  of  single  DMFCs 
remained almost constant after 25 F/Ts.

INTRODUCTION
For stationary applications, in particular back power 

systems,  the  performance  of  DMFCs  should  be 
maintained with being exposed to subzero temperatures 
in winter time. The residual water present in the FCs after 
shut-down  could  cause  irreversible  degradation  when 
they  are  kept  in  subfreezing  temperatures.  The  main 
cause  of  cell  degradation  occurring  under  subfreezing 
temperatures  is  the  ice  formation  inside  the  device. 
Swelling due to ice development and contraction due to 
its melting can cause mechanical stress or delamination 
in  the  MEA structure,  leading  to  material  degradation, 
mainly in the gas diffusion layer, catalyst layer and in the 
electrolyte membrane, with a resulting reduction of both 
the  OCV  value  and  the  polarization  curve  (oxidation-
reduction kinetics decay) [1,2].

EXPERIMENTAL
To  simulate  the  situation,  single  cell  DMFCs,  with 

specific active areas of 5 cm2, and MEAs prepared with 
supported  or  unsupported  PtRu  catalysts,  normally 
operated  at  60  °C  with  air  flow of  350  mL min–1 and 
methanol flux of 1 mL min–1, were exposed up to 25 F/T 

cycles at  –21 °C for  8 h.  To avoid  the freezing of  the 
methanol  solution,  a  9  M  solution  was  employed, 
assuring thus the liquid status of the methanol solution up 
to –32 °C.  At  cathode side,  instead, the residual  water 
formed during the electrochemical reaction was removed 
prior  each freezing cycle  by purging the cathode itself 
with  an  Oxygen  flow.  The  influence  on  DMFCs 
performance  of  temperature,  air  rate  and  the  de-
hydration time during purging operation were evaluated.

RESULTS AND DISCUSSION
The  best  purging  time  was selected  at  6  min,  by 

employing an air purge flow of 350 mL min–1 for an 5 cm2 

active  area DMFC.  After  an initial  improvement  of  the 
cell performance, the DMFC started to loose activity from 
the 6th F/T cycle onwards. The cell slightly worsened up 
to the last performed F/T (Figure 1). 

Figure 1. 5 cm2 DMFC performance decay after 20 F/T cycles

Afterwards, the effects of F/T cycles on the electrode 
structure were examined by SEM analysis. SEM analysis 
enlightened areas of delamination between the Nafion® 
membrane and the catalytic layer, mainly at the cathode 
side (Figure 2). Such a delamination effect could be due 
to  stress  contraction  of  the  gas  diffusion  layer  and 
catalyst layer. The performance decay could be linked to 
the encountered delamination all  along the membrane-

1 Copyright © 2011 

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

0,1

0,2

0,3

0,4

0,5

0,6

 Reference

 Day 1

 Day 3

 Day 4

 Day 6

 Day 7

 Day 8

 Day 10

 Day 12

 Day 14

 Day 16

 Day 17

 Day 18

 Day 20   

V
o

lt
a

g
e

(V
)

Current Density(A.cm
-2
)



308

catalytic  layer boundary,  which influenced the electrical 
contact between the materials at the interface.   

Figure 2. SEM imagess of the 5 cm2 MEA after 20 F/T cycles.

Moreover, EIS analysis showed that the cathode side 
was  the  electrode most  affected after F/T  cycles, 
whereas apparently the  anode was not affected by the 
repetitive F/T cycles (Figure 3).

Figure 3. 5 cm2 DMFC anode EIS after 20 F/T cycles.

Because of the damages encountered mainly at the 
cathodic side, the emphasis of the research was placed 
on  preventing  the  natural  reverse  hydration  of  the 
membrane  after  the  purging  phase,  where  maximum 
value of dehydration should be kept fixed even when the 
cell  is maintained in an environment wit  a temperature 
below  0  °C. This  was  achieved  through  a  specific 
procedure  with  open/close  valves,  to  maintain  the  dry 
oxygen inside  the  cathode,  and  prevent  the  humid  air 
inlet during each F/T cycle. Specifically,  during purging 
first  the  anodic  outlet  and  inlet  valves  were  closed  in 
series,  to  guarantee  a  static  methanol  solution  at  the 
anode. Then, by maintaining a constant air  flow at the 
cathode, the cathodic outlet and inlet valves were closed 
in  series to  trap inside the dry oxygen,  as to  seal  the 
cathode and prevent the entering of external humid air,  
and  thus  avoid  the  freezing  of  the  residual  humidity 
inside the active area of the DMFC. This procedure was 
accomplished  for  avoiding  almost  completely  the 
rehydration of the membrane due to the residual humidity 
eventually present in the cell.

Based on this new purging procedure, by employing 
6 minutes as purging time and an air flow rate of 350 mL 
min–1 for  the  anode  side,  new DMFCs  with  5  cm2 as 
active area, were exposed to a new series of F/T cycles. 
The  tested  DMFCs performed  very  well,  with  minimal 

performance  decay  as  showed  in  Figure  4  (anode 
catalyst  formulation  with  PtRu  unsupported  catalyst,  2 
mg  cm–2)  after  20  F/T  cycles  and  in  Figure  5  (anode 
catalyst formulation with PtRu-C supported catalyst, 2 mg 
cm–2) after 25 F/T cycles.
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Figure 4. 5 cm2 unsupported DMFC performance decay after 

20 F/T cycles.
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Figure 5. 5 cm2 supported DMFC performance decay after 25 

F/T cycles.

CONCLUSION
In order to minimize the possible negative effects of 

cold  winter  conditions  with  temperature  below  0  °C, 
single DMFCs, normally operated at 60 °C, were exposed 
to  various  F/T  cycles.  Specific  purging  procedures, 
employing dry air  to  be trapped into  the cathodic  side 
during the freezing phase, demonstrated to be effective 
in removing the residual water present into the FC and 
avoiding  the  entering  of  external  humidity,  causing 
damages to the MEA structure. The best results showed 
practically  a  constant  cell  performance  after  25  F/T 
cycles. Details will follow in the full manuscript. 
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ABSTRACT  
PEM fuel cell based on PBI polymer and phosphoric 

acid, can be operated at temperature between 120 and 
180 °C. Reactants humidification is not required and CO 
content up to 2% in the fuel can be tolerated, affecting 
only marginally performance. This is what makes HT 
PEM very attractive, as low quality reformed hydrogen 
can be used and water management problems are 
avoided. Till nowadays, from experimental point of view, 
only few studies relate to the development and 
characterization of high temperature stacks. The aim of 
this work is to present first results of an experimental 
activity carried out to analyze the performance of HT-
PEMFC single cell with two different PBI-membrane. 
 
INTRODUCTION 
 High temperature proton exchange membrane fuel 
cells (HT-PEMFC) with polybenzimidazole  (PBI)-based 
membrane are considered the next generation of power 
generating devices due to their superior performance 
compared with the low temperature 
perflourosulphonated-based membranes.

They operate at higher temperatures from 120 to 
180°C and exhibit stable voltage output at steady state 
conditions. The HT-PEMFC is credited with faster 
electrochemical kinetics, improved water management, 
and carbon monoxide tolerance [1-3]. As a result of the 
low electro-osmotic drag and the good proton 
conductivity of the PBI membrane, the fuel cell design 
and the routine maintenance could also be significantly 
simplified [4]. Therefore, it is clear that the use of high 
temperature polymer cells could represent a solution to 
technological problems still unresolved of "low 
temperature" PEMFC. 

In this paper, first results of an experimental activity  
carried out to analyze the behavior of two commercial 
PBI-based MEAs, are presented.

The first MEA (MEA1) presents 1 mg Pt/cm² and 0.7 
mg Pt alloy /cm² on the anode and cathode side 
respectively, while the second one (MEA2) has a 
catalyst content of 30 wt% Pt/C. 
The impact of some variables such as temperature and 
CO content in the anode gas feeding on the cell voltage 
in the whole operating range were investigated. 

EXPERIMENTAL SET-UP  
All test were performed in the Energy Systems 

Laboratory of the Cassino University. Tests facilities 
allow to measure the performance of a HT-PEM single 
cell. In particular the test station has been designed in 
order to test single cell and stack by varying working 
parameters (temperature, air and fuel stoichiometries, 
etc.) and under different feeding: a) by varying the fuel 
composition (pure or diluted hydrogen);b) by varying the 
oxidant (air). 

The HT-PEM single cell, in-house assembled, has 
an active area of 45 cm2 with a triple serpentine flow 
channel on poco-graphite plates. In order to maintain an 
adequate contact pressure between all the components, 
it was compressed with a tightening torque of 5 Nm . 

The backpressure was set to 1.2 bar for both anode 
and cathode sides, All tests were conducted at steady-
state conditions at temperatures of 120, 140, 160, and 
180°C.

The control logic is implemented in NI LabView 
language. The code runs on a NI 9172 Compact DAQ 
real time data acquisition and control system. 

RESULTS 
Figures 1 and 2 report the polarization curves of 

MEAs tested under the nominal operating conditions 
recommended by the manufacturers (Tcell=160°C for 
MEA1 and Tcell=180°C for MEA2, reactants 
stoichiometries equal to 1.2 and 2 for anode and 

1 Copyright © 2011  
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cathode sides respectively). In these conditions the 
anode has been fed with pure H2 and with a different CO 
content (1% CO, 74.68 % H2, balance CO2 and 2% CO, 
74.83% H2, balance CO2). MEA1 (Figure 1) always 
shows better performance than those of MEA2 (Figure 
2) both with pure and diluted hydrogen feeding. 
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Figure 1.Performance of MEA1 at nominal operating conditions 
(Tcell=160°C, λFuel=1.2, λAir=2) and fed with pure H2 and diluted H2.  
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Figure 2. Performance of MEA2 at nominal operating conditions 
(Tcell=180°C, λFuel=1.2, λAir=2) and fed with pure H2 and diluted H2.  

In fact, it is worth noting that, for pure hydrogen feeding, 
at 0.79 A/cm2 (the maximum value for MEA2), the cell 
voltage of MEA1 is 0.51 V, whereas that of MEA2 is 
equal to 0.4. In the diluted gas feeding the differences 
between the two MEAs tested are less important (at 0.74 
A/cm2 the cell voltage is about 0.41 for MEA1 and 0.37 
for MEA2). This can be due to the different operating cell 
temperature (it is greater for MEA2 than MEA1) that 
impacts on CO adsorption on the catalyst sites. This 
consideration is confirmed by figures 3 and 4 that show 
the polarization curves for different operating 
temperature. It can be noted that, at 180°C, the MEA1 
cell voltage is 124 % of that of MEA2. 
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Figure 3. Polarization curves of MEA1 at different  operating 
temperatures (the anode gas feeding is 74.83% H2, 23.17% CO2, 2% 
CO).   
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Figure 4. Polarization curves of MEA2 at different  operating 
temperatures (the anode gas feeding is 74.83% H2, 23.17% CO2, 2% 
CO).   

CONCLUSIONS 
In this paper, first experimental tests carried out on two 
commercial PBI-based MEAs, are presented. In order to 
realize an experimental stack of 1 kWel for cogenerative 
purpose, further investigations (air stoichiometry 
variation, heat required for warm-up phase, heat 
available, etc.) will be carried out to choose the better 
membrane electrodes assembly. 
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ABSTRACT (< ARIAL 10 PT UPPERCASE) 
Pd is the most attractive anode catalyst in an 

electrocatalytic oxidation of formic acid and its application 
in direct formic acid fuel cells (DFAFC) has been attended 
due to fast degradation. Fast and corrosion-free approach 
to reactivating Pd anode applying cathodic bias potential 
in which hydrogen evolves is investigated in this study. 
External perturbation of cathodic potential is supplied to 
the Pd anode during DFAFC operation and optimal 
(ultra)short pulse duration for reactivation of Pd anode is 
observed.  
 

 
INTRODUCTION (< ARIAL 10 PT UPPERCASE)  

Direct formic acid fuel cells (DFAFC) have been 
strongly investigated since early 21st century as a 
potential power source for portable device applications.1 
DFAFCs have many advantages such as fast oxidation 
kinetics, and safety of liquid formic acid (HCOOH), a 
smaller crossover through proton exchange membrane 
as well as the simplicity of power-system integration.  

Pd has been studied as an anode catalyst for DFAFC 
due to its higher activity than Pt-based catalysts by 
facilitating direct oxidation to CO2 on their surfaces.2 

However, Pd exhibited fast deactivation and it is regarded 
as the main problem for future application. Of late, 
several reactivation methods have been proposed.3-5 Pd 
catalyst can be reactivated by applying an anodic 
potential,3 but the oxidative reactivation of Pd causes 
long-term instability of catalyst because corrosion rate of 
Pd is much faster than that of Pt. Zhou et al.4 reported 
that the activity of Pd catalysts could be recovered after 
flushing with water, but it requires enough time for the full 

recovery of its activity. We observed that the cyclic 
voltammetry up to cathodic potential for hydrogen 
production from water is effective to restore the original 
activity of Pd.5  
 In this work, we tried to optimize the condition of 
external potential perturbation, especially pulse cathodic 
potential, for the reactivation of Pd anode in DFAFC. 
Influences of reactivation conditions on the other MEA 
components were also investigated. 

RESULTS AND DISCUSSION 
Both stationary and pulsed potential test were carried 

out to prove the recovery of deactivated Pd catalyst. 
Figure 1 shows current behavior of Pd in in 2M HCOOH 
containing 0.5M HClO4 at 0.3 V (vs. Ag/AgCl). Current 
begins to drop right after potential is applied (see Fig. 
1(a)). It clearly shows the fast deactivation of Pd during 
oxidation of formic acid. Current decreases more rapidly 
because of a use of low catalyst loading (50 μg cm-2 of 
commercial 60wt% Pd/C was loaded on a glassy carbon 
disk electrode). On the other hand, current rises after 
applying cathodic potential of -0.4 V for 10 s as shown in 
Fig. 1(b). Fig. 2 shows nyquist plots for Pd/C catalyst 
measured at OCP before and after reactivation. The 
smaller semicircle after reactivation indicates that charge 
transfer resistance of catalyst reduced by applying pulse 
potential. Based on this observation, we realize that the 
short potential perturbation can be possible to recover the 
anode activity in a long-term operation of DFAFC.  

To verify feasibility of this reactivation method in 
DFAFC system, a potential perturbation was applied to 
single cell. Reversible hydrogen electrode (RHE) was 
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used as a reference electrode to apply potential to anode. 
Perturbation potential and time were optimized in order to 
obtain a fast reactivation of Pd anode. We consider the 
value of potential should be lower than equilibrium 
potential of formic acid oxidation and thus, the influences 
of continuous perturbation on the other components of 
the DFAFC were studied. Electrochemical impedance 
spectroscopy was also used in DFAFC experiments to 
determine electrochemical properties of Pd anode before 
and after reactivation.   

In summary, the reactivation method introduced in 
this study may neither lead to catalyst corrosion nor take 
long time during the process. This can give a useful 
method to operating DFAFC systems having high in a 
long-term operation. 
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Figure 1. Current density profile of Pd anode at applying 
(a) constant potential of +0.3V and pulsed potential 
method (+0.3V oxidation time : 60 s, -0.4V reduction 
time : 10 s) in 2 M HCOOH and 0.5 M HClO4. 
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Figure 2. Nyquist polts for a Pd catalyst at OCP in 2 M 
HCOOH and 0.5 M HClO4. (a) fresh Pd, (b) after 
deactivation and (c) after reactivation. 
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ABSTRACT 
            Electrodeposition of Pd was carried out on 

Vulcan coated graphite (VCG) substrate by cyclic 
voltammetry (CV) technique. The VCG was 
electrochemically activated prior to Pd deposition, and an 
increase in intensity ratio (ID/G) from 0.17 to 1.24 between 
the D-band and G-band was observed in the Raman 
spectra. The increase in ID/G suggests the presence of 
more structural defects and improved hydrophilicity with 
the increase in number of electrochemical activation 
cycles. Scanning electron micrographs showed a 
transition of Pd morphology from spheres to dendrites 
with the increase in activation cycles. The activity of the 
electrodeposited Pd catalysts towards oxygen reduction 
reaction (ORR) in acidic media showed an increase in the 
cathodic current confirming the reduction of oxygen, and 
the current density increased with the increasing cycles of 
electrochemical activation. The results indicate, insertion 
of defects on the VCG substrate during electrochemical 
activation favored good metal-support interaction, 
resulting in a dendritic morphology with enhanced ORR 
activity. 
 
INTRODUCTION  
 Oxygen reduction reaction (ORR) is a multi-
electron reaction which includes a number of elementary 
steps involving different reaction intermediates. It plays a 
key role in fuel cells, gas sensors and electro synthesis. 
Polymer electrolyte membrane (PEM) fuel cells are 
attractive energy conversion devices for portable devices 
and electric vehicles owing to their high efficiency, high 
power density and low operating temperature. However, 
the high price and the limited resources of Pt are among 
the main challenges hindering their commercialization. 
Therefore, development of non-platinum catalyst with high 
activity has been the focus of considerable attention in 
fuel cell research. As palladium possesses a similar 
valence electronic configuration to platinum and has high 

methanol-tolerant ability, researchers have devoted to 
develop palladium-based materials as a promising catalyst 
for oxygen reduction reaction for PEM fuel cells and direct 
methanol fuel cells [1, 2]. Recent attention has been on the 
synthesis of dendritic nanostructures, due to their 
increased surface area, making it advantageous and 
convenient as electrocatalyst. In this study, we report on 
the synthesis of dendritic Pd nanostructures on carbon 
coated graphite substrates using electrochemical 
deposition and their activities towards ORR. 
Electrochemical deposition was used because of their 
simple and effective operation, high purity, and easy 
control. 
 
 EXPERIMENTAL 

Carbon black (Vulcan XC-72R) coated graphite 
(VCG) was used a substrate for the electrodeposition. 
VCG substrates were subjected to an electrochemical 
activation process to increase the hydrophilic character of 
carbon surface before electrodepostion. The activation 
step was carried out by potential cycling in nitrogen 
saturated 0.5 M H2SO4 solution from -0.2 to 1.1 V at a 
sweep rate of 100 mV s-1 for 25, 50 or 100 cycles. The 
substrates were then characterized by Raman 
spectroscopy to study the disorder during electrochemical 
activation. 

Electrodeposition of Pd on VCG substrate was 
carried out in an inert atmosphere and room temperature 
using PdCl2 precursor in an acidic (0.01M HClO4) media by 
potential cycling between -0.2 V and 1.1 V at a scan rate of 
20 mV s-1. The activity towards ORR for the Pd deposited 
catalysts were evaluated by linear sweep voltammetry 
(LSV at 5 mV s-1) in an oxygen saturated 0.5 M H2SO4 
solution, and nitrogen saturated solution for blank. All the 
ORR experiments were performed in a conventional three 
electrode cell housed in a BASi cell stand with Pd 
deposited electrode as working, Pt wire and an 
Ag/AgCl(3MNaCl) as counter and reference electrodes, 
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respectively. Quanta FEI High Resolution Scanning 
Electron Microscope was employed for the physical 
characterization. 

RESULTS AND DISCUSSION  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 1a. Cyclic voltammograms of the Pd catalyst in 
0.5 M H2SO4 deposited on Vulcan coated graphite (VCG) 
substrate subjected to different cycles of electrochemical 
activation: 25 cycles (Dashed line), 50 cycles (Dashed 
dotted line) and 100 cycles (Dashed dot dotted line) at a 
scan rate of 100 mV s-1 b) Linear sweep voltammograms 
of the Pd catalyst in oxygen saturated 0.5 M H2SO4 at a 
scan rate of 5 mV s-1. N2 blank (Solid line) represents the 
LSV in  N2 saturated solution.  
 
Raman spectra for the VCG electrode, before and after 
electrochemical activation showed an increase in intensity 
ratio (ID/G) for the electrochemically activated substrate 
from 0.17 to 1.24 for the D-band and G-band values with 
increase in the number of activation cycles. This 
corresponds to a higher proportion of sp3 carbon, and can 
be attributed to the presence of more structural defects 
[3], and is also responsible for improving the hydrophilicity 
of carbon black surface favoring a good metal deposition. 

Cyclic voltammograms of the electrodeposited Pd 
on VCG substrate, in which VCG was subjected to 
different cycles of activation before Pd deposition is 
shown in figure 1(a). The characteristic features of Pd 
surface electrochemistry which represents the typical H+ 
adsorption/desorption peaks and oxide formation/ 
stripping peaks are more prominent for the Pd deposited 
on VCG subjected to 100 cycles of activation. The 
corresponding catalytic activity towards ORR was 

evaluated by LSV in an oxygen saturated 0.5 M H2SO4 
solution. As can be seen from figure 1(b), a distinctive 
trend in the cathodic current density was developed with 
increasing the cycles of activation (on VCG before 
deposition), confirming the reduction of oxygen, with 100 
cycles of activation showing the highest activity.  
 
 
 
 
 
 
 
 
                a)                                     b)                                   c)                     
Figure. 2. Scanning electron micrographs of Pd on Vulcan 
coated graphite electrode which was subjected to different 
cycles of activation   a) 25 cycles, b) 50 cycles and c) 100 
cycles. Electrodeposition bath consists of 2 mM PdCl2 in 10 
mM HClO4.  Number of deposition cycles: 10. 
 
Figure 2 shows the scanning electron micrographs of Pd 
deposited VCG substrate, which was subjected to different 
cycles of electrochemical activation. As can be seen from 
the figure, the transition of Pd morphology from spheres to 
dendrites takes place with increasing cycles of activation. 
When the VCG substrate is subjected to electrochemical 
activation for 25 cycles followed by electrodeposition of Pd, 
spherical Pd particles are formed. With increased cycles of 
electrochemical activation, the growth of the nanoparticles 
were strengthened along certain direction, and the 
transition of morphology from spheres to dendrites takes 
place.  
 
Electrochemical activation process of VCG before Pd 
deposition improved the hydrophilicity of the carbon black 
surface, favoring a good deposition and metal-support 
interaction. The increase in activation cycles changed the 
spherical Pd particles into dendritic structure, and 
enhanced ORR activity. The conditions for the deposition 
of palladium were further optimized by varying the number 
of deposition cycles, carbon ink loading and precursor 
concentration. 
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ABSTRACT 

High Temperature Solid Oxide Fuel Cells (HT-
SOFCs) represent a very promising technology for 
efficient energy conversion, and offer the possibility of 
distributed micro-cogeneration. Efficient modeling of 
actual SOFC operating conditions, after proper validation, 
is very important for the control and management of 
future commercial modules, and very useful for the 
design of experiments in prototype systems, like the one 
considered in this work. The paper presents a new zero 
dimensional (0D) model for the simulation of a SOFCs 
based micro-cogenerative module for residential use, fed 
by natural gas. The model has been validated against 
data obtained during an experimental campaign recently 
conducted by the authors on a field module. The 
validated model has been used to analyze the actual 
performance of the module under different operating 
conditions, and to design new experiments. The results 
shown in this paper highlight the importance of the 
thermal control strategy on the actual performance of the 
cogeneration module. 
 

INTRODUCTION 
 The increasing energy demand and the necessity to 
reduce pollutant emissions have pushed research efforts 
to increase efficiency of energy conversion systems. In 
this scenario, Fuel Cell (FCs) have gained attention as 
they offer the possibility to directly convert the chemical 
energy of a fuel into electric energy, avoiding intermediate 
thermal energy conversion processes [1, 2]. Furthermore, 
low dependence of system performance on the size, the 
possibility of using inexpensive catalytic materials and the 
capability of these systems to be directly fed by natural 
gas have made High Temperature FCs (HT-FCs) 
particularly suitable for residential micro-cogeneration. 
Looking at the available literature, many industrial 
research projects aim at demonstrating the possibility of 
using these systems for real life applications, 

investigating their global efficiency, life-time performance 
and economic sustainability. From this point of view, 
experiments are crucial not only to asses global efficiency 
in real-life operating conditions, but also to verify the 
reliability of the on-board control system that should allow 
a fully automatic stand-alone operation [3]. A reliable 
operation may depend on a uniform and stable 
temperature distribution in the stacks, since an operating 
temperature outside the prescribed range may result in a 
system shut-down. Moreover, excessive temperatures 
may irremediably damage the stacks. In the authors’ 
opinion, the actual operating performance of SOFCs 
based micro-cogenerative modules are, at this stage of 
development, very dependent on thermal issues. In the 
present paper, the authors analyze the performance of a 
SOFCs based micro-cogenerative module, fed by natural 
gas, through a new 0D model. The proposed model is 
able to reproduce the logic of the on-board control 
system, in order to predict different steady state operating 
conditions, taking into account the actual operating 
ranges imposed by the manufacturer for the main 
parameters, such as the stack temperature. The module 
under investigation, designed for residential applications, 
is able to produce a maximum of 5 kW electric power. 

THE COGENERATIVE MODULE 

The cogenerative unit under investigation is fed by 
natural gas, which is converted in a mixture of hydrogen 
(H2) and carbon monoxide (CO) in a catalytic partial 
oxidation reformer (POX). The anodic exhaust gases, 
containing the unreacted fuel, mixed with the excess of 
cathodic air, undergo post-combustion, and the resulting 
thermal energy is used to pre-heat the inlet cathodic air 
through a heat exchanger. Finally, the exhaust gases 
transfer the residual thermal energy to the water flowing 
in the cogeneration circuit through a second heat 
exchanger. More details about the module and the 
experimental set-up can be found in [3]. 
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MODEL VALIDATION AND RESULTS 
Figure 1 shows a comparison of 

predictions with the experimental data measured during 
field operation. In particular, the graph presents the 
cell voltage and module electric power against the single 
cell current density. The model results are in 
agreement with the experimental data
necessary confidence in the model ca
reproduce the system’s behavior. 

 

Figure 1: Comparison of numerical prediction with 
experiments: symbols represent the experiments, while 
continuous curves represent the numerical predictions.

 
The proposed model has been used to 

actual operating conditions of the micro
SOFCs module, for the ranges imposed by the 
manufacturer to some of the relevant thermal quantities
Particular attention has been paid to the 
limits imposed to the stack temperature, 
obtained results show that in order to keep the operating 
stack temperature within the prescribed range, some 
otherwise possible operating conditions will never be 
obtained. Figure 2 presents the global electric efficiency 
against electric power, predicted by the developed model 
for different values of the fuel utilization factor. 
expected, higher values of the fuel utilization factor
correspond to higher global efficiencies
the limitations on the stack temperature
global electrical efficiency that can be obtained is around 
30%, and the theoretical 35%, corresponding to a fuel 
utilization factor of 80% and an electric power of 
cannot be reached. 

In fact, this high fuel utilization factor 
small quantity of unreacted fuel available in the off
combustion section. Therefore, the thermal energy 
required to keep the stack temperature within the 
prescribed range is obtained by burning additional fuel
directly inside a burner. Even for the maximum allowed 
fuel flow rate, the obtained thermal energy is not sufficient 
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obtained results show that in order to keep the operating 
stack temperature within the prescribed range, some 
otherwise possible operating conditions will never be 

the global electric efficiency 
predicted by the developed model 

of the fuel utilization factor. As 
fuel utilization factors 

correspond to higher global efficiencies. However, with 
mperature, the maximum 

that can be obtained is around 
corresponding to a fuel 
electric power of 3 kW, 

high fuel utilization factor (80%) leaves a 
small quantity of unreacted fuel available in the off-gas 

the thermal energy 
to keep the stack temperature within the 

burning additional fuel 
ven for the maximum allowed 

, the obtained thermal energy is not sufficient 

to keep the stack temperature above 700
section of the graph cannot be reached under actual 
operating conditions. Figure 2 also shows that in order to
operate the module at a produced electric power above 
2.2 kW, in order to keep the stack temperature in the 
range fixed by the manufacturer, there are specific 
restrictions on the fuel utilization factor, which needs to be 
finely tuned when the electric

 

Figure 2: Global efficiency against electric power: 
numerical predictions. 

 

CONCLUSIONS 

The paper presents a 0D model for the 
performance and operating conditions of
micro-cogenerative module for residential use, fed by 
natural gas. The proposed model has been validated 
against the experimental data 
an actual operating plant
employed to analyze the o
during the experiments, and can be used to increase 
actual global efficiency of the module, by 
module thermal design and the logic of the on
control system. 
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ABSTRACT 
The present  paper proposes a systematic  methodology 
for  the  selection  of  optimal  flowsheets  with  increased 
capabilities  on  rejecting  emerged  disturbances,  identify 
appropriate  control  structures  and  simultaneously 
accompany  low  operating  &  maintenance  costs.  The 
methodology analysis involves a) the proposition of  two 
alternative process flow diagrams, b) design steady-state 
optimal  economic  solutions,  c)  disturbance  rejection 
sensitivity  analysis  on  both  optimal  flowsheets  and  d) 
evaluation  and  identification  of  system  most  influential 
design parameters that can eventually lead to improved 
static and dynamic performance. The implementation of 
the  proposed  methodology  is  applied  on  a  methanol 
reforming and PEM fuel cell power system that aims both 
in vehicular and stationary applications. 

INTRODUCTION 
Methanol  sustains  several  advantages  as  a  potential 
hydrogen carrier in fuel processing and fuel cell integrated 
systems since a) is a liquid easily available in the market, 
b) does not require special conditions of storage, c) is free 
from high reforming temperatures and undesirable oxide 
emissions and d) has a high H2/C ratio and no C/C bond 
[1].  Up  until  now,  the  design  of  existing small  to  large 
scale  pilot  plants  was  performed  based  on  heuristics 
without  a  systematic  consideration  of  the  complex 
interaction  patterns  associated  with  the  process  [2].  A 
fuzzy control scheme was applied for the extensive heat 
exchanging network of  a methanol reforming system in 
[3]. However, the concept of optimal operation under the 
analysis  of  emerged  disturbances  and  their  effect  on 

control  targets  was  not  considered.  A  number  of 
alternative process diagrams and control  structures has 
been assessed in  [4] by  using steady-state simulations. 
Their attempt though, lacks from a systematic approach 
towards implementation in similar power systems, while 
the mathematical framework was rather limited. Process 
design and efficient disturbance rejection techniques were 
provided  by  P.  Seferlis  and  Grievink [5,  6]  for  various 
reactor-separator flowsheets and control structures. Their 
innovative methodology involved in consequent steps the 
optimization of operating conditions and equipment sizing 
and the evaluation on the flowsheet capabilities towards 
rejecting system disturbances. Based on this approach, 
the present study aims to design robust flowsheets of a 
methanol  reforming  system  that  will  exhibit  a)  optimal 
economic behavior by minimizing annualized investment 
and operating costs,  b)  increased potential  on rejecting 
prospective disturbances by ensuring the low variation of 
selected manipulated variables that aim at the satisfaction 
of system control targets (optimal control structure) and c) 
an  option  for  further  modifying  the  already  selected 
flowsheets  by performing  a sensitivity  analysis  that  will 
identify those design variables that mostly affect system 
operating and economic feature.

SYSTEM DESCRIPTION
Methanol, water and air are co-fed at a reformer reactor 
for  the  production  of  hydrogen  under  autothermal 
conditions. Due to the presence of CO the product stream 
enters a preferential oxidation reactor, which is employed 
for the minimization of CO with the use of air. The rich in 
hydrogen product stream then enters the anode of a PEM 
fuel  cell.  A burner  utilizes  the fuel  cell  effluent  and the 

1 Copyright © 2011 
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addition  of  fresh  methanol  for  the  production  of  a  hot 
output that meets the system thermal requirements (feed 
preheating and evaporation).  Further  on,  the outputs  of 
the two reactors are followed by coolers for the necessary 
reduction  in  the  temperature  of  the  involved  process 
streams.

PROCESS DESIGN AND DISTURBANCE REJECTION 

METHODOLOGY
The proposed systematic methodology involves the devel-
opment  of  several  consequent  steps.  Ultimately,  a  pro-
cess flowsheet with increased operating capabilities (sim-
ultaneous rejection of emerged disturbances and regulat-
ory control of process variables) will be proposed under 
an economic design basis. The overall steps are:

Flowsheet Development 
In the first implemented stage, at least two process dia-
grams are formulated based on good engineering know-
ledge. It is suggested that the main components such as 
reactors,  fuel  cell  and burner  remain the same  in both 
flowsheets and the alterations should regard options of re-
cycling streams, addition/exclusion of heat exchangers or 
utilities and different control structures. 

Economic Design
Based on the selected flowsheets, an economic design is 
performed  by minimizing a respective objective function. 
Variables of freedom include component sizes and oper-
ating conditions. The objective function to be minimized 
comprises  annualized  investment  and  operating  costs 
(unless stated otherwise).

Disturbance Rejection Analysis 
The optimal flowsheets  are further processed in the dis-
turbance  rejection  analysis.  The  disturbances  involve 
catalysts deactivation and components malfunction, while 
various  control  structures  (pairing  of  manipulated  and 
controlled variables)  are  introduced for  each flowsheet. 
The evaluation of the results is based on a static control-
lability criterion that combines the relative changes of the 
selected manipulated and controlled variables in a hier-
archical order. Process flowsheets and control structures 
that exhibit poor steady-state performance with increased 
variations on system input variables are disregarded from 
further considerations. 

Modified Design Schemes 
Design characteristics may also act as additional degrees 
of freedom for advanced static controllability performance 
[5]. Sensitivity analysis information of the operating condi-
tions with  respect  to  structural  design  parameters  are 
evaluated along the optimal solution path of the previous 
step  by using the same static  criterion.  According to  a 
specified cap investment certain modifications may further 
be introduced in the modified flowsheets.
Problem Solution 
The overall  mathematical  framework involves non-linear 
models that describe the main features of each subsys-

tem. Inequality constraints and variable bounds are also 
introduced in order to facilitate the optimization solution. 
The latter is ensured via the parameterized set of the first 
order Karush-Kuhn-Tucker optimality conditions. The set 
is augmented with relations that govern the variations of 
multiple disturbances. The trajectory of the optimal solu-
tion is calculated for model parameter changes along pre-
defined  directions,  in  the  multidimensional  disturbance 
space using a predictor-corrector continuation method [6]. 

CONCLUSIONS
The present study deals with the main steps regarding a 
systematic methodology for the effective process design 
and disturbance rejection evaluation on a fuel processing 
system operated on methanol.  The proposed methodo-
logy is independent of any implemented control algorithm 
and provides the engineer with all necessary insights re-
garding inherent  system weaknesses and unacceptable 
operation that can lead to problematic power production in 
fuel cell systems. 
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ABSTRACT

Solid Oxide Fuel Cells (SOFCs) are often designed 
considering specific fuels, quite often natural gas. 
However, it is also becoming apparent that SOFCs are 
devices which can oxidize different types of fuel when 
they are sufficiently clean. Biosyngas is such a fuel. 
Biomass is sustainable and is practically CO2 neutral and 
hence biosyngas might emerge as an important fuel in 
the future. However, whether an SOFC designed for 
natural gas as fuel will perform efficiently and safely when 
it is fed with biosyngas is a question for which detailed 
research is necessary to provide a satisfactory answer.  

Computational Fluid Dynamics (CFD) modeling is 
often used to arrive at efficient and safe SOFC designs.  
However when the same SOFC is fed with different fuels, 
i.e., biosyngas, CFD can be used as a tool to evaluate 
whether the cell and stack will be safe and operate 
efficiently.  For that reason, a combined mass and heat 
transport model of an SOFC (single channel) has been 
developed in case of anode-supported SOFC fed with 
biosyngas with special attention given to the reaction 
kinetics of direct internal reforming (DIR) reaction 
together with the water-gas shift reaction. Several cases 
were developed with different methane reforming reaction 
kinetics available from literature. Predictions to the 
behaviors of internal reforming reaction in the reaction 
zone, and the impacts of different gases on the 
possibilities of carbon deposition and nickel oxidation give 
constructive suggestions to future lab experiments.

INTRODUCTION

With internal steam reforming, solid oxide fuel cell 
(SOFC) systems own the potential to become a 
competitive technology1. One of the essential aspects for 
the efficient operation of solid oxide fuel cells (SOFCs) is 

the suitable choice of fuel. In the conventional SOFC 
anodes, the heat needed to sustain the endothermic 
reforming reactions is supplied by the exothermic 
electrochemical hydrogen oxidation and the water gas 
shift reaction2.

Mathematical models can provide a preview of cell 
potential, current density, different species concentrations 
and temperature, temperature gradient as functions of 
position, for various cell configurations and operating 
conditions, and be used to test the effects of changes on 
one or more variables and the relative system sensitivity 
to relevant design parameters3. The model can also be 
useful in predicting the possibilities of both carbon 
deposition and nickel oxidation, thus giving suggestions 
for safe fuel cell operation. The main purposes of this 
paper are to: present a steady-state model of a planar 
anode supported intermediate temperature SOFC with 
DIR reaction by evaluating the representative single 
channel model; analyze the cell performances; and 
predict the formations of carbon and nickel oxide which 
can damage the cell.  

MODEL CONFIGURATIONS 

Fig.1. Corrugated single channel model. 

1 Copyright © 2011  
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An SOFC design developed by ECN together with 
Delft University of Technology is employed for the 
calculations. For details, please see Qu et al 4 . A 
representative single channel unit which is assumed to be 
in the centre of a large stack, such that no end effects are 
present is considered in this work. Pressure drop along 
the channels is neglected. The geometric model 
represented in this work is shown in Fig.1. The present 
model is based on the co-flow design. The Model input 
data and operating parameters of the presented model 
are illustrated in the full manuscript. 

And here are some assumptions in this work: [1] only 
steam reforming and water gas shift reactions are being 
considered associate with hydrocarbon; [2] hydrogen is 
the only electroxidized fuel in this model, all CO and 
methane is firstly converted to hydrogen and then release 
electrons; [3] water gas shift reaction reaches the 
equilibrium rapidly and is always considered as 
equilibrium.

CELL PERFORMANCE 

Fig. 2. Nickel oxidation prediction. 

Nickel oxidation is predicted in this work, and the 
possibility depends on hydrogen partial pressure, steam 
partial pressure and the temperature. Here in this work, 
anode materials stay in the metallic phase under the 
given condition as shown in Fig.2. 

Fig.3 Prediction of carbon deposition (973K). 

Fig.3 shows the predicted possibility of carbon 
deposition at a selected point in the cell, the solid line 
represents the carbon deposition boundary line. The 
possibilities depend on many factors, e.g., gas 
compositions and temperature distributions. The carbon 
deposition possibility is calculated at the inlet where the 
chances for carbon deposition are higher along the 
channel. SOFCs directly fueled with low temperature 
cleaned biosyngas appears to be unsafe (above the 
boundary line), and more steam is suggested to be added 
into the fuel gas. Safety prediction of carbon deposition is 
also examined when steam is added. It appears to be 
safe. 

Different calculations are repeated under identical 
working condition with different reforming kinetics, and it 
appears that the safe cell operation is achievable in all 
the cases after adding extra steam into the fuel. 

CONCLUSIONS
The results in this work can draw conclusions as 

follows: 
1. Prediction of no nickel oxidation confirms the 

possibility of fueling SOFCs with biosyngas. 
2. SOFCs fueling with low temperature cleaned 

biosyngas are unsafe concerning carbon 
deposition under the modeled working 
conditions.

3. Catalytic activity of the anode materials 
influence the flow field, but it’s possible to 
operate the cell safely in a wide range of 
conditions by adding steam into the fuel gas.  
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ABSTRACT
MFCs  show  promise  in  utilising  a  wide  variety  of 

organic  sources.  This  paper describes the utilisation of 
neat  urine  as  the  main  feedstock,  with  conversion 
efficiencies of >50%. Power densities of 4.93mW/m2 were 
recorded when 48 small-scale MFCs were connected as 
a stack and fed with urine.

INTRODUCTION
Microbial  Fuel  Cells  have  been  in  existence  for  a 

century  [1],  but  only  recently  has  the  technology 
developed to the point where it  can be implemented in 
real world applications [2]. In order to maximize the value 
of  the  MFC  technology,  low  grade  unrefined  organic 
waste  products  should  be  used  as  fuels.  One  such 
example, produced in great abundance from humans and 
animals and currently underutilized as an energy source, 
is urine. 

This report describes for the first time the use of urine 
as  fuel  in  MFCs,  to  directly  generate  useful  levels  of 
electricity. The advantage of using urine is not only that it 
is abundant, but more importantly that it can be directly 
fed  into  MFCs,  as  a  neat  (unprocessed)  stream  for 
electricity generation.

In  this  study we report  on the use of  unprocessed 
human  urine as a fuel in MFCs operating in continuous 
flow for > 24 months. The specific aims of this study were: 
(i)  to  investigate  whether  untreated  urine  can  produce 
electricity through MFCs; (ii) to investigate the longevity of 
responses  and  overall  MFC  performance  and 
sustainability; (iii) to calculate the energy yield from urine 
when utilised in MFCs.

METHODS
In  order  to  fulfill  the  specific  aims  of  this  study, 

analytical  type  MFCs  of  50mL total  volume  (25mL for 
each half-cell), with 270cm2 carbon veil electrodes folded 

inside each half cell, were used in this investigation, with 
provision for continuous flow and recirculation (see Figure 
1).  The MFCs were connected to 1kOhm resistors  and 
the  experiments  were  carried  out  under  ambient 
temperature  conditions.  The  anolyte  was  700mL 
wastewater fed from a 1L bottle and allowed to recirculate 
at a rate of 240mL/h through the anode compartment to 
reach steady state outputs prior to the experiments using 
urine. The catholyte was again 700mL oxygenated water 
that was also recirculated through the cathodic chambers 
at a rate of 3600mL/h. Following nutrient exhaustion from 
the anolyte (starvation for at least 3 hours and extending 
to several days), urine samples of varying volumes were 
injected into the input line of the MFCs, leading directly to 
the  electrode.  Data  were  recorded  using  the  PicoLog 
computer interface.

Figure 1. MFC setup for urine experiments showing three 
replicate assemblies with anolyte (left/dark coloured) and 
catholyte  [right/light  coloured)  re-circulation.  Pumps are 

shown as ⊗ and the injection ports are shown as syringes 
for the MFC chambers as well as for the bottles.

The  collective  output  from  multiple  units  –  when 
optimally configured – is  a valid  way of  scaling up the 
technology, as has been previously shown [3]. In order to 
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demonstrate that useful levels of energy can be produced 
for urine, a stack of 48 small-scale (6.25mL) MFCs was 
used,  connected  in  a  series/parallel  configuration  (see 
Figure 2 – images show one half of the complete stack).

 
Figure 2. MFC stack of 24 units connected together. The 
photo on the left  is of the actual stack (one half  of the 
complete stack assembly); the image on the right is the 
CAD drawing for the rapid prototype fabrication.

RESULTS
Temporal  profiles  of  power  output  levels,  under 

steady  state  conditions  increased  5-fold  (on  average) 
when urine was injected at different  volumes. Microbial 
biofilm  electrodes  inside  the  MFCs  were  shown  to  be 
stable  performing  consistently  across  a  range  of 
conditions, for over 24 months.

Figure 3. Temporal profile of MFC performance when fed 
with 25mL of neat urine.

Figure 4.  Full  profile  of  urine additions since  this  work 
started, spanning over a period of 550 days. The selected 
area shows one example of the consistency in the MFC 
response to equal amounts of  urine,  with 1 month gap 
between feeds.

The approximate calorific value of urine (input to our 
MFC system) has been reported to be 2,081cal/g [4], and 
the  approximate  dry  weight  of  metabolisable  organic 
content is 0.78g/human/day [5]. In a separate experiment, 

300mL of urine were added, which according to the above 
data contained 0.093g of metabolisable organic material, 
resulting in a calorific value of 194.8cal. From this 300mL 
urine  sample,  the  MFCs  produced  a  total  of  236J 
(56.4cal) in the form of electricity, and 170J (40.6cal) as 
dry weight biomass. The total  output was 406J (97cal), 
which was ~50% of the input (~29% electricity and ~21% 
dry weight  biomass).  Total  efficiencies as high as 67% 
(low volumes of urine) and as low as 22% (high volumes 
of urine), have been recorded as part of this study. This 
large  divergence  and  losses  can  be  attributed  to  the 
likelihood  of  antagonistic  side  reactions  that  will  have 
taken place when higher volumes were used, due to the 
prolonged response times and overstretched duration of 
utilisation. The latter is more severe for individual MFCs; 
for MFC cascades the recovery can be up to 93% [3].

Figure 5. Temporal profile of the power output generated 
by the 48-unit  MFC stack,  fed with ~2mL of  urine/MFC 
(96mL in total).

CONCLUSIONS
This is the first time that urine has been shown to be 

used  as  a  fuel  for  MFCs,  allowing  a  route  for  energy 
abstraction from urine. Due to its abundance and soluble 
nature, urine can be easily separated from other waste 
streams,  and  thus  could  be  more  advantageous,  for 
practical applications, than other insoluble feedstocks e.g. 
sludge.
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ABSTRACT
In this paper  a fuzzy logic controller is implemented 

on  a  PEMFC/Li-ion  battery  hybrid  drive  train.  The 
controller divides load current between PEMFC and ESS 
based  on  the  power  demands  of  a  mine  loader  work 
cycle. The control strategy is verified by using simulation 
models  and  compared  to  more  traditional  control 
methods.  Modelling  results  suggest  that  fuzzy  logic 
control can potentially improve the overall efficiency of the 
drive train.

Future  work  includes  validation  with  a  hybrid  drive 
train laboratory setup and comparison of the results with 
comparable ICE/Li-ion battery topology using the same 
control strategy.

INTRODUCTION

Load transients in industrial vehicle work cycles are 
typically  very  demanding for  the  drive  train.   This  is  a 
challenge  even  for  state-of-the-art  fuel  cells  despite 
considerable advances in the fuel cell  stack technology 
and  understanding  of  the  fuel  cell  dynamics  and 
degradation mechanisms in the past  few years [1].  For 
this  reason,  combining  the  fuel  cell  with  an  energy 
storage system (ESS) is preferred.

The  control  of  a  hybrid  drive  train  and  passive 
coupling  of  polymer  electrolyte  membrane  fuel  cell 
(PEMFC) and ESS has been investigated in the past [2, 
3]. Especially in hybrid drive trains involving a fuel cell, it 
is very important to ensure that the system is operated 
within certain limits to minimize degradation effects and to 
achieve optimal  efficiency.  Because a fuel  cell  stack in 
itself is a non-linear system and the required balance-of-

plant  is  complex,  this  leads  to  a  challenging  control 
problem.

Fuzzy logic has been utilized to solve various control 
problems involving non-linear and complex relationships, 
including  fuel  cell  systems  [4,  5].  A neuro-fuzzy  logic 
based control  of  hybrid drive train  load distribution has 
been implemented by utilizing operator knowledge of the 
control task and ESS and PEMFC characteristics. Fuzzy 
logic based control strategy is expected to produce better 
control of load distribution between the ESS and fuel cell 
when compared to traditional heuristic rule-based control 
strategies. 

NOMENCLATURE
DC direct current
ESS energy storage system
FIS fuzzy inference system
FLC fuzzy logic controller
ICE internal combustion engine
nLTO nano-lithium titanate oxide
NRMM non-road mobile machinery
PEMFC polymer electrolyte membrane fuel cell
PI proportional-integral
SoC state-of-charge

MODEL DESCRIPTION
The  application  in  this  study  is  a  mine  loader 

operating in a repeating work cycle, measured from a real 
vehicle. The hybrid drive train consists of a fuel cell and a 
nLTO  battery  both  connected  to  a  DC-link  by 
downstreamed DC/DC converters.

Fuel cell  sizing was done by selecting the required 
rated power based on the average load demand, while 
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battery  rated  power  and  capacity  were  defined  by  the 
drive cycle peak load and <20% limit value for  state-of-
charge (SoC) variation with hysteretic control.

The control task of the fuzzy logic inference system 
(FIS) in this case is to provide the set point for a DC/DC 
converter  regulating  the  fuel  cell  load  level  by  current 
control  loop.  The  Mamdani  type  FIS  enables  easy 
transfer  of  intuitive  knowledge  from  an  experienced 
process operator to the controller design. The design is 
defined with linguistic definitions of membership functions 
and  control  rules.  The  membership  functions  and  rule 
base for the controller are described in Annex A.

RESULTS
Performance of the controller was compared with a 

PI-controller  and  a  simple  hysteretic  control.  The  PI-
controller tuning criteria was not to exceed the fuel cell 
load variation of the hysteretic control and to limit the load 
rate  of  change close  to  what  was seen with  the fuzzy 
logic controller (FLC).

Table 1 : PEMFC stack and overall efficiencies in the 
mine loader work cycle

Fuzzy PI Hyst.ctrl

PEMFC stack (%) 54.81 50.67 51.65

PEMFC overall (%) 53.37 49.12 50.17

Max. VI (A/s) 1.68 2.67 25
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Figure 1 :  Fuel  cell  output power (top)  and battery 
state-of-charge (bottom)

CONCLUSIONS & FUTURE RESEACH
First results suggest that the FLC is able to an extent 

combine the fast settling time of hysteretic control with the 
smooth  response  of  a  PI-controlled  system.  Overall 
system efficiency seems to be higher due to higher fuel 

cell  efficiency  and  lower  losses  in  the  PEMFC DC/DC 
converter.

Power source dimensioning was done by defining the 
fuel cell power rating based on average load and battery 
power  rating  and  capacity  by  peak  load  and  ∆SoC 
boundaries.

While the initial results look promising, close study of 
the proposed controller stability has to be conducted. This 
is  a  challenging  problem  in  FLC  design  and  various 
methods to perform this have been suggested in literature 
[6].

The optimization of  FLC will  be studied further and 
eventual  computational  feasibility  in  embedded  control 
systems will be investigated.
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ABSTRACT  
In this paper an investigation on the performance of a 

commercial Proton Exchange Membrane (PEM) fuel cell, tested 
at the laboratories of the University of Bologna, is carried out. 
The investigation takes into account the management of anodic 
exhaust and relevant effects on the flooding phenomenon. To 
address the problem of flooding, it is necessary to run 
periodically the purge process of the fuel cell (FC) resulting into 
an overall decrease of the efficiency of the transformation 
process. This operation is performed by opening the so-called 
Outlet Control Valve (OCV) located along the anodic exhaust 
line. The aim of this analysis is to optimize the purge process to: 
(i) increase the FC lifetime, (ii) reduce the amount of hydrogen 
that is discharged with water and (iii) increase the FC efficiency. 
An investigation on the benefits in terms of fuel utilization factor 
and costs, resulting from optimization of the FC purge process, 
has been analyzed. 

 
INTRODUCTION 

Flooding (accumulation of excess water in a PEM) can 
happen at both the cathode and anode side of the FC 
membrane (1). Low H2 flow rates and current densities, water 
injected for cooling, humidification with conditions of low 
temperatures and water back-diffusion phenomenon, from 
cathode to anode promoted by a low hydration state of the fuel 
gas stream, leads to flooding (2-5). The FC stack rated 
performance in terms of output DC current and voltage can be 
significantly diminished by the flooding phenomenon due to a 
sudden increase of concentration losses. Impurities can be 
deposited on the catalyst and transported in the membrane 
replacing H+ ions. Consequently, the electrodes performances 
decrease and the conductivity is reduced over the time, leading 
to FC failure (2, 4). To remove excess water and impurities 
inside the FC, it is necessary to operate a periodic purging. 
 
THE EXPERIMENTALTEST BENCH 

The experimental test bench is a micro-grid composed of 
the following components: (i) a 4.5 kW H2 fuelled PEM-FC stack; 
(ii) an electrochemical energy storage system coupled with a 
common AC bus by means of a bidirectional inverter; (iii) a 
connection with external power sources; (iv) a load emulator 

subsystem; (v) an electric board connecting the power sources 
inverters to the load emulator. 
This micro-grid is designed to 
operate in island mode, but also 
connected to the external 
electric network, as described 
more in detail in previous works 
by the authors (6, 7). Figure 1 
illustrates: the supply circuits of fuel (in red) where, at the anode 
outlet side, the Outlet Control Valve (OCV) is used, a valve 
operating in dead-end mode, i.e. accomplishing a periodic 
purging of the water (FC reaction product migrating in the anode 
compartment) and of the accumulating impurities. 

 
THE PURGE PROCESS ANALISYS 

The purge process has a fundamental role on the stability 
of the power supplied by the FC. Mokmeli et al. (5) showed that 
the amount and the concentration of impurities in the FC 
increases with time in the absence of purge. Due to this 
increasing accumulation of impurities, the stack is characterized 
by voltage drop increase over time. For this reason the purge 
process should be periodically run in a FC energy system. To 
operate the purging, the dead-end valve was installed 
downstream of the FC stack. The purge occurs during all the 
time in which the OCV is open. During this time, also a quantity 
of fuel is discharged and thus it is not used to realize the FC 
electrochemical reactions. 
The two main control parameters 
of the periodic purge process and 
of the OCV are (Figure 2): the 
time between two consecutive 
purges, named here Tfl, and the 
purge time, Tpu. the Tfl is equal to 
the time interval in which the OCV is closed and thus water 
accumulates in the FC anodic side, causing flooding; the Ttpu is 
the time during which the OCV is open and thus impurities, inert 
gases and excess water are eliminated out of the FC. 
A programming logic for the purge process is typically based on 
the programming of these two parameters as a function of time. 
This purge control approach is based on the setting of the OCV 
characteristic times, independently on the FC operating 



330

 2 Copyright © 2011  

conditions in terms of current. A simplified way to realize the 
purging process using this approach is to do it assuming 
constant values for both Tpu and Tfl. The values of these two 
parameters should be chosen as a tradeoff between the 
minimization of amount of discharged hydrogen and of the 
voltage loss of the FC, resulting in an improvement in terms of 
fuel utilization. Finally, the purge can be operated when the 
stack voltage equals a predetermined threshold value, with the 
aim to protect and preserve the longevity and performance of 
the FC. The amount of purge time must be such as to allow 
recovery only of voltage loss.  
 
THE FC PURGE PROGRAMMING LOGIC: ANALYSIS  

The purge programming logic currently implemented in the 
PEM-FC is a function of time. The original values of the Tfl  and 
the Tpu  were set by the manufacturer and are respectively 20 s 
and 2.5 s, kept constant for each FC power output value. This 
purge process is optimized for the maximum FC power, but it is 
very inefficient for low and medium FC power. This is due to 
considerable unreacted H2 loss during the opening time of the 
OCV. To reduce the amount of unreacted H2 during the purge 
and at the same time safeguarding the FC internal components, 
it is necessary to improve the implemented purge logic, by 
optimizing the purge process. The aim of this purge process 
optimization is to increase the fuel utilization factor, Uf, defined 
as the ratio between the theoretical fuel energy, necessary to 
bring about the electrochemical reactions, and the introduced 
fuel chemical energy. The increase of Uf leads also to an 
increase of the FC efficiency, η. To optimize the purge process a 
new programming logic has been adopted to investigate the Tfl. 
In this new logic the values of purge parameters differ according 
to the FC delivered power. In particular, the Tfl of the purges at 
different FC power levels, is studied imposing a maximum 
permissible FC voltage drop, ΔVmax, and keeping constant the 
Tpu, equal to 2.5 s. The maximum permissible voltage loss value  
(0.65 V) corresponds to the actual FC voltage drop during the 
flooding phase at FC maximum power. The calculation of Tfl 
using this new logic is performed assuming a linear trend of the 
FC voltage versus time (Figure 
3). For each of the examined FC 
power levels, the optimized 
flooding time was obtained 
solving equation: 0max=Δ+ VT flα

 
where ΔVmax: is the value of 
maximum allowable FC voltage 
loss, (0.65 V); α is the slope of 
straight line with which the FC 
voltage behavior is estimated during the flooding. 
Table 1 shows the mean input power (PM) with reference to the 
fuel LHV, the mean H2 mass flow rate (mH2) and the FC 
 

 FC 
Power 

PFC 
[W] 

Flooding Time = 20s Optimized Flooding Time ΔEmax 
 

[%] 
 PM [W] 

mH2 
[kg/s] 
•10-5 

η PM 
+ [W] 

mH2
+ 

[kg/s] 
•10-5 

η + 

 500 2273 1.890 0.22 2942 2.452 0.29 30
 1500 4167 3.472 0.36 4688 3.906 0.40 12.9 
 2500 6579 5.482 0.38 7576 6.313 0.42 7.6
 3500 8975 7.478 0.39 9210 7.676 0.40 2.85

Table 1 4500 11840 9.867 0.38 11840 9.867 0.38 0 
 

efficiency (η) obtained using the original purge programming 
logic and the new one (values with the superscript +), for each 
of the FC power levels analyzed. FC efficiency versus mean fuel 
inlet power (Figure 4) increases using the optimization of the 

purge process (dotted red line). In 
particular, this benefit occurs at 
low and medium FC power, where 
the actual purge logic provided 
lower performance. The savings of 
fuel energy introduced into the FC 
(Table 1), obtained using the new 
purge programming logic, can be 
evaluated using the index: 

[ ]EEE +−=Δ 1 where dtLHVmE ⋅⋅= ∫
τ

0
; dtLHVmE ⋅⋅= ∫ ++

τ

0
 

E is the fuel input energy introduced 
into the FC during the time τ in 
which the FC delivers the same 
power (this time period was chosen 
sufficiently long to include a high 
number of purges), evaluated 
according to the actual purge 
programming logic; E+ is the input 
energy in case of the new purge 
logic. Figure 5 shows the change of the fuel utilization factor 
using both currently purge logic ( Uf) and new one (Uf

+). 
                                                                        
CONCLUSIONS 

In this paper an analysis on the purge process at the anode 
side of the PEM and the purge operation that allows to recover 
the instantaneous FC voltage drop has been carried out. The 
purge process has been analyzed in different FC power levels. 
For each of these power levels, the optimized purge has been 
obtained by changing the flooding time. To overcome the 
inefficiency of the actual purge programming logic implemented 
in the PEM-FC at the low and medium powers, the optimization 
of purge process has been carried out. A new purge 
programming logic, characterized by a flooding time variable 
and a purge time constant has been tested. Using this new logic 
the FC efficiency increases significantly, especially at medium 
power levels, obtaining a saving in terms of input fuel energy. 
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ABSTRACT 
In this paper, a three-dimensional computation fluid dynamics (CFD) 
code is applied to solve the governing equations together with the 
specific  boundary  conditions  in  order  to  simulate  and  analyze 
reforming reactions of methane, and the effects on various transport 
processes in the steam reforming zone. The aims are to identify the 
dominating  processes  for  the  chosen  design  and  to  predict  the 
spatially  distributed  thermal  behavior  of  the  reactor  taking  into 
account  that  the  temperature  is  one  major  issue  in  methane 
conversion and hydrogen recovery. 
The  performance  of  the  reactor  is  investigated  for  various  key 
operating  variables  such  as  inlet  fuel  composition,  inlet 
steam/methane ratio, inlet reformer gas temperature. The results of 
the temperature variation are discussed here.

INTRODUCTION 
Catalytic steam reforming of methane is a well-known, commercially 
available process for hydrogen production. Hydrogen production is 
accomplished in  several  steps:  steam reforming,  water  gas  shift 
reaction, and hydrogen purification. The use of membrane reactors, 
where  membrane  is  exclusively  permeable  to  hydrogen  and 
therefore pure hydrogen moves to the permeate side enabling the 
reactions  to  proceed  towards  completion,  permits  to  reduce  the 
number of steps for pure hydrogen productions and will represent a 
significant simplification comparing to conventional systems.
Different experimental studies and theoretical modeling results have 
been reported in literature, trying to define the best suitable solution 
for a steam methane reforming membrane reactor, Rostrup-Nielsen 
J.R. (1975), Xu J. and Froment (1989). Xu and Froment [1] have in-
vestigated methane steam reforming over Ni/MgAl2O4 catalyst in a 
tubular reactor. The temperature was in the range of 500-575°C and 
the pressure was between 3 and 15 bar. In their testing, H2 was in-
cluded in the feed to protect  the Ni  catalyst from re-oxidation by 
steam, but usually H2 would not be added at the inlet.

MODEL DEVELOPMENT
The  membrane  reactor  configuration  investigated  in  this  paper 
consists of an internal tube with inlet and outlet for the sweep gas 
(permeation zone)  and a  porous  tube outside,  with  a  tronconic 
shape, for the reaction zone. Methane, steam and small quantities 
of hydrogen mixture are continuously fed in to the catalytic porous 
zone.  A sweep gas,  usually  nitrogen,  is  introduced on the per-

meation side to drag the permeated gas.The main chemical reac-
tions involved in the steam methane reforming process are:

CH4 + H2O ↔  3 H2 + CO                                                           (1)

CO + H2O ↔  H2 + CO2                                                              (2)

CH4 + 2 H2O ↔  4 H2 + CO2                                                                                           (3)

The  mathematical  model  developed  for  the  reactor  couples  the 
equations for mass, momentum and chemical species to describe 
the conditions within the reactor, which is modeled as two domains, 
the reaction (feed) and the permeation side, separated by the mem-
brane. The membrane is the boundary between the domains. The 
ideal gas behavior was assumed.
The flow of gaseous species through the reformer bed (feed side) is 
described by Darcy’s Law The inlet and outlet boundary conditions 
describe a 75 Pa pressure drop across the feed side. 
Diffusive mass transfer takes place along the reactor length and is 
introduced by the Stefan-Maxwell diffusion equations at steady state. 
The inlet mass fraction were prescribed (methane: water: hydrogen: 
carbon monoxide: carbon dioxide 0.23: 0.75: 0.018: 001: 0.001. At 
the outlet, the convective flux condition is used.
In the species mass conservation equations, the rate of production or 
depletion of the species i are given by [2]:

22 H321H M)R4RR3(S ⋅++=   (4)

44 CH31CH M)RR(S ⋅−−=             (5)

OH321OH 22
M)R2RR(S ⋅−−−=             (6)

CO21CO M)RR(S ⋅−=  (7)

The minus sign from the above equations refers to the consuming 
rate of each species, while the plus sign refers to the production 
rate.  The mass  fraction  of  the last  component  is  determined by 
subtracting  the  sum  of  the  mass  fractions  of  all  the  other 
components from unity. The kinetic rates of adsorption/production of 
the  gas  species,  based  on  partial  pressure,  temperature  and 
species compositions are given by:
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ABSTRACT 
The  development  of  hydrogen  fuel  cell  technology  in  many 
application  fields  enhanced  the  necessity  to  find  new 
improvements to provide industrial quantities of pure hydrogen, 
without the expensive and difficult to handle purification stages. 
A new configuration for a pure hydrogen processor, based on a 
fluidized  bed  membrane  reactor  (FBMR),  was  investigated 
using  Steady-State  Isotopic  Transient  Kinetic  Analysis 
(SSITKA),  for  a  better  understanding  of  the  reaction  kinetics 
and  to  establish  the  reaction  route  for  this  special  design 
including  the  catalyzed  reactions  and  permeation  process 
through  the  membrane.   A  new  SSITKA system  has  been 
designed  and  built,  and  presented  in  the  paper.  SSITKA 
experiments has been performed for an experimental designed 
model  of  the  new  FBMR  configuration  and  different  input 
parameters – reactor temperatures,  input  pressures,  etc.  has 
been  applied.   The  subsequent  mathematical  treatment  for 
SSITKA  experimental  data  has  been  applied  and  several 
reaction mechanisms have been estimated on a probabilistic 
basis.

INTRODUCTION
The  way  of  how  pure  hydrogen  is  produced  is  of  great 
importance for future hydrogen –based energy systems, both 
from environmental and efficiency point of view. It is well-known 
that the fuel processor is one of  the major influences on the 
performance, durability,  cost  and size/weight  of  an integrated 
PEM fuel cell system. A low cost method to produce high purity 
hydrogen  from  natural  gas  will  have  an  enormous  impact. 
Conventional  methods  of  natural  gas  reforming  for  this 
application such as steam methane reforming (SMR) lead to 
relatively low hydrogen content gas streams. The fuel feeds are 
highly  contaminated  by  CO  and  CO2 and  require  extensive 
purification prior to delivery to a fuel cell system. Elimination of 
the purification stages would be an enormous improvement for 
the economy of the hydrogen processor. Moreover, it  is well-
known that the steam methane reforming suffers from a number 
of limitations which makes the entire process as being totally 
inefficient. 

To  improve  the  performance  of  steam  methane  reforming  a 
particular configuration has been proposed to be investigated 
based  on  a  fluidized-bed  membrane  reformer  (FBMR).  This 
configuration  has  been  already  proposed  by  various 
researchers [1] as a new possibility to overcome the limitation 
of equilibrium conversion of a classic Steam Methane Reformer, 
but it remains at experimental level due to a partial knowledge 
of  reactions  kinetic  parameters.  Due  to  the  complexity  of 
catalytic  reaction  mechanism  combined  with  the  permeation 
process,  FMBR  was  considered  as  a  good  “probe”  to  be 
investigated by Steady-State Isotope Kinetic Analysis (SSITKA). 
SSITKA is now accepted as a powerful investigation technique 
to elucidate the mechanism of catalyzed reactions.  Study of the 
dynamics  of  isotope  transfer  under  steady-state  reaction 
conditions, the so-called Steady-State Isotopic Transient Kinetic 
Analysis  (SSITKA),  was  already  successfully  employed  in 
investigation of the mechanism of various catalytic reactions [2–
5] in a wide range of applications.  
In this reported study, SSITKA experiments were performed in 
order  to  study  mechanistic  aspects  of  the  methane  steam 
reforming  over  a  Fe  oxides  catalysts  combined  with  the 
hydrogen permeation process and the data have been analyzed 
on a probabilistic basis.

EXPERIMENTAL SETUP
A SSITKA computer-controlled system has been designed and 
built based on a versatile concept in order to allow experiments 
for hydrogen processor but also to investigate the kinetics of 
the anode/cathode reactions in a PEMFC. An overall view of the 
experimental system is shown in fig.1. A 4-ways fast valve has 
been used in order to allow the switch between the two reactor 
feed-streams, and the entire process is computer controlled in 
order to keep the steady-state conditions as close as possible. 
Mass flow controllers for every component in the feed, provide 
two feedstreams with identical composition and same total flow, 
the  only  difference  being  the  isotopic  composition  of  one 
component. 
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A version of  an experimental  fluidized-bed membrane reactor 
(tapered  geometry)  has  been  designed  (a  schematic  of  the 
reformer is shown in fig.2) and used as the investigated “box”. 
The permeative side is a central tube Palladium-based onto a 
metallic support. 

Fig.1. A view of SSITKA general system

The investigated working temperature of the FBMR was in the 
400-500 oC range. A by-pass of the FMBR allowed the checking 

of  the  gas  composition  at  the 
reactor  inlet  during  the 
experiments  via  a  gas-
chromatograph online monitoring. 

The exit from the FBMR is directed 
onto  the  inlet  of  an  online  fast 
response  mass  spectrometer 
(HIDDEN  Analytical),  which  is 
monitoring  all  reactants,  products 
and possible intermediate species.

Fig.2.  Schematics  of  the 
experimental  fluidized  bed 
membrane  reactor  –  tapered 
geometry

Two types of SSITKA experiments 
have  been  performed  with  the 
following gas mixtures which were 
prior  prepared  in  the  laboratory: 
first set was 12CH4/H2O -13CH4/H2O 

(the  latest  with  a  concentration  of  1%  13C/12C+13C)  and  the 
second being CH4/H2O – CH4/D2O (with a concentration of 1% 
D/D+H).   

EXPERIMENTAL DATA AND ANALYSIS
Fig.3  shows  the  normalized  responses  for  the  first  set  of 
experiments which involved 12CH4/H2O – 13CH4/H2O for Ar 12CO2, 
13CO2 and Hydrogen. Two sampling ports for the inlet system of 
the  mass  spectrometer  has  been  automatically  probed 
sequentially for both exits from the experimental fluidized bed 
membrane reformer – the central one for pure hydrogen ( R4 in 
fig.2)  and  the  second  corresponding  to  the  “residual  gases” 
from  the  catalyst  area  (  R3  and  R5  in  fig.2).  During  the 
experiments,  the  average  methane  conversion  percent  was 
10% at 450 oC.

Fig.3. Normalized responses for the first set of experiments for  
Argon, Hydrogen, 12CO2 and 13CO2 flows

In order to evaluate the gas phase hold up a prior experiment 
with  argon  has  been  carried  out.  The  overall  mean  surface 

residence times “τ” of all carbon –based intermediate species 
have been calculated  by the  integration  of  these  normalized 
curves and extracting the gaseous hold up of the experimental 
system.
It  should  be  emphasis  that  the  isotopic  labeled  responses 
represent an “image” of the transient participation of 13C and 12C 
respectively in all the intermediate species which are produced 
during steady-state conditions and which finally leads towards 
the CO2 production.  A subsequent  mathematical  treatment  of 
the  data  row  has  been  performed  in  order  to  evaluate  the 
concentration of the C-containing intermediate species and the 
reactions rates.
The  experiments  has  been  performed  for  5  different  reactor 
temperatures  in  the  400-480  oC  range  in  order  to  find  the 
temperature effect onto mechanism of reforming reaction.
A similar second set of  experiments has been carried out by 
“following the path” of Hydrogen by using Deuterium enriched 
water as the source for steam generator. Therefore the switch 
changed the input gas mixtures between CH4/H2O – CH4-D2O 
and both hydrogen flows (from permeate and catalyst  sides) 
have been monitored.  
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ABSTRACT  
The European Strategy Forum on Research 

Infrastructures (ESFRI) recognizes in its roadmap for 
Research Infrastructures [1] that “in the near future 
hydrogen, as an energy carrier derived from a number of 
other fuels, and fuel cells, as energy transformers, are 
expected to play a major role for mobile and stationary 
applications”. With the current fragmentation of the 
European R&D infrastructures and the uncoordinated 
approaches adopted, the demand for effective support of 
the Hydrogen and Fuel Cells (H2FC) technology 
developers cannot be satisfied. The “Integrating European 
Infrastructure to support science and development of 
Hydrogen and Fuel Cell Technologies towards European 
Strategy for Sustainable, Competitive and Secure 
Energy”, acronym H2FCEuropean Infrastructure, is built to 
integrate the European R&D community around rare 
and/or unique infrastructural elements that will facilitate 
and significantly enhance the R&D outcome. 

INTRODUCTION 
The continuous decarbonisation of energy vectors and the 
need for efficient conversion processes and flexible 
energy storage will increasingly favour the usage of 
hydrogen and fuel cell technologies. The widespread 
adoption of hydrogen and fuel cell technologies will 
support the broader utilization of otherwise lost renewable 
energy, in particular sun and wind. However, hydrogen 
technologies including fuel cells currently do not reach the 
required cost and performance targets for an immediate 
and broad market introduction. Some safety aspects are 
still unresolved and public acceptance needs wider and 
more consistent information. A number of these issues 
are partially addressed by the European Fuel Cell and 
Hydrogen Joint Undertaking which mainly supports the 

demonstration and adoption of the currently available 
technologies. However, as the current state and 
demonstration clearly shows that there are still major 
open issues requiring further investigation. Thus much 
additional research work, both on the fundamental and 
applied levels, need to be done. Without this R&D, the 
prospect of commercial success is pushed further into the 
future [2]. H2FC project aims at fitting this gap and 
supporting the necessary research work by providing the 
required world class research infrastructure for external 
users. In brief, H2FC complements parallel to the 
European Joint Undertaking activities and facilitates 
tackling major R&D bottlenecks in the field by making 
available the necessary advanced infrastructures to the 
EU research community. 
 
[Fig.1] Positioning of H2FCEuropean Infrastructure 

The state of the art concerning infrastructure and 
development of hydrogen storage materials is that several 
instrumental facilities are available at different partners in 
Europe. These facilities have not been used in or enabled 
for a targeted approach towards general development of 
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methodology for a general and sound qualification of 
using Hydrogen as a budding energy carrier. In most 
cases, single aspects were addressed and an overall 
qualification has not been possible so far, because 
appropriate methodologies are not available.  Members of 
the hydrogen and fuel cell community are numerous, 
ranging from basic research laboratories, to industry. 
Moreover, there has been no commonly organized access 
to test and analysis facilities owned by national research 
centre type organizations in respect to hydrogen and fuel 
cell development. Therefore H2FC is addressing the 
integration of the European research community around 
rare and/or unique infrastructural elements that will 
facilitate and significantly enhance the research outcome. 
  
H2FC is an European Infrastructure Project funded by the 
European Commission within FP7-INFRASTRUCTURES-
2011-1 and addressing the topic of INFRA-2011-1.1.16 
“Research Infrastructures for H2FC Facilities” and related 
energy-chains by combining Europe’s leading R&D 
institutions of the hydrogen community together with those 
of the fuel cell community, covering the entire life-cycle of 
H2FC, i.e. hydrogen production, storage, distribution and 
final use by fuel cells in a safe manner. The project is 
coordinated by Karlsruher Institute for Technology (KIT), 
last 48 months and consists of 19 partners, collected from 
European’s research centers, universities and industry. 
With a total cost of € 10.147.583,60, H2FC activities are 
subdivided into 25 work packages, fully interrelated, 
devoted to network activities, transnational access 
activities and joint research activities and  oriented 
towards the resolution of identified scientific bottlenecks. 
Main support to European’s hydrogen and fuel cell 
community will be given through the transnational access 
activities of the project, while opening very different 
technical and experimental facilities to external users. A 
further strong international support will be given to 
scientists and also to students by a researchers exchange 
program and a technical school. The prospects, education 
and the user access, will be announced by continuous 
calls through the H2FC consortium. 
Furthermore main objective of the project will be to 
generate a coordinated and integrated alliance based on 
complementary, state-of-the-art, or even beyond state-of-
the-art unique infrastructures to serve the needs of the 
scientific hydrogen and fuel cells community and facilitate 
world class research. The current key research topics 
identified are: 
- Reducing degradation and increasing performance of 
electrolysers, hydrogen storage systems and fuel cells; 
- Assessing and reducing hazards and risks associated 
with the use of hydrogen or hydrogen blended fuels and 
thereby ensuring the appropriate safety level of systems; 
- Improving current storage technologies, in particular 
through advanced materials research; 
 

 
 
 
 
 
 
 
 
 
 
 
 
[Fig.2] Thematic structure of H2FCEuropean Infrastructure 
 
Objectives of the project are to provide: 
 - A single integrated virtual infrastructure accommodating 
H2FC communities’ test and analysis facilities; 
- Transnational access for the H2FC R&D communities to 
member state infrastructures; 
- Expert working groups to enhance work at the provided 
facilities and coordination in the aspects of safety, 
performance, durability; 
- Central databases and libraries of safety, performance 
and durability data and modeling codes; 
- Coordination of relevant education and training actions; 
- Integration, enhancement and improvement of the 
existing infrastructures; 
- Coordination with national and international bodies as 
well as academic and industry demands. 
 
CONCLUSION 
The structure proposed in H2FCEuropean Infrastructure 
will realize an alliance of the European scientific 
community for serving the necessities of the scientific 
community itself. Over the next 4 years, duration of the 
project, the H2FC consortium expects that external 
European experts will take up the opportunity to 
collaborate concerning identified scientific and technical 
bottlenecks, to strengthen hydrogen and fuel cell 
technologies, to support the adoption by industry and at 
least, to enlarge related knowledge. 
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ABSTRACT
Preparation and performance of  bimetallic Cu–Co doped 
ceria  (MCuCo40)  were  tested  to  overcome  common 
sulphur  poisoning  in  SOFCs.  This  material  presents 
optimal physicochemical and electrical characteristics as 
well as excellent thermal and chemical compatibility with 

SDC (Ce0.8Sm0.2O2-δ) electrolyte. Structural changes taking 
place  in  the  system  upon  interaction  with  hydrogen 
sulphide were also analysed. The evaluation of single-cell 
performance,  operating  in  humidified  H2 and  H2S-
containing  hydrogen,  together  with  the  comprehensive 
characterisation, allow to demonstrate the ability of Cu–
Co doped ceria anode to directly operate on hydrogen and 

H2S-rich  fuel  environment  (≤ 1000  ppm  H2S)  at  the 
relative low temperature of 750 °C.

INTRODUCTION
Intermediate  temperature  solid  oxide  fuel  cells  (IT-
SOFCs) have attracted much attention because of  their 
distinguished advantages over other types of  fuel  cells. 
High operating temperatures ranged from 600 to 800 °C 
enable  them  to  use  a  wide  variety  of  fuels  including 
hydrogen, natural gas and biogas (1). However, one of the 
major challenges for the direct use of hydrocarbon fuels is 
the  poisoning  of  common  Ni-based  anodes  by  coke 
formation (2)  and the impurities such as sulphur (3)  in 
readily available hydrocarbon fuels. It is well known that 
the first  drawback could be avoided by replacing nickel 
with  electronic  conductor,  such  as  copper,  but  it  is  still 
constantly reported that  even trace amounts of  sulphur 
content  in  the  fuel  causes  a  dramatic  decrease  in  the 
SOFC performance. Ceria is used as a sulphur-removal 
material as well as to have good hydrocarbon oxidation 
activity. Thus, Cu-ceria anodes compared to the standard 
composites could be an attractive solution (4).
We have recently shown that  the partial  substitution of 
copper by cobalt in the formulation of ceria based anodes 
enhances the single cell performance as well as reduces 
the carbon deposit formation on the anode after running 

on hydrocarbon fuel (5).  Furthermore, MCuCo40 showed 
excellent  thermal  and chemical  compatibility  with  8YSZ 
electrolyte  as  well  as  reasonable  electrical  properties. 
TEC value calculated under hydrogen was  12.3·10−6 k−1, 
close  to  that  of  SDC,  what  reveals  good  thermal 
electrode-electrolyte  compatibility.  In  this  context,  the 
present  work  explores  the  electrode  behaviour  of  the 
bimetallic Cu-Co-ceria anode in H2S-containing H2 fuels. 
The  main  objective  is  to  increase  the  characterisation 
data of this formulation at structural level as well as with 
regard  to  changes  taking  place  in  the  system  upon 
interaction with hydrogen sulphide. In the same sense, its 
chemical compatibility with SDC electrolyte is performed. 
In order to elucidate the reaction of  H2S on the anode, 
different  sulphur  tolerant  tests  and  SOFC  operation 
conditions are analysed and discussed.

EXPERIMENTAL
MCuCo40 (CuCo-CeO2, 40 at.% metal load, 1/1 Cu–Co 
atomic ratio) was synthesised by inverse microemulsion 
method, calcined under air at 750 °C and characterized by 
XRD, XPS, Raman, TGA and SBET measurements along 
with  analysis  of  its  chemical  compatibility  with  SDC 
electrolyte.  More  details  on  sample  preparation  and 
structural characterisation are reported in a previous work 
(5). Sulphur tolerance tests were carried out, at 750 °C, in 
a  tubular  quartz  reactor,  feeding  50  ml/min  of  H2S-
containing  H2 (500  ppm  H2S  in  dry  and  humidified 
atmosphere) for 50 h.
For  a  better  understanding  of  the  performance  and 
sulphur tolerance of MCuCo40 its single cell evaluation, 
running on humidified H2 and H2S/H2, was carried out. For 
this purpose, a single cell with an active area of 0.3 cm2, 
was  prepared  using  SDC  as  electrolyte  and  LSM  as 
cathode. Details of the preparation method can be found 
in a previous work (5). Fuel was supply to the anode at a 
flow rate of 50 ml·min-1. Single cell was galvanostatically 
operated at 0.50 A·cm−2 at 750 °C for 730 h.  During this 
period, cell was evaluated under humidified hydrogen and 
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was exposed to H2S at  increasing concentrations (300-
1000 ppm),  for  1  h  each  fuel  composition.  Impedance 
spectra  and  current-voltage  curves  (I-V)  were  regularly 
collected after 15 minutes and 1h of H2S exposure.

RESULTS AND DISCUSSION
Based on the previous characterisation of MCuCo40 (5), 
this  material  presents  optimal  physicochemical  and 
electrical characteristics as well as excellent thermal and 
chemical  compatibility with SDC electrolyte.  It  is  mainly 
constitutes by a fluorite phase of CuxCoyCe1-x-yO2-δ mixed 
oxide and additional phases of metal oxides (Fig. 1a) that, 
under  reducing  working  anode  conditions,  are  totally 
reduced to the corresponding metallic  phases (Cu0 and 
Co0) which coexist with the mixed oxide (Fig. 1b).
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Fig. 1.  XRD  patterns  of  MCuCo40  after  different 
treatments at 750 ºC

Initial sulphur tolerant test revealed that the exposition of 
MCuCo40 to 500 ppm of H2S in dry H2 for 50 h produces 
a total structural change in the sample (Fig. 1c). Fluorite 
and  cubic  metallic  phases,  corresponding  to  Cu-Co 
cerium mixed oxide and metals, disappear to form new 
specimens  based  on  sulphur  compounds  as  cerium 
oxysulphides  (Ce2O2S  and  Ce2O2S2)  and  copper 
sulphides  (Cu2S  and  CuS).  The  formation  of  these 
compounds  was  corroborated  by  XPS  and  Raman. 
However,  when  steam  is  introduced  in  the  anodic 
chamber, 50 h exposure to 500 ppm H2S in humidified H2 

(3% H2O), see Fig. 1d, reactions with hydrogen sulphide 
are inhibited and MCuCo40 sample remains in its reduced 
form, only fluorite and metallic phases are detected.
The  evaluation  of  MCuCo40  in  single  cell  showed  the 
ability of this anode material to operate in humidified H2 

containing  H2S  (up  to  1000  ppm).  Stable  performance 
was observed during total process. Fig. 2 comparatively 
shows the cell voltage and power density as function of 
the current density and fuel composition, after 1 h of H2S 
exposures. 
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Fig. 2.  Cell  voltage  and  power  density  versus  current 
density in humidified H2 and H2S/H2 (3%H2O)

The maximum power density with humidified hydrogen at 
750 °C is 91 mW/cm2 while in the presence of H2S (from 
300 ppm to 1000 ppm) it drops to 78, 75, 73, 70 and 67 
mW/cm2,  respectively  (Fig.  2).  Nevertheless,  the 
possibility  to  achieve  an  stable  performance  in  the 

presence of H2S (≤ 1000 ppm) has been demonstrated.
During  H2S  exposures  the  ohmic  resistance  did  not 

change significantly (< 0.02 Ω·cm-2). In contrast, the value 

for polarisation resistance (Rp H2= 0.35 Ω·cm-2) increased 
with the H2S level  in the inlet gas stream (from 300 to 
1000  ppm),  values  of  0.52,  0.60,  0.68,  0.73  and  0.85 

Ω·cm-2 were obtained, respectively.
In the present work all these results are discussed on the 
basis of the different chemical reactions taken place in the 
Cu-Co  ceria  anode  as  function  of  fuel  composition, 
including H2, H2S and H2O.
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ABSTRACT 
In the course of the collaborative project LOTUS, a 

Natural Gas fueled micro-CHP system based on novel 
SOFC technology with reduced operating temperature in 
the range of 650 °C will be developed. The system 
concept is based on an initial requirements definition and 
a comparison of various system configurations, followed 
by a detailed process layout calculation and parameter 
analysis. Using the approved system design workflow and 
tool-chain of the Fraunhofer IKTS, the principle process 
design data have been compiled in order to provide the 
required inputs for the subsequent component and 
prototype development. 

INTRODUCTION 
In the collaborative project “LOTUS – Low 

Temperature SOFC for micro-CHP applications”, which is 
funded under the 7th Framework Programme of the EU 
by the Fuel Cell and Hydrogen Joint Undertaking 
(FCH‐JU), a consortium of six European SMEs and 
research institutes aims to develop and test a micro-CHP 
system prototype that is operated with grid quality natural 
gas. The concept is based on new SOFC technology 
leading to a significantly reduced operating temperature 
compared to the state-of-the-art systems. By lowering the 
thermal stress on the SOFC stack and peripheral 
components a number of materials and manufacturing 
techniques become available, which are supposed to 
provide considerable cost reductions and extended 
durability. 

The system integration of anode-supported SOFC 
(ASC) operated at 650 °C requires, however, a thorough 
process layout and component design, because a 
number of conversion steps, e.g. fuel processing and 
electrochemical oxidation, show special characteristics at 
decreasing operating temperatures. Moreover, the system 
integration of ASC requires some special precautions 
during start-up and shutdown procedures, which need to 

be considered in the system design and control logic 
development. 
 
GENERAL MODELING APPROACH 

Stack Performance Prognosis 
For the performance estimation of the SOFC stack, a 

0-D model of the Fraunhofer IKTS is utilized, which is 
based on the common set of equations describing energy 
and mass balance for the electrochemical conversion 
process in a SOFC, taking into account activation 
polarization and ohmic losses. Basically, the area specific 
resistance is determined as a function of the stack 
operating temperature and the fuel utilization for arbitrary 
gas compositions. The electrochemical characteristics of 
a certain cell or stack design is represented by a 
dedicated set of parameters. In order to determine the 
model parameters for the LOTUS project, recent stack 
performance data and development goals of the company 
SOFCPower were used. With the fully parameterized 0-D 
model a performance prognosis of the SOFC stack in the 
anticipated micro-CHP system becomes possible. The 0-
D stack model is consistently implemented as a DLL in all 
the subsequent design calculations and process 
simulations. 

Fuel Processing Options 
Since the fuel conditioning concept determines 

primarily the process layout of the whole system, an in-
depth analysis of the different reforming options at a 
temperature level of 650 °C is essential. The complete 
stack-internal reforming of the provided fuel (IR) is no 
feasible option with respect to long-term stability due to 
the thermal stresses induced by endothermic steam 
reforming. An external reformer upstream the SOFC stack 
is favorable in order to achieve a partial or complete pre-
conversion of the provided fuel, thus considering the 
three basic concepts of steam reforming (SR), partial 
oxidation (POx) and autothermal reforming (ATR). 
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Chemical equilibrium calculations for an appropriate 
range of reformer design parameters (t, S/C, A/F) are the 
basis of comparison regarding the risk of carbon 
deposition, the thermal performance and efficiency. At a 
reforming temperature of 650 °C the partial oxidation is 
not a practical option due to the risk of reactor 
overheating. Auto-thermal reforming at S/C = 0.45 and 
A/F = 3 or steam reforming at S/C > 1.4 are appropriate 
concepts in order to achieve a soot-free operation at 
minimal expenses.  

System Balancing and Process Calculations 
Stationary process models are implemented in MS 

Excel based on fundamental equations regarding mass 
and energy balances. The necessary enhancement 
beyond the standard spreadsheet functionality is 
achieved by user defined functions in Visual Basic and by 
the implementation of proprietary function libraries (DLL) 
for chemical equilibrium calculations, thermophysical 
properties of fluids and SOFC stack modeling, 
respectively. 

COMPARISON OF PRINCIPLE PROCESS OPTIONS 
One of the main development goals in the LOTUS 

project is a significantly increased electrical efficiency at a 
significantly reduced temperature level compared to other 
state-of-the-art SOFC based micro-CHPs. With the help 
of Excel process calculations for various system 
configurations a performance comparison between the 
different reforming concepts is possible, see Figure 1. 
Even though 100 % stack-internal reforming would not be 
a feasible option for practical system operation, the 
concept was also considered within the system 
performance estimations in order to illustrate the ideal 
theoretical case with an anode and cathode off-gas 
recirculation (rec).  
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Figure 1: Performance comparison of different system concept 

Apart from the internal reforming concept with off-gas 
recirculation (IR + rec) the steam reforming system (SR) 
shows the highest electrical efficiency and is therefore 
chosen for the LOTUS prototype development, even 
though autothermal reforming shows a higher total 
efficiency. Further parameter analyses are conducted to 

identify an optimal process configuration. It was found 
that a partial stack-internal reforming during nominal 
operation is a promising option to enhance the system 
performance. Other parameter variations show that the 
system efficiency is increased by lowering the steam 
input to the reformer, which is in contrast to manufacturer 
recommendations of a S/C ~ 3 in order to safely avoid 
soot formation. Basically, the following process 
requirements were considered for the finally suggested 
LOTUS system concept: 

 Regulation of the methane content at anode inlet 
for a controlled partial stack-internal reforming, 

 Minimum heat consumption for steam reforming 
at safe carbon avoidance (S/C = 3), 

 Provision of a start-up and shutdown procedure 
that is advantageous for the application of ASC. 

SUGGESTED SYSTEM CONFIGURATION 
In order to meet the requirements, an advanced 

reformer concept with a fuel bypass was introduced to the 
system layout. The adjustment of the bypass ratio allows 
a controlled stack-internal reforming, where a previous 
shift of the chemical equilibrium and of the anode inlet 
temperature needs to be considered (see Figure 2). A 
50 % bypass ratio with a pre-reformer S/C-value of 3 
enables the stack operation with partial internal reforming 
at a reduced overall system-internal heat demand for fuel, 
water and air conditioning. Additionally, the downscaled 
pre-reformer allows the provision of a reducing 
atmosphere at a very early stage during the system start-
up procedure.  
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Figure 2: Schematic representation of the reformer configuration 

NOMENCLATURE 
A/F air to fuel ratio  S/C steam to carbon ratio 
ch chemical  t temperature 
EQU chem. equilibrium  th thermal 
EVP evaporator  H enthalpy flow 
H enthalpy flow  efficiency 
Q heat flow  l liquid 
RPH reactant pre-heating 
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ABSTRACT
Based on the concept of  microbial  fuel  cells,  some 

noticeable  technologies  have  been  developed  for 
monitoring  water  quality  and  harvesting  electricity  from 
marine sediments. In the present study, investigations of 
possibility  for  electricity  generation  by  using  aquatic 
sediments  collected  from  different  river  basins  and 
regions  in  Bulgaria  were  performed.  For  this  purpose, 
polarization measurements of constructed sediment fuel 
cells were carried out. The highest values of 900 mV for 
OCV,  1  mW  for  maximum  power  and  10  mA (through 
1 kΩ  external  resistance)  for  generated  current  were 
achieved.  To  increase  the  output  voltage,  several  fuel 
cells were connected in series. Different small consumers 
such  as  light  emitting  diodes  (LEDs),  calculators,  etc. 
were powered up by the so-constructed fuel cell stacks. 
Determination of the electrogenic strains in the microbial 
consortium is in a progress.

INTRODUCTION
The rising energy demands force the investigations 

towards development of novel, high-effective technologies 
for  utilization  of  alternative  energy  sources.  Such  a 
technology,  attracting  increasing  attention  in  the  recent 
years, is that of microbial fuel cells (MFCs). Established 
with an idea for electricity generation from waste organic 
matter,  MFCs have been recently proposed for  various 
applications  such  as  wastewater  treatment,  biosensing, 
bioremediation,  etc.  (1-3).  While  the  majority  of  MFC 
research  is  focused  on  the  performance  of  laboratory 
reactors,  the  so-called  benthic-  or  sediment  fuel  cells, 
operating on the potential  gradient  at  a sediment-water 
interface,  offer  a  unique  opportunity  to  investigate  the 
efficiency of  harvesting  electricity  from natural  systems 
and  the  potentials  for  their  real  application  in  power 

generation or bioremediation in natural environments. Up 
to  now,  most  of  the studies have been performed with 
marine sediments (4-6) and very few reports reveal the 
potential  application  of  freshwater  sediments  (7,  8)  for 
electricity generation.

In this paper, we demonstrate electricity production by 
using river sediments from two regions in Bulgaria. The 
obtained results are basis for further investigations aiming 
at development of power suppliers and biosensors. 

EXPERIMENTAL
Aquatic sediments and water were collected from the 

basins  of  rivers  Struma  (South-western  Bulgaria)  and 
Maritsa (South Bulgaria).  Cylindrical  vessels  were  used 
for  construction  of  single-chamber  fuel  cells.  Equal 
volumes of sediments and water collected from the same 
site  were  placed  into  the  cells.  Graphite  disks  (6  cm 
diameter,  1 cm  thick)  were  used  as  both  anodes  and 
cathodes.  The  anode  was  buried  3 cm  below  the 
sediment-water  interface  and  the  cathode  was  placed 
5 cm  above  this  interface  near  the  water  surface. 
Polarization measurements through constant or variable 
load resistances were carried out. The cell  voltage was 
measured with a digital multimeter and the current was 
estimated by using Ohm’s law.

RESULTS AND DISCUSSION
At the beginning of the experiments, the open circuit 

voltage  (OCV)  ranged  from  200  to  250  mV  and  the 
maximum  power  was  only  several  tenths  microwatts 
(Fig.1).  Overtime,  however,  the  fuel  cell  outputs 
increased,  reaching  a  maximum  within  10-12  days. 
Possible  explanation  of  this  result  is  related  to  the 
formation  of  surface  anode  biofilm,  enriched  of 
electrochemical  active  bacteria,  leading  to  increased 
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electron transfer from the microorganisms to the anode. 
The subsequent decrease of  OCV and power are most 
probably due to consumption of easily degradable organic 
compounds in the sediments. After partial replenishment 
of  water,  second  maximum  of  both  parameters  was 
observed.  The  possible  explanation  may  have  been 
attributed to an addition of “fresh” organic matter with the 
water replacement and/or oxidation of slowly degradable 
organic compounds by the electroactive biofilm enriched 
on the anode. Another factor that affects significantly the 
fuel cell performance is the amount of dissolved oxygen. It 
was found that  small  additions of  hydrogen peroxide to 
water resulted in rapid increase of the cathode potential 
and the cell voltage with over than 200 mV. 
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Fig.1 Variation of OCV and maximum power with time

The highest fuel cell outputs: 900 mV for OCV, 1 mW 
for maximum power and 10 mA (through 1 kΩ external 
resistance)  for  generated  current,  were  achieved  with 
sediments  collected  from  Struma  river.  The  observed 
differences  in  the  fuel  cell  performance  may  be 
associated  with  a  variety  of  factors,  including  organic 
matter  composition  and  content  in  the  sediments,  co-
existing  microbial  consortium,  water  purity  (amount  of 
dissolved oxygen), etc.

Although  the  obtained  electrical  outputs  were 
comparable  with  other  reported  results  obtained  with 
freshwater  sediments  (7,  8),  they  were  not  enough  to 
power on any consumer. Connecting six cells in series, 
however,  voltage  over  3  V  was  achieved  and  small 
consumers  such  as  light  emitting  diodes  (LEDs), 
calculators, etc. were powered up by the so-constructed 
fuel cell stacks.

Summarizing  the  results  from  this  study,  it  may 
conclude  that  river  sediments  could  be  applied  for 

development of power suppliers for electronic devices or 
biosensors for ecomonitoring based on the technology of 
sediment fuel cells.
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ABSTRACT
The effect of a MEA pinhole on the cell ageing of a 

single  (10x10 cm2)  PEMFC,  fed  with  dry hydrogen and 
humidified  air  (RHC=62%)  at  ambient  pressure,  was 
investigated. The first MEA was perforated by a pin with 
0.7 mm diameter while the second MEA was perforated 
with a 1.2 mm pin. Both pinholes were localized at the H2 

inlet  zone.  In-situ  and  ex-situ  diagnostic  tools  were 
applied  to  compare  the  performance  loss  and  MEA 
components’ degradation rates.
INTRODUCTION

In  PEMFC,  pinholes  can  result  in  crossover  of 
reactant gases to their reverse electrodes. Consequently 
the highly exothermal direct combustion of H2 occurs on 
the  catalyst  surface  and  generates  local  hot  spots.  A 
destructive cycle by increasing gas crossover and pinhole 
formation  is  probably  established,  which  accelerates 
ageing  of  the  whole  FC.  Therefore,  pinhole  formation 
mechanism in the membrane electrode assembly (MEA) 
of PEMFC was reported in several reviews [1-4]. Recently, 
Lü et al. [5] suggested a method for pinhole identification 
by increasing the anode pressure. Vengatesan et al.  [6] 
and Panha et al.  [7] developed Infra-red (IR) imaging to 
identify  the  localization  of  pinholes  on  MEA  and 
highlighted  that  pinholes  were  formed  at  inlet  of  dry 
reactant  before  being propagated on the MEA surface. 
However few studies focus on pinhole effect on PEMFC 
durability. In this work, the effect of artificial perforation by 
pin on PEMFC components’ ageing was investigated.

1 Experimental set-up and operating conditions

The single cell tests were performed with commercial 
MEAs  (active  area  10 cm  x  10 cm)  consisting  of 
perfluorinated sulfonic acid (PFSA) ionomer reinforced by 
expanded ePTFE (thickness: 18 µm),  Pt/C cathode and 
Pt-Ru(50-50  at.)/C  anode  with  a  catalyst  loading  of 
0.4 mg cm-2 and 0.45 mg cm-2 respectively.  The 420 µm 
thick gas diffusion layers (SGL 10 BC, UBZM) were dual-
layer carbon GDL, including a macroporous carbon fiber 
paper and a carbon black microporous layer (MPL). The 
hydrophobic (PTFE)/carbon particles phase added, acted 
as  a  binder.  The  operating  current  density  was 
300 mA cm-2 and the cell temperature was maintained at 

328 K.  Humidified  air  (62 %  RH)  and  dry  hydrogen  at 
ambient  pressure  were  supplied  to  the  cathode  and 
anode sides with stoichiometric coefficients of 3 and 1.5 
respectively,  respectively  for  air  and  hydrogen.  The  air 
humidification  was  ensured  in  a  home-made  packed 
column filled with deionized water. The actual RH value of 
the saturated had been controlled previously to attain the 
expected level within 1 %. The MEAs were perforated by 
a pin after  being activated during 72 h at  300 mA cm-2. 
Two pins of different diameter (0.7 mm and 1.2 mm) were 
used on two fresh MEAs to compare the effect of pinhole 
size.

2 Results and discussion

2.1 Cell voltage monitoring

The cell voltage (Figure 1) of MEA perforated by the 
1.2 mm  pin  is  lower  than  that  pierced  by 0.7 mm  pin, 
which is probably caused by higher gas crossover with 
large pinhole. FC voltage with small pinhole was constant. 
In the large pinhole run, FC voltage varied in 2 steps: in 
the  first  250 h,  cell  voltage  increased  from  0.69 V  to 
0.71 V  due  to  higher  humidification  by  gas  crossover. 
From 250 h  to  800 h,  the  cell  voltage  decreased likely 
because of appreciable cell ageing.
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Figure 1: Cell voltage monitoring during the runs
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The  water  transport  coefficient  (Figure  2a)  of  MEA 
perforated by the 1.2 mm pin is slightly higher than that 
perforated by the thinner pin.  This coefficient  estimated 
from  water  balance  with  non-negligible  uncertainty 
exhibited fluctuating values.

The equivalent water activity (Figure 2b) was defined 
as  the  ratio  of  total  amount  of  water  over  that 
corresponding to saturation at FC operation temperature. 
In the small pinhole run, both anode and cathode outlet 
water activities were close to 1, which meant that there 
was no  or  little  liquid  water  formed in  the  FC.  On the 
contrary, the large pinhole promoted the increase in both 
anode and cathode outlet water activities, at 3 and 1.3, 
respectively, which meant that liquid water was produced 
in the FC. This is to cause flooding phenomenon during 
FC operation.
2.3 Hydrogen crossover measurement

For  the  small  pinhole  run,  H2 crossover  was  at 
2 mA cm-2 during the activation period. After perforation, 
the value of H2 crossover increased to 2.6 mA cm-2 and 
remained constant during the 500 h operation.

For the run with  large pinhole,  H2 crossover was at 
1.6 mA cm-2 before  perforation.  After  perforation,  H2 

crossover  reached  rapidly  80 mA cm-2 then  tended  to 
decrease slightly along the run.  This was due to drying 
phenomenon during the perforation procedure. Therefore 
H2 crossover increases with decreasing in humidity [8-9]. 
The change of  LSV voltammogram (Figure 3)  after  the 
perforation was caused by the internal short circuit due to 
non-negligible H2 crossover [10-11]. After 168 h operation, 
H2 crossover little changed.
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Figure 3: LSV voltammogram of big pinhole run

2.4 Electrochemical impedance spectroscopy (EIS)
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Figure 4: Rohm a), Rct,C b) and Rdiff c) variation during the two runs

The value of Rohm (Figure 4 a)) during the two runs was 
very closed, with a decreasing rate near 1 10-2 % h-1 for 
both  the  runs.  This  means  that  PEM  conductivity 

increased during the operation. The value of Rct,C (Figure
4 b)) of MEA with the large pinhole is lower than the one 
with  the  small  pinhole.  This  could  be  due  to  better 
humidification  by  liquid  water  formed  in  the  FC. As 
reported  by Zhang et  al.  [12] and  Kim  et  al.  [13] Rct,C 

decreases with increasing RH by facilitated H+ transfer. 
The increasing rate of Rct,C of both runs was 2 10-2 % h-1. 
This could be caused by catalyst activity loss during the 
runs.  The value of  Rdiff (Figure 4 c))  of  the run with the 
large pinhole was much higher than the run with the small 
pinhole. This may be due to the two facts: 1) higher gas 
crossover  in  the  large  pinhole  run  promoted  lower 
reactant stoechiometric excess; 2) liquid water formed in 
the  large  pinhole  run  could  hinder  catalytic  pores.  The 
increasing rate  of  Rdiff in  the big pinhole  run was twice 
larger than that for the small pinhole run.
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ABSTRACT
A reference  NGCC  power  plant  with  805  MW  net 

electric power production and a state-of-the-art efficiency 
of  57%  was  considered.  A  comparison  with  the 
conventional  post-combustion  technology  (amine 
absorption)  to  define  a  base  case  showed a  9% yield 
penalty  is  required  to  get  under  the  100  kg  CO2/MWh 
threshold.

This work deals with an innovative post-combustion 
technology  where  CO2 is  captured  by  introducing  an 
“active  component”,  the  Molten  Carbonate  Fuel  Cell 
(MCFC), which acts as a concentrator of CO2 and, in the 
same time,  provides  an  additional  power  output  to  the 
energy balance of plant.

INTRODUCTION
Natural Gas is a relatively abundant fossil fuel which 

has the lowest CO2 emissions per unit of electrical energy 
when  converted  in  a  state-of-the-art  Combined  Cycle 
(CC)  power  plant.  For  these  reasons  the  Natural  Gas 
Combined Cycle (NGCC) will very likely win a large share 
of new power plant projects in the next decade.

Nevertheless, a further convenient improving on the 
carbon footprint of these plants is not easy.

This work is intended to outline the configuration of a 
CO2 capture unit  and integrate it  into a combined-cycle 
natural gas based. At the same time, it aims to provide 
information about CO2 emission per  MWh produced by 
the  plant.  The  critical  point  of  the  traditional  post-
combustion  technologies  using  chemical  solvent  to 
absorb  CO2 is  the  enormous  amount  of  energy  to 
regenerate the solvent. 

The  alternative  innovative  application  of  Molten 
Carbonate  Fuel  Cells  (MCFCs)  could  allows  the  CO2 

separation and the simultaneous production of energy.

MCFC-NGCC INTEGRATION
In the proposed system, flue gas outgoing from the 

NGCC gas turbine (OC = Open Cycle) has been fed at 
the MCFC cathodic inlet; the MCFC transfers CO2 from 
the cathodic to the anodic side, concentrating it there. The 
Fuel Cell (FC) system, working at atmospheric pressure, 
has  been  fed  with  a  syngas  produced  by  reforming  a 
mixture  of  an  additional,  sulfur-free  natural  gas  stream 
and medium pressure steam. 

The  cathodic  exhaust  from  the  FC  unit,  having  a 
temperature comparable  to a standard turbine exhaust, 
can proceed to the steam cycle (SC).

The FC and OC/SC units were further integrated, both 
thermally as well as physically.

From  the  thermal  point  of  view,  the  endothermic 
reforming can be sustained with an energy side-draw from 
the natural gas burner in the Brayton cycle, which can (at 
least thermodynamically) easily be adapted to deliver the 
heat at the required high thermal level.

The  material  integration  consists  in  supplying  the 
medium-pressure steam to the reformer with a side-draw 
from the heat recovery steam generator. This opens the 
steam cycle, but avoids equipment duplication.

In this way the overall  plant, shown in the following 
figure, is self-contained as it requires no external auxiliary 
equipment  to  supply the energy demand of  the carbon 
capture unit.

1 Copyright © 2011 
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MCFC UNIT
The basic MCFC unit  refers  to a standard 500 kW 

hybrid MCFC-Gas Turbine system, modified in order  to 
make it suitable to the CO2 concentration application. In 
particular, the modifications were:

• An additional separation unit, not modeled in detail, of 
which only the removal efficiency was set in order to 
achieve the required CO2 concentration to 95% purity 
specification,  with  a specific  energy consumption in 
the range of the typical applicable technologies (MEA, 
gas separation membranes);

• A recycle  to  the  anodic  inlet  of  the  anodic  outlet 
stream, downstream the black box. This recycle aims 
to  prevent  the  combustion  in  the  air  burner  of  the 
unreacted hydrogen, produced by reforming reaction 
with a significant amount of energy. At the same time, 
this  recycle  decreases  the  amount  of  natural  gas 
introduced into the system because the once-through 
conversion of the electrochemical reactions is higher;

• The anodic and cathodic outlets have not been mixed 
as  in  the  conventional  hybrid  systems,  to  avoid 
nullifying the CO2 concentration effect.

The  resulting  MCFC  unit  scheme  is  shown  in  the 
following figure.

The process parameters of this "stand alone" MCFC 
system were  optimized while  respecting the constraints 
imposed by safe cell operation. Sensitivity analyses were 
performed on the main process parameters:

• the CO2 fraction in the depleted stream outgoing from 
the separation unit,  which has been recycled to the 
anodic inlet;

• the current density;

• the  fuel  and  the  medium  pressure  steam  rates 
supplied to the reformer.

The  basic  module  which  resulted  from  this 
optimization  has  been replicated  192  times in  order  to 
match the quantity of flue gases.

RESULTS
The MCFC integration with a NGCC power plant was 

investigated  using  LIBPF  (LIBrary  for  Process 
Flowsheeting), a process flow-sheeting and modeling tool 
arranged as a C++ library.

The  key performance parameters  to  compare  plain 
NGCC and MCFC+NGCC with the base case are:

• the plant efficiency penalty, equal to 3%

• the CO2 emission per unit electrical energy produced, 
equal to 150 kg CO2/MWh

• SPECCA (Specific Primary Energy Consumption for 
CO2 Avoided) which is 1.6 MJ/kg CO2.

The  innovative  post-combustion  technology  we 
presented has the advantage of a limited impact on plant 
efficiency. However, it requires substantial changes to the 
existing power loop and makes it more difficult to retrofit 
existing  plants  although  it  is  feasible  to  thermally  and 
materially integrate the MCFC with the NGCC.

Thanks to its modularity, it  could also be applied to 
smaller plants.

2 Copyright © 2011 
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ABSTRACT 
Infrared emission of a body can be captured by the 

sensors of a thermal camera and reproduced as an 
image or video. This non-intrusive and non-destructive 
technique has allowed us, for low temperature fuel cells,, 
to (i) analyze the spatial distribution and thermal behavior 
during electrodes preparation by the electrospray 
technique,(ii) correct fuel cell assembly defects, (iii) 
inspect and remote monitoring during operation of 
input/output gases and temperature distribution on the 
electrodes for different current demands. Further 
investigations will include active thermography techniques 
like Pulsed  Phase Thermography and Vibrotermography. 

INTRODUCTION 
Infrared thermography is a non-destructive technique 

that does not require contact to provide material 
temperature maps (1.) Materials’ surface temperature are 
calculated based on their emitted infrared energy since 
any substance above 0 K emits infrared radiation. This 
amount depends on its temperature and emissivity. 
Emissivity is defined as the ratio between the emitted 
energy and the one emitted by a blackbody at the same 
temperature. It can varies from 0 (perfect whitebody) to 1 
(perfect black body). The energy intensity distribution 
emitted by a body is given by the Planck distribution law 
(Eq.1) �

                          
(Eq.1) 

where h is Planck's constant  (6.63·10-34 J·s); c is the 
speed of light (3·108 m·s-1), k is Boltzmann's constant 
(1.38·10-23 J·K-1), λ is the wavelength (m) and T is the 
temperature (K) (2). A thermal camera converts emitted 
radiation into electrical signals to form an image. The 
main advantages of thermography are: no contact, non-
invasive, ready for remote and schedulable real-time 
applications. On the other hand, it is a surface technique 
that does not allow to obtain bulk analysis. 

Thermography can be applied to electrode 
preparation techniques which require uniform 
temperature distribution, such as electrospray. Besides, 
its application to fuel cell assembly and operation may 
reveal the presence of hot spots, gas leakages, etc. 

EXPERIMENTAL 
The thermal camera used was the T620 FLIR model, 

measurement range adjusted from -40 to 150 ºC with a 
thermal sensitivity of 50 mK. Ambient conditions were 
30% relative humidity and 24 ºC. An emissivity of 0.94 
has been considered. 

A cathodic electrode was prepared by electrospray 
deposition of a catalytic ink prepared from commercial 
catalyst Pt/C 30% w/w using propanol as dispersant (3). 
This technique requires a heated plate under the 
substrate to evaporate remaining dispersant reaching the 
substrate from the nozzle. Operated fuel cell is a single 
cell extracted from a MES DEA commercial stack and 
was tested in a home-made test bench. The fuel cell was 
operated at constant hydrogen/air flows and increasing 
current demand steps. Thermal images were all taken at 
the stationary state. 

RESULTS AND DISCUSSION 
Electrodes preparation: Electrospray. Thermal 

imaging has allowed a temperature homogeneity 
assessment on the electrode surface that is difficult to 
obtain by other methods. Deposition areas are violet-
coloured in Fig. 1 and represents the base of the ink cone 
formed between the nozzle and the substrate. The nozzle 
follows a x-y programmed movement in order to obtain an 
uniform deposit over the entire surface. A homogeneous 
temperature distribution on the substrate surface 
facilitates uniform deposition conditions. Small 
protrusions involving inhomogeneous temperature are 
revealed in thermal images. Fig. 1 shows lower 
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temperature islands due to a defficient contact with the 
lower heated plate. 

Another important aspect of the electrospray 
technique is the surface homogeneity of deposited ink, 
since a rectangular area must be uniformly coated by a 
moving and non-uniform density cone. Thermal imaging 
allows to optimize the nozzle movement to obtain a more 
homogeneous substrate coating through analyzing the 
colour gradient of the cone base, linked to its density 
gradient. Monitoring of the " violet shadow" helped to 
identify deposit areas and its density. 

Fig. 1. Thermal image of temperature distribution obtained 
during the preparation of an electrode by electrospray. 

Fuel Cell System Assembly: the origin of a non-
homogeneous temperature distribution in a fuel cell is 
varied: incorrect assembling or cooling, non-
homogeneous current distribution, etc. High resolution 
thermography can generate 2-D and 3-D temperature 
maps during operation. Fig 2 shows the distribution 
obtained during the operation of a single cell. Thus, we 
have been able to detect assembly imperfections such as 
different screw torques or uneven cooling effect. As an 
example, Figure 2 shows a thermal image with different 
temperatures due to incorrect functioning of the cooling 
system at stationary state and low current demand. 
Larger differences are expected to arise in a stack, when 
thermographic analysis may become a particularly useful 
tool.  

Fig. 2. Thermal image of temperature distribution obtained 
during a single cell operation subjected to a not optimized 
cooling system analysis by thermography.  

Fuel Cell Operation: thermographic analysis of the 
electrode surface in a fuel cell reveals the homogeneity of 
the current distribution on it. A high local temperature may 
cause local membrane drainage, followed by conductivity 
loss and subsequent activity loss of the affected area. 
Fig.3 shows how the temperature (current density) is 
slightly higher in the input gases area during the single 
fuel cell operation under low current demand. Although 
temperature differences are small, long-term operation 
may be affected. In addition, temperature distribution is 
expected to change as different current demands are 
applied, since different performance limitations apply: 
catalyst activity (at low current demands), ohmic 
resistance (medium demand) or poor mass transport 
(high demand). As current demand was increased, the 
temperature distribution became more homogeneous (not 

shown).

Fig. 3. Thermal image of temperature distribution obtained 
during the operation, at low current demand, of a single cell 
extracted from a commercial stack. The inlet gas area is the 
hottest (left). 

CONCLUSIONS 
Thermographic analysis is a technique that allows 

real-time heterogeneities diagnosis both during 
preparation of electrodes and operation of fuel cells. Its 
accuracy (0.05 ºC) and fast response allow early 
detection of small temperature changes  
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ABSTRACT

A system of Uninterruptible Power Supply (UPS) of 
electricity based on the energy provided by a fuel cell has 
been developed. System is absolutely clean, which uses
hydrogen as fuel and whose product of the combustion is 
water.

The best suited type of fuel cell for this application is 
the polymeric electrolyte membrane fuel cell (PEMFC),
owing to the fact that hydrogen and air are used and its 
operating temperature is low, usually, about 50-80 °C,,
besides it is able to give a high current density, about 1 
A/cm2.

The autonomy of this new electric power generation 
system depends on the amount of hydrogen in reserve.
There are commercial bottles that allow storing the
hydrogen in the form of metal hydrides and that have a 
great advantage in terms of weight and volume, in front of 
conventional accumulator batteries.

The new fuel cell application allows an increase in the
autonomy of the UPS, in the case of demand for 300 W 
becomes 300%. The use of bottles of hydrides of small 
size allows easily to transport the equipment thanks to be 
reasonably reduced in dimensions and weight.

INTRODUCTION

The autonomy of commercial UPS depends on the
size of the battery that generates the electric power when a 
voltage drop is detected on the electric grid. In order to
improve the autonomy and prevent the generation of
pollutants, a fuel cell has been implemented into a UPS to
generate electricity.

The elements of the UPS, that henceforth we will call 
UPS FC-05, are a PEMFC, which is fueled by hydrogen 
stored in the form of metal hydrides into two bottles
coupled to equipment, a battery which serves as a buffer to 
the system and a current converter DC/AC including
auxiliary control circuits, which generates the signal of 240
VAC 50 Hz using directly the generated current by the fuel 
cell and the battery. Fig 1 shows schematically the
operating principle of the system.

Fig. 1. Schematic of power system operation

There have been trials aimed at characterizing the fuel 
cell, hydrogen storage system and the UPS with improved 
performance.

RESULTS

There have been several trials to establish the real 
autonomy of the UPS equipment used with its original 
battery Pb/gel 12 V, 7 Ah charge.

The tests consisted in connecting the AC output of
various pure resistive loads (incandescent lamps) and cut 
the power of the network equipment input so that the
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energy source that supplies the DC/AC inverter is the
battery. The evolution of the power supplied by the battery 
along the time for different power demands is shown in 
Table 1.

Table 1.- Operation time (only battery)
Power demand 

(W)
Time to failure threshold 

(min)
50 82

150 24
300 6

Tests were repeated by connecting a fuel cell in
parallel with the UPS FC-05 battery, keeping the trial until 
the operating voltage of the fuel cell reaches the safety 
threshold, when the electronic controller which switches 
the fuel cell. This occurs when the stored hydrogen is 
exhausted.

Fig 2 shows the evolution of the power delivered by the 
fuel cell (red line) when demands of 50 W and 300 W are 
applied.
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Fig 2 Evolution of the power delivered by the fuel cell under 50 and 
300 W

The evolution of the power supplied by fuel cell along
time for different power demands are shown in Table 2.

Comparing the data in tables 1 and 2 it can be seen
the time increment in the operation of the UPS before the
safety threshold is reached In the case of 300 W, the
increase is 300%.

Table 2.- Operation time with fuel cell
Power demand 

(W)
Time to failure threshold 

(min)
50 150
150 39
300 24

The PEMFC has reached 400 W of power feeding with 
pure hydrogen and closed anode.

The influence of the envi ronmental of filling and
emptying conditions in the amount of hydrogen stored in 
the bottles in the form of metal hydrides has been studied.

The filling is governed by the balance of hydrogen
adsorption on metals. It has shown how important is the
fact that the temperature of the metal hydrides remains
above 20 °C during the process of production of H2. Above
this temperature hydrogen flow rate is enough to run the 
fuel cell, but under this temperature most of hydrogen is 
strongly absorbed into the surface of metals, and is not 
possible to feed the fuel cell.

The use of small bottles of hydrides allows build
equipment easily transportable thanks to achieve a
reasonably small size and weight.

CONCLUSIONS

An uninterruptible power supply based on the energy 
provided by a fuel cell has been developed showing a
remarkably improvement on its autonomous operation time.

The UPS developed is not portable but is easily
transportable thanks to its dimensions and weight.

When the fuel cell is connected, the operating time is 
approximately the double of the time spent by the system 
that has the battery as a single generator. The operating 
time is linked with the energy supplied and the size of the 
deposit of hydrogen.
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ABSTRACT  
A membrane reactor consisting of a dense self-

supported Pd-Ag tube filled with a Pt-based catalyst has 
been used for producing pure hydrogen via oxidative 
steam reforming of bio-ethanol. The reformer feed stream 
consisted  of water and ethanol with traces of glycerol 
and acetic acid in order to simulate a liquid waste of dairy 
industry after fermentation and concentration (by about a 
factor 10). The membrane reformer has been 
characterized through permeation and reaction tests  
performed at 400 and 450 °C with a reaction (lumen) 
pressure in the range 100-200 kPa.  

INTRODUCTION  
Thin wall Pd-Ag tubes produced via a cold-rolling and 

diffusion welding procedure have been characterized in 
long-term tests by demonstrating their complete hydrogen 
selectivity and high permeability [1,2]. When used in 
membrane reformers for producing hydrogen, the thin 
wall tubes exhibited the capability to move the reaction 
conversion beyond the equilibrium (shift effect) [3]. 
Following previous tests of reforming reactions [4,5]: the 
present work is aimed at demonstrating their applicability 
for producing highly pure hydrogen from liquid wastes of 
dairy industries [6]. To simulate such a waste, a water-
ethanol mixture  has been fed together with air into a Pd-
based membrane reactor. The reforming process has 
been carried out by approaching auto-thermal operating 
conditions (ΔHR= -50 kJ mol-1) accordingly to the following 
oxidative steam reforming reaction scheme:  

C2H5OH + 2H2O + ½ O2  2CO2 + 5H2 (1) 

EXPERIMENTAL 
The membrane reactor consisted of a Pd-Ag thin wall 

tube (diameter 10 mm, wall thickness 60 μm and length 
140 mm) was filled with 3.3 g of a Pt-based catalyst on 

alumina spheres of diameter 2-3 mm (furnished by 
Engelhard). The permeator tube has been assembled into 
a Pyrex module (shell side) where the hydrogen 
permeated through the membrane has been collected by 
a sweep stream of nitrogen (3.7 × 10-4 mol s-1) sent in 
counter-current mode. During the permeation tests 
hydrogen has been fed into the membrane lumen while in 
the reaction tests the liquid feed stream consisted of 
water (78 wt.%) and ethanol (15 wt.%) with traces of 
glycerol and acetic acid (5.5 wt.% and 0.7 wt.%, 
respectively). Liquid feed flow rates from 5 to 15 g h-1 
(corresponding to  ethanol flow rates of  4,66-13,98 μmol 
s-1) have been tested. The feed liquid streams have been 
added with air in order to obtain an ethanol/oxygen feed 
molar ratio of 2/1.  

RESULTS 
The  permeation tests have been performed in the 

temperature and pressure ranges of 400-450 °C and 100-
200 kPa, respectively. The hydrogen permeability 
coefficients have been calculated though the 
Richardson’s equation: 

� � �� �
� ��
R T

�
����� ����� � ����� ������  (2) 

where J is the hydrogen permeation flux (mol m-2 s-1), 
Φ� is the hydrogen permeability pre-exponential 
coefficient (mol m-1 s-1 Pa-0,5), E� is the apparent energy 
activation (J mol-1), R the gas constant (J mol-1 K-1),  t is 
the membrane thickness (m) and ��� ����� (Pa) and 
��� ����� (Pa) are the hydrogen partial pressures in the 
lumen and shell side, respectively. 

 The measured values of the permeability coefficients 
(Φ0 = 5.32 x 10-8 mol m-1 s-1 Pa-0.5 and Ea = 6399.06 J 
mol-1)  are in agreement with the literature as shown in the  
graph of fig. 1 [7, 8].  
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The membrane reformer capability of producing 
hydrogen has been assessed in terms of hydrogen yield: 

    �� � ��������
�����

          (3) 

where �������� is the flow rate (mol s-1) of the 
hydrogen produced by the reaction and permeated into 
the shell side and ����� the ethanol feed flow rate (mol 
s-1). 

HY represents the moles of hydrogen produced per 
mole of ethanol fed. The maximum HY is 5: this is the 
case of complete ethanol conversion accordingly to the 
main reaction (1) and permeation of all the hydrogen 
produced. 

 
 
Fig. 1 – Arrhenius’ graph of the hydrogen permeability.                     

 
The assessed hydrogen yield values vs. the ethanol 

feed flow rate for the lumen (reaction) pressure of 100, 
150 and 200 kPa are reported in the fig. 2 and 3 for the 
reaction tests carried out at 400 and 450 °C, respectively. 
Maximum  hydrogen yield values (close to 3) have been 
measured with ethanol feed flow rate of 4,66 μmol s-1, 
temperature of 450 °C and pressure of 200 kPa. With 
liquid feed flow rate of 13,98 μmol s-1, temperature of 400 
°C and pressure of 100 kPa the hydrogen yield decreases 
significantly (about 0.4).

Gas chromatographic analysis of the retentate 
showed the formation of methane (side reaction) while 
very low concentrations of CO have been measured by 
demonstrating high conversions of the water gas shift 
reaction. 

CONCLUSIONS 
The experiments carried out in this work 

demonstrated the applicability of tubular Pd-Ag 
membrane reactors for recovering pure hydrogen from 
liquid wastes of dairy industry. By performing the 
oxidative steam reforming of bio-ethanol at 450 °C very 
high values of hydrogen yields have been measured. 
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Fig. 2 – Hydrogen yield at 400 °C.   
                     

 
 
Fig. 3 – Hydrogen yield at 450 °C. 

REFERENCES  
[1] S. Tosti et al., European Patent EP 1184125 

(2001) 
[2] S. Tosti et al., Long-term tests of Pd–Ag thin wall 

permeator tube, J. Membr. Sc. 284 (2006) 393–397 
[3] S. N. Paglieri and J. D. Way, Innovations in 

Palladium Membrane Research, Sep. Puri. Methods, 
31/1 (2002) 1–169 

[4] A. Santucci et al., Oxidative steam reforming of 
ethanol over a Pt/Al2O3 catalyst in a Pd-based 
membrane reactor, Int.  J. Hydr. En. 36 (2011) 1503-1511 

[5] A. Basile et al., Acetic acid steam reforming in a 
Pd–Ag membrane reactor: The effect of the catalytic bed 
pattern, J. Membr. Sc. 311 (2008) 46–52 

[6]   S. Sansonetti et al., Bio-ethanol production by 
fermentation of ricotta cheese whey as an effective 
alternative non-vegetable source, Biomass and Bioenergy 
33 (2009) 1687–1692 

[7] F.J. Ackerman, G. J. Koskinas, Permeation of 
hydrogen and deuterium through palladium-silver alloys, 
Journal of Chemical and Engineering Data, 17/1 (1972) 
51-55 

[8] H. Yoshida et al., Preliminary design of a fusion 
reactor fuel cleanup system by the palladium-alloy 
membrane method, Nuclear Technology Fusion, 3 (1983) 
471-48



353

Proceedings of EFC2011

European Fuel Cell - Piero Lunghi Conference & Exhibition

December 14-16, 2011, Rome, Italy

 EFC11231

OPERATION OF A BIOGAS PROCESSING PLANT FOR ELECTRICAL ENERGY 

GENERATION BASED ON DRY REFORMING AND LOW TEMPERATURE FUEL 

CELLS.

A.J.Martín1, T. González Ayuso1, J. Mielgo2, J.L. Serrano1, 

L. Daza1,3

1CIEMAT, Avda. Complutense, 22. 28040 Madrid, Spain
2OLEA MADRID, C/ Arturo Soria, 282. 28033 Madrid, Spain

3Instituto de Catálisis y Petroleoquímica (CSIC), C/ Marie 
Curie 2, Campus Cantoblanco, 28049 Madrid, Spain

ABSTRACT
In  this  abstract  we  describe  first  operation  data  of  a 
biogas processing plant coupled with a commercial kW-
scale  low  temperature  fuel  cell.  The  plant  is  under 
operation  in  a  sewage  treatment  plant.  The  design 
process  includes  the  development  of  new  patented 
catalysts,  plant  design,  simulation  as  well  as  control 
software programming. Gas processing is based on dry 
reforming  followed  by  water-gas  shift  (WGS)  and  CO 
preferential  oxidation  (COPROX)  stages.  H2-rich 
processed  gas  is  converted  into  electric  power  by low 
temperature  fuel  cells  (PEMFC).  Combustion  of  their 
available anodic off gas is the unique source of thermal 
energy for biogas processing. The plant is presently under 
its  first  operation  hours;  however,  some  encouraging 
results have already been obtained, such as dry reforming 
at  temperatures  between  700  and  725  ºC,  CO 
concentration  after  WGS  steadily  below  1%  and  CO 
concentration  after  COPROX  steadily  below  20  ppm 
under massive water presence (1.6 ppm peak).

INTRODUCTION
Recently,  decomposition  by  supported  catalysts  of 
methane  and  carbon  dioxide  (majority  components  in 
landfill gas) has become an interesting alternative method 
for the production of H2 (dry reforming, Eq. 1) (1) to other 
processes such as steam reforming (2).
CH4 + CO2 ↔ 2H2 + 2CO    ΔH0

298K=247 kJ•mol-1        (1)
Besides, renewable methane-rich gas processing,  when 
energy  input  is  satisfied  by  feedstock  burning,  is  a 
sustainable  and  efficient  way of  producing  H2 (3).  We 
describe here a processing plant fed by sewage sludge 
digestion gas (biogas) coupled with a commercial 3 kW 
low temperature fuel cell.  Figure 1 contains a simplified 
diagram of the system. 

 
Fig. 1. Biogas processing plant coupled with a low temperature  
fuel cell. Dotted line includes biogas processing circuit.

The  process  consists  of  an  initial  dry  reforming  stage 
(REF), followed by the addition of steam in excess prior to 
the  water-gas  shift  reaction  (WGS).  The  stream  then 
enters the CO preferential oxidation reactor (COPROX), 
after which the CO concentration must be below 30 ppm 
to avoid poisoning of anodic fuel cell catalyst. Processing 
catalysts  have  been  developed  and  patented  by  our 
group.  After  completing  the  three  stages,  the  process 
stream  is  directed  to  the  anode  of  the  fuel  cell  after 
passing through a condenser. The heat input required for 
the REF stage comes from a separated burner (BUR) fed 
by anodic exhaust gases (off  gas) of  the stack (FC).  If 
necessary, a variable fraction of the biogas input (BioQ) 
can be deviated to the burner. After heating the reforming 
reactor and before leaving the plant (Chim), exhaust gas 
remaining energy is partly used to evaporate the water 
required by WGS (EVAP). Water for the WGS reaction is 
preheated by some portion of the process excess energy 
(PRE). An additional analysis of  the plant can be found 
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elsewhere in this conference (EFC11232).

RESULTS
The  plant  is  designed  to  work  in  a  narrow  range  of 
operation  parameters,  according  to  laboratory  tests  to 
achieve  desired  processed  fuel  quality.  Main  operation 
parameters are:
• Stages  operation  temperatures:  REF:  700-725 
ºC, WGS: 300-360ºC ( H2O/CO=7). COPROX: 120-150ºC 
• Biogas  composition:  CH4:CO2=1:1  since 
additional  CO2 is  automatically  added  to  the  primary 
biogas stream as needed.

Starting  up. The  design  of  the  plant  implies  a  strong 
interaction  between  its  subsystems  (reforming,  WGS, 
COPROX, fuel  cells,  burner…).  It  therefore requires an 
efficient control programming in order to globally balance 
local  changes  that  may  propagate  to  other  parts.  The 
communication  EFC11232  contains  a  brief  analysis  on 
this  topic.  It  also  implies  a  progressive  starting  up 
procedure that takes around 7 h to be completed, Fig 2. It 
contains  the lowest  temperatures  of  the  beds of  the  3 
processing  stages.  Grey  bands  indicate  the  adequate 
range of temperature. 
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Fig 2. Starting up process of the 3 processing stages.

Nominal  regime.  The  critical  subsystem  for  the 
functioning  of  the  plant  is  the  COPROX  stage.  A 
malfunctioning of  this  stage may provoke an outlet  CO 
concentration that  woluld  poison platinum-based anodic 
catalysts  of  the  fuel  cell  stack.  COPROX  operation 
develops  under  massive  steam  presence.  The  tested 
COPROX catalyst reached the required activity at lower 
temperatures  under  steam  presence  (coming  from  the 
outlet of WGS) compared to dry inlet conditions. Besides, 
the massive presence of water into the COPROX reactor 
helps  maintaining  a  stable  temperature  since  the 
COPROX  reaction  is  strongly  exothermic.  When  liquid 
water and steam coexist during the starting up at ca. 120 
ºC (2 bar operation pressure), the CO concentration rises 
since only part of the catalytic bed is acting (up to 7 h in 
Fig 3). When no liquid water is present, from 7 h onwards, 
the CO concentration sharply decreases below 20 ppm, 
while reactor temperature profile gets stabilized. After 1 h 

stabilization, the nominal regime is reached (after 8.3 h). 
CO  concentration  value  then  shows  a  stable  behavior 
below 20 ppm.
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Fig 3. COPROX stage transition to nominal operation.

CONCLUSIONS
A plant to obtain electric power from biogas based on dry 
reforming  at  low  temperature  (700-725  ºC),  water-gas 
shift  and  CO  preferential  oxidation  coupled  with 
commercial low temperature fuel cells has been designed 
and built and is currently under operation. COPROX stage 
stability proved to be critical, which is obtained by allowing 
the presence of excess water from WGS in the reactor. 
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ABSTRACT 

A new dry reforming catalyst for CH4-CO2 mixtures was 
developed by ICP-CSIC. As part of the study over activity, 
stability and its employment into industrial scale, a batch 
of experiments have been performed in order to study the 
influence of pressure and W/F (catalyst Weight to inlet 
Flow ratio) after long operation. Observed H2/CO and 
XCH4/XCO2 ratios were less than 1 in the product stream 
under all experimental conditions, what should be 
ascribed to reverse water-gas shift reaction. It may be 
concluded that optimal operation conditions for this 
catalyst are: (i) pressure ≤ 3 bar (ii) W/F≥ 5 mg·min·cm-3. 
A remarkable high stability was achieved over the 850 h 
experiment under several operation conditions. 

INTRODUCTION 

The importance of obtaining energy from an alternative 
way to burning fossil fuel oil is essential today. The use of 
biogas as a hydrogen source and its subsequent use in 
fuel cells is one of the most efficient pathways to produce 
energy at nearly zero net emissions. Biogas is a mixture 
of methane (CH4), and carbon dioxide (CO2) at 
approximately 60:40 ratio depending on its origin. It 
contains small amounts of other gases to be removed 
from the final reforming inlet composition, such as H2S, 
due to their ability to poison state-of-the-art reforming 
catalysts. Since a new dry reforming catalyst has been 
developed, it is very important for its transition from 
laboratory to industrial scale to study its behaviors under 
several working conditions that may arise during industrial 
operation. 

 
Typically the biogas dry reforming reaction is 

described as: [1] 

CH4 + CO2  ↔2H2 + 2 CO  ,   Hº = 247 kJ/mol     (1) 
 
It is frequently accompanied by the simultaneous 
occurrence of the reverse water–gas shift reaction 
(rWGS), reaction 2, a side-reaction that decreases [H2] 
and increases [CO] in approximately a 5% vs. reaction 1 
according to laboratory tests [2]. 
 

CO2 + H2 ↔ CO + H2O  , Hº = 41,1 kJ/mol     (2) 
 
 
Carbon formation leads to undesiderable blocking of 
active catalytic sites on the catalyst surface. This may 
provoke a pressure increase and eventually a total 
blocking of the reactor inlet flow. Our new developed 
catalyst is capable of working under relatively low 
temperatures (around 700 ºC). Carbon deposition 
reactions are favored at this temperature [4], but tests 
carried out in our laboratory showed that a negligible 
amount of carbon was deposited over catalyst surface 
after 850h what means no side reactions took place 
under operation. 
A change on pressure and/or W/F ratio may lead to 
different conversion degrees, affecting the outlet 
composition and therefore altering following processing 
steps like water-gas shift reactors.  

 

EXPERIMENTAL 

Tests were carried out into a 1" diameter tube Ni-free 
steel reactor at 700ºC and at CH4:CO2 molar ratio of 1:1 
(simulated biogas stream enriched with CO2). A 
preliminary study allowed us to establish the maximum 
methane conversion rate on 69% at 700ºC, 1 bar and 
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W/F=10 mg·min·cm-3. A long term experiment showed its 
stability, for 600 h at steady conditions, after which (non 
stop) two series of experiments were performed in order 
to study the influence of pressure and W/F changes. 
Average duration of each one was 25 h. Total operation 
time reached 850 h. 
 
To evaluate the influence of W/F ratio, experiments were 
performed at 10, 5, 2.5, 1.67, and 1.25 mg·min·cm-3 at 
700 °C, maintaining the pressure at 4.0 bar, in order to 
avoid the effect of increasing flows over the operation 
pressure. To study the influence of pressure, W/F was 
maintained to 10 mg·min·cm-3 while pressure was 
increased from 0,8 to 4 bar into 0,8 bar steps.  
 

RESULTS AND DISCUSSION  
 
It is expected that increasing W/F may increase methane 
conversion due to at lower flows rate are enough free 
active sites to reach full conversion . On the other hand, 
increasing the operation pressure tends to decrease 
methane conversion due to Thermodynamics. Kinetics, 
mass transport properties, flow pattern, etc may be varied 
when W/F and/or pressure change, which may lead to 
unexpected behaviors compared to ideal or laboratory 
scale experiments.  
 
W/F ratio: results show that CH4 conversion rises as W/F 
is increased, reaching a plateau from 5 mg·min·cm-3  
onwards The plateau value is 52% (thermodynamic 
equilibrium is about 55%), but follows a linear variation as 
this ratio decays to 2.5 mg·min·cm-3  (Fig. 1)  

 
Fig. 1  Conversion vs. W/F ratio at fixed pressure. Dotted line represents full 

thermodynamic conversion.

 
 

Pressure: results show that methane conversion is hardly 
affected by pressure below 3 bar, reaching almost 58%. 
(Fig 2) shows experimental and equilibrium curves.   

 
Fig. 2  Conversion vs. Pressure at fixed W/F.  

H2/CO and XCH4/XCO2 ratios observed were less than 1 
in every experimental condition, which means that the 
rWGS side reaction takes place.  
 

CONCLUSIONS  

It may be concluded that the optimal operation conditions 
for this catalyst are: (i) pressure at 3 bars or less, and (ii) 
W/F over 5 mg·min·cm-3. A remarkable stability was 
obtained after 850 h operation (not shown).  
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ABSTRACT
       A multiphysics, two-phase, isothermal, 2D/1D across-
the-channel model is presented for the anode of a liquid-
feed direct methanol fuel cell (DMFC). The model takes 
into  account  the  effects  of  the  inhomogeneous 
compression of  the gas diffusion layer  (GDL),  including 
non-uniform porosity, diffusivity, permeability and electrical 
conductivity, along with non-uniform contact resistances at 
the rib and catalyst layer interfaces.  Multiphase transport 
in the GDL is modeled according to the multiphase flow 
theory (two-fluid  model)  considering the effects  of  non-
equilibrium  evaporation/condensation  of  methanol  and 
water, and assuming that CO2  is only present in the gas 
phase.

INTRODUCTION 
      DMFCs suffer from two fundamental technological 
problems: (i) the slow kinetics of the methanol electro-ox-
idation reaction (MOR) in the anode and (ii) the mixed po-
tential  caused  by  the  ability  of  methanol  to  permeate 
through the polymer electrolyte membrane crossing from 
anode  to  cathode  (methanol  crossover).  Furthermore, 
mass/charge/heat transport coupled with electrochemical 
kinetics, inhomogeneous compression effects associated 
to the cell assembly process, contact resistances at the 
GDL interfaces,  and multiphase mass transport make it 
difficult to achieve optimum design and operation of DM-
FCs.  In  an effort  to  understand  these  interrelated  phe-
nomena, mathematical modeling provides a powerful tool 
to  analyze  and  investigate  the  complex  transport  pro-
cesses,  which  are  difficult  to  be  studied experimentally 
(1). In particular, the development of realistic and compre-
hensive models of the anode electrode is of great import-
ance due to the high impact of the anodic two-phase flow 
on DMFC performance and durability. 

NOMENCLATURE
Alg interfacial specific area between liquid and gas [m-1]
a    effective catalyst surface area per unit volume [m-1]
C   molar concentration [mol m-3]

Di   mass diffusivity of species i [m2 s-1]
E    electromotive force [V]
F    Faraday’s constant [C mol-1]
h    convective mass transfer coefficient [m s-1]
i     current density [A m-2]

K absolute permeability [m2]
kH Henry’s constant (m [Pa], O2 [-])
kr relative permeability
ke evaporation rate [s-1]
kc condensation rate [mol Pa-1 s-1 m-3]
M molecular weight [Kg mol-1]
N molar flux [mol m-2 s-1]

n outward normal
nd

i electro-osmotic drag coefficient of species i
p    pressure [Pa]
pc   capillary pressure [Pa], contact pressure [MPa]
R    universal gas const. [J mol-1 K-1], contact resistance
      [mΩ cm2], interfacial transfer rate [mol m-3 s-1]
s    liquid saturation
T    temperature [K]
u    superficial velocity vector [m s-1]
V    actual cell voltage [V]
Xi molar fraction of species i
α    overall mass transfer coefficient [m s-1]
δ    thickness [m]
ε    porosity
η   overpotential [V]
θc   contact angle [º]
κ ionic conductivity of membrane [S m-1]
ρ density [Kg m-3]
σ electrical conductivity [S m-1]
φ   electronic potential [V]
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MODELING APPROACH 

Cell geometry
Fig. 1 shows a sketch of the physical domain under 

study. To reduce the computational cost, a parallel flow 
channel  configuration  is  assumed,  so  that  symmetry 
conditions are imposed at the channel/rib mid-planes.

x

1D model

y

z

2D

mod. 
x

1D model

y

z

2D

mod. 

Fig. 1: Cross sectional geometry of the cell, indicating the 
computational domains for the 2D and 1D model.

2D (anode GDL) / 1D (MEA and cathode) model
      The model developed in this work is an extension of a 
previous  3D/1D  single-phase  model  (2),  where  the  3D 
geometry of the anode has been reduced to a 2D across-
the-channel section to speed up the model setup process. 
The upgraded model takes into account multiphase mass 
transport phenomena in the anode, non-uniform contact 
resistances at the GDL interfaces and non-uniform aniso-
tropic properties of the GDL. The modified mathematical 
formulation is shown in Annex A, while the value of the 
physical parameters involved in the model can be consul-
ted elsewhere (1, 2).

Structural model
      Inhomogeneous compression effects are simulated 
using a novel finite element method (FEM) model, which 
fully  incorporates  the  nonlinear  orthotropic  mechanical 
properties of the GDL (3). The model provides the GDL 
porosity distribution and the contact pressure at the rib- 
and  catalyst  layer-GDL  interfaces,  which  are  used  to 
estimate  the  effective  properties  of  the  GDL  and  the 
contact resistances through experimental data reported in 
the  literature.  Further  details  about  the  correlations 
considered in the model can be found in Refs. (4, 5).

Preliminary results
      Fig.  2  shows  a  comparison  of  different  DMFC 
modeling approaches similar to that presented in Ref. (1). 
By comparing the behavior of the multiphase models, it 
can be seen that the transport of methanol vapour tends 
to  increase  the  concentration  of  liquid  methanol  in  the 
anodic reaction zone, leading to a higher limiting current 
density.  However,  important  differences  appear  when 
thermodynamic equilibrium between phases is assumed 
or  not,  despite  both  models  consider  the  transport  of 
methanol  vapour.  The  model  assuming  thermodynamic 
equilibrium predicts current densities higher than those of 
a single liquid-phase model,  while the model that takes 
into  account  non-equilibrium  evap/cond  effects  may 

predict  higher  or  lower  current  limits  depending on the 
evap/cond  rate  of  methanol.  As  shown  in  Fig.  3,  an 
increase in the methanol evap/cond rate encourages the 
concentration  of  liquid  methanol  in  the  anode  catalyst 
layer  up  to  reach  the  thermodynamic  equilibrium  state 
when the evap/cond rate is infinitely fast. Thus, the study 
of non-equilibrium evap/cond effects, in addition with the 
influence  of  non-uniform  anisotropic  properties  and 
contact  resistances  is  especially  important  to  better 
understand the behavior of DMFCs.

Fig. 2: Polarization curves predicted by different DMFC 
modeling approaches.

Fig. 3: Influence of the evap/cond rate of methanol in cell 
performance. (Alghlg)

ref = 100 s-1.
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ABSTRACT 
 In this study, the design of a novel in situ test fuel cell 
(FC) to enable investigation of thermal and water 
management with commercially equivalent hardware is 
presented. Visualization of a multi-instrumented proton 
exchange membrane fuel cell (PEMFC) provides a 
deeper understanding of water management and 
transport processes. Incorporating imaging access leads 
to increased constraints within the material selection of 
PEMFCs. Material and fabrication implications for optical 
access are discussed, including deviations from 
commercial materials and production methods. In order to 
better assess the design, ex-situ experiments have been 
conducted to investigate specific properties of PEMFC 
components. Changing manufacturing processes create 
variation in flow field geometry, surface roughness, and 
hydraulic diameter which has been previously shown to 
affect two phase flow and consequently FC performance 
and operation. Material properties of the unipolar plate 
(UPP) and optical access windows (OAW) are studied 
using wettability measurements and their implications on 
two phase flow is reviewed. In addition, cooling 
requirements change when scaling from stack to a single 
cell. A numerical investigation relates the stack material 
cooling requirements with the experimental PEMFC. 

INTRODUCTION 
 Thermal and water management is an essential factor 
in the performance and operation of a PEMFC. Adequate 
hydration of the membrane is required for operation, while 
accumulation of product water inhibits reactant transport 
within the cell. The coupling of heat and water transport 
considerations across all FC components is crucial in 
providing the correct balance over necessary operating 
ranges. Material properties, such as surface wettability 
and thermal conductivity, are vital in the performance and 
two phase flow within PEMFCs. Evaluating and validating 

material properties is significant to legitimizing the in situ 
testing of commercial hardware analogs. 

EXPERIMENTAL FUEL CELL DESIGN 
  The primary objective of the experimental PEMFC 
design was to simulate commercial stack performance 
through the use of a single visualization cell. The 
influence of key components on performance and two 
phase flow within the cell can be investigated. To fulfill the 
objectives of our investigation into key thermal and water 
interfacial resistances in PEMFCs, a set of 50 cm

2
 

PEMFCs was developed to represent scaled current 
industry design and performance targets (1). Flow field 
design features, such as aspect ratio and channel 
geometry, were applied from a previous water 
management investigation (2). The incorporation of an 
adaptable cooling system with simultaneous visible and 
midwave infrared (MWIR) imaging allows detailed insight 
into interfacial transport resistances. Additionally, the use 
of integrated micro-thermocouples within the UPPs allows 
for the characterization of interfacial thermal resistances. 
These in situ investigations are designed to provide the 
basis for component model development of transport in 
channels, manifolds, and associated interfaces; for this 
reason, the validation of experimental cell components 
and design is a crucial step. 

VISUALIZATION WINDOWS 
 A primary feature of the experimental PEMFC is its 
ability to provide simultaneous anode and cathode 
visualization in both visible and MWIR wavelengths. Few 
materials can provide the necessary transmittance at 
visible (~0.4-0.7 um) and MWIR (~3.0-5.0) wavelengths. 
Transparent materials were compared to commercial FC 
hardware in order to determine optimum OAW material. 
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To ensure water flow is unaffected by the OAW material, 
the contact angle was measured as an indirect method of 
examining surface energy. Graphite plates used in a 
commercial stack and a commercial 50 cm

2
 single FC 

were utilized, which showed values of 98.3° and 93.4° 
respectively. Sapphire was measured to have a contact 
angle of 90.2° which represents graphite better than 
Lexan, used in previous design iterations. Sapphire also 
has a higher thermal conductivity (25 W/mK) compared 
to other transparent materials. This allows its thermal 
behavior to be closer to the copper utilized in the UPP of 
the FC. Thus, sapphire minimizes alteration to the fluid 
behavior, while enabling visible and MWIR visualization. 
 

 
Figure 1: Channel dimensions of experimental PEMFC 

COOLANT CHANNELS 
 In order to provide precise thermal control, 4 
serpentine coolant channels were machined into the 
compression plate. Each section allows for independent 
control, allowing up to 20°C in variation between cooling 
circuits via in line electric heaters regulated with individual 
PID controls. This allows for the application of 
temperature profiles from PEMFC stack measurements; 
allowing it to simulate any location within a FC stack. 

BIPOLAR PLATE MATERIAL 
 Commercially available FC stacks often use 
composite graphite bipolar plates due to the low electrical 
contact resistance they offer. Coatings of gold and 
titanium nitride are used to decrease the contact 
resistance for other plate materials, but are prohibitively 
expensive for mass production (3). Although composite 
graphite is the preferred material, it could not be used due 
to its low flexural strength, which causes it to be highly 
susceptible to fracture in the 400 micrometer thick lands 
under each OAW. Due to thickness constraints of the 
OAW, the experimental UPP must be considerably thicker 
than commercial hardware. In order to offset the change 
in thickness, the thermal conductivity of the experimental 
UPP must be higher than that of composite graphite. 
Copper provides adequate thermal conductivity, while 
also providing sufficient flexural strength. In order to 
prevent corrosion of the UPP and maintain low electrical 
contact resistance, gold plating was applied to the copper. 

NUMERICAL ANALYSIS OF THERMAL PROFILES 
 COMSOL Multiphysics® 4.2 was used to obtain the 
steady state temperature profile in the through-plane 
direction of a single cell. The bulk fluid flow temperature 
in the reactant channels was assumed to be 70 

o
C. The 

thermal contact resistance was neglected between the 
GDL and UPP lands. The commercial and experimental 
designs are characterized by extracting temperature 
readings from the UPP and GDL interface at the anode 
and cathode sides. The commercial hardware’s lands 
achieve a uniform temperature distribution on the entire 
land region. The experimental PEMFC with a copper UPP 
resulted in similar temperature uniformity at land regions. 
With graphite UPP, the land temperatures were not 
uniform. As shown in Figure 2, the UPP attained higher 
land temperatures. Thus, the compensation of a thicker 
UPP via higher thermal conductivity was effective. 
 

 
Figure 2: Channel temperature variation profile 

CONCLUSIONS 
 An experimental FC was designed for simultaneous 
anode and cathode visualization, in both visible and 
MWIR wavelengths, providing the basis for in-depth 
investigations into interfacial resistances within PEMFCs. 
Material deviations from commercial FC stacks were 
evaluated and validated. 
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ABSTRACT   
The durability of the gas diffusion layer (GDL) and 

microporous layer (MPL) in proton exchange membrane 
fuel cells (PEMFCs) has not been heavily investigated and 
further research is warranted. Accelerated stress tests 
(ASTs) are required to degrade, analyze, and compare 
components in a timely manner and, in turn, identify the 
degradation mechanisms of GDLs. This work employs a 
novel ex situ setup that degrades GDLs via an AST. 
Capillary breakthrough pressure (CBP) measurement, 
dynamic capillary pressure (DCP) observation, confocal 
laser scanning microscopy (CLSM), and contact angle 
(CA) measurement were employed for pre and post 
mortem analyses. The fresh MPL surface maintained a 
CA of 144° over a 45 minute period while the degraded 
MPL surface CA decreased from 142° to 104° over the 
same time frame. A change in DCP occurred and it is 
suggested to be due to an increase of residual water 
saturation within the GDL. This could, in turn, be linked to 
a loss of hydrophobicity that occurred on the MPL surface. 

INTRODUCTION   
Despite their importance to PEMFC performance, 

GDLs and MPLs have not been heavily investigated with 
respect to degradation. The main degradation mechanism 
of the GDL has been identified as the loss of 
hydrophobicity and investigations on how this 
phenomenon affects mass transport through the GDL are 
called for (1). The water transport mechanisms through 
GDLs directly characterize the accumulation of water 
within them and are suspected to change over the cell 
lifetime due to various degradation mechanisms of the 
GDLs. The CBP and DCP are defined as the pressure at 
which water breaks through the plane of an initially dry 
GDL due to capillary force and recurrent pressure spike 

phenomena respectively. A novel ex situ experimental 
setup was designed in order to implement an AST for the 
degradation of GDLs. 

EXPERIMENT 
The AST subjects the GDL to the following conditions 

seen at the cathode side of a PEMFC for an extended 
period of time: 

 Constant accelerated current density 
 Constant accelerated liquid water flow rate 
 Typical fuel cell compression 
 Typical fuel cell operating temperature 

The experimental design shown in Figure 1 compresses 
and seals the GDL and is able to purge the GDL sample 
at any point in the AST to measure the CBP. 

 
Figure 1: GDL degradation setup. 
 
The GDL tested was a 6.25 cm2 SGL Group Sigracet® 25 
BC carbon fiber paper sample with a MPL. The AST 
parameters used in this study are outlined in Table 1. The 
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water flow rate is a theoretical cathode water production 
rate and corresponds with the current density. 
 

 
Table 1: Summary of AST conditions. 

 
The AST was applied to the GDL for 500 hours and the 
CBP was measured before and after. The DCP and the 
pressure spike frequencies were observed after the first 
spike occurred. Before each CBP measurement, the GDL 
was purged with purified air at 80 °C and 1 SLPM for two 
hours to purge the GDL.  

RESULTS 
The MPL surface texture and hydrophobicity changed as 
a result of the AST. A CLSM image of the degraded MPL 
surface is shown in Figure 2. 
 

 
Figure 2: CLSM image of degraded MPL surface. 
 
The texture of the area under the channels where the 
water passed (light region) changed more than the region 
under the lands where the current was applied (dark 
region). Figure 3 shows a MPL surface CA time study.  
 

 
Figure 3: Contact angle time study on MPL surface. 
 
The fresh MPL surface maintained a CA of 144° over a 45 
minute time period while the degraded MPL surface CA 
decreased from 142° to 104° over the same time frame. 
The plots in Figure 4 show a change in the DCP for the 

degraded GDL which includes a shorter drainage and 
imbibition process and therefore a 0.6 min-1 shorter 
pressure spike period. Also, the pressure reaches a value 
of about 1.6 kPa lower and then drops to a value of about 
2.75 kPa higher than before. This change suggests that 
the residual saturation of water in the degraded GDL was 
increased thus increasing the pressure to which the 
imbibition curve falls to. This increase in residual water 
saturation within the GDL could be linked to the loss of 
hydrophobicity of the MPL. 

 
Figure 4: DCP of fresh (top) and degraded (bottom) GDL. 

CONCLUSIONS 
An ex situ experimental setup was employed to 

degrade GDLs via an AST. A change in the GDL surface 
texture occurred where the water was passed rather than 
where the current was passed. A loss of hydrophobicity 
occurred on the MPL surface which is proposed to be the 
cause of the change in CBP as well as the DCP.    
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ABSTRACT 
A ceria based oxide – carbonate, such as Ce-based 

oxide-(K0.50Na0.50)2CO3 was synthesized by a co-
precipitation method as reported before.  In order to 
investigate the coexisting effect of the solid phase and 
binary carbonates, the high temperature Raman 
spectroscopy measurements were carried out.  In this 
paper, the detailed study shows that the observed 
remarkable temperature-dependent is primarily the result 
of softening/melting of the carbonate phase as the 
physical state of the carbonate phase transforms from 
solid, softened to molten. The possible coexistence of 
various charge carriers, oxide phase composition, and 
the oxide-carbonate interfacial area are envisaged was 
also studied by high temperature Raman spectroscopy.  
This study contributes to the understanding of the 
properties of nanocomposite ceria-carbonate electrolyte 

for low-temperature solid oxide fuel cells based on the 
NANOCOFC approach.

INTRODUCTION 
There is a great demand for alternative fuel cells 

operating at moderate temperatures. In this context, 
intermediate temperature (400 - 800oC) fuel cells are very 
attractive since they combine the advantages of both high 
and low temperature fuel cells such as fast electrode 
kinetics, fuel flexibility and less degradation problems (1). 
Furthermore, the tendency of lower temperatures makes 
the conventional ceramic fuel cells (mainly solid oxide 
fuel cells (SOFCs)) a leading candidate for application as 
stationary power plants but also the possibility to replace 

internal combustion engines in vehicles. Ceramic fuel 
cells based on ceria-carbonate salt composite 
electrolytes have been intensively studied for the past 
decade due to their reliable ionic lattice conductivity and 
stability at intermediate temperature (2). Although major 
challenges such as fabrication of thin electrolyte by 
conventional method and development of high-
performance cathode materials have been addressed, 
less attention has been devoted to the interactions 
between molten salts and porous solid materials. 

In this study, Raman spectra, of composites 
containing ceria based oxide nanoparticle and molten 
carbonate eutectics utilized in NANOCOFC are 
investigated.  The ionic conductivity and the temperature 
dependence at the solid/melt interface in the various 
kinds of gas flow; such as CO2, N2, and air, are 
discussed.  The activation energy of the electrical 
conductivity and the thermal behavior of the anionic 
species are compared with the systems containing 
alumina powders (3). The aim is to clarify the properties 
of molten carbonate electrolyte coexisting with ceria 
powder in intermediate temperature fuel cells. 

EXPERIMENTALS 
The electronically conducting materials, LiZn-based 

oxides(LNZ), used in the single-homogenous-layer device 
were prepared by a solid-state reaction method. 
Stoichiometric amounts of Li2CO3, and Zn(NO3)2·6H2O (all 
chemicals from Sigma-Aldrich, USA) were mixed, ground, 
and sintered at 800°C for 2–4 hours. A typical 
composition with a molar ratio of metal elements is: Li:Zn 
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= 0.50:0.50. The SDC was prepared by a coprecipitation 
process. Stoichiometric amounts of CeNO3·6H2O and 
SmNO3·6H2O(Sigma-Aldrich, USA) were prepared as a 
mixture solution at 0.5 M concentration in distilled water 
and stirred at 120°C. An appropriate amount of 0.5 M 
Na2CO3 solution in a molar ratio of CeSm:CO3

2−=1.0:1.5 
was added to the CeSm nitrate solution at a fixed rate of 
10 mL min−1 while stirring to form the coprecipitate 
following washing, filtration, and drying. The resulting 
material was then finally sintered at 800 ° C for 2–4 hours 
to prepare the SDC powder. The sintered LZ and SDC 
powders were mixed to get a homogenous mixture, which 
was then pressed uniaxially with a load of 200–300 MPa 
to form the one-layer tablet. The dehydrated eutectic 
NaKCO3 was prepared by mixing guaranteed reagents 
Na2CO3 and K2CO3 at 873K in CO2 gas flow. A Na/K 
binary carbonate and oxide powder were mixed in 
alumina agate mortar and molded into a tablet sample. 
The liquid content was mainly controlled at 50 vol.%. 
 In order to check the stability of each samples, 
differential thermal analysis (DTA) measurements were 
carried out with Rigaku Thermo Plus under CO2 , H2, and 
N2 gas during all the measurements. 10 mg of ceria 
oxides/carbonate salts was loaded into an Au pan (φ = 5 
mm). The temperature range was 373-1000 K and the 
scanning rate was 10 K/min in all cases. 

Raman spectra were recorded with a Horiba 
Ramanor T-64000 spectrometer. The optical alignment for 
polarized Raman spectroscopy using Horiba Ramanor T-
64000 monochromator with AABSPEC #2000-A was 
used. The excitation source was a 532 nm SHG of 
Nd:YVO4 laser with a power of 20 mW at the sample 
point. The incident light was passed through a prism and 
perpendicularly focused onto the sample held within the 
high temperature cell. The scattered light was detected 

by Horiba CCD 2048×512−003 which has a resolution of 
0.4 cm−1. The wavenumber of monochromator was 
calibrated by silicon plate at 520 cm−1. The back-
scattered light was collected. The data processing was 
carried out by WaveMetrics Igor Pro Ver. 3 software on 
Microsoft Windows Xp. 

RESULTS AND DISCUSSION 
In Figure 1, the Raman spectra of ν1 (symmetric 

vibration) of CO3
2- ion in the melts of NaKCO3 eutectic 

melts and LiZn-CeO2/NiKCO3 composite in CO2 and H2 
gas flow are shown.  IN the bulk phase, the two peaks 
assigned to ν1 in Na2CO3 (1080 cm-1) and K2CO3(1065 
cm-1) were marged and shifted to lower wavenumbers at 
1060 cm-1.  It is suggested that the ionic interaction 
decreased.  As shown in Fig1b, these variation of the 
peaks appeared at lower temperature around 600 K 
which is caused by the interation between solid and liquid 
phases.  In H2 gas flow in which lattice defect appeared 
i n Ce-based oxide, this interaction varied at around 
400K.  According to previous studies, the electrical 
conductivity remained below the melting point of 
carbonates coexisting with oxide nanoparticles.  The 
phase transition and the conductive behavior might be 
changed by the interaction on the oxide/melt interface.
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ABSTRACT 
Molten carbonate fuel cells are natural CO2 

separators and concentrators. In this work we analyze a 
single MCFC behavior feeds with a mixture simulating a 
cogeneration power plant exhaust gas, so to replicate the 
coupling with a real plant. The main aim of this work is to 
understand the MCFC performances, its capability and 
efficiency to separate CO2, its dependence from critical 
parameters such as the cathodic carbon dioxide 
concentration (XCO2) and utilization (UCO2), as well as the 
partial pressure ratio between oxygen and carbon dioxide 
(PO2/PCO2) in addition to other derived parameters as the 
oxygen concentration (XO2), utilization (UO2) and the total 
cathodic flow rate (Qcat). 

In particular, in the cathodic section, the carbon 
dioxide concentration is critical at low values and can 
both induce quick voltage drop and make the cell 
sensitive to the other parameters otherwise not so 
decisive. 

INTRODUCTION 
Carbon capture and storage (CCS) is a technological 

solution for reducing CO2 emission in atmosphere. This 
solution considers the collection of the carbon dioxide 
produced in industrial plants, especially in energy ones, 
and the storage in several specific locations where the 
gas can be stocked generally at high pressure and high 
density conditions. Usually, the technologies to separate 
and collect carbon dioxide from the off gasses of the plant 
are costly in terms of energy - usually electrical - that, in 
case of energy production plant, decreases the total 
efficiency. Molten carbonate fuel cell (MCFC) can 
separate CO2 with an additional high-efficiency energy 
production. MCFC during its operation conveys carbon 
dioxide from the cathode to the anode. Through the 
feeding of the cathode with plant off gas, CO2 can be 

collected at the anode and sent to a sequentially gas 
treatment such as compression and storage unit. The 
global effect to the plant is an increase of power 
production and, in some configurations, also an increase 
of efficiency. Several problems still remain in this solution: 
the mix sent to the cathode has to contain all MCFC 
requested air, which is not usually a problem, but no 
contaminants have to reach the cathode that can get 
serious damage from NOx and H2S contained in off 
gasses. This requires a clean-up unit that has to be 
specifically developed for this application. Moreover, the 
plant gets more complex considering all the systems that 
have to be developed to feed the anode with hydrogen or 
equivalent gas. Finally, anode off gas contains hydrogen 
and steam that have to be removed to increase CO2 
purity and contain compression costs. 

EXPERIMENTAL 
This work aims at verifying the CO2 separation 

features of a molten carbonate FC fed by a simulation of 
exhaust gas from the natural gas cogeneration of an 
existing plant monitored by the University of Perugia. 

MCFC features: we tested a 55 cm2 molten carbonate 
fuel cell made by lithium nickel oxide (cathode), nickel 
chromium 5% (anode) and a -LiAlO2 matrix, impregnated 
with a lithium and potassium carbonate mixture at 
eutectic composition Li2CO3:K2CO3 = 62:38 mol%. 

We chose to work with a low fuel utilization to avoid 
stress to the cell and having performance loss due to 
uninteresting anodic issues. The following ratio was used: 
N2:H2:CO2 = 62:33:5%. The cathodic mixture derived from 
the exhaust plant is defined by the following parameters: 
CO2 molar fraction: XCO2= 8%; partial pressure ratio 
between O2 and CO2: PO2/PCO2= 0.73; total cathodic flow 
rate: Qcat= 1.09 Nl/h·cm2 and use of CO2 UCO2= 47.8% at 
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100 mA/cm2 (chosen to preserve a comparison criterion). 
The study is focused on the neighborhood of this 
particular point by varying the parameters on their relative 
range: 6%  XCO2  12%, 0.46  PO2/PCO2  2.4 and 
consequently XO2, UCO2, UO2 and Qcat. The parameters 
taken into account are not independent of each other: this 
requested a testing campaign fairly complex to isolate 
each parameter influence to the cell voltage. The 
campaign is split in four test series: 

1. Match between VJ curves with the same flow (Qcat) 
and PO2/PCO2; XCO2, XO2, UCO2 and UO2 variable. 

2. PO2/PCO2, UCO2 and UO2 (@ 100 mA/cm2) constant; 
Qcat, XCO2 and XO2 variable. 

3. Qcat, XCO2 constant; PO2/PCO2 and XO2 variable. 
4. PO2/PCO2, XO2 constant; Qcat variable for different 

XO2 values.  

RESULTS & CONCLUSION 
Test (1) and (2) highlight the voltage dependence 

from XCO2: weak dependence that becomes stronger at 
low CO2 concentration (6%). 

 
Figure 1. (1): Qcat= cost; (2): UCO2= cost @ 100 mA/cm2. 

The obtained curve at Qcat= 1.09 Nl/h·cm2 and XCO2= 
6% has a performance loss greater because it has 
greater CO2 utilization: both parameters, UCO2 and XCO2, 
become critical. 

Test (3) evidences the substantial independence of 
the voltage from the partial pressure ratio between O2 
and CO2, but under very low value (0.46). 

 
Figure 2. Test (3): V dependence from PO2/PCO2. 

The last test (4) [PO2/PCO2 = 0.73, (XCO2, XO2) = (6%, 
4.38%), (10%, 7.3%), (12%, 8.76%)] highlights: strong 
dependence from XCO2, in particular at low values, and 
not from XO2; weak dependence from UO2 and UCO2; 
dependence from Qcat just for very low XCO2 values. 

 
Figure 3. Test (4): VJ curve by varying XCO2 and Qcat 

The main evidence is the strong VJ curve 
dependence from XCO2. Other parameters affect weakly 
(UCO2) or very weakly (Qcat and PO2/PCO2, then XO2) the 
overall cell behavior. 

We can record the growth of the UCO2 dependence at 
low XCO2 values and the advance of the polarization 
concentration region at high CO2 utilization factor values. 

More generally, each factor can lead the voltage 
behavior when it’s close to critical value, when the cell 
works at its limits, as for PO2/PCO2, and then XO2, in the 
graph no. 3 (PO2/PCO2 = 0,46 and XO2 = 3,68) or for Qcat in 
the graph no.3 (but in the latter the leading and critical 
factor is still XCO2). 

MCFC can have a good CO2 separation removal rate 
with high current and high CO2 concentration. For low 
XCO2 we have a performance drop, but it’s still possible to 
work at low current density (≥ 100 mA/cm2) to reach high 
CO2 removal efficiency (i.e. high value of UCO2). Basically 
the MCFC can work at high power production and high 
CO2 removal rate or low power production and very high 
CO2 utilization. 

The real limit in the CO2 separation performance 
seems to appear at low carbon concentration value, 
which could be a common state in real plant exhaust gas, 
even if our test do not show any specific limit with the 
concentration of the cogeneration plant monitored. 
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INTRODUCTION 

Perovskite  oxides  of  the  series  BaxSr1-xCo1-yFeyO3-δ 

(BSCF) are among the most promising materials for solid 
oxide  fuel  cell  cathodes  and  oxygen  permeable 
membranes. The properties of the BSCF compounds can 
be tailored by varying Ba:Sr and Co:Fe ratios. Most BSCF 
compounds with pseudo-quaternary compositions exhibit 
cubic  symmetry  at  1273  K  in  air.  Binary  and  ternary 
compounds show less symmetrical crystal structure which 
might be due to oxygen vacancy ordering (1).
The  aim  of  this  paper  is  to  study  the  thermodynamic 
behavior  of  BSCF  compounds  by  changing  the  Ba:Sr 
ratio from 0.25 to 4 at a constant Fe/Co ratio of 0.25. The 
thermodynamic  data  are  represented  by  the  relative 
partial  molar  free energies,  enthalpies and entropies of 
oxygen  dissolution  in  the  perovskite  phase.  The 
equilibrium  partial  pressures  of  oxygen  have  been 
obtained from 823 to 1273 K using the solid electrolyte 
electrochemical  cells  (EMF)  method.  The  effect  of  the 
oxygen  stoichiometry  change  on  the  thermodynamic 
properties was examined using the data obtained by a 
coulometric  titration  technique  coupled  with  EMF 
measurements.  These  results  were  correlated  with  the 
crystalline symmetries obtained in our previous work (1).

EXPERIMENTAL
Powder  specimens  of  BSCF  were  synthesized  by  the 
solid-state reaction method as described in detail in (1). 
The EMF technique was employed to obtain the thermo-
dynamic  data  as  described  elsewhere  (2).  The  EMF 
measurements were performed from 823 to 1273 K and 
at a pressure of 10-5 Pa. The change of the oxygen stoi-
chiometry was obtained by solid state coulometric titration 
(2). DTA and TG were performed as a function of temper-
ature in synthetic air by mixing pure argon and pure oxy-
gen (PanGas, 99.999% purity) gases in a DTA/TG (Netz-
sch  STA 449  C)  with  a  heating  and  cooling  rate  of 
1°C/min.

RESULTS AND DISCUSSION

The  partial  molar  free  energies  (
2OΔG )  for  the  BSCF 

samples are shown in Fig. 1. The 
2OΔG of the BSCF2882 

(Ba0.2Sr0.8Co0.8Fe0.2O3-δ )  and  the  BSCF5582 

(Ba0.5Sr0.5Co0.8Fe0.2O3-δ ) compounds  decrease  with 
increasing temperature from 823 K to 1273 K. Whereas, 

the  2OΔG  of Ba0.8Sr0.2Co0.8Fe0.2O3-δ (BSCF8282) increases 

with  increasing  temperature  from  823  K  to  1023 K, 
exhibits a maximum at 1023 K and then decreases with 
increasing temperature from 1023 K to 1273 K.

The  
2OΔG  

values  of  BSCF2882  and  BSCF5582  are  much  higher 
than  one  of  BSCF8282.  That  means  that  the  Ba-rich 
BSCF composition is thermodynamically more stable than 
the Sr-rich BSCF compositions. Above 973 K BSCF5582 
exhibits the highest partial molar free energy showing that 
BSCF5582 is the most unstable. Comparing these results 
with  the  crystal  structure  information  available  in  our 
previous  work  and  literatures  [1,  3,  4],  we  find  that 
between  823-923  K  BSCF8282  is  thermodynamically 
more stable than the Sr-rich BSCF compositions which 
exhibits a mixture of phases with cubic, hexagonal, and 
rhombohedral  symmetries  (4)  whereas  BSCF2882  and 
BSCF5582  are  cubic  phase  in  this  temperature  range. 
Noting  that  the  oxygen  vacancy  ordering  plays  an 

1 Copyright © 2011 

Fig. 1: 
2OΔG of the 

BaxSr1-xCo1-yFeyO3-δ 

(x=0.2, 0.5, and 0.8; 
y=0.2) compositions as 
a function of 
temperature.
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important role on the crystalline phase formation, these 
results  of  the  thermodynamic  data  and  the  phase 
symmetry  lead  to  the  conclusion  that  low  symmetric 
BSCF perovskite (BSCF8282) is thermodynamically more 
stable  than  high  symmetric  BSCF  perovskite,  e.g.  the 
cubic  phase  BSCF5582.  This  low  symmetric  phase  is 
expected to have highly ordered oxygen vacancies. When 
the temperature increases, the oxygen vacancies start to 
be more mobile and the crystalline phase of the material 
tends to be in higher symmetry, but less stable. At 973-
1273  K  BSCF5582  is  the  most  unstable  composition, 
whereas BSCF2882 is the most stable one. It has been 
reported  that  BSCF5582  exhibits  a  sluggish  phase 
transition from cubic to hexagonal,  and that  both cubic 
and hexagonal  phase may coexist  at  1123-1173 K (3). 
BSCF8282  exhibits  a  phase  transition  (4)  from  mixed 
phase to cubic phase as well at 973 - 1173 K.

In  Fig.  2,  it  is  shown  for  BSCF8282  [4]  that  during 
heating, a sharp endothermic peak is observed which is 
attributed to the phase transition parallel with a volume 
change (4). This phase transition is well correlated with 
the partial  molar  free energy behavior  as a function of 
temperature in the investigated temperature range. The 
thermodynamic  data  proves  also  that  BSCF5582 
undwergoes a phase transition, due to ordering of oxygen 

vacancies (5). According to the 2OΔG data the compounds 

will  show  different  oxygen  stoichiometries  at  different 
temperatures and oxygen partial pressures (Fig. 3). 

A decrease  of  2O log p is  obtained for  all  samples.  The 

results  confirm  that  in  the  temperature  range  of  1123-
1223 K, oxygen vacancies are generated at the expense 
of electron holes. The charge imbalance caused by the A-
site  substitution  starts  to  be  compensated  by  the 
formation of oxygen vacancies. At the same temperature, 

the highest deviation in the 
2O log p values is obtained for 

x=0.5.
In the Table 1 are summarized the thermodynamic data of 
BSCF samples. One can notice that the Ba content has a 
distinct  effect  on  the  enthalpies  and  entropies  values 
which  is  dependent  on  the  temperature  range.  At 

temperatures lower than 1123 K,  
2OΔH and  

2OΔS of  the 

samples with x=0.2 and x=0.5 are near each other, while 
for x=0.8, these values strongly decrease. Above 1123 K 
both the enthalpy and entropy increase with  increasing 
Ba content.  The  thermal  reduction  for  transition  metals 
tends  to  be  easier  with  higher  Ba  doping.  Oxygen 
vacancy ordering also shows contribution to the observed 
phenomena, the increasing of the enthalpy and entropy 
values  indicate  that  the  oxygen  vacancies  distribute 
randomly on the oxygen sublattice at these temperatures. 

Table  1:  Thermodynamic  data  of  BaxSr1-xCo1-yFeyO3-δ 

(x=0.2, 0.5, 0.8; y=0.2) perovskites

Sample
Temperature 

range (K)
2OΔG  / kJ mol-1 = 

2OΔH

-T
2OΔS

BSCF 
2882

873-1123 89.43 - 0.227T

1123-1223 K -183.69 + 0.013 T

BSCF 
5582

973-1073 77.77 - 0.208 T

1073-1223 K -91.27 - 0.050 T

BSCF 
8282

923-1023 K -792.42 + 0.627 T

1023-1123 K  43.91 - 0.189 T

Our experimental conditions are close to the stability limit 
for BSCF material at temperatures around 1123 K. This is 
in  accordance  with  some  data  evidencing  hexagonal-
cubic transition occurring at temperatures of 973-1173 K 
(3, 6). Previous observations of declining oxygen fluxes at 
moderate  temperatures  using  BSCF  as  oxygen 
permeable  membrane  may  be  also  attributable  to  this 
effect (5).
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Fig. 2: Differential thermal 
analysis of 

Ba0.8Sr0.2Co0.8Fe0.2O3-δ as a 
function of temperature in 
synthetic air.

Fig. 3: Variation of 2O log p

with temperature and 
oxygen stoichiometry for 

BaxSr1-xCo1-yFeyO3-δ (x=0.2, 
0.5, and 0.8; y=0.2).
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ABSTRACT
In this study, numerical predictions of SOFCs 

performance operating on biogas are performed in order 
to evaluate the potential use of biogas produced from 
different organic sources processed in biodigesters as the 
fuel for SOFCs. The SOFC performance is predicted 
numerically by using a fully three-dimensional non-
commercial CFD code called DREAM-SOFC. The 
analysis mainly focuses on the effect of biogas 
composition on the fuel cell performance. Different biogas 
compositions are used as the fuel supplied to the SOFC 
and the concentrations of the biogas are those measured 
by means of a gas chromatography system of the biogas 
produced in biodigesters installed at University of 
Guanajuato. Particularly, the biogas produced from water 
lily and cactus was evaluated as potential fuel for SOFCs. 
It was observed that the SOFC performance is higher 
when biogas from water lily is supplied to the SOFC when 
compared with biogas from cactus. 

INTRODUCTION
The fuel flexibility offered by Solid Oxide Fuel Cells 

(SOFCs) makes this technology an important candidate 
as a source of energy conversion. Nowadays, the need to 
use alternative and renewable fuels makes the biogas an 
attractive option as fuel supply. Taking advantage of 
SOFCs fuel flexibility and the benefits offered by the 
biogas as a renewable fuel, it has been studied and 
proposed in the last few years the use of this renewable 
fuel in SOFCs [1-4] for heat and power generation.

Biogas, an attractive sustainable environmental 
source of energy, is the result of a complex biological 
process that requires the involvement of a variety of 
microorganisms in absence of air. In other words, biogas 
is spontaneously produced by the anaerobic digestion or 
fermentation of organic matter; in fact, it constitutes a vital 
process of the natural organic matter cycle. Biogas is 

characterized based on its chemical composition. It 
comprises primarily methane and inert carbon gas (CO2)
and may have small amounts of hydrogen, hydrogen 
sulphide, moisture and siloxanes [5]. Actually, in the case 
of biodigesters, different sources of organic matter lead to 
different specific compositions [6]. 

In this work, water lily and cactus were the organic 
sources of matter for the production of biogas used in the 
study. Water lily was taken from a lagoon located in 
Yuriria, Mexico. Cactus, on the other hand, was picked up 
from a cactus processing plant located in Valtierrilla, 
Mexico. Previous to feeding the organic matter to the 
reactor, water lily was smashed and the cactus was 
grinded so that they could be digested in the reactor. 
Both, water lily and cactus were diluted with tap water. 
Biogas was collected from the headspace on the top of 
the reactor via a gas collecting system. The reactors were 
kept at ambient temperature and no heating was involved 
in the process.

MODELING
The prediction of the cell performance operating on 

biogas from water lily and cactus was performed by 
means of numerical simulations. The simulations were 
carried out by using a non-commercial three-dimensional 
CFD code called DREAM-SOFC [7] which is based on 
the control volume discretization technique and solves for 
the energy, mass, charge, and species transport 
conservation equations. The code includes an 
electrochemistry model that takes into account 
simultaneous electrochemical oxidation of hydrogen and 
carbon monoxide. Also, a chemical kinetics model for 
heterogeneous reactions catalyzed with nickel is 
implemented to consider the steam methane reforming 
reaction and the water gas shift reaction. For detailed 
information on the models implemented in the code see 
[8].

1 Copyright © 2011  
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RESULTS 
The concentrations of the biogas from water lily and 

cactus are shown in Table 1.  

Table 1. Biogas composition (by mass) from digesters 
XCH4 XCO2 XO2 XN2

Water 
lily

0.4038 0.5785 0.0157 0.002

Cactus 0.1395 0.8516 0.0083 0.000
7

It is important to note that the fuel compositions fed to the 
SOFC were those obtained at equilibrium after heating 
the biogas streams from ambient temperature to the cell 
operating temperature of 1073 K. These concentrations 
by mass are shown in Table 2. 

Table 2 Equilibrium biogas composition by mass 
XCH4 XCO XH2 XH2O XCO2 XN2

W. lily 0.18 0.757 0.056 0.001 0.003 0.002
Cactu
s

0.000
5

0.586 0.026 0.074 0.311 0.000
7

The SOFC performance operating on biogas from water 
lily and cactus is shown in Figure 1. It is evident that the 
cell performs considerably better on biogas from water lily 
than from cactus. It is surprising that the maximum power 
density delivered when using biogas from water lily (0.56 
W/cm2) is higher than that when a fuel after 30% pre-
reformed methane is fed to the anode (0.31 W/cm2) [7]. It 
is important to mention that neither carbon deposition nor 
the presence of trace elements was considered in this 
study.
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Figure 1 Polarization and power density curves for a 
SOFC operating on biogas from water lily and cactus 

Due to the presence of CO on the fuel stream, 
simultaneous electrochemical oxidation of H2 and CO 
was considered in the numerical model. In Figure 2, the 
splitting of the total current between H2 and CO is shown 
for the case of using biogas from water lily as fuel. It can 
be observed that the current produced from H2 is always 

larger than that from CO although H2 concentration is 
considerably smaller than CO concentration. This result 
suggests that conversion to H2 from CO is fast enough 
and that the rate of H2 electrochemical oxidation is faster 
than that for CO. Similar trends were observed when 
biogas from cactus is the fuel supplied to the cell. 
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Figure 2 Splitting of the total current density between H2
and CO currents when operating on biogas from water lily

CONCLUSIONS
It has been demonstrated that the use of biogas from 

water lily and cactus is feasible. In fact, biogas from water 
lily provides a higher power density when compared to a 
fuel after 30% of pre-reformed methane. Therefore this 
type of biogas is a potential candidate as a renewable 
fuel for use in SOFCs. 

The delivery of current from hydrogen and carbon 
monoxide when simultaneous electrochemical oxidation 
of these two fuels occurs depends on the current density 
that the cell supports and on the fuel stream composition. 
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ABSTRACT
The rapid growth in terms of efficiency and performance 
of the solid oxide fuel cell  (SOFC) technology in recent 
years has led SOFC to be one of the possible solutions 
for  the  exploitation  of  different  types  of  fuels  obtained 
from fossil or renewable sources.
A  lot  of  processes,  such  as  waste  incineration  or 
anaerobic  digestion,  during  operation  produce  exhaust 
gases that can be efficiently exploited in SOFC systems. 
SOFCs,  thanks  to  their  operating  condition,  run  with 
standard fuels  such hydrogen and methane as well  as 
fuel waste gas, like biogas or landfill  gas, or gas plant, 
like pyrogas.
The aim of this work is to compare the performance of an 
100W  stack  SOFC  when  it  is  fed  by  different  fuel 
compositions.

INTRODUCTION
The  study  presents  the  performance  under  different 
operative  conditions  of  a  short  stack  based  on  four 
standard  type  anode  supported  cells  manufactured  by 
FZJ. Within the framework of the co-operation between 
the  Università  degli  Studi  di  Perugia  (Italy)  and  the 
Forschungszentrum Jülich  (FZJ,  Germany)  a  nominally 
100 W SOFC stack with 4 cells in the size 10x10 cm² was 
manufactured and assembled by FZJ.
The cells are composed of the following layers:
 anode substrate: Ni/8YSZ cermet 1500 µm 
 anode functional layer: Ni/8YSZ cermet 7-10 µm 
 electrolyte: 8YSZ 8-10 µm 
 cathode functional layer: LSM/8YSZ 10-15 µm 
 cathode current collector: LSM 60-70 µm
The short-stack is assembled in the so-called F-design for 
planar cells with manifolds integrated in the interconnect 
plates. The manifolds provide a counter-flow configuration 
for the fuel and air supplied to the cells.  The materials 
used are following: 
 stack design: F-design
 interconnect / cell frame: Crofer22APU 
 anode contact layer: Ni-mesh 

 cathode contact layer: perovskite type oxide 
(LCC10) 
 sealing: glass-ceramic (87YSZ20) 
 active area per cell: 80 cm²
In particular the goal of  this study is to understand the 
behavior of the stack performance for each type of gas, 
as a function of current density.

EXPERIMENT
When the solid oxide fuel cell is fed by a different mixture 
of H2 and CO several reactions can occur at the anode.
From literature  the possible reaction are:
CO + H2O → CO2 + H2 Water Gas Shift
C + CO2 → 2CO Boudouard
C + H2O → CO + H2 Idrogenization
CO + 3H2 → CH4 + H2O Methanization
Our experiments are focused on study of  Open Circuit 
Voltage (OCV) and Area Specific Resistance (ASR) when 
the stack was fed with different mixes of CO and H2. A 
model  of  theoretical  OCV was  developed  to  study  the 
composition of the inlet gas when these reactions occur.
In our model we have focused the study on WGS and 
Boudouard reaction. 
According  to  these  equations,  using  our  flow  gas,  we 
calculated the OCV by the following Nerst equation:
E = E0+RT/nF*ln([CO][H2][O2]/([H2O][CO2])) (1)
The quantity of CO was defined with the characterization 
factor of fuel:
Cf = [CO]/([CO]+[H2]) (2)
In our test we vary the inlet quantity of CO from 0% to 
40%  keeping  constant  the  total  flow  of  fuel  at  20,83 
ml/min cm2 and air at 31,25 ml/min cm2. We chose this 
CO  range  because  the  maximum  quantity  of  carbon 
monoxide, inside a mixture of gas like biogas, landfill gas 
and reformed natural gas, is about 40%.
The inlet  flow used for  the test  is  a  room temperature 
humidified gas mix of  H2 and CO. The anode inlet gas 
compositions  used  to  performed  the  I-V  curve  are 
reported in Table 2.

1 Copyright © 2011 
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38 39 40 41 42 43 44 45 46 47

0% 5% 10% 15% 20% 25% 30% 35% 40% 0%

H2 % 100 95 90 85 80 75 70 65 60 100

CO % 0 5 10 15 20 25 30 35 40 0

POL

Cf

Table 1: Inlet composition

According to equation (1) and since the water flow is too 
low we calculated the theoretical  OCV for  different  CO 
concentrations  and  for  different  CO  conversion  ratios 
considering only the Boudouard reaction .

RESULTS & CONCLUSION
Figure  1 shows  how all  the  polarization  curves  of  the 
stack for different concentrations of CO in fuel are quite 
similar  to  each other  in  terms of  maximum power  and 
ASR but not in terms of OCV. This can be explained with 
a low Uf kept during the polarization curves (Ufmax = 25%).

Figure 1: I-V stack curves for different concentration of CO

Figure 2 shows how Boudouard reaction is, more likely, 
the only reaction that occurs in the stack. The real voltage 
of  cell  has  the  same  behavior  of  the  theoretical  OCV 
when  considering  a  70%  CO  conversion  ratio.  This 
conversion can be referred to 550°C (Annex A).
This  phenomenon can be explained if  we consider  the 
reaction occurring where temperature is lower than the 
average stack one.
If  Bouduoard  is  the  main  reaction  occurring,  carbon 
deposition is very likely  and it is confirmed from Figure 3 
by the comparison between the polarization curve in H2 

before and after the CO test {Formatting Citation}.

Figure  2: Theoretical  OCV with Boudouard reaction and real OCV of 
Cell1 under Cf

Figure 3: Stack voltage before and after CO test

This campaign has shown that it is possible to use as a 
fuel a mixture of H2 and CO without significant losses as 
long  as  the  flow  gas  is  humidified  or  provided  that  it 
contains also CO2 to avoid the carbon deposition. 
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THE BOUDOUARD EQUILIBRIUM
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ABSTRACT
LOTUS  is  a  by  the  European  commission  funded 

project  in  which  a  microCHP system  will  be  designed 
based  on  new,  low  temperature  SOFC  fuel  cell 
technology. The gathered consortium is well experienced 
in  the  modeling,  design,  construction  and  testing  of  a 
microCHP system. The system will  be deigned to meet 
the  efficiency,  and  cost  targets  under  the  required 
operating conditions defined by customer requirements.

INTRODUCTION 
Under the flag of the FCH-JU the EU funds a project 

to develop and demonstrate a 1kWe Combined-Heat and 
Power system based on low temperature SOFC fuel cell 
technology. The project has been build around 6 partners 
which are experts in their fields:

SOFCpower from Italy develops the LT SOFC stack with 

the aid of  the  university of  Perugia (It) who performs 
single cell testing.  The total system is developed by a trio 

consisting  of  Fraunhofer  Institut  für  Keramische 

Technologien und systeme (IKTS, Ger) for the system 

modeling,  HyGear Fuel Cell Systems (NL) to construct 

the system and  Domel d.d. from Slovenia who supplies 

the  appropriate  blowers  for  air  and  fuel.  The  Joint 

Research  Centre  of  the  EU in  Petten  (NL)  works  on 
testing  stacks  and  systems  to  demonstrate  these 
technologies and harmonize the test procedures. Vaillant 
(Ger) is associated partner and provides customer input. 
The  three  year  project  started  in  January  2011.  The 
following aspects of the system will have a lot of focus in 
the project:

Determination of System requirements
Load profiles from UniPerugia show that the power usage 
of many Italian houses is general less than 1 kW during 
the day. There are peaks in the demand, which will  be 
covered by the electrical  grid.  The system will  be heat 
demand driven, which means that a maximum of 2kWe 

can  be  delivered  from  the  stack.  This  amount  can  be 
increased by the use of a peak burner.

Low temperature SOFC stack
The experience in existing SOFC systems showed that 
their high temperature also causes a limited life time of 
many  secondary  components,  like  sensors  and  heat 
exchangers. The cooler temperatures of LOTUS result in 
lower  corrosion  rate  of  the  components  and  thus  in  a 
longer mean time between failure (MTBF) and less overall 
degradation.
In order to decrease the operating temperature of SOFC 
from 800°C to  the  650°C range,  more  active  cathodes 
based on LSCF and LSC will be developed and applied. 
Decreasing  the  operating  temperature  decreases  the 
conductivity of the standard Chromium protective coating 
while  also  increasing  the  risk  of  carbon  deposition. 
Therefore, the contacting and Chromium protection layers 
will be optimized in terms of lower thickness and reduced 
affinity  to  deposit  carbon.  With  respect  to  sealing,  the 
stack  conditioning  procedures  require  adaptation  for 
matching the gas tightness and good contacting of  the 
layers. 

Reformer Internal/external
Solid oxide fuel cell systems traditionally work with internal 
reforming of  the primary fuel (natural gas) in the stack, 
avoiding the use of a full external reformer reducing the 
complexity and cost. In the LOTUS project the stack fuel 
preparation  will  be  studied.  The  lower  operating 
temperature will result in some challenges in handling the 
natural  gas to obtain the highest system efficiency. Not 
only the technology itself but also the integration within the 
system  is  an  important  development  question  in  the 
LOTUS project.

Desulfurization
A range of sulfur management solutions will be studied to 
select  the  most  technical  and  economical  feasible 
solution. In this evaluation the cost of  the technology is 
not only based on the hardware and materials but also 

1 Copyright © 2011 
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includes the impact on operational cost like the service 
call itself and the disposal of the material after use.
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Figure  1:  Schematic  of  interconnections  in  the  LOTUS 

micro-CHP system.

System Design

Based  on  the  requirements  and  the  system  modeling 
study,  reactors  and  heat  exchangers  will  be  developed 

and built and a prototype will be constructed by HyGear. 
The separate modules of the system are shown in figure 1 
The  LOTUS  system  will  cover  the  yellow  boxed  CHP 
system.

Status and Conclusion
The  system  requirements  have  been  set  in  the  first  6 
months  based on input  form the technical  specification 
provided  by SOFCpower  and  HFCS  and  the  customer 
demands as set by data from the University of  Perugia 
and  Vaillant.  A system  model  has  been  developed  by 
IKTS, SOPFC power and HyGear. The next step is the 
mechanical  design of  the reactors  and other  hardware. 
SOFCpower  is  well  underway  in  the  development  and 
testing  the  suitability  of  new  materials  for  the  Low 
temperature operation of the stack.
The LOTUS project runs smoothly towards the goal of a 
working low temperature SOFC based system for  CHP 
applications
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ABSTRACT  
Ammonia (NH3) has very interesting features as fuel 

for solid oxide fuel cell (SOFC). This study presents 
preliminary experimental results on a single cell SOFC 
fueled by ammonia. The study focuses on the cracking 
reaction that permits to transform ammonia into N2 and 
H2. This reaction offers to the fuel cell a perfect mix for 
the operation in safety and efficient conditions. The study 
compares several polarization curves realized with pure 
H2, a mix of H2/N2 and a mix of H2/NH3 and pure NH3 at 
high operation temperature (800°C). The results show 
how a complete reaction of NH3 can be predicted and an 
equivalent performance can be obtained substituting the 
H2/N2 mix with equivalent amount of ammonia 

.  
INTRODUCTION 
 The utilization of Ammonia as a fuel for SOFC 
presents several advantages: high density that solves 
many transportation problems related with hydrogen, no 
CO2 production in all the fuel cell system, endothermic 
cracking reaction of ammonia adsorbing part of the heat 
produced during operation with benefits in decreasing of 
air flow for cooling purpose and, finally, no water  
requirement at the anode side to prevent carbon 
deposition as for hydrocarbons fuels. Thanks to high 
temperatures and to the presence of anode nickel acting 
as a catalyst a complete cracking of ammonia into 
hydrogen and nitrogen can be predicted. Dekker and 
Rietveld [1] demonstrated that planar ASC SOFC 
operating at 800°C can reach up to 70% of efficiency 
(LHV) measuring ammonia conversion >99.996. The cell 
showed a degradation at 3000h comparable with 
hydrogen. Fournier et al. [2] investigated the performance 
of ammonia fuelled SOFC for different anode materials 

and for annular and pellet lay out. The results showed a 
limitation of noble metals (Ag and Pt) compared with 
nickel for conversion of ammonia and 11 mWcm-2 
increase of ammonia performance compared with 
hydrogen.  

 
EXPERIMENTAL 

The test activity was realized on a circular planar 
SOFC of 80 mm diameter and a total active area of 50 
cm2. The cell is an Anode Supported Cell (ASC) supplied 
by SOFCpower. The anode is a 240 m Ni/8YSZ, the 
electrolyte is a 8YSZ with a thickness of 8 m and a 
bilayer cathode GDC+LSCF of 50 m. The cell is tested 
in a ceramic housing cell rig with anode current collector 
of Nickel and a Platinum grid at cathode side. The 
manifold lay out is a no-sealed configuration with a direct 
mix of cathode and anode off gas with no possibility of 
gas analysis exiting the fuel cell. The voltage is measured 
thanks to platinum wires directly connected to anode and 
cathode grid and a thermocouple placed close to the 
anode permits to evaluate the operative temperature of 
the cell. The cell was characterized evaluating the voltage 
variation as a consequence of modification of gas mix, 
gas flow, current collected and temperature. Specifically 
the test campaign is a collection of polarization curves 
realized increasing current values to reach voltage of 0,6 
volts (producer limit) keeping constant the other test 
parameters. 

 The ammonia is supposed to react at anode side 
thanks to local temperature and catalytic activity of nickel 
based anode. Cracking of ammonia occurs via the 
following reaction: 

 
NH3 → 3/2 H2 + ½ N2 (1) 
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The reaction is endothermic with a H0 of 45.9 kJ/mol. At 
operating SOFC temperature (650-800 °C) the reaction 
occurs theoretically 100%. The test campaign was 
projected with the aim of verifying if this reaction occurs 
as predicted: this was possible comparing results of two 
polarization performed one with ammonia and the other 
with an equivalent flow of nitrogen and hydrogen. All the 
polarization guarantee an hydrogen anodic flow of 10.70 
ml/min·cm2. Cathode air was kept constant during all the 
tests. Table 1 shows anodic compositions used for the 
test activities. The important aspect is that ammonia is not 
compared directly with hydrogen but with equivalent 
H2/NH3 mix. 

 
H2/N2 H2/NH3 

H2 N2 H2 NH3 
ml/min 

cm2 % ml/min cm2 % ml/min 
cm2 % ml/min cm2 % 

10,70 100 0,00 0 10,70 100 0.00 0 
10,70 94 0.71 6 8,56 86 1.43 14 
10,70 88 1.43 12 6,42 69 2.85 31 
10,70 83 2.14 17 4,28 50 4.28 50 
10,70 79 2.85 21 2,14 27 5.71 73 
10,70 75 3.57 25 0.00 0 7.13 100 

Table 1: test definition of both H2/N2 and H2/NH3 
 

Control Temperature of the test rig was set to 800°C. Cell 
temperature varies during the polarization curves for both 
heat production of electrochemical reactions and nitrogen 
crack reaction.  
 
RESULTS 
 Main results of the experimental activities are 
presented in Figure 1, Figure 2 and Table 2. Figure 1 
shows the average cell temperature measured during 
polarization curves for both H2/N2 and H2/NH3 mix for 
variation of N2 real (or virtual) concentration as presented 
in Table1. As expected ammonia mix have lower 
temperature due to endothermic cracking reaction. 
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Figure 1: Average temperature of polarization performed 
 
Figure 2 reports the three main polarization of the test 
campaign: H2, H2/N2=3 and pure Ammonia with hydrogen 
flow, or equivalent, of 10.70 ml/min·cm2.  
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Figure 2: Polarization curves for H2, H2/N2, NH3 

 
The curves show an equivalence between ammonia and 
equivalent H2/N2 mix. Note that NH3 OCV is higher thanks 
to temperature decrease caused by cracking reaction. 
This indicates that there is still a small fraction of 
ammonia in the mix. Additional results of the test are 
presented in Table 2. Here are reported percentage 
difference of ammonia mix to H2/N2, in terms of Area 
Specific Resistance (ASR) calculated at 0,7 and 0,8 volt, 
Open Circuit Voltage (OCV) and Temperature. The rows 
of the table are referred to gas composition as reported 
on Table 1 and show all values under 4% indicating that 
for all composition studied ammonia reacts completely at 
the anode side. 
 

ASR @ 0,8 V ASR @ 0,7 V OCV T 
0,0% 0,0% 0,0% 0,0% 
-0,4% -3,7% -0,2% -0,4% 
0,1% 0,5% -0,7% -0,5% 
0,7% 3,2% 0,0% -1,6% 
1,3% 3,0% -0,1% -2,3% 
2,2% -2,3% -0,3% -3,2% 

Table 2: decay of polarization parameters of Ammonia mix 

CONCLUSIONS 
The  experimental test demonstrated that ammonia is 

a feasible fuel for SOFC. Polarization curves realized with 
H2/N2 and H2/NH3 show that there are no significant 
performance variation when hydrogen in substituted with 
equivalent amount of ammonia and that ammonia 
behavior inside the cell is very similar to the equivalent 
H2/N2 mix. This means that we can assume an high rate 
of cracking reaction occurring at the anode side. 
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ABSTRACT 
13X zeolites modified with addition of Cu or Zn and 

active carbons modified with alkaline solutions were 
studied for the adsorption of HCl gas from biogas 
employed as fuel of MCFCs.The materials were prepared 
by ion exchange or impregnation and tested in a 
laboratory apparatus designed to the scope with low HCl 
concentration (100 ppm). Preliminary results showed that 
Cu modified zeolites had higher adsorption capacity than 
active carbons. The zeolites modified by ion exchange 
appeared more effective for HCl adsorption than those 
modified by impregnation. 

INTRODUCTION  
Molten carbonate fuel cells (MCFCs) are gaining 

great interest in the field of power production due to their 
high efficiency and the possibility of using biomass 
derived fuels, with obvious environmental advantages. 
Since MCFCs work at high temperatures (600-700°C), 
catalyst based on Ni can be used at the electrodes 
instead of noble metals. Although the materials making up 
the MCFCs have costs relatively low compared with other 
fuel cell types, there are major problems associated with 
their degradation and the poor lifetime of cells due to 
some poisons compounds contained in the current of the 
raw biogas [1], such as chlorine compounds, that are 
often found in landfill gases and, in a smaller content, in 
biogas produced from sewage sludge and organic waste 
[2, 3]. The HCl tolerance limit for MCFCs is < 1 ppm [1]. A 
previous stage is required to break down the undesirable 
compound before feeding the cell. The clean-up step can 

be carried out  by adsorption on suitable materials that 
must guarantee low residual concentration, high 
selectivity and easy regenerability. In this work, several 
materials have been proposed for HCl removal from 
biogas, that is zeolites and active carbons [4, 5] 

EXPERIMENTAL  
Several Cu or Zn modified zeolites and active 

carbons were studied for HCl removal from biogases. 
Commercial zeolites were modified by ion exchange or 
impregnation methods using a 0.1 M solution of either 
Cu(NO3)2·2.5H2O or (Zn(NO3)2·6H2O. Commercial active 
carbon, supplied by Norit, was modified by impregnation 
method using alkaline solutions of NaOH (10% w/w), 
KOH (10% w/w), Na2CO3 (10% w/w). Then both materials 
were dried ad calcinated at 250°C for 2 h in air flow.
The materials were characterized by SEM-EDS, N2 
adsorption, H2O and H2 Temperature Programmed 
Desorption (TPD) techniques. The HCl adsorption tests 
were carried out under dynamic conditions in a laboratory 
plant (Fig. 1) designed to the scope that allows 
measurement of adsorption of HCl from diluted gaseous 
streams (≤ 100 ppm). HCl vapour was obtained by 
bubbling pure N2 (100 cm3 min-1) through a HCl/H2O 
saturator followed by H2O trap. The HCl analysis was 
performed in continuous by using a potentiometric 
method. The amount of HCl effluent from the analysis cell 
was determined by absorbing HCl in distilled water and 
measuring the pH of the solution. In this way the 
breakthrough curves were obtained. 
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RESULTS 
The properties of the modified zeolites are reported in 

Table 1. The ion exchange method allowed to obtain 
higher metal contents compared to impregnation. Ion 
exchange, but not impregnation, caused a decrease of 
surface area, that however were still high. 

 
 
Table 1. Properties of the zeolites and active carbons 

Sample Preparation 
methods 

Active phase 
(mmol/g) 

Surface 
area 

(m2/g) 
13X - - - 582 

13XS_Cu Ion exchange Cu 2.33 290 

13XS_Zn Ion exchange Zn 2.73 275 

13XI_Cu Impregnation Cu 0.9 528 

13XI_Zn Impregnation Zn 0.25 539 

Norit_Na 
Impregnation 

NaOH Na 0.031 - 

Norit_K 
Impregnation 

KOH K 0.053 - 

Norit_Na2 Impregnation 
Na2CO3 

Na 0.027 - 

 
Breakthrough curves of Norit active carbon and of two 

13X samples modified with Cu by ion exchange or 
impregnation are reported in Fig. 2.  

Active carbons tested showed good performances, 
reducing HCl concentration below 5 ppm up to 1 h. 
However Cu modified zeolites showed better 
performances, giving HCl concentration below 5 ppm up 
to 1.5 h. The zeolites modified by ion exchange appeared  

more effective for HCl adsorption than those modified by 
impregnation. 

 
Fig. 2. Breakthrough curves of Cu modified zeolites 

and Norit active carbon 
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ABSTRACT  
The ATR reactions of iso-octane were initially carried 

out with Rh-based catalysts (0.5 wt% of Rh) supported 
onto three kinds of supports, γ-Al2O3, CeO2, and ZrO2.  
Observed activities were increased in the order of Rh/γ-
Al2O3 > Rh/CeO2 > Rh/ZrO2.  Stabilities against carbon 
coking of these catalysts, however, proved to be 
increased in the order of Rh/CeO2 > Rh/ZrO2 > Rh/γ-
Al2O3.  To derive synergic properties from each of γ-
Al2O3 and CeO2 supports, a CeO2(20 wt%)/γ-Al2O3 
supported Rh catalyst (0.5 wt% Rh) was synthesized and 
tested for the ATR reactions of iso-octane, showing 
enhanced activity and stability compared to those with Rh/ 
γ-Al2O3.  The Rh/γ-Al2O3 and Rh/γ-Al2O3/CeO2 catalysts 
were eventually examined for the ATR reactions of 
commercial gasoline (GS Caltex, Korea) which contained 
sulfur, aromatics, and other impurities that could 
potentially deactivate the catalysts.  It turned out that the 
Rh/γ-Al2O3 catalyst was significantly deactivated to 
decrease its activity after 4 h, while the Rh/γ-Al2O3/CeO2 
catalyst proved to be excellent in terms of stability and 
activity. 

 
INTRODUCTION  
 Hydrogen has recently been recognized as a 
promising, clean energy carrier for the future (1).  Fuel 
cells are considered as an alternative to the current power 
generation systems for stationary, mobile, and portable 
power applications with a number of advantages including 
high efficiency, pollution-free, and so forth (1, 2, and 3).  
In general, pure hydrogen is preferred to be directly used 
for fuel cells, but due to the lack of infrastructure for 
hydrogen production and distribution, it is necessary to 
develop efficient methods for hydrogen productions from 

various types of conventional fuels for on-site 
applications.  In this context, liquid hydrocarbons such as 
gasoline and diesel have recently attracted considerable 
attentions because theses fuels possess high volumetric 
energy densities.  In addition, the existing infrastructure 
for the gasoline-based fuels can be employed without 
further investments.   
 In this study, Rh-based catalysts supported on various 
metal oxides including γ-Al2O3, ZrO2, CeO2, and CeO2/γ-
Al2O3 were prepared, characterized, and tested for the 
ATR reactions with iso-octane and/or commercial 
gasoline.  Among the as-prepared catalysts, the 
Rh/CeO2 and Rh/CeO2/γ-Al2O3 catalysts showed excellent 
activities and stabilities towards the reforming of iso-
octane.  Especially, the Rh/CeO2/γ-Al2O3 catalyst proved 
to be highly active for ATR reactions of commercial 
gasoline, with its catalytic activity being maintained for 100 
h without catalyst deactivation. 
. 

NOMENCLATURE  
 

 
Figure 1. A schematic diagram of an ATR system.  
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An ATR reaction of iso-octane or commercial gasoline 
was carried out using a catalyst (0.10-0.17 g) in a fixed 
bed reactor with a continuous-flow quartz tube (Figure 1). 
Prior to a reaction, a desired catalyst was reduced by 
30 % H2/N2 with a heating rate of 5 oC min-1 from 23 oC to 
700 oC.  Evaporation and reaction temperatures in the 
reactor were 350 oC and 700 oC, respectively.  In order to 
improve both heat transfer and mixing of gases and 
vapor, metal meshes (NiO) were inserted into the 
evaporator.  Reaction conditions were chosen based on 
the previous studies (4, 5, and 6); S/C ratio of 2.0, O/C 
ratio of 0.84, and gas hourly space velocity (GHSV) of 
20,000 h-1. 

 
Figure 2. Catalytic activities of the reforming of iso-octane 
over Rh-based catalysts for 10 h: (a) Rh/γ-Al2O3, (b) 
Rh/CeO2, (c) Rh/ZrO2, and (d) H2 and H2+CO yields. 

 
For the catalytic H2 productions from iso-octane, the 

Rh/γ-Al2O3 and Rh/CeO2 catalysts exhibited excellent 
activities, with average conversions of iso-octane being 
above 98 % (Figure 2).  In particular, Rh/γ-Al2O3 
produced more than 40 mol% of H2 from syngas, which 
could be attributed to the high surface area and highly 
acidic nature of the alumina support (7).  In contrast, 
Rh/CeO2 proved to be the best catalyst in terms of carbon 
resistance.  Residual carbons in the resulting catalysts 
were quantified by C, H, N, and S elemental analyses 
following the reactions, revealing that carbon products 
were detected less than 0.3 wt% in the used Rh/CeO2 
catalyst while ca. 3.5 wt% of carbon was observed with 
Rh/γ-Al2O3.   

In order to combine the elucidated advantages for 
high activity from Rh/γ-Al2O3 and high stability from 
Rh/CeO2, a Rh/CeO2/γ-Al2O3 (5 wt% Rh; 20 wt% CeO2) 
catalyst was prepared, and then both the Rh/γ-Al2O3 and 
the Rh/CeO2/γ-Al2O3 catalysts were tested for ATR 
reactions using commercial gasoline which possesses 
sulfur, aromatics, and other impurities.  Compared to 
Rh/γ-Al2O3, the Rh/CeO2/γ-Al2O3 catalyst showed 
enhanced activity and stability (Figure 3).  To maximize 

the catalytic performance of the Rh/CeO2/γ-Al2O3 catalyst, 
efficient dispersions of the active rhodium species would 
be essential.  With such improvement, the as-developed 
Rh/CeO2/γ-Al2O3 catalyst can be used for the direct 
reforming of gasoline with high stability. 

 

 
Figure 3. Activity and stability test of (a) Rh/γ-Al2O3, (b) 
Rh/CeO2/γ-Al2O3 catalysts for ATR of commercial 
gasoline. 
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ABSTRACT 
Performance tests were completed with a SOFC unit 

fuelled with syngas produced from biomass gasification 
reactors, properly conditioned and cleaned. Three series 
of tests at bench and industrial scale were completed. 

The results of the tests indicate that cleaned syngas, 
from both steam blown gasifier and oxygen/steam blown 
gasifier reactor, is a feasible fuel for anode supported 
SOFC cell. Cell performance on cleaned syngas is 
comparable or better than SOFC cell performance fuelled 
with the reference, hydrogen/nitrogen gas mixture. 
Several potential issues for the integrated SOFC/gasifier 
operation were identified. Proper humidification of the gas 
stream, necessary to avoid carbon deposition, is critical 
for the long term cell performance. The presence of larger 
amounts of methane and higher hydrocarbons may lead 
to SOFC cell cracking due to large temperature gradients 
resulting from internal reforming process. 

 
INTRODUCTION 

Performance tests were completed with a SOFC unit 
fuelled with syngas produced from biomass gasification 
reactors, properly conditioned and cleaned. This activity is 
part of a wider project, partially financed by the European 
Commission in the 7th framework programme, aimed at a 
compact version of a gasifier integrating the fluidized bed 
steam gasification of biomass and the hot gas cleaning 
and conditioning system into one reactor vessel 
(www.uniqueproject.eu). A portable SOFC test station was 
designed and realized for testing the fuel gas quality. 
Three series of tests were completed and discussed 
below:  

1) preliminary off-site tests with the SOFC cells, 
fuelled with syngas from Guessing steam blown 
gasification plant, cleaned and compressed in gas 
cylinders; 

2) on-site tests performed at the ENEA Research 
Centre oxygen/steam blown gasifier in Trisaia, Italy;  

3) on site tests at the Biomass Kraftwerk GmbH & Co 
KG steam blown gasifier site in Guessing, Austria.  

 
DISCUSSION OF RESULTS 

The results of the off-site tests at IEn indicate that the 
anode supported SOFC can be fueled with gas from 
biomass gasification (Fuels II-III) to give similar or better 
performance in comparison to the reference fuel (Fuel I). 
At a temperature of 750°C the cell reached max. power 
densities of 217, 230 and 227 mW/cm2 at the current 
density of 0,41, 0,45 and 0,46 A/cm2 for fuels I-III 
respectively. A little difference in performance of the cell 
between using Guessing gas humidified at 65°C (Fuel II) 
and 55°C (Fuel III) results from the CO difference in these 
fuels. Increased amount of CO in Fuel III reduces the cell 
performance due to the lower diffusion speed of CO in the 
anode. Lower cell’s performance for Fuel III can also be 
caused by the carbon deposition on the anode side. 
Carbon deposition during the cell operation is dependent 
on the humidification level of the fuel and the current load 
applied to the cell. After these preliminary tests the SOFC 
unit was installed at ENEA Research Centre where test 
campaign was carried out by feeding the SOFC portable 
system with the cleaned stream of syngas produced at the 
10 kWth ICBFB gasification facility. To evaluate the 
performance of the SOFC unit when fed with the syngas 
produced in the steam/O2 gasification condition (pseudo 
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Unique syngas) a dedicated gasification campaign was 
run. The gasification process was carried out at 0.27 ER 
and 0.51 S/Bdaf ratios and by using: 10% Fe/Olivine as 
bed material. Grinded almond shells were used as 
biomass feedstock. In Table 1 the main gas composition 
of the syngas at the entrance of the SOFC are presented. 

 
Table 1. Dry gas composition obtained by steam/O2 gasification. Water 

and main contaminants in the syngas at the SOFC entrance. 

Dry Gas 
Composition  

% v 
Contaminant Amount 

H2 25-30 Tar (GCMS value) <0.1 g/Nm3
dry 

CO 19-22 H2S < 0.05 ppmv 
CO2 27-35 HCl < 0.05 ppmv 
CH4 5-8 H2O 2.7 g/ Nm3

dry 
C2H6 0-0.5 NaCl < 0.5 ppmv 
C2

+ 1-3 KCl < 0.5 ppmv 
N2 6-12   
O2 0-3   

 
At the ENEA site, two SOFC test campaigns were 

completed. During the first test, after initial polarization 
measurements, the cell was operated under electric load 
of 4 Amps. Lower than expected cell performance was 
observed. After cell disassembly, heavy carbon deposits 
were observed on the current collector surface. Anode 
surface remained mostly carbon free. The results were 
attributed to humidification temperature of 55 ºC, which 
likely was too low for carbon-free cell operation. In the 
second test, syngas humidification was kept at 65 ºC to 
avoid carbon deposition. Performance of the cell was 
better than in the first test and post-test SOFC cell 
inspection did not show any cell cracks. Slight carbon 
deposits were visible on the current collector surface 
facing the gas supply side. The results of cell 
performance tests are shown in Fig. 1. 

    

 
Figure 1. Cell performance for the 60%H2+40%N2 humidified at 25 C 
(top) and cell performance on syngas from the O2/H2O blown gasifier 

(bottom) 

Following performance test, cell was operated under 
electric load. At the beginning of the gasifier run syngas 
composition fluctuations were observed. The cell 
performance fluctuations can be correlated with the 
syngas composition changes, calculated based on the 
hydrogen equivalent molar content (Figure 2).  

 

 
Figure 2. The SOFC cell performance under 0,25 A/cm2 electronic load 

at 800 °C for the syngas fuel (top) and corresponding hydrogen 
equivalent fraction in the syngas stream from the gasifier reactor 

(bottom) 
 
Similar test were performed at BKG site in Guessing.  

CONCLUSION 
The results of the tests indicate that cleaned syngas, 

from both steam blown gasifier and oxygen/steam blown 
gasifier reactor, is a feasible fuel for anode supported 
SOFC cell. Cell performance on cleaned syngas is 
comparable or better than SOFC cell performance fuelled 
with the reference, hydrogen/nitrogen gas mixture. The 
SOFC performance on syngas is correlated with the 
syngas composition. Attempt was made to quantify this 
correlation with the use of equivalent hydrogen content in 
the syngas. Several potential issues for the integrated 
SOFC/gasifier operation were identified. Proper 
humidification of the gas stream, necessary to avoid 
carbon deposition, is critical for the long term cell 
performance. The presence of larger amounts of methane 
and higher hydrocarbons may lead to SOFC cell cracking 
due to large temperature gradients resulting from internal 
reforming process. 
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ABSTRACT 
Highly textured thin La0.8Sr0.2Ga0.8Mg0.2O3 films were grown 
by pulsed laser deposition on SrTiO3 buffered (001) MgO. 
Microstructural studies and X ray diffraction data indicate 
that films have a columnar structure as a consequence of 
the structural misfit between film and substrate. Columnar 
nanosized  grains  tend  to  coalesce  in  thicker  films. 
Electrochemical impedance measurements show that the 
transport  properties  are  limited  by  grain  boundaries 
effects:  thinner  films having a lower  conductivity and a 
higher activation energy.

INTRODUCTION 
Solid  oxide  fuel  cells  (SOFCs)  operating  a  low 
temperature are very promising devices  for  sustainable 
energy  production  both  for  stationary  and  mobile 
applications.1 Producing electrolytes  in  the  form  of  thin 
films  is  a  viable  mean  to  reduce  SOFCs  operating 
temperature.2-4  Pulsed  laser  deposition  (PLD)  is 
particularly  promising  amongst  the  different  film 
deposition techniques because of its ability in reproducing 
complex target compositions onto the film.5 Strontium and 
magnesium  doped  lanthanum  gallate  (La1-xSrxGa1-

xMgxO3δ, LSGM)  perovskites have  very  high  ionic 
conductivity  (~0.02  Scm-1 at  600  oC)  and  negligible 
electronic conduction at T< 1000 oC over a wide range of 
oxygen partial pressure (down to PO2  =10-22  Pa) and thus 
are widely considered excellent candidates as electrolytes 
operating at intermediate temperatures (400-600°C).6,7 

EXPERIMENTAL 
LSGM20  films  having  three  different  thicknesses  (100, 
500, and 1000 nm) were deposited by PLD on insulating, 
STO buffered, (001) MgO substrates.
Targets were prepared from commercial LSGM powders 
from  Praxair,  by  uniaxially  pressing  at  250  MPa  and 
sintering at  1500  oC for 10 h.  The KrF excimer pulsed 
laser source (λ=248 nm) was operated at 10 Hz, with an 
energy density of 5 J/cm2, the substrate temperature was 
about 600 oC and O2 pressure was about 1 Pa. 

XRD analyses were performed on targets and as-grown 
films to determine the lattice parameters and to rule out 
the presence of impurity phases. Scans in the Ө-2Ө mode 
and rocking curves were carried out on LSGM/STO/MgO 
heterostructures.
Electrochemical  impedance  spectroscopy  (EIS) 
characterization  was  performed  ‘in  plane’  by  using  Au 
paste electrodes painted onto the LSGM film surface. EIS 

measurements were carried out at 400 ≤ T ≤ 700 °C in air 
in the 0.01 Hz–10 MHz frequency range.

RESULTS AND DISCUSSION
Fig.1 shows the rocking curves of LSGM20 films having 
different thickness. All the curves have full width at half-
maximum (FWHM) much larger (1.5° < Ө < 2.1°) than the 
MgO substrate (Ө = 0.1°). This effect can be explained by 
the large lattice misfit,  6.9%, between LSGM and MgO 
which  is  only partially compensated  by the  STO buffer 
layer. The increase of the FHWM value, from 1.5o to 2.1o, 
with  decreasing  film  thickness,  from  1µm  to  100  nm, 
indicates that a better crystallographic quality is obtained 
for thicker films.
The temperature-dependent total conductivity of the films 
is shown as Arrhenius plots in Fig. 2, together with data 
relative  to  an  LSGM  polycrystalline  pellet.  Total 
conductivity increases with increasing film thickness (σ = 
2.36 × 10−5, 3.7 ×10−5, and 2×10−4 Scm-1 for 100, 500, and 
1000 nm thick films at 600 °C), while the corresponding 
activation energy values show an opposite  trend (Ea = 
2.43, 1.17, and 1.01 eV for 100, 500, and 1000 nm thick 
films).  The  Ea  of  the  LSGM20  1µm  thick  film  is  very 
similar to that of  the pellet,  but its conductivity is much 
lower. The inset of Fig.2 shows the impedance spectra of 
the 1-µm thick LSGM film at 650 °C, described by one 
semicircle represented by an RC equivalent circuit where 
the resistance is the sum of the bulk and grain boundary 
contributions.  All  investigated  films  showed  a  single 
semicircle  in  the  Nyquist  plot  at  all  temperatures  in 
accordance  with  relevant  literature  on  epitaxial  thin 
films.8,9,10 The capacitance values were of the order of 10-

1 Copyright © 2011 
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11 F,  in  the  upper  range  of  the  typical  grain  boundary 
contribution. 
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Fig.1.  Rocking-curve  scans  for  as-grown 
LSGM20/STO/MgO films with different thickness
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Fig.2.  Arrhenius plot  in of  LSGM20/STO/MgO films and 
LSGM pellet. The inset shows the Nyquist plot measured 
in air at 650 °C for the 1 µm film.

The difference in transport properties between films 
and polycrystalline pellet can be attributed to the different 
microstructures.  The  LSGM  pellet  is  characterized  by 
large grain size (10-20 μm), so that a relatively small grain 
boundary  contribution  could  be  measured  only  at  low 
temperatures (<450  oC)7.  On the other hand, in the ‘in-
plane‘  geometry  used  for  LSGM  thin  films,  the  ionic 
transport  flows  parallel  to  the  film  surface  and  thus 

perpendicular  to  the  main  axis  of  the  columnar  grains 
resulting in a very high concentration of grain boundaries 
defects.10 The defects concentration varies roughly from n 

≈10-5 nm-1 (where n is the inverse of average grain size) in 
the case of the LSGM pellet, to n ≈10-2 nm-1 for the 1 µm 
thick  film.  The  grain  boundary  contribution  to  the  total 
resistivity is  thus  much higher  in  thin  films than  in  the 
sintered  pellet.  The  decrease  of  conductivity  observed 
reducing the film thickness can be attributed to the higher 
concentration of defects at the film/substrate interface. In 
thicker  films,  the  columnar  grains  coalescence  (grain 
coarsening)  occurring  at  a  later  stage  of  the  growth 
results in higher conductivity.

In conclusion, highly textured thin LSGM films were 
grown by PLD on STO buffered (001) MgO substrates. 
Microstructural studies and XRD data indicate that films 
have  a  nanocolumnar  structure.  Such  a  structure  is  a 
consequence of the large structural misfit between LSGM 
and MgO only partially accommodated by the STO layer. 
Columnar grains tend to coalesce as the growth proceeds 
resulting  in  a  better  crystallographic  quality  for  thicker 
films.  EIS  measurements  show  that  the  transport 
properties are limited by grain boundaries effects: thinner 
films  have  a  lower  conductivity  and  a  larger  activation 
energy. These results demonstrate that the control of the 
crystallographic quality is a key issue to achieve LSGM 
thin films with optimized electrical performances.
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ABSTRACT  
SOFCpower S.p.A. is an Italian company which develops 
and manufactures SOFC components and systems with a 
focus on micro-CHP residential applications.  
In the present work, an overview of the main operational 
experience on m-CHP prototypes based on its proprietary 
HoTbox™ power generator is given. The HoTbox™ is a 
compact SOFC module integrating a 1 kW SOFCpower’ 
stack and Catalytic Partial Oxidation (CPOx) fuel 
processor for natural gas or LPG, and which provides 
electric power and heat for cogeneration purposes. 
More than 50 HoTbox™ modules have been produced in 
the pilot production plant located in Italy [1], each one 
being integrated on a system and tested both in 
Laboratory and sheltered field test conditions, including 
some third party Laboratory (CNR-ITAE in Italy, EIfER in 
Germany) [2]. 
Particularly, a floor-standing m-CHP system co-developed 
with DanthermPower (DK), so-called Asterix, and a in-
house innovative compact wall-hung appliance have been 
produced and tested with natural gas at normal grid 
pressure, both in on- and off- electric grid connections. 
Electrical efficiency up to 40% at 1 kWe power and more 
than 4’000 hours of stable operation, as well as power 
modulation from 30% to 100%, have been recently 
achieved. 
A specific installation of a mCHP system integrated with a 
storage for hot domestic water and floor heating utilization 
made by the showroom of a local boiler installer in Trento 
(Italy) in early 2011, has generated more than 1.5 MWh  
electric and 2.5 MWh of thermal energy. These first 
successful installations recently made by SOFCPower 
has provided a very promising sound basis to approach a 

more extensive field test campaign for its products in a 
short future.

INTRODUCTION 
Performances of the SOFCpower HoTbox™ 

integrated in a floor-standing mCHP system co-developed 
with DanthermPower, are presented and discussed. Two 
different HoTbox™ sizes have been produced and tested, 
0.5 kW and 1 kW respectively. Both of them are based on 
a CPOx fuel processor for Natural Gas and LPG [3], and 
here are presented the typical performances with respect 
of durability, electrical and cogeneration efficiency for 
different operating conditions.  

RESULTS AND DISCUSSION  
An “Asterix” mCHP prototype has been installed by a 

local boiler installer in Trento (Moratelli Impiantistica Srl, 
Italy) integrated with a 500 liters storage for hot domestic 
water and floor heating. The system was located in the 
installer showroom, and integrated with other heat 
sources, as solar panels and peak boiler for specific heat 
demands. 

The mCHP unit has been equipped with a 0.5 kW 
HoTbox™, the compact SOFC module integrating the 
stack and CPOx cartridge for fuel processing, which 
provides electrical power and heat for cogeneration. The 
mCHP fuelled with desulphurized natural gas at grid 
prerìssure ran for more than 4’000 hours at nominal 
power and part-load, generating more than 1.5 MWh of 
electric and 2.5 MWh of thermal energy. Modulation was 
tested between 30 and 100% of full load, with electrical 
efficiency approx. constant at 30% over all modulation 
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range. A CPOx lambda of 0.29 has been used to avoid
any risk of carbon deposition. 

HoTbox™ main parameters (voltages, temperatures 
and pressure drops) are shown in Fig. 1, over all test 
endurance. The electrical power was controlled and 
dissipated by an electronic load, under potentiostatic 
conditions. The system was also intentionally shut-down 5 
times during running, in order to check HoTbox™ 
reliability to thermal cycles. No significant degradation was 
observed after re-starting. 

Fig. 1. HoTbox parameters evolution with time 

The system cogeneration efficiency as a function of 
water return temperature is shown in Fig. 2. Thermal 
efficiency is of course depending on water temperature, 
decreasing with temperature increasing. Electrical 
efficiency, on the other hand, is not depending on water 
return temperature and for this cogeneration and thermal 
efficiencies have a similar trend. Experimental results 
showed a net cogeneration efficiency ranging from 70 to 
90%, maximum values being reached with water 
temperature of 20°C. Thermal storage behavior was a lso 
analyzed during HoTbox™ modulation between 30 and 
100% of full load. A specific test was also done varying 
lambda CPOx to proof high electrical efficiency, under 1 
kW size HoTbox™. Lambda CPOx was varied between 
0.29 (red squares plotted in Fig. 3) and 0.27 (blue 
symbols) to avoid carbon deposition highly dangerous for 
cell integrity [4].. The measured efficiency value at lambda 
0.27 increased with Uf up to 40% @ 75% Uf and 720W. In 
the case of lambda 0.29, the efficiency was lower, 
reaching a max value of 38% @ 75% Uf. 

CONCLUSIONS  
Good stability of a mCHP system was demonstrated 

by operating a HoTbox™ power module for more than 
4’000 hours with grid natural gas. 

A high cogeneration efficiency was also proved, with 
values up to a max of 90% at water return temperature of 
20°C. Moreover, an gross DC electrical efficiency o f 40% 
was also reached for a CPOx-based 1 kW HoTbox™ at 
75% Uf and 700W DC. 
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Fig. 2. Thermal (blue marks) and co-generation (red 
ones) efficiency vs. water return temperature 

Fig. 3. Gross DC power and efficiency for 1 kW HoTbox™ 
as a function of Uf. 
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ABSTRACT  
The present work is focused on the application of 

non-conventional materials and processes for anode 
supported SOFCs, with the aim to obtain good 
electrochemical performances and durability while 
considering competitive industrial manufacturing methods. 
Particularly, alternative fabrication techniques have been 
developed for the production of dense protective coatings 
and high performing Ceria-based barrier layers. High 
oxygen-conducting materials, such as Scandia-Doped 
Zirconia, were also considered in order to improve the 
electrochemical performances at low temperatures. 

A special attention was addressed to investigate the 
interfaces between the different layers, in order to 
minimize solid state reactions which could lead to the 
growth of insulating phases. These improvements 
resulted in a considerable decrease of cell and stack 
ohmic losses, providing a very promising electrochemical 
behavior of NiO/YSZ anode supported SOFC at 
temperatures comprised between 600 and 650°C. 

 
INTRODUCTION 
The conventional design of a SOFC operating at 
intermediate temperatures (700-800°C) usually consists 
of a supporting Nickel-Yttria Stabilized Zirconia (YSZ) fuel 
electrode, a thin (ca. 10 micron) YSZ electrolyte and a 20-
50 micron thick air electrode, the latter being usually 
made of a mixed ionic-electronic conductor oxide such as 
Lanthanum Strontium Cobalt Ferrite.  

Further reduction of the operating temperatures, 
below 700°C, could lead to several benefits in terms of 

stack cost reduction and materials stability. However, 
significantly decreasing the ohmic losses in order to 
obtain acceptable performances at temperatures in the 
range of 600-700°C, often requires the application of non-
conventional processing techniques, such as physical 
methods for thin film production. In addition, alternative 
materials, suitable for low temperature operation, are 
often more sensitive to high temperatures and sintering at 
high temperature could result in phase decomposition and 
solid state reactions with other cells components. 

The present work is focused on the optimization of 
the fabrication methods of SOFC materials, with the aim 
to reduce some of the most critical ohmic losses of the 
stack, such as the formation of insulating phases at the 
cathode/electrolyte interface and the oxidation of metal 
interconnects.  

 
  

RESULTS AND DISCUSSION  
It is widely known that the solid state reaction between 

Lanthanum Strontium Cobalt Iron perovskite (LSCF) and 
zirconia electrolyte can lead to the formation of insulating 
species, such as SrZrO3. A ceria Diffusion Barrier Layer 
(DBL) between the cathode and the electrolyte, is usually 
considered in order to avoid the reaction between zirconia 
and perovskite elements [1]. Unfortunately, at sintering 
temperatures exceeding 1300°C, Zirconia and Ceria form 
a solid solution with a reduced ionic conductivity with 
respect of the parent phases [2].  

For this reason, the Ceria barrier layer is usually 
applied on the dense electrolyte of an already sintered 
half cell (anode-electrolyte) and then sintered at 
moderately low temperatures. Due to the low sintering 
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temperature, a dense DBL is rarely obtained by 
conventional ceramic routes. The porosity as well as 
some extent of the zirconia ceria solid solution formed 
under sintering, considerably increases the ohmic losses 
and, for this reason, the DBL should be thin, dense and 
sintered at temperature as low as possible [1-2]. 

In the present work, we have optimized the production 
of DBL by spray coating of nano-sized Gadolinia Doped 
Ceria (GDC) powders. Powders were effectively 
dispersed in a mixture of organic solvents by selecting a 
suitable polyester dispersant and Ethyl Cellulose binder. 
The resulting suspensions, demonstrate high stability and 
the green layer obtained by spray coating showed a very 
good homogeneity. The microstructure of DBL obtained by 
such powders is shown in Fig. 1.  

 
 

 
Fig. 1. SEM image of the cross section of a cell after the 

application of the DBL by spray coating. 
 
Metallic interconnects provide a series of advantages 

respect to the conventional ceramics, such as higher 
electronic conductivity, high resistance to thermal 
gradients and a good mechanical stability. The main 
drawback of the metallic interconnects, is the 
development of a surface, low conductive, oxide scale 
during their exposure to oxidizing conditions (cathode 
side) at high temperatures [3-4]. Since the growth of the 
oxide scale is quite inevitable in the SOFCs operating 
environment, the enhancement of SOFCs stacks 
durability is strongly dependent to the growth kinetics of 
the oxide scale. The conductivity of the oxide scale, the 
porosity, the adherence to the substrate and the thickness 
all contribute to the contact resistance. In addition,  in 
order to prevent oxygen diffusion through the layer which 
leads the metal oxidation to continue, the oxide scale 
should be as dense as possible and it should possess a 
low oxygen permeability [3-4]. The formation of mixed Mn-
Cr-O spinel instead of Cr2O3 on the interconnects surface 

can be induced and controlled by coating the alloy with a 
protective layer of tailored composition [5]. Mn- and Co-
containing protective layers such as the Co2MnO4 spinel, 
were demonstrated to significantly enhance the 
conductivity of the oxide scale and to act as a barrier 
against chromium evaporation. 

In the present work, we obtained almost full density 
protective layers by optimizing the dispersion of Co-Mn 
oxide powders under organic solvent and by selecting an 
appropriate dispersant. In addition the good homogeneity 
of the layer produced by spray coating, the density of the 
protective layer was drastically improved by optimizing the 
sintering conditions. In particular, a suitable combination 
of heating cycle and gas atmosphere were studied in 
order to reach a gas-tight microstructure and a good 
adhesion on the metal substratre. 

 

 
Fig. 2. SEM image of the protective coating obtained by 
spray coating and sintering under controlled conditions. 

 
The materials produced in the present work were 

tested at the level of single component as well as on the 
short stack configuration. Electrochemical data, 
demonstrating the promising results obtained with respect 
the conventional processing routes, are given and 
discussed in the present paper. 
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ABSTRACT  

 SOFCpower-HTceramix’ mission is to offer efficient 
energy solutions based on its cost competitive Solid Oxide 
Fuel Cell (SOFC) technology. Company focus are 
products that use natural gas either for heat and power 
generation (CHP) or for distributed power generation at 
high total and electrical efficiencies, respectively, 
developed in close collaboration with European heat 
appliance OEMs and utilities. Furthermore, the company 
is evaluating strategic technology options for planar 
electroceramic membrane reactors, e.g. the use of its 
SOFC stack technology for high temperature electrolysers 
(SOE). In this field, HTceramix leads the European FCH-
JU project ADEL (ADvanced ELectrolysers) with 13 
partners. With several years of operational experience in 
running its pilot plant in Italy (Mezzolombardo, TN), 
SOFCpower has consolidated its manufacturing knowhow 
and capabilities and has confirmed the competitiveness of 
its products, which are capable to match target market 
requirements and being produced at less than 1,000 
€/kWe. Collaboration with Industrial component suppliers 
and integrators has largely increased in intensity, this 
approach being considered as a key success factor to 
reach the cost and reliability targets required from the 
market.  

The paper provides an overview of the development 
at stack and system level, including some recent 
operational results of SOFC-based mCHP and stacks 
operated in electrolysis mode. 

INTRODUCTION 

Thanks to the operational experience made running 
the pilot production plant in Italy (Mezzolombardo, TN), in 
the last years SOFCPower-HTceramix has achieved large 

improvements on component quality and overall 
performances, including stack efficiency and durability as 
well as micro-CHP overall efficiency and durability. 

First installations of mCHP systems operated with NG 
from the grid have been recently made in the Trento 
region with very promising results. 

STACK DEVELOPMENT 

In the last 3 years, SOFCpower-HTceramix has 
further developed its stack technology in order to improve 
robustness, efficiency and durability [1]. More than 400 
stacks has been manufactured and qualified in the pilot 
plant in Italy, providing a very important experience in 
defining specifications and controlling the quality of 
components. 

As an example of tolerance to thermal cycling, Figure 
1 report the trend of average Open Circuit Voltage (OCV) 
and cell voltage at 20 A upon 20 thermal cycles from 
75’°C and room temperature performed at 120°C/h on a 
S-design short stack. Apart the OCV increase in the first 
testing phase due to humidification effects, nearly no 
significant voltage drop has been detected during the test, 
the actual losses can be calculated as less than 0.1% per 
cycle 

The best efficiency achieved so far on the S-design 
stack platform is 69%, measured by EPFL-LENI 
Laboratories at 750°C and using a S/C ratio 2 as recently 
presented in Montreal [2]. Very good electric efficiency 
has been also measured with 1 kW scale S-design stacks 
feeding the stack with a a reformate at S/C = 2 in the 
range 50% to 90% of external methane conversion. DC 
efficiency as high as 60% has been measured at 75% Uf 
for 1 kW scale stacks. 
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Fig. 1 – Average OCV and cell voltage at 20 A  

upon thermal cycles. 
 
Within the first test campaign of the ADEL project, 

promising results have been also obtained by running S-
design stack in electrolysis mode with state-of-the-art 
materials. A degradation rate < 5% per 1,000 h at 650 and 
700°C have been measured (Figure 2) at steam 
conversion of 50%, the current focus being to understand 
degradation mechanisms and thermal aspects induced by 
polarization. 
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Fig. 2 – Durability of state-of-the-art S-design stack  

tested in electrolysis mode at SC=50%.. 

SYSTEM DEVELOPMENT 
 

Since 2005, system experience have been made by 
integrating a kW-scale HoTbox™ on a mCHP platform 
(Asterix) codeveloped with the partner DanthermPower 
A/S (DK). The HoTbox™ module, based on  CPOx 
(Catalytic Partial Oxidation) reforming concept, is very 
compact and has been optimized for a a wallhung mCHP 
appliance for the single-family residential market. 

More than 50 HoTboxes have been assembled and 
tested so far, mainly as internal tests for product 
development. Some units have been also operated in 

third party Laboratories, including EIfER in Karlsruhe (D) 
[3] and CNR-ITAE in Sicily (IT) [4] within the frame of 
project collaborations. 

Figures 3 reports the typical gross DC efficiency of the 
CPOx-based HoTbox as a function of Uf. A power 
modulation 1:3 at nearly constant efficiency has been also 
proven. 

29,0%
30,0%
31,0%
32,0%
33,0%
34,0%
35,0%
36,0%
37,0%
38,0%
39,0%
40,0%
41,0%

500
520
540
560
580
600
620
640
660
680
700
720
740
760
780
800

40,0 45,0 50,0 55,0 60,0 65,0 70,0 75,0 80,0

[E
l. 

Ef
fic

ie
nc

y]

Po
w

er
 [W

]

Uf [%]  
Fig. 3 – Electric power and efficiency of 1 kW  

HoTbox operated with grid NG as a function of Uf. 
 
In 2011, first installations of mCHP systems operated 

with NG from the grid have been made in the Trento 
region to integrate system experience from real (out-of-
the-lab) conditions. 
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CONCLUSIONS  

SOFC and particularly the proprietary technology 
based on thin anode supported cells technology from 
SOFCPower-HTceramix has demonstrated excellent 
performances with respect to state-of-the-art and the 
potential to bring breakthrough products for the distributed 
generation market in a near future. 
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ABSTRACT  
This work deals with the evaluation and the estimated cost of electricity 
generation by type of plant, in particular for kWh produced by Molten 
Carbonate Fuel Cells, in a competitive against other comparable 
technologies. First step of the work carried out provides a detailed 
examination of the technologies considered through the construction of 
models, one for each technology, at high level of detail of the cost of 
electricity generation. The second step involves the application of 
simulation methods based on Monte Carlo techniques to determine the 
range of maximum-likelihood for the final costs of the technologies 
considered. 
The simulation results are used to develop scenarios of cost for defined 
time horizons, to quantify the impacts generated by changes in 
boundary conditions and carry out sensitivity analysis on the change / 
inclusion of more meaningful cost components l. 
In conclusion, the results obtained are compared to those of the most 
significant studies of the same type available in the literatureto discuss 
the validity of the assumptions employed. 

1 INTRODUCTION  
In order to obtain a quantitative measure of cost in electricity 

generation, LCOE (Levelised Cost Of Energy Generation) represents a 
universally adopted tool, both from institutions and private companies, to 
estimate main components of investment required and the benefit 
expected in economic terms. In such a context, the simulation methods 
(e.g. Monte Carlo), and an appropriate set of technology models allow to 
estimate a measure of the variability connected to main cost 
components. 

2. LCOE 
The LCOE approach is a financial model used for the analysis of 
generation costs, it is the most common basis used for comparing the 
cost of power from competing technologies.  
The equation of LCOE is: 
  

 

3 TECHNOLOGIES 

We have analyzed stationary applications in the tertiary sector. The 
chosen technologies are: 

- MCFC (1MW plant with an electrical efficiency range of 47-55%) 
[6,7,14],  

- ICE (1 MW plant Jenbacher J416 GS) [15,16] 
- Small Gas turbine (Characteristics for a “typical” commercially 

available gas turbines generator system. Data based on: Solar 
Turbines Saturn 20 1 MW) [8]. 

For each technology, the set of the variables and parameters necessary 
to calculate the LCOE standard expression has been examined. A 
typical example of data sheets used (case Molten Carbonate Fuel Cell) 
is reported below: 
Table 1. Basic Condition for the economic analysis of MCFC 

Fuel Cell type: MCFC  
Performance 1 MW 
Operation rate 91 % 
Electrical efficiency 47-55 % 
Heat efficiency 25-27 % 
Investment cost 3300-4100 €/MW 
    Installation cost 850 €/MW 

Stack span 5 yr 
BOP 20 yr 
Fuel input CH4  
Fuel price 25-42 €/Nm3 
CH4 LHV 9.97 kWh/Nm3

Water price 0.09 €/m3 
Yearly salary for a 
maintenance worker 

21000 €/yr 

Labor months 2 m/yr 
Inflation rate 2-4 % 
Interest rate 4-6 % 

4 DISCOUNT RATE MODEL 
The financial module used is largely based on the assumptions, 
methodology, and estimating techniques used to calculate the discount 
rate for capital budgeting in the Electricity Capacity Planning (ECP) sub-
module of the National Energy Modeling System (NEMS) [12], adapted 
to the Italian context. The WACC (weighted average cost of capital) 
equation chosen is as follow: 
 

 
 

where: wd = weight of debt proportion to total capital, ws = weight of 
equity proportion to total capital, kd = cost of debt, ks = cost of equity t = 
corporate tax rate. 

5 SIMULATION TECHNIQUES 
Simulation performed in this work, involve the main random variables of 
LCOE equation applied to adopted technologies (Total Overnight cost, 
Variable O&M cost, Fixed O&M cost, Fuel cost, Interest rate, Inflation 
rate). Each variable is directly part of LCOE equation or is connected to 
a sub model. In the final version, a detailed description of different 
probability distributions adopted for each variable will be presented [15]. 
In each calculation, one value is selected randomly according to preset 
probability distribution for each variable and LUEC is calculated. 
Calculation is repeated 10000 times. The results are rounded to the 
nearest full euro. The frequency of each LCOE value resulting from this 
process is displayed in charts [17]. 
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6 RESULTS AND DISCUSSION 
In the graphs below 3 technologies (MCFC, ICE and small Gas turbine) 
are compared.  
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Fig. 1- Probability distribution for LCOE (MCFC 1MW)  

Fig. 2- Probability distribution for LCOE ICE (1 MW) and for LCOE small 
Gas Turbine (1 MW) 

 
In order to determine under what conditions Fuel Cells become 
competitive with other technologies, an analysis focusing on the 
perspectives for the abatement of investment and fixed costs will be 
presented, 

 
 

 
Fig. 3- Effects of the reduction of the total overnight cost for the FC 

technologies LCOE, compared with the respective costs for ICE and gas 
turbine

 
It is important to note that only a significant change of the macro 
variable "total overnight cost" is able to make the MCFC technologies 
considered competitive with the internal combustion engine in the 
absence of more restrictive laws penalizing greenhouse gas emissions. 
The analysis being developed, combines improvements in the 
technological parameters of the LCOE equation with a finer analysis of 
the financial parameters, based on the estimates of the main 
international financial institutions. This leads to more likely shapes and 
ranges for the cost distributions considered above.. 

7 MAIN CONCLUSIONS 
Our results show that fixed investment costs are the most important key 
variables able to determine the FC technologies competitive. Sensitivity 
analyses carried out on total overnight costs identifies the conditions 
under which fuel cells become competitive vis a vis other competing 
technologies examined in this study. The cost abatement requirements 
can be considered in line with the forecasts of most reliable technology 
scenarios presently available. Further work will focus both on the impact 
of the financial component in cost determination and on refining the 
modeling of probability distributions for the main variables in the LCOE 
equation, in view of assessing the importance of such factors in 
increasing the competitiveness of FC technologies 
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ABSTRACT
This work highlights ongoing efforts in the Renewable 

Energy  Materials  Research  Science  and  Engineering 
Center (REMRSEC) at the Colorado School of Mines on 
advancing the fundamental understanding and application 
of proton conducting ceramics for high-efficiency energy 
conversion  processes.  In  particular,  center  efforts  have 
focused  on  fabricating  protonic  ceramic  fuel  cells 
(PCFCs) via  novel  cost-effective  solid-state  reactive 
sintering (SSRS) methods, enhancing proton conductivity 
via  the  fabrication  of  nanoionic  composites,  and 
experimentally  measuring  and  theoretically  modeling 
multi-species  transport  behavior  through  protonic 
conducting  ceramics  for  permeation  and  membrane 
reactor  applications.  These  efforts  motivate  and 
underscore the potential importance of proton-conducting 
perovskites for future energy conversions technologies. 

INTRODUCTION 
Proton  conducting  ceramics  such  as  the  doped 

barium  zirconates  and  cerates  possess  high  proton 
conductivity  under  wet  reducing  atmosphere  at 
intermediate  temperatures  (300-600  oC),  As  this  is  a 
temperature range that is not currently served by many 
other alternative electrolyte materials, and yet is ideal for 
a variety of industrial energy conversion technologies, the 
scientific  interest  of  proton conducting ceramics is  high 
[1]. By manipulating the dopant chemistry, and depending 
on the temperature,  oxygen partial  pressure and water 
vapor  partial  pressure  conditions,  these  materials  can 
transport  other  species  in  addition  to  protons—i.e., 
oxygen vacancies and electron holes or electrons. Multi-
species  transport  opens  up  additional  opportunities  for 
these materials beyond electrolytes, including hydrogen, 

steam, or oxygen permeation as well as applications in 
membrane reactors, electrolyzers, and gas sensors [2].

The  refractory  nature  of  most  proton  conducting 
ceramics  makes  the  fabrication  of  devices  difficult 
because of the high sintering temperatures required (e.g. 
1600-1800oC) [3]. Furthermore, the large grain boundary 
resistance often present in these materials degrades the 
effective proton conductivity, which certainly impairs the 
performance  of  devices  based  on  proton  conducting 
perovskites.  The  presence  of  multispecies  transport 
shared  between  protons,  oxide  ion  vacancies,  and 
electrons  or  electron  holes  make  the  fundamental 
understanding and experimental  measurement  of  these 
materials challenging. In the sections below, our work at 
CSM on various aspects of proton conducting ceramics 
will be further detailed.

The protonic ceramic fuel cell (PCFC) is a kind of 
solid oxide fuel  cell  (SOFCs).  However,  while the most 
common SOFC systems employ an oxide ion conducting 
electrolytes, PCFCs employ a proton conducting ceramic 
electrolyte instead. Cost and performance are crucial to 
the  adoption  of  PCFCs,  and  thus  significant  recent 
research by our group and others has been focused on 
developing cost-effective solid-state fabrication methods 
for the synthesis of these refractory ceramics. One such 
pathway is  the solid-state  reactive sintering method,  or 
SSRS.  We have  successfully  demonstrated  the  SSRS 
method to fabricate large-grained BZY ceramic pellets in 
order  to  enhance  the  total  proton  conductivity  by 
decreasing grain boundary concentration and thickness, 
starting  from  cost-effective  raw  materials  such  as 
carbonates  and  oxides,  aided  by  certain  sintering 
additives  such  as  NiO  [4].  We  are  now  piloting  cost-
effective  fabrication  of  anode-supported  half-cells 
consisting  of  (BCZYYb+Ni/BCZYYb)  via  this  SSRS 
method. An anode mixture of BaCO3, CeO2, ZrO2, Y2O3, 

1 Copyright © 2011 
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Yb2O3, NiO, and pore former and an electrolyte mixture of 
BaCO3, CeO2, ZrO2, Y2O3, Yb2O3, and NiO (0-1.0wt%) are 
fully mixed by ball-milling. After drying, the two layers of 
thick anode and thin electrolyte are dual-pressed together 
as schematically shown in Fig. 1, top left.  The pressed 
green half-cell is shown in Fig. 1, bottom, which is co-fired 
at  high temperature to obtain an anode-supported half-
cell  as shown in Fig. 1, top right.  The thickness of  the 
electrolyte  layer  can  be  controlled  between  15-200µm 
and the porosity of the thick anode can be controlled from 
20-65%. 

Nanoionic composites attempt to harness ionic space-
charge  layer  phenomena  in  order  to  enhance  ionic 
conductivity  as  schematically  described  in  Fig.  2.  To 
demonstrate  this  concept  experimentally,  we  have 
focused on composite systems based on well-dispersed 
nanoparticles  of  metal/metal  oxides  embedded  in  a 
proton  conducting  ceramic  matrix.  The  generally 
accepted core space charge model can be applied to the 
nanoionic interfaces created by this composite structure. 
This  model  hypothesizes  that  a  structural  or 
thermodynamically  driven  build-up  or  segregation  of 
ionic/electronic  defects  at  the core of  the interface can 
generate  a  significant  interfacially-localized  variation  in 
conductivity,  whether  for  enhancement  or  depletion  [5]. 
Since  the  space  charge  layer  is  considered  thin 
compared to the bulk, macroscopic effects due to these 
nanoionic  phenomena  are  therefore  most  strongly 
manifested in systems where the interfacial periodicity is 
also on the nanometer length scale, and thus nanometric 
composite  architectures  are  needed.  If  suitable 
compositing  materials  can  be  chosen  such  that  ionic 
accumulation  rather  than  depletion  is  favored,  these 
overlapping space charge regions may permit a pathway 
for  enhanced  ionic  conductivity.  A similar  concept  has 
been experimentally proven in 2D superlattice structures 
by alternating nanoscale  multilayers of  CaF2 and BaF2, 

resulting in F- ionic conductivity enhancement effects of 
up  to  ~2  orders  of  magnitude  [6].  Demonstrations 
involving  proton  conductivity  enhancement,  however, 
have yet to be reported. 

Multispecies transport behavior.  Experimental and 
theoretical  efforts  to  probe  the  multi-species  transport 
behavior of proton-conducting ceramics is a central focus 
of current efforts in the center. Defect populations in these 
materials  are  influenced  by  both  PO2 and  PH2O.  Thus, 
electrochemical  impedance  spectroscopy  (EIS)  under 
well controlled oxygen partial pressure and water vapor 
partial pressure conditions as well as concentration cell 
(EMF measurements) under well controlled gradients of 
O2,  H2,  or  H2O  are  essential  to  characterize  the 
multispecies  transport  behavior  of  these  materials 
systems. 

As  shown  in  Fig.  3, in  oxidizing  atmosphere,  the 
multispecies  transport  through  proton  conducting 
ceramics can be described by a combination of as many 
as  three  different  (although  not  fully  independent) 
ambipolar permeation mechanisms: Wagner mechanism 
(case 1) permits the permeation of  water via ambipolar 
diffusion  of   and  .  Hole-mediated 
hydration/dehydration (case 2) permits the simultaneous 
apparent transport of both O2 and H2O by the ambipolar 
diffusion  of   and  .  Oxygenation/deoxygenation 
(case  3)  permits  the  permeation  of  oxygen  via  the 
ambipolar  diffusion  of   and  .  More  complex 
permeation scenarios involving the simultaneous interplay 
of  all  three  charged  defects  can  be  constructed  by  a 
linear combination of any two of these three mechanisms. 
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Fig. 1  Description of dual press anode-supported half-cell 
fabrication and typical SEM images of a fired half-cell device. 
Top left is the schematic process of dual pressing, bottom is 
the pressed green half-cell (white is the electrolyte layer and 
dark green is the anode layer, and top right is the SEM images 
of the cross section for the fired half-cell.

Fig. 2 Schematic of 
nanoionic composi-te 
based on proton 
conducting ceramic 
matrix and metal/ 
metal oxide 
nanoparticles

Fig. 3 Triple permeation/transport mechanism under oxidizing 
atmosphere. Left case 1, middle case 2, and right case 3.
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ABSTRACT
To successfully penetrate the automotive market 

cost-efficient and durable fuel cell technologies are 
necessary to compete with existing mature technologies. 

Extensive automotive field tests have demonstrated 
that the membrane-electrode-assembly plays a crucial 
role in the overall lifetime of the fuel cell stack. Transient 
conditions are responsible for membrane electrode 
assembly performance loss: power (or voltage) cycling 
increases the rate of electrocatalyst surface area loss; 
start-up/shut-down induces membrane degradation and 
carbon corrosion. Carbon under PEM fuel cell operating 
conditions is thermodynamically unstable and will be 
oxidized/corroded at potentials near the open circuit 
voltage of a fuel cell (about 1.0 V), with the oxidation rate 
increasing along with  potential. It has been demonstrated 
that at start-up the lack of hydrogen at the anode is 
critical for carbon corrosion at the cathode. Carbon 
corrosion will finally result in Pt particle agglomeration 
and loss of performance. 

In the present study we have been focusing on the 
development of new catalyst support materials based on 
Nb doped TiO2 as alternatives to conventional carbon 
supports to overcome the corrosion related issues. The 
present work will investigate the effect of chemical 
composition and crystallinity of the newly developed 
materials on the electrical conductivity and stability. In the 
design of the new support we paid special attention to the 
synergetic effect of the support on the catalyst, aiming at 
promoting higher catalyst activity and stability.  

1. INTRODUCTION 
While the performances of automotive PEM fuel 

cells have been considerably enhanced, the long term 
stability still remains a critical hurdle that needs to be 

seriously addressed and solved before exploitation to 
large scale market [1-3]. The MEA plays a major role in 
the overall lifetime of the automotive stack [3]. 
Particularly, start-up/shut-down cycles induce membrane 
degradation and carbon corrosion [4, 5]. Carbon is 
thermodynamically unstable under PEM fuel cell 
operating conditions (from about 0.2V vs RHE) and its 
oxidation rate increases with potential. Carbon corrosion 
will finally result in Pt particle agglomeration and loss of 
performance. In the present study, we have been 
focusing on the development of new catalyst support 
materials, as alternatives to conventional carbon, with 
enhanced electrochemical stability and sufficient 
electrical conductivity to sustain the electrochemical 
reactions. The present work investigates the effect of 
chemical composition and crystallinity on the electrical 
conductivity and stability of the newly developed support 
materials, with the intention to promote higher Pt catalyst 
activity and stability.
Preliminary numerical modeling studies, now under 
publication, have identified promising metal oxide 
candidates that in combination with Pt particles provide 
competitive activity to state-of-the-art catalysts. In this 
manuscript, we will limit our investigation to the Nb doped 
TiO2 system.  

2. NOMENCLATURE  
PEM = Proton Exchange Membrane 
RDE = Rotating Disk Electrode 
MEA = Membrane Electrode Assembly 
ORR = Oxygen Reduction Reaction 

3. EXPERIMENTAL 
A wide range of mixed oxide thin films of Ti/Nb 

were prepared by high throughput physical vapour 
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deposition from electron gun sources [6] onto different 
substrates. Mixed oxide films with a Nb metal 
composition 0-25% were synthesized. Several tests were 
performed in order to identify the best annealing 
conditions to obtain a crystalline structure without any 
compositional change.
All the oxides were deposited onto silicon substrates to 
perform EDX compositional and XRD structural analysis 
before and after crystallization as well as stability tests in 
acid before crystallization. Stability tests consisted of 
dipping the samples in 200 ml of 0.1M H2SO4 at 80 ºC for 
24 h. Glass substrates were used for the 4 point probe 
conductivity measurements, before and after 
crystallization.
Pt particles of about 2 nm were deposited from an 
electron-gun source onto the oxide-covered RDE 
substrates to study the ORR. The electrochemical 
characterization has been carried out using cell 
hardware, instrumentation and software specifically 
developed for high throughput screening [6]. All 
electrochemical experiments were carried out in 0.5 M 
HClO4 at 25 °C in a thermostatic electrochemical cell.
Cyclic voltammograms of the oxide/Pt RDE electrodes 
was performed in oxygen saturated electrolyte to assess 
the onset for oxygen reduction activity.

4. RESULTS 
Thin film formation by evaporation of the metals 

onto room temperature substrates leads to amorphous 
materials. Anatase phases were obtained after annealing 
at 450°C for composition below 18 at. % of Nb. The as 
deposited films at 600°C consisted of a homogeneous 
solid solution of Nb into the rutile TiO2 lattice. The 600°C 
post-annealed samples revealed improved crystallinity for 
Nb content less than 13 at. %.
The ORR activity of Pt particles on different film 
compositions of amorphous, anatase and rutile full and 
sub-stoichiometric TiNb oxides was measured and it is 
shown in Fig. 1. The onset potential for oxygen reduction 
is shifted to considerably lower potentials for Pt on the 
amorphous supports, compared to the crystalline 
materials. There is a reduction in performance with 
increasing niobium percentage in the oxide support. At 
the highest niobium concentration, the performance of the 
anatase or rutile tends towards that of the amorphous 
support, with the oxygen reduction peak being 
dramatically shifted to lower potentials. Hence, it would 
appear that for the highest current densities at higher 
voltages a crystalline anatase and rutile oxide support 
with low niobium content would be required. There also 
appears to be an additional possible enhancement of the 
sub-stoichiometric rutile substrate versus the 
stoichiometric one. 
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Fig. 1: Cathodic cycle of voltammetry performed at 20mVs-1 in 
oxygenated 0.5M HClO4 solution, but with no electrode rotation, 
for the best-performing amorphous, anatase and rutile 
substrates.

5. CONCLUSIONS
In order to design stable conducting supports for 

the Pt ORR catalyst a TiNb mixed oxide system with 
Nb<25at% has been synthesized and screened by 
combinatorial techniques. Electrochemical analysis on 2 
nm Pt particles supported on amorphous and 
anatase/rutile crystalline oxides was performed through 
RDE experiments to investigate the activity for the ORR. 
The crystallization of the substrates contributes to an 
improvement of the ORR activity compared to the 
amorphous phase, with possible enhancement led by 
sub-stoichiometric rutile oxides. 
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ABSTRACT
This paper presents the thermal-fluid-dynamic analysis of 
a  stack  with  the  Acumentrics  architecture  by  ANSYS-
FLUENT. The study focused on the cathode side of the 
stack  comprising  the  down-comer.  The  energy  and 
moment  balances  are  solved  to  assess  the  stack’s 
operation in baseline conditions and the link between air 
maldistribution  and  thermal  gradient.  The  main 
assumption concerned using a  heat  source  at  22W/m2 

and  100W/m2 instead  of  the  enthalpy  of  the 
electrochemical  reaction.  The  vertical  thermal  gradient 
was 30K and 118K, respectively.

INTRODUCTION
Solid oxide fuel cell power generation systems (SOFCs) 
have been developed intensively and these machines are 
now nearly ready for commercialization. The development 
of mathematical models [1] points to several issues open 
to further investigation:
1. the heat, mass and charge transport in single cells and
stacks still require in-depth study;
2.  some  mathematical  models  have  just  recently  been 
published  on  stack  modeling  from  the  thermo-fluid-dy-
namic point of view.
A SOFC unit  can  be characterized by taking three ap-
proaches:  (i)  by  solving  the  equations  of  energy,  mo-
mentum  and  chemical  species  conservation;  or  (ii)  by 
treating the unit as a gray box; or (iii) as a black box [2].
The aim of the present work was to conduct a thermo-
fluid-dynamic analysis of a SOFC stack with Acumentrics 
architecture, made by ANSYS-FLUENT. The study deals 
particularly with the phenomena on the cathode side of 
the  stack.  The  energy  and  momentum  balances  are 
solved  to  assess  the  stack’s  operation  in  baseline 

conditions  and  the  link  between air  maldistribution  and 
thermal gradients.
CONTROL VOLUME AND DISCRETIZATION
The control volume is the air volume contained in the unit, 
including the down-comer. The model was developed on 
the stack geometry proposed by Acumentrics (Figure 1). 

Figure 1: The Acumentrics-type stack
After  the  meshing  procedure  (Figure  2),  most  of  the 
elements had a skewness factor>0.5 and an aspect ratio 
between 1.16 and 4.

MATHEMATICAL MODEL
The  mathematical  model  was  developed  to  follow  the 
thermo-fluid-dynamic phenomena taking place inside the 
control  volume.  The  electrochemical  reaction  was  not 
considered directly in this study; instead, a heat source 
term was used in the energy equation to take the reaction 
into account. The main assumption was the use of a heat 
source at 22W/m2 and 100W/m2 instead of the enthalpy of 
the electrochemical reaction. The model is based on the 
following main assumptions: (i) pressure-based model; (ii) 
a stationary state; (iii) that air is a compressible ideal gas; 
and  (iv)  the  k-ε  RNG  viscous  turbulence  model.  The 
boundary conditions are shown in Table 2.

1 Copyright © 2011 
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ANNEX 1

THERMAL FLUID DYNAMICS OF A SOLID OXIDE FUEL CELL TUBULAR STACK

Figure 2: The discretized control volume

Inlet flow rate 0.0069 kg/s
Inlet pressure 450 Pa
Working pressure 101325 Pa
Outlet pressure 0 Pa
Energy source 22 - 100 W/m2

Table 2: Boundary conditions 

RESULTS
Figure  3  shows  the  path  line.  As  expected,  the  fluid 
accelerates in the narrower sections, reaching the highest 
velocity, then slows as the cross-section becomes wider.

Figure 3: Path lines

The maximum velocities occur at the bottom of the down-
comer  because  the  fluid  is  forced  into  the  ducts 
connecting the down-comer. A more in-depth analysis was 
conducted using velocity maps on different cross-sections 
of the control volume. Figure 4 shows the air flow field into 
the stack considering a heat source of 22 W/m2. Figure 5 
shows  that  higher  temperatures  were  recorded  in  the 
outermost of the fuel cell tubes in the stack. Simulations 
were also performed with a heat source of 100 W/m2, and 
showed that the air flow is more uniform and the velocities 
have  a  higher  intensity  in  the  section  connecting  the 
down-comer to the stack.

Figure 4: Velocities on the x-y plane 

Figure 5: Temperatures on the x-y plane 

CONCLUSIONS
The temperature gradient  between the two cases  goes 
from 30 K to 118 K for the heat sources of 22 and 100 
W/m2,  respectively.  The  flow field  and thermal  gradient 
are strongly linked so a further reduction of the thermal 
gradient  is  achievable  by  taking  action  on  the  flow 
distribution.
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ABSTRACT 
In  this  work,  a  new  framework  and  model  for  the 

digital  generation  and  characterization  of  the 
microstructure of GDL materials with localized binder and 
polytetrafluoroethylene  (PTFE)  distributions  were 
developed using 3D morphological  imaging processing. 
This  new  generation  technique  closely  mimics 
manufacturing processes and produces for the first time 
complete  phase-differentiated  (void,  fiber,  binder,  and 
PTFE)  digital  3D  microstructures  in  a  cost-  and  time-
effective manner.  The results for the digital generation of 
Toray TGP-H-060 with 5 and 0 wt.% PTFE were in close 
agreement  with  confocal  laser  scanning  microscope 
(CLSM) images as well as 3D X-ray tomography studies. 
The resulting structure can be readily used for analyzing 
transport processes utilizing commercial CFD software. 

INTRODUCTION
The ability of a gas diffusion layer (GDL) to efficiently 

provide  the  several  vital  functions  in  proton  exchange 
membrane fuel  cells  (PEMFCs) is  intrinsically  linked to 
the  microstructure  geometry  and  its  composition. 
Accurate  information  on  the  distributions  of  graphitized 
fiber, carbonized resin, and PTFE is highly desired.  The 
direct  measurement  of  these  quantities  remains 
prohibitively  difficult  and  thus  a  modeling  approach  to 
digitally  generate  representative GDL microstructures is 
increasingly advantageous.     

A relatively new method utilizing the field of stochastic 
geometry  to  predict  the  internal  microstructure  of  GDL 
materials has proven to be a valuable tool to ascertain 
GDL 3D geometry and composition in a cost- and time-
effective  manner  (1,2).   Using  this  method,  the  GDL 
skeleton can be generated using a Poisson line process 
to  represent  the centers of  the fibers.   The binder has 
typically been generated by first classifying each voxel in 
the pore structure as a particular pore size and then the 
voxels belonging to the smallest pore sizes are filled until 

the  desired  percent  binder  is  obtained  (2).   However, 
obtaining accurate distributions of both binder and PTFE 
is critical in modeling liquid water and reactant transport 
through  GDL  materials.   For  the  first  time,  this  work 
focuses  on  generating  a  comprehensive  model  with 
localized distributions of both components.  

MODEL FOR GDL MICROSTRUCTURE
The graphitized fiber skeleton of a GDL was modeled 

as a random collection of cylinders uniquely defined by a 
unit  vector  Ĉ  and  a  point  (xo,yo,zo) it  passes  through. 
Randomization  of  the  collection  of  digital  fibers  was 
achieved through the use of  a  pseudo-random number 
generator  for  both  the  orientation  Ĉ  and  the  point 
(xo,yo,zo) it passes through.  To model highly anisotropic 
GDL materials, the through-plane component of  Ĉ  was 
suppressed  and zo points  were  selected  such  that  the 
fiber skeleton was constructed by stacking layers until the 
desired thickness was obtained.    

The carbonaceous binder in actual GDL materials is 
typically  added  as  a  thermoset  resin  during  fabrication 
and behaves as a wetting fluid prior to carbonization (3). 
This  behavior  is  evident  in  the CLSM images of  Toray 
TGP-H-060  without  PTFE  treatment  in  Fig.  1a.   The 
image shows the binder material retained the thermoset 
resin’s relatively low static contact angle on the fibers and 
generally  accumulated  at  fiber  intersections.   This 
behavior  was  mimicked  digitally  by  using  3D 
morphological  image  processing  on  the  fiber  skeleton. 
This  newly  developed  method  of  adding  the  binder 
material  to  the  fiber  skeleton  is  representative  of 
manufacturing techniques and provides a digital analogy 
to the physical interaction of the binder materials with the 
fibrous substrate.

Polytetrafluoroethylene  is  commonly  added  to  GDL 
materials to increase hydrophobicity and improve water 
management (3).  In this study, the PTFE treatment was 
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mimicked  digitally  using  a  second  3D  morphological 
processing step on the GDL substrate.  

RESULTS
A  direct  qualitative  comparison  of  the  generation 

algorithm to actual a GDL is made in Fig. 1 where Fig. 1a 
shows a CLSM image of Toray TGP-H-060 with 0 wt.% 
PTFE and Fig. 1b shows the digital GDL with grayscale 
representative of depth.  Note from these images that the 
binder morphology produced using this method is in close 
agreement with actual Toray TGP-H-060.  The converged 
porosity  of  the generation was determined to be 81 % 
with  30  %  volume  fraction  of  binder  which  is  in  good 
agreement with manufacturer data (4).

 
Figure 1. Comparison of Toray TGP-H-060 0 wt.% PTFE 
(a) to generation algorithm (b).

The generation algorithm was also compared to the 
actual  3D structure  of  Toray TGP-H-060 0  wt.% PTFE 
obtained  by  Becker  et  al.  (2)  using  synchrotron-based 
phase  contrast  X-ray  tomographic  microscopy.   The 
through-plane pore structure and binder-fiber interaction 
of actual Toray TGP-H-060 0 wt.% PTFE is shown in Fig. 
2a (2) and Fig. 2b shows a similar cross-sectional slice of 
the  digitally  generated  GDL.   The  areal  density  and 
binder-fibers  interaction  shown  in  these  images  are  in 
close agreement indicating the model of the binder was 
representative of the 3D nature of actual GDL materials. 

The  generated  3D  phase-differentiated  (void,  fiber, 
binder,  and  PTFE)  microstructure  allows  for  material 
characterization  on  any  part  or  whole  that  may  be 
unavailable otherwise.  Figure 3 shows a central ½ µm 
slice of a generated GDL that simulates Toray TGP-H-060 
5 wt.% PTFE with void, fiber, binder, and PTFE shown as 
black, green, orange, and cyan, respectively.  These local 
variations in distribution of the phases in relation to the 
channel and land configuration in an actual PEMFC could 
have a strong effect on the local current density,  water 
saturation,  and  temperature  distribution  and  should  be 
accounted for in modeling efforts.

CONCLUSIONS
A new framework and model were developed for the 

digital  generation  and  characterization  of  the 
microstructure of GDL materials with localized binder and 
PTFE distributions.  This numerical simulation tool closely 
mimicked manufacturing processes and for the first time 
produced  realistic  3D  phase-differentiated  (void,  fiber, 

binder, and PTFE) digital microstructures in a cost- and 
time-effective  manner.   The  resulting  structure  can  be 
readily used for analyzing transport processes by using 
commercial CFD software packages.

  

Figure 2. Comparison of Toray TGP-H-060 0 wt.% PTFE 
cross-section (a) (2) to generation algorithm (b). 

Figure  3.   Through-plane  ½  µm  section  of  simulated 
Toray TGP-H-060 5 wt.% PTFE with void, fiber, binder, 
and  PTFE  shown  as  black,  green,  orange,  and  cyan, 
respectively.        
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ABSTRACT  

Typically, gas diffusion layers (GDLs) in proton exchange 
membrane (PEM) fuel cells demonstrate an anisotropy in 
the  thermal conductivity. In this study, an in-house PEM 
fuel cell was modelled and validated against experimental 
data. Subsequently the sensitivity of the fuel cell 
performance to the anisotropic thermal conductivity was 
investigated. The temperature gradient across the 
membrane electrode assembly (MEA) was found to 
decrease more with increase the in-plane thermal 
conductivity. The overall performance of the fuel cell was 
found to increase more with increasing the in-plane 
thermal conductivity. Likewise, the average local current 
density with the GDL was shown to increase with 
increasing the thermal conductivity of the GDL. 

 
INTRODUCTION  
 Proton exchange membrane (PEM) fuel cells are the 
most popular type of fuel cell due to their high efficiency, 
quick start-up and low operating temperature. In order to 
obtain effective thermal and water management in PEM 
fuel cells, the thermal conductivity of the porous media 
should be determined. In addition, the thermal 
conductivity of the gas diffusion layers (GDLs) has 
anisotropic properties such as electrical conductivity and 
permeability. However, most PEM fuel cell models 
assume that the GDLs comprise isotropic material. 
According to Ju Hyunchul [1], the temperature differences 
in PEM fuel cells were higher when using anisotropic GDL 
than the isotropic GDL. Furthermore, the isotropic GDLs 
achieved a uniform current density better than anisotropic 
gas diffusion layers. Zamel et al. [2] used a realistic 
carbon paper as a domain to investigate the effect of the 

geometry of carbon paper on the thermal conductivity of 
GDL. The thermal conductivity of the carbon paper was 
very sensitive to the geometry of the carbon paper and 
the effective thermal conductivity in the in-plane direction 
was higher than that in the through-plane direction. 
Pharoah et al. [3] developed a two-dimensional thermal 
PEM fuel cell model to investigate the temperature 
distribution. The temperature gradient increased with an 
augmentation of the thermal conductivity of the porous 
transport layer. However, the researchers in this case did 
not validate their model’s results with experimental data. 
In the present study, the effects of anisotropic GDLs on 
temperature distribution, and current density were 
assessed and the results were validated with 
experimental data. 

 
NOMENCLATURE  
(A  Cross-sectional area (m2) 
K  Thermal conductivity (Wm−1 K−1) 
I  Current (A) 
L  Length (m) 
T  Temperature (K) 
V  Voltage (v) 
Abbreviations: 
CFD   Computational Fluid Dynamics 
GDL   Gas Diffusion Layer 
PEM  Proton Exchange Membrane  

COMPUTATIONAL DOMAIN 
In a recent study, a three-dimensional (3-D) model was 
developed under steady state conditions; the velocity at 
the anode side was 0.24 m/s with fully humidified 
hydrogen, while the velocity at the cathode channel was 
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1.06 m/s with humidified air. The thermal wall boundaries 
were defined for the cell sides and the current collectors. 

RESULTS AND DISCUSSIONS 
In order to investigate the effect of the in-plane thermal 
conductivity of the GDL in PEM fuel cells, three different 
cases were developed. The in-plane thermal conductivity 
of the GDL increased slightly, while the through-plane 
thermal conductivity of the GDL kept consonant at 
1W/(m.k). As shown in Figure 1, the temperature 
decreased when the in-plane thermal conductivity was 
increased, and the temperature was higher under the 
channel regions than in the current collector regions. The 
maximum temperatures were 306.6 k, 305.2k and 304.0 
for 1 W/(m.K)), 10 W/(m.K)) and 20 W/(m.K)) in-plane 
thermal conductivity, respectively. The overall 
performance of the PEM fuel cell increased when the in-
plane thermal conductivity of the GDL increased as 
shown in Figure2. Future experimental work will be done 
to measure the in-plane and through-plane thermal 
conductivity of the GDL in PEM fuel cells. 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure1:The effect of the in-plane thermal conductivity of 
the GDL on the temperature (K) distribution in the PEM 
fuel cell. 

 

 
 
 
 
 

 
 

 
 
 
Figure 2:  Polarization curves for the different in-plane 
thermal conductivity of the GDL compared with the 
experimental. data. 
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ABSTRACT 
In an effort to clarify the electrical stability of substrate 
metal with a coating under operating conditions for life 
prediction, a CuFe2O4 coating with a acceptable electrical 
conductivity and matched thermal expansion coefficient  
is prepared on Fe-16Cr alloy substrate by the sol-gel 
method and evaluated in term of the phase structure, 
microstructure and the thickness of oxide scales formed 
with a current of 500m·Acm-2. 
INTRODUCTION 
Cr2O3-forming ferritic stainless steels are candidate 
materials for the interconnects at intermediate 
temperature range of 600~800°C [1]. However, many 
problems, such as inadequate oxidation resistance, 
cathode Cr-poisoning and unacceptable electrical 
resistance, arise from these alloys during the expected 
service lifetime of SOFC [2]. An effective approach to 
solve those difficulties is surface modification via 
application of a protective coating of conductive oxides.  
Given that electrical current flow influencing the oxidation 
rate of alloy by ionic flux in the oxide [3], it is important to 
clarify the electrical stability of substrate metal with a 
coating under operating conditions for life prediction. In 
this study, the effects of an electric current on the Fe-
16Cr ferritic stainless steels coated with CuFe2O4 for 
using in the cathode atmosphere of solid oxide fuel cells 
are investigated. 

EXPERIMETAL 
Fe-16Cr (25×25×1×mm3) containing 16.8 wt% Cr, 0.52 
wt% Mn, 0.001 wt% C, 0.008 wt% S, 0.0096 wt% P and 
0.049 wt% Si was used as the substrate on which 
CuFe2O4 coating was applied. The sample coated with 
CuFe2O4 was set between two Pt-meshes illustrated in 
Fig.1, and set at the tube furnace. Isothermal oxidation 

was performed at 800°C in a simulated cathode 
atmosphere with a current density of 0.5 A/cm2, for 200 h. 
The flow rate of the air was 100 mL min-1. The phase 
structure, cross-section and electrical property of the 
metallic interconnect with coating were investigated by 
isothermal oxidation under electric current experimental 
conditions. 

RESULS AND DISCUSSION 
In addition to the diffraction peaks generated from the 
substrate, CuFe2O4 and Fe2O3 were detected, confirming 
the successful formation of CuFe2O4 spinel coating on the 
substrate by sol-gel process in the as-coated Fe-16Cr 
sample. After isothermal oxidation at 800°C in air for 200h 
with a current, oxide scales were mainly composed of 
Fe2O3 and complicated spinel structures (Fig. 2). 
Combining with the micrographs and EDS line scans of 
oxidized samples, it was found that an oxide of 1-2μm 
thick is formed on the substrate, consisting of an inner 
layer of Mn-doped Cr2O3 and an outer layer of Mn-doped 
CuFe2O4 and Fe2O3; and the thickness of oxide scales 
formed on the negative side was almost the same as that 
formed on the positive side (Fig. 3).  
It demonstrates the CuFe2O4 coating is expected to 
effectively inhibit the growth rate of Cr2O3, alleviate the 
cathode poisoning by Cr evaporation and remove the 
effect of a micro electrical field across the oxide scale 
formed by the applied current. The above results indicate 
that CuFe2O4 coating can effectively act as a metallic 
interconnect coating material for the intermediate 
temperature solid oxide fuel cells. 
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ABSTRACT 
A 3-cell stack of anode supported planar solid oxide 

fuel cell was built to demonstrate the application of 
external-manifold design. Computer simulation was used 
to help evaluating the parameters of the design. 

INTRODUCTION 
As a typical planar SOFC single cell with 100 cm2 

active area provides less than 1.2 V voltage and 80 W 
power, they are connected in series in a stack to obtain 
higher voltage and output. There are several designs for 
the stack for the planar SOFCs including internal- and 
external-manifold, disk type and envelope type (1-4). The 
external-manifold design uses manifolds which are 
separated from the stack core to distribute inlet and outlet 
gases into the stack, and thus simplifies the interconnect 
and sealing components. Although such design has been 
patented and successfully used in MCFC for several 
decades (5), it is not widely reported in SOFC stacks. Our 
work is dedicated to the application of external-manifold in 
the SOFC stack. In our previous studies, we have 
successfully fabricated the planar anode supported SOFC 
single cells with 9 cm × 9 cm active area. These cells 
have shown their high performances in the single-cell 
testing. 

In this study, we attempted to build a short stack using 
the external-manifold design. Computer simulation 
method was used to help designing the stack. Models 
were built in computers to investigate the fluid dynamic 
properties so as to approve and optimize the design 
before the stack was actually assembled. Based on these 
work, a 3-cell external-manifold stack is constructed and 
evaluated. 

COMPUTER SIMULATION 
Gas flow in the stack was investigated by computer 

simulation. Fig. 1 shows that the air flows smoothly 
through the corrugated channel of a quarter-size cathode 
gas distributor. According to some spatially resolved 
studies of fuel cell with large active area, the scale up of 
fuel cell size could lead to the concentration of the fuel 
gas and results the non-uniform distribution of 
electromotive force (6-10). The flow keeps a relative high 
speed throughout the flow field, which could help to recruit 
the consumed oxidant. 

For the same reason, the distribution efficiency of the 
manifold was investigated by CFD. A full size model of 5-
cell stack with corrugated distributor was built. Flow 
velocity map was shown in Fig.2. The result shows that 
the chamber of the manifold acts as a buffer and slows 
down the flow when it convolutes inside the chamber. The 
velocity differences between the 5 layers are negligible. 

EXPERIMENTAL 
Based on the CFD calculation, a 3-cell external-

manifold stack was constructed. The stack is cross flow 
type, as the inlets and outlets of the reactants are 
distributed on the four sides of the stack core. The stack 
was assembled and heated to the working temperature of 
750 °C. During the heating up, the anode was fed with 
preheated 5% H2 mixed N2, and reduced in-situ. When 
the temperature reached 750 °C, pure H2 was fed into the 
stack. Voltages at different currents were collected to plot 
the I-V and the I-P curve. Voltage of each single cell is 
also collected by steel wires welded on the interconnects. 
A 50 hours continuance working at 35 A current is also 
performed to evaluate the stability. 
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The stack generated a total power of 110 W during 
the testing. The performance was slightly better after a 50 
hours working with a longer liner part on the I-V curve. 
The improving was probably due to the thoroughly 
reduction of the NiO and that led to a higher porosity and 
better gas diffusion in the anode. The separately collected 
voltages of the cells showed that the cell in the middle 
provides 40 mV higher voltage than the other two cells 
besides it. This is probably due to the heat accumulation 
in the center of the stack. The higher temperature results 
a higher oxygen ionic conductivity of the electrolyte. 
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Fig. 1. Air flow in the cathode corrugated gas distributor. 

 

 
Fig. 2. Gas velocity distribution in the stack flow field. 

 

 
Fig. 3. Stack performance before and after the 50 hours 

continuance test at 35 A. 
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ABSTRACT 
A three  dimensional,  non-isothermal  model  for  a high 
temperature  proton  exchange  membrane  fuel  cell  (HT-
PEMFC)  with  the  phosphoric  acid  doped 
polybenzimidazole (PBI) membrane  is  developed  to 
precisely  investigate  the  complex  physiochemical 
phenomena  in  the  HT-PEMFC.  The  model  considers 
crossover  of  reactant  gases  and accounts  for  a  mixed 
potential  at  the  cathode  side  resulting  from  hydrogen 
crossover  and hydrogen/oxygen catalytic  combustion  at 
the anode side due to oxygen crossover.  The model is 
applied to  80 cm length single-straight channel fuel cell 
geometry, representing a typical channel length from inlet 
to  outlet  of  a  large-scale  serpentine  flow  field  for 
residential  applications  in  which  a  MEA  area  usually 
ranges from 100 to 300 cm2. Detailed thermal analysis of 
HT-PEMFCs with focus on several key thermal aspects 
and in  particular,  location-specific  heat  source  terms  in 
HT-PEMFCs  and  their  contributions  to  overall  energy 
balance were precisely evaluated. 

INTRODUCTION 
The perfluorosulfonic  acid  (PFSA)  membranes such as 
DuPont’s Nafion® membranes typically used in PEMFCs 
limit their application to low temperatures (<80°C) due to 
their  dependency  on  water  content  for  effective  proton 
conductivity.  Besides  several  issues  raised  by  the  low 
temperature  operations  such  as  complicated  water 
management requirements,  high external humidification, 
and cooling loads, PFSA membrane fuel cells particularly 
for  residential  applications suffer  another  issue, i.e.  low 
tolerance  of  the  anode  platinum  (Pt)  catalyst  to  CO 
inevitably present in reformatted fuel. Whereas, operating 
PEMFCs  at  elevated  temperatures  (100°C-200°C)  has 

significant  benefits  such  as  faster  electrode  kinetics, 
improved mass transport, simple water management and 
mainly,  higher  tolerance  to  carbon  monoxide  there  by 
allowing to  use reformate gas  of  methanol  and natural 
gases.  Numerous  efforts  have  been  made  to  develop 
alternative  membranes  which  can  operate  at  elevated 
temperatures  with  maintaining  high  proton  conductivity 
under low or no humidity conditions. One of the efforts in 
this direction is the development of phosphoric acid doped 
PBI  membranes.  Wainright  first  proposed  the  use  of 
phosphoric  acid  doped  PBI  membranes  in  fuel  cell 
applications [1]. Although a numerous theoretical models 
have been developed for  PFSA based low temperature 
PEMFCs, only few publications are available on modeling 
of high temperature PEMFCs. Cheddie and Munroe [2-4] 
developed  one,  two  and  three  dimensional  models  for 
high temperature PEMFCs. More recently Siegel et al. [5] 
developed a non-isothermal  three-dimensional model  in 
which  two  phase  transport  is  considered  similar  to 
Cheddie and Munroe model. In this work, we developed a 
rigorous  three-dimensional,  non-isothermal, 
electrochemical-transport coupled model for HT-PEMFCs 
with  the  phosphoric  acid-doped  PBI  membranes. The 
purpose  of  this  paper  is  to  investigate  the  thermal 
behavior  of  HT-PEMFCs  under  different  coolant  flow 
rates.  Detailed  thermal  analysis  is  carried  out  to 
understand  the  location-specific  heat  source  terms and 
their  contributions  to  overall  energy  balance  of  HT-
PEMFCs.

NUMERICAL MODEL
The specific assumptions made in the present model are: 
1) Incompressible and laminar flow due to small pressure 
gradient and flow velocities. 2) The gas mixtures obey the 
ideal gas law due to low pressure and high temperature 
HT-PEMFC operations. 3) Water exists in the gas phase 

1 Copyright © 2011 
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due  to  high  operating  temperatures  (above  the  boiling 
point of water).  4)  GDLs are treated as an isotropic and 
homogeneous porous layer and characterized by effective 
porosity and permeability. Under the above assumptions, 
the  present  steady-state,  non-isothermal  model  is 
governed  by  the  conservation  of  mass,  momentum, 
chemical species, charge, and thermal energy.

RESULTS AND DISCUSSION
Fig.1 compares the simulated and measured polarization 
curves  at  two different  operating temperatures  of  373K 
and 423K. It is observed that the simulation results match 
well  with the 373K and 423K data and both simulation 
results  and  experimental  data  exhibit  superior  cell 
performances at the higher cell temperature. 

Fig.1. Comparison  of    simulated  and  measured 
polarization  [6]  curves at  two  different  operating 
temperatures of 373K and 423K.

Using the validated model, multidimensional distributions 
of species concentration, temperature, and current dens-
ity are precisely investigated in order to provide deeper in-
sight  into HT-PEMFC operations.  Two simulation cases 
are defined under a cell voltage of 0.6 V with two different 
coolant  flow rates: case1 - 1.565x10-8  m3s-1 (with coolant 
temperature  rise  of  approximately  30°C) and  case  2  – 
1.043x10-8  m3s-1 (with coolant temperature rise of approx-
imately 50°C). Fig. 2 displays the current density distribu-
tions in the membrane for cases 1 and 2. In both cases, 
the local current density in the rib region is lower than in 
the channel region due to severer oxygen transport limita-
tion near the rib.  The current density increases  towards 
the cathode downstream due to the enhanced ORR kinet-
ics and proton conductivity. This is mainly due to substan-
tial rise in temperature,  which in turn reduces the activa-
tion and ohmic potential drops.

Fig.2. Current  density  distributions  (A.m-2)  in  the  mem-
brane for cases 1 and 2

CONCLUSIONS 

The simulation results show that a coolant    temperature 
gradient  created during fuel  cell  operations strongly im-
pacts cell temperature and current density distributions as 
well  as  overall  cell  performances.  The  energy  balance 
analysis reveals that the irreversible reaction heat in the 
cathode catalyst layer is the major contributor to heat gen-
eration in a HT-PEMFC, accounting for roughly 60 to 70% 
of  the  total  waste  heat  released  in  the  current  density 
range of 0.2~0.6 A/cm2.
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ABSTRACT 
A three dimensional, two-phase, non-isothermal model is 
developed to  understand  the  management  of  heat  and 
water in a liquid feed  direct  methanol fuel cell  (DMFC). 
The  model  accounts  for  two-phase  species  transport, 
electrochemical kinetics and methanol and water crossov-
er.  The  present  model  includes  all  components  of  a 
DMFC and simultaneously solves mass, momentum, spe-
cies, charge and energy conservation equations using a 
single computational domain. Then the model is validated 
against the experimental data available in the literature. 
The  modeling  results  agree  well  with  the  experimental 
data and the DMFC model successfully captures the ef-
fects of methanol crossover, cathode flooding and species 
depletion  on  cell  performance.  The  numerical  results 
show that  the cell  operation temperature and methanol 
feed concentration have significant effect on cell perform-
ance. The degree of  non-uniformity in the temperature, 
species and current density distribution increases with the 
operating current density. In addition, the detailed multi-di-
mensional  contours  from  the  DMFC  simulations  are 
presented and discussed to more precisely study complex 
interplay of electrochemical reactions and heat and mass 
transfer phenomena during DMFC operation.

INTRODUCTION 
The  direct  methanol  fuel  cell  (DMFC)  has  been 
considered  as  a  viable  power  source  for  very small  to 
mid-sized  applications  due  to  its  simple  and  compact 
design,  high efficiency and power density.  A number of 
DMFC models have been published in the literature. Most 
of  the recent models are developed based on the two-
phase  transport  assumption  following  the  visualization 
studies [1,2] that revealed the coexistence of liquid and 

gas phase at the porous electrodes. Majority of the two-
phase models were developed based on the multiphase 
mixture (M2) theory of  Wang and Cheng [3]  where the 
authors intimate the significance of capillary action in two-
phase transport  in a porous media.  Jeng and Chen [4] 
presented  a  simple  one-dimensional  model  to  describe 
the  mass  transport  in  the  anode and  proton  exchange 
membrane  of  a  DMFC.  The  model  investigated  the 
influence  of  key  parameters  such  as  diffusivity,  proton 
conductivity  and  thickness  of  catalyst  layer,  and  feed 
methanol  concentration  on  methanol  crossover  and 
anode performance. Ge and Liu [5]  developed a three-
dimensional,  two-phase  model  and  validated  against 
experimental data. They compared two-phase simulation 
results  with  those  obtained  by considering  only  single-
phase and shown that  the single-phase models  always 
under predicts methanol crossover and anode potential, 
and  the  under  prediction  increases  with  the  current 
density. The  purpose  of  present  study  is  to  precisely 
investigate the non-isothermal behavior of a DMFC under 
different operating conditions.

NUMERICAL MODEL
The two-phase DMFC model used in this study is based 
on the multi-phase mixture (M2) formulation of Wang and 
Cheng  [3].  The  present  numerical  model  is  developed 
from  the  PEFC  model  developed  earlier  [6,7]  and 
modified  for  use  in  a  DMFC  system.  Utilizing  the  M2 
formulation  to  describe  two-phase  transport  in  DMFCs, 
the present model makes the following assumptions:  (1) 
-Laminar flow due to small flow velocities. (2) - Ideal gas 
mixtures in the gas-phase region. (3) - Isotropic porous 
media (GDLs and CLs). Under the above assumptions, 
the  present  steady-state,  non-isothermal  model  is 
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governed  by  the  conservation  of  mass,  momentum, 
chemical species, charge, and thermal energy.

RESULTS AND DISCUSSION
The model is applied to  a simple  single-straight channel 
fuel  cell  geometry having  methanol  and  air  fed  under 
counter  flow  configuration  as  shown  in  Fig.  1.  The 
operating conditions are listed in Table. 1. 

Fig.1 Mesh configuration of the three dimensional, single-
channel, DMFC geometry

Fig.2 a) methanol distribution in the anode catalyst layer 
and b) oxygen distribution in the cathode catalyst layer

Fig.2  a)  and  b)  display  the  methanol  and  oxygen 
concentration  distribution  in  the  anode  and  cathode 
catalyst layers, respectively. Lower species concentration 
is  predicted  under  the  rib  region  due  to  the  longer 
transport  path  from  the  flow  channels  and  this  effect 
severs in case of methanol distribution. The non-uniform 
distribution  of  methanol  results  in  the  non-uniformity of 
current density distribution in the membrane as show in 
Fig.3.

Table. 1. Base operating conditions of the DMFC

Description Value

Inlet methanol concentration 2000 mol.m
-3

Anode / cathode inlet pressure 
1.0 /1.0 atm

Anode / cathode stoichiometry  
4.0 / 5.0

Anode/cathode inlet temperature 
80˚C

Cell operating current density
2000 A.m

-2

Fig.3.  a)  Current  density  distribution  and  b)  crossover 
current density distribution in the membrane

CONLUSIONS
In  this  work  a  three  dimensional,  two-phase,  non-
isothermal model is developed for a DMFC to predict non-
isothermal behavior of the cell under a various operating 
conditions.
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ABSTRACT
Poly  (arylene  ether  sulfone)  multiblock  copolymers 
containing  4,4-(2,2-diphenylethenylidene)  bisphenol 
(DHTPE)  and  1,2-bis(4-fluorobenzoyl)-3,4,5,6-
tetraphenylbenzene  (BFBTPB)  were  synthesized  via  a 
coupling  reaction  between  phenoxide-terminated 
hydrophilic  oligomers (DHTPE  and  BFBTPB)  and 
fluorophenyl  end-capped  hydrophobic  oligomers (4,4,-
hydroxyphenyl  sulfone  and  4,4-fluorophenyl  sulfone). 
Sulfonated block copolymers were obtained by reaction of 
conc.  sulfuric  acid  with  block  copolymers. The  block 
length and block combination of copolymers were varied 
by precisely controlling the molecular weight  Mn and end 
group functionality of oligomers. The resulting hydrophilic-
hydrophobic  sequenced  multiblock  copolymers  afforded 
transparent,  ductile,  and  tough  membranes  by solution 
casting  from  dimethylacetamide  (DMAc).  Membrane 
properties  of  these  copolymers  were  characterized 
including  intrinsic  viscosity,  thermal  stabilities, 
morphology, water uptake, and proton conductivity.

INTRODUCTION
Fuel cells are widely regarded as one of the efficient and 

clean  energy  sources  as  alternatives  for  fossil  fuel. 
Among  them,  polymer  electrolyte  membrane fuel  cells 
(PEMFCs) offer many advantages, such as high energy 
density,  high  efficiency,  quiet  operation,  and 
environmental  friendliness.  Polymer  electrolyte 
membranes (PEMs) especially play an important role in 
PEMFCs, which are responsible for proton transport from 
the  anode  to  the  cathode  and  the  entire  fuel  cell 
performance.  At  present,  perfluorinated  polymer 
membranes,  such as Nafion® and Flemion®,  are  widely 
used  for  PEM  materials  because  of  their  excellent 
chemical  stability,  physical  stability,  and  high  proton 
conductivity.  However,  they  suffer  from  such 
disadvantages as limited operation temperature (0~80°C), 
high  cost,  insufficient  durability  and  high  methanol 

permeability. Sulfonated block copolymers are one of the 
promising  polymer  architectures  due  to  their 
hydrophilic/hydrophobic  phase  separated  structures, 
which  can  lead  to  good  proton  conductivity  and  low 
methanol permeability.  This work is therefore an attempt 
to  synthesized sulfonated  poly(arylene  ether  sulfone) 
block  copolymers  containing multiphenyl  on side chain. 
These  block  copolymers  consist  of  a  peripheral 
mutiphenyl monomer exhibiting propeller-like non planar 
conformation  and  conjugated  multiphenyl  monomer. 
These  structures  provide  better  hydrophilic/hydrophobic 
phase separation enhancing  proton  conductivity. 
Sulfonated  block  copolymers  were  studied  by  1H-NMR 
spectroscopy,  thermo gravimetric  analysis (TGA),  water 
uptake,  ion  exchange  capacity  (IEC),  and  proton 
conductivity.

NOMENCLATURE
DHTPE:4,4-(2,2-diphenylethenylidene) bisphenol 
BFBTPB:1,2-bis(4-fluorobenzoyl)-3,4,5,6-tetraphenyl 
benzene 
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ANNEX 1

SYNTHESIS OF SULFONATED MULTIBLOCK COPOLYMER
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ABSTRACT 
Acid-doped  sulfonated  poly(aryl ether  isoquinoline)s 
(DSPAEIs) were  successfully  synthesized  for  high 
temperature  proton  exchange  membrane.  Poly(tetra 

phenyl ether ketone sulfone)s (PTPEKS) were prepared 
by  the  4,4’-dihydroxydiphenylsulfone  with  1,2-bis(4-
fluorobenzoyl)-3,4,5,6-tetraphenylbenzene (BFBTPB) and 
4,4’-difluorodiphenylsulfone, respectively, at 210 °C using 
potassium  carbonate  in  sulfolane.  The  synthesis  of  N-
heterocyclic  polymers,  the  poly(aryl ether  isoquinoline)s 

(PAEIs), were described via an intramolecular ring-closure 

reaction  of  dibenzoylbenzene  of  PTPEKS and 
benzylamine  in  the  presence  of  glacial  acetic  acid in 
refluxing  chlorobenzene.  The  sulfonated  poly(aryl ether 

isoquinoline)s  (SPAEIs) were  obtained  by  following 
sulfonation under concentrated sulfuric acid. Phosphoric 
acid-doped  sulfonated  poly(aryletherisoquinoline)s 
(DSPAEIs)  were  prepared  by  immersion  in  10M 
phosphoric acid at 60 oC. Different contents of doped and 

sulfonated unit of DSPAEI (8, 16 mol% of BFBTPB) were 
studied  by  FT-IR,  1H  NMR  spectroscopy,  and  thermo 
gravimetric  analysis  (TGA).  Sorption  experiments  were 
conducted  to  observe  the  interaction  of  sulfonated 
polymers with water. The ion exchange capacity (IEC) and 
proton  conductivity  of  DSPAEI were  evaluated  with 
increase of degree of sulfonation and doping level. 

INTRODUCTION
Anhydrous proton conducting materials  have been the 

focus  of  attention  because  of  their  applications  as 
separator membranes in various electrochemical devices 
such as intermediate-temperature (100–200  ◦C) polymer 
electrolyte  membrane  fuel  cells  (PEMFCs),  hydrogen 
sensors, and electrochromic windows. In particular, there 
is today a strong need for polymer electrolyte membranes 
(PEMs) capable of sustained operation above 100  ◦C to 
decrease the complexity and increase the efficiency and 
CO  tolerance  of  PEMFC  systems.  Unfortunately,  the 
proton conductivity of  Nafionmembrane,  which is  now 
widely  used  in  normal  PEMFCs,  suffers  greatly  at 

temperatures  above  90  ◦C  due  to  loss  of  water. 
Polybenzimidazole  (PBI)/phosphoric  acid  membranes 
were  reported  as  an  electrolyte  in  intermediate 
temperature PEMFCs. (1-3). However, applications of PBI 
membranes  have  been  somewhat  hindered  by  their 
difficult processibility due to their high melting temperature 
and  limited  solubility  (4).  We  introduced  acid-doped 

sulfonated  poly(aryl  ether  isoquinoline)s  (DSPAEIs) to 
improve its solubility in organic solvents and high proton 
conductivity.  This  work  is  therefore  an  attempt  to 
synthesized first  sulfonated  poly(arylene  ether 
isoquinoline) copolymer and doped with phosphoric acid. 
These  copolymers  containing  non  planar  multiphenyl 
structure are soluble in polar aprotic solvent. Acid doped 
sulfonated polymer membranes were studied by 1H-NMR 
spectroscopy,  thermo gravimetric  analysis (TGA),  water 
uptake,  ion  exchange  capacity  (IEC),  and  proton 
conductivity.

NOMENCLATURE 
Acid-doped  sulfonated  poly(aryl  ether  isoquinoline) 

(DSPAEI)

Poly(aryl ether isoquinoline) (PAEI)

Sulfonated poly(aryl ether isoquinoline) (SPAEI)
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ANNEX 1 (< ARIAL 10 PT UPPERCASE)

Doping Phosphoric Acid in Sulfonated poly(aryl ether isoquinoline)

Membranes for High Temperature Proton Exchange Membrane Application
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ABSTRACT 

The  poly(tetra phenyl ether ketone sulfone)s (PTPEKSs) 
were prepared by the 4,4’-dihydroxydiphenyl sulfone with 
1,2-bis(4-fluorobenzoyl)-3,4,5,6-tetraphenyl benzene 

(BFBTPB)  and 4,4’-difluorodiphenyl sulfone, respectively, 
at  210 °C using potassium carbonate in sulfolane.  The 
synthesis  of  poly(aryl  ether phthalazine)s (PAEPs) were 
described  via  an intramolecular  ring-closure  reaction of 
dibenzoylbenzene moiety with  hydrazine monohydrate  in 
the  presence  of  glacial  acetic  acid in  refluxing 

chlorobenzene. PAEPs were  functionalized  with 
quaternary ammonium salt groups in order to investigate 
their  properties  as  novel  polymeric  anion  exchange 
membrane.  The  PAEP-QAH(quaternary  ammonium 
hydroxide)s  were  synthesized  via  chloromethylation  of 
poly(aryl  ether  phthalazine)s,  followed by reactions  with 
chloromethylmethylether and ZnCl2 and SOCl2  as Lewis 
acid  catalyst  and  quaternized  with  immersion  of  30% 
trimethylamine  solution  and methyl  iodide solution.  The 

presence of CH2Cl groups in chloromethylated PAEP and 

PAEP-QAH and  PTPEKS were  confirmed  by  1H-NMR. 

Different contents of  quaternized unit of  PAEP-QAH (12, 

16, 20 mol% of BFBTPB) were studied by FT-IR, 1H NMR 
spectroscopy,  and  thermo  gravimetric  analysis  (TGA). 
Sorption  experiments  were  conducted  to  observe  the 
interaction of  quaternized polymers  with  water.  The  ion 

exchange capacity (IEC) and proton conductivity of PAEP-

QAH were  evaluated  with  increase  of  degree  of 
quaternization.

INTRODUCTION 
The proton exchange membranes commonly used in the 
proton exchange membrane fuel cells (PEMFCs) and dir-
ect methanol fuel cells (DMFCs) are the sulfonated fluoro-
carbon polymer like Nafion membranes (DuPont,  USA). 
They show excellent  chemical,  mechanical  and thermal 
stability and high ionic conductivity. Unfortunately, they are 
highly permeable to methanol (1). Alkaline fuel cells have 
advantages over proton exchange membrane fuel cells on 

both cathode kinetics and ohmic polarization. The inher-
ently faster kinetics of the oxygen reduction reaction in an 
alkaline fuel cell allows the use of non-noble metal elec-
trocatalysts  that  contributes  directly to  lower  short  term 
costs also has environmental benefits (2).  On the other 
hand, it is known that the anodic oxidation of methanol in 
alkaline media is more feasible than that in acidic media. 
Unfortunately, the membrane employed to date produced 
poor performance. Therefore, it is an urgent need to de-
velop novel anion exchange membranes. This work is an 
attempt to  modify chemical structure, which is consist of 
mutiphenyl monomer containing phthalazine. These struc-
tures provide muti-quaternary ammonium hydroxide per 
repeating unit and increasing the ion conductivity. These 
resulting membranes were studied by  1H-NMR spectro-
scopy,  thermo gravimetric analysis (TGA),  water uptake, 
ion exchange capacity (IEC), and ion conductivity.

NOMENCLATURE 

Poly(tetra phenyl ether ketone sulfone) (PTPEKS)

Poly(aryletherphthalazine)s (PAEP)
Poly(aryletherphthalazine)-quaternary ammonium 
hydroxide (PAEP-QAH)
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ANNEX 1 

Preparation and Properties of Anion Exchange Membrane of Poly(aryl ether phthalazine) 

Containing Pendant Quaternary Ammonium Hydroxide 
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ABSTRACT
The paper  deals  with  an electrical  power  management 
solution for combining renewable energy sources (RES) 
with  hydrogen  technologies  in  order  to  overcome  the 
problems generated by the natural fluctuations and inter-
mittencies  that  characterize  RES.  A  “Hydrogen-based 
Peak Power Management Unit” has been designed to al-
low the use of solar and wind energy. The power is de-
livered to the load via a rechargeable battery stack. The 
energy balance for a 4 month operation period is presen-
ted.  

INTRODUCTION
Nowadays within the EU and worldwide there is a general 
consensus for a long term need for a transition towards 
sustainable  energy  systems  due  to  limited  fossil 
resources and the need for  greenhouse gas emissions 
induced climate changing mitigation.
In  order  to  face  the  threat  of  the  irremediable 
environmental damage and of the lack of energy, we had 
to  look  for  solutions.   A way  to  meet  the  challenges 
aforementioned  is  represented  by  the  growing  use  of 
renewable energy sources (RES).
The most readily and widespread forms of RES are solar 
and wind.
Unfortunately, RES are relying heavily on largely unpre-
dictable  natural  phenomena,  being  generally  character-
ized by fluctuations and intermittencies. Wind and solar 
are no exceptions: the availability of solar energy is limited 
to daylight periods and depends on the geographical loca-
tion and the weather conditions, and those of wind energy 
is characterized by quite large and irregular fluctuations. 

In  order  to  encompass  these  disadvantages  and 
harmonize the load power demand with the RES coming 

energy offer, an integrating element must be chosen and 
a  managing  system  must  be  designed,  having  the 
function of storing the excess energy and release it under 
environmental condition variations.   
Hydrogen is a clean energy carrier that can be produced 
from any primary energy source and fuel cells provide the 
most efficient conversion device for converting hydrogen 
into electricity. It is now widely recognized that Hydrogen 
and fuel cells toghether have the flexibility to adapt to the 
diverse  and  intermittent  renewable  energy  sources 
available [1], and that is the reason there were chosen to 
integrate a RES power generation unit. 
Several studies on different configurations of RES power 
units  and their  management  strategies  were  developed 
worldwide  [2],  [3],  [4].  Given  the  specific  local 
particularities  of  RES,  researches  addressing  their 
inclusion in more manageable power systems, taking into 
account  the  balances  between  the  supply  and  the  de-
mand in each point are ongoing in the National Hydrogen 
and Fuel Cell Center (NHFCC), at National R&D Institute 
for  Cryogenics  and  Isotopes  Technologies  Ramnicu 
Valcea, Romania.

METHOD
A concept of a power generation system to supply a 240 
W  load  integrating  solar  and  wind  energy  inputs  with 
short- term energy storage on rechargeable batteries and 
long- term energy storage utilizing hydrogen produced by 
water electrolysis was designed to meet the load power 
requirements.  The  system,  whose  block  diagram  and 
overview are shown in Fig.1 and Fig. 2,  was made and 
put into service at NHFCC. 
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Fig.  1.  Block  diagram of  the Peak Power Management 
Unit (PPMU)

The  RES  system  consists  of  10  photovoltaic  (PV) 
modules (Sharp NU-180E1) able to provide 180W electric 
power  in  standard  conditions  of  irradiation  and 
temperature (1,000 W/m2 with AM 1.5 light spectrum and 
250C), and a vertical axis wind turbine (Eddy UGE 600) 
having 600 W rated power at 12 m/s rated wind speed. 
The generated energy charges a stack of  6 sealed gel 
batteries  (Newmax),  having  400Ah  /  2V  and  low  self 
discharging rate. The surplus energy supplies a polymer 
electrolyte  membrane  (PEM)  electrolyzer  (GES  2000) 
producing 2 lpm of Hydrogen at adjustable pressure to 7 
bar. The gas is filling a 10 l low- pressure tank from which 
is then extracted and compressed in a high pressure 10 l 
storage tank, by means of a RIX Microboost compressor, 
to a maximum pressure of 150 bar, for subsequent use in 
a 500 W DEA 0.5 proton exchange membrane (PEM) fuel 
cells stack in case of lack of energy from RES.
In  the  initial  state  the  high  pressure  storage  tank  was 
charged with 1500 l of  hydrogen.
Following the battery status, the PPMU was operated as 
follows: 
If the battery voltage, Vbat, is 9.6 V≤ Vbat ≤10.8 V, the load 
was „off” and the battery was charged by the RES power 
and, if  not  available or insufficient,   the PEM fuel  cells 
stack,  using  the  stored  hydrogen,  with  all  system 
components  „off”,  excepting  the  charge  controllers  and 
the  boost  converter  (this  situation  could  occure  only 
accidentaly).
Usualy, at the system startup, for 10.8 V< Vbat ≤14.4 V, the 
load is „off” and the battery is charged the same manner 
as previousely. 
In normal operation, for 10.8 V< Vbat ≤ 13.5 V, the load is 
„on” and the battery is charged from RES power or PEM 
fuel cells stack, as appropriate. If an excess RES power is 
available, it will supply the electrolyser in order to restore 
the hydrogen reserve.If  Vbat < 9.6 V or  Vbat > 14.4 V, the 
system has  to  be  „shut  down”,  because  the  battery  is 
damaged, respectively over- charged.

Fig. 2. Overview of PPMU

RESULTS 
The PPMU was tested over 4 month (may- august 2011), 
for  an  uninterrupted  operation  of  122  days.  The  RES 
power average cumulative intake over 8 hours is 985 W. 
Besides the power supply for its functional components, 
the system provided the necessary power for  a daily 8 
hours functioning of a 240 W lighting system (the load). At 
the test end, the pressure on the high pressure hydrogen 
tank was 78 bar, which means the presence of 780 l of 
gas. 

CONCLUSIONS
The PPMU which is about was realized in a region char-
acterized by medium solar radiation and rare winds,  its 
structure including a wind turbine only for demonstrative 
purposes. In the system design the costs  of  the equip-
ments was an important criterion.
The tests will be continued by implementing some differ-
ent strategies in the system management, in order to op-
timize its performances and develop an integrated control 
strategy. 
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ABSTRACT 
The paper deals with a 5 kW Proton Exchange Membrane 
Fuel Cells Stack Combined Heat and Power prototype 
system for a residential application. 
Preliminary testing of the system was carried-out and 
results are presented.  
 
INTRODUCTION  
The need for a cleaner and secure power and for a better 
environment is the engine driving the use of fuel cell 
stack-combined heat and power (FCS-CHP) systems for 
a wide range of generated power, leading to some 
important benefits:  

 increasing overall system efficiency thanks to the 
effective use of heat at the point of use; 

 long term cost savings  by eliminating energy loss 
thanks to the distributed generation of heat and power; 

 negligible noise emissions. 
CHP systems having less than 15 kW are grouped under 
the generic name of micro-CHP and are utilised mainly for 
residential applications. The aforementioned benefits, 
plus those directly addressed to the ultimate user in terms 
of a comfortable and healthy home environment, potential 
utility savings, and a reliable supply of energy, contributed 
to the growing concern for achieving more efficient and 
cost- effective micro-CHP systems [1], [2]. 
The paper deals with a micro-FCS-CHP prototype system 
designed to determine the optimal strategy to operate it in 
order to provide efficient, clean, on-site electricity and 
heat to residential users. 
 
METHOD 
The system, developed at the National Hydrogen & Fuel 
Cell Center (NHFCC) from the National R&D Institute for 
Cryogenics and Isotopes Technologies ICIT Rm. Valcea, 

consists mainly of a reformer provided with flameless 
oxidation (FLOX) recuperative burner and a Proton 
Exchange Membrane Fuel Cells Stack (PEMFCS). 

 
Fig.1. Schematic diagram of the FCS-CHP System  
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The schematic diagram of the system is presented in Fig. 
1 and includes also the sub-systems of fuel and air 
supply, water cooling, heat recovery, sensing and 
controlling, and power conditioning. The overview of the 
system is presented in Fig.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Overview of the FCS-CHP system 
 
The fuel cells stack combined heat and power (FCS-CHP) 
system can deliver 220V ac power and 60

0
C hot water. 

The fuel processor is a steam methane catalytic reformer, 
working on natural gas as fuel. The use of waste water 
treatment gas, bio gas and syngas as reformer feeding 
gas is also possible. The steam is locally generated, using 
the reformer’s burner heating power. 
After selective methanation and an additional purification 
the reformer is producing 92 l/min reformate gas 
containing mainly  Hydrogen (75%), and also  CO2(22%), 
CH4 (<2%), other (<1%, from which CO<1 ppm) from a 
feeding of 16 l/min methane and 4 l/min de-ionised water. 
The reformate is fed to the anode of a 5 kW PEMFCS,  
and the energy of the tail gas is recovered via catalytic 
combustion.  
Filtered air is supplied to the cathode of the FCS by 
means of a blower.  3 kg/h of water at 65

0
C is produced 

there.  
For generating 4.2 kW net electrical power, the FCS must 
be supplied with 21 l/min of hydrogen and 20 l/min of air. 
The additional heat from the fuel processor exhaust gas 
(hydrogen cooling is needed to put its temperature in 
agreement with the FCS specifications) and those from 
FCS (heat generated by FCS is recovered by circulating 
cooling water through the stack), extracted via heat 
exchangers, is delivered to an external hot water tank.  
The power conditioner converts and inverts the electricity 
generated by the FCS. A part of 650W of the generated 
power is used for the system itself functioning, and the 
difference is delivered to the load. 
The computer controlling system is realized with NI 
CompactFieldPoint modules and is based on LabView 
software platform. Sub - routines control the fuel-
processor, the FCS and the CHP assembly. More 
measuring points than those required for the controlling of 

the normal operation are included, in order to provide data 
for future optimization. Print screen of the controlling 
software is presented in Fig.3. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Print screen of the controlling software 
 
RESULTS 
The FCS-CHP system was commissioned and functioned 
uninterrupted 6 weeks, producing 4032 kWh electric 
power and 12096 kWh thermal power, from which 7560 
kWh is produced by the FCS.  
Measurements on electrical power, fuel consumption and 
thermal energy were made in order to calculate the 
system efficiency in two situations: with FCS functioning 
at 75% and 90% of rated power. Results are presented in 
the chart of Fig.4 
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Fig. 4. FCS- CHP system efficiency for 90% and 75% of 
the FCS rated power.  
 
CONCLUSIONS 
Future work is needed for the increase in the system 
efficiency by a better heat recovery and the improvement 
of the controlling system. 
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ABSTRACT 
In this  paper, we  discuss the role that POSTECH 
has played in developing a fuel cell research and 
development program. We have initiatives in SOFC 
testing,  research  and  development  in  Korea,  as 
well as fundamental research in materials and sy-
stems for SOFC and PEM. This paper also descri-
bes the MEGA cell flat tube type SOFC developed 
at POSTECH.

.
INTRODUCTION 
For the last 4 years, POSTECH has played a major 
role  for  planning  and  implementing  so  called 
“Hydrogen and Fuel Cell Power Valley” in Pohang 
city, located south east coastal area of Korea. Fuel 
cell activities in this area started 2007 as POSCO, 
the largest steel company, built 50MW scale BOP 
manufacturing plant for MCFC stack imported from 
FCE  and  Korea  government  launched  regional 
green  energy  projects  from  2008  through  which 
POSTECH  initiated  high  temperature  fuel  cell 
projects  with  several  companies.  In  this 
presentation,  introduced  are  R&D  activities  and 
implementation plan of fuel cell  business initiated 
by  POSTECH. Regional  R&D  activities  for  high 
temperature fuel cells
Ever  since  POSCO Power  Inc  built  50MW  BOP 
plant  for  MCFC  in  2008,  business  and  R&D 
activities in this region has been kept increasing. 
With 25MW of installation records in Korea market, 
this  year  the  company  begins  to  assemble  MW 
scale MCFC stack in cooperation with FCE in USA 
and also is under development of 100KW stack for 
building application.   POSCO and RIST are also 
under development of 100KW of planar type SOFC 
stack.  In  2008,  POSTECH,  in  cooperation  with 
local  governments  of  Dae-Gyung  province  and 
Pohang  city,  initiated  fuel  cell  projects  and 
succeeded  in  attracting  regional  R&D  project  of 
DGLIO  (Dae-Gyung  leading  industries)  from 

central government for high temperature fuel cells, 
in which about USD10M was spend for 5 projects 
in  MCFC and  SOFC every  year.  POSTECH,  as 
inventor  of  monolithic  flat  tube  type  of  SOFC 
(MEGA cell),  plays  a  major  role  in  the  DGLIO 
project  for  developing  1-3KW  flat  tube  type  of 
SOFC, boosting business and assisting research of 
20  small  companies  and  establishing  test  and 
evaluation center for developed parts and material. 
Projects  for  developing  materials  and 
manufacturing technologies for internally reformed 
SOFC  and  micro-size  SOFC  have  also  been 
carried  out  with  a  fund  of  USD3M  donated  by 
KETEP  (Korea  energy  and  technology  planning 
and  evaluation).   This  year  POSTECH  attracted 
another  important  project  of  national  test-bed 
center  for  fuel  cells,  in  which  USD14M  will  be 
allocated in 3 years from the ministry of knowledge 
and  economy,  local  governments  and  individual 
companies in order to establish a unique test and 
evaluation  center  for  fuel  cells  in  Korea.  The 
objective of this project is to increase companies 
involved  in  fuel  cells  business  from  the  current 
number  of  32  to  60  in  3  years  and to  establish 
eventually a national fuel cell certification center as 
a part of the “hydrogen and fuel cell power valley” 
that is planned in Pohang city and “energy cluster 
zone” planned in the east coast region. 

DEVELOPMENT OF THE SOFC
Flat  tube  type  of  SOFC  (MEGA  cell)  that  is 
designed by POSTECH is monolithic and stacking 
type made of all ceramic materials. In cooperation 
with 20 companies and 6 institutes, 5KW stack will 
be developed by 2014. POSTECH, as its inventor, 
plays a  major  role  in  developing materials,  parts 
and manufacturing technologies that are necessary 
for  manufacturing  companies.  The  unit  cell  of 
MEGA is based on extruded flat tube of Ni-based 
anode  support.  On  the  one  side  of  the  outside 
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surface  of  the  tube,  air  channels  are  engraved 
using a grinding machine in a vertical direction to 
the fuel channels inside the anode tube after pre-
calcining the anode tube extrude at 1100oC. This 
kind of design makes it possible to avoid using a 
separate gas channel  plate made of  metal  sheet 
when  stacking  unit  cells.  Instead,  a  thin  dense 
layer of ceramic interconnect can be coated on the 
other  side  of  the  air-channeled  tube  where 
electrolyte later is not coated and anode layer is 
exposed  as  shown  in  Fig  1.  Fig  2  shows 
performances of button cells having various kinds 
of  cathode  functional  layers  and  MEGA unit  cell 
that  has  optimized  coating  layers  measured  at 
800oC. The unit cells can be stacked in series and 
parallel  to form a monolithic stack.   Fig 3 shows 
performance  of  a  stack  module  having  5  cells 
stacked in series. 
Fig 4 shows a conceptual design of a 4 cell module 
of internally reformed MEGA cell that is aimed at 
developing a larger scale (MW scale) SOFC. In the 
module,  located  in  the  center  is  steam reformer 
from  which  reformed  gas  can  enter  into  the 
adjacent cells in a zigzag pattern so that the spent 
gas leaves from the opposite side of fuel entrance. 
The module can be stacked in series and parallel 
to from a finite size of bundle. The bundles can be 
located  in  parallel  or  series  with  individual  or 
common manifold in order to form a compact size 
of a large scale stack.

Fig 1. Unit cell of MEGA

(left above: anode support; left below: unit cell; 
right: cross section of the unit cell)

Fig 2. IV curves of button cells (left with area of 0.3 
cm2) and unit cell (right with area of 22 cm2)

 

Fig 3. IV curves of a stack module of 5 cells.
 

Fig 4. Internally reformed MEGA cell
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ABSTRACT  
A Ni-YSZ cermet catalyst with or without K2Ti2O5 

additives was studied under steam reforming and/or CO2 
reforming condition. Activity and amount of carbon 
deposited compared in each reaction condition. Addition 
of K2Ti2O5 definitely lower carbon deposition, whereas no 
improvement stability on CO2 reforming activity. Switching 
test and pulse regeneration test were done to get more 
information of deactivation over Ni-YSZ catalysts. 
 
1. INTRODUCTION  
 Methane reforming reaction has been an interesting 
issue to produce synthetic gas (as called syngas). Steam 
reforming of methane which can produce hydrogen rich 
syngas has more attention for an engineering sense as it 
satisfy about 50% hydrogen demand (1), while no 
commercial plant or catalysts of CO2 reforming exists due 
to its high tendency of carbon deposition(2) and high 
expense of CO2 separation. The recent increases in the 
demand for CO2 reforming, however, renew its attraction 
based on the utilization of CO2, which is most abundant 
greenhouse gas, into syngas, a useful intermediate for 
producing valuable oxygenated chemicals (1).  
 Both methane-steam reforming and methane-CO2 
reforming reactions are strongly endothermic and Ni 
based metal has known as active, but it is also known Ni 
can accelerate carbon deposition (2), which cause 
deactivation and/or plugging.  In our experiments, 
however, we have found many results which insist carbon 
deposition and catalytic deactivation isn’t proportioned. 

2. EXPERIMENTAL 
2.1. Catalysts Preparation 
Both Ni-YSZ catalysts and K2Ti2O5 additives were 

simply synthesized by solid stated method. 55wt% of NiO 
(NiO, J.T Baker, 99.0%) and 45wt% of YSZ (Tosho, 

8mol% Y) for Ni-YSZ, proper amount of K2CO3 (Yakuri 
Pure Chemical Co., Ltd.) and TiO (Hombikat UV 100) 
were mixed with ethanol and ballmilled for 48h 
respectively. The residue was dried at 100℃ for 24h, then 
calcined at 1000℃ for 5h (Ni-YSZ) at 850℃ for 
10h(K2Ti2O5) in air.  

2.2. Activity Test 
The catalytic activity testing was carried in a fixed-bed 

reactor with GHSV 80,000/h under atmospheric pressure. 
Prior to tests, catalysts reduced at 600℃ for 2h under 
20% hydrogen flow. Reaction was done at 800℃ with 
molar feed composition of CH4:H2O or CO2:He = 3 : 3 : 4.  

3. RESULTS AND DISCUSSION 
3.1 Catalytic activity and TGA Profiles  
Activity change and TGA profiles of used Ni-YSZ 

catalysts after 40h of each steam reforming and CO2 
reforming are presented in Fig1. It showed stable activity 
on steam reforming in spite of considerable amount of 
carbon accumulation, while it deactivated fast on CO2 
reforming with little amount of carbon deposition.  
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Fig1.(a) CH4 conversion with time on stream (b)TGA 

profiles of used catalysts after 40h reaction 
 
K2Ti2O5, which has known as good soot oxidation 

catalysts(3), was added by 5wt% and 10wt% into the Ni-
YSZ. It found to be excellent additives to remove carbon 
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species during both type of reforming (Fig 3), but it 
doesn't improve deactivation rate during CO2 reforming 
(Fig2). Especially, on Ni-YSZ with 10wt% of K2Ti2O5 
doesn’t show any carbon formation (weight increases due 
to Ni metal oxidation) though, its activity on CO2 reforming 
decreased as like others. Carbon deposition, in fact, has 
to be suppressed to avoid plugging, but it doesn’t directly 
correspond with deactivation rate of the catalysts. 

 
Fig2. CH4 conversion with time on stream in steam 
reforming (a) and CO2 reforming (b), respectively 

 
 
 
 
 
 
 
 
 

Fig3. TGA profiles of used catalysts after 10h reactionof 
steam reforming (a), CO2 reforming (b) 

 
3.2 Switching and Regeneration Test 

Switching test of steam and CO2 reforming over Ni-YSZ 
has done as changes of reactant composition for either 
steam reforming or CO2 reforming continuously.(Fig4) The 
result tells us its reaction mechanism is different. The 
deactivation and regeneration of the catalyst 
independently occurs on steam and CO2 reforming 
condition respectively. The result said there are two 
different active sites on Ni-YSZ catalyst, one is used for 
steam reforming reaction (denoted α site) while both site 
are needed for CO2 reforming reaction (denoted α and β 
site)(4). Moreover it seems to be another reason for 
deactivation of catalyst, which is more like poisoning 
phenomena, during CO2 reforming irrespective of carbon 
deposition. It occurs in two different active sites, one is 
taking place on α site which could be regenerated during 
steam reforming, but the other active site isn’t 
regenerated and it would be responsible for catalyst 
deactivation during CO2 reforming reaction.  
Even though poisoning phenomena was shown during 

CO2 reforming reaction, it is revealed CO2 treatment can 
regenerate initial catalytic activity. We performed several 
other gases, including H2, O2, steam, inert gas (He), for 
regeneration of deactivated catalysts and found CO2, 
steam, O2 are effective(Fig5). This regeneration 
mechanism is not clear yet, but some reactant as noted 

above clearly has removed deactivation cause of Ni-YSZ 
catalyst.  

 

 
Fig4. CH4 conversion with time on stream in switching 

test 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig5. CH4 conversion with time on stream in regeneration 
test 
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ABSTRACT 

In  October  2003,  Korean  government  established 
Hydrogen Energy R&D Center (HERC) as a  part of  the 
21st Century Frontier R&D programs  which is funded by 
the  MEST (Ministry  of  Education,  Science  and 
Technology). The HERC has supported researches on the 
key  technologies  for  the  hydrogen  production,  storage, 
and  utilization  for  expediting  realization  of  hydrogen 
economy based on renewable energy sources. The main 
purposes of this article are to review the current status of 
hydrogen  research  programs  focused on  the  ongoing 
topics and to introduce  representative achievements as 
well as the future works in Korea.

INTRODUCTION 

HERC was  established for  supporting  fundamental 
researches as well as developing clean and non-pollutant 
energy  systems  for  the hydrogen economy.  We expect 
the  hydrogen  market  will  grow 300  million  US  dollars 
worth  until 2015 in the Republic of Korea.  Based on this 
prospect, this R&D program on the hydrogen energy as a 
new energy carrier was initiated in 2003 and will last until 
2013. The first stage of R&D program was focused on the 
basic  researches on hydrogen production,  storage,  and 
utilization, and was carried out from 2003 to 2006. During 
the  second  stage  from  2006  to  2009,  securing  core 
technologies  developed  in  the  first  stage  and 
demonstrations of viable technologies were carried out. In 
this third stage, finally, the optimization and establishment 
of  technologies  is attempting for  further  approach  to 
hydrogen economy. Fig. 1 shows the detailed programs of 
HERC[1].

In the case of fossil fuels, the production of hydrogen 
from  natural  gas  is a promising and  well-known 
technology,  while  production  from  oil  requires  less 
efficient  process.  Moreover, hydrogen  production from 
coal  requires  an  additional  gasification  process  under 
relatively high temperature condition. If we can get already 

electricity from renewable or conventional energy sources, 
electrolysis  will be the most  useful process for hydrogen 
production [1].

Fig. 1. Roadmap for Hydrogen Energy R&D in Korea.

R&D ISSUES

Production  of  hydrogen  from  biomass  can be 
realized by  biological  fermentation  or  photosynthesis 
process  [2]  as  shown  in  Fig.  2.  That  means  the 
conversion process  may proceed in the dark or with the 
assistance of sunlight. Our goal is to achieve 7mol H2/ mol 
glucose  by  using  a  2-step  dark  fermentation  and 
photosynthetic process. 

Photochemical  hydrogen  production  is  one  of  the 
final goals to achieve though it is not show any real scale 
at the present [3]. However, we focus on the PEC system 
development as well as investigating better efficient photo 
catalytic materials.

Hydrogen storage is one of the significant obstacles 
to  commercialization  and  progress of  hydrogen  fueled 

1 Copyright © 2011 



432

vehicle. Besides the efficiency of power system, it is an 
extremely  challenging  technology  to  store  sufficient 
hydrogen on the vehicle without compromising consumer 
requirement such as safety, dimension, driving capability, 
and cost. 

Fig. 2 Bio-reactor for photosynthesis process

There  are  three  main  hydrogen  storage  methods 
using high  compression,  liquefaction  and  hydrogen 
storage  materials. Among  the  technologies  currently 
under  development,  the  hydrogen  storage  as  a  highly 
pressurized gas is the most prominent candidate for the 
hydrogen fueled vehicle. The automobile industries have 
already demonstrated the highly pressurized  350bar and 
700bar hydrogen storage systems on fuel cell vehicles for 
past several years. 

Using hydrogen storage materials,  we can achieve 
reversible  7.2  wt%  hydrogen  storage  capacity  with 
complex metal hydride LiBH4+YH3 [4]. Also we can make 
a nano-porous material like Metal-Organic Framework [5] 
with the world’s largest specific area of 10,400m2/g and 
17.6wt% H2 storage capacity at 77K as shown in Fig. 3.

Fig 3 Ultrahigh porous Metal-Organic Frameworks

We also have a project using chemical hydride like 
NaBH4 or Ammonia Borane (in solid state, 8.5wt%) [6] for 
the  demonstration  of  200W  class  hydrogen  production 
and  storage  system  on  UAV with  3.5wt%  capacity  of 
hydrogen storage system. Although various carbonaceous 
and non-carbonaceous hydrogen storage materials have 
been investigated over the past few decades, they have 
low specific storage capacity and poor cyclic properties.

Hydrogen can be used as a fuel in the conventional 
internal combustion engines as well as in the fuel cells. 
The  engine  efficiency is  much  higher  than  gasoline  or 
diesel engines about 35% without transformation of linear 
momentum for reciprocal motion into angular momentum 
for  circular  motion.  So, mechanical  losses can  be 

reduced. Additionally, the manufacturing cost  of  internal 
combustion  engine  is  relatively low in  comparison  with 
that of  fuel cells [7].  For  these reasons, a linear piston 
engine  with  generation  system  using  hydrogen  is  a 
promising technology to obtain electricity from hydrogen 
combustion directly as shown in Fig. 4.

Fig. 4 Linear piston engine/power generation system

SUMMARY

The HERC is supporting the demonstration programs 
as well as basic research topics on hydrogen production, 
storage, and  utilization. In addition, hydrogen policy and 
technology assessment are  consulted as well. There are 
three stages in the master plan of HERC, which are basic 
R&D, demonstration, and establishment stage in order. In 
this final stage of hydrogen R&D program, we are trying to 
merge or integrate technologies to proof and demonstrate 
for  practical  use  of  hydrogen  technology  in  the  near 
future.
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ABSTRACT 
The HYCHAIN MINI-TRANS Project allowed citizens 

from four European Community regions to test a set of 
over 50 urban vehicles including small utility vehicles and 
midibuses, wheelchairs, scooters and cargo-bikes, all 
powered by hydrogen fuel cells. The paper will present 
the lessons learnt during the project.

INTRODUCTION 
The HYCHAIN MINI-TRANS project was an 

Integrated Project funded through the 6th Framework 
Programme of the European Union. It was one of the 
leading demonstration projects of the European 
Commission’s Transportation and Energy Division. The 
project started in 2006 and ended in July 2011. Air 
Liquide, the world leader in gases for industry, health and 
the environment, coordinated a network of 24 European 
partners. 

The HYCHAIN MINI-TRANS Project allowed citizens from 
four European Community regions to test a set of over 50 
urban vehicles including small utility vehicles and 
midibuses, wheelchairs, scooters and cargo-bikes, all 
powered by hydrogen fuel cells. This project also 
demonstrated the use of innovative logistics for hydrogen 
distribution. More than 400 exchangeable pressurized 
hydrogen cylinders, varying in size from 2 to 20 litres, 
were made available. Drivers were able to exchange 
empty cylinders for full ones at designated distribution 
sites. 

The four partner regions were: Rhône-Alpes in France 
(Grenoble Alpes Métropole Agglomeration Community), 
Castilla y León in Spain (city of Soria), North Rhine 
Westphalia in Germany (region of Emscher-Lippe 

Agglomeration Community) and the city of Modena in 
Italy. 

OBJECTIVES 
The project objectives were: 

• To demonstrate low-power (up to 10 kW) fuel cell 
captive fleets in selected early-market niches for 
light-duty urban transport. 

• To integrate common fuel cell “power modules” to 
achieve a minimum critical mass for early 
industrialization, achieving a significant reduction 
in costs  

• To set up a micro-infrastructure for hydrogen 
refuelling and address cross-cutting actions, 
promoting awareness and public acceptance. 

The paper will present the lessons learnt during the 
project, across the eight dimensions of project 
assessment: 

• Technology development – an overview of the 
R&D achievements and future needs 

• Technical and safety performance – analysis of 
the use, reliability and safety performance of each 
type of vehicle 

• Cost to user – investigation of the total cost of 
owning a HyChain vehicle 

• Risk analysis and homologation – summary of 
the experience with designing and homologating 
the vehicles 

• Environmental impact – exploration of the 
potential life-cycle, well-to-wheel and local 
pollution benefits of fuel cell technologies 

• User perceptions and public attitudes – review of 
the results from numerous interviews to the users 
and the survey to local public of the four 
participating regions 
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• Dissemination – synthesis of recommendations 
for future projects  

• Management – lessons from the day-to-day 
experience 

OVERALL CONCLUSIONS 
The conclusions from each assessment dimension can 
by synthesized as follows: 

• Overall, and with some exceptions, hydrogen and 
fuel cell technologies tested within HyChain have 
shown to be ready for light-duty urban transport 
applications. 

• Prior to choice of vehicles and design, one must 
study the needs of the customer and understand 
the nature of demand for light-duty urban 
transport. Moreover the users with lower 
acceptance barriers should be identified and the 
project concept should address issues posed to 
users by seasonality. 

• The even-exchange concept for hydrogen 
distribution is not economically viable. However 
other reasons could still justify further use during 
the transition towards hydrogen infrastructure. 

• It is essential to have a commonly accepted 
reference to facilitate homologation efforts. 

• Hydrogen and fuel cell technology among all 
target groups was well accepted and had support 
for its future further use. Users who have 
experienced the vehicles are satisfied and ready 
for further use. 

• Public surveys can shed light on the impact of 
dissemination in demonstration projects such as 
this one. 

• Professional communication strategies and 
adequate resources for dissemination are 
needed. 

• Transparent and effective communication is key 
for the management of large international 
demonstration projects such as HyChain. 

CONCLUSIONS BY VEHICLE TYPE 
• Fuel cell Midibus 

Midibuses represent the major part of the vehicle 
distance travelled in the project (ca. 55,000 km). The two 
buses in Germany represent 90% of the driven distance 
of all vehicles and were used in regular lines, for full 
shifts, seven days a week by the local public transport 
company, in a densely populated region. The operator 
estimated that the two buses transported over 65,0001

passengers over the two years of deployment. Therefore, 
                                                           

1 Period considered: May 2009 - May 2011. The 
vehicles are still being used 

in terms of overall performance with respect to 
benchmarks, the German Midibuses have operated as a 
regular bus of its category (compact inner-city bus). The 
data collection for the Midibus revealed that there were 
no safety-relevant events whatsoever. This application 
therefore seems ready for wider use in this sense. 

• Fuel cell Utility Vehicle 

Out of the vehicles demonstrated in the project, the Utility 
Vehicles (UV) have the largest potential in terms of 
versatility. Indeed they have had a wide range of uses. 
Out of the ten vehicles that were deployed, five units, of 
which three operated in Germany and the other two in 
Modena and Soria, have seen the most successful 
deployment. Together they represent over 85% of the 
driven distance of UVs, which is almost 13,000 km. 
During deployment there were several shortcomings 
found in the base vehicle, as well as problems with the 
fuel cell. There were five minor hydrogen leaks that were 
easily detected and with quantities of hydrogen that were 
not dense enough to be explosive. None of the leaks 
caused any damage. 

• Fuel cell Cargobike 

The Cargobikes were the most successful vehicle in the 
project in terms of units sold (27 units), however only a 
few were used regularly. This is despite the fact that the 
vehicles were shown to be particularly reliable. It is 
important to keep in mind that for most other users, 
sporadic use was inherent to their need. The value of the 
HyChain demonstration was hence probably not the 
accumulation of kilometers or hours of operation, but the 
proof of the potential of the vehicle as a flexible and 
reliable vehicle for light-duty transport. 

• Fuel cell Wheelchair 
The Wheelchair did not find an optimal target customer 
during the project. The reasons for this are not to do with 
technical performance, but mainly with the fact that the 
increased autonomy is not strongly demanded by current 
users of battery-powered wheelchairs. Another major 
problem was the fact that it could only be used outdoors. 
Therefore the vehicles ended up being used very little (22 
km). 

REFERENCES  
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