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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 and 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 leading 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 Naples 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. 

Give them your passion, your strength, and make all necessary effort 
to realize them. There is no greater satisfaction than seeing one’s ideas 
become reality and become part of the future of our world. 
Piero strongly desired this, and constantly followed this through 
with conviction, passion and dedication. 

For a better future, we need young researchers of this kind. 
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A REDUCED ORDER MODEL OF PROTON CONDUCTING SOLID OXIDE FUEL 
CELL: A PROPOSAL  
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of Technology, Institute of Heat Engineering, 21/25 Nowowiejska 

Street, Warsaw (Poland) 
 

 
 

Abstract - This paper presents a mathematical model of the 
Proton Conducting Solid Oxide Fuel Cell (H+SOFC), proposing a 
new approach for modeling the voltage of H+SOFC. 
Electrochemical, thermal, electrical and flow parameters are 
collected in an 0-D mathematical model. The aim is to combine all 
cell working conditions in as a low number of factors as possible 
and to have the factors relatively easy to determine. A validation 
process for various experimental data was carried out and the 
results are shown. The model was validated for various fuel 
mixtures across relatively wide ranges of parameters. A distinction 
is made between design-point and off-design operation. 

 
Index Terms - Fuel cells; Proton-conducting SOFC; Numerical 

modeling.  

I.  INTRODUCTION 

Mathematical modeling is now the basic method for analyzing 
fuel cells [1] and most often a zero-dimensional approach is used 
for modeling the H+SOFC . Generally speaking, H+SOFC 
working principles are based on partial hydrogen pressure di 
erences between the anode and cathode side (see Fig. 1), which 
forces protons to pass from the anode side to the cathode. 
Hydrogen partial pressure on the cathode side must be very low 
(10−20 MPa) to obtain practical voltage values with a single cell, 
which can be achieved through the oxidization of fuel on the 
cathode side. 

The main processes occurring during H+SOFC operation and 
indicated in Fig. 1 can be described by adequate ows of ions and 
electrons, which gives an adequate equivalent electric circuit of 
the fuel cell see Fig. 2. The current ow i1 indicates total ow of 
electrons transported by solid electrolyte (H+) , then the electrons 
are divided into two circuits, the electrons which pass through 
the electrolyte layer in the same direction as the protons (see Fig. 
2) due to the presence of electronic conductivity. The detailed 
description about the used set of equations can be found in our 

previous works [1, 2]. By solving them, an equation for cell 
voltage is obtained: 

 

 (1) 
 
The meaning of the used variables are also included in the 

other publications as well as the detailed explanation of them. 
For proton conducting solid oxide fuel cells, the general form 

of Nernst’s equation is used to estimate the maximum voltage of 
H+SOFC. 

 
Figure 1: Working principles of Proton Conducting Solid Oxide Fuel Cell 

 
The way to calculate the partial pressure especially at cathode 

is also explained in our works about oxygen conducting SOFCs. 
Based on the researchers’ own calculations, which were based 
on data taken from [3] imax of 3.18 A/cm2 was determined. 

The generation of water vapor on the cathode side increases 
the hydrogen partial pressure. Therefore, overall system 
efficiency increases with respect to the classical SOFC. The 
main advantage of electrolyte made with proton-conducting 
material is the high ionic conductivity at an intermediate range 
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of temperatures (sufficient performances are reported in the 
literature at 600 .. 700◦C [4]). The most popular type of material 
for solid state proton conductors are perovskite-type oxides 
structures which, in the presence of a wet atmosphere and 
elevated temperatures, exhibit high protonic conductivity [5]. 
Total protonic resistance of the cell is a function of many 
parameters. The H+SOFC consists of electrolyte sandwiched 
between anode and cathode layers. Those layers influence 
protonic conductivity as well (e.g., triple boundary phase 
processes). The material used, porosity and design of the 
electrodes affect fuel cell voltage significantly. Additionally, 
both electrolyte and electrodes can be built as multi-layers. 
Based on data gathered by the authors from [3], adequate factors 
were obtained, as shown in Fig. 3. 

Figure 2: Equivalent electric circuit of a Proton Conducting Solid Oxide Fuel 
Cell 

II. CONCLUSIONS 

The present study shows the Reduced Order model of a proton 
conducting solid oxide fuel cell. Based on our experience of 
using this way of describing electrochemical devices, we built a 
model which rivals the classic way of modeling H+SOFC. Our 
model was validated based on two di erent sets of experimental 
data, giving acceptable coherence. The model is based on a 
combination of electric laws, gas ow relationships, solid 
materials properties and electrochemical correlations. 

The paper describes clearly how the model was obtained and 
provides all details required to understand its validity. The model 
contains only physically explained parameters (with the 
minimum number of required factors possible) and takes into 
account all important thermal ow as well as architecture 
parameters. 

The presented model is very stable and can be used for both 
simulations and H+SOFC system optimization procedures during 
which both material and thermal ow parameters are changed. The 
parameters can be changed across the whole, practically 
achieved range, which is in stark contrast to models based on the 
Butler Volmer and di usion equations (they are very sensitive to 
input parameters and very often generate non physical results). 

The proposed model was validated for various temperatures, 
fuel mixtures and oxidant mixtures across relatively wide ranges. 

Based on the presented equations, a fuel cell model was created 
and compared against experimental data. 

A separation is made between the design-point and o -design 
operation modes (by using the factor of maximum current 
density). The design point model can be used to select fuel cell 
size according to other system elements (gas turbine, heat 
exchangers, etc.). In those situations, a fuel/oxidant utilization 
factor is equivalent to current density and the cell characteristics 
can be drawn as a voltage fuel/oxidant utilization factor curve 
instead of a voltage current density curve (which is correlated to 
o -design operation). For instance, the parameter imax for data 
taken from [6] is 4.88 A/cm2 and regards the amount of oxygen 
delivered (hydrogen is not a limiting factor here). The same 
factor for data given by [3] is 2.75 A/cm2 (also for oxidant 
electrode). Thus, the second fuel cell is not ten times worse, as 
can be read just from current density, but only partially due to 
the fact that less oxidant and fuel are delivered. In actual fact, the 
fuel cell used by [3] has a maximum e ciency of 3.32% whereas 
[6] is slightly better at 4.14%. 

Not all of the model parameters are estimated in depth: further 
work is required and will be done (e.g., area speci ed internal 
electronic resistance, the in uence of layer porosity, etc.). 

It should be underlined that the proposed model is very light 
and serviceable for system level performance prediction, but 
may be less reliable for detailed H+SOFC prediction or cell 
optimization. 
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 INTEGRATION OF A SOLID OXIDE FUEL CELL FOR THE SUSTAINABLE POWER 
GENERATION FROM WASTES IN A WINERY INDUSTRY 

Rubén Beneito*, Daniel Vilaplana*, Juan Antonio Micó*, and 
Joaquín Juan* 

*Asociación de Investigación de la Industria del juguete, conexas y 
afines (AIJU), Avenida de la industria 23, 03440 Ibi (Alicante), 

(Spain) 

Abstract - In the framework of the LIFE 
ECOELECTRICITY project (LIFE15 CCM/ES/000080), a 
Solid Oxide Fuel Cell (SOFC) has been evaluated for the 
sustainable production of power to be used in an alcohol 
treatment company. This project consists on the optimization 
of a pilot plant operating with reforming gas to produce 3 
kW of net electricity for both, to partially supply the energy 
demand of the garage of the company, as well as for 
recharging the batteries of a cleaning vehicle used at the 
company facilities. 

The reforming gas fed in the SOFC is produced in a 
previous stage by using alcoholic wastes with very low 
commercial value. As by-products, the SOFC only generates 
heat in the form of hot streams at the outlet of the cathode 
and anode, which are addressed to the reforming process to 
provide it with the thermal energy that it needs. In this work, 
the SOFC was first operated with synthetic gas mimicking 
the composition of hydrogen in the reforming gas to define 
the operation methodology and the control system for the 
correct, reliable and safety functioning of the SOFC. 
Afterwards, the SOFC was run with the reforming gas to 
optimize the power production process in the temperature 
region between 600-700 ºC. 

Index Terms – Alcoholic waste treatment, Solid Oxide 
Fuel Cell (SOFC), sustainable production of energy. 

I.  INTRODUCTION 

Hydrogen production is currently based on methane 
and/or oil reforming processes (78%) and coal gasification 
(18%) and, thus, hydrogen used in energy purposes mainly 
comes from non-renewable sources [1-2]. Motivated by 
the transition towards a more sustainable production and 
consumption, it would be advantageous to increase 
hydrogen supply from low-carbon footprint materials, 
such as residual biomass. In that sense, distilleries and 

winery industries generate ethanolic waste streams with 
low added value that could be exploited as sources of 
hydrogen for subsequent sustainable energy generation. 

LIFE ECOELECTRICITY project (LIFE15 
CCM/ES/000080) arises with the challenge of designing, 
assembling and optimizing a pilot plant in which ethanolic 
wastes from industrial streams are upgraded by catalytic 
reforming into hydrogen-enriched gas that then feeds a 3-
kW SOFC to produce electricity and heat. 

In order to achieve an energy production process as 
much efficient as possible, the pilot plant is formed by 
heat exchangers situated at the hotbox outlet. The 
recirculation gases will allow the reduction of electrical 
consumption of the heaters located at the hotbox inlet once 
reached the stationary state, and therefore, it will improve 
the overall performance of the pilot plant. 

II. SOFC DESCRIPTION AND PILOT PLANT DESIGN 
The commercial SOFC to be integrated in the 

demonstrative pilot plant to be run with the reforming gas 
produced from ethanolic wastes is the Elcogen E3000 
(Elcogen AS, Finland). This fuel cell is composed of the 
stack (119 unit cells), compression system to secure gas 
tightness and electrical contact, gas delivery system, 
current collection system and instrumentation system. 

The gas delivery system of the fuel cell is coupled with 
side inlet and outlet pipes to distribute the gases within the 
stack. Inside the fuel cell, the stack is an open air structure 
with a co-flow type configuration. Within the project, the 
manifold structure was designed and constructed for the 
distribution of the air through the cells and to ensure a 
uniform temperature within the stack. Additionally, the 

Copyright © 2019 
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structure that house the Elcogen E3000 fuel cell in the 
pilot plant, which is called hot box, was designed and 
constructed within the project as well. The main purpose 
of the hot box is to heat-isolate the stack and to minimize 
energy losses in the form of heat (lower than 200 W). 
Homogeneous thermal surrounding is critical for stack 
performance and reliability in order to minimize the 
thermal gradients inside the stack and avoid the breakage 
of the SOFC. 

The instrumentation system of the pilot plant mainly 
includes pressure regulators, flow and temperature 
controllers, temperature and pressure sensors and flow 
control valves. Regarding equipment, several heat 
exchangers were introduced in order to reuse the heat of 
the SOFC outlet streams, minimize energy requirements 
of the full process and maximize the energy efficiency of 
the pilot plant. Hence, two heat exchangers were included 
in the exhausted combustion gases line to pre-heat inlet 
gases, whereas seven heat exchangers were included in the 
air line to pre-heat in-let gases, as well as to provide 
thermal energy to the catalytic reforming process. 
Additionally, two electrical heaters were integrated to 
compensate heat shortcomings when necessary, especially 
during the start-up of the pilot plant, in which hydrogen 
and nitrogen mixtures in different ratios will be supplied 
to the SOFC ( Figure 1). 

Figure 1: Pilot plant. 

As a result of the heat reutilization, the current energy 
requirement of the pilot plant is 2.3 kW. Nevertheless, this 
rate could be improved by utilizing the hydrogen content 
in the SOFC outlet stream, since almost the 40% of the H2 

produced is currently unused. 

III.  PRELIMINARY RESULTS 
With the purpose of adjust (calibrate) the control 

system of the pilot plant, a first test has been performed, 
where the temperature  was progressively incremented up 
to about 500 ºC in the inlet cathode and 450 ºC inside the 
Hotbox. Despite the presence of small heat losses between 

the gas heater outlet and the cathode inlet, it was possible 
to prove that the Hotbox was perfectly thermal isolated 
from the outside as a first result. Furthermore, it has been 
demonstrated that the heaters are correctly inserted to 
supply the heat power required by the Hotbox to reach the 
operating temperature, as can be seen in figure 2. 

Finally, during the course of the control test, voltage 
measurements were registered in each of the cells of the 
stack, confirming the reproducibility of the results 
provided by the SOFC cell supplier for each given 
temperature. 

Figure 2: Temperatures corresponding to the first 
control test. 

IV. CONCLUSION 

A pilot plant has been developed in which, a solid 
oxide fuel cell (SOFC) has been integrated for electrical 
generation. Several tests have been carried out to verify 
the control and stability of the plant proving that it is able 
to reach temperatures close to nominal temperature. 

On the other hand, it has been validated that the voltage 
values generated by the SOFC at different temperatures 
are well in accordance with those given by the supplier. 

Therefore, it can be stated that the Hot Box and the 
heaters, are correctly designed, while the control system is 
adequately implemented. 
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 

 
 

 
 

 
 

 
 

 
 

 
 

         
  
  
  
 
 
         
          
     
         
          
 
         
        
 

 
  

 

 
 

         
          
         
        
          
 
 
 
 
            
 
            
        
 

 
           

 
 
 
 
        
         
        
   
          
         
 
 
 

 

 

   
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 
             
           
 
  
  
         
 
             
           
 
            
 

 
 

 
 

   
       
        
            
 
 
          
 

 
 

 
        
         
            
 
            
           
 
         
             
          
  
 
 
 
       
      

 
          
          
 
  
 
       
             
         
         
 

 
 

 
 

   

   
   
   

 
         

           
          
          
      
         
          
          
          
        
 
 

 
        

 

 
          

        
 
 

   
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GREEN HYDROGEN AND ADVANCED PEFCS WITHOUT NPGM AND CARBON 
FOR OUR SUSTAINABLE GROWTH 
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Yokohama National University, 

*Green Hydrogen Research Center, **the Institute of Advanced Sciences 
79-5 Tokiwadai, Hodogaya-ku, Yokohama, 240-8501 (JAPAN) 

Abstract - Considering our future sustainable growth, 
renewable energies should be the primary energy. So, we need 
technologies to store and transport renewable energies. Green 
Hydrogen is the hydrogen from water using renewable energies. 
The environmental impact factor was defined as a ratio of an 
annual quantity of materials produced by the energy consumption 
of mankind to a natural movement on the earth.  By the 
comparison of environmental impact factor, the Green Hydrogen 
could keep our environment more than 2 orders of magnitude 
cleaner compared to that of fossil fuels.  With using Green 
Hydrogen, we could produce clean electricity effectively through 
fuel cells without any pollutants.  A stable non-precious metal 
oxide cathode with stable metal oxide support might be the final 
goal for the cathode of PEFCs. We are developing non precious 
metal oxide cathode with metal oxide support using group 4 and 5 
metal oxides. The highest onset potential of was over 1.1 V vs. 
RHE and stable even after potential cycles. 

Index Terms -cathode catalyst, non PGM catalyst, polymer 
electrolyte fuel cell, transition metal oxide 

I.INTRODUCTION 
More than 200 years has passed after the industrial 

revolution and we are using many technologies in order to have 
a wealthy life.  We are using energy to apply these 
technologies. Now we are going to use a huge amount of 
energy to keep our life style or to get a higher life, so that we 
need more energy. Many people are anxious about the global 
warming caused by the large usage of fossil fuels. 

II. GREEN HYDROGEN AND EIF[1] 
The water cycle caused by the hydrogen energy system 

on the earth was compared with the carbon cycle which is 
caused by the usage of fossil fuels. The ratio of the energy 
consumption of human beings to the movement from 

atmosphere of water is more than two orders of magnitude less 
than that of carbon. The water cycle is superior to the carbon 
cycle. 

The Green Hydrogen is the hydrogen made from water using 
renewable energies. In order to evaluate energy carriers from 
the point of the environmental effect, more quantitative analysis 
is important. Considering the dynamic flow of energy carriers, 
we can define the environmental impact factor (EIF) of carbon 
and hydrogen as follows. 

EIF of Carbon = 
 [CO2 from fuel usage]/ [Natural CO2 Circulation] (1) 

EIF of Hydrogen = 
[H2O from H2 Usage] / [Natural Water Circulation] (2) 
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The EIF for carbon on the earth in average can be 
calculated to be 0.036. This means that the EIF of energy 
carriers should be less than 0.036 to obtain a sustainable growth 
of human beings. 

Figure 1 show the local EIF of prefectures in Japan 
relating to the density of energy consumption. The difference 
of EIF for fossil fuels and the green hydrogen is roughly 2 
orders of magnitude at any energy consumption density. This 
means that the Green Hydrogen Energy System might be more 
than 100 times cleaner compared to the present fossil energy 
system. Considering the sustainable growth of human beings 
in the future, the "Green Hydrogen" might be only one solution. 

III. NON PGM OXIDE CATHODE 
Polymer electrolyte fuel cells (PEFCs) are using Pt 

cathode. However, the estimated amount of Pt reserve is limited 
and its cost is high. The dissolution of Pt cathode might be the 
final problem to be solved related to the stability in the present 
PEFC system. Additionally, the instability of carbon support is 
also a big problem especially for fuel cell vehicles. Carbon 
including graphite is thermochemically unstable even at room 
temperature in air or oxygen containing atmosphere. 

In the future energy system fuel cells may be operated at 
120 oC or higher for PEFCs. At these high potential and 
temperature, Pt and carbon are no more stable. We need new 
materials, such as metal oxides that are stable in acid and 
oxygen atmosphere. 

We have reported that partially oxidized group 4 and 5 
metal oxides, or the oxides with containing carbon or nitrogen 
are stable in an acid solution and have the definite catalytic 
activity for the oxygen reduction reaction (ORR) [2-4]. 
The highest onset potential of the TixNbyOz +Ti4O7 was over 
1.1 V vs. RHE at 80 oC [5]. No degradation of the ORR 

performance of TixNbyOz + Ti4O7 was observed during both 
start-stop cycles and load cycles tests as shown in Fig.2. 
Considering these factors, we could improve the ORR activity 
of group 4 and 5 metal oxide cathodes with oxide support [6]. 

Recently, we have proposed titanium oxide-based 
cathodes without carbon to obtain high durable catalysts [7] 
because a stable non-precious metal oxide cathode with stable 
metal oxide support might be the final goal for the cathode of 
PEFCs of fuel cell vehicles. In addition, we are investigating 
the factors which affect the ORR activity using thin film model 
electrodes [8]. The oxide composition and the metal defects are 
important to get high activity. 

IV. CONCLUSION 
In the future energy system fuel cells should be operated 

at higher efficiencies such as 60 % (HHV) since their 
theoretical efficiency is more than 80% even at room 
temperature. To obtain this high efficiency, fuel cells should be 
operated at 0.9 V or higher. We need new materials for the 
ORR catalyst system, ORR catalysts and their supports. 
Group 4 and Group 5 metal oxides might be good candidates 
for the future ORR system of PEFCs. 
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Abstract - This work deals with the experimental 
characterization of two fuel processor generations for diesel and 
jet fuel for HT-PEFC systems. Firstly, the start-up is optimized 
based on thermal and electrical start strategies. Secondly, 
operation strategy is optimized focusing on steady state operation 
under full load, load change performance as well as shut-down 
and regeneration. The start time could be reduced to 14 min using 
an electrical start. For each fuel used, ideal operation parameters 
were identified to maximize the conversion and minimize the by-
products. The results from this study are used to develop the next 
generation HT-PEFC system based on diesel in the 7.5 kW power 
class. 

Index Terms – auxiliary power unit, diesel reforming, fuel cell 
system, fuel processor.  

I. INTRODUCTION 

As a complement to hydrogen being the ideal fuel for fuel 
cells, reformate-based operation offers the possibility for the 
wider utilization of fuel cells in a broad range of applications. 
This work deals with the reforming of liquid fuels such as 
diesel and jet fuel on a systems level. The reforming of diesel 
and jet fuel remains a major challenge due to the complicated 
chemical structure of these hydrocarbon mixtures and the 
resulting stability issues [1, 2] 

We report on the recent advances at the Forschungszentrum 
Jülich with examples from two fuel processing systems 
developed for fuel cell-based auxiliary power units. The focus 
is given 1) to the optimization of system start-up comparing a 
thermal and an electrical strategy, 2) steady-state operation 
minimizing the amount of undesired higher hydrocarbons in the 
produced gas, 3) load change strategy without exceeding the 

target carbon monoxide concentration in the produced gas 
under transient mode and 4) shut-down combined with a 
regeneration to achieve constant system performance at each 
operation. The core components are an autothermal reformer, a 
water-gas shift reactor and a catalytic burner, in which several 
functions are integrated. The findings from this work serve for 
closing the gap between research and application. 

II.  EXPERIMENTAL 
The developed fuel processors of the fifth and sixth 

generation can be classified based on their start strategy. The 
fifth generation fuel processor utilizes a diesel burner to heat 
the system upon start, which is referred to as thermal start-up. 
In the sixth generation, electrical wires are included inside the 
reformer and the shift reactor, therefore this concept enables an 
electrical start-up. In both generations, the start-up strategy also 
includes a glow plug placed at the catalytic burner inlet.

 Both systems are developed to deliver a hydrogen rich 
reformate for a high temperature PEFC stack. The thermal 
system power is defined as 28 kWth. However, based on recent 
findings on the activity and stability of shift reactors in diesel 
fuel processors, the residence time in the shift stages is 
increased in the fifth generation, which limited the maximum 
load of the system to 14 kWth. The sixth generation, however, 
includes a new shift reactor, so that the maximum load can be 
achieved with this system. Considering possible operation 
points in coupled system operation, the fifth generation fuel 
processor can be used in 5 kWe fuel cell systems, whereas the 
sixth generation for up to 10 kWe. Further details on the system 
designs and components can be found in Samsun et al., as well 
as detailed discussions on the developed start-up strategies for 
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each system [3, 4].  

III.  RESULTS 

The experiments with the fifth generation fuel processor 
focused on the start-up. Using the hot exhaust gas from a diesel 
burner and a glow plug, the fuel processor could commence 
operation after 20 min and the start-up could be completed after 

less than 1 vol.% during load change experiments based on pre-
defined load levels for a period of 1.5 h. 3) Shut-down 
performance: The developed quick system shut-down using air 
as purge gas could eliminate temperature peaks and by-
products completely, preparing the components for the next 
stable system operation at the same time, thanks to the 
integrated regeneration strategy. 

approximately 30 min, as the desired reformate quality 
(< 1 vol.%) was achieved. Fig. 1 shows the development of 
temperatures at selected locations in the autothermal reformer 
(ATR), high and low temperature shift reactors (HTS and LTS) 
and the catalytic burner (CAB) on the left axis. On the right 
axis, concentrations of hydrogen, carbon monoxide and carbon 
dioxide in the produced reformate at the outlet of the shift 
reactor, namely the anode inlet, are displayed.  

Fig. 1. Selected temperatures in the fuel processor and concentrations of CO, 
H2 and CO2 in the dry product gas at the water-gas shift reactor outlet during 

start experiment using thermal start strategy using a diesel burner assisted by a 
glow plug. 

Fig. 2. Selected temperatures in the fuel processor and concentrations of CO, H2 

and CO2 in the dry product gas at the water-gas shift reactor outlet during start 
experiment using electrical start strategy. 

IV. CONCLUSION 

Based on the findings using the thermal start strategy, a new 
fuel processor system was developed using new reactors and an 
electrical start, with which the start period could be reduced 
strongly. This system proved its performance in further 
experiments, in which the operation strategy is optimized for 
steady state, load change, shut-down and regeneration. Based 
on these scientific findings, a complete fuel cell APU was 

Building on the findings with this system, a further fuel 
processor in the 10 kWe power class was developed based on 
an electrical start-up strategy. Using this system, the start-up 
period could even be reduced to 14 min. As displayed in Fig. 2, 
reformer operation commences already in 8.5 min. Within 
14 min, autarkic system operation is achieved at full load, and 
the CO concentration is reduced to less than 1 vol.%, so that, 
the reformate can be fed into an HT-PEFC for electricity 
production. This result shows that the electrical start concept 
can strongly accelerate the start-up of a diesel fuel processor. 

Further experiments with the sixth generation system 
focused on the following aspects, which will be presented in 
the EFC19 for the first time. 1) Steady state performance: In 
this part, the operation parameters of the system are optimized 
for different diesel and jet fuels, so that the produced reformate 
contains very low levels of unwanted by-products and can be 
fed into the HT-PEFC anode. 2) Load change performance: 
With all fuels, it was possible to keep the CO concentration at 

developed in Jülich, which will also be presented during the 
conference talk.  
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Abstract –HYACINTH aim has been to achieve a greater 
understanding of the social acceptance of fuel cell and hydrogen 
(FCH) technologies & applications at European level such as Fuel 
Cell Electric Vehicles (FCEV) and micro-Combined Heat and 
Power system (micro-CHP). In addition, the project has developed 
a tool to facilitate the product development and market 
introduction being better aimed to the target audience, giving 
better response to the expectations and reducing the risks & 
barriers to their acceptance. The tool comprises two studies 
carried out in the project, Public awareness and acceptance of 
FCH technologies and Stakeholder acceptance of FCH 
technologies across Europe both. This study analyses the results 
provided by the tool carrying out a comparison between European 
Union (EU) and Germany (DE) in both applications previously 
mentioned. The results show that, even there is not a great 
awareness and experience in these applications, there is a high 
acceptance. 

Index Terms – European Union, Fuel Cell Electric Vehicle, 
Hydrogen Technologies, General Acceptance, micro Combined 
Heat and Power system, awareness, stakeholders. 

I.  INTRODUCTION 

It is deemed by stakeholders that public acceptance plays a 
key role in the implementation process of a new technology 
such as hydrogen technologies. Stationary and mobile 
applications, supply infrastructures, HRS or industries based on 
hydrogen will be close to general public -as customers or users-
so it is needed to know their attitudes towards this technology. 

Previous researchs on social acceptance carried out point out 
the general levels of public understanding of FCH technologies 
in specific countries i.e Percepción y Aceptación Pública de las 
Tecnologías del Hidrógeno. Un Estudio Exploratorio (PSE 
H2RENOV project) [1] or Influencing factors to the acceptance 
process of FCH technologies in public transport (CHIC 
project) [2], but there is a limited systematic evidence on the 
acceptance of FCH technologies throughout Europe, which is 
the main objective of HYACINTH project. 
The aim of this project has been to achieve a greater 
understanding of the social acceptance of hydrogen & fuel cell 
technologies and applications at European level as well as 
developing a tool (SAMT) to facilitate the product development 
and market introduction being better aimed to the target 

audience, giving better response to the expectations and 
deducted the risks or barriers to their acceptance. 

II. METHODOLOGY 

The main HYACINTH methodology used to collect the 
information has been based on 2 studies developed among more 
than 7000 citizens & 350 stakeholders. Those have been carried 
out through surveys and interviews to general public and 
stakeholders from different EU countries: Public awareness 
and acceptance of FCH technologies across EU [3] and 
Stakeholder acceptance of FCH technologies across EU [4]. 

It is needed to understand what factors could have a direct 
influence in general public awareness and acceptance, and 
Government Policies could be a relevant issue. 

This document contains the results on general acceptance on 
FCEV and micro-CHP between the EU and DE considering 
that this country has a policy to support FCH technologies. 

A. The performance of SAMT 
The SAMT has been implemented to provide several themes 

such as Knowledge & Experience, Trust, Positive & Negative 
Affects, Perceived Effects-Costs, Risks & Benefits, Perceived 
Consequences, Attitude, Initial Acceptance & Acceptance. It 
also provides advice to stakeholders about FCH technologies 
introduction within an application in the following countries 
and their regions: Spain, Germany, France, United Kingdom, 
Slovenia, Norwegian and Belgium. 

In the initial stage, the SAMT’s user is asked to choose his 
preference related to general public information and technology 
“Filtering Questions” such as F1: Which technology are you 
interested in? F5: Which country do you want the general 
public responses from? F6: Are you interested in energy 
awareness? being possible to filter the results accordingly. 
Once all questions have been chosen, the SAMT provides a 
report with the results of the previously mentioned studies. 

B. Themes and Preferences 
This study uses SAMT for assessing the differences between 

themes like Acknowledge and Experience and on the other 
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hand, Acceptance between EU vs DE in two different 
applications, FCEV and micro-CHP. 

From the preferences “Filtering Questions”, data have been 
obtained choosing both applications, male & female views, age 
range selected 16-100, region DE or All, interested in energy 
awareness & lifestyle activities and finally, depending the 
application chosen, interest on typology of cars and housing. 

III. RESULTS 

A. Results on FCEV application 
It can be found that, in relation to Knowledge & Experience 

of FCH technologies, for the general public in the EU vs DE, 
the level of awareness in DE has better results due to people 
who responded have heard something about hydrogen 
technologies (58% DE vs 46% EU); it is also DE stakeholders 
who have a coherent view with the results on the level of 
awareness of the general public. Related to the question about 
awareness of any hydrogen refuelling station in your region, the 
results show a low ratio (2.85% DE vs 5.51% EU). 

Fig. 1. EU Respondents. Awareness on HRS in their region. 
However, the Acceptance of these technologies regarding 

the analysis of the response to the willingness to purchase a 
FCEV in the same previous sample, and comparing the result 
EU vs DE, it is observed that the acceptance of respondents 
would be similar in both samples under similar conditions of 
cost & autonomy to current vehicles (75% DE vs 72% EU). 
Similar values are obtained for those who would not be willing 
or at all willing to purchase the vehicle (6% DE vs 7% EU). 

B. Results on micro-CHP application 
Another relevant application within hydrogen and 

technologies sector such as micro-CHP shows rates quite 
different than described before for FCEV in the same places. 
The percentages related to knowledge & Experience for general 
public in EU and DE have similar values (6% both), and the 
micro-CHP awareness has a low percentage. Nevertheless, 
regarding the Acceptance of this application in DE compared to 
EU, the values are completely different. The majority of 
participants are likely or very likely in DE, being lower 
percentage in EU (80% DE vs 67% EU). 

Fig. 2. DE Respondents. Participants are willing to install micro-CHP. 

According the obtained results, participants were asked 
about what tenancy were they interested, among different 
options like Home owners, rented or others. In DE there is less 
knowledge & experience than EU average regarding micro-
CHP application (4,61% DE vs 6,24% EU). However, this 
lower value does not have relevant influence in acceptance due 
to Home Owners that are willing to install a hydrogen fuel cell 
system as a heating & electricity source (84% DE vs 66.88% 
EU), and better than results obtained when is also being 
considered as participant end users. 

IV.  CONCLUSIONS 

The results obtained from both applications show a high 
level of acceptance for buying and installing FCEV and micro-
CHP respectively, although low level of awareness. On the 
other hand, the comparison carried out between DE and EU 
shows that acceptance is higher for micro-CHP than FCEV 
application. 

A. Abbreviations and Acronyms 
European Union (EU), Germany (DE), Fuel Cell Electric 

Vehicle (FCEV), Fuel Cell and Hydrogen (FCH), HYdrogen 
Acceptance IN the Transition pHase (HYACINTH), Hydrogen 
Refueling Station (HRS), micro Combined Heat and Power 
system (micro-CHP), Social Acceptance Management Toolbox 
(SAMT). 
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Abstract – A novel approach is presented for the 
production of self-assembling sulfonated graphene oxide 
membranes, with the aim of evaluating them as an 
alternative to Nafion® for the application in PEMFCs as 
proton-conducting electrolytes. The functionalization has 
been performed by reacting a commercial aqueous 
dispersion of graphene oxide (GO) with different volumes of 
sulfuric acid, studying their effect on both structure and 
degree of sulfonation of the membranes. The specimens 
have been characterized from the morphological viewpoint 
by ATR-FTIR, XRD and SEM-EDX spectroscopies, 
thermogravimetric analysis, optical microscopy and static 
contact angle measurements. Their water uptake, ion 
exchange capacity and degree of sulfonation have been 
evaluated as well, and the relationship among them allowed 
the identification of an optimal acid-to-GO molar ratio for 
the sulfonation reaction. These tests resulted in an improved 
behavior compared to both Nafion® and pristine GO, while 
promising results have been obtained from a preliminary 
fuel cell test. 

Index Terms – Electrolyte, graphene oxide, PEM fuel 
cells, sulfonation. 

I. NOMENCLATURE 

SGO-X: sulfonated graphene oxide membranes prepared 
with an acid-to-GO molar ratio equal to X (1, 20 or 200). 

II. INTRODUCTION 

One of the fundamental components of proton 
exchange membrane fuel cells (PEMFCs) is the proton-
conducting electrolyte, nowadays commonly based on 
Nafion®, a perfluorosulfonate ionomer produced by 
DuPont. This membrane material is characterized by 
hydrophilic lateral substituents containing sulfonic acid 
groups (–SO3H), which are responsible for its high proton 

conductivity (> 0.1 S cm-1) under humidified conditions. 
However, Nafion® is expensive and suffers both a rapid 
performance drop and a physical degradation at low 
relative humidity (< 50%) and elevated temperatures (> 
80 °C). Therefore, huge research efforts have been 
deployed for the development of new materials able to 
operate at such conditions, which would significantly 
enhance both kinetics and efficiency of the redox 
reaction, while simplifying water management and cell 
design [1,2]. 

Among the possible approaches, graphene oxide (GO) 
has gained a lot of interest because of the presence of 
several oxygenated functionalities, which are responsible 
for the self-assembling properties that make it an ideal 
candidate for the production of freestanding membranes. 
However, previous works displayed a poor performance 
and durability of GO-based electrolytes [3]. Thus, the aim 
of this work has been to improve the properties of GO by 
exploiting an innovative approach consisting in its 
functionalization with sulfonic acid groups analogous to 
those of Nafion®. The obtained membranes have been 
extensively characterized from both morphological and 
operative points of view, providing promising results. 

III. MEMBRANES PRODUCTION 

The sulfonation of GO has been performed by 
developing a reaction between sulfuric acid and a 
commercial water-based dispersion of GO (4 mg mL-1) 
acquired from Graphenea. Three tentative acid volumes 
have been defined according to a sulfonation procedure 
proposed in literature [4], and they correspond to three 
different acid-to-GO molar ratios (1, 20 and 200). The 
latter have been calculated by considering a structural 
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formula of GO (C1.5H0.2N0.01S0.03O), which has been 
roughly estimated from the elemental analysis of the 
commercial dispersion. 

IV. MORPHOLOGICAL AND OPERATIVE 
CHARACTERIZATION 

The effectiveness of the proposed sulfonation method 
has been confirmed by ATR-FTIR and SEM-EDX 
spectroscopies. The latter demonstrated an increase in the 
weight percentages of oxygen and sulfur after the 
functionalization reaction, while the former allowed to 
identify the characteristic bands corresponding to the 
stretching vibrations of O=S=O (1143-1153 cm-1) and S– 
O (870-880 cm-1) in sulfonic acid groups, as displayed in 
Fig. 1. In addition, with respect to the infrared spectrum 
of virgin GO, in those of SGO membranes we witnessed 
the vanishing of the bands corresponding to carboxyl 
moieties (1300-1400 cm-1) and to less stable oxygenated 
functions (981 cm-1), such as lactols and peroxides. 
Along with the appearance of the stretching mode (1580 
cm-1) of C=C bonds in sp2, unoxidized, graphitic 
domains, this suggested that the functionalization reaction 
has induced a probable reduction and amorphization of 
the structure of GO. These findings have been verified by 
X-ray diffraction and thermogravimetric analyses as well. 

Fig. 1. ATR.FTIR spectra of GO and SGO-X membranes; colored 
bands point out the characteristic vibrations of S–O (gray), O=S=O 
(cyan) and C=C (green) bonds, as well as those of carboxyl (red) and 
less stable (yellow) moieties that are lost after sulfonation. 

Water uptake tests have been carried out in a small-
scale humid chamber by exploiting an oil bath to control 
the temperature between 20 and 100 °C, while deionized 
water or a saturated solution of Mg(NO3)2 have been 
employed to vary the level of humidification between 
95% and 53%, respectively. Sulfonation resulted in an 
improved water uptake behavior as against both virgin 
GO and Nafion®, in particular at reduced humidification 
and elevated temperature. However, the rising of the 

acid-to-GO molar ratio caused a significant increase in 
the swelling ratio, symptom of a reduced structural 
stability. The ion exchange capacity has been enhanced as 
well by the functionalization with sulfonic acid moieties, 
with values higher than 1 meq g-1 for SGO-X membranes, 
almost twice the one measured for a reference sample of 
Nafion® 212 (about 0.7 meq g-1). The best results have 
been achieved with X = 20, suggesting that the optimal 
sulfonation ratio probably lies close to this value. 

The preliminary test in a hydrogen-fed fuel cell 
performed on a specimen of SGO-1 demonstrated a 
promising compression resistance and a practically absent 
contamination by carbon residues coming from the gas 
diffusion electrode, which are a typical issue in the case 
of Nafion and a sign of degradation of the catalyst. The 
open circuit voltage has been significantly improved with 
respect to virgin GO (0.63 vs 0.24 V), but it is still too 
low for practical applications, most likely because of 
hydrogen crossover issues. However, morphological and 
thermal characterization performed after the test 
demonstrated a fair stability of the functionalization to 
the fuel cell environment, especially in the bulk, while 
major changes took place on the surface, with the loss of 
less stable moieties. 

V.  CONCLUSION 

A simple and effective method has been developed for 
the sulfonation of graphene oxide, and the resulting 
membranes have shown a promising behavior under 
different testing conditions, in particular from the point of 
view of water uptake and ion exchange capacity. These 
results confirmed the potential of freestanding sulfonated 
graphene oxide for the application in PEMFCs as an 
alternative electrolyte to Nafion®. Future developments of 
these components should address some stability issues 
concerning the introduced functionalities, in order to 
make the sulfonation process more efficient and to 
improve the cohesion of the membrane. 
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Abstract - Hydrogen is an energy carrier with great potential for 
clean, efficient power in transport applications. Hydrogen can be 
obtained from different sources, which in combination with fuel 
cells it can improve energy efficiency. This project tries to introduce 
hydrogen as an alternative fuel in the port industry. 

The H2Ports project is an Action aligned with the needs and 
objectives of the European Commission and the port industry. The 
aim is to provide efficient solutions to facilitate a fast evolution from 
a fossil fuel based industry towards a low carbon and zero-emission 
sector. 

H2Ports aims to test and validate hydrogen-powered solutions in 
the port-machinery industry with the target of having applicable and 
real solution without affecting port operations while producing zero 
local emissions. The project involves a mobile hydrogen refueling 
system which supplies hydrogen to two different heavy duty vehicles. 
The port machineries are a reach stacker and a yard tractor. Both 
vehicles are in two different terminals, MSC and Grimaldi. 

Because ports regulation, the port machinery cannot leave their 
terminals so the solution that has been developed is a mobile 
refueling station which will travel along the port to supply hydrogen 
to the heavy duty vehicles in their terminals. The facility will be 
based in the port of Valencia allocated near both terminals. 

Index Terms – Hydrogen refueling station, mobile hydrogen 
station, decarbonation of maritime ports. 

I. INTRODUCTION 

Maritime transport and the port sector are a powerful source for job 
creation and economic welfare. The increase of foreign trade in 
European ports has led the expansion and improvements of many of 
them from many perspectives. This evolution has provided remarkable 
benefits in the society boosting global trade and facilitating the access 
to goods worldwide. However, the increase of infrastructure, services 
and logistics have important negative impacts on the environment, 
especially on the cities located nearby ports. 

The intensive consumption of energy during port operations, with a 
significant part coming from fossil fuels, leads to the release of 
pollutants and greenhouse gases. This has motivated port authorities 
from all around the world to become cleaner and more efficient, and 

the Port of Valencia has a clear strategy in this sense in which the use 
of hydrogen plays an important role. This is aligned with Regulation 
2014/94/EU of the European Parliament related to the implementation 
of an infrastructure for alternative fuels, hydrogen is called to be one 
of the alternative fuels to current fossil-based ones. 

The main tool that the European Commission has deployed to 
promote the hydrogen sector is the FCH 2 JU, a unique public private 
partnership supporting research, technological development and 
demonstration (RTD) activities in fuel cell and hydrogen energy 
technologies in Europe. 

In 2017, the FCH 2 JU launched the initiative entitled "Fuel Cells 
and Hydrogen for Green Energy in European Cities and Region" to 
support regions and cities reducing emissions and favoring their 
energy transition. Port applications were identified in the study as one 
having high environmental benefit even though their low 
Technological Readiness Level. FCH 2 JU’s Annual Work Plan 2018, 
promoted the development of vehicles in port operations and selected 
H2Ports project in order to demonstrate that hydrogen is a feasible 
alternative and cleaner energy source to take into account in the port-
maritime sector. 

The H2Ports Project aims to develop, deploy, test and to benchmark 
industrial heavy duty port cargo-handling equipment powered with 
Fuel Cells (FC) to be used in real port operation. A Yard tractor and a 
Reach stacker have been selected as those specially fitted to the use of 
FC in port facilities. 

H2Ports helps to facilitate a fast decarbonation of the port-logistic 
industry applying hydrogen technologies already used in other sectors 
but not adopted yet in the European port sector. So this project is a 
novelty idea to be implemented in more ports in the future. H2Ports is 
a highly ambitious project, aiming to deploy port equipment working 
with hydrogen as a fuel, in the Port of Valencia (Spain) as a test and 
demonstration site. 

II.  HYDROGEN REFUELLING SYSTEM 

A.  Process Introduction 
The facility will be based in the port of Valencia allocated 

near both terminals [1]; it will have four main parts: 
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 Reception hydrogen storage 
 Compressor 
 Cascade pressure system 
 Dispenser 

Due to port regulations the vehicles cannot leave the terminals 
so the refueling station should move along the port and the 
terminals to refill the vehicle tanks. Therefore, the installation 
will have two different parts: 

 Mobile unit: the dispenser and the cascade pressure 
vessels  

 Static part: the compressor and the storage tank. 

Figure 1. Hydrogen Refueling Station Schematic 

B.  Process Description 
The hydrogen refueling system (HRS) facility has been 

configured in such a way that the set of two heavy duty vehicles 
will be able to refuel fuel hydrogen within their terminals [2]. 

The HRS receives the hydrogen gas from the gas supplier and 
it is stored in the buffer tank. This deposit is connected to the 
compression part where the gas will be compressed up to 
450bar. Once the hydrogen has been compressed, it is 
connected to a cascade pressure tank system which has a 
dispenser integrated.  The pressure system is a cascade pressure 
system and has 2 levels of pressure. 300 bar and 450 bar. 

This entire unit is a mobile unit and it will move from the 
HRS facility to the terminals to refuel the vehicles which have 
been mentioned previously. 

C. Facility Details 
Buffer Tank: The storage tank will receive the hydrogen gas 

from the supplier and will store the pressured gas at 40bar. The 
storage tank is a horizontal vessel with a volume of 50m3 at 
40bar.  

Compressor: The compressor will receive the hydrogen gas 
from the buffer tank at a minimum of 10bar and maximum 

40bar. The compressor will be able to compress the gas up to 
300bar and 450bar due to the FC vehicle admit the gas at 
350bar. 

Cascade pressure system: The high pressure storage facility 
on this project is a cascade storage system. This system has two 
pressure vessels which are medium pressure (300bar) and high 
pressure (450bar). There have been studies showing a better 
performance over the buffer systems and it is considered as the 
most appropriate configuration for the storage system [3]. This 
configuration allows the facility to start the refueling with the 
lowest pressure vessel. When the flow rate gets the set point 
value the flow will come from the highest pressure level till the 
tank in the heavy duty vehicle is completely full 

Dispenser: Hydrogen dispenser will supply hydrogen to the 
heavy duty vehicle up to 350bar. During filling, the vehicle 
hydrogen tank is first connected to the lowest pressure vessel up 
to reach equal pressure level; afterwards, hydrogen will be 
supplied through the highest pressure vessel up to get 350 bar in 
the on-board tank. Regarding standard regulation the supply 
should be done at 3.6kg/min as maximum flow rate [4]. 

III. CONCLUSION 

H2Ports sorts out the issue of refueling final user where the 
access to a hydrogen fuelling system is not as easy as in a 
standard refueling station. This mobile unit solution allows to 
heavy duty vehicles do not leave their terminals to be refueled 
due to Maritime Port´s regulations. 
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The creation of Reversible Solid Oxide Cells (Re-SOCs) is able to 
reduce costs and to increase the reliability of SOFCs. Recent 
studies have shown interesting properties on brownmillerites, 
oxygen defective double-perovskites. In this contribution, we 
focus on Ca2Fe1.95Mg0.05O5 (CFMO). The synthesis was carried 
out by an auto-combustion based citrate procedure (Marcilly 
method) and characterized by different techniques (XRD, H2-
TPR, XPS, EDX, SEM) to evaluate its suitability as a SOFC 
electrode. The material was electrochemically characterized as a 
cathode by EIS, obtaining low ASR values (0.19 Ωcm2 at 800°C). 
EIS investigation of CFMO was carried out at different oxygen 
partial pressures to verify stability under different atmospheres. 
Further enhancement of electrocatalytic performance was 
obtained by building nanocomposites of the type FeOx/CFMO. To 
this purpose both exsolution and wet impregnation (10-15 wt. %) 
have been used and compared. The obtained results indicate that 
Ca2Fe1.95Mg0.05O5 can be a possible low cost solution as cathode 
material for SOFCs. 

Brownmillerite, Innovative low cost material, Reversible Solid 
Oxide Fuel Cell, Sustainable energy. 

I. INTRODUCTION 

All of us knows fossil fuels related problems and the 
importance of finding new green and cheap alternative 
technologies for energy production. Solid Oxide Fuel Cells 
(SOFCs) can be a valid support in pursuing sustainable 
development. A way to reduce costs and to increase the 
reliability and life span of a SOFC is the creation of a 
Reversible Solid Oxide Cell (Re-SOC). Recent studies have 
shown interesting properties on brownmillerite compounds, 
which make them suitable as electrode materials for Re-SOCs. 
A brownmillerite is an oxygen defective double-perovskite, 
with a structure A2B2O5. Their oxygen vacancies are able to 

enhance the material ionic conductivity.[1] In this contribution, 
we focus on Ca2Fe1.95Mg0.05O5 (CFMO). Magnesium doping 
was carried out to emphasize Fe3+/Fe4+ redox couple and thus 
electronic conductivity.[2] 

II. EXPERIMENT PROCEDURE 

A. Synthesis 
Ca2Fe1-xMgxO5 (CFMO) powders were synthesized by citrate 
route.[3] Stoichiometric quantities of calcium carbonate (CaCO3 

Sigma-Aldrich 99%, powder), magnesium hydroxide 
(Mg(OH)2 Sigma-Aldrich 95%) and iron (Sigma-Aldrich 
99.98%, chips) were dissolved in deionized water and nitric 
acid with a molar ratio of 1.9:1 with respect to the total 
amount of cations. Citric acid (C6H8O7 Sigma-Aldrich 
≥99.0%) is added as complexing agent under stirring and then 
the solution is lead to neutral pH by dropwise addition of 
ammonia hydroxide. Then, the solution was heated overnight 
allowing the formation of a gel, which burned by heating at 
400°C. The formed powders were calcinated at 1150°C for 6 
hours. Trying to improve the performances, other two 
electrodes alternatives were tested. In the first case, the 
electrode is made by an exsolution of magnetite (Fe3O4) 
particles, inserting the corresponding additional amount of 
iron (50% mol) during the citrate synthesis. The second one 
consists on the electrode infiltration of α-hematite (Fe2O3). 
Finally, the composite electrode was done by infiltration, 
adding drop by drop an aqueous solution containing the 
desired cation mass percentage on the already deposited 
electrode (10-15% wt). 
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B. Material Chemical and Physical characterization: 
XRD diffractograms show a marked crystallinity of the 
powders; the comparison between the patterns of different 
batches, confirmed the good reproducibility of the synthesis. 
The TPR analysis has shown a hydrogen consumption higher 
than the theoretical value (calculated considering only Fe3+ 

cations), supporting the idea that different oxidation states for 
iron cations are present. The XPS semi-quantitative analysis 
has confirmed the absence of calcium or iron segregation on 
the powders’ surface. The correct stoichiometry was confirmed 
also by EDX analysis. SEM images have shown the globular 
morphology of particles and a good porosity was also 
confirmed by BET analysis. The determined surface area is in 
good correspondence with typical perovskitic and 
brownmilleritic values present in literature (4.6 ± 0.1 m2∙g-1). 

C. Electrochemical characterization results: 
CFMO: To verify stability and behavior of the material in 
different atmosphere conditions, a study of CFMO cathode 
performances in different partial pressures of oxygen was 
performed. The measurements were carried out at steady state 
condition (zero DC current) in the frequency range of 10-2 -
106 Hz and with signal amplitude of 50 mV. In air the 
impedance spectra show a semicircle at 800°C, which becomes 
larger when temperature decreases (thermo-activate process). 
Its frequency and capacitance make possible the attribution of 
this signal to oxygen adsorption/dissociation on the surface of 
the electrode material. Under 750°C, the oxygen reduction 
reaction semicircle compares and its resistance increases with 
the decrease of temperature. The appearance of a second 
semicircle at high temperatures characterizes the spectra at 
lower partial pressure of oxygen (Fig. 1). This signal increases 
when the oxygen concentration decreases. Its frequency and 
capacitance suggest its attribution to chemical capacitance. 
When temperature decreases (≤ 700°C) this signal is covered 
by the semicircles of the oxygen adsorption/dissociation and 
reduction. 

Fig. 1. EIS spectra for CFMO at 800°C – 750°C 

CFMO-based nanocomposite To compare the effect of iron 
oxides on the electrocatalytic behavior of CFMO three other 
electrode materials have been prepared and tested: an electrode 
is composed by CFMO and magnetite particles obtained by 
exsolution; two electrodes were prepared by wet impregnation 

of Fe2O3 in increasing amounts (10% - 15% wt. related to the 
electrode mass). Unlike CFMO electrode, they present a 
second semicircle at high temperatures (800 – 750 °C) even in 
air conditions. The stimulating frequency and capacitance 
suggest also in this case the presence of chemical capacitance 
processes. This process produces another contribution to 
resistance, determining higher ASRs for the nanocomposite, 
but it is noteworthy that the performances for oxygen 
adsorption/dissociation and reduction are improved. 

CFMO CFMO + 
Fe2O3 10% 

CFMO + 
Fe2O3 15% 

CFMO + 
Fe3O4 

T (°C) ASR 
(Ωcm2) 

ASR 
(Ωcm2) 

ASR 
(Ωcm2) 

ASR 
(Ωcm2) 

800 0.19 0.19 0.17 0.29 
750 0.43 0.44 0.52 0.61 

Tab. I. ASR values for the different cathodic solutions 

III. CONCLUSION 

In this work, a low cost brownmillerite material 
(Ca2Fe1.95Mg0.05O5) was synthetized and studied to understand 
its properties and performances as a cathode for Re-SOCs. EIS 
analysis was performed, obtaining promising ASR values (0.19 
Ωcm2 at 800°C). Ca2Fe1.95Mg0.05O5 preliminary response as 
cathode material at high temperatures is very promising, 
considering its low cost compared to other state-of-art 
materials. All steps of device realization have been 
investigated and improved to increase adhesion and reduce 
electrode resistance (ink composition, thermal treatment, etc.). 
A chemical capacitance signal is observed at high 
temperatures. Three nanocomposites of the type FeOx/CFMO 
have been prepared to see the effects of Fe2O3 (10 and 15 
wt.%) and Fe3O4 on the electrochemical performance. These 
nanocomposites were prepared by exsolution and wet 
impregnation, to enhance the comparison. The presence of 
chemical capacitance was confirmed also in those electrodes. It 
would be important to reduce its resistance contribution, 
especially for composite electrodes that present lower values 
for adsorption and reduction resistances (Best result: 0.17 
Ωcm2 for 15% wt Fe2O3 infiltration). 
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Abstract - Fuel cells are promising technologies for zero emission 
energy conversion. Proton Exchange Membrane Fuel Cells 
(PEMFC) use hydrogen and oxygen to produce electricity, water 
and heat. Hydrogen supply is crucial for such systems and using the 
fuel cell in dead-end mode, meaning the hydrogen is trapped in the 
cell, is a solution to save hydrogen. However, water and impurities 
accumulate inside and the cell needs to be purged. A Design of 
Experiment approach, with fuel cell’s performance and time 
between two purges as studied responses, was conducted on an air 
breathing PEMFC in a closed environment. The studied parameters 
were the relative humidity (RH), the current load, the convection, 
the oxygen inlet frequency, the voltage drop trigger criteria for the 
purge and the hydrogen inlet pressure. Results show that the most 
influential parameters are the RH, the current load and the voltage 
trigger criteria, interactions between them are also highlighted. 
 

Index Terms – fuel cell, dead-end, purge, hydrogen.  

I.  INTRODUCTION 

Fuel cells represent an interesting zero-emission solution for 
energy storage and generation in stationary and automotive 
applications. The Proton exchange membrane fuel cell (PEMFC) 
is the most commonly used fuel cell since it works at relatively 
low temperatures (50 –80 °C). It consumes hydrogen and oxygen 
(H2 at the anode and O2 at the cathode) as reactants in order to 
produce electricity, water and heat. In order to save H2 and 
ensure 100 % H2 utilization, closing the anode outlet is a popular 
solution, named the dead-end anode (DEA). However, 
accumulation of water and impurities in the different layers of 
the Membrane Electrode Assembly (MEA) leads to voltage drop 
of the fuel cell stack. Purging the anode channel is therefore 
necessary to ensure proper fuel cell operation. 

Planned purging strategies with frequent purges have been 
studied and showed that dead-end mode is a suitable solution for 
PEMFC [1][2] and can ensure a certain fuel cell stack efficiency 
and limit its degradation [3][4]. With a varying current load, the 
time between two purges has to be modified [5][6]. This study 
investigates the purging behavior of a small PEMFC stack in a 

closed environment using a Design of Experiment (DoE) 
approach.  

II.  DESIGN OF EXPERIMENT AND EXPERIMENTAL PROCEDURE 

A PEMFC stack composed of 6 cells in series was 
implemented in a set-up simulating a closed environment, Fig. 1. 
A DoE was performed in order to quantify the impact of each 
considered parameter, Table I, on the time between two purges 
and the performance of the stack. Each experiment lasted at least 
for 40 purges. 

 

 
 

Fig. 1. Scheme of the experimental set-up. 

TABLE I 
CONSIDERED PARAMETERS AND MESH  

 
 Parameter +1 -1 0 

P1 Relative Humidity (RH) >  95 % < 50 % 65–75 % 
P2 Current 500 mA 300 mA 400 MA 
P3 Convection Fan max  Fan off  Fan on  
P4 Oxygen supply frequency 300 S 30 S 120 S 
P5 Voltage drop trigger  10 % 30 % 20 % 
P6 Hydrogen inlet pressure 0.5 BAR 0.3 BAR I.4 BAR 

45 



46 EFC19

    

 
    

 
   

  
    

    
 

                        
 
 
 
 
 
                   

          
         

      
         

      
      

         

  
 
 
 
 
 

                         

 
   

 
 

   
 

 
      

 
    

     
   

 
    

    
 

   
 

     
 
 
 

     
  

  

   
  

  
 

 
  

    
  

   
  

    
 

     
   

 
    

  
 

 
 

   
 

     
    

   
  

   
      

  
 

  
        

  
   

 
 

         
  

   
 

 
     

  
  

  
  

      
 
 

The voltage drop trigger criteria is the accepted voltage drop 
from the steady state fuel cell voltage at the given current load. 

Matrix (1) shows the experiments ran according to the DoE 
(each column corresponds to one parameter and each row is an 
experiment). This first round of experiments highlights which 
parameters that have more influence on the studied phenomenon. 

𝟏𝟏� 𝟏𝟏� 𝟏𝟏� 𝟏𝟏� 𝟏𝟏� 𝟏𝟏�
−𝟏𝟏� 𝟏𝟏�−𝟏𝟏� 𝟏𝟏�−𝟏𝟏� 𝟏𝟏�
𝟏𝟏�−𝟏𝟏�−𝟏𝟏� 𝟏𝟏� 𝟏𝟏�−𝟏𝟏�
−𝟏𝟏�−𝟏𝟏� 𝟏𝟏� 𝟏𝟏�−𝟏𝟏�−𝟏𝟏� (1) 𝟏𝟏� 𝟏𝟏� 𝟏𝟏�−𝟏𝟏�−𝟏𝟏�−𝟏𝟏�
−𝟏𝟏� 𝟏𝟏�−𝟏𝟏�−𝟏𝟏� 𝟏𝟏�−𝟏𝟏�
𝟏𝟏�−𝟏𝟏�−𝟏𝟏�−𝟏𝟏�−𝟏𝟏� 𝟏𝟏�

(−𝟏𝟏�−𝟏𝟏� 𝟏𝟏�−𝟏𝟏� 𝟏𝟏� 𝟏𝟏�)�

III. RESULTS 

The designed DoE were conducted on an air breathing 
PEMFC working in a closed environment in order to estimate the 
purging time of the system. The set-up was successfully built and 
controlled. 

The voltage of the entire stack was monitored during the 
experiments, as shown in Fig. 2. Voltage drops and hydrogen 
purges are visible. The voltage recovers almost instantly when 
the purge valve opens. The median value of the time between 
two purges is considered as a result of the DoE analysis. 

Fig. 2. Fuel cell stack voltage over 24h corresponding to the experiment 
1 1 -1 -1 -1. 

The 8 experiments were performed using the described set-
up and results highlighted the relative humidity, the current and 
the voltage drop trigger as the parameters with the most influence 
on both the cell performance and the time between two purges. 
When increasing the current load, the time between two purges 
decreases, which was expected since the amount of produced 
water also increases with the current load. When the RH 
increases, the time between purges decreases and the 
performance increases. When the voltage drop trigger criteria is 

high (30 %), it was observed that the performance of the stack 
decreases with time. This parameter has a low impact though on 
the time between two purges. The three other considered 
parameters show less impact on the studied responses. 

IV.  CONCLUSION 

Results show that the main parameters affecting the time 
between purges are the current load, the relative humidity and 
the voltage drop trigger. The optimal way to run a fuel cell seems 
to be at high RH with a low voltage drop trigger criteria. A too 
high voltage drop trigger can accelerate the degradation of the 
cell and reduce the performance of the stack and its lifetime. 

Interactions between the three cited parameters exist. 
However, more experiments, using the same set-up, need to be 
performed to highlight and quantify them. 
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Abstract - In this paper, a system level model for a polymer 
electrolyte fuel cell (PEFC) system, which is capable of 
characterizing transient behavior using the control volume 
method, is developed. Three different cases based on different 
mass transfer assumptions in the cathode channel are explicitly 
discussed considering the presence of 1) only oxygen, 2) both 
oxygen and nitrogen or 3) oxygen as well as nitrogen and water 
vapor in the cathode control volume. The analysis illustrates that 
the model developed predict in adequate manner the dynamic 
behavior of a PEFC system. It is demonstrated that the presence of 
nitrogen and water vapor in the cathode volume significantly 
affects the PEFC’s overall performance. 

Index Terms – System level modelling, transient behavior, 
PEFCs. 

I.  INTRODUCTION 

Polymer electrolyte fuel cells (PEFCs) have become one of 
the most promising power sources with a wide range of 
applications due to its high electrical efficiency, fast start-up, 
no emission of pollutants and low operation temperature [1]. A 
dynamic system model helps to test the PEFC system’s overall 
performance, improve the coordination between each 
subsystem and optimize the system’s real time control design in 
practical automotive applications [2]. 

Various models have been proposed to study the specific 
aspects of PEFCs and have laid down a solid foundation for 
PEFCs’ system level dynamic modelling. Pukrushpan et al [3] 
developed a fuel cell system dynamic model suitable for control 
studies, but neglecting the reactant gases’ flow rate and 
pressure changes during the operation. Xue et al [4] proposed a 
fuel cell model that could predict the dynamic behaviour using 
control volume approach, but the presence of the water vapour 

in the cathode volume was neglected. Pathapati et al [5] 
established a mathematical model to simulate the transient 
phenomena in a PEFC system but water vapor in the cathode 
side was still neglected. The above mentioned studies provide a 
comprehensive understanding of PEFC system modelling. 
However, they do not address the PEFC model at a fully 
dynamic system scale. 

The aim of this paper is to develop a complete system scale 
dynamic PEFC model, addressing the difference in the system 
performance when different mass transfer in cathode control 
volume are studied. 

II. MODELLING METHODOLOGY 

In this study, the control volume approach is used to develop 
the system level dynamic PEFC model [6]. 

A.  Model 1 

Oxygen is supplied as the reactant gas, and is assumed as the 
only specie in the cathode channel. Its continuity and energy 
equations could be extracted from [6]. 

B.  Model 2 

Air is supplied to the PEFC system and the mole ratio of 
O2/N2 is defined to 21/79, i.e., both oxygen and nitrogen are 
considered in the cathode control volume. Its mass and energy 
conservation equations are extracted from [6]. 

C.  Model 3 

Obviously, there is water produced at the cathode side due to 
the electrochemical reaction. Also, there exists a well-known 
phenomenon called electro-osmotic drag inside a PEFC, which 
means that some water molecules would be dragged to the 
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cathode side from the anode channel along with the hydrogen 
protons traveling through the membrane. Its mass and energy 
conservation equations are extracted from [6]. 

III. SIMULATION RESULTS 

Figure 1 presents the step changes of the current load. The 
current is initially 5 A during the first 33333 s, then it increases 
to 40 A, which remains until 66666 s and finally it drops to 20 
A until the end. Figure 2 shows the stack voltage response 
corresponding to the current changes. Noticeably, Model 1 
gives the highest voltage. At 33333 s, the stack voltage drops 
from 29.2 to 17.4 V and then increases to 24.6 V at 66666 s. It 
is also observable that Model 3 has the lowest voltage. The 
gradual decrease of the voltage from Model 1 to Model 3 is 
because the presence of nitrogen and water vapour in the 
cathode channel lowers the oxygen partial pressure. Figure 3 
shows the temperature profiles of the fuel cell body. To clarify, 
the cooling system is not considered in our model. As it can be 
seen, Model 2 and Model 3 have the same temperature profile. 
The temperature gradually increases to 301 K during the first 
33333 s due to the heat generated by the electrochemical 
reaction. Then it keeps increasing to 360 K during the second 
stage (33333 s - 66666 s) due to the increase of the output 
power when current goes up to 40 A. Finally, the temperature 
slowly drops to 323 K when the load current is decreased. It is 
clear that the presence of water vapour in the cathode control 
volume has no impact on the stack temperature. The 
temperature of Model 2 and Model 3 are higher than Model 1 
as a result of the extra heat added to the PEFC system when the 
nitrogen enters the channel. 

Figure 1. Current load 

Figure 2. Voltage response 

Figure 3. Stack temperature 

IV.  CONCLUSION 

In this paper, a system scale dynamic model for a PEFC 
system is developed. The developed models stress a 
comparison on the system performance concerning the different 
mass transfer when different assumptions are made about the 
species in the cathode control volume. It was found the 
presence of nitrogen and water vapor in the cathode channel 
would decrease the output voltage of the PEFC. And the 
nitrogen would bring extra heat to the PEFC system when it 
enters the cathode channel, which will finally lead to an 
increase on the system temperature. 
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Abstract - In this study, the behaviour of Polymer-Electrolyte 
Membrane (PEM) single cells with different types of MEA systems 
have been studied under thermal cycling with respect to structural 
and electrochemical changes. The cells have been insulated and 
exposed to repeated freeze-thaw cycles with a minimum 
temperature of -40°C inside an environmental chamber. To some 
extent, great differences between the degrees of damage could be 
found for the various types of MEA systems (e.g. catalyst coated 
membrane (CCM), catalyst coated substrate (CCS)). 

Index Terms – cyclic frost exposure, testing methodology, 
performance degradation 

I.  INTRODUCTION 

Commercially available fuel cell systems have to ensure an 
adequate performance level at least for the duration of the 
specified product lifetime. During its exploitation, the polymer 
electrolyte membrane fuel cells (PEMFCs) could be exposed to 
a wide range of extreme conditions, which in turn may 
considerably shorten their lifespan. One of those acute stress 
scenarios occurs when PEMFCs are exposed to cold 
environments when the ambient temperature falls below 0°C 
and passes the freezing point of water. Freezing of residual 
water inside and between the individual components of the 
membrane electrode assembly (MEA) leads under certain 
circumstances to severe performance degradation of a PEM fuel 
cell. Due to phase transitions and the corresponding volumetric 
changes of water and ice, the physical as well as chemical 
properties of the MEA components could alter, resulting in 
more or less significant performance losses. Based on findings 
made on other porous materials under freeze-thaw exposure 
such as concrete or cementitious materials, the damage and 
transport mechanisms within the porous MEA components 
could be explained [1]. In accordance with physical theories the 
redistribution of residual water during the freezing process and 
shrinkage effects of smaller pores are important factors for the 

frost behaviour of porous materials. It comes obvious that the 
composition and manufacturing of the separate MEA layers 
could significantly influence the water uptake and hence the 
frost resistance of such systems. Therefore, the impact of 
material variation on the freeze/thaw behaviour has been 
investigated in detail in this study by using a defined test 
procedure with fixed boundary test conditions. 

II. EXPERIMENTAL 

A. Design, components and assembly of fuel cell stacks 
The tested fuel cell stacks have been assembled manually, 

using components of the basic design developed by ZBT 
GmbH. The used MEA systems of different types - catalyst 
coated membrane (CCM) and catalyst coated substrate (CCS) -
have been acquired separately. The experiments have been 
conducted using liquid-cooled single cell PEMFC stacks with 
an active area of 50 cm². 

B. Applied testing approach and thermal cycle 
In this study, single cells with a lateral thermal insulation 

were arranged inside a climate chamber and exposed to a 
defined freeze-thaw cycle (ftc) with cooling and heating rate of 
10 K/h as well as a minimum temperature of -40°C, which is 
required by the Department of Energy (DOE). To this state of 
analysis, the shutdown procedure did not include any 
appropriate operation conditions or purging procedure with 
respect of water reduction. With other words, the maximum 
amount of water remained within the stack before frost 
exposure starts. The described conditions have been regarded as 
worst-case scenario within the frame of this scientific study. 

III. RESULTS AND DISCUSSION 
Under the applied worst-case scenario conditions, with high 

contents of residual water inside the stack, a measurable 
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performance degradation with increasing number of freeze-thaw 
cycles could be observed for both MEA systems. The individual 
MEA types show different frost resistance abilities, which can 
be assessed by the degrees of performance degradation with 
progressing ftc. For both systems, a measurable voltage drop 
has been observed at high current densities. The reason for such 
behaviour is presumably the increase in both the charge and 
mass transfer resistances, resulting from the ice formation, 
which led to the corresponding structural changes of the 
individual MEA components. 

Fig. 1. Cyclovoltammogramms for frost-resistant MEA system: 
CCM at different stages of frost exposure (initial state & after 
25 ftc). 

Fig. 2.  Cyclovoltammogramms for frost-prone MEA system: 
CCS at different stages of frost exposure (initial state & after 
15 ftc). 

Figure 1 shows the corresponding CV measurements for 
different stages of frost exposure, which have been performed 
to assess the potential reduction in electrochemical surface area 
(ECSA) with growing number of freeze/thaw cycles. The ECSA 
of the electrodes has been estimated by the area under the 
hydrogen desorption peaks (shaded area) (Fig.1). 

For the CCM system only a slight reduction of ECSA have 
been measured after 25 ftc, while for the CCS assembly great 
changes have been observed already after 15 cycles. The latter 
shows also a vertical translation of the CV curve, which is a 
typical sign of a possible reactant crossover between the anode 
and the cathode (Fig.2). This behaviour indicates damages 
within the membrane such as pinholes or cracks, which in turn 
can lead to the formation of free radicals and the corresponding 
chemical degradation of the membrane material. 

IV.  CONCLUSION AND OUTLOOK 
Performance and electrochemical kinetic losses have been 

observed to different extent when diverse MEA systems 
(CCS/CCM) assembled in a single cell were subjected to 
multiple freeze-thaw cycles with high amount of residual water, 
since no purging was performed. ECSA estimated from 
hydrogen desorption peak decreased to different degrees for 
individual MEA systems. In this context, a greater reduction of 
the ECSA for CCS systems could be measured by cyclic 
voltammetry (CV). Ac impedance spectroscopy (EIS) 
measurements indicate an increase in mass transport resistance, 
which may presumably have been caused by the structural 
changes of the gas diffusion layer. In contrast to these results, 
the CCM systems show less structural damages and great frost 
resistance even under such worst-case conditions. 

For overall statements concerning the influence of material 
properties and manufacturing effects on the frost resistance of 
MEAs the spectrum of tested components have to be increased. 
Nevertheless, with the applied test assembly it is possible to 
assess the frost durability of MEA systems in advance so that 
damages i.e. performance losses due to freeze-thaw cycling 
could be presumably prevented in the future. 
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Abstract - The parametric study of the desiccant cooling system 
model has been conducted by varying the operating parameters 
such as outdoor temperature, outdoor relative humidity, 
regeneration temperature from the SOFC system. The system 
model is simulated by employing the actual weather conditions of 
world city for the development of the optimal system design and 
control. At abnormal days under temperature higher than 35℃ 
and relative humidity higher than 40%, the electric heat pump has 
to be operated for compensating the indirective cooler to satisfy 
the target cooling performance. This study is useful to determine 
the optimal system design and control strategy for the desiccant 
hybrid cooling system at various actual weather conditions. 

 
Index Terms – Hybrid Desiccant Cooling System, Solid Oxide 

Fuel Cell System, Numerical Modeling, Air Conditioning System.  

I.  INTRODUCTION 

World energy consumption for space cooling in buildings 
was 2100TWh in 2016 [1]. According to World energy 
perspectives, Building should shrink energy consumption by 
increasing efficiency [2, 3]. To increase an efficiency of air 
conditioning system, a desiccant cooling system could be a 
solution. Especially for residential cooling, 99% of residential 
types of Air Conditioning (AC) is single unit Electric Heat 
Pump (EHP) [1]. Desiccant cooling system consumes only 60% 
electric power of EHP [4]. Also, CO2 emission of desiccant 
cooling system is 60% that of conventional air conditioning 
system exhaust [4]. A solid desiccant evaporative cooling 
system as small space air conditioner has several advantages: 1) 
It uses heat energy that system can utilize exhaust waste heat 
from power generation system. 2) It saves a source energy likes 
electric and fuel by utilizing waste heat. 3) It can control indoor 
supply air humidity separate to sensible heat 

II.  MODELING 

As shown in Fig. 1, Hybrid desiccant cooling system (HDC) 
use two coolers which are indirect evaporative cooler and heat 
pump evaporator. Schematic of HDC has cooling components 
combination of electric heat pump and indirect evaporative 
cooler. HDC system make use of heat from the condenser of 
electric heat pump. While an evaporator of electric heat pump 
cooldown a supply air. A Solid Oxide Fuel Cell system is 
integrated as suppling exhaust heat as waste heat for HDC 
system. 

 

 
Fig. 1.  Schematic of hybrid desiccant cooling system (HDC) 

 

III.  SIMULATION & RESULTS 

In various simulation conditions, the HDC system is 
simulated to verify a cooling ability and system characteristic. 
The outdoor conditions of simulation are range of from 24°C, 
RH 100% to 50°C, RH 4%. Each condition is based on climate 
data of city as shown as table I, II [5, 6]. According to weather 
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data of cities there is high humidity of over 10g/kg until 
outdoor temperature 40°C, while, when outdoor temperature is 
too high likes a 45°C, 50°C, because of too high temperature, a 
relative humidity doesn’t reach high. Based on the climate data 
of table I, II, the system parameter study is conducted. The flow 
rate is settled at maximum flow rate of the system. Also, based 
on Fig. 2, the optimal regeneration temperature is figured out at 
70°C. 

TABLE I 
TEMPERATURE AND HUMIDITY CONDITIONS OF OUTDOOR (LOW HUMIDITY) 

 
T outdoor 

(°C) 
RH outdoor 

(%) 
AH outdoor 

(g/kg) 
City Country date 

50 4 3.04 Ahvaz Iran 2012-08-02 16:30 
45 8 4.72 Phoenix USA 2018-07-05 16:00 
30 6 2.72 Phoenix USA 2018-07-02 14:00 
36 8 2.92 Phoenix USA 2018-07-02 21:00 
30 13 3.39 Phoenix USA 2018-07-01 23:00 
26 17 3.51 Phoenix USA 2017-07-01 05:00 

TABLE II 
TEMPERATURE AND HUMIDITY CONDITIONS OF OUTDOOR (HIGH HUMIDITY) 

 
T outdoor 

(°C) 
RH outdoor 

(%) 
AH outdoor 

(g/kg) 
City Country date 

50 9 6.85 Ahvaz Iran 2012-08-02 16:00 
44 15 8.87 Ahvaz Iran 2012-08-02 11:30 
40 27 12.32 Phoenix USA 2018-07-19 19:00 
35 53 18.5 Bangkok Thailand 2015-07-02 11:30 
30 79 20.84 Bangkok Thailand 2015-07-02 17:30 
24 100 18.52 Phoenix USA 2018-07-11 23:00 

 

50 60 70 80 90

18

19

20

21

22

23

24

25

26

27

 

 

T 
ro

om
 (o C

)

T reg. (oC)

 50C, 9%    40C, 27%
 30C, 79%  50C, 4%
 40C, 6%    30C, 13%

 
Fig. 2. Regeneration temperature parameter study effect on room cooled 

temperature of indirective cooler desiccant cooling system 
 

 

Fig. 3. Parameter study based on world outdoor climate conditions effect on (a) 
room cooled temperature, (b) regeneration heat consumption, (c) electric power 

consumption of electric heat pump, (d) cooling capacity of hybrid desiccant 
cooling (HDC) system 

 

IV.  CONCLUSION 

In this study, desiccant cooling system model is developed. 
With developed model, system room cooled temperature, 
regeneration heat consumption, electric heat consumption, 
cooling capacity are simulated in various climate cases. The 
climate data is based on world climate conditions: USA west-
south region, Iran and Thailand that data varies from 50°C, RH 
9% to 40°C, RH 27%. HDC has sufficient cooling ability in any 
climates even 50°C climates while the heat consumption is only 
4~10kW with electric power consumption 0~1kW. HDC 
system needs only 5~10 kW regeneration heat because the 
condenser of heat pump supplements a heat with an electric 
heat pump consumption under 1kW. As a result, while a heat 
energy is not sufficient as heat energy supply is equivalent to 
cooling demand, HDC is best cooling system that can apply to 
any hot and humid region. HDC use both thermal energy and 
electric energy with moderate thermal consumption and small 
electric power consumption. According to recent tri-generation 
systems propose, the hybrid desiccant cooling system could be 
effective cooling system for high efficiency and waste heat 
saving system. 
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data of cities there is high humidity of over 10g/kg until 
outdoor temperature 40°C, while, when outdoor temperature is 
too high likes a 45°C, 50°C, because of too high temperature, a 
relative humidity doesn’t reach high. Based on the climate data 
of table I, II, the system parameter study is conducted. The flow 
rate is settled at maximum flow rate of the system. Also, based 
on Fig. 2, the optimal regeneration temperature is figured out at 
70°C. 

TABLE I 
TEMPERATURE AND HUMIDITY CONDITIONS OF OUTDOOR (LOW HUMIDITY) 

 
T outdoor 

(°C) 
RH outdoor 

(%) 
AH outdoor 

(g/kg) 
City Country date 

50 4 3.04 Ahvaz Iran 2012-08-02 16:30 
45 8 4.72 Phoenix USA 2018-07-05 16:00 
30 6 2.72 Phoenix USA 2018-07-02 14:00 
36 8 2.92 Phoenix USA 2018-07-02 21:00 
30 13 3.39 Phoenix USA 2018-07-01 23:00 
26 17 3.51 Phoenix USA 2017-07-01 05:00 

TABLE II 
TEMPERATURE AND HUMIDITY CONDITIONS OF OUTDOOR (HIGH HUMIDITY) 

 
T outdoor 

(°C) 
RH outdoor 

(%) 
AH outdoor 

(g/kg) 
City Country date 

50 9 6.85 Ahvaz Iran 2012-08-02 16:00 
44 15 8.87 Ahvaz Iran 2012-08-02 11:30 
40 27 12.32 Phoenix USA 2018-07-19 19:00 
35 53 18.5 Bangkok Thailand 2015-07-02 11:30 
30 79 20.84 Bangkok Thailand 2015-07-02 17:30 
24 100 18.52 Phoenix USA 2018-07-11 23:00 
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Fig. 2. Regeneration temperature parameter study effect on room cooled 

temperature of indirective cooler desiccant cooling system 
 

 

Fig. 3. Parameter study based on world outdoor climate conditions effect on (a) 
room cooled temperature, (b) regeneration heat consumption, (c) electric power 

consumption of electric heat pump, (d) cooling capacity of hybrid desiccant 
cooling (HDC) system 

 

IV.  CONCLUSION 

In this study, desiccant cooling system model is developed. 
With developed model, system room cooled temperature, 
regeneration heat consumption, electric heat consumption, 
cooling capacity are simulated in various climate cases. The 
climate data is based on world climate conditions: USA west-
south region, Iran and Thailand that data varies from 50°C, RH 
9% to 40°C, RH 27%. HDC has sufficient cooling ability in any 
climates even 50°C climates while the heat consumption is only 
4~10kW with electric power consumption 0~1kW. HDC 
system needs only 5~10 kW regeneration heat because the 
condenser of heat pump supplements a heat with an electric 
heat pump consumption under 1kW. As a result, while a heat 
energy is not sufficient as heat energy supply is equivalent to 
cooling demand, HDC is best cooling system that can apply to 
any hot and humid region. HDC use both thermal energy and 
electric energy with moderate thermal consumption and small 
electric power consumption. According to recent tri-generation 
systems propose, the hybrid desiccant cooling system could be 
effective cooling system for high efficiency and waste heat 
saving system. 
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Abstract – Solid Oxide fuel cell has possibility to increase 
electrical efficiency using pure hydrogen by improving fuel 
utilization ratio (Uf). To improve Uf, we focused on multi-stage 
SOFC and fuel regeneration system in our previous studies. In 
this system, two SOFC stacks were connected in series and 
regenerator was connected between the two stacks and 
removed H2O and CO2 from the anode off-gas of first stack. 

In this study, we designed the system and demonstrated 
power generation test using pure hydrogen as fuel to our 
system which was developed for steam reforming gas. 

Index Terms – Solid oxide fuel cell, Fuel utilization ratio, 
pure hydrogen, High electrical efficiency. 

I.  INTRODUCTION 

Fuel cell is one of the green energy systems because it 
can generate power and heat without CO2 emission when 
pure hydrogen is used as fuel. Some systems using pure 
hydrogen have been already released. Most of the systems 
were polymer electrolyte fuel cell (PEFC). It is said that 
solid oxide fuel cell (SOFC) is not suitable for using pure 
hydrogen as fuel compared with methane because of lower 
efficiency than PEFC. We aim to improve the electrical 
efficiency of SOFC using pure hydrogen with our original 
method [1]. 

There are some approaches to improve the efficiency. 
We focused on the fuel utilization ratio (Uf). Generally, the 
Uf of SOFC has limitation that is around 70%-80% to 
protect the anode from nickel oxidation caused by 
decrease of fuel concentration. 

We have demonstrated that the system using multi-stage 
SOFC and fuel regeneration can be improve the each Uf of 
SOFC stack in our previous studies [1]. In this system, two 
SOFC stacks were connected in series and regenerator was 
connected between the two stacks to remove H2O and CO2 

from the anode off-gas of first stack. Second stack could 
generate power by using regenerated gas as fuel. Hence, 
this system enabled to reach the total Uf value of 91.0%-
96.0% under not high Uf conditions for each SOFC stack. 
We have demonstrated that our system could realize the 
DC efficiency value of 73%LHV with methane (the AC 
efficiency was 65%LHV assuming an inverter loss of 5% 
and an auxiliary devices loss of 6%)[2]. 

In this study, we designed the stack ratio (=first 
stack/second stack) and calculated the efficiency of the 
system for pure hydrogen as fuel. 

We calculated the suitable stack ratio to reach highest 
total Uf of pure hydrogen based on the fuel concentration 
at the outlet of SOFC stack. As a result, the maximum total 
Uf could be realized when the stack ratio is 6.91 [3]. 

First SOFC stack could be operated under Uf value of 
85.4%. Second stack also could be operated under Uf 
value of 85.0% by removing H2O at fuel regeneration, 
which resulted in the maximum of total Uf value of around 
97.8% [3]. Furthermore, this system has possibility to 
achieve the DC efficiency value of 73%LHV. 

To make sure of this calculation, we demonstrated 
power generation test using pure hydrogen as fuel to our 
system which was developed for steam reforming gas. 

II. EXPERIMENT 

A. Schematic illustration of system flow of the hot module 
Figure 1 shows the schematic illustration of system flow 

of the hot module. This system includes vaporizer and 
reformer because it was made for the system using 
methane as fuel. The vaporizer and reformer work as heat 
exchanger because of no vaporization and no reforming 
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reaction. 
 

 
Fig.1. The schematic illustration of system flow of the hot module. 

 

B.  Power generation test 

We demonstrated power generation test by controlling 
the current of first stack and second stack separately to be 
stack ratio as 6.91. Steam condenser removed 96.9% of 
H2O in the anode off-gas of first stack. 
 

C.  Calculation of optimized system   

By using the result of power generation test, we 
calculated the performance of optimized system. 

III.  RESULTS 

The results of power generation test were shown in Fig. 
2 and 3. Stable performance was obtained for over 2.5 
hours with DC power value of 2.21 kW, DC efficiency 
value of 68.1%LHV, AC efficiency value of 60.8%LHV 
(assuming an inverter loss of 5% and an auxiliary devices 
loss of 6%), Total_Uf value of 96.8%, Voltage per cell 
value of 887 mV, stack temperature value of 615 °C, 
Combustor temperature value of 610 °C and Exhausted 
gas temperature value of 235 °C. These results indicate 
our system can improve Uf and efficiency using pure 
hydrogen as fuel for SOFC.  

 

Fig.2. Power generation performance of our system. 

 
Fig.3. Temperature behavior during power generation. 

 
However, we demonstrated power generation test by 

using non-optimized system for pure hydrogen. When we 
use optimized system, the system performance is shown in 
TABLE I by calculation. 

TABLE I 
THE OPTIMIZED SYSTEM PERFORMANCE 

Stack ratio 6.91 
Voltage per cell (mV) 847 
Stack temperature (°C) 680 
DC power (kW) 5.73 
Total_Uf (%) 97.8 
DC efficiency (%LHV) 64.5 
AC efficiency (%LHV) 
assuming an inverter loss of 5% 
and an auxiliary devices loss of 6% 

59.4 

IV.  CONCLUSION 

We demonstrated good stability with 96.8 % of Uf in 
power generation test, which indicates our original system 
has potential to achieve high AC electrical efficiency value 
of over 60%LHV using pure hydrogen as fuel for SOFC. 
Furthermore, optimized system for using pure hydrogen 
can remove vaporizer and reformer and become smaller 
system than demonstrated system. 
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Abstract - Due to growing energy demand of small electronic 
appliances, micro fuel cells are seen as a possible replacement or 
supplement to conventional accumulators. The possibility to use 
liquid fuel and the resulting simplification of storage considers the 
direct methanol fuel cell (DMFC) having especially great potential 
in the field of portable micro fuel cell systems [1]. The system must 
yield adequate power output while at the same time maintaining 
criteria such as a small volume and lightweight packaging. Further-
more the robustness of the systems with regard to mass production is 
also an important aspect to consider. In this work, a DMFC stack 
with coated metal based bipolar plates of a performance category of 
3 Watt consisting of five cells was set up including a downstream 
gas-liquid separator to remove gas from the anode product stream to 
allow its recirculation. The use of a membrane-based micro 
contactor has been studied as a separation unit. 

Index Terms – Coating, Direct Methanol Fuel Cell (DMFC), gas-
liquid separation, metallic bipolar plates 

I. INTRODUCTION 

Portable power systems up to 100 Watt (e.g. chargers for 
outdoor applications) have to meet stringent requirements 
regarding volumetric and gravimetric power densities. Bipolar 
plates constitute the main share of the total stack weight, 
volume and costs and have also to fulfil a number of material 
requirements such as high compressive strength, sufficient 
electrical and thermal conductivity, good electrochemical 
stability but also proper machinability. Although metallic based 
materials meet all necessary requirements, the main weak point 
of such materials is their susceptibility to corrosion in an acid 
environment, which is the case during the operation of the fuel 
cell. Therefore, a suitable coating for protection of the metallic 
bipolar plate material against the exposure to corrosive 
environment while preserving excellent electrical conductivity 

has been successfully developed. 
The cell environment of a DMFC places high demands on 

the material of the bipolar plate, in particular on the coating 
material. The high anodic potential and the low pH of 3 at the 
boundary layer of the membrane electrode assembly (MEA) 
present an increased risk of corrosion for the cell material itself. 
Coatings are required to reduce corrosion of the bipolar plate. 
Due to their high hardness, good wear resistance, as well as 
excellent corrosion and high-temperature oxidation resistance, 
chromium nitrides (CrN) are regarded as excellently suitable for 
use as coating materials, which have already been intensively 
investigated [2]. CrN coatings were applied to stainless steel 
substrate (1.4404) using physical vapor deposition (PVD) to 
increase the corrosion resistance [3]. Nevertheless, pitting-holes 
within such layers could lead to a reduction in the corrosion 
resistance. One way to overcome this problem is to fabricate 
multi-layer coatings with intermediate layers of a different 
material in order to cover surface defects of the CrN-layer. By 
alternating CrN-layers and thin intermediate layers a coating 
with excellent compactness, uniformity and corrosion resistance 
is realized. Amorphous Carbon (aC) is an interesting candidate 
for the use as thin intermediate layer because of its high 
corrosive resistance. 

The use of a membrane-based micro contactor has been 
studied as a separation unit. Investigations regarding the 
separation efficiency have been dynamically performed with 
multiple DMFC-stacks. For this reason, both the behavior of 
two-phase flow inside the micro contactor as well as the gas 
production of the fuel cell have been looked into beforehand. 
Finally, after an evaluation of the gathered results from the 
individual experiments a general recommendation regarding the 
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design of an integrated separation unit for the fuel cell was 
given (fig. 1). 

Fig. 1.  stack consisting of 5 cells (left), polarisation curve (right) 

II. EXPERIMENTS AND RESULTS 

The coating was applied with and without prior plasma 
polishing of the substrate. The total thickness of the deposited 
coating was 1000 nm. Figure 2 shows an ICR measurement of 
CrN/aC samples re-presenting a change in contact resistance 
with and without prior plasma polishing. The contact resistance 
of the sample with prior plasma polishing and the CrN/C 
coating is in the range of the target values for bipolar plates 
defined by the DOE (lower than 10 mΩ-cm 2 at 140 N/cm2 

compaction pressure) [3]. 

Fig. 2.  ICR measurements of the sample 

In the investigation of the separation efficiency of the micro 
contactor it could be shown that in the operating range of the 
cell stack it was possible to consistently achieve degrees of 
separation greater than 0.95. Complete separation of the gas 

2 2 2 was achieved at 120 mA/cm , 140 mA/cm and 160 mA/cm at 
transmembrane pressures of 60 mbar, 80 mbar and 100 mbar 
(fig. 4). The overall performance of a DMFC is strongly 
dependent on the gas/liquid phase separation at the anode side, 
especially if the DMFC is operated transiently with a recovery 
system for unused fuel. The use of membrane technology 
enables the separation of the two-phase flow into liquid and gas 
in a compact and flat device. In general, this is achievable by 
using a polymeric membrane based micro contactor installed 
downstream of the DMFC. However, polymeric membranes are 
not methanol resistant in long-term use and have a high 
transport resistance. In contrast, metallic or ceramic microsieves 
have a high thermal and chemical stability in methanol as well 
as a low transport resistance due to their small uniform pore 

diameters and length. Thus higher separation performance, 
tailored selectivity and low system energy consumption are 
possible. In this work, a metallic microsieve based micro 
contactor for the position-independent gas/liquid phase 
separation is developed. As a separation layer a nickel 
microsieve was used with a total thickness of 10 µm. The 
suitability of the contact module for dynamic use for gas 
separation in a DMFC could thus be clearly confirmed. 

Fig. 3. separation efficiency at different trans-membrane pressures 

III. CONCLUSION 

In this work, a DMFC stack consisting of five cells was set up 
including a downstream gas-liquid separator to remove the gas 
from the anode product to allow an anode recirculation. It could 
be shown that in the operating range of the cell stack, it was 
possible to consistently achieve degrees of separation greater 
than 0.95. The suitability of the contact module for dynamic use 
for gas separation could thus be clearly confirmed. A new 
corrosion-resistant and conductive coating for stainless steel 
bipolar plates has been successfully developed. The corrosion 
resistance has been improved significantly by the CrN/aC coat-
ing and plasma polishing. However, further tests are necessary 
to investigate the long-term stability of the coated material. 
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Abstract - This work aims to provide a simple and 
effective method for achieving highly active in situ catalysts 
for oxygen reduction reaction (ORR). This key challenge is 
required to substitute platinum, and related materials: even 
if they are the best option to catalyze the ORR with low 
over-potential and high current density, they suffer of 
problems which hinder the development to the market level 
of clean energy technologies as fuel cells. Key issues are the 
scarcity, high cost and limited durability of Pt-based 
catalysts. . The main aim of this work is the optimization 
and improvement of nitrogen content into carbon-
nanofibers, intrinsically doped with nitrogen (N-CNFs). To 
reach this goal, plasma treatments are employed, optimizing 
them in order to modify the distribution of the N-doping 
sites, tuning defects content to improve the ORR catalytic 
activity of the material. 

Index Terms – Single chamber microbial fuel cell, 
Oxygen reduction reaction, Electrospinning, N-doped 
Carbon Nanofibers, Plasma treatment. 

I.  INTRODUCTION 

Effective strategies to reduce human dependence on 
fossil fuels are the key steps towards climate change 
mitigation. To this purpose, the implementation of high 
performing renewable low-carbon technologies are 
mandatory [1]. Among all energy conversion and storage 
devices, fuel cell technologies (FCs) shine as the leading 
option toward sustainability, and among them Microbial 
Fuel Cells (MFCs) play a crucial role as the sole example 
of FCs able to harvest environmentally available 
chemical energy. MFCs require further improvements to 
increase their performance and efficiency. The key 
challenge is the oxygen reduction reaction (ORR) 
occurring at cathode. [2] Since the ORR is an 
energetically un-favored electrochemical heterogeneous 
reaction, the employment of new electrocatalysts with 
higher catalytic activity, longer durability and cost 
effective, are designed. To this purpose, metal-free 
nanomaterials play a crucial role, becoming the key 
enabling technology for further development in catalysis 
area.  As demonstrated in our previous work [3], carbon-
based nanomaterials, intrinsically doped with 
heteroatoms like nitrogen, have established as the most 
promising substitutes to platinum (Pt). The main aim of 
this work is the optimization of carbon nanofibers doped 
with nitrogen (N-CNFs), especially in terms of their 
content of graphitic, pyrrolic and pyridinic nitrogen 

defects, as well as their high surface area. N-CNFs have 
been prepared by electrospinning, as discussed in our 
previous work [3], and thermally treated up to 900°C 
under inert atmosphere. Raman spectroscopy confirmed 
the partial graphitization of N-CNFs, and X-ray 
photoelectron spectroscopy (XPS) gave evidence of good 
content of graphitic and pyridinic nitrogen defects in 
CNFs. Two different plasma treatments are compared: 
the first one was an N2-plasma and the second one was 
based on a mixture of O2 and N2 (78% N2 and 22% O2), 
named atmosphere based-plasma. It is commonly 
accepted that N2-plasma ensures the increase of nitrogen 
content into carbon materials [4], while O2-plasma is 
normally used for etching and surface cleaning [5]. In the 
present work, all obtained results demonstrate that 
atmosphere based-plasma allows an improvement of total 
nitrogen content, especially promoting the increase of 
pyridinic-N. The atmosphere based-plasma induced 2 
concurrent effects: i) removal of surface atoms or clusters 
of atoms induced by etching reactions employed by O2 

and ii) further reactions between reactive sites and the 
reactant N2 species in the plasma, tuning thus the N-
doping active sites, as demonstrated by XPS. The 
electrochemical properties of all nanostructured materials 
were characterized by Rotating Ring Disk Electrode 
(RRDE), demonstrating an electron transfer number of 
3.9 after plasma treatments. 

II. EXPERIMENTAL SECTIONS 

A. Materials and Methods 
As reported in our previous work [3], CNFs are 

obtained by electrospinning technique starting from a 
polymeric solution, containing 12 wt% of PAN (average 
molecular weight Mw=150,000kDa) dissolved into DMF 
(assay 99.8%), purchased from Sigma Aldrich. Samples. 
A NANON 01A electrospinning apparatus (MECC., 
LTD) was used. Each nanofiber mat was obtained by 
applying a voltage value of 15kV for 2 hours. As spun 
nanofibers are subsequently thermally treated until 900°C 
into inert atmosphere for 1h (Carbolite, VST 
12/300/3216/) [3]. Two plasma treatments (Diener) were 
performed, one based on N2 only, at 50 W for 5 min, and 
a second one using a gaseous mixture of N2 and O2 with 
an atmospheric-based ratio, at 50 W for 5 min. The tuning 
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of the distribution of the N-Doping sites was 
demonstrated by XPS (PHI 5000 Versaprobe scanning X-
ray photoelectron spectrometer) and Raman (Renishaw 
InVia Reflex spectrometer, λex=514.5 nm) 
spectroscopies. In particular, two different plasma 
treatments were carried out: the first one is N2-plasma, 
the second one is atmosphere-plasma. The morphology 
of the samples was analyzed with Field Effect Scanning 
Electron Microscope (FESEM, ZEISS Merlin, operating 
between 5 and 10 kV). RRDE technique were carried out 
by means of a CHI instrument 760D electrochemical 
workstation and an ALS RRDE-3A rotating ring disk 
electrode apparatus. 

III.  RESULTS AND DISCUSSION 

As demonstrated in our previous work [3], the nitrogen 
defects play a crucial role for the optimization of catalytic 
features of these nanostructures toward ORR. In order to 
deeply demonstrate how the plasma treatments play a 
crucial role to tune the nitrogen defects content in N-
CNFs two different treatments are differently employed: 
N2-plamsa and atmosphere-plasma. As reported in 
Fig.1b) and c), XPS leads to demonstrate an increasing of 
atomic percentage of nitrogen, occurred when 
atmosphere based-plasma s applied, comparing with the 
one obtained in N2-plasma. Fig.1c) confirmed that N-
CNFs treated with plasma in atmosphere based-plasmas 
how a high content of pyridinic nitrogen, close to 45.75 
at%, together with a great content of graphitic-center 
nitrogen equal to 18.36 at%.  

 
Fig1. High-resolution N1s spectra for N-CNFs obtained by 

implementing two different plasma treatments a) N2 plasma treatments 
and b) atmosphere based-plasmatreatments.  

 

The preservation of the nanostructures also after 
atmosphere based-plasma was confirmed by FESEM 
images, as sketched in Fig 2 a), confirming that the 
presence of O2 in this treatment doesn’t induce a 
detriment of the nanostructures. Raman spectroscopy 
(Fig. 2b) was performed to establish the defect level of all 
nanofibers mats, demonstrating how the defect level 
increases when the plasma treatments was carried out. 
Higher is the ratio between D-band and G-band, higher is 
the defect level of CNFs. Fig 2c) underlines an higher 
electrical conductivity, close to 18 S cm-1, reached by 
CNFs treated with the atmosphere-plasma, than the one 
achieved by CNFs treated with the N2-plasma. The 
RRDE technique allows validating the catalytic pathways 
of all nanomaterials by using 4-electrodes measurements. 

In order to compare the electro-catalytic properties of N-
CNFs and both of CNFs obtained after plasma 
treatments, it is possible to notice that nanofibers 
obtained after atmosphere based-plasma ensure a high 
number of electron transfer, close to the ideal values of 4, 
reached reached by Platinum (Pt), as shown in Fig. 2d).  

 
Fig2. a) FESEM images conducted after atmosphere based-

plasma treatment, b) Raman Spectroscopy and c) electrical 
conductivity conducted on all nanofiber mats. d) Comparison of 
electron transfer number (left axis) and H2O-% (right axis) 
evaluated from RRDE measurements of N-CNFs (red line) 
compared with CNFs treated in N2-plasma (black line), CNFs 
treated in atmosphere based-plasma (blue line) and the 
commercial catalyst based on Pt/C (pink line) 

IV.  CONCLUSION 
In the present work, the crucial role achieved by plasma 
to tune the nitrogen defects content in CNFs was 
demonstrated. In particular, it was possible to confirm 
two effects induced by the presence of O2 into the 
atmosphere-plasma: i) removal of surface atoms or 
clusters of atoms induced by etching reactions employed 
by O2 and ii) further reactions between reactive sites and 
the reactant N2 species in the plasma, tuning thus the N-
doping active sites. This hypothesis was confirmed by 
XPS that underline a higher content of nitrogen, close to 
7.5 at%, respect to the one achieved in CNFs treated with 
N2 plasma (equal to 3.4 at%). Since the electrochemical 
properties of sample are optimized when the samples 
employ/achieve high electrical conductivity and high 
content of heteroatoms, all these latter results confirm  
how the atmosphere based-plasma is able to design an 
improved catalyst layer for direct ORR, granting also the 
preservation of the nanostructures. All these results 
confirmed the optimization of metal-free catalyst that can 
be applied as cathode electrode in air-cathode Microbial 
Fuel Cell (MFC), improving thus its overall performance.  
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Abstract - The work is a case study of a cruise ship supplied by 
LNG and equipped with a solid oxide fuel cell. It is considered that 
5x200 kW SOFC systems integrated with gas turbines are installed 
onboard assisting a dual fuel diesel/LNG engine to generate 10 
MW during the stay in port time. The cruise ship spends almost 12 
hour per day in ports thus contributing significantly to the local 
environmental pollution. Results indicate that the use of SOFC 
system allows both to save about 6.75% of LNG, in comparison to 
the dual fuel engine, and to reduce emissions of SOx, CO, NOx, PM 
by about 10% and CO2 by 5.3%. 

Index Terms – Cruise ships, Emissions, GNL, SOFC. 

I.  INTRODUCTION 

Marine sector contributes to the global emissions of 
greenhouse gases (GHGs) and other hazardous air pollutants 
approximately for an amount of 5% [1]. It is subordinated to 
the current stringent international environmental standards as 
well, forcing to search alternative fuels and new technologies 
with lower environmental impact. 

There are several fuels or energy carriers that can be used in 
shipping among which Liquefied Natural Gas (LNG) is one of 
the most commonly considered today. The use of LNG allows 
to reduce both 25% of carbon dioxide and a remarkably amount 
of sulfur oxides emissions (SOx) in comparison to traditional 
marine Diesel oil fuel [2]. 

Nevertheless, using the traditional endothermic engines with 
LNG could not satisfy the environmental requirements, 
therefore alternative technologies are being sought. Among 
these, the use of Fuel Cell technology (FC) seems to be very 
promising [3]. 

Considering a vessel supplied by LNG, the use of High 
Temperature FCs (HTFCs) is more suitable than low 
temperature FCs since they can be powered directly by LNG, 
with no complex fuel treatment system and allowing higher 
efficiencies if used in cogenerative configurations [4]. 

Nowadays, it possible to find several commercial Solid 

Oxide FCs (SOFCs) products offering attractive potentials for 
electrical generation in centralized and distributed applications. 
The SOFC is the simplest and most rugged among all FCs 
covering wide power ranges (up to few MW) and with very 
long lifetimes (up to 60000 h) [5]. 

According to this, the present study considers a case of a 
cruise ship supplied by LNG and equipped with SOFC modules 
integrated with gas turbines (GT), assisting the dual fuel 
diesel/LNG (DF) engine to generate electricity on board during 
the stay in port of the ship. The aim is to predict the CO2, CO, 
SOx, NOx and particulate matter (PM) emissions of the SOFC 
system in the harbors compared to the DF engine. The fuel 
consumption has been estimated and compared as well. 

II. METHODS 

A. General layout of the cruise ship 
Main characteristics of the cruise ship are summarized in 

Table I. 

TABLE I 
Main cruise ship characteristics 

Passengers 6600 + 2035 crew members 
Main dimension (m) Length: 350-360; Breadth: 40-45; Height: 50-60 
Design draught (m) 7.74 
Decks 18 
Cruise speed (kn) 19 (maximum: 21) 
Autonomy 10 days 
Propulsion Double propeller with gas engines 

A complete fuel gas handling system for LNG Fueling fueled ships. 
Maximum power (MW) 62.2 

The propulsion power and the electrical power production 
are provided by four Wartsila Dual fuel diesel/LNG engines 
(model: 18V50DF) with a nominal power of 17.55 MW at 60 
Hz. 
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Emission factors of such engine are estimated from data 
reported in recent literature [6], considering average values. It 
must be noted that we considered only the data of DF engines 
with emissions that respect the IMO tier II regulations [7]. 

B. Solid Oxide Fuel Cell 
Technical data and emission factors are taken from some 

commercial SOFC-GT products sold by worldwide companies, 
such as Mitsubishi Hitachi Power Systems (Japan), 
BloomEnergy (USA), Convion (Finland), SunFire GmbH, 
(Germany), Elcogen (Estonia), etc., and considered in average 
values. 

It is assumed that the SOFC is integrated with a GT in order 
to generate more electric energy allowing an increase of the 
efficiency from 57% to 85%. 

C. Case Study 
The cruise ship stays in port 12 hours per day requiring 

about 10 MW. Generally, the primary engines supply this 
power demand. In this case study we assumed that 9 MW are 
provided by a single DF engine, working with an efficiency of 
roughly estimated at 20%, and 1 MW by five SOFC-GT 
modules of 200 kW fueled by GNL. 

III. RESULT 

Emissions factors both for the DF and SOFC-GT have been 
evaluated and reported in Table II. 

TABLE II 
Dual fuel Diesel/LNG engine (DF) and SOFC-GT emission factors 

Value 
Emissions Unit 

DF SOFC-GT 
SOx mg/kWh 32 ± 17 negligible 
NOx mg/kWh 7000 ± 2100 4.8 ± 0.2 
CO mg/kWh 15000 ± 4230 2.1 ± 0.1 
PM mg/kWh 175 ± 108 negligible 
CO2 g/kWh 725 ± 234 343 ± 37 

As expected, it resulted that the DF engine has NOx, CO 
emissions significantly higher than SOFC-GT system. Any 
appreciable emissions of SOx and PM are found for the SOFC-
GT. CO2 emission of SOFC-GT is lower than DF due to the 
higher efficiency of the SOFC. 

Emissions in port of SOFC-GT system have been calculated 
and compared to those of DF. As expected, it results that the 
SOFC-GT emissions are lower and this allows to reduce the 
global emission of the cruise ship in port by the values reported 
in Table III. 

LNG consumption of the SOFC-GT system, during the stay 
in port of the cruise ship, is estimated to 8 L/day. At the same 
time, the DF engine consumes about 94 L/day of LNG to 
generate a power of 9 MW for 12 hours. It means that in this 
case it is possible to save about 6.75 % producing 10 MW with 
such hybrid configuration. 

TABLE III 
Emissions reduction by using a SOFC-GT system 

Emissions Reduction, % 

IV.  CONCLUSION 

It has been presented a case study of a cruise ship supplied 
by LNG working with a hybrid configuration made by a SOFC-
GT system and a DF engine during the stay in port of the ship. 
A preliminary evaluation of the emissions and fuel 
consumptions in the port have been carried out both for the 
SOFC-GT and DF. It resulted that such a configuration allows 
to reduce the CO, SOx, NOx and PM emission by 10% and 
CO2 by 5.27 %. In addition, about 6.75 % (8 L/day) of LNG is 
saved. 

Favoring the introduction of high temperature fuel cell 
technology (SOFC) in cruising sector can contribute to respect 
the more and more stringent environmental regulations. 
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Emissions Unit
Value

DF SOFC-GT
SOx mg/kWh 32 ± 17 negligible
NOx mg/kWh 7000 ± 2100 4.8 ± 0.2
CO mg/kWh 15000 ± 4230 2.1 ± 0.1
PM mg/kWh 175 ± 108 negligible
CO2 g/kWh 725 ± 234 343 ± 37

Emissions Reduction, %
SOx 10
NOx 9.99
CO 10
PM 10
CO2 5.27
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Abstract – Metallic bipolar plates (BPPs) show promise as 
an alternative to plates made from graphite. However, 
dissolution of metals in fuel cell conditions may be 
responsible for losses in performance. Therefore, metallic 
BBPs are coated with a protective carbon layer. The aim of 
this study was to investigate the behaviour of such plates 
under automotive PEMFC conditions. The test shows no 
increase in contact resistance, but a higher voltage 
degradation in the presence of coated metallic BBPs. 
SEM/EDX analysis found the carbon layers to be intact, 
however, iron dissolution from metallic stains on top of the 
carbon layer was detected. The origin of those stains lies in 
unsuitable laser drilling used for the manufacture of the 
BPPs. This suggests that carbon coatings provide good 
protection for metallic BBPs but also that a systemic 
approach is needed and plate manufacturing has to be taken 
into account when analysing single-cell test results. 

Index Terms – Bipolar plates, drive cycle, metal 
dissolution, proton exchange membrane fuel cell (PEMFC) 

I. INTRODUCTION 

To realize voltages of up to 200 V, required for 
electrical devices and automotive applications, single fuel 
cells are connected in series via bipolar plates to form a 
stack. BPPs, moreover, separate gases of adjacent cathodes 
and anodes and provide electrical conductivity. 

Desired properties of bipolar plates are low interfacial 
contact resistance (ICR), low ohmic resistance, high 
chemical stability and good heat conductivity. Graphite as 
BBP material matches these criteria. It is, however, brittle 
and large scale manufacturing is costly. In comparison, 
metallic bipolar plates are cheap, have excellent forming 
and mechanical properties and can be made very thin. 
Their main disadvantage is the lack of chemical stability 
in the PEMFC environment. Anodic (oxide) film 
formation on metallic BPPs can increase their ICR [1]. 
Additionally, released metal ions can increase proton 
resistance as they replace protons in the 
membrane/ionomer phase [2]. Furthermore, Fenton-active 

metal ions (e.g., Fe2+) can cause continuous radical 
formation which, in turn, leads to membrane and ionomer 
degradation [3]. 

II.  EXPERIMENTAL 

A. Fuel cell hardware and testing parameters 
All measurements were performed using an in-house 

cell with a PEEK body and two movable cylindrical 
current collectors (CC) made of graphite with an active 
area and flow field of 7 cm2. Gases were heated and 
humidified, to 66 % relative humidity (RH) at a cell 
temperature of 80 °C. The clamping pressure applied to the 
cell was 8.2 bar. Gas flow rates were adapted continuously 
to the current profile to provide stoichiometric flows of 1.3 
at the anode and 1.5 at the cathode. Gas pressures in the 
cell were 1 bar. For the membrane electrode assembly, a 
commercial GORE MEA (thickness 25 µm, anode loading 
0.45 mg/cm2 PtRu, cathode loading 0.4 mg/cm2 Pt) was 
used. Sigracet 25 BC gas diffusion layers (GDL) were used 
on both electrodes. The BPPs used were carbon coated 
stainless steel plates with a spiral flow field where the total 
land area was 3.86 cm2. To measure the contact resistance 
probes were placed at the edge of the GDL and the back of 
the BPP plate. 

B. Testing regime 
Stability testing was based on the New European 

Driving Cycle [4]. Each cycle was made up of a current 
profile, simulating the changing demands during real-life 
driving. A total number of 700 cycles, corresponding to a 
driving time of six months, was chosen. 

III. RESULTS 

The results of a full experiment are shown in Fig 1. As 
can be seen the performance of the MEA was reduced and 
the transients in regions with higher current densities 
increased in intensity with progressing cycling. 
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 -2 drilling of the gas inlets, which caused stains to form on 

the coating (blue area in Fig 3). 
 

 
Fig 1. NEDC measurements of a 7 cm2 commerical MEA with a carbon 
coated BPP at anode and cathode side. 

Three regions from Fig 1. were chosen to evaluate 
degradation. A low (red marker at 410 s), a medium (blue 
marker at 880 s), and a high (green marker at 1150 s) 
current density region. The decay for each region, in the 
absence and presence of a carbon coated metallic BPP are 
shown in Fig 2a. 

 
Fig 3. a) Picture of carbon-coated stainless-steel BBP. The blue square 
shows the position of the gas inlet. b) SEM analysis of the gas inlet of the 
carbon-coated, laser-drilled, stainless-steel BBP. The scale bar is 2 µm. 
 
It is important to note that this is a manufacturing error 
caused by the unique shape of the bipolar plates used in 
this setup. Nevertheless, the presence of even small 
amounts of iron negatively impacted the fuel 
cell performance. 
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IV. CONCLUSION 
Single-cell test in the absence and presence of metallic 

BPPs were carried out and show stable carbon coatings 
during fuel cell operation. Performance losses are 
attributed to metallic stains on top of the coatings caused 
by specialized manufacturing steps required for the 
experimental set-up. The results show that even small 
amounts of bare metals can affect fuel cell performance 
and that manufacturing techniques must be considered in 
the interpretation of single-cell test results. 
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Abstract - DDE is a very persistent and bioaccumulative 
polychlorinated compound from DDT transformation. Microbial 
Fuel Cells (MFCs) are environmentally friendly tools that convert 
the chemical energy of organic compounds present in the soil into 
electricity. The aim of this work was to test if MFCs can promote 
DDE degradation. MFCs containing contaminated soil were used 
under open circuit voltage (OCV) and closed-circuit voltage (CCV) 
conditions. The voltage was measured daily for the OCV condition. 
Power generation was calculated in the case of the CCV condition. 
Chemical analysis for measuring the DDE concentration and 
microbiological analyses for evaluating the bacterial community 
abundance and activity were performed at 0, 60 and 180 days. The 
results show that MFCs were able to promote DDE degradation. 

Index Terms - Microbial Fuel Cell, DDE, Bioremediation, Exo-
electrogen microorganism, Green Technology. 

I.  NOMENCLATURE 

DDD=Dichlorodiphenyldichloroethane 
DDE=2,2-bis (p-chlorophenyl)-1,1-dichloroetylene 
DDT=dichlorodiphenyltrichloroethane 

II. INTRODUCTION 

Although DDT production is no longer legal in most of the 
world countries, large quantities of DDT and its toxic 
polychlorinated metabolites (DDD and DDE) persist in soils 
[1][2]. Recently, the Microbial Fuel Cell (MFC) has been used 
as a Bioremediation Technology to restore contaminated soils. 
MFCs transform energy stored in the chemical bonds of organic 
compounds (as fuel) into electrical energy thanks to exo-
electrogen microorganisms naturally present in the soil, 
catalyzing oxidation and reduction reactions in the area 
between two graphite electrodes [3]. The anode is used as an 
electron acceptor in anaerobic conditions and promotes 
bacterial biofilm growth around it. Electrons flow from the 
anode to the cathode through an external circuit, while protons 
flow through the soil directly to the cathode: here, in aerobic 

conditions, electrons and protons react with oxygen to produce 
water. In this work, the MFC performance with and without 
contamination as well as the effectiveness of MFCs for DDE 
degradation were tested in presence or absence of compost. 
Two different conditions were performed: open and closed 
circuits (OCV and CCV). The pesticide degradation, the 
microbial activity and the electrical output were evaluated over 
the experimental time. 

III. EXPERIMENT 

A. Materials 
The soil was sampled from an agricultural area (0-30 cm 

depth) in the Montelibretti area (Rome, Italy). Compost was 
supplied by Progeva s.r.l. (Taranto, Italy). DDE was purchased 
from Sigma-Aldrich. 

B. Preparation of the fuel cells and experimental setup 
MFCs were composed of two graphite electrodes, anode and 
cathode. The anode (at the bottom of the cell) was totally 
submerged in soil (moisture: 30%, mud consistency) to allow a 
proper functioning of the MFC. The cathode was placed on the 
top of the soil. The electrodes were connected by an external 
circuit for the electron movement. 
Four experimental conditions (Soil, Soil+Compost, Soil+DDE, 
Soil+Compost+DDE) were set up in both MFCs and glass 
batches which were used as controls. MFCs containing soil 
treated with DDE [1 mg/kg] were tested using both open and 
close circuits (OCV and CCV) equipped with a resistance of 
1500 Ohm. This value was obtained from a previous test in 
which a characteristic curve was performed in order to obtain 
the resistance corresponded to the maximum electrical power 
value. Destructive samplings were performed at 6, 60 and 180 
days. The voltage was measured once per day using a 
multimeter tester for all the MFCs. In the case of closed-circuit 
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condition, the current was also measured. The power was 
calculated as the product of voltage and current. 
Microbiological (abundance by DAPI counts, viability by 
live/dead method and dehydrogenase activity, [3,4,5]) and 
chemical analysis (DDE concentration analyzed with a GC-MS 
Thermo Polaris Q) were carried out to assess the bacterial 
community and the DDE degradation in the various 
experimental conditions. 

IV.  RESULTS AND DISCUSSION 

The MFCs where only DDE was present, showed a higher 
durability and a voltage value of 300 mV registered over more 
than 100 days, after an initial development stage lasting about 
60 days (Fig.1). In the other cases the voltage varied 
substantially over the experimental time. 

Fig. 1. Voltage in Soil+DDE and Soil+compost+DDE MFCs. 

Adding compost with DDE reduced power generation 
especially in the first 60 days where the MFCs produced more 
than in the following period (Fig.2). After 60 days a reduction 
in the total amount of DDE was found in each pesticide-treated 
MFC: 40% in Soil+DDE and 25-30% in Soil+Compost+DDE, 
respectively. The higher power the MFC produced, the higher 
DDE degradation was obtained. However, at 180 days only 
“soil+DDE CCV” and “soil+compost+DDE OCV” showed a 
further decrease in DDE (6% and 30% respectively). Power 
output was very low during this period. Interestingly, no 
reduction in DDE concentration was observed in all batch 
conditions (controls). Table 1 summarises the overall chemical 
and microbial analyses. 

Fig. 2. Power generation in MFCs 

The overall microbial activity (DHA) tends to decrease in all 

treated conditions (from 6 d to 180 d). 
Tab. 1. DDE decrease (%) Microbial abundance, Cell 

viability and Microbial activity at 6, 60 and 180 days. 

Time 
(days) 

DDE 
Decrease 

(%) 

Microbial 
Abundance 

(N. cells 
g/dry soil) 

Cell Viability 
(%live 

cells/(live+dead) 

Microbial 
Activity 

(µg 
TPF/g 

dry soil) 

Soil+DDE 
Batch 

6 
60 
180 

0 
0 
0 

4.6x107 

8.8x107 

1.4x108 

45.6 
46.2 
67.2 

209.3 
145.3 
16.9 

Soil+DDE 
OCV MFC 

6 
60 
180 

0 
39 
0 

4.6x107 

7.4x107 

2.1x108 

45.6 
51.3 
72.1 

209.3 
364.4 
23.0 

Soil+DDE 
CCV MFC 

6 
60 
180 

0 
38 
6 

4.6x107 

8.8x107 

2.2x108 

45.6 
61.4 
72.5 

209.3 
103.4 
92.3 

Soil+compost+DDE 
batch 

6 
60 
180 

0 
0 
0 

1.4x108 

1.4x108 

4.7x108 

74.7 
54.3 
53.8 

89.2 
207.0 
133.3 

Soil+compost+DDE 
OCV MFC 

6 
60 
180 

0 
26 
30 

1.4x108 

1.2x108 

8.1x107 

74.7 
71.8 
53.2 

89.2 
116.0 
48.2 

Soil+compost+DDE 
CCV MFC 

6 
60 
180 

0 
31 
0 

1.4x108 

1.3x108 

1.8x108 

74.7 
25.1 
55.8 

89.2 
123.9 
15.0 

V. CONCLUSION 

The results show DDE degradation in the MFCs up to 2 
months. The voltage trend at 180 days was attributable to lower 
DDE degradation. MFCs were more effective in DDE 
degradation in absence of compost. This result agrees with a 
higher voltage value in the Soil+DDE OCV and CCV 
conditions. Presence of compost presumably stimulated 
bacterial populations not necessarily involved in DDE 
degradation. Further samplings are in progress to evaluate DDE 
degradation after 12 months. Microbial molecular 
investigations will be performed to phylogenetically 
characterize the bacterial populations in the various 
experimental conditions. 
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Abstract – The porosity of the cathode microporous layer 
(MPL) and electrodes was modified using monodisperse polymer 
particles, which were then either evaporated or washed away 
during the preparation process, resulting in spherical pores. Three 
cathode MPL configurations were prepared, one without pore 
formers, one with one layer containing 10 vol.% 30 µm pore 
formers, and one double layer MPL of 10 vol.% 30 µm and 1.5 µm 
pore formers. Also, three configurations of the catalyst layer were 
prepared, one without pore formers, one with 5 wt.% pore 
formers, and one with 10 wt.% pore formers. These layers were 
assembled in 5 different configurations, in an 8 cm² fuel cell. 
Neutron radiography was used to investigate the water inventory 
of these cells, and polarization curves were recorded during the 
radiography images. The experiments showed, that modification 
of catalyst layers (CL) pushes the mass transport region to higher 
current densities, and in combination with the double layer MPL, 
the highest increase in cell performance was observed despite 
higher water content measured in the cell. 

Index Terms – Microporous Layer, Neutron Radiography, 
Porosity, Water Management 

I. INTRODUCTION 

A better understanding of water management in a proton 
exchange membrane fuel cells (PEMFCs) is an important issue 
[1]. The conductivity of the membrane depends on its 
hydration, where, at the same time, the accumulation of the 
excess water inside the cell components can result in flooding 
inside the fuel cell, leading to a performance drop [2]. 
   In this study, we aimed for a higher cell performance through 
modification of the porosity of cathode MPL, using 
monodisperse polymer particles and modification of porosity of 
CL using monodisperse PS particles. An individual cell design 
has been used to investigate the in-operando water management 

of modified cells through neutron radiography. Cell 
performance has been measured for these cells.   

II.  EXPERIMENTAL 

A. Catalyst Layer and MPL Preparation 
A 20 wt.% Pt, based on carbon support commercial catalyst, 

was mixed with NafionTM solution and deionized water. For 
porosity modification, monodispersed polystyrene (PS) 
particles with 0.5 µm diameter were added to the ink. The PS 
particles were washed out of the Catalyst Coated Membrane 
(CCM) with ethyl acetate at room temperature. Cathode and 
anode CL had a similar platinum loading of 0.3 mg/cm². 

To prepare the cathode MPL ink, deionized water, carbon 
black, methylcellulose, Triton x-100, and PTFE were mixed 
together. For porosity preparation, monodispersed polymer 
particles with either 1.5 µm diameters (MX150, Chemisnow®) 
or 30 µm diameters (MX3000, Chemisnow®) were added to the 
inks. In this study, three types of cathode MPL, a reference 
MPL without pore formers, one with 10 vol. % MX3000 
particles and a double layer MPL with 10 vol. % MX3000 
added to the first layer and 10 vol. % MX150 added to the 
second layer were prepared.  

Tested fuel cell configurations incorporating these CCM and 
MPLs are listed in TABLE I. 
B. Neutron Radiography 

The measurements were conducted at the CONRAD II 
Imaging beamline at the BER II research reactor of the HZB in 
Berlin, Germany.

 For the presented measurements, a field of view of 26 x 26 
mm and a pixel size of 12.9 µm was chosen. The transmitted 
water depth could be quantified using the attenuation 
coefficient and images of the dry cell as the reference. 

Copyright © 2019  



78 EFC19

    

 
 

   

   

   
    
  

   
   

  
      

        
   

 

  
    

  
         

 

      
   

           
          
             

  
   
 

          
               

 

       
 

     
     

   
  

   
   

 
  

   

    
           

               
 

   
   

  
 

 

 
 

 

 

 

 
      

       
         

      
      

  
  
  
  
  

 
        

 

 
        

    
    

 
    

        
       

 
   

          
    

     
    

       
 

cells appear to have a better performance process in mass 
TABLE I transport limiting region.  

Fuel Cell Compositions 
Anode GDL Cathode MPL* CCL 

Cell 1 SGL 29BC Reference ** Reference*** 

Cell 2 SGL 29 BC 10 vol.% MX3000 10 wt.% PS 
Cell 3 SGL 29BC 10 vol.% MX3000 5 wt.% PS 
Cell 4 SGL 29BC Reference 5 wt.% PS 

Cell 5 SGL 29BC 
Layer 1 10 vol.% MX3000 
Layer 2 10 vol.% MX150 

5 wt.% PS 

0,8 
 Cell 1
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* GDL substrate: SGL 29 BA 
** Reference self-made MPL contains 20 wt.% PTFE in the coating 

0,0 and no extra pores are introduced in the coating 
*** Reference self-made CCL contains no PS as pore former 

0 2000 4000 6000 

time [s] 
Fig. 2. Water thickness measured inside GDLs and CCM through 

radiography for cell 1*, cell 2*, cell 3*, cell 4* and cell 5* by increasing current 
density (green line). Water distribution under land and channel regions of Cell 5 
are depicted in the right diagram 

III.  RESULTS 

 For the radiographic measurements, the fuel cell is operated 
in a galvanostatic mode increasing the current in a ramp, up to  Cell descriptions in TABLE I 
1 A/cm². A quantitative evaluation of the water accumulation 
within both cathode and anode GDLs and the CCM is shown in 1,0 

0,0 0,2 0,4 0,6 0,8 1,0 

Cell 1 
Cell 2 
Cell 3 
Cell 4 
Cell 5 

current density [A/cm²] 
Fig. 3. Polarization curves acquired during radiography (Cell descriptions in 

TABLE I) 

Figure 2.  
Water content is increased for all cells at lower current 0,8 

density values only slowly, continued with a steep slope at 
0.25 A/cm² up to a steady-state plateau after 1500 s at 
0.5 A/cm². Reference cell 1 reaches a lower water content at 
the plateau level. By increasing the porosity of the CL in cell 4, Ce

ll 
V

ol
ta

ge
 [V

] 

0,6 

0,4 

an increase in the water content can also be observed. 
Implementing a high porous cathode MPL in cell 3 does also 0,2 

not reduce the water content. Cell 5, with the double layer 
cathode MPL, shows the highest water content of all cells. 0,0 

In the water plateau region, cells 2, 3, 4, and 5 show several 
semi periodic water peaks. Cell 1, with reference CCM and 
reference cathode GDL, shown in the red line in Figure 2, does 
not show any water peaks. As discussed in our previous study 
[3], these water peaks show a sudden water accumulation 
inside the anode side of the cells. 

  Separation of water accumulation under land and channel 
region of cell 5 can also be seen in Figure 2. As expected, 
higher water content can be observed under the land region of 
the cell.

 Figure 3 shows the performances obtained during the 
measurement. The average potential value in each current step 
is plotted. Reference cell 1, which contains a low water 
content, shows a higher potential in the activation and ohmic 
loss area, but faces a significant voltage drop at higher current 
density.  

  Although cell 5 contained the highest water content within 
all cells, this cell shows a higher performance at high current 
densities. 

Comparing cells with 5 wt.% PS added to the electrode ink, 
cell 4 with a reference MPL shows a worse performance 
compared to cell 3 with highly porous cathode MPL although a 
similar overall water content was observed for these cells. Both 
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Abstract – A drone for high flight times is under construction, 
using hydrogen to supply a fuel cell. It will be charged by a 
hydrogen refueling station, using a metal hydride compressor.  

 
Index Terms – fuel cell drone, hydrogen, solid state compressor  

I.  INTRODUCTION 

Nowadays, drones are used in a wide range of applications, 
from civil to military. It is therefore of interest to develop 
systems with increasing performances, in terms of energy 
efficiency and running time. In this regard, the use of Fuel Cell 
(FC) is a possible solution, since hydrogen (H2) has a higher 
energy density compared to batteries [1].  

In this work, we show preliminary results obtained for the 
Clean-DronHy project, supported by Regione Piemonte (Italy). 
The aim is to design and to realize a demonstrative drone, 
which uses compressed hydrogen to supply a FC. The goal is to 
reach 2 h of continuous flight, showing the feasibility of a FC 
drones. The drone will be linked with a hydrogen refueling 
station (H2RS). Hydrogen will be produced by an electrolyzer, 
driven by renewable energy. Afterwards, it will be compressed 
by a metal hydride compressor (MH-C) and finally stored as 
compressed gas to supply the drone. A schematic representation 
of the integrated system is reported in Figure 1. 

 

 

 

 

 
 
 
 
 
 

II.  HYDROGEN REFUELING STATION 

The refueling station is sized for the delivery of the daily 
amount of hydrogen necessary to cover two flights of the drone 
per day. Table 1 reports main parameters considered for the 
system.  

Table 1: Parameters for the drone flight 
 
 

 
 
 

 

A.  Hydrogen production 

H2 will be produced in sufficient amount by an Enapter EL-
250 electrolyzer. It produces high flows of H2 (250 Nl/h) at 30 
bar, at room temperature. Then, H2 will be compressed and 
stored in the gas phase. A fraction of the gas will be used to 
supply the drone and the other will be stored. The photovoltaic 
plant, consisting of 10 panels of 300 W, was sized starting from 
the power necessary to supply the electrolyzer.  

B.  Hydrogen compression and storage 

Compared to conventional mechanical compressors, the 
compression of H2 by MH is an innovative technology, which 
does not use electricity. Moreover, it is not noisy and does not 
require significant maintenance [2]. On the other hand, it needs 
a thermal fluid for running. At the basis of the use of MH for 
H2 compression, there is a reversible reaction between H2 and a 
metal hydride former (M) to produce heat (Q) and MH 
(Equation 1): 

 
The thermodynamics of the equilibrium is characterized by H2 
pressure (p), concentration (c) in the solid phase and 
temperature (T), which are described in a pcT-diagram [2]. 
Based on the thermodynamics of the equilibrium, compression 

N° of tank on the drone 2 
H2 pressure in tank 300 bar 

Time of flight 2 h 
N° of flight per day 2 

Volume of tanks 1.5 l 
H2 daily amount 166 g 

Fig. 1: representation of the integrated system: drone and H2RS  

Eq.1 
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occurs since M can absorb H2 at low pressures and low 
temperatures (Tlow), forming MH. Then, MH is heated up at 
Thigh and H2 is released at a significantly higher pressure. In the 
H2RS, a two stage MH-C is planned, which will use 
commercial alloys La0.9Ce0.1Ni5, as 1st stage, and the Hydralloy-
C5 (TiMn2-based alloy), as 2nd stage. H2 will be compressed 

between room temperature (Tlow) and 150 °C (Thigh). 
Thermodynamics of alloys were studied acquiring pcT-
diagrams (Fig. 2) for La0.9Ce0.1Ni5 at 25°-42°-65°-87 °C (Fig. 2-
a) and for Hydralloy at 32°–56°–79 °C (Fig. 2-b). From pcT-
diagrams, enthalpy, ΔH, and entropy, ΔS, of absorption and 
desorption were obtained. They are necessary to simulate the 
H2 compression behavior. It was obtained that, in the working 
temperature of Tlow and Thigh, H2 can be compressed between 20 
bar and 200 bar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 pcT-diagram a) La0.9Ce0.1Ni5 and b) Hydralloy 
 
Powders were tested in a laboratory scale compressor (Fig. 3).  
 
 
 
 
 
 
 
 
 
 
 
From this test, a fast kinetics has been observed, since one 
cycle of compression (i.e. from the absorption in the 1st stage to 

the desorption in the 2nd stage) occurs in only 40 min. Starting 
from the results of preliminary test, a scale-up of the H2RS 
compressor is planned. In the real plant, 4 g of H2 will be 
compress up to 200 bar per cycle. Afterwards, H2 will be 
further compressed by a commercial booster and stored at 400 
bar. Finally, the compressed H2 will be used to refill two tanks 
located in the drone. The hydrogen flow from the tank will be 
spontaneous, exploiting the difference of pressure between 
steps, avoiding the use of pumps. 

III.  DRONE SET-UP 

The drone will use two FC power modules of 650 W each, 
supported by a battery, to reach a total power of 1.3 kW. A 
maximum peak power of 1000 W will be available from the 
FC-battery hybrid system. FCs are composed by 6 cells 
connected in series with bipolar plates, with a total voltage of 
22/24 V. They are designed for 1000 hours of working time. 
The FCs consumption is 8 Nl/h and, in order to supply them, 
two tanks of compressed hydrogen (300 bar) of 1.5 L each are 
located on the drone. With this system, the drone will be able to 
fly continuously for about 2 h.  

IV.  CONCLUSION 

An integrated system is going to be created to show the 
feasibility of the use of H2 for a drone flight. A small plant will 
be realized, in which hydrogen will be produced and used. The 
plant will work with renewable energy, limiting the 
consumption of electricity of the grid. The drone will fly for 
about 2 h, displaying the potentiality of the use of hydrogen 
compared to batteries [1]. Finally, an economic and 
environmental study (Life Cycle Assessment - LCA) will be 
considered to estimate the commercial potentiality of this 
solution. 
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Fig. 3: Lab-scale compressor setup 
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Abstract -We analyse and optimize the operating parameters of 
direct methanol fuel cells (DMFCs) using a Nafion/graphene oxide 
(GO) multilayer membrane. Several multilayer membranes with 
different GO loading were manufactured using casting method. 
Polarization and power curves of the DMFC were analyzed. The 
DMFC performance was enhanced by increasing the temperature 
and the flow rate. Increasing the molarity up to 1M, the power 
peak and the operational range increase when using GO 
membranes if compared with Nafion 117. However, further 
increase of the molarity leads to a rapid derating of the DMFC. 
The performance increases as the cathode flow rate increases. The 
best conditions are obtained for an anode flow rate of 800 
microliter/min. Moreover, the methanol crossover was decreased. 

Index Terms - DMFC, Graphene oxide, Multilayer membranes, 
Nafion modified, Solution casting. 

I.  NOMENCLATURE 

C = Carbon; D.I. = Deionized; DMFC = Direct methanol fuel 
cell; GDL = Gas diffusion layer; GO = Graphene oxide; 
I = Current density; P = Power; V = Voltage 

II. INTRODUCTION 

The DMFC is an electrochemical system that produces energy 
by oxidizing the liquid fuel (a mixture of water and methanol) 
without auxiliary devices. The use of DMFC has several 
advantages: easy fuel storage, low cost of methanol, operation 
at low temperature and pressure, high efficiency, small system 
size and low weight [1]. However, several issues hinder the 
spreading of this technology. Firstly, we must consider that the 
fuel cell membrane is generally composed by Nafion, a 
perfluorosulfonic polymer, that is prone to allow the methanol 
cross-over, that strongly reduce DMFC performance. 
Furthermore, high cost and limited operating temperature range 
represent a strong limit to the commercialization of that 
technology. Research activities are focused on developing new 
polymer electrolite membrane (PEM) materials aiming at 
reducing crossover. Among several types of material, graphene 
oxide (GO) has been considered as an exceptional element that 
offers excellent results in terms of water uptake and proton 
conductivity. Several authors [2-3] have reported that GO 

contributes to reduce methanol permeability because it acts as a 
barrier, due to its higher tortuosity, while proton conductivity 
shows an opposite trend. In addition, it is well known that 
temperature [4], methanol concentration [5] as well as flow rate 
affect proton conductivity and methanol crossover and, 
consequently, DMFC performance. The aim of this study is to 
optimize the operating parameters of a direct methanol fuel cell 
using a Nafion/GO multilayer membrane, comparing its 
performance with the baseline Nafion. 

III. MATERIALS AND METHOD 

A. Materials 
Materials and precursor were obtained from several companies: 
GO sheets and hydrogen peroxide (34%) from Sigma Aldrich; 
sulfuric acid (98%) from Alfa Aesar; Nafion dispersion, GDL 
and catalysts, Pt-Ru at the anode, PtC at the cathode, from Fuel 
cell store. 

B. Preparation of multilayer membranes 
The process of casting a membrane consists of solvent 
evaporation [6]. Then, the polymer forms a film on the flat 
surface. Here, three-layer membranes were prepared: 
Nafion/GO/Nafion. We considered three GO loading: 0.5, 1 
and 1.5%. For membrane preparation the following procedure 
is adopted: a) pour Nafion solution in a flat petri dish; b) dry for 
2 hours at 100°C; c) dry for half an hour at 50°C; d) pour the 
solution of GO in water over the 1st layer in the petri dish and 
dry it in the oven at 100°C for 2 hours; e) dry for half an hour at 
50°C; f) pour Nafion solution over the 2nd layer and dry it in 
the oven with annealing (100°C for 2 hours and 120°C for 1 
hour). Afterwards, the membranes were treated at 80 °C by 
immersion in the following sequence (each procedure lasted 1 
h): in water, in 3% H2O2, in water, in 0.5 M H2SO4 and in 
water. Then, the membranes were immersed in water overnight. 

C. Characterization 
The microstructure of GO composite membranes was observed 
by using a scanning electron microscope. Fourier transform 
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infrared (FTIR) spectra of the GO composite membranes were 
obtained using a FTIR (model). 

D. Fuel cell tests 
The catalyst ink was prepared by mixing a predetermined 
amount of the catalyst into a solution of 10wt% Nafion ionomer 
solution, D.I. water, ethanol. The procedure was performed in 
an ultrasonicator for at least 15 minutes. Then, the catalyst 
slurries were brushed on the GDL. The anode contained 3 
mg/cm2 of Pt-Ru and the cathode contained 3 mg/cm2 of PtC. 
The MEA was obtained by hot pressing the multilayer 
membrane sandwiched between the electrodes. The 
electrochemical performance (cell voltage and electrical 
current) of the fuel cell were measured by using the Scribner 
885 potentiostat. The power density was calculated as the 
product of cell voltage and current density. The power density 
was plotted against the current density (P–I curve) to determine 
the peak power density (Pmax) at each tested operating 
condition. Here, the cell temperature ranges between 40°C and 
70°C by 10°C intervals; the anode flow rate between 800 to 
1500 l/min; the cathode flow rate between 1 and 3 l/min at the 
cathode flow. The methanol concentration varied from 0.5 to 
2M. The membrane tested was made of 1% of GO. Tests on 
multilayer membranes with 0.5% and 1.5% of GO are ongoing. 

IV.  RESULTS AND DISCUSSION 

Chemical characterization is currently ongoing. Table 1 lists the 
maximum power output, obtained varying operating conditions: 
temperature, anode flow (AF), cathode flow (CF)  using a GO 
membrane with 1% GO content. The anode was fed with 2M of 
methanol solution. 

TABLE I DMFC OPERATION CONDITIONS GO MEMBRANE 1% AT 2M 

Power output [mW/cm2] 
Temperature 40°C 50°C 60°C 70°C 

Operating 
condition 

400AF 1CF 2.5 2.82 3.08 3.49 
400 AF 2CF 3.225 3.55 4.22 4.72 
400 AF 3CF 3.675 4.21 4.92 5.78 
800AF 1CF 3.36 2.57 3.07 3.6 
800 AF 2CF 3.625 3.28 4.39 4.4 
800 AF 3CF 3.9 3.99 5.02 5.86 
1500AF 1CF 2.3 2.97 2.9 3.37 
1500 AF 2CF 2.95 3.98 4.04 4.76 
1500 AF 3CF 3.35 4.71 4.79 5.44 

It was observed that the increase in the cell temperature, as well 
as in the cathode flow, enhanced DMFC performance. This 
trend is in agreement with other experimental works [7].The 
maximum performance is obtained for an anode flow rate of 
800 microliters/min. Reducing methanol concentration from 2 
to 1M and 0.5 M enhanced the maximum peak power: 5.86, 
13.4 and 14.34 mW/cm2 respectively. The best I-V 
characteristics obtained from single cell tests for the multilayer 
membrane was compared with the performance of commercial 

Nafion using the same operating conditions (Fig.1). 
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Fig. 1. Characteristic curves of Nafion 117 and GO membrane at 1M 

The performance of bare Nafion was higher at low methanol 
concentration, the power output was 30% more than the 
multilayer membrane. The addition of a graphene oxide layer 
reduced methanol crossover at higher methanol solutions (1M) 
as the performance increases of 30% and the operating range is 
increased. In fact, the methanol crossover was decreased by 
25% while the.peak power of the multilayer membrane was 
slightly higher than the Nafion one. 

V. CONCLUSION 

In this study, the optimization of operating parameters on a 
direct methanol fuel cell, using a three layers Nafion/GO 
membrane, was carried out. The best performance was obtained 
at 70°C, 0.5M, 800 microliter/min of anode flow and 3 liter/min 
of cathode flow. The performance of the multilayer membrane 
with a GO loading of 1% is marginally better to that of Nafion 
membrane: this is principally due to the reduced methanol 
crossover. 
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Power output [mW/cm2]
Temperature 40°C 50°C 60°C 70°C

Operating
condition

400AF 1CF 2.5 2.82 3.08 3.49
400 AF 2CF 3.225 3.55 4.22 4.72
400 AF 3CF 3.675 4.21 4.92 5.78
800AF 1CF 3.36 2.57 3.07 3.6
800 AF 2CF 3.625 3.28 4.39 4.4
800 AF 3CF 3.9 3.99 5.02 5.86
1500AF 1CF 2.3 2.97 2.9 3.37
1500 AF 2CF 2.95 3.98 4.04 4.76
1500 AF 3CF 3.35 4.71 4.79 5.44
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Abstract - In the present work, a series of carbon supported 
(20wt%M/Vulcan XC72 where M=Pt, Pd, Ir, PtxIry and PtxPdy 

with x:y atomic ratios of 3:1, 1:1, 1:3) bimetallic electrocatalysts is 
thoroughly investigated for its durability in oxygen reduction 
reaction (ORR) in acidic medium (0.1M HClO4). It is found that 
PtIr/C and PtPd/C exhibit outstanding durability even after 5000 
accelerated durability test (ADT) cycles. However, the highest 
mass activities, which are 6 and 5 times higher than the one 
observed over the pure Pt/C, are presented by Pt3Pd1 and PtPd, 
respectively. This proves that performance does not always keep 
up with durability; factor that needs further investigation. 

Index Terms –oxygen reduction reaction, Pt-Pd electrocatalysts, 
Pt-Ir electrocatalysts, synergistic effect 

I. INTRODUCTION 

It is established [1] that platinum-based materials are the most 
effective electrocatalysts for the sluggish oxygen reduction reaction 
(ORR). Significant studies have been devoted on alloying the 
precious metal Pt with another metal to increase its mass activity. 
Moreover, researchers [2] have focused on controlling the size and 
the shape of Pt-alloy nanostructures that could improve the 
electrocatalytic activity and stability. It has been found that the high 
surface area, accessible pore structure, the size and dispersion of Pt-
based nanoparticles in electrocatalysts and the well-controlled 
electronic properties of Pt strongly influence their ORR performance 
[2]. While most researches has turned into the investigation of 
improving electrocatalytic performance in alkaline environment; 
today the insufficient durability of the electrocatalysts that present 
high activity in acidic media, still restrains them from practical 
application in proton exchange membrane fuel cells. In the present 
work, the ORR activity in acidic medium and the durability of a 
series of Pt-based bimetallic electrocatalysts is investigated 
thoroughly. 

II. EXPERIMENTAL PART 

The electrocatalysts were prepared via the microwave-assisted 
polyol method [3]. The catalysts were physicochemically and 
electrochemically characterized. XRD measurements were 
carried out with the aid of a D/Max-IIIA (Rigaku Co., Japan) 
employing Cu Kα (λ = 0.15406 nm) as the radiation source at 40 
kV and 40 mA. Catalysts were investigated by TEM using a 
Philips CM12 microscope (resolution 0.2 nm), provided with 
high resolution camera, at an accelerating voltage of 120 kV. All 
the electrochemical measurements were performed with an 
electrochemical workstation (AMEL 7050), in a three-electrode 
model cell with a glassy carbon as working electrode (d=3.0 
mm), a saturated calomel electrode (SCE) and a platinum wire as 
the reference and counter electrodes, respectively. The ADT tests 
took place by applying a potential of 0.6 to 1V at a scan rate of 
100 mV/sec in 0.1 M HClO4 at 1600 rpm. 

III. RESULTS AND DISCUSSION 

A. Electrochemical characterization 
Among the examined electrocatalysts the Pt3Pd1/C catalyst is better 

with mass specific activity Im=488.5 mA/mgmet and E1/2=0.93V (Table I). 
TABLEIELECTROCHEMICAL CHARACTERISTICS OF THE PT-PD-BASED 

ELECTROCATALYSTS 
Catalyst 

(20wt% metal loading) 
ECSA 

(m2/gmet) 
Im 

(mA/mgmet) 
(0.85V) 

Is 

(mA/cm2 
met) 

(0.85V) 

E1/2(V) 

Pt/C 13.67 284 2.07 0.89 
PtPd/C 52.3 479.5 0.91 0.9 

Pt3Pd1/C 58 488.5 0.84 0.93 
Pt1Pd3/C 43.3 396.6 0.91 0.88 

Pd/C 28.3 117.2 0.41 0.83 

However, the PtPd catalyst has lower Tafel slope and higher 
charge transfer coefficient and if we count in that this catalyst 

Copyright © 2019 

mailto:tsiak@uth.gr


EFC19

Copyright © 2019

has lower platinum content, it is concluded that PtPd presents 
higher kinetic current per mass of platinum Im=410 mA/mgPt

than Pt3Pd1 catalyst 339.4 mA/mgPt at E=0.85 V. Also, the 
Tafel slopes of Pt-Pd-based catalysts were calculated 75, 65.5, 
73, 68 and 164 mV/dec.

TABLEΙIELECTROCHEMICAL CHARACTERISTICS OF THE PT-IR-BASED

ELECTROCATALYSTS

The Tafel slopes for each respective catalyst as being 
reported in Table II were calculated 65, 74, 126 and 180.5 
mV/dec, respectively. Concerning the durability tests, as shown 
in Fig. 1 the E1/2 of both PtIr and PtPd catalysts exhibit a small 
negative shift of 20 and 30 mV respectively which is 
significantly smaller than that at Pt catalyst (140 mV negative 
shift) after 5000 cycles.

0.2 0.4 0.6 0.8 1.0 1.2

-6

-5

-4

-3

-2

-1

0

0.2 0.4 0.6 0.8 1.0 1.2

-6

-5

-4

-3

-2

-1

0

0.2 0.4 0.6 0.8 1.0 1.2

-6

-5

-4

-3

-2

-1

0

Pt/C

C
u
rr

en
t 
d
en

si
ty

 (m
A

/c
m

2 )

Potential (V vs. RHE)

 0 cycles
 5000 cycles

PtPd/C

Potential (V vs. RHE)

 0 cycles
 5000 cycles

PtIr/C

C
u
rr

en
t 
d
en

si
ty

 (
m

A
/c

m
2 )

Potential (V vs. RHE)

 0 cycles
 5000 cycles

Fig.1. ORR polarization curves of Pt, PtIr and PtPd catalysts in O2 saturated 0.1 M HClO4

aqueous solution, anodic scan rate 20 mV/sec, 1600 rpm before and after 5000 cycles 

The PtIr mainly and PtPd catalysts exhibit outstanding 
durability even after 5000 accelerated durability test (ADT) 
cycles confirming the synergistic effect of metal alloying [4].

B.  Physicochemical characterization

In Fig. 2 the TEM images are given for the Pt3Pd1/C, 
PdPt/C and PtIr/C. The distribution is homogenous for both 
electrocatalysts, however the last one seems to have lower 
nanoparticles diameter; around 2-4 nm. 

Fig.2. TEM images for PtIr/C (left) and PdPt/C (right)

In Fig.3 the XRD patterns are depicted. The diffraction peaks are
the same for the two electrocatalysts indicating the formation of 
alloy. The diffraction peaks are appeared to the (111), (200), (220) 
and (311) 2θo which are attributed to face centered cubic structure.
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 PtIr/C
 PdPt/C

C(002)

(111)

(200)

(220)
(311)

Fig.3. XRD images for Pt3Pd1/C, PdPt/C and Pt1Ir1/C

IV.  CONCLUSION

Herein it is proved that the activity ORR results do not 
always agree with durability results. Despite the fact that 
Pd3Pt/C exhibits the highest ORR activity, does not present the 
highest durability. However, in the case of PtIr the activity and 
durability are consistent.
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Catalyst
(20wt% metal 

loading)

ECSA
(m2/gmet)

Im

(mA/mgmet)
(0.85V)

Is

(mA/cm2
met)

(0.85V)

E1/2

(V)

PtIr/C 33.34 522.45 1.56 0.91

Pt3Ir1/C 35.25 375.58 1.06 0.9
Pt1Ir3/C 11.43 9.07 0.079 0.73

Ir/C 7.33 1.15 0.015 0.55
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Abstract –AEMFCs open new possibilities for less 
expensive catalyst materials. Thin film model electrodes have 
previously been used in PEMFC and it was shown that Pt 
alloys achieved higher specific activities than Pt/C.  

In this study, the thin film electrodes are for the first time 
used in AEMFC. The aim is to understand the 
electrochemical behavior of thin-film model electrodes in 
alkaline media. The first step is to establish optimal operating 
conditions, and for this purpose experiments with double 
MEA have been performed. This configuration allows a more 
accurate analysis of low current density regions. Results 
indicate that the double MEA configuration is an improved 
design, suitable for CO stripping voltammetry and superior 
electrochemical performance compared with the single MEA 
configuration. 

 
Index Terms – Anion Exchange Membrane Fuel Cells 

(AEMFCs), Double MEA configuration, Pt alloys, Thin film 
model electrodes.  

I.  INTRODUCTION 

Overcoming the sluggish kinetics of the oxygen 
reduction reaction (ORR) at the cathode and maintaining a 
durable high performance at a lower cost, are two of the 
main challenges for low temperature fuel cells. Anion 
exchange membrane fuel cells (AEMFCs) can potentially 
overcome these issues, by allowing for lower cost catalysts 
to be utilized. In previous studies, in proton exchange 
membrane fuel cell (PEMFC), thin film electrodes allowed 
the electrochemical evaluation of Pt and Pt3Y [1].  Similar 
methodology, should also allow for evaluation of new 
catalysts for AEMFCs. 

Thin film electrodes enable more accurate 
measurements of catalyst activity than the more 
conventional porous electrodes. This is due to the flat 
nature of the produced electrodes, minimizing the effects 
of current distribution. Using model electrodes direct in a 
fuel cell will also allow for the evaluation of these catalyst 
materials under more realistic conditions than typical 
rotating disk electrode measurements in aqueous solution.  

However, during electrochemical measurements in a 
fuel cell, hydrogen crossover from the anode to the cathode 
can lower the measured activity. Hydrogen crossover 
causes a mixed potential at the cathode, influencing the 
kinetic evaluation of the ORR activity in the low current 
density region. It has been proven in PEMFCs that the use 
of a double MEA configuration can solve this issue. By 
introducing an additional Pt/C-membrane layer, between 
the membrane and the anode, the hydrogen crossing from 
this electrode reacts with permeating oxygen from the 
cathode and thus minimizes its influence on the ORR [2]. 

II.  EXPERIMENTAL 

A.   MEA Assembly 

Two FAA3-50 rectangular shaped membranes were 
sprayed with an ink composed of Pt/C, an ionomer solution 
(Fumion ionomer in methanol) and iso-propanol. The ratio 
between Pt/C and ionomer was 3:1 and the solid content of 
the ionomer solution was 25% w/w. The loading of the 
electrodes was 0.4 mgPt/cm2. Before mounting the 
membranes were immersed in KOH 1M for 24 h (STP) to 
become anion exchanged from Br- to HO- form. They were 
then rinsed with Milli-Q water during 12 h (STP). 

 

Fig. 1. Schematic view of single MEA (left) and double MEA (right) 
configurations. 

 
The cell assembly followed these steps: 20 nm Pt thin 

film cathode electrodes, deposited onto a Carbel CL GDL, 
were shaped to get a GDE of 0.95 cm2 circular geometrical 
area. To complete the single configuration, a one sided Pt 
MEA and Sigracet 25BC GDL were used as anode. The 
double MEA configuration was composed similarly, but 
with an additional sprayed electrode layer, as can be seen 
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in Fig 1. Every MEA configuration was mounted in a cell 
house (Fuel Cell Technologies Inc.) using graphite current 
collectors with customized spiral gas flow channels of 
5.9 cm and clamped using screws with 5 Nm torque. 

B. AEMFC Measurements 
All measurements were performed with a cell 

temperature of 30 °C and at 100 %RH. Prior to 
electrochemical evaluation the cells were activated, in 5 % 
H2 in Ar and O2, by potential hold at 0.1 V for 3 h. The 
electrochemical activity of the thin film electrodes were 
evaluated by sweeping the potential between 0.9 and 0.3 V 
at a sweep rate of 20 mVs-1 . 

After the activity measurement, the cathode gas was 
switched to N2 (100 %RH) overnight, and the following 
day CO-stripping was performed to determine the 
electrochemically active surface area (ECSA). 

III. RESULTS 

Fig. 2 shows the CO-stripping for the two tested 
systems. As can be seen the single MEA configuration 
does not exhibit a clear CO adsorption peak for calculating 
the corresponding ECSA. 

Fig. 2. CO-stripping cyclic voltammetry for single and double MEA 
configuration. Measurements done at 30 °C, 100 %RH using 5 % H2 in 
Ar and N2, and a sweep rate of 200 mVs-1 . 

The double MEA configuration instead gives a clear CO 
adsorption. The resulting ECSA of this improved 
configuration is equal to 0.87 cm2, which represents 92 % 
of the original electrode area. This is lower than the 
approximately 5 cm2 obtained in PEMFC [1], suggesting 
that the FAA 3-50 membrane has lost contact, possibly due 
to lowered water content, during the gas switching time. 

The polarization curves, presented in Fig. 3, show that 
the performance of the double MEA configuration is 
remarkably superior, reaching similar values as 
PEMFC [1]. The increase in performance is attributed to 
reduced influence of gas crossover. 

The properties of the polymeric membrane, such as 
swelling and conductivity, are strongly related to water 
content (humidity). The double MEA configuration could 
improve to the complex water management, needed for 
preventing dry conditions at the cathode and flooding at 
the anode [3]. 

Fig. 3. Polarization curves of the single and double MEA configuration. 
Measurements done at 30 °C, 100 %RH using 5 % H2 in Ar and O2, and 
a sweep rate of 20 mVs-1 . 

IV.  CONCLUSION 

In this study, thin film electrodes of Pt have been tested in 
AEMFC for the first time. The results show that the use of 
a double MEA setup is required to produce accurate 
results. With a double MEA configuration, similar current 
densities as in PEMFC, at 0.9 V, can be achieved. 

ACKNOWLEDGMENT 

We acknowledge funding from Strategic Vehicle 
Research and Innovation (FFI), the Swedish Foundation 
for Strategic Research (SSF), and the governmental initiate 
StandUp for Energy. 

REFERENCES 

[1] Lindahl, N., Eriksson B., Grönbeck H., 
Lindström R., Lindbergh G., Lagergren C., and 
Wickman B. Fuel cell measurements with 
cathode catalysts of sputtered Pt3Y thin films. 
ChemSusChem. 2018;11(9):1394–1394. 

[2] Ekström H. Evaluating Cathode Catalysts in the 
Polymer Electrolyte Fuel Cell [Internet] [PhD 
Dissertation]. [Stockholm]: KTH; 2007 [ Trita-
CHE- Report]. Available from: 
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva 
-4413 

[3] Eriksson B., Grimler H., Carlson A., Ekström H., 
Wreland Lindström R., Lindbergh G., et al. 
Quantifying water transport in anion exchange 
membrane fuel cells. International Journal of 
Hydrogen Energy. 2019;44(10):4930–9. 

Copyright © 2019 

http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva


89 EFC19

 

 

 

 

  
 

   
  

 
   

  
 

 
   

 
  

 
    

  
    

 

  

 
 
 

  
 

  
 

   
  

    
    
     

  
   

  

   
  

  
  

   
  

   

 
 

  
   

 

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19048 

ENHANCEMENT OF DURABILITY OF MICROPOROUS LAYERS FOR PEM FUEL 
CELLS BASED ON GRAPHENE NANOPLATELETS 
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Abstract - Issues as water management and components 
durability are still hindering the development of Polymer 
Electrolyte Membrane Fuel Cells (PEMFCs). These problems 
particularly affect the microporous layers (MPLs), which are 
usually obtained by coating the gas diffusion layers with a carbon 
black-based coating. 

In this work, different graphene-based particles have been 
employed in partial or total substitution of carbon black with the 
aim to improve the electrical conductivity, the mechanical strength 
and the water management of the MPL. The samples have been 
characterized from an electrical, microstructural and 
morphological standpoint. Single fuel cell testing has been 
performed under different temperature and relative humidity 
conditions to determine the performance dependence on the cell 
humidity. Finally, the durability of the MPLs produced has been 
assessed through electrical repeatability tests with multiple cell 
flooding events and via mechanical accelerated stress tests 
performed in a dummy cell. 

Index Terms – Durability, Graphene, Microporous Layer, 
Water Management. 

I.  NOMENCLATURE 

CB Carbon Black 
EG Exfoliated Graphite 
FEP Fluorinated Ethylene Propylene 
GDL Gas Diffusion Layer 
GDM Gas Diffusion Medium 
GNP-L Graphene Nanoplatelets – Large size 
GNP-M Graphene Nanoplatelets – Medium size 
GNP-S Graphene Nanoplatelets – Small size 
MPL Microporous Layer 
PEMFC Polymer Electrolyte Membrane Fuel Cell 

II. INTRODUCTION 

To overcome the limitations of carbon black (CB)-based 
microporous layers (MPLs), the employment of different 
carbonaceous phases has been considered a possible solution. In 
particular, the attention has been focused on graphene-based 
nanoparticles, which feature outstanding properties that are 
fundamental to the proper functioning of the fuel cell, as 
exceptional electrical and thermal conductivity and high 
mechanical strength. Recent studies have demonstrated the 
feasibility of this substitution [1-3]. In this work, the graphene 
nanoplatelets employed are distinguished mainly from their size 
and morphology. Multiple analyses have been performed to 
assess the effects of these features on the final properties of the 
MPLs and the cell performances. Possible synergic effects 
between the two carbonaceous phases have been studied by 
producing multi-components samples, too. 

III. MPLS PREPARATION 

All the samples were produced by deposition of a 
carbonaceous ink via doctor blade-coating technique on a 
previously hydrophobized gas diffusion layer (GDL). All the 
inks featured: deionized water as solvent, isopropyl alcohol as 
dispersing agent, fluorinated ethylene propylene (FEP) as 
hydrophobizing agent, a main carbonaceous phase (only 
CB/only graphene-based particles/50-50 wt.% CB-graphene) 
and a 10 wt.% carbon nanotubes addition. After deposition, the 
gas diffusion mediums (GDMs) were heat treated at 270 °C and 
re-hydrophobized with a 12 wt.% FEP suspension. 
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IV. EXPERIMENTAL RESULTS 

A. Morphological Characterization 
SEM images have shown that the MPLs have different 

surface aspects. Smaller particles, in particular CB but also 
GNP-S, tend to agglomerate due to Van der Waals interactions, 
forming smaller pores and macrocracks. Instead, larger 
graphene nanoplatelets (EG, GNP-L, GNP-M) stack on top of 
the GDL surface, forming a continuous network of particles 
with pores and voids in between them. 

Mercury intrusion porosimetry has confirmed the 
observations made on the samples porosity: CB produces a 
bimodal pore distribution, while graphene produces unimodal 
distributions with pore radius increasing with the particle size. 

The surface integrity and porosity affect the through-plane 
water permeability of the MPLs, which is larger for CB and 
bigger graphene particles (EG and GNP-L). The permeability 
does not seem to depend on the samples wettability that almost 
exceeds the superhydrophobic limit (static contact angle > 
150°) in all cases; instead, it seems to be related to the presence 
of large cracks and voids, which act as direct paths for the water 
flowing through the GDM. 

B. Electrical Characterization 
As expected, graphene-based particles positively affect the 

electrical conductivities of the MPLs along both the planar and 
the transverse direction, despite the strong reduction of the 
particles intrinsic conductivity with respect to single-layer 
graphene. The co-presence of CB and graphene is beneficial for 
the through-plane conductivity because CB fills the voids in 
between graphene particles, improving the continuity of the 
electrical paths inside the coatings. 

C. Single Fuel Cell Testing 
CB provides overall better performances, in particular at low 

temperature. Most of graphene particles features issues in terms 
of mass transfer with early flooding of the fuel cell, likely due 
to their low water permeability. The only exceptions are 
represented by GNP-L and GNP-M at 80 °C. The first allows to 
keep low ohmic and mass transfer resistances under dry 
conditions (high T, low RH), thus maintaining the ionomer 
hydration at medium current density and removing the excess 
water at high current density (Figure 1). This behavior is 
fundamental for the reduction of the fuel cell dependence on the 
external saturators and the exploitation of high T PEMFC. 
Therefore, GNP-L have been selected for the durability 
analyses. 

Multicomponent samples feature improved mass transfer but 
larger ohmic resistance with respect to monocomponent 
graphene-samples. 

Fig. 1 Polarization curves obtained with the monocomponent MPLs at 80 °C 
and RH = 60 %. 

D. Reliability and Durability Assessment 
MPLs reliability has been tested by performing 10 single 

fuel cell testing sessions from open circuit voltage to flooding. 
GNP-L has revealed to be exceptional when compared to CB, 
with maximum peak power variations equal to 0.009 W cm-2 

and 0.055 W cm-2 for GNP-L and CB respectively. 
Mechanical accelerated stress tests have produced similar 

results. The loss of performance experienced by CB is much 
larger due to the intrinsic weakness of the MPL, which is easily 
deteriorated along the pre-existing cracks by the gas and water 
flows. 

V. CONCLUSION 

The analyses performed have shown that possible 
improvements can be achieved by substituting carbon black 
with other carbonaceous phases in the MPL. However, specific 
features must be present in the particles employed and it is of 
great importance determining how they assemble. 

Large graphene nanoparticles stacking has produced optimal 
MPLs in terms of porosity and through-plane water 
permeability, which has guaranteed excellent cell performances 
also under dry conditions. In addition, they have provided an 
outstanding mechanical stability, due to the absence of macro-
cracks that has no equal with carbon black-based materials. 

Future developments should consider the possibility of 
employing different or multiple graphene-based particles to 
utterly improve the water management and the mechanical 
resistance of the MPLs under critical conditions. 
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Western Cape, Robert Sobukwe Road, Bellville 7530, South Africa 

Abstract - HySA Systems is a Center of Competence for 
Technology Validation and Systems Integration on hydrogen and 
fuel cell technology (HFCT), located at the South African Institute 
for Advanced Materials Chemistry (SAIAMC), University of the 
Western Cape (UWC). HySA Systems is part of a long-term (15-
year) Hydrogen and Fuel Cell Technologies (HFCT) Research, 
Development, and Innovation (RDI) strategy, which officially was 
launched in September 2008 by the Department of Science and 
Technology (DST) in South Africa. The main objective with HySA 
Systems is to (i) develop hydrogen and fuel cell systems, prototypes 
and products, (ii) perform technology validation and system 
integration and (iii) focus on system oriented material research in 
two key HySA-programmes: (1) Hydrogen Fuelled Vehicles (HFV) 
and (2) Metal hydride based technologies relevant to hydrogen 
economy. One of the principal objectives for HySA Systems is to 
establish long-term collaborations with industrial partners, 
including technology development, engineering and manufacturing 
companies in South Africa and the rest of the world involved in 
Hydrogen and Fuel Cell Technologies. HySA Systems has 
developed several prototype fuel cell systems, including a 1kWe 
fuel cell combined heat and power (FC-CHP) system, a 2.5 kW 
backup power system, a 3 tonne fuel cell forklift containing hybrid 
metal hydride hydrogen storage, a 3.2 kW FC system for 
installation in a rural school, a hydrogen fuel cell scooter, to name 
a few. Currently HySA Systems is integrating an advanced local 
power module which is a fit in solution for forklifts together with 
an industry partner, HFC range extender scooter for South 
African Post Office etc. The results from the prototype systems will 
be presented and discussed. 

Index Terms – Local Power Module, Hydrogen Fuelled 
Vehicles, Prototypes, Stationary systems. 

I.  INTRODUCTION 

HySA Systems is one of three National Competence Centres 
which makes up HySA (Hydrogen South Africa). Initiated by 
the Department of Science and Technology (DST) and 

approved by the Cabinet in May 2007, HySA is a long-term 
(15-year) programme within their Research, Development, and 
Innovation (RDI) strategy, officially launched in September 
2008. This National Flagship Programme is aimed at 
developing South African intellectual property, knowledge, 
human resources, products, components and processes to 
support the South African participation in the nascent but 
rapidly developing international platforms in Hydrogen and 
Fuel Cell Technologies. The programme strives towards a 
knowledge-driven economy meaning that innovation will form 
the basis of South Africa’s economy; this includes an aggressive 
capacity-development programme’s approach. HySA also 
focusses on (i) the "Use and Displacement of Strategic 
Minerals", (ii) ways of harnessing South Africa's mineral 
endowments to promote both the hydrogen economy and 
renewable energy use, and (iii) seeking the most cost-effective 
and sustainable ways of incorporating PGM-based components 
in hydrogen fuel cell and other technologies, in turns resulting 
in commercialisation ventures and a viable industry around 
mineral beneficiation. 

HySA Systems has integrated, validated and demonstrated 
various fuel cell powered systems [1]. This presentation will 
discuss the results from some of these prototypes. 

II. RESULTS AND DISCUSSION 

A. Locally developed fuel cell power module for electric 
forklift with integrated metal hydride hydrogen storage system 

In 2017–2019, HySA Systems has developed a prototype 
fuel cell power module for 3-tonne electric forklift further 
integrated by Hot Platinum (Pty) Ltd, South Africa. The module 
based on 14.5 kW Ballard closed cathode PEMFC stack is 
characterised by average output power of 15 kW (30 kW in 
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peak) at bus voltage of 80 VDC. Main BoP components include 
deep cycle lead-acid battery, supercapacitors, as well as 20 Nm3 
H2 metal hydride hydrogen (MH) storage tank integrated with 
cooling system of the fuel cell stack. The power module 
provided stable operation of STILL-RX60-30L forklift during 
60 complete cycles under VDI2198/VDI60 standard protocol. 

 
Figure 1. Left: frame of the power module with installed MH 
tank (bottom) and gas buffer (top left). Middle: installation of 
the assembled power module into forklift compartment. Right: 
VDI2198/VDI60 tests of the forklift with the power module 

B.  Hydrogen refuelling station with integrated metal hydride 
compressor 

In 2012–2015, HySA Systems developed a novel prototype 
hydrogen refuelling station with integrated MH hydrogen 
compressor which uses low-grade heat available at the site of 
industrial customer (steam at T~130°C) for the heating of the 
MH material to provide H2 desorption at P≥200 bar. The station 
(dispensing pressure up to 185 bar) is intended for the refuelling 
of hydrogen fuel cell forklifts with “hybrid” MH and 
compressed hydrogen gas (CGH2) on-board storage tanks. 
Since September 2015 the refuelling station is in 24/7 
uninterrupted operation at Impala Platinum refineries in 
Springs, South Africa [2]. 

 
Figure 2. Refuelling of the fuel cell forklift with “hybrid” 

MH + CGH2 hydrogen storage at Impala Platinum refineries 

C.  Metal hydride hydrogen storage tank for light fuel cell 
vehicle 

The metal hydride hydrogen storage tank for light vehicle 
(electric scooter with fuel cell range extender) was developed in 
2018 by HySA Systems, in collaboration with TF Design (Pty) 
Ltd, South Africa [3]. The tank (~1 Nm3 H2) uses multi-

component AB2-type hydrogen storage alloy manufactured by 
HySA Systems and comprises of two cylindrical aluminium 
canisters filled with MH powder and equipped with both 
internal and external fins for augmentation of heat supply and 
removal, which is provided from the outside using flow of 
ambient air. Two MH tanks installed on-board the scooter 
supply H2 fuel to 1 kW open cathode fuel cell stack thus 
providing driving range extension from 70 km (original battery 
version) to 200 km (FC range extender with MH H2 storage) 

 

 
Figure 3. Fuel cell scooter (top) with MH hydrogen storage 

tank (bottom). 

III.  CONCLUSION 

HySA Systems have successfully developed and 
demonstrated several hydrogen fuel cell prototypes, some in 
real-world environments. Some results from these developments 
are presented here 
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HIGH PERFORMANCE PEM ELECTROLYSER FOR POWER-TO-GAS 
APPLICATIONS - HPEM2GAS 

Antonino Salvatore Arico' 
CNR-ITAE, Via Salita S. Lucia, 5 - 98126 - Messina, (Italy) 

Abstract – Advanced water electrolysers should provide proper 
dynamic behaviour to support grid-balancing services and thus 
address the rapid increase of intermittent renewable power sources 
interfaced to the grid. The HPEM2GAS project has developed an 
advanced 180 kW PEM electrolyser optimised for grid balancing 
service. The electrolyser is based on an improved stack design and 
components including Aquivion® membranes and core-shell/solid 
solution electrocatalysts. Several strategies have been applied to 
lower the overall cost. These specifically regard a three-fold 
increase in current density whilst maintaining high efficiency, a 
material use minimisation approach in terms of reduced membrane 
thickness whilst keeping the gas cross-over low, and reducing the 
precious metal loading.  Utilizing a nanosized Ir-Ru oxide solid 
solution anode catalyst and a supported Pt/C cathode catalyst, in 
combination with the Aquivion® membrane, gave excellent 
electrolysis performances exceeding 3 A cm-2 at 1.8 V terminal cell 
voltage (~80 % efficiency) at 80 °C in the presence of a noble metal 
loading of 1.2 mg cm-2 and degradation rate <5-10 μV/h.  

Keywords – Water Electrolysis, Hydrogen production, Polymer 
Electrolyte Membrane, Electrocatalysis. 

I.  INTRODUCTION 

Hydrogen produced from water electrolysis can play a 
significant role as energy storage medium [1, 2]. Electrolysis 
can support the electricity grid in terms of power quality, 
frequency and voltage control, peak shaving, load shifting and 
demand response. In this regard, electrolysers should be 
designed to follow the variable energy generation profile of 
renewable power sources locally available and to adapt to the 
intermittent profile of electricity supply. 

The overall objective of the HPM2GAS project was to 
develop, validate and demonstrate robust, flexible and rapid-
response self-pressurising PEM electrolyser technology based 
on advanced cost-effective components with dynamic properties 
for interfacing to the grid. 

The project addressed both stack and balance of plant 

innovations and culminated in an advanced 180 kW PEM 
electrolyser demonstrated in Emden (Germany). In particular, 
the electrolyser developed consisted of an advanced BoP and 
improved stack design and components (e.g. bipolar plates, 
membranes, electrocatalysts). 

Several strategies have been applied to lower the overall cost 
to enable widespread utilisation of the technology. These 
primarily deal with a three-fold increase in current density 
(resulting in the proportional decrease in capital costs) whilst 
maintaining cutting edge efficiency and applying a material use 
minimisation approach in terms of reduced membrane thickness 
whilst keeping the gas cross-over low, and reducing the 
precious metal loading. Further, improving the stack lifetime 
and reducing system complexity without compromising safety 
or operability have been addressed. 

II. RESULTS AND DISCUSSION 

Advanced catalysts and membranes were developed in the 
HPEM2GAS project by CNR-ITAE and Solvay, respectively. 
Short-side chain (SSC) perfluorosulfonic acid (PFSA) 
Aquivion® membranes and ionomers were developed and 
scaled up for this application. 

Utilizing a nanosized Ir0.7Ru0.3Ox solid solution anode 
catalyst and a supported Pt/C cathode catalyst, in combination 
with the Aquivion® membrane, gave excellent electrolysis 
performances exceeding 3 A cm-2 at 1.8 V terminal cell voltage 
(~80% efficiency vs. HHV at cell level) at 90 °C. 

Low degradation rate at 3 A cm-2 at 80 °C was recorded at 
cell level. A scaling up of the selected formulations and 
optimisation of the manufacturing procedure of the catalyst inks 
and membrane-electrode assemblies was carried out. 

Stack development activities at ITM produced an efficient 
and compact design. To eliminate expensive machining costs, 
traditional bipolar plates have been replaced for lower-cost 
components and injection-moulded parts. 
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The ITM stack design developed in HPEM2GAS was 
operated at high differential pressure operation, with hydrogen 
at working pressure and oxygen at ambient pressure.

An advanced ITM 75 cells stack, equipped with 415 cm2

active area MEAs produced by IRD, was assembled and tested.
Cells containing coated components typically displayed a 

relatively stable voltage, indicating that the coating used was 
able to provide adequate protection. Stack tests with coated 
components showed an average voltage degradation rate for the 
stacks ≤5 μV/h/cell when operated at 3 A cm-2, 50–55°C.

Short periods of increased current density from 3 A cm-2 to 
4.5 A cm-2 appeared to have had little effect on the voltage.

Stack and electrolyser assessment was carried out by ITM 
showing efficiency of 81% vs. HHV of H2 at 3 A cm-2 at stack 
level at 75°C with a loading of 0.3 mg PGM catalyst/W (Fig.1).

At 75 °C:
1.83 V @ 3 A/cm2

1.95 V @ 4.5 A/cm2

Efficiency 80.9% vs. 82% Target 
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e
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Current density / A cm-2

HPEM2GAS WATER ELECTROLYSER 

Fig. 1.  HPEM2GAS Water electrolysis stack polarisation curves at 20 bar 

System efficiency of 72 % vs HHV H2 was achieved at 3 A 
cm-2, at an operating temperature of 55°C.

Differential pressure operation was demonstrated for the 
novel stack geometry at 20-30 bar across a wide range of the 
load curve. Operation at 50 bar differential pressure, at the 
nominal current density of 3 A cm-2, was also assessed.
According to a cost analysis, the system cost is estimated in 
1000 €/kW CAPEX with 20% stack contribution to the total 
cost.

Regarding field testing activities, interfaces to local 
construction ground in Emden (Germany) was finalized by 
SWE and test scenarios were defined by SWE and HS EL. The 
electrolysis system was operated at 20 bar at the field testing 
site. The pressure was reduced to 10 bar before being injected 
into the gas grid operating at 8.5 bar.

Fig. 1.  HPEM2GAS Water electrolysis plant installed in Emden (Germany)

III.  CONCLUSION

The HPEM2GAS project was addressing research and 
development in the field of PEM water electrolysis. Membrane-
electrode assemblies (MEAs) designed for polymer electrolyte 
membrane (PEM) water electrolysis, based on Aquivion®, 
perfluorosulfonic acid (PFSA) membrane, with various cathode 
and anode noble metal loadings, were investigated in terms of 
both performance and durability. Utilizing a nanosized Ir-Ru 
oxide solid solution anode catalyst and a supported Pt/C 
cathode catalyst, in combination with the Aquivion® 
membrane, gave excellent electrolysis performances exceeding 
3 A cm-2 at 1.8 V terminal cell voltage (~80 % efficiency) at 80 
°C in the presence of a noble metal loading of 1.2 mg cm-2. A 
very small loss of efficiency, corresponding to 30 mV voltage 
increase, was recorded at 3 A cm-2 using a total noble metal 
catalyst loading of less than 0.5 mg·cm-2. Steady-state durability
tests, carried out for >1000 h at 3 A cm-2, showed excellent 
stability for the MEA with low noble metal catalyst loading 
(cell voltage increase ~5-10 μV/h). Therefore, operation at very 
high current densities is possible in the presence of low catalyst 
loading and a reduction of capital costs may be achieved 
without compromising significantly the stack durability.
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Abstract – We have compared the MEA performances of 30 wt% 
Pt containing homemade and commercial catalysts while changing 
the cathode catalyst layers in terms of supports and ionomer 
contents. The MEA prepared with the catalyst supported on low 
BET surface areas carbon black (CB) showed the highest 
performance at high current load, compared to the MEA prepared 
with catalysts supported on medium and high BET surface area CB, 
although the former catalysts showed lower ECSA as well as lower 
ORR activities. This indicates, the MEA performance not only 
depends on the intrinsic properties of the catalysts but also on the 
catalyst layer compositions and morphologies. We have also found 
a correlation between the ionomer content on the catalyst layers and 
the MEA performance in this work. The catalyst supported on the 
highest BET surface areas CB, the highest amount of ionomer is 
needed and vice versa to achieve the highest MEA performance. 

Index Terms – MEA, PEMFC, Catalyst supports, Catalyst layers 

I.  INTRODUCTION 

Membrane electrode assembly (MEA) performance of a low 
temperature PEMFC is highly dependent on the catalyst types, 
catalyst layers morphologies, membrane types and operating 
conditions. Due to the contribution of over-potentials (activation, 
ohmic and mass transport), the achievable voltages of MEAs are 
always lower than the theoretical voltages. In this work we 
designed the cathode catalyst layers with high to low BET 
surface areas CB supported 30 wt % Pt containing catalysts to 
investigate the MEA performance at high current loads (>1 
A/cm2). A high and a medium BET surface area CB supported 
commercial Pt electrocatalysts were taken as references. In 
addition, same Pt containing electrocatalysts supported on very 
low to medium BET surface areas CB were prepared by using an 
already developed polyol process [1]. 

II. EXPERIMENTAL 

A Carbon Black (Vulcan XC72, Cabot), a Timcal super C 65 
(Imerys) and a stable carbon (SC1) support materials were 

chosen for the investigation. Both Timcal and SC1 materials 
were oxidized in an air oven at 550°C for 1 hour in order to 
increase the wettability of the support materials. CB material was 
used as received. BET surface areas of the support materials 
were measured via N2 adsorption by using a Sorptomatic 1990 
device. 

30 wt.% Pt containing catalysts were prepared by using our 
already developed modified polyol process. A high BET surface 
area CB (700 m2/g) and a medium surface area CB (250 m2/g) 
supported Pt electrocatalysts from the company Tanaka 
(TEC10E30E and TEC10V30E respectively) were taken as 
reference catalysts for comparison. 

Homemade catalysts were annealed at 250°C in H2/Ar 
atmosphere and then characterized by measuring Pt content (via 
ICP-OES), Pt particle sizes (via XRD) and oxygen reduction 
reaction activities (via RDE). 

MEA performance tests of the catalysts were performed in a 
Fuel Cell Technology single cell of 25 cm2 active surface areas 
with a triple serpentine flow field and in a greenlight innovation 
test station (G20). Catalyst coated membrane were prepared with 
Gore select (15 µm) membrane using an airbrush techniques. 
Keeping anode catalyst layer constant (Tanaka, TEC10V30E), 
we only varied the cathode catalyst layers with the investigated 
catalysts. Pt loadings of the MEAs were also kept constant; 0.1 
and 0.25 mg/cm2 for the anode and the cathode respectively. Pure 
hydrogen and air were used as fuels. After completion of each 
single cell performance tests, CVs and electrochemical 
impedance spectra’s (EIS) of the MEAs were also measured. 

III. RESULTS AND DISCUSSION 

Table1 shows the list of support materials and catalysts that 
were used for the investigation, and their characterization results. 
Pt content of the homemade catalysts shows unique as desired, 
however, Pt particle size of the catalysts are increased as the BET 
surface areas of the support materials are decreased. Since Pt 
particles stayed closer at low BET surface area supported 
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catalysts, resulting agglomeration during synthesis and/or during 
annealing process. As expected, unlike reference catalysts, 
homemade catalysts with smaller Pt particles are showing higher 
ECSA as well as ORR activities in 0.1M HClO4 electrolyte in 
RDE setup. 

TABLE I 
LIST OF CATALYSTS AND THEIR CHARACTERIZATION RESULTS 

Supports 
Supports 

BET 
[m2/g] 

Catalysts 
Pt 

content 
[wt%] 

Pt particle 
[nm] 

ECSA 
[m2/g-

Pt] 

Mass 
activities 
@ 0.9V 
vs RHE 
[A/g-Pt] 

Vulcan 
XC72 192 Pt/CB 28.2 2.9 102 468 

Timcal 
super C65 62 Pt/C65 29.1 3.3 78 294 

Stable 
Carbon 1 32 Pt/SC1 28.9 5.6 47 229 

Vulcan 
XC72 250 TEC10V30E 

(TKV) 28.9 < 2 113 597 

Carbon 
black 700 TEC10E30E 

(TKE) 28.2 < 2 120 584 

It was found necessary to optimize the ionomer to carbon ratio 
(I/C) for each catalyst in order to increase the so-called triple 
phase boundaries and to reduce the oxygen transport resistances 
[2-3], which is found highly dependent on the BET surface areas 
of the support materials, the catalyst supported on the highest 
BET surface area, the highest amount of I/C is needed and vice 
versa to achieve highest MEA performance (Table 2). Table 2 is 
also showing the cathode catalysts ECSA while using MEA test 
which are lower than the liquid electrolyte, nevertheless they are 
comparable. 

TABLE 2 
OPTIMUM I/C AND  MEASURED ECSA OF THE CATHODE CATALYSTS (MEA) 

Supports Supports BET 
[m2/g] Catalysts I/C ECSA 

[m2/g-Pt] 
Vulcan 
XC72 192 Pt/CB 0.72 70 

Timcal 
super C65 62 Pt/C65 0.5 64 

Stable 
Carbon 1 32 Pt/SC1 0.37 43 

Vulcan 
XC72 250 TKV 0.72 94 

Carbon 
black 700 TKE 0.74 89 

Figure 1 is showing the I-V characteristics of the MEAs 
prepared with the investigated catalysts with optimized I/C ratio 
on the catalyst layers (see table 2). The MEA prepared with the 
Pt/C65 catalyst shows the highest performance at high current 
densities (>1A/cm2), followed by TKV, Pt/CB, TKE and Pt/SC1. 
However, at low current densities (<0.5 A/cm2), the MEA 
performance are highly dependent on the Pt particle size, ECSA, 
ORR activities or more specifically intrinsic properties of the 
catalysts. 

Fig. 1.  I-V curves of the MEAs, Operating Conditions: T cell =80°C, A. 
dp=C.dp=80°C A.stoi=1.3, C.stoi = 3,150kPa, Pt loading: 0.1 mg/cm2 (Anode) 

and 0.25 mg/cm2 (cathode), Gore select membrane (15µm) 

IV. CONCLUSION 

Homemade Pt/C65 catalyst has been found excellent MEA 
performance as TKV reference catalyst, although it shows lower 
ECSA and ORR activities compared to the traditional CB 
supported catalysts. In this work we have established a 
correlation of MEA performance with the ionomer content on 
the catalyst layers and BET surface areas of the supports. At high 
current load, mass transport effect are found more prominent 
than the initial catalytic activities. The type of carbon support 
material has also a significant influence on the high current 
density part of the performance curve. Overall, catalyst, catalyst 
supports, electrode compositions and membrane are interacting 
in a complex manner which needs further understanding. 
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EFFICIENT CATALYSTS FOR HYDROGEN PRODUCTION VIA ETHANOL 
REFORMING IN A FLUIDIZED BED REACTOR 
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Department of Industrial Engineering, University of Salerno, Via 

Giovanni Paolo II 132, 84084 Fisciano (SA), Italy 

Abstract – In this study, oxidative steam reforming of ethanol 
has been investigated over bimetallic Pt-Ni as well as Ru-Ni 
catalysts supported on a CeO2-SiO2 mixed oxide. The samples 
have been prepared by wet impregnation by selecting different 
noble metals loading (0-3 wt%) and their stability was studied in a 
fluidized bed reactor at 500°C, steam to ethanol ratio of 4 and 
oxygen to ethanol ratio of 0.5 under a very low contact time (50 
ms). The Pt series displayed the highest hydrogen yield and very 
low carbon formation rates during 25 hours of time-on-stream, 
with the monometallic Ni/CeO2-SiO2 catalyst performing better 
than the Ru-based samples. 

Index Terms – fluidized bed, hydrogen, reforming, stability. 

I. INTRODUCTION 

Electrical energy generation in fuel cells devices is receiving 
increasing attention compared to the conventional combustion 
engines, due to the higher energy conversion efficiency and the 
lower pollutants generation. However, in order to propose a 
reliable solution to the envisaged environmental problems, the 
hydrogen production from widely available renewables is 
required. For example, bioethanol and biodiesel are already in 
the distribution grid for automotive purposes in many 
countries. In this regard, it seems highly realistic to apply the 
mature technology of reforming for renewable substrates [1]. 
In this work, different Ni-based catalysts supported on CeO2-
SiO2, prepared at different noble metal (Platinum or 
Ruthenium) loading (0-3 wt%) were employed for oxidative 
steam reforming of ethanol in a fluidized bed reactor. In a 
previous work [2], it was highlighted that low noble metal 
loadings are sufficient to assure high activity for the 
investigated reaction in the interval 300-600°C, even at very 
low contact time (50 ms). However, the stability performance 
of the bimetallic catalysts can be itself affected by the Pt or Ru 
content in the sample. In this regard, the proper selection of 

noble metal loading is crucial, due to its heavy effect on 
catalyst final price. 

II. EXPERIMENTAL 
A series of bimetallic Pt-Ni and Ru-Ni supported on CeO2-SiO2 

was prepared by wet impregnation. The silica support was 
impregnated with a cerium acetylacetonate solution to yield 
30wt% CeO2 on SiO2.Thereafter, drying overnight at 120°C 
and calcination at 600°C for 3 h occurred. Ni (10wt%) and Pt 
or Ru (0-3wt%) were sequentially impregnated on the support 
starting from the corresponding salt precursors (nickel nitrate, 
Platinum chloride, Ruthenium chloride). 
The specific surface areas (SSA, m2·g-1) of fresh and spent 
samples were measured through the Costech Sorptometer 1040 
by applying the BET method; the carbonaceous deposits on the 
catalysts after stability test were measured in a TA Instrument 
Q600 (heating rate from 25 to 1000°C: 10°C·min-1; total air 
flow-rate: 50 Ncm3·min-1). The last data were shown in terms 
of carbon formation rate (CFR), defined as reported in [3]. 
Catalytic performances for oxidative steam reforming reaction 
were evaluated in a fluidized bed reactor under atmospheric 
pressure at 500°C. The liquid mixture, stored in a tank under 
N2 pressure, was sent to a boiler for vaporization; Argon was 
used as diluent while oxygen was directly fed to the reactor in 
order to assure a final composition of 10% C2H5OH, 40% H2O, 
5% O2, 45% Ar. The analysis of gas composition exiting the 
reactor was performed through a Mass Spectrometer provided 
by Hiden. Durability tests were performed for 25 h under a 
quite low contact time [3] (weight hourly space velocity 
WHSV was fixed to 62 h-1), selected to eventually accelerate 
catalyst deactivation. The results were compared in terms of 
hydrogen yield (Y, Eq. 1) 

Eq. 1 𝑚𝑚𝑜𝑜𝑙𝑙𝐻𝐻 𝑜𝑜𝑢𝑢𝑡𝑡 𝑌𝑌𝐻𝐻  
 

 ∙ 𝑚𝑚𝑜𝑜𝑙𝑙𝐶𝐶 𝐻𝐻 𝑂𝑂𝐻𝐻 𝑖𝑖𝑛𝑛 
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III. RESULTS AND DISCUSSION 

The results of stability tests performed over the bimetallic 
catalysts prepared at different noble metals loadings are shown 
in Fig. 1 in terms of hydrogen yield as a function of time-on-
stream. At the beginning of the test, only few samples 
displayed high H2 production rates, close to the values 
predicted by thermodynamic equilibrium. On the other hand, 
all the prepared samples, whatever the noble metal loading, 
were characterized by a decreasing trend in hydrogen yield, 
ascribable to catalyst deactivation phenomena occurring during 
the stability test. 

50 
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2Pt10Ni 

3Pt10Ni 

1Pt10Ni 

10Ni 

0.5Pt10Ni 

0.5Ru10Ni 

2Ru10Ni 
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1Ru10Ni 

0 
0 5 10 15 20 25 

Time-on-stream (h) 

Fig. 1. Hydrogen yield as a function of time-on-stream during oxidative steam 
reforming of ethanol in a fluidized bed reactor; 10% C2H5OH, 40% H2O, 5% 

O2, 45% Ar, 500°C, 1 atm, 62 h-1 . 

However, the experimental results revealed that Pt choice 
instead of Ru as well as the deposition of different metal 
contents on the Ni/CeO2-SiO2 sample results in a markedly 
different product selectivity. The best results in terms of 
hydrogen yield (Fig. 1) were recorded over the Pt-series: for 
the 2Pt10Ni sample, the hydrogen production rate was slightly 
lower than 30% after 25 hours of test. Interestingly, the 
monometallic catalyst containing only Nickel displayed a 
higher H2 yield compared to the 0.5Pt10Ni catalyst, which, 
together with the 0.5Ru10Ni sample, reached the worse 
performances under the investigated operative conditions (Y 
lower than 10% at the end of the test). In particular, the 
addition of Ru to the 10Ni/CeO2-SiO2 catalyst had no positive 
effect on hydrogen production and Y profiles as a function of 
time-on-stream for those bimetallic catalysts were lower than 
that measured for the Pt-series. Looking at Ru-based samples, 
the highest performances in terms of hydrogen production were 
observed over the 1Ru10Ni catalyst while, for the Pt series, the 
2Pt10Ni sample displayed the most promising results in terms 
of hydrogen production rates. 
Table I shows the results of characterization measurements, in 
terms of specific area of fresh and spent catalysts as well as 
carbon formation rates evaluation. All the fresh samples 

displayed high specific surface areas, ascribable to the mixed 
oxide CeO2-SiO2 [3]. However, a surface area reduction was 
observed as a consequence of stability tests, which was 
ascribed to the formation of carbonaceous deposits on catalyst 
surface, as attested by the trend of CFR values. In fact, higher 
carbon formation rates corresponded to more pronounced SSA 
variations. The most active sample (2Pt10Ni), for example, was 
subjected to an area reduction of only 15% coupled to a CFR of 
1.5·10-6 gcoke·gcatalyst

-1·gcarbon,fed
-1·h-1 . Conversely, for the 

catalysts reaching the worst performances (0.5Ru10Ni and 
0.5Pt10Ni), CFR was almost five time higher and the SSA 
variation was more marked (>30%). 

TABLE I 
RESULTS OF BET ANALYSIS AND CARBON CONTENT MEASUREMENTS. 

Sample SSA fresh (m2·g-1) SSA spent (m2·g-1) 
-CFR (gcoke·gcatalyst 

-1·h-1)1·gcarbon,fed 

10Ni 230 182 3.9·10-6 

0.5Pt10Ni 213 145 8.4·10-6 

1Pt10Ni 214 179 2.4·10-6 

2Pt10Ni 226 191 1.5·10-6 

3Pt10Ni 227 186 2·10-6 

0.5Ru10Ni 212 142 7.9·10-6 

1Ru10Ni 208 143 5.1·10-6 

2Ru10Ni 210 145 5.8·10-6 

3Ru10Ni 218 149 6.3·10-6 

IV. CONCLUSION 

In this work, oxidative steam reforming of ethanol has been 
studied in a fluidized bed reactor at 500°C at very low contact 
time over a series of Pt ad Ru based catalysts, supported on 
Ni/CeO2-SiO2 systems. The catalysts containing Pt (1-3 wt%) 
displayed the highest hydrogen yield (>25% after 25 hours of 
time-on-stream). Conversely, the bimetallic catalyst containing 
only Ni performed better than the Ru-based series, with the 
worst results recorded over the 0.5Ru10Ni and 0.5Pt10Ni 
catalysts. Spent catalyst characterization confirmed a different 
coke formation tendency of the catalysts: the 2Pt10Ni sample 
displayed a CFR almost 5 times lower than the catalysts 
containing 0.5 wt% of noble metals. 
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DEGRADATION FACTORS OF CATHODE DURING OPERATION OF SOLID OXIDE 
FUEL CELLS 
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Graduate School of Engineering, Kyoto University 

Nishikyo-ku, Kyoto 615-8510, (Japan) 

Microstructure change of perovskite-type oxides of 
(La,Sr)(Co,Fe)O3-δ (LSCF) and (La,Sr)MnO3+δ (LSM) have been 
investigated as cathode for solid oxide fuel cells. The focused ion 
beam–scanning electron microscopy (FIB–SEM) provides essential 
information to understand the quantitative relationship among the 
microstructure, performance, and stability. In this study, the 
microstructural change of the perovskite oxide cathode with an 
elapsed time of discharge was quantitatively analyzed by the FIB– 
SEM technique. With initial current passage on the activation 
process of LSM cathode interface with yttria-stabilized zirconia 
(YSZ) has been significantly roughened. Microstructure of LSCF 
did not change significantly. The secondary phase of SrZrO3 was 
formed with the current passage. 

Solid Oxide fuel cell, SOFC, air electrode, microstructure 

1. Introduction 
Solid oxide fuel cells (SOFCs) are one of attractive power 

generation systems. Presently, this system is in an advanced 
stage of development for household application and gas turbine 
combined systems. Durability and reliability of SOFCs are 
urgent requirement for commercialization. Strontium-doped 
lanthanum manganite, La1-xSrxMnO3 (LSM), and strontium-
doped lanthanum cobaltite-ferrite, La1-xSrxCo1-yFeyO3 (LSCF), 
are the popular air electrode (cathode) materials for the YSZ 
electrolyte. On the perovskite oxide catalyst, gaseous oxygen is 
reduced to oxide ions. The LSCF cathode is more active for 
oxygen reduction than LSM, but less stable at elevated 
temperatures. Therefore, LSM has been used for high 
temperature application at ca. 900°C, while the LSCF electrode 
has been employed in the intermediate temperature region of 
650-800°C. The electrochemically-active sites for the oxygen 
reduction reaction are restricted at the triple phase boundary 
(TPB) of electrode/YSZ/gas phase. 

As mentioned above, the microstructures of the electrodes 
significantly contribute to the performance and stability of 
SOFCs. Recently the direct observation of electrode in a three 
dimensional (3D) space by using the focused ion beam– 
scanning electron microscopy (FIB–SEM) has attracted much 
attention as a powerful technique for microstructure analysis. 
This technique provides essential information to understand the 
quantitative relationship among the microstructure, 
performance, and long-term stability. In this study, the 
microstructural change in cell components with an elapsed time 
was quantified by the FIB–SEM technique to elucidate the 
degradation of the fuel electrode in various operating 
conditions and atmospheres. The impact of current passage on 
the activation process and microstructure of the perovskite-
based air electrode were investigated during the course of 

Fig. 1. Surface microstructure of YSZ at the interface with 
LSM electrode after discharge. 
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power generation. 
 
2. Microstructure change of cathode with current passage 

Perovskite-type oxides of (La,Sr)(Co,Fe)O3-δ (LSCF) and 
(La,Sr)MnO3+δ (LSM) have been popularly employed as 
cathode for solid oxide fuel cells. The interface was roughened 
and micropores are formed in the vicinity of the interface [1]. 
This microstructural change gave rise to initial enhancement of 
the cell performance, whereas this may cause long term  

instability. The microstructural change at the interface between 
the LSM air electrode and YSZ electrolyte upon discharge was 
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quantitatively evaluated from the 3D-reconstructed images after 
100operation at 1000°C. The cell performance was enhanced  LSCF   SDC   YSZ 

90  SrZrO3    Pore during the initial current passage up to 5 h due to the reduction 
in polarization resistance at the air electrode. In response to this 
electrochemical behavior, the interfacial microstructure 
between LSM and YSZ changed significantly depending on the 
duration of discharge. Numbers of small pores were formed 
during discharge at the interface between YSZ an LSM.  The 
roughness of YSZ surface measured form the 3D FIB-SEM 
images increased significantly with time as shown in Fig. 1. 
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The pore formation rate depended significantly with the A 
site/B site metal ratio and Sr-substitution. The TPB in this case 
could be classified into active TPB facing to open pores and 

10 

0 

inactive TPB facing to closed pores. These results revealed that 
the increase in TPB-length is one of the factors affecting the 
activation of LSM air electrode during discharge but other 
factors, especially the influence of chemical stoichiometry of 
the perovskite oxide have to be considered for the 
understanding of the air electrode performance. Contact of 
LSM and YSZ and resulting microstructural change can be 
avoided by inserting interlayer of cation-doped ceria. The 
morphological change could be insignificant for the 
LSM/ceria/YSZ interface; thus ceria layer contribute to the 
stabilization of interface.  

It is well known that the microstructural change of cell 
components proceeds with long term operation of the cell with 
LSCF cathode, resulting in the performance deterioration. 
Various factors have been proposed for this degradation 
behavior, such as the formation of resistive SrZrO3 (SZO) 
phase and the sintering of LSCF cathode. It is noted for the 
LSCF/ ceria / YSZ interface that the secondary phase of SZO 
was formed as island-like morphology to fill the pores in the 
interlayer of ceria (Fig. 2).  The formation of SZO promoted 
by discharge with an elapse of time [2]. The influence of the 
ceria-zirconia solid solutions on the performance has not been 
studied quantitatively, with applying the results of dissection 
analysis of the cells operated; ceria-zirconia solid solutions are 
formed at the doped ceria interlayer/zirconia-based electrolyte 
interface. In this study, the ionic conductivity of these solid 
solutions formed in the LSCF/Sm2O3–CeO2 (SDC)/Y2O3–ZrO2 
system was studied in detail. The dissolution of Sm3+ into the 
Y2O3–ZrO2 phase resulted in the appreciable reduction in ionic 

0 5 10 15 20 
Distance from the electrolyte side / μm  

 
Fig. 2. Distribution profiles of each phase along the 
electrode thickness direction after discharge for 400 h. 

conductivity [3]. Furthermore, the influence of dopant species 
in the doped ceria interlayer, Sm3+ and Gd3+, on the ionic 
conductivity of solid solutions was investigated.  
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Abstract - In this research, the use of an alternative anode for 
Solid Oxide Fuel Cells (SOFCs) has been investigated. The cermet 
Ni-YSZ is the state-of-the-art material. It possesses several 
detrimental characteristics as particle sintering, Sulfur and C-
poisoning with C-containing gas mixtures and re-oxidation. 
Researches are focused on its replacement with perovskite-based 
electrodes. La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) was proposed as an 
alternative anode. Inspired by previous works, LSCM is here fully 
characterized and its electrochemical performance has been 
analyzed utilizing both CH4 and H2 as fuel. The aim of this study is 
the improvement of LSCM characteristics by the impregnation of 
a metal like Ni. Moreover, this work wants to verify if a low 
quantity of impregnated nickel can enhance the electrocatalytic 
properties of LSCM electrode without the detrimental effects that 
nickel demonstrates in Ni-YSZ cermet. LSCM and Ni impregnated 
LSCM (Ni/LSCM) powders characteristics are compared to 
understand which properties are modified by nickel presence. 
Moreover, electrocatalytic tests permit to understand performance 
dependence by impregnation. 

Index Terms – Electrode, Mixed Ionic and Electronic 
Conductor, Perovskite, Solid Oxide Fuel Cell 

I.  INTRODUCTION 
In last decades, fuel cells have attracted attention because are 

highly efficient devices that directly transform chemical energy 
of fuels into electrical energy, with low or no pollutant 
emission. A cermet of Ni-YSZ is the state-of-the-art anodic 
material for Solid Oxide Fuel Cells (SOFCs). Even if it is a low 
cost and high stable material in reducing atmosphere, it presents 
several disadvantages. In particular, Ni can sinterize and suffers 
of Sulfur and C-poising when using hydrocarbons as fuel.[1] 
LSCM perovskite has been proposed as an alternative anodic 
material.[2] It is a Mixed Ionic and Electronic Conductor 
(MIEC) and works in different atmospheres, also using C-
containing fuels without Ni-based anode disadvantages. In this 
work, LSCM is fully characterized and both H2 and CH4 are 
used as fuel. Moreover, a composite anode, Ni/LSCM, was 
prepared by impregnation of 5wt% of Ni on LSCM. The aim is 
the improvement of LSCM properties utilizing the impregnation 

of a low amount of nickel. In this way, it has been tried to 
stabilize Ni by highly dispersing it on the perovskite surface, 
lowering carbon formation in methane atmosphere. In addition, 
Ni presence can permit higher electrocatalytic performance to 
LSCM electrode. 

II. MATERIALS AND SYNTHESIS 

A. LSCM 
LSCM powder is synthetized by Marcilly method, starting from 
precursors as lanthanum oxide, La2O3, strontium carbonate, 
SrCO3, manganese acetate tetrahydrate, Mn(CH3CO2)2 ∙ 4H2O, 
chromium nitrate nonahydrate, Cr(NO3)3 ∙ 9H2O.[3] They are 
dissolved in water and/or nitric acid. Citric acid is then 
dissolved in water and added to the metallic solutions. Citric 
acid is a complexing agent, its third dissociation constant is 
reached in basic solutions. To change solution’s pH from 1 to 7-
8 and achieve the complexation of the metallic cations, 
ammonium hydroxide is used. The solution is then heated since 
the formation of a wet gel. At 400°C, there is a spontaneous 
combustion of the gel. The powder is formed, and it is treated at 
6°C/min since 700°C for 6 hours in air. 

B. Ni impregnation 
Impregnation of 5wt% of Ni is tempted to achieve higher 
catalytic activity and electronic conductivity. The nickel 
precursor, Ni(NO3)2 ∙ 6H2O is dissolved in water and added to a 
solution containing citric acid. LSCM powder is then added, 
and the basification permits to obtain the cations containing 
network formation. The solution is heated, until the formation 
of a gel and the spontaneous combustion. The powder is then 
treated at 6°C/min since 850°C for 2 hours. From XRD pattern, 
it is evident that the perovskite phase of interest is formed. Ni is 
not a substitutional element inside the perovskite phase. In fact, 
peaks position is not modified by its presence. The low amount 
of Ni that is impregnated on LSCM powder makes not possible 
its quantitative determination by XRD, see Fig.1. 
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Fig. 1. XRD pattern of LSCM (red line) and Ni/LSCM (black line) taken by a 
Bruker D8 Advance diffractometer. 

C. Cell Preparation 
Inks have been made starting from LSCM and Ni/LSCM 
powders. A compatibility test, performed at 1400°C, 
demonstrates that Yttria-Stabilized Zirconia (YSZ) is a potential 
electrolyte because the formation of other species has not been 
observed. Each ink has been deposited, by tape-casting, over 
the center of a YSZ pellets which has a diameter of 20mm and a 
width of 2mm. After several tests, the ink optimal composition 
has been found. An elevated adhesion is achieved if an ink 
composed by 75wt% of the electrode powder mixed and by 
25wt% of YSZ is chosen as first layer directly deposited on 
YSZ pellets. Next, a superficial layer of pure electrode ink is 
tape-casted on the composite layer. The cell is thermal treated at 
1300°C. The final ink microstructure is granular, with high 
dispersed particles, as revealed by SEM. The width of each ink 
layer is in the order of 100µm. The electron collector that has 
been chosen is a commercial gold paste deposited using a brush. 

III. CHARACTERIZATION 

A. Temperature Programmed Reduction 
To understand catalytic properties of the powders a temperature 
programmed reduction has been made. The temperature is 
raised from 40°C to 900°C under a constant flow of 5% H2 in 
Ar. If LSCM sample is analyzed, it can be noted a single 
gaussian peak centered at 403°C. It is correlated to Mn 
reduction (Mn4+→Mn3+), see Fig.2a. Mn formed the redox 
couple that is fundamental in a MIEC for fuel cell application. 
In the case of Ni impregnated sample, it can be noted a single 
peak composed by two gaussian peaks. From deconvolution, a 
peak at 482°C related to Ni reduction (Ni2+ →Ni0) and a peak at 
456°C related to Mn reduction can be found, see Fig.2b If Ni is 
added there is a stabilization of Mn(IV) correlated to 
Mn(IV)/Mn(III) reduction at higher temperatures. 

Fig.2 (a) LSCM H2-TPR reduction peak (b) Ni/LSCM H2-TPR reduction peak 
and deconvolution 

B. Electrochemical characterization 
Electrochemical characterization can be made using the EIS 
(Electrochemical Impedance Spectroscopy) technique. EIS 

characterizations were performed using a PGSTAT 302 Autolab 
Frequency Response Analyser. Measurements have been taken 
at steady state in the frequency range between 10-3-106 Hz and 
with signal amplitude of 50mV. A symmetrical cell is analyzed 
in a single chamber system using both H2 and CH4 as fuel at 
different temperatures. By impedance spectra and ASR values, 
it can be noted that the presence of Ni enhances the 
performance using H2 as fuel and at high temperature in CH4 

atmosphere. Only when CH4 is chosen as fuel below 750°C, 
higher ASR values are determined using Ni/LSCM as electrode 
instead of LSCM. The EIS spectra are presented in Fig.3. 

Fig.3 (a) LSCM (black) and Ni/LSCM (red) impedance curve at 780°C and 
775°C, 10%H2 in Ar (b) LSCM (black) and Ni/LSCM (red) impedance curve at 
800°C and 790°C, 10% CH4 in Ar, LSCM (green) and Ni/LSCM (blue) at 
740°C and 730°C, 10% CH4 in Ar. 

IV.  CONCLUSION 

In this work, two anode materials, LSCM and a Ni-
impregnated LSCM sample have been synthetized and 
characterized. The deposition of Ni at 5wt% by wet 
impregnation has been used to enhance the catalytic activity and 
electronic conductivity of LSCM sample. TPR demonstrated 
that the presence of Ni stabilized Mn(IV) species. The synergy 
between Mn and Ni permits an enhancement of electrochemical 
properties of the impregnated sample especially using H2 as 
fuel. When electrochemical tests have been done using CH4 as 
fuel, below 750°C there is a lowering of performance for the 
Ni-impregnated sample in relation to the pure LSCM electrode. 
This is due to the fact that Ni even if impregnated in a low 
amount is poisoned by a C-containing fuel, especially at lower 
working temperatures. A future step is the infiltration or 
exsolution of Ni to enhance its dispersion on LSCM sample 
reducing the C-poisoning effect. 
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Abstract - A Molten Carbonate Fuel Cell (MCFC) process 
model using a “dual-anion mechanism” has been coded into an in-
house Fortran code and subsequently integrated in the Aspen Plus 
software. This integration allows the coupling of the advantages of 
the two simulation approaches: the calculation speed and 
flexibility of Fortran and the ability of Aspen Plus to connect the 
simulated MCFC to other operation units for system analysis. 

In the present work, this new simulation tool and its application 
insensitivity analyses for optimizing the kinetic model is presented. 

Index Terms – Carbon capture, molten carbonate fuel cell, 
process model, multi-scale simulation. 

I.  INTRODUCTION 

Molten Carbonate Fuel Cells (MCFCs) are a commercial 
technology used for energy production. In the last few years we 
have been testing the use of MCFCs for CO2 capture. We found 
that MCFCs do afford an energy efficient capture of CO2 (on 
the cathode side) even from CO2-poor streams and transport it 
to the CO2-richer anode stream from which pure CO2 can be 
easily separated. Compared to sorption-based CCS 
technologies, MCFCs can be effectively retrofitted into existing 
plants without onerous changes to the system [1,2]. 

Numerous models have been set-up to simulate and study 
MCFC behavior, optimize their design, and predict their 
performance [3-5]. However, these models could not 
adequately predict MCFC performance in carbon capture 
applications in which the gas to be treated has low CO2 

concentration, like in flue gases of natural gas fired power 
plants. Our recently developed kinetic model is better able to fit 
the behavior of MCFC. It is built on a “dual-anion mechanism” 
to predict the performance of MCFCs working with wet and 
CO2-poor cathode feeds [6,7]. 

Generally, a high number of kinetic parameters is required to 
rigorously describe the processes operational in MCFCs. 
However, such complex models require a very extensive 
experimental database to fit their parameters. Also, the high 
complexity of such models may not yield commensurate 
improvements in their predictive power and accuracy [8]. 
Simpler models would be more practical and desirable. 

Therefore, the main aim of this work is to identify, through 
sensitivity analyses, the parameters that are less significant 
under typical working conditions and therefore can be 
neglected. 

II. MODEL 
Our model has a distributed parameter structure that 

considers two parallel electrochemical pathways that involve 
two different anions, carbonate and hydroxide. Although the 
carbonate path is sufficient at high CO2 cathode concentrations, 
the hydroxide path cannot be neglected with cathode feeds of 
low CO2 contents. 

This new reaction path was observed in our experiments 
showing that in presence of water in the cathode feed, current 
densities were higher than the values calculated from CO2 

fluxes [6]. 
The cell unit of the kinetic model, which is the core of our 

investigation, is written in Fortran language to ensure high 
calculation speed whilst at the same time maintain the 
flexibility of our in-house developed code that commercial 
software codes lack. It is a numerical 2-D deterministic model 
and is able to calculate the local mass balances based on the 
electrochemical and water gas shift reactions. The 
electrochemical model is built on the dual anion mechanism 
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[6,7]. 
The core of the model was integrated into the Aspen Plus 

software that otherwise lacks modules to describe fuel cells. 
The main advantages of using Aspen Plus for this work are the 
possibility to connect other operation units in the framework of 
a system analysis and to perform sensitivity analyses by 
varying the operating conditions systematically. 

In particular, the model is able to calculate the main 
performance parameters on the 2D plane of both a single cell or 
stacks of fuel cells when the system geometry as well as the 
feeding flow rates, compositions, temperature, pressure and 
current density (galvanostatic mode) or voltage (potentiostatic 
mode) are provided as input data in Aspen Plus. 

III.  SENSITIVITY ANALYSES 

In the Aspen model, different types of sensitivity analysis 
have been performed to better understand the behavior of the 
fuel cells and to identify the dominating parameters most 
influencing the results. These results were used to simplify the 
kinetic model and optimize parameter identification: 
• operation conditions, such as the molar fraction of the ith 

component and the ratio between reactant flow rates; 
• functional parameters, such as leff, that is the effective length 

of diffusion of the gas in the cathode pores; 
• physical parameters, such as diffusivity coefficients, 

tortuosity and porosity; 
• kinetic parameters, that are semi-empirical coefficients used 

in the electrochemical kinetic formulation. 
Figure 1 shows an example of a sensitivity analysis used to 

study the effect of the leff in terms of voltage. For this instance, 
two fuel cells with different cathode current collectors were 
considered. The gray and yellow lines represent the simulation 
results for the cell with a current collector that leaves 90% open 
area at the cathode surface (cell A), while the blue and orange 
lines show the simulation results for a current collector that 
leaves 35% (cell B). 

IV.  CONCLUSION 

Our sensitivity analyses allowed the identification of the main 
parameters affecting the MCFC performance and consequently 
it was possible to simplify the kinetic model thus making model 
development and simulations more efficient. 

 

 
Fig. 1.  Sensitivity analysis at different operation conditions 
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Abstract - Hydrogen is proposed as energy vector and as an 
alternative fuel. In this paper three renewable energy sources have 
been investigated and considered from which producing electricity 
to be used in the process of water electrolysis: primary wind 
source, primary solar source and geothermal energy. Three 
Calabrian sites have been studied, chosen by way of example and 
of which the meteorological and geophysical data were possessed: 
Capo Suvero for wind energy, Cosenza for solar energy and Civita 
for geothermal energy. The sizing of these renewable energy plants 
was based on an annual energy estimate. The performance of each 
system has been investigated, from an energy point of view. The 
overall efficiency of the system has been calculated. 

Index Terms - Hydrogen Production, Hydrogen Infrastructure, 
Renewable Energy, Water Electrolysis 

I.  INTRODUCTION 

Hydrogen is proposed as energy vector and as an alternative 
fuel [1]. Among several possibilities, the production of 
hydrogen from natural resources coupled with renewable energy 
is realized in the process of water electrolysis [2]. A possible 
method to mitigate the costs of electrolysis can be obtained 
through the cooperation of renewable energies systems: part of 
their energy can be used for hydrogen production [3]. This 
hydrogen will further create advantage for energy producers 
who concern about energy production stabilization and 
transients limitations. Several authors investigated and proposed 
a mathematical modeling of a hydrogen production system. 
Omdahl [4] included in his model an electrolysis unit for 
hydrogen onsite production, with the goal to investigate a 
further utilization of heat wasted from the thermal cooling 
management system. Dagdougui et al. [5] focused their 
investigation on the population density and the renewable 
supply as the crucial parameters affecting the performance of a 
green hydrogen station network. 

Different aspects relating to hydrogen infrastructure have 
previously been analyzed, but there are still few overall 
investigations on a technical economic analysis for a potential 
business case. Calabria Region, in South Italy, has very suitable 

sites or already equipped with renewable energy plants. In this 
train of thought, the proposed research activity wants to give a 
contribution to the international scientific community proposing 
a mathematical model to size the production of hydrogen 
through water electrolysis from renewable sources (wind, solar, 
geothermal) in three Calabrian sites, from an energy point of 
view. 

II. NUMERICAL MODEL AND RESULTS 

As mentioned above, three Calabrian sites have been studied, 
chosen by way of example and of which the meteorological and 
geophysical data were possessed: Capo Suvero for wind energy, 
Cosenza for solar energy and Civita for geothermal energy. 

Capo Suvero is the site whose data have been used in this 
paper, normalised at 10 m of elevation. All the quantities were 
calculated as yearly mean value over an entire number of years 
(3 years). The annual energy produced by a DeWind D8 wind 
turbine at Capo Suvero is around 6 GWh. In the hypothesis of 
continuously dividing it at daily level, the daily energy 
produced by the turbine corresponds to about 17 MWh. 

The site selected for the hydrogen production facility from 
photovoltaic system (PV) has been identified at the University 
placed in Cosenza (Italy). Calculation of the average monthly 
daily radiation on an inclined surface was made by referring to 
the Liu & Jordan model, with a peak of production in August 
(about 210 kWh/m2), and the lowest value on January (about 
110 kWh/m2). The PV power plant will be realized by using 
mono-crystalline PV modules with a fixed both azimuthal angle 
and tilt angle. 

The Calabrian territory does not possess high enthalpy 
geothermal resources, as can be seen from the data extrapolated 
from the site of the Ministry of Economic Development, A 
binary cycle plant was analyzed to allow the exploitation of the 
low-entrenched Calabrian resource for the production of 
electricity. In particular, the Civita site was analyzed, which 
presents, among the Calabrian locations, the highest 
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temperatures at 3000 m depth. These temperatures settle on 
average around 90 °C. The model used data from the CoolProp 
database, a cross-platform and open-source. The annual 
production in the Calabrian territory is about 0.2 GWhe, about 
30 times lower than that estimated from wind. However, given 
the growing global demand for energy, it would in fact be 
desirable to make these technologies more widely used, since 
geothermal energy, among renewable energies, is able to 
provide a constant level of production throughout the year, 
without being heavily affected by external factors. 

The authors have already proposed a mathematical model for 
a hydrogen production facility [6]. The model is based on a 
mass balance (fluid-dynamic analysis) and an energy 
conservation balance. The modeling concerned the following 
sub-models, related to different physical phenomena: 

• Fluid-dynamic model, which represents mass flows in 
the electrolysis system; 

• Thermodynamic model, which represents the pressure 
at cathode and anode; 

• Electrochemical models, which allow to describe the 
electrical behavior of the electrolytic stack; 

• Thermal models, to determine the transient thermal 
behavior of the stack. 

The performance of each system has been investigated, with 
the operative parameters listed in Table 1. 

Table 1 – Simulation Parameters 
Parameter Model 

DI Water Requirement [l/h] 9.0 

Delivery Pressure [bar] 30 

Operating Temperature [K] 353 

Operating Current [A] 135 
Membrane Cross Section Area 

[cm2] 100 

Anode Working Pressure [bar] 2.00 

Cathode Working Pressure [bar] 13.44 

Anodic Chamber Volume [m3] 0.001 
Cathodic Chamber Volume [m3] 0.001 

Simulation Time [h] 24 

The polymer electrolyte membrane (PEM) electrolyzer 
resulted to have a specific power consumption of 58 kWh/kg. 
Adding 1.24 kWh/kg for the compression system, the system 
overall electric efficiency achieves a value of 0.57. The water 
demand needed to meet the station size and produce the 
required hydrogen is 0.59 Nm3/h per kg of produced hydrogen. 
Table 2 below shows the hydrogen production for each site. 

Table 2 – Hydrogen Production 
CAPO COSEN PARAMETER SUVER CIVITA ZAO 

Average Daily Hydrogen 287 180 9.0 Production [kg/day] 

Electrolyzer Installed Power [kW] 674 423 21 
Daily Energy Demand [MWh] 17 10.66 0.55 

In order to promote a potential business case, an economic 
analysis will be integrated and performed, forecasting hydrogen 
further utilization in fuel cell electric vehicles and injection in 
natural gas grids. The analysis will adopt the COBRA tool [7] 
in order to take into account carbon footprint of these 
applications and their health and quality of life benefits. 

III. CONCLUSION 

By means of a mathematical model, the present paper sized 
the production of hydrogen through PEM water electrolysis 
from renewable sources (wind, solar, geothermal) in three 
Calabrian sites, from an energy point of view. The polymer 
electrolyte membrane (PEM) electrolyzer showed a specific 
power consumption of 58 kWh/kg, with a water consumption of 
0.59 Nm3/h per kg of produced hydrogen. The overall system 
showed an electric efficiency of 57 %. 
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Abstract – Solid Oxide and Molten Carbonate Fuel Cells are 
technologies commercially applied mainly for energy production. 
Because of their working conditions at high temperature (>500°C) 
reforming reactions of hydrocarbon can take place, thus allowing 
the direct use of light hydrocarbon such as CH4 instead of H2. 
Internal reforming fuel cells allow a simplification of the plant 
system but increase the complexity of the cells stack design and of 
the thermal balance of each cell. The possibility of having an 
internal reforming simplify the overall plant system reducing the 
necessary equipment. Indeed, the reforming reaction is an 
endothermic reaction that can cause relevant temperature drops 
in some point of the cell plane. The stiff thermal gradient can 
induce the degradation of the cell materials. For this reason, a 
proper simulation is fundamental to guarantee safe operating 
conditions, avoid underestimating or overestimating the required 
or generated heat and reducing maintenance cost. 
In this work, the authors present a study about the modelling of 
the CH4 internal reforming applied to high temperature fuel cells. 
The obtained reforming model will be integrated into the SIMFC 
code, an in-house developed Fortran constructed to simulate fuel 
cells performance. The simulation results will be compared to 
experimental and literature data to confirm their validity. 

Index Terms - CH4 reforming, high temperature fuel cells 
system, modelling, simulation 

I.  INTRODUCTION 

Solid Oxide (SOFC) and Molten Carbonate (MCFC) Fuel 
Cells are well-known technology whose main commercial 
application is energy production. 

Thanks to their high operating temperature (>500°C) 
compared to other kind of fuel cells (usually <200°C), they 
allow the use of non-precious metal catalyst decreasing the 
production material costs, the recycle of high temperature vapor 
fluxes for different purpose inside the plants, and a high fuel 
flexibility [1,2]. This last feature is extremely important 

because it allows the direct use of light hydrocarbons (such as 
CH4 or ethane) instead of H2. Thanks to the high operating 
temperature, provided a catalyst, the reforming reaction can 
effectively take place thus converting these light hydrocarbons 
to the H2 needed by the electrochemical reactions directly into 
the cell apparatus. This feature can decrease the overall 
operating costs of the cells and allow them to be directly 
connected to, for example, natural gas networks. 

Although this is a known features of high temperatures fuel 
cells, most of the current models that see their integration in 
complex system usually simplify the analysis including an 
external reformer unit [3]. Even though this simplification does 
not sensitively affect the overall performances, it neglects the 
local effects that the reforming reactions may have on the cells. 
As a result, not optimal conditions may be considered for cell 
operation. 

In this work the authors are going to present a model to 
simulate fuel cells with internal reforming reactions. Different 
solutions to describe the reforming reaction will be 
investigated. The obtained model will be encoded into the 
SIMFC code, an in-house developed Fortran code. The SIMFC 
allows the simulation of fuel cells performance on the basis of 
local mass, energy, charge and momentum balances [4]. The 
SIMFC code can be easily integrated in system analysis 
software such as Aspen Plus, thus providing with more accurate 
and safe simulations. 

II.  CH4 REFORMING 

The main reactions that take place at the anode side of a fuel 
cell are H2 oxidation to water (1 for SOFC and 2 for MCFC), 
water gas shift reaction (WGS, 3) and steam (MSR, 4) and dry 
(MDR, 5) reforming reaction. 
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(SOFC) H2+O= → H2O+2e- (1) 
(MCFC) H2+CO3=→ H2O+CO2+2e- (2) 
(WGS) H2O+CO↔ H2+ CO2 (3) 
(MSR) CH4+ H2O→ 3H2+CO (4) 
(MDR) CH4+ CO2→ 2H2+CO (5) 

The oxidation of H2 is driven by the electricity produced by 
the fuel cell, while the WGS reaction has a fast kinetics and can 
be assumed to be an equilibrium reaction. The reforming 
reactions can be analyzed as both equilibrium governed or 
kinetic governed. For this reason, in our work we decided to 
analyze both possible solutions. 

A.  Equilibrium driven reforming 

To evaluate the equilibrium constant Kp we decided to recur 
to its formal definition using the Gibbs	 free	 energy of reaction 
rather	 than empirical formula that can	 be	 found	 in	 
literature. 

As it can be easily deduced from the set of reactions 3-5, 
they are interdependent, thus the equilibrium of only two of 
them can be considered. However, we had to introduce both dry 
and steam reforming reactions, because, if the feed to be 
reformed is poor or does not contain water or CO2, 
mathematical convergence problems arise if one of the two 
possible reactants with CH4 is not included. 

Moreover, to fit different kind of catalysts we assumed a 
temperature approach, by considering a different reacting 
temperature for different hypothetical catalysts. 

B.  Kinetic driven reforming 

To consider the kinetics of the reforming reactions, we 
decided to use kinetic formulations that can be found in 
literature, in particular the one used in [5]. 

It is important to notice that, although they are 
interdependent, both reforming reactions must be considered 
because they are affected by their own kinetics. 

In addition to the presented reactions (1-5), other possible 
parasite reactions should be included to improve the mode 
reliability. These can include different reforming reaction 
stoichiometry and carbon deposition. However, as initial 
analysis, we decided to neglect them. 

III.  INTEGRATION INTO A FUEL CELL SIMULATION TOOL 

Finally, both the equilibrium driven and the kinetic driven 
formulations were added to the SIMFC code. 

It is worth noticing that the equilibrium driven simulation 
will give not satisfactory results because almost all the CH4 will 
reform at the anode inlet of the cell. Thus, although it can be 
effectively used to simulate the performance, it will miss the 

scope of obtaining local information. 
On the other hand, the kinetic driven formulation provides 

with a more accurate simulation of the process. Thanks to its 
own structure, the code can also give the local map of current, 
gas molar fraction and most importantly temperature. Indeed, 
the exothermicity of the WGS and the endothermicity of the 
reforming reactions may balance each other or may need local 
study to find the best operating condition. This feature allows 
more precision in the cell and stack design. Indeed, it can put in 
evidence operating conditions apparently good, but locally 
unstable and harmful to the cell. 

IV.  CONCLUSION 

In the work the authors developed a formulation to simulate 
high temperature fuel cells with internal reforming. 

This was implemented into an in-house made code named 
SIMFC capable to simulate fuel cells performance with positive 
results. The SIMFC code can be easily integrated in system 
analysis tools such as Aspen Plus. In this way, it is possible to 
simulate complex solutions with internal reforming without the 
uncertainty of not knowing the local effects that it can have on 
the behavior of the stack of cells. 

REFERENCES 

[1] Liu, Z., Shi, W., Han, M., Electrochemical characteristics 
and carbon tolerance of solid oxide fuel cells with direct internal 
dry reforming of methane, Applied Energy, Volume 228, 2018, 
pp. 556-557. 

[2] Cigolotti, V., Massi, E., Moreno, A., Polettini, A., Reale, 
F., Biofuels as opportunity for MCFC niche market 
application, International Journal of Hydrogen Energy, 
Volume 33, 2008, pp. 2999-3003. 

[3] Carapellucci, R., Di Battista, D., Cipollone, R., The 
retrofitting of a coal-fired subcritical steam power plant for 
carbon dioxide capture: A comparison between MCFC-
based active systems and conventional MEA, Energy 
Conversion and Management, Volume 194, 2019, pp. 124-
139, 

[4] Audasso, E., Bosio, B., Nam, S., Extension of an effective 
MCFC kinetic model to a wider range of operating 
conditions, International Journal of Hydrogen Energy, 
Volume 41, 2016, pp. 5571-5581. 

[5] Jun, H., Park, M., Baek, S., Bae, J., Ha, K., Jun, K., 
Kinetics modeling for the mixed reforming of methane 
over Ni-CeO2/MgAl2O4 catalyst, Journal of Natural Gas 
Chemistry, Volume 20, 2011, pp. 9-17. 

Copyright © 2019 



113 EFC19

     

 
     

 

 

  
 

 
 

 
   

  
  

 

 
   

  
 

   
 

    
 

   
     

 
   

 
 

   
  

  
 
 

   

 

 
    

   
  

 
 

  
  

    
 

   
 
 

  
 

  
   

 
   

    
   

 
      

    
     

   
    

 
 

   
 

 
   

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19068 
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Abstract - Molten Carbonate Fuel Cells (MCFCs) are a well-
known technology whose main applications are in energy 
production and Carbon Capture and Storage (CCS) 
applications. 
A recent experimental campaign showed that, in presence of 
H2O in the cathode feed, MCFC performance results higher 
than in otherwise similar conditions. This phenomenon was 
ascribed to the appearance of a secondary reaction path driven 
by the formation of hydroxide ions at the cathode side that can 
behave as the carbonate ions in normal MCFCs conditions. 
In this work the authors will present a theoretical study to 
approach this newly observed dual-anion reaction mechanisms 
in order to derive a set of kinetic equations to describe the cell 
behaviour in these conditions. The derived kinetic core will be 
integrated in an in-house developed code to simulate high 
temperature fuel cell performance and its validity tested 
through comparison with experimental data. 

Index Terms – Electro-chemical model, MCFC dual-anion 
kinetics, MCFC for Carbon Capture applications, Parallel 
electrochemical reactions. 

I.  NOMENCLATURE 

Em: equilibrium potential of the m-ion driven path, [V] 
Jm: current density of the m-ion driven path, [A cm-2] 
JTOT: cell total current density, [A cm-2] 
RExternal: sum of the specific area resistances that are common 

to both ion paths, [Ω cm2] 
Ri: specific area polarization resistance of the i-th reactant 

gas, [Ω cm2] 
RΩ: specific area ohmic resistance, [Ω cm2] 
V: cell measured voltage, [V] 

II. INTRODUCTION 

Molten Carbonate Fuel Cells (MCFCs) are a developed 
technology whose main applications are in the field of energy 
production and Carbon Capture and Storage (CCS). For this 
latter purpose, MCFCs have been the focus of great research 
interest because they allow the production of additional energy 
while capturing CO2 and compared to other technologies which 
reduce power output in natural gas combined cycle retrofits. 

Past experimental campaign [1-4] have shown that, using 
wet cathode feed fuel cell performance is higher than with dry 
cathode conditions. Moreover, current densities corresponding 
to utilization of CO2 sensibly higher than the theoretical ones 
were observed (even >100%) This was found to be the result 
of a mechanism with water as a possible intermediate for the 
reaction between CO2 and O2 which decreases the polarization 
due to the CO2 diffusion. However, more recent tests performed 
at low CO2 concentrations [5] showed the emergence of a 
second electrochemical reaction path involving hydroxide ions, 
parallel to the one provided by the reactions of the carbonate 
ions. 

III. APPROACH TO THE DUAL-ANIONS PATH 

The first step of the analysis consisted in the identification of 
an equivalent electrochemical circuit that can be used to 
describe the reactions occurring inside the cell. 
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Fig. 1.  Electrochemical equivalent circuit to describe an MCFC working with 

dual-anion mechanism. 
 
Based on this analysis, the circuit presented in Fig. 1 was 

proposed. The phenomenon can be described by two parallel 
reaction paths that are represented by the two parallel branches 
of the circuit (red for the carbonate and blue for the hydroxide). 
Each parallel branch of the circuit is characterized by its own 
generator (the equilibrium potential of each path) and the 
resistance of the reactant gas that provides with the reacting 
ions. The ohmic resistances and the polarization resistances of 
H2 and O2 were situated in the common branch since the 
experimental data did not show preference for any of the two 
paths when varied. 

Thus, to identify the cell performance, it is necessary to 
solve the following equations system that can be derived by the 
circuit analysis: 

 
To express the polarization resistances, starting from the 

Butler-Volmer equations different expressions were derived as 
described in previous works by the authors [3]. 

IV.  INTEGRATION INTO THE SIMFC CODE 

The system of equations and the resistances equations that 
describe this dual-anion model were implemented into the 
SIMFC (Simulation of Fuel Cells) code.  
SIMFC is a Fortran code developed by the authors [3] that on 
the basis of local mass, energy, charge and momentum balances 
allows to model the performance of high temperature fuel cells 
(namely MCFCs and Solid Oxide Fuel Cells). Because of this, 
it can be used to acquire not only average cell information, such 
as the cell voltage or the total current density, but also to 
evaluate local variables, such as local compositions, 
polarisations, current density and reactant utilization factors. 
This feature is critical for both theoretical and feasibility 
studies: local cell data are essential to understand the 
phenomena that take place in the cells as well as to avoid 
critical points in optimising operating conditions. Nevertheless, 
many of these cannot be measured, but only calculated by an 
adequately detailed modelling. 

Moreover, SIMFC can be implemented in more complex 
simulators such as Aspen Plus or other commercial software. 

The results of the simulation are reported in Fig. 2 where the 
voltage obtained using the SIMFC code simulation (Simulated 
Voltage) is reported versus the Experimental Voltage. 

 
Fig. 2.  Simulated Voltage vs. Experimental Voltage. 

 
The average percentage errors on the Voltage fitting is of 

about 3%, with the % error for each point evaluated as: 

 
 

V.  CONCLUSION 

In this work, the authors presented the theoretical analysis of 
MCFCs working with a dual-anion reaction mechanism. The 
authors developed a kinetic formulation capable to describe the 
performance of MCFC in these newly observed conditions. The 
average percentage error obtained by the fitting of the 
experimental data is of about 3% on the cell Voltage. 
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Abstract - In this paper we present the development of our Horizon 
2020 project FCHgo (Fuel Cell HydroGen educatiOnal model for 
schools, Call H2020-JTI-FCH-2018-1, GA n. 826246). This project is 
directed to children and adolescents between 8 and 18 years old. Its 
goal is to raise awareness for renewable energy sources, in particular 
hydrogen driven fuel cell technology. We will develop and disseminate 
a toolkit for teachers and pupils, based on a narrative approach to 
science and technology. We believe the narrative approach to be best 
suited for this project, because it enables us to take account of the 
cognitive tools of pupils at various stages of development. 

Index Terms - Fuel Cell Hydrogen, Educational material, Science 
education, Sustainable energy. 

I.  NOMENCLATURE 

FCHgo – Fuel Cell Hydrogen Educational model for 
schools. 

EPDM – Educational Programme Delivery Model. 

II. EXTENDED ABSTRACT 

The EU project FCHgo (Fuel Cell HydroGen educatiOnal 
model for schools, Call H2020-JTI-FCH-2018-1, GA n. 
826246), which is coordinated by the University of Modena 
and Reggio Emilia (Italy), involves other six partners from all 
over the Europe: Italy, Germany, Switzerland, Poland and 
Denmark. In addition, third parties from Turkey and Germany, 
and stakeholders from industry and schools are involved too. In 
Figure 1 the artistic logo. 

The purpose of the project is to encourage a culture of 
ecological awareness and to develop behaviors based upon 
sound knowledge of key technologies by the coming 

generations. It aims at creating and disseminating educational 
material for young learners and their teachers to be used in 
primary and secondary schools about science and technology of 
hydrogen fuel cells. Presently contacted number of schools 
exceeds the estimated number of 38 schools/ classes fixed in 
the Proposal. 

Fig. 1.  FCHgo logo 

The partners involved in the project are nine, from six 
different countries. To achieve its specific objectives the project 
activities are divided into five Work-Packages (WPs): WP1 – 
Management (UNIMORE); WP2 - Educational program 
delivery model (EPDM) co-production; WP3 – Test and 
experimentation of the EPDM; WP4 – FCHgo European award; 
WP5 – Dissemination, communication and exploitation plan. 

We will address a number of challenges faced by citizens in 
industrialized countries. Among these are a lack of basic 
understanding of the role of energy and energy carriers in 
physical and biological systems; lack of specific knowledge of 
fuel cell technology (such as the functioning of chemical 
batteries and fuel cells, the role of hydrogen as an energy 
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carrier); a lack of understanding of the interaction of 
technological, environmental, economic, and social systems. 
Better understanding of such challenges by a larger number of 
people, from pupils to their families and acquaintances will be 
central for technological, economic, and social progress that is 
to guide and help us through the transformation of society 
toward sustainable energy systems. 

From a scientific and engineering viewpoint, we make use 
of modern developments in physics, chemistry, and systems 
engineering, and integrate it with the best knowledge available 
regarding FCH technologies. But young children cannot be 
expected to understand such complex systems derived from a top-
down approach originating in formal science and engineering. 
Therefore, we will develop a narrative approach to FCH 
technologies, suitable to young children and consistent with a 
formal path without any loss of stringency. 

Narrative has received much attention in recent investigations 
into science education; it has become clear that there is a wide 
range of forms and uses of narrative in science. We concentrate 
upon a meaning of narrative that is closely tied to conceptual 
structure and understanding of science. 

The human mind creates images of the working of forces of 
nature that can be rendered in stories [1,2,3] or in animations 
using visual metaphors. Similarly to the simple animation about 
the exchanges of energy occurring in an imaginary perpetual 
motion machine developed by M. Deichmann [4], a video about 
fuel cells is in preparation. 

Visual metaphors telling the story of the interaction of forces 
of nature in energy systems can also be cast in the form of plays. 
We shall produce such energy plays where students act as energy 
carriers in systems that create chains of processes (such as sun to 
solar cell to electrolysis of water to producing an electric output 
by a fuel cell to driving an engine or lighting a lamp). 

While empowering the imagination and imaginative 
rationality with the help of stories and play of forces of nature 
(such as sunlight, hydrogen, electricity, heat) is in the foreground 
for young children (8-12 years of age), making use of imaginative 
rationality in the creation of mental and computer models from 
stories told and re-told, forms the core of a methodology for older 
students (12-18 years of age). Moreover, stories provide a 
repository, for adolescents, of much detailed knowledge about a 
subject that is more properly conveyed narratively than, say, in 
printed tables or long expositions. 

Stories of forces of nature interacting in energy chains have 
been converted into graphical representations [5] using the same 
metaphors as those that structure stories and play in general. 
Process-diagrammatic techniques provide us with didactic means 
for older learners where story-worlds (models) are created in a 
form that is intermediate between story or play and formal 
computer models. Among educational materials, instructions how 
to use simple physical objects that allow students to assemble 
process diagrams for a large range of concrete systems will be 
tested and validated in a total of about 50 European pilot 
schools/classes, before to be disseminate all over the Europe. 

III. CONCLUSION 

This project aims at creating and disseminating educational 
material for young learners (primary and secondary schools) 
and their teachers to be used in primary and secondary schools 
about science and technology of hydrogen fuel cells. Our 
methodology is centered on narratives (stories and plays for the 
youngest) and provides direct physical as well as mental 
involvement for pupils. Students and teachers will be involved in 
telling and creating stories or narratives, experiencing the 
assembly and the functioning of simple toys or devices. They will 
discuss forces of nature acting in the toys and devices, design and 
play how forces of nature act and involve energy, construct 
process diagrams with more or less formalized iconographic 
materials, reflect upon FCH technology, applications, and job 
opportunities. The EPDM will provide didactic materials and 
teacher guides for the network of schools and stakeholders that 
will make use of this project. 
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Abstract - Various solid oxide fuel cells (SOFC) manufacturers 
and literature sources [1] state that SOFC does not tolerate the 
presence of solid particles in the delivered fuel (e.g. fly ash from 
gasification process). However, the issues related to feeding SOFCs 
with particulate matter suspended in the fuel have not been 
comprehensively investigated in the literature. 

Within this study, a standard 5 cm x 5 cm anode-supported 
SOFC was fueled by an aerosol of solid inert powder (grain sizes 
and concentration equivalent to gasifier fly ash) suspended in a 
reference hydrogen - nitrogen mixture as well as with a dust-free 
reference gas. 

Maximum power density of SOFC equaled 717 mW/cm2 

(850°C, reference fuel). Feeding aerosol-fuel caused no rapid 
change on power density value. Moderate drop of performance 
was observed throughout twin independent experiments. Post-
mortem analysis revealed contamination on walls of gas channels, 
but no evidence of alumina was found within the anode. 

Index Terms – degradation, dust, particulate matter, SOFC. 

I.  INTRODUCTION 

The presence of particulate matter in a gas from the 
thermochemical conversion of coal, biomass, waste or other 
solid fuels is obvious (e.g. fly ash, condensed tars, char, etc.). 
The physical and chemical structure of particulates suspended 
in the gas depend on the gasified raw material (solid fuel) and 
the method for carrying out the thermochemical conversion 
process. 

Similarly to Din and Zainal [1], back in 2016, the authors 
could not find any published results of experimental or 
theoretical works regarding the effect of particulates presence 
in the gaseous fuels on processes occurring in the SOFC anodic 
part. However, there are some publications in the literature with 

investigations of the particulate size distribution and their 
chemical composition in the producer gas from gasification 
units [2]. Results from these analyses point on ranges of size 
distributions (1 ÷ 10 µm) and concentrations (600 ÷ 1000 
mg/Nm3) of particles present in the producer gas. These values 
were used as a starting point for the design of experiment 
within this work. 

The current study is focused on the possibility of 
precipitation of solid particles in the fuel channels, and inside 
the porous SOFC anode structure during its operation. 

II. EXPERIMENTAL 

A. Powder preparation 
An alumina powder HVA (Cerel, Poland) was ball-milled 

overnight and a bimodal distribution fine powder was obtained. 
Then, the powder was sieved on a 32 µm sieve. As a result, an 
inert ceramic powder of grain size distribution between 1 and 
10 µm was prepared. The powder was dried in a laboratory 
drier prior to test with the aerosol generator. 

B. SOFC description and experimental setup 
The cells with external dimensions of 5 cm x 5 cm and the 

thickness about 1 mm were manufactured in the Ceramic 
Department (CEREL) of the Institute of Power Engineering 
(IEn) consist of the following layers: Ni-YSZ(anode 
support)|YSZ|GDC|LSCF, and were described elsewhere [3]. 

The test stand has been designed basing on a standard IEn 
SOFC test-bench scheme, which was described elsewhere [4]. 
It has been additionally equipped with an in-house developed 

Copyright © 2019 



120 EFC19

     

   
    

  
    

   
 

    
  

   
   

  
    

  
  

     
  

     
  

  
    

     
   

 

   
    
  

  
 

      
 

 
 

 

 
    

       
   

  
 

  

     
   

 

   
 

   

  
      

   
   

 
   

 
     

 
  

   
 

    
   

   
    

   

 
    

 

 
   

  
     

    
    

   
   

  
  

 
  

 
   

  
    

 
  

  

solid aerosol generator installed on the anode gas supply line, 
just before entering the SOFC housing. The system allows to 
obtain aerosols of the powder of ca. 3500 ÷ 5000 mg/Nm3 

concentration. During the performed experiment, the generated 
aerosol was diluted to concentration ca. 1000 mg/Nm3. 

C. Experimental procedure 
After reaching the sealing temperature of 885°C (heat-up 

ramp 50°C/h, anode flow 200 Nml/min N2, cathode flow 500 
Nml/min of air), the setup was kept at this temperature for 15 
minutes, and cooled down to operational temperature of 850°C. 
After that, cell reduction occurred by the increase of hydrogen 
flow from 0 to 800 Nml/min in 4 equal steps within ca. 1h. 
Parallelly air flow was increased to 2000 Nml/min. 

Cell stabilization under 0.375 A/cm2 was conducted for ca. 
24 h (initial voltage 0.85 V). After preliminary characterization, 
the aerosol generator has been turned on and stabilized for 2 h, 
emitting aerosol to a water bubbler (nitrogen flow 200 
Nml/min) and later connected to the fuel supply line. After that, 
the cell was operated on anodic aerosol (800 Nml/min H2 + 
200 Nml/min N2 + 1000 mg/Nm3 alumina micro-powder) in 
constant current mode (0.375 A/cm2) for 184 hours. 

D. Experimental results 
The voltage of the cell was recorded throughout the realized 

experiment. Cells polarization curves were measured before 
contamination and after ca. 140 h of operation on aerosol fuel. 

In the initial phase of experiment, EIS spectrum was 
measured. Similar EIS scan has been recorded after applying 
the dust-contaminated fuel to the anode (Fig. 1) but with lower 
number of measurement points to avoid disturbances caused by 
predicted degradation of the cell over time. 

Fig. 1. EIS spectra measured initially (blue) and just after applying 
contamination (orange) at constant current 0.375 A/cm2 (AS-SOFC 5 cm x 5 
cm, temperature 850°C, anode flow: 800 Nml/min H2 + 200 Nml/min N2 + 
1000 mg/Nm3 alumina micro-powder). 

The whole test has been repeated thereafter on a new cell, on 

which a slightly lower power density was observed, not 
affecting any of the conclusions. 

E. Post-mortem analysis 
The post mortem analysis have been performed with 

SEM/EDX methods. The walls of gas channels were strongly 
contaminated with the white dust, but the cross-section of the 
pipes and channels remained open. No evidence of alumina was 
detected on the anode surface and pores with SEM/EDX. 

III. CONCLUSION 

A setup for investigation of SOFCs has been equipped with 
in-house developed aerosol generator. The system has been 
verified experimentally allowing repeatable cell performances. 

Two independent tests have been performed to investigate 
the influence of micro-powder aerosol on SOFC performance. 
The influence of solid particles in the fuel flow on the 
performance of the cells is negligible in short term operation. 

In extended operation (i.e. > 100 h), significant amount of 
powder precipitated in inlet and outlet piping of the 
experimental setup. No dust inside the anode pores nor sticking 
to electrode surface has been observed. The cell performance 
was not influenced by chemically inert solid powder. 

Operation in vertical arrangement could have had a positive 
influence on the anode state after the experiment. 

Future work will address carbon-containing aerosol feed. 
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Abstract - In this study, double perovskite Sr2FeNi0.4Mo0.6O6-δ 

was synthetized via citrate sol-gel method and characterized in 
order to investigate its structural and electrochemical properties as 
electrodes in a Symmetrical Solid Oxide Fuel Cell. XRD data 
revealed the formation of the double perovskite cubic phase. XPS 
analysis showed an enhanced presence of redox couples of both iron 
and molybdenum compared to non-doped Sr2Fe1.5Mo0.5O6-δ. This 
implies the increase of electronic conductivity due to Ni2+ presence 
in the structure. Sr2FeNi0.4Mo0.6O6-δ was characterized as electrode 
in a symmetrical button fuel cell by EIS analysis. A carbon 
containing nanocomposite electrode was created by inducing a 
controlled hydrocarbon cracking. The electrochemical 
characterization was carried out using hydrogen and propane as 
fuels at 750 °C. The total polarization resistance of the cell was 1.414 
Ω cm2 in H2 and 0.880 Ω cm2 in propane at 750 °C, obtaining a 
maximum power density of 250 mW/cm2 and 170 mW/cm2, 
respectively. 

Index Terms - Double Perovskites, MIEC conductors, 
Molibdates, Redox Stability, Symmetrical and Reversible Solid 
Oxide Fuel Cells. 

I.  NOMENCLATURE 

SFM: Sr2Fe1.5Mo0.5O6-δ 

SFNM: Sr2FeNi0.4Mo0.6O6-δ 

II. INTRODUCTION 

The creation of a Symmetrical Solid Oxide Fuel Cell (SSOFC) 
is a way to reduce the fabrication costs and to improve reliability 
of SOFC, as well as the first step to realize Reversible Solid 
Oxide Cells (RSOC) [1]. Double perovskite Sr2Fe1.5Mo0.5O6-δ 

(SFM) have recently shown interesting properties as electrodes 
for SSOFC, such as its high stability in oxidizing and reducing 
atmospheres, and its good ionic and electronic conductivities in 
both the environments [2]. In order to increase the electronic 
conductivity of this material and enhance its catalytic activity 
with hydrocarbon fuels, we decided to study Sr2FeNi0.4Mo0.6O6_δ 

(SFNM), a Ni-doped variant of SFM. Our aim is in stabilizing 
Ni in the structure; we expect that this contributes to the 
capability to work as anode and cathode. Moreover, we will 
demonstrate the possibility to tune, through Ni presence, the 
formation of highly dispersed carbon by cracking of 
hydrocarbon fuel and to create a highly conductive electrode 
system. 

III. EXPERIMENTAL AND RESULTS 

A. Synthesis 
SFNM powders were prepared by an auto-combustion based 

citrate procedure. The precursors we used were Sr(NO3)2, 
metallic Fe, (NH4)6Mo7O24 ⋅ 4H2O, and Ni(NO3)2 ⋅ 6H2O. We 
prepared a solution by dissolving metallic Fe in HNO3 (65%) and 
the other salts in distilled water. Citric acid was added to the 
solution as complexing agent in a 2:1 citric acid : cations molar 
ratio. The pH solution was adjusted at 8 using ammonia. The 
solution was then dried at 80 °C for 10 hours. The obtained gel 
was burned at 350°C by auto-ignition and then calcinated at 1100 
°C for 10 hours. 

B. Characterization 
XRD analysis showed a single pure cubic phase. The double 

perovskite was successfully obtained, without any secondary 
phase formation. Semi-quantitative XPS analysis (see Table1) 
showed that the ratios of iron cations and molybdenum cations 
are closer to 1, revealing that both the number of iron and 
molybdenum redox pairs increased in SFNM with respect to 
which is reported for the SFM in the literature [3]. 

TABLE I 
FE2+/FE3+ AND MO6+/(MO5++MO4+) COUPLE RATIOS FOR SFM AND SFNM 

Fe2+/Fe3+ Mo6+/(Mo5++Mo4+) 
SFM 1,5 1,7 

SFNM 0,8 0,9 

This would be an evidence that the electron conductivity of 
SFNM is increased due to Ni2+ presence [3]. 

The chemical composition of SFNM, which is really similar 
to nominal values, is confirmed by EDX and XPS. It is, 
therefore, inferred that surface segregations are negligible. 

C. EIS (Electrochemical Impedance Spectroscopy) 
SFNM was characterized as electrode in an electrolyte-

supported button cell using GDC (Gadolinium-Doped Ceria) as 
electrolyte. A SFNM ink was prepared and deposited as both 
anode and cathode by screen printing. 
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The cells were tested using hydrogen and propane as fuels. 
The Nyquist plots were fitted using Z-view software on basis of 
the equivalent circuit shown in Fig.1. The best results were 
obtained at 750 °C, as shown in Fig. 1. The R1 contribution in 
the circuit is associated with the ohmic resistance of the cell. 

Fig. 1: EIS characterization of SFNM as electrode in a S-SOFC at 750 °C in 
hydrogen (red) and propane (black). 

Impedance characterization has shown two main processes. 
The high frequency arc (R2) was attributed to anode and cathode 
reaction processes (the hydrogen/propane oxidation reaction at 
the anode and the oxygen reduction reaction at the cathode). The 
difference of the values of R2 between hydrogen (red) and 
propane (black) should be related to an improvement of the 
anodic process in presence of propane. The electronic 
conductivity of the electrode may have been increased as 
consequence of deposit of carbon from propane cracking 
reaction. The low frequency arc (R3) was attributed to mass 
transfer limitations. The polarization R3 has shown a constant 
value in different fuel flow rates and at different temperatures, so 
it should be related to the high density of the gold paste 
collectors, which hindered the access of fuel gaseous reactants to 
the active surface [4]. SEM images of gold collectors had 
confirmed this assumption. The total polarization of cell was 
1.414 Ωcm2 in H2 and 0.880 Ωcm2 in propane at 750 °C. By 
eliminating the second contribution, it would be possible to reach 
a total resistance of 0.960 Ωcm2 in H2 (which is higher than non-
doped SFM [2]) and 0.440 Ωcm2 in propane at 750 °C, 
respectively. SFNM was also characterized as a cathode by EIS, 
obtaining low ASR (Area Specific Resistance) value (0.206 
Ωcm2), which suggests that this is a better cathode material that 
non-doped SFM (0.240 Ωcm2) [2]. 
D. Fuel Cell performance and stability 

The performances of a single cell with symmetrical electrodes 
of SFNM were investigated. The starting OCV (Open Circuit 
Voltage) of the cell was 0.865 V. The maximum power density 
(Pmax) reached at 750 °C were 250 mW/cm2 in hydrogen and 170 
mW/cm2 in propane, respectively. The electrodes exhibited no 
degradation when tested in 10% of H2 at 700 °C for 24 hours, 
and carbon formation on their surface during several hours in 
propane. A successive test in hydrogen have demonstrated how 
a controlled deposition of carbon on the surface of the electrodes 
(due to cracking reactions of propane) had a beneficial effect, 
increasing their electronic conductivity and performances. The 

Pmax using 5% of hydrogen at 750 °C was 115 mW/cm2 before 
propane supply, and 129 mW/cm2 after several hours of 
operation in propane. 

IV.  CONCLUSION 

In this contribution we successfully demonstrated the 
possibility to stabilize Ni in a double perovskite 
Sr2FeNi0.4Mo0.6O6-δ. We expected to be able to create i) a 
conductive nanocomposite electrode by inducing the formation 
of carbon by hydrocarbon fuel cracking, ii) an electrode working 
reversibily. The perovskite was properly synthetized via an auto-
combustion based citrate procedure, as confirmed by XRD 
(single cubic phase) and XPS analysis. A larger number of redox 
couples than the non-doped SFM are generated by Ni-doping. 
EIS characterization has shown two different resistive processes, 
and the total polarization values of the electrodes were 1.414 
Ωcm2 in H2 and 0.880 Ωcm2 in propane at 750 °C, respectively. 
Impedance characterization in air has also showed that SFNM is 
a better cathode material than SFM, with an ASR of 0.206 Ωcm2. 
For the first time, we have also demonstrated that SFNM shows 
good performance in propane with a high resistance to carbon 
deposition. A controlled carbon deposition has been obtained 
and observed to have a positive effect on conductivity of the 
material, and to increase the cell power density. Stability tests 
proved that SFNM is stable in both oxidizing and reducing 
atmospheres and the electrochemical performance are good in 
both the electrodes. 

Concluding, double perovskite Sr2FeNi0.4Mo0.6O6-δ can be 
considered a promising electrode in SSOFCs realization; 
moreover, when Ni dispersion and amount are highly controlled 
the formation of highly dispersed carbon can be obtained with 
significant increment of the electrochemical performance. 
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Abstract - This work presents a method to design an optimised 
system that combines electrolysers and solar photovoltaic panels 
for sustainable hydrogen production. Given the daily and seasonal 
variations of the electricity output vs. a stable hydrogen demand, 
power exchange to/from the electric grid and hydrogen storage 
systems are considered. The aim is to determine the optimal size of 
the PV field, the electrolyser, and the storage, for a given hydrogen 
demand, by minimising the cost of the hydrogen produced. 

Index Terms - Electrolysis; Hydrogen; Integration; Solar PV. 

I.  NOMENCLATURE 

EL 
PV 

Electrolyser 
Photovoltaic 

II. INTRODUCTION 

Hydrogen is a key enabling element of the energy transition. 
As a flexible carbon-free energy vector, it offers a strong sector 
coupling potential thanks to the multiplicity of end uses (e.g., 
industry, mobility, natural gas admixture). When produced 
from renewable sources, it also enables a fully sustainable 
energy supply chain, increasingly attractive thanks to recent 
improvements in electrolyser performance. 

A number of applications is likely to introduce stable, if not 
constant, hydrogen demands along the year, e.g., industrial 
facilities aiming at a zero-carbon supply chain (‘green 
chemistry’) or hydrogen vehicle refuelling stations that are 
increasingly required to offer ‘green hydrogen’. 

This work presents a sizing method to design a system that 
combines electrolysers and solar photovoltaic (PV) panels for a 
sustainable hydrogen production, focusing on the small scale. 

III. SYSTEM CONFIGURATION AND OPERATION 

The study integrates an intermittent power generation 
technology (solar PV) with a flexible hydrogen production 
device (electrolyser, EL) and a hydrogen storage system. 

The analysis considers a year-long hourly electricity 
generation profile of the solar PV plant and simulates the 
electrolyser operation with the aim of guaranteeing the required 

demand. The annual hydrogen demand drives the required PV 
and electrolysis capacities, whereas the hydrogen delivery to 
the consumer is critical for storage sizing. 

A. Hydrogen production from solar PV 
Given the electricity generation time series, the amount of 

energy that can be transformed into hydrogen varies when the 
ratio of EL and PV nominal capacities (Pnom,EL/Pnom,PV) changes. 
Fig. 1 illustrates the interaction between the plants, with a 
nominal capacity ratio equal to 0.25, in two typical days with 
high and low irradiance. When the PV power output is 
comprised between the minimum load and the nominal capacity 
of the electrolyser, the latter absorbs the entire generation. 
When the PV output is larger than the electrolyser capacity, the 
surplus is directed to the power grid. The same happens when 
PV generation is below the electrolyser minimum load. 

Fig. 1. Example of integration between PV generation and EL operation. 

If the system is not required to provide 100% hydrogen 
production from PV, the electrolyser can absorb electricity 
from the grid at any time to satisfy the production needs (except 
for moments of PV-driven nominal operation and by respecting 
the minimum load constraint). 

Year-long time series of PV power generation are taken 
from the European PV-GIS database [1] for the selected 
location, considering state-of-the-art PV panels. The system 
sizing assumes perfect scaling of electricity generation with the 
installed capacity. 

Copyright © 2019 



124 EFC19

   

    
 

    
    

     
 

  

   
    

  
 

  
 

   
  

   
   
  
 

  
    

 
  

 
  

 
     

  
   

   
   

   

 
     

     
   

 

   
    

      
   

   

 
 

    

 
      

     
   

 
    
  

 
   

    
    

    
   

  
    

     
   

   
 

  
   

    
 

    
 

  
 

 

 
  

 

       
      

       
      

 
  

    
  

  
 

 
  
    

B. Hydrogen storage for annual management 
The electrolyser and the PV field are sized to comply with 

the cumulative annual demand. However, the fluctuations of 
solar energy during the year determine an unbalanced hydrogen 
production during summer and winter which imposes the need 
for hydrogen storage. Hydrogen storage is assumed in the form 
of conventional high-pressure metallic tanks (200 bar). 

IV. CALCULATIONS AND RESULTS 

Calculations are performed for the case of a hydrogen 
demand of 100 kgH2/d (36.5 tonH2/y), considering a location in 
northern Italy. Economic assumptions reflect short-term 
projections: 700 €/kWp for PV, 900 €/kWel for EL, 500 €/kgH2 

for storage tanks [2]. 
As long as only PV panels and electrolysers are considered 

(without storage), the possibility to guarantee the cumulated 
production on annual basis depends on their installed capacities 
and on the solar radiation profile. At small installed capacities, 
only a limited fraction of hydrogen comes from PV electricity. 
This is shown by the black contour lines in Fig. 2 and Fig. 3, 
which represent the fraction of electricity coming from PV with 
respect to the total amount needed. The investment cost 
increases linearly with the installed capacities of PV and EL. 
The lowest-capital-cost configuration for 100% cumulated 
renewable H2 has an investment cost of 2.2 M€ and features 
nearly 1.0 MWel of EL and 1.8 MWp of PV. 

When considering the annual operation and requiring the 
plant to deliver the same quantity of hydrogen each day of the 
year, inter-seasonal storage becomes mandatory. Fig. 2 shows 
the required H2 storage capacity (colour scale) as a function of 
electrolyser capacity and PV rated power. The storage capacity 
increases massively when the PV fraction is high and the 
oversizing is limited (i.e., cases close to the black line ‘1’). The 
minimum assumed storage size is 700 kgH2 (1-week demand). 

and 2 tonH2 of storage (black dot), for a total investment cost 
of about 4.2 M€. Hence, the presence of the storage almost 
doubles the cost from the optimal PV+EL configuration. 

Fig. 3.  Contour plot of total investment cost (PV+EL+storage), as function of 
electrolyser and PV rated power. The black lines represent the fraction of 

electricity generated by the PV field. 

Based on the investment cost and on the annual energy 
balances of the system (PV generation, electrolyser operation, 
exchange with the grid), it is possible to determine the 
hydrogen specific cost. OPEXs are assumed as 1-2%/y of 
CAPEX, depending on the technology; the discount rate is set 
to 6%. Table I reports the system sizing that results from the 
optimisation with a ‘minimum H2 cost’ objective. The injection 
of surplus electricity into the electric grid is calculated with a 
baseline selling price of 60 €/MWhel (today’s Italian average) 
and compared with a 20% reduction (48 €/MWhel), which is 
likely to occur in the medium term, when more and more new 
solar plants will all aim to sell electricity in the central hours of 
the day. The lowest hydrogen cost is predicted at higher 
electricity value with a system featuring a large PV capacity, 
where the revenues are sustained by electricity sales rather than 
by hydrogen production (note that 7 MWp is the assumed upper 
boundary of PV capacity for the solver). 

TABLE I 
SYSTEM CONFIGURATION AND H2 COST AT VARIOUS CONDITIONS 

Fig. 2.  Contour plot of hydrogen storage capacity, as function of electrolyser 
and PV rated power. The black lines represent the fraction of electricity 

generated by the PV field. 

Consequently, the investment cost of the complete system 
shows a different and more complex structure, as depicted in 
Fig. 3. Due to its high specific cost, the large storage capacity 
required near the black line ‘1’ increases the total system costs, 
while the optimal configuration is shifted to an oversized 
system where 1.3 MWel of EL are coupled to 2.8 MWp of PV 

Sold 
electricity 

value 

PV 
[MWp] 

EL 
[MWel] 

Storage 
[kgH2] 

Investment 
cost 
[M€] 

H2 cost 
[€/kgH2]

 PV 
coverage 
fraction 

60 €/MWhel 
7.0 0.4 700 5.6 5.84 75% 
7.0 0.9 1104 6.3 6.29 100% 

76% 
100% 48 €/MWhel 

2.8 0.5 738 2.8 8.08 
4.9 1.1 1137 5.0 9.46 

V. CONCLUSIONS 

The analysis shows that hydrogen can be generated at costs 
in the range of 5.8 to 9.5 €/kgH2 depending on electricity cost 
assumptions and PV coverage fractions, influencing also the 
required storage size. Additional work will investigate effects 
of adopting different electrolysis and storage technologies. 
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Abstract - The scope of MAMA-MEA is to develop an 
innovative additive-layer deposition process that integrates all the 
main CCM (Catalyst Coated Membrane) components within a 
single, continuous roll-to-roll production line. This project is 
focused on PEMFC (Polymer Electrolyte Membrane Fuel Cell) 
industry. Its mission is to foster an increase of the manufacturing 
rate up to 10 times faster than that currently achieved by state-of-
the-art processes. The current manufacturing methods will not be 
able to meet CCM demand over the next 10 years, therefore, new 
strategies needs be sought, explored and translated into high-
volume production lines to augment the capacity and follow the 
expected trend. The whole effort also has the potential to improve 
material utilisation and manufacturing costs.  

Preliminary one-off prototypes have already established the 
feasibility of the proposed approach and patent applications have 
been filed. The engineering design of an ALM sealed CCM 
production line will be provided. 

 
Index Terms - innovative additive-layer deposition process, 

PEMFC (Polymer Electrolyte Membrane Fuel Cell), CCM 
(Catalyst Coated Membrane).  

I.  INTRODUCTION 

According with the Fuel Cell Industry Review 2018 [1], 
from 2014 to 2017, the market has seen a constant growth. The 
forecast for the 2018 is expected to follow this trend also in the 
2019. North America and Asia are the world areas with the 
higher number of shipped megawatts. Europe follows quite far, 
but with a similar increasing trend. In particular, the PEMFC 
market is expected to grow by 10s GW per annum from 2025. 
The current manufacturing methods will not be able to meet 
CCM demand over the next 10 years, therefore, new strategies 
needs be sought, explored and translated into high-volume 
production lines to augment the capacity and follow the 
expected trend. The whole effort also has the potential to 
improve material utilisation and manufacturing costs.  

The aim of MAMA-MEA (acronym for MAss MAnufacture 
of MEAs) [2], project starts in 2018, is to develop an innovative 

layer deposition process that integrates all the main CCM 
components (membrane, catalyst layers, sealing) in a single 
continuous roll-to-roll manufacturing process for the PEM fuel 
cell industry. In Figure 1 the artistic logo. 

 
 

 
 

Fig. 1.  MAMA-MEA logo 

 
A key project objective is an increase in the manufacturing 

rate of over 10 times compared to the state-of-the-art process, 
whilst also increasing material utilisation to 99%, and the 
product quality, and thus yield, to over 95%. 

The project harnesses advanced deposition techniques from 
the coating and printing industry. To achieve this a consortium 
encompassing academia, SMEs and industry, will take the 
concept of additive layer deposition, already at MRL3, to 
deliver and demonstrate an MRL6 level process design utilising 
a verified EU supply chain and consistent with the MAWP. 

II.  CONSORTIUM COMPOSITION 

The project is carried out by a consortium with extensive 
knowledge and expertise in both fuel-cell technology and 
manufacturing; as for the latter, the background in digital 
coating and printed electronics is used to develop the highly 
innovative concept of an Additive Layer Manufacturing (ALM) 
process for CCM. The key CCM components will be deposited 
with high precision and speed, one layer on top of one another, 
only onto the functional CCM surface. The components of the 
consortium and their roles are reported in tab.I. They have their 
headquarters in five different countries of the European 
community.  
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TABLE I 
COMPOSITION OF MAMA-MEA CONSORTIUM AND ROLE OF EACH PARTNER 

Name Nationality Role in the project Organisation type 

Technische 
Universität 
Chemnitz 

Saxony, 
Germany 

• Project coordinator 
• Literature review of 

suitable test protocols 
(optionally also ASTs) 

• Technical and scientific 
coordination 

• Dissemination and 
exploitation 

Public university 

Unimore – 
Università 
degli studi 
di Modena 
e Reggio 
Emilia 

Emilia-
Romagna 
Italy 

• Literature review of 
suitable test protocols 

• Formulation and 
optimisation of inks for 
deposition techniques 

• Dissemination and 
exploitation 

• LCA 
• WP leader 

Public university 

Fraunhofer • Literature review of Public research 
Institute for suitable test protocols institute 
Electronic Saxony, • technology identification 
Nano Germany • layer characterisation, 
Systems • proving of printability 
ENAS concepts 

Johnson 
Matthey 
Fuel Cells 
Ltd 

Swindon, 
UK 

• Literature review of 
suitable test protocols 

• Technical and scientific 
management of project. 

• Leader on CCM 
manufacturing development 
and integration. 

• Testing of CCMs 
• Leader on component layer 

specification. 
• WP leader 

Private company 

System 
Ceramics 
s.p.a. 

Emilia-
Romagna 
Italy 

• Literature review of 
suitable test protocols 

• Test of inkjet technique 
applicability 

• Leader in inkjet printing 
technology on contribution 
to ink formulation. 

• Deposition process 
optimisation. 

• Task leader 

Private company 

INEA – 
Informatics 
Energy 
Automation 

Ljubljana, 
Slovenia 

• Increased productivity 
• Improved quality and 

repeatability levels 
• Reduced costs 
• Improved time to market 
• High standard solution and 

documentation 
• Automate where practical 

Private company 

Nedstack 
Fuel Cell 
Technology 
B.V. 

Ed Arnhem 
The 
Netherlands 

• Leader for testing and 
validation of the 
manufactured MEAs in 
stack configuration 
confirming performance, 
reproducibility and lifetime. 

• Coordinating, recording 
and reporting exploitation 
activities. 

Private company 

The MAMA-MEA project is implemented in seven work 
packages (WP), the interrelations of which are shown in Figure 
2. 

Fig. 2.  MAMA-MEA project work package interrelations. 
. 
The project has been presented on several occasions around 

the world: in Germany, Italy, in the Czech Republic, in Japan at 
the World Smart Energy Week 2019 / FC Expo 2019 in Tokyo. 

CONCLUSION 

At the halfway mark, the project has identified the best 
technologies for the application of the different layers that form 
the MEA. In the next half, the inks will be optimized, applied 
according to the selected technologies and the produced MEA 
will be tested. 
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Name Nationality Role in the project Organisation type

Technische 
Universität 
Chemnitz

Saxony, 
Germany

• Project coordinator
• Literature review of

suitable test protocols
(optionally also ASTs)

• Technical and scientific
coordination

• Dissemination and 
exploitation

Public university

Unimore –
Università
degli studi
di Modena
e Reggio
Emilia

Emilia-
Romagna
Italy

• Literature review of 
suitable test protocols

• Formulation and 
optimisation of inks for
deposition techniques

• Dissemination and 
exploitation

• LCA
• WP leader

Public university

Fraunhofer 
Institute for
Electronic
Nano 
Systems
ENAS

Saxony, 
Germany

• Literature review of
suitable test protocols

• technology identification
• layer characterisation,
• proving of printability

concepts

Public research
institute

Johnson 
Matthey 
Fuel Cells
Ltd

Swindon,
UK

• Literature review of
suitable test protocols

• Technical and scientific
management of project.

• Leader on CCM
manufacturing development
and integration.

• Testing of CCMs
• Leader on component layer

specification.
• WP leader

Private company

System 
Ceramics
s.p.a.

Emilia-
Romagna
Italy

• Literature review of
suitable test protocols

• Test of inkjet technique
applicability

• Leader in inkjet printing 
technology on contribution 
to ink formulation.

• Deposition process
optimisation.

• Task leader

Private company

INEA –
Informatics
Energy 
Automation

Ljubljana, 
Slovenia

• Increased productivity
• Improved quality and 

repeatability levels
• Reduced costs
• Improved time to market
• High standard solution and 

documentation
• Automate where practical

Private company

Nedstack 
Fuel Cell
Technology
B.V.

Ed Arnhem
The
Netherlands

• Leader for testing and 
validation of the
manufactured MEAs in
stack configuration 
confirming performance, 
reproducibility and lifetime.

• Coordinating, recording 
and reporting exploitation 
activities.

Private company
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ELECTROCHEMICAL MODELLING OF SOLID OXIDE FUEL CELLS 
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F. Nobili*** and A. Staffolani*** 
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Abstract -Solid Oxide Fuel Cell (SOFC) stands out as successful 
tool for energy production in medium-large size power plants. 
Indeed high working temperature allows both electricity and heat 
generation. For industrial applications, SOFC behaviour 
prediction is a fundamental point for process optimization and 
control during plant design and operation. For this purpose, the 
present work proposes a specific SOFC model, written in Fortran 
and then implemented in AspenPlus, to have a useful quick tool as 
baseline for future complete power plant simulation. It considers 
the electrochemical kinetic, basing on macroscale balances and a 
semi-empirical approach, in which theoretical equations and 
experimental data are used. Thanks to sensitivity analysis, system 
parameters are changed to study their influence on SOFC 
performance and so the best operative configuration is detected. 

Index Terms – AspenPlus, Electrochemical modeling, Process 
optimization, SOFC 

I. INTRODUCTION 

Fuel cells are promising devices for energy production as 
alternatives to traditional power plants, since they do not have 
dangerous GreenHouse Gas (GHG) emissions in atmosphere. 
Indeed, these tools are based on direct H2 electrochemical 
oxidation to H2O. High temperature guarantees good charge 
conductivity and fast kinetic without noble metal use. Yet, 
before their spread on market, material and operative condition 
optimization is requested to reduce system cost and obtain a 
competitive technology. In this contest, system simulation plays 
the main role favouring a quick cell behaviour prediction. Many 
commercial software tools for standard process unit simulation 
are available, but there are not consolidated specific 
commercial blocks for SOFC simulation. So the implementation 
of an own code in AspenPlus permitted to overcome this limit. 
A detailed electrochemical kinetic was considered without 

losing the utilization simplicity of the general process 
simulation software. Model building required the comparison 
with experimental data for both tuning and validation. The 
Design of Experiment (DoE) was carefully set: every operating 
parameter was changed once at time to underline its influence 
on the cell performance. 

II. ELECTROCHEMICAL MODELING AND ASPENPLUS 

The model consists of a macro stationary simulation, which 
describes cell performance solving both material and thermal 
balances for the anodic and cathodic sides. A specific SOFC 
electrochemical kinetic is considered: it is based on semi-
empirical formulation, where some parameters derive from a 
theoretical approach, while others are detected fitting 
experimental data. Each polarization contribute is estimated 
evaluating temperature and gas composition influence. Ohmic 
overpotential is formulated assuming a thermal activated 
process by an Arrhenius type equation [1]. In agreement with 
literature, activation term is expressed in hyperbolic sine form 
to guarantee a wider validity range [2]. A microscale material 
balance is solved along electrode thickness to estimate 
concentration contributes [3]. Moreover, Nernst resistances are 
taken into account considering an average between gas inlet and 
outlet composition [4]. Thanks to these assumptions, a “pseudo 
0-D model”, written in Fortran, is developed, in which 
macroscale approach is paired with local equations to consider 
the real system extension. 

This model is successfully implemented in AspenPlus, where 
a sensitivity analysis is performed to detect more influencing 
parameters on cell behaviour. 
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III.  CELL PERFORMANCE OPTIMIZATION 

SOFC performance is evaluated through characteristic curves. 
After model validation by comparing experimental and 
simulated data (Figure 1), optimum system conditions are 
detected varying process and material parameters. From the 
experimental side, operating variables, like temperature, gas 
composition and feed flow rate, are modified to underline how 
cell performance changes; then the same influences are 
underlined by the simulation, which also presents single 
polarization contribute variations. Still a wider parameter range 
can be studied thanks to AspenPlus sensitivity analysis. In view 
of new system projects, the model also permits to evaluate 
requested features of cell materials to reduce voltage loss: for 
instance electrode porosity, thickness of layers and system 
conductivity. Moreover, the kinetic parameters are studied as 
well, to underline how the model is influenced by different 
polarization terms. Through this analysis, the desired 
characteristics for a good electrocatalyst are detected. 

IV. CONCLUSION 

Process modeling is a very useful tool for cell operation 
design; still the identification of optimum system parameters 
requests a specific system kinetic knowledge. For this purpose, 
the present study proposes a semi-empirical model of SOFC 
performances, written in Fortran and then implemented in 
AspenPlus, to have a particular simulation device for 
electrochemical cells. Single parameter influence is evaluated 
by sensitivity analysis to project focused optimization actions. 
As experimental tests show and model confirms, temperature 
and gas compositions have the main influences on cell behavior. 

Yet their value is correlated to specific requested operative 
situation, so some performance improves can be achieved 
optimizing cell material. For instance, electrode porosity 
changes obtained voltage at high current density. The kinetic 
parameters influence above all curve shape: depending on 
electrocatalytic activity, the profile can have a more or less 
steep drop increasing the load. 
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Fig. 1. Comparison experimental and simulated V-I curves at 800°C and different fuel composition 
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Abstract – Continuous, in situ monitoring of water quality is 
required to prevent and control contamination events. With this 
aim, we here propose a hybrid photosynthetic/soil microbial fuel cell 
as a real time and on site biosensor. In particular, a soil anode is 
integrated with an algae-assisted cathode that acts as a dissolved 
oxygen (DO) probe. After 10 days of operation, the current 
generated by the hybrid fuel cell followed the day/night 
photosynthetic cycle, reaching the maximum power of 2.84 ± 0.99 
µW. Under steady conditions, the current increased during the day 
along with the increase in the catholyte DO, with a peak value of 
158 ± 50 µA, corresponding to 8.2 mg L-1 of DO in the catholyte. 
Remarkably, the hybrid fuel cell operated without any addition of 
nutrients or organic matter in the soil. 

Index Terms – Biosensor, Dissolved oxygen, Photosynthetic 
biocathode, Soil microbial fuel cell, Water quality. 

I.  INTRODUCTION 

Electrochemical whole-cell biosensors are a promising 
technology for real time water quality monitoring. Particularly 
attractive are algae-based biosensors, since these microorganisms 
are ubiquitous, highly sensitive and yet resilient to adverse 
conditions [1]. In this context, biosensors based on the 
photosynthetic Microbial Fuel Cell (MFC) technology, combine 
the sensitivity of algae with great features, such as long-term 
stability, continuous monitoring, cost-effectiveness and self-
powered applications. A MFC-based biosensor is characterized 
by an extremely simple design, since no transducer is needed, 
with benefits on portability. Successful implementations of MFC-
based sensors have been demonstrated for either COD or BOD 
monitoring or the detection of bioactive compounds. Usually, in 
these sensors the anodic biofilm is the sensing element. Recently, 
a photosynthetic biofilm at the cathode has been instead 
suggested as the biorecognition element [2]. The advantage is a 
more stable sensor, since the cathodic biofilm would be less 
sensitive to changes of pH, T and conductivity that confound the 

signal. Practical applications also demand for low cost materials. 
In this regard, ceramics has been widely investigated as a 
suitable material for MFCs, as it provides structural support 
while separating the two electrodes [3]. Finally, the sensor 
should require minimum maintenance to facilitate in-field 
applications, especially in remote areas. In this context, in this 
work we propose a low-cost hybrid photosynthetic/soil MFC as a 
DO sensor in water. 

II. MATERIALS AND METHODS 

The hybrid microbial fuel cells consisted of terracotta pots 
(3.5 x 4 x 2.7 x 0.3 cm), having the function of providing 
structural support while acting as electrodes separator, and 
Graphite Felt (GF, Online Furnace Services Ltd.) electrodes. For 
the case of the anode, GF (7 x 2 x 0.35 cm) was acid treated as 
previously described [4]. The electrode was buried inside 15 g of 
wet soil collected from the University of Bath campus and 
covered with parafilm. The cathode (11 x 2 x 0.35 cm) electrode 
was instead wrapped around the pot and immersed in a 
photosynthetic mixed culture sampled from a pond at the 
University of Bath. The culture was grown in 1 L of Bold’s Basal 
Medium solution, for one month at 25 C and under a 12h/12h 
light (5 lm m-1) regime before use. During the operation the 
catholyte (Abs750 nm= 0.2) was open to air. Light was provided 
with 60 W adjustable blue and red LEDs, on a 12 h on/off cycle 
in a black box (light intensity of 40 mW cm-1). Tap water was 
added every day to account for evaporation losses. Ti wire (25 
mm, Advent Research Materials, Oxford, UK) was used to 
connect the electrodes to an external resistance (Rext) of 1 kΩ 
during enrichment and 10 kΩ after two weeks. The voltage 
output (V) was recorded with a Picolog (Pico Technology, UK) 
every minute. The current (I) was calculated according to Ohm’s 
law (I = V/ Rext) and power (P) was calculated as P = I x V. 
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III.  RESULTS 

The startup period (Fig. 1A) shows a slow enrichment process 
where the day/night cycle starts developing after 10 days of 
operation. The polarization sweep (Fig. 1B) shows a maximum 
power output of 0.17 µW at an external resistance of 10 kΩ. 
After two months, however, the power output increased to 2.84 ± 
0.99 µW. The slow improvement rate in performance has been 
reported for other ceramic based MFC, and is attributed to the 
decreased diffusion of oxygen through the terracotta towards the 
anode over time as a result of fouling [5]. Indeed, the internal 
resistance decreased a 40% in two months, from 10 kΩ to 6 kΩ. 
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Fig. 1. Startup period (A) and power curves (B) after 2 weeks (black) and 2 
months (white) of operation. Data is the average of three replicates. Shadowed 
areas represent the dark cycle. 
 

The aim of this study was to investigate the ability of the 
hybrid MFC to detect in real time DO changes in the catholyte. 
In this way, the system becomes a tool to detect the presence of 
any disturbance in the water that would affect the metabolic 
activity of the algae at the cathode and, therefore, the 
photosynthetic generation of oxygen. For this application to be 
possible, the cathodic reduction should be the limiting step of the 
overall electrochemical reaction, so that the signal output would 
directly correlate with the DO in water [2]. As shown in Figure 
2A, the DO increases steadily from 2 to 16 mg L-1 during the 
light cycle. This current increases up to a DO value of 8.2 mg L-1 
with a sensitivity of 8.4 µA L mg-1 (R2=0.9) but decreases a 17% 
afterwards (Figure 2B). A possible reason for the trend reversal 
could be the diffusion of oxygen from the catholyte into the 
anode chamber [3]. Mixed potentials arising from the direct 
reduction of oxygen at the anode will confound the signal and 
decrease the sensitivity of the sensor. Anodic anaerobic 
conditions should be therefore ensured by increasing the distance 
between electrodes. 

 
A

B

  
Fig. 2. (A) Evolution of DO (black squares), current (grey circles) and pH (black 
circle) over the 12 hours of the light cycle. Shadowed areas represent the end and 
beginning of the dark period. Data is the average of three replicates. (B) 
Correlation of current with DO during the time period shown in A (squares). 
Current is normalised by the value at the start of the light cycle. Black squares 
and black line indicate the linear range of correlation of the current with DO. 

IV.  CONCLUSIONS 

An innovative hybrid photosynthetic/soil MFC was developed 
as a self-powered biosensor for DO in water. The sensor’s output 
showed a positive linear correlation with the oxygen within the 
range 2 - 8.2 mg L-1, with a sensitivity of 8.4 µA L mg-1. At 
higher DO levels, however, the trend reversed, probably due to 
diffusion of oxygen into the anodic chamber. Over the two 
months of operation, the hybrid MFC did not need any nutrients 
addition, thus showing the potential of this design for remote 
sensing applications. 
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S. Renda, A. Ricca, and V. Palma 
Università degli Studi di Salerno, Department of Industrial Engineering, Via Giovanni Paolo II 132, 

84084 Fisciano (SA), (Italy) 

Abstract - The intermittency in power generation that 
characterizes renewable energy sources requires a way to convert 
the energy surplus. Among all the possibilities, the conversion of 
power in hydrogen via water electrolysis and then into methane 
via CO2 methanation represents a competitive storage system. In 
this work, several Ru-Ni/CeO2-ZrO2 were prepared and 
compared with Ni/CeO2-ZrO2, in order to evaluate the effect of 
Ru loading and Ru precursor salt. The results showed that the 
presence of Ru in the formulation enhances the catalyst activity; 
in particular, the use of the Ru acetylacetonate, for the deposition 
of the noble metal on support, remarkably reduces the catalyst 
onset temperature. The effect is due to the templating effect of 
the precursor molecule, that allows a better dispersion of the 
active compounds. 

Index Terms – Catalyst, Methanation, Power-to-Gas, 
Ruthenium 

I. NOMENCLATURE 

PtG: Power-to-Gas 
AcAc: acetylacetonate 
SSA: Specific Surface Area 
XRD: X-Ray Diffraction 
TPR: Temperature Programmed Reduction 

II. INTRODUCTION 

The growing interest towards renewable energy highlights 
issues related to the intermittency of power generation. Power-
to-Gas processes are a promising option for the storage of the 
exceeding electrical energy as they allow the integration of 
renewable sources into the network. In the PtG process chain, 
power is converted into chemical energy by means of water 
electrolysis, that produces hydrogen; this is subsequently 
converted into methane, that is more suitable for a large 

variety of processes. The conversion of hydrogen into methane 
is realized through CO2 methanation. Methanation is a highly 
exothermic reaction, thermodynamically promoted by low 
temperatures; in adiabatic conditions, the heat of the reaction 
induces a thermal increase in the catalytic bed, limiting the 
CO2 conversion. To mitigate the limitations related to such 
thermodynamic constrains, it could be advantageous to have 
low-temperature active catalysts, so that the overall 
temperature range of the process can be not-so-high. However, 
low temperatures are characterized by strong kinetic 
limitations. In this perspective, the studies of a low onset 
temperature catalytic formulation are matter of interest. 

III. EXPERIMENTAL STUDY 

Nickel is the most widely studied active component for CO2 

methanations catalysts: this is due to its inexpensiveness and 
also to its good activity and selectivity towards the reaction. 
However, ruthenium has been recognized as the most active 
specie for the Sabatier reaction [1]. In order to obtain a catalyst 
that could merge the Nickel inexpensiveness and Ruthenium 
activity, several mono- and bimetallic formulations were 
prepared and tested. 

A. Catalysts preparation 
In this work, fifteen Ru and Ni based catalysts were 

compared. For all the formulations, CeO2 has been chosen as 
support, because of its ability in decreasing the onset 
temperature for methanation reaction [2]. All the tested 
formulations are listed in Table I. 

All the catalysts were prepared via impregnation methods, 
choosing two different precursor salts for ruthenium 
impregnation. The bimetallic formulations were prepared by 

Copyright © 2019 



132 EFC19

  
   

 

 

  
  

  
   

    
  

 
      

  
   

 
   

  
     

  

  

  

 
  
     
       

 
 

  
  

  
  

  
  

   
    

   
 
 

   
   

     
  

  
    

  
 

   
 

  
     

  
 
 

  
    

    
 

  

  
      

  
   

 
 

Nickel impregnation at first, and a subsequent impregnation of 
Ruthenium, according to common methodologies described 
elsewhere [2]. 

TABLE I 
SUMMARY OF THE PREPARED CATALYSTS AND MAIN RESULTS 

Sample 
Ru [wt%] 

Ni [wt%] Maximum 
CH4 yield RuCl3 AcAc 

1 10Ni/CeZr - - 10 61% 

2 0.5Ru-10Ni/CeZr (Cl) 0.5 - 10 73% 

3 1Ru-10Ni/CeZr (Cl) 1 - 10 69% 

4 2Ru-10Ni/CeZr (Cl) 2 - 10 58% 

5 3Ru-10Ni/CeZr (Cl) 3 - 10 64% 

6 2Ru/CeZr (Cl) 2 - - 39% 

7 3Ru/CeZr (Cl) 3 - - 57% 

8 0.5Ru/CeZr (AcAc) - 0.5 - 15% 

9 1Ru/CeZr (AcAc) - 1 - 74% 

10 2Ru/CeZr (AcAc) - 2 - 74% 

11 3Ru/CeZr (AcAc) - 3 - 77% 

12 0.5Ru-10Ni/CeZr (AcAc) - 0.5 10 78% 

13 1Ru-10Ni/CeZr (AcAc) - 1 10 79% 

14 2Ru-10Ni/CeZr (AcAc) - 2 10 82% 

15 3Ru-10Ni/CeZr (AcAc) - 3 10 80% 

B. Characterization 
All the samples have been characterized via specific surface 

area analysis (B.E.T. calculation method), XRD and TPR. 
SSA analysis showed that mono- and bi-metallic 

formulation prepared by acetylacetonate presents a higher 
surface area, resulting in a better ruthenium dispersion onto 
the surface. The XRD spectra and crystallites dimension 
calculation confirmed this hypothesis, as the nickel and 
ruthenium particles dimension resulted smaller when the 
catalyst was obtained by acetylacetonate. According to this 
result, the TPR profile highlighted a lower reduction 
temperature for the sample prepared by AcAc for both mono-
and bi-metallic formulations. Moreover, for the AcAc based 
samples, the reduction takes place in a wider temperature 
range. All bi-metallic catalysts showed the presence of 
spillover phenomenon during the reduction, but this is more 
evident for the samples with a low ruthenium amount. 

C. Experimental results 
All the samples were tested with the following conditions: 

dilution ratio (Ar:CO2) set to 5; stoichiometric feed ratio 
(H2:CO2 = 4) and WHSV = 60 NL/(h·gcat). 

The maximum CH4 yield achieved in each test is reported in 

Table 1. 
The effect of ruthenium loading in the mono-metallic 

samples was the same for both the precursor salt employed: the 
increase of the metal percentage in the formulation leads to an 
increasing activity, resulting in lower onset temperature and 
higher values for CO2 conversion and methane yield. 

For the bi-metallic samples obtained by chloride, the 
increase of ruthenium amount in the formulation leaded to 
worsen catalytic performances in the whole temperature range. 
This aspect highlighted that the addition of ruthenium 
(chloride) to a Ni/CeZrO4 in low percentages can promote the 
catalytic activity (max CH4 yield increased from 61% up to 
73%), but higher loading will inhibit the catalyst. 

On the contrary, all the samples obtained by AcAc showed 
comparable results both in terms of yield and conversion: an 
optimum was found for the 1%-2% ruthenium loading with no 
sensible difference in the performances among the two 
samples. A comparison of these results with the monometallic 
Ni/CeZrO4 formulation showed that, in this case, the addition 
of ruthenium always promotes the catalytic performances. 
Moreover, all the tests performed with AcAc based samples 
(samples 12 to 15) showed better performances than any of the 
chloride-based catalyst (2 to 5). 

IV. CONCLUSION 

Nickel and ruthenium are both high active species for the CO2 

methanation reaction. In mono-metallic formulation, an 
increase in the metal loading makes the catalyst reach higher 
values of yield and conversion. A different behavior is found 
increasing ruthenium loading in the bimetallic formulations: 
both in the case of chloride and the AcAc precursor salts is 
possible to individuate an optimum condition in Ru loading. 
This condition was found to be different with respect to the 
ruthenium precursor: when Ru was impregnated via chloride, a 
minimum amount of metal allowed the enhance of the activity. 
On the other hand, when Ru is impregnated via AcAc an 
optimum in Ru loading was found between 1 and 2%wt. 
Ruthenium dispersion onto the catalyst surface is a 
determining aspect for the catalytic activity: ruthenium 
acetylacetonate allows a better dispersion of metallic particles 
thanks to its templating effect and for this reason a higher 
loading is able to enhance the catalytic activity. 
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Abstract - A mathematical and physical model of fuel cell electric 
vehicle (FCEV) components is provided with great insight given 
into the modelling of the PEMFC stack and of the air supply system. 

The FC model (consisting in a 1D + 1D model, including water 
and thermal management) has been calibrated and validated using 
several experimental data obtained from tests on a single cell both 
in stationary and dynamical operation and under several operating 
conditions. The stack is integrated into a simple vehicle platform, 
based on the architecture of recent FCEVs. 

The governing equation are implemented into MATLAB 
Simulink environment. Two pressure regulation strategies have 
been compared to better understand water management and system 
efficiency response, comparing also the results with Toyota Mirai 
data. 

Index Terms - FCEV, dynamic model, Simulink 

I.  INTRODUCTION 

Proton exchange membrane fuel cells (PEMFCs) are on the 
edge of a significant commercialization as an alternative power 
source for the automotive sector, as demonstrated by Toyota, 
Hyundai and Honda [1]. Barriers are still present to market 
penetration, mainly related to cost and durability. Indeed, 
effective water management inside the stack as well as 
optimization of the fuel cell system, considering also the option 
of hybridization with a battery, are needed to tackle the present 
issues. Thus, a detailed analysis of the entire system is needed, 
that would allow to further enhance its performance and lifetime. 

II. MODEL FORMULATION 

A. PEMFC stack 
PEMFC stack is supposed to be composed of 370 cells, 

operating under the same conditions. Each cell domain is 
composed of six layers, i.e. cathode channel, cathode GDL, 
cathode CL, polymer electrolyte membrane, anode CL and anode 
channel. Channel and GDL subdomains are divided into eight 
and seven control volumes respectively, where conservation 

equations have been integrated spatially assuming a lumped 
behaviour. Both CLs are considered as superficial layer and 
liquid water transport is not resolved, supposing that water 
produced by Oxygen Reduction Reaction (ORR) is in vapour 
phase. Mass conservation equations (both global and for the 
single species) are solved in each control volume, along the 
channel direction as well as across the porous media, for the 
cathode and the anode side. In membrane, water transport occurs 
by means of two mechanisms, electro-osmotic drag and back 
diffusion, determining the hydration state of the membrane. 
Membrane conductivity, affecting ohmic losses, is dependent on 
membrane water content, according to [2]. Thermal performance 
of the fuel cell stack is based on assuming a lumped thermal mass 
of the single fuel cell that exchanges energy with the coolant. 

B. Balance of Plant (BoP) 
The BoP accounts for all components connected to the stack, 

mainly focusing on the ones related to air feeding, as shown in 
Fig. 1. Air is delivered by a compressor, coupled with an electric 
motor, to a humidifying system, before entering the stack. 
Dynamic model of compressor and supply manifold are based on 
the work presented in Pukrushpan et al. [3]. A plate-and-frame 
membrane humidifier has been used, with 35 channels per plate 
and 90 plates. It has been modelled as a domain composed of 

Fig. 1 Schematics of the balance of plant and PEMFC stack simulated. 
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five regions, representing the wet gas channel, wet micro-porous 
layer (MPL), ionomer, dry MPL and dry gas channel. Heat and 
mass transfer take place thanks to gas phase diffusion through 
porous media, according to [4]. 

C. Numerical Implementation and Model Validation 
All the governing equations have been implemented into the 

MATLAB Simulink modelling environment. 
The GDL oxygen diffusion 𝐷𝐷𝑂𝑂2,𝐺𝐺𝐷𝐷𝐺𝐺, the ORR kinetic constant 

𝐾𝐾𝑟𝑟 and the charge transfer coefficient 𝛼𝛼𝑂𝑂𝑂𝑂𝑂𝑂 have been fitted so to 
reproduce experimental polarization curves, obtained from a 
single cell, with an active area of 25 cm2

, for different inlet 
cathode RH, operating temperatures and pressures. 

III. RESULTS AND DISCUSSION 

A. System analysis 
Simulation of the vehicle model under New European Driving 

Cycle (NEDC) has been performed in order to investigate fuel 
cell system and overall powertrain performance. In this case, a 
pure fuel-cell powered light duty vehicle is considered, by 
assuming that the stack is capable by itself, without a battery, to 
face power transients, thanks to NEDC regularity. 

Two control strategies have been considered: in the first one, 
a constant stack pressure equal to 2 bar has been set by 
controlling the opening fraction of the back-pressure valve, 
while in the second one pressure varies according to a constant 
opening area of the valve, whose value is chosen such that the 
stack pressure would be equal for the two strategies when 
generating the maximum power during NEDC. This last control 
strategy is typically adopted in FCEV, as in Toyota Mirai [1]. 

As shown in Fig. 2, variable pressure regulation could lead to 
lower cathode inlet RH and, thus, to a lower hydration state of 
membrane that could affect membrane durability. Moreover, as 
shown in Fig. 3, the stack efficiency is higher for constant 
pressure regulation, with respect to variable pressure one. 

However, in the low-load region, system efficiency is lower 
for the first case because of the higher power demand of the 

compressor, that represents a significant share of the total power 
generated. In the high-load region, system efficiencies obtained 
from the two control strategies become comparable since 
pressure, and thus compressor power, starts rising also in the 
second case. By comparing results of the second case with data 
obtained from Toyota Mirai experimental tests, the model is able 
to reproduce the same trend, even if experimental system 
efficiencies are higher. Cycle efficiency for NEDC simulation 
has been evaluated as well, obtaining 55.1% for variable pressure 
method, against 48.3% for constant pressure method. 

IV.  CONCLUSION 

A dynamic PEMFC system model, focused on the air loop and 
capable of capturing significant transient phenomena, has been 
obtained. Through the simulation of NEDC, system response has 
been evaluated when two different strategies are adopted for 
pressure control: a constant pressure regulation and a variable 
pressure one, as typically used in FCEVs. 

It has been demonstrated that the variable pressure regulation 
is globally better than the constant pressure one, by looking at 
the system efficiency and cycle efficiency, because of lower 
power demand of auxiliaries. However, results have also shown 
that cell membrane could suffer of stronger dehydration in the 
second case. This suggests a key role of system control strategies 
in obtaining an optimal water management of the stack, that 
would allow to enhance durability, together with performance. 
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Fig. 3 Stack and system efficiencies, obtained by simulating the two control 
strategies. Black dots indicate system efficiency of Toyota Mirai [1]. 

Fig. 2 Evolution of RH at cathode channel inlet, during NEDC simulation, for 
the two control strategies. 
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Abstract - The use of high-efficiency fuel cell cogeneration 
systems (Solid Oxide Fuel Cell, SOFC) could play an important 
role for the overall improvement of the energy efficiency of small 
to medium size biogas plants. The presented work will analyze the 
goals and the preliminary results of two EU projects, to show the 
potential benefits of coupling biogas with SOFCs. By coupling real 
site experience on SOFC modules and an optimized biogas pre-
treatment, which can reach the targets without affecting the costs 
too much, a final goal of a sustainable, high-efficiency and zero-
emissions system for biogas exploitation could be reached.  

Index Terms – biogas, SOFC, cleaning, fuel cell  

I.  INTRODUCTION 
Biogas is a biofuel, which can be produced from different waste 
streams including the WWT sector (sewage sludge), municipal 
solid waste treatment (organic fraction, OFMSW), food 
industry (residuals from food processing plants) and agriculture 
(residuals from the livestock and farming activities). Biogas is 
usually exploited in internal combustion engines, gas turbines or 
upgraded to bio-methane for grid injection. Replacing a 
traditional cogeneration system with a high temperature solid 
oxide fuel cell (SOFC) can offer three key advantages: 1) High 
electrical efficiency (50-60% vs. 30-43%); 2) Zero emissions to 
the atmosphere in terms of NOx, SOx, PM and VOC; 3) 
Modularity: the concept could also be applied to small size 
plants where cogeneration is currently not feasible. In Italy, 
according to GSE 2017 data [1], 2’116 biogas plants were 
operating: 1’629 based on agricultural products (farms) and 487 
using other biomasses. 

II.  THE DEMOSOFC PROJECT  
The EU-funded DEMOSOFC project [2] demonstrates the 

technical and economic feasibility of operating a 150 kWe 
SOFC system in a real WWTP. The integrated biogas-SOFC 

plant includes a biogas clean-up and compression section, three 
SOFC power modules, and a heat recovery loop.  

 
Fig. 1.  Waste-to-energy circular approach with high temperature fuel cell-

based cogeneration systems. 

RESULTS 
Results from the first two modules operation at the 
DEMOSOFC site confirmed the expected high level 
performance of the fuel cell system [2]–[5]. More than 7,000 
hours of operation have been cumulated onsite. Measured 
SOFC efficiency from compressed biogas to AC power has 
always been close to 50%, with peaks at 56% at partial power 
(40%). Results are shown in Table I, where electricity and heat 
productions from SOFC module 1 and 2 are represented, 
together with efficiencies. Figure I indeed shows the monthly 
behavior of the power production at the plant site from January 
2018. Both electrical and thermal power are self-consumed 
within the plant, thus reducing consumption of external fossil 
sources and generating a saving in the electricity and natural gas 
bills, as shown in the table. 
A dedicated emissions measurements campaign has been 
performed in December 2017 by the Finnish research center 
VTT. Results show NOx < 20 mg/m3, SO2 < 8 mg/m3 and 
particulate lower than ambient air values (< 0.01 mg/m3). 
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TABLE I. DEMOSOFC PLANT PERFORMANCE RESULTS. 

SOFC 1 SOFC 2 
Operating hours on site (h) >3900 >5000 
Plant capacity factor (%) 46.64 60.27 
Electrical energy produced (kWh) 170’319 210’130 
Thermal energy produced (kWh) 95’768 138’180 
Average electrical efficiency (%) 52.34 50.18 
Electrical energy saving (€) >50’000€ 
Thermal energy saving (€) >15’000€ 

TABLE I. DEMOSOFC PLANT ELECTRICAL PRODUCTION. 

The technical performance of the system should be then linked 
with the economic aspects, essential for the development of 
market-ready concept. Table II shows the site preparation costs 
incurred during the projects, which include all the end-user 
costs (except the fuel cell system): mechanical works (piping, 
valves, pumps, etc.), electrical works (wires, cables, and control 
system), civil works (control room, electrical cabinet room, 
conditioning, platform, etc.), cleaning system and auxiliary 
works (cylinder gases, etc.). 
A deep analysis has been performed, together with the plant 
owner SMAT s.p.a., to understand the potential reduction of 
costs of a second replication, thanks to the lesson-learned from 
the demonstration site. A total potential reduction of costs of 
56% is achieved. 

TABLE II. DEMOSOFC PLANT PREPARATION COSTS ANALYSIS. 

Actual Cost 
[€] 

Optimized 
Cost [€] 

Mechanical Works 174’562 65’502 -63% 
Electrical Works 173’913 100’819 -42% 
Civil Works 191’920 23’758 -88% 
Clean-up system 221’087 132’652 -40% 
Auxiliary works 91’677 54’597 -40% 
TOTAL 853’159 377’328 -56% 

III. THE WASTE2WATT PROJECT 
The DEMOSOFC concept could then be replicated in other 

biogas sectors and could become a best practice for CHP at 
small and medium size plants where competitive technologies 
are less efficient and costlier. As well-known from literature [6], 
SOFC tolerance to biogas impurities (sulphur, siloxanes, etc.) is 
extremely low and the gas should be cleaned at a deeper level 
than for traditional systems. WWTP biogas, as the one in the 
DEMOSOFC project, is one the cleanest biogas in terms of 

inlet sulphur and other species. When moving to agricultural or 
OFMSW biogas, impurities level is increasing and the cleaning 
system need to be optimized in terms of performance and costs. 
This is the goal of the Waste2Watt EU project. 
RESULTS 

The aim of the project is to develop two cleaning solutions: 
the first one for a small size agricultural farm (Swiss-Austrian 
model) based on a lab-based defined matrix of commercial or 
innovative sorbents. The second one for a medium-large size 
plant producing biogas from the organic fraction of municipal 
solid waste based on an innovative cryogenic solution for 
sulphur and siloxanes removal. 
The project is still in the design phase and the two cleaning 
solution are under investigation for what concerning sorbents 
testing at lab-scale, modeling and economic evaluations. 

IV. PERSPECTIVES AND CONCLUSION 
The concept demonstrated in the DEMOSOFC project, together 
with the cleaning upgrades from the Waste2Watts project, could 
then be replicated not only in biogas plants but also in the wider 
field of distributed generation, fed by natural gas from the grid, 
to performance services for the grid network in the view of 
future micro-grid energy systems 
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Abstract – An experimental investigation of global and local 
polarization curves and impedance spectra of a 25 cm2 segmented 
vanadium redox flow battery is carried out, in order to have an 
insight on electrode-distributor interplay and on operation 
heterogeneity and the causes thereof. 

From the analysis of local polarization curves and impedance 
spectra of the positive electrode, it is found that the serpentine 
suffers of mass transport issues in the area near the outlet, while the 
interdigitated shows those issues in the central area of the electrode. 
Instead, the negative electrode shows a higher homogeneity of 
operation, since it is characterized by a kinetic dominated regime 
and poorly influenced by mass transport. 

The experimental campaign is supported by a 3D numerical 
model that couples fluid dynamics and electrochemistry, fitted on 
experimental data and then validated extensively, also locally, in 
different operative conditions, with different flow fields and 
different electrolytes configurations. 

Index Terms – heterogeneity, impedance spectroscopy, 
segmented cell, VRFB. 

I. NOMENCLATURE 

EIS: electrochemical impedance spectroscopy; 
SOC: state of charge; 
VRFB: vanadium redox flow battery. 

II.  INTRODUCTION 

With the growth of the electric production from renewable 
sources, the need of an efficient and durable on-grid and off-grid 
energy storage technology raised in the last years. Very 
promising candidates are vanadium redox flow batteries (VRFB) 
thanks to the possibility of decoupling power and stored energy, 
their high efficiency and high charge/discharge cycle life. 

One of the key factors hindering the performance of vanadium 
redox flow batteries is the electrolyte distribution over the porous 
electrode, which is the result of a complex interaction among 
flow field geometry, electrode morphology and electrolyte 
properties. In the present work an experimental analysis is 
carried out with the aid of an innovative segmented cell hardware 
which allows a local resolution of polarization curves and 
impedance spectra, in order to have an insight on operation 
heterogeneity and the causes thereof. The experimental 
characterization is supported by the development of a 3D 
numerical model, that couples fluid dynamics and 
electrochemistry, fitted on experimental data and then validated 

extensively, also locally, in different operative conditions, with 
different flow fields and different electrolytes configurations. 

III. EXPERIMENTAL 

An innovative 10 segments macro-segmented cell has been 
used for the characterization of the battery, in order to obtain a 
local resolution of performance and impedance. Not only all-
vanadium configuration, but also positive symmetric and 
negative symmetric configurations have been investigated in 
order to study separately each side of the battery, at a SOC of 
50% and 1M electrolyte concentration. Polarization curves have 
been performed at different flow rates, in potentiostatic mode 
inside a voltage range chosen to avoid undesired side reactions; 
EIS have been performed, only in the symmetric configuration 
to assure a constant SOC, in the same operative conditions of 
polarization curves at current values of 0.05 and 0.1 A cm-2, with 
an oscillation semi-amplitude of 5 and 10 mA cm-2 respectively. 
The frequency range has been selected between 10 kHz and 0.01 
Hz, in order to catch both the kinetics-related and mass transport-
related phenomena. 

IV.  EXPERIMENTAL RESULTS 

The comparison of local polarization curves recorded for 
positive (a,b) and negative (c,d) electrolytes with serpentine (a,c) 
and interdigitated (b,d) flow fields is reported in Figure 1. It can 
be noticed how the positive electrolyte has a typical mass 
transport dominated behavior, while the negative one is 
characterized by a kinetic limited regime, which hinders the 
performance of this configuration. Moreover the serpentine 
outperforms the interdigitated distributor. 

The local performance of the serpentine follows the depletion 
of reactants from the inlet to the outlet, while the interdigitated 
distributor shows a reduction of performance in the middle area 
of the electrode. In order to study the heterogeneities, a 
heterogeneity index (ξ) is defined as the coefficient of variation 
of the local currents corresponding to a selected value of global 
current. This index reveals greater heterogeneities for the 
positive electrolyte if compared with the negative one, due to the 
highly kinetics-limited behavior of the latter, which reduces the 
influence of mass transport and reactants consumption along the 
channel; moreover, an higher inhomogeneity is obtained for the 
interdigitated flow field with respect to the serpentine, because 
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of the reduced velocity of the flow in the porous electrode in the 
middle zone of the electrode, responsible for less intense and 
inhomogeneous under-the-rib fluxes. It is worth saying that, if 
the comparison is carried out at a fixed pressure drop, the 
interdigitated results less heterogenous than the serpentine. 

Also the investigation of the local impedance is carried out to 
enlighten the local phenomena determining the performance: it 
can be observed that the positive electrolyte shows a large feature 
related to mass transport which overlaps the feature related to 
kinetics, that is not the limiting factor for performance with this 
electrolyte. Instead, the negative electrolyte, which is 
characterized by a kinetics limited regime and reduced mass 
transport issues, reveals clearly distinguished features and higher 
impedance values. 

The spatial distribution of local spectra is consistent with the 
one observed for polarization curves, with growing impedance 
along the channel path for the serpentine, and a higher 
impedance of the middle segments for the interdigitated 
geometry. 

V.  MODEL FITTING AND VALIDATION 

The 3D 
model has 
three fitting 
parameters: 
electrode 
active area, 
electrode 
permeability 
and negative 
electrolyte 
kinetic 
constant. 
These parameters are fitted on global and local experimental data 

of positive and negative symmetric configuration at a flow rate 
of 20 ml min-1, with both serpentine and interdigitated 
distributors. The obtained set of parameters is than validated at 
different flow rates and SOC values, showing a good agreement 
with experimental results (Figure 2). 

VI.  MODEL RESULTS 

Analyzing the profile of velocity magnitude inside the 
electrode in three location and the contour of the reaction rate, it 
is visible a lower value of velocity in the middle zone of the 
interdigitated distributor, responsible for the lower reaction rate 
and then the lower performance of the middle segments observed 
during the experimental campaign, since the mass transport 
resistance in the proximity of the carbon fibers of the electrode 
is determined by a convective mechanism [1]. 

The model helps also to explain the overperformance of the 
serpentine with respect to the interdigitated distributor at fixed 
flow rate: the mean value of velocity inside the porous electrode 
for the former geometry is nearly 20 times higher than the latter. 

The capability of the model to correlate the velocity field and 
the reactants distribution determined by the flow field pattern, 
with the global and local performance, allows not only to 
interpret and analyze the experimental data, but also to design 
optimized geometries of the distributor with the aim to achieve a 
better performance and reduced heterogeneity, topic that is 
investigated in a currently undergoing work. 

VII.  CONCLUSION 

The main conclusions of the work are: 

• The serpentine outperforms the interdigitated with both 
electrolytes. The reason of this behavior is found in the 
greater value of velocity of the electrolyte in the electrode, 
which enhances the reaction rate in serpentine; 

• The local distribution of current density follows the pattern 
of reactants depletion along the channels, but performance 
shows a reduction in the middle zone of the interdigitated. 
The reason is found in the lower local value of the electrolyte 
velocity in the porous electrode; 

• The positive electrode, characterized by a mass transport 
limited behavior, shows generally higher heterogeneity if 
compared with the negative one, characterized instead by a 
kinetic limited regime; 

• The serpentine reveals lower heterogeneities than the 
interdigitated when coupled with the positive electrolyte, but 
its heterogeneity overcomes the interdigitated when the 
negative electrolyte is considered. 

REFERENCES 
[1] M. Messaggi, P. Canzi, R. Mereu, A. Baricci, F. Inzoli, A. Casalegno, 
M. Zago, Analysis of flow field design on vanadium redox flow battery 
performance: Development of 3D computational fluid dynamic model and 
experimental validation, Appl. Energy. 228 (2018) 1057–1070. 
doi:10.1016/j.apenergy.2018.06.148 

Figure 2: Results of fitting procedure on discharge of the all-
vanadium configuration with serpentine flow field. 

Figure 1: Local polarization curves for positive (a,b) and negative (c,d) 
electrolytes with serpentine (a,c) and interdigitated (b,d) flow fields. 
Heterogeneity index is evaluated at 0.05 A cm-2. 



139 EFC19

    

 
     

 

 

  
    

    
 
 

 
  

  
 
 

      
  

       
    

    
    

    
    

  
       

   
    

   
 

    
   

 
 

    
 

  

   
    

     
       

     
   

      
       
     

     
      

     
     

  
      

      
  

    

    
    

     
      

     
      

   
 

    
       

  
 

  
 

 
 

 
 
 

 
 

  
  

 
 

 
  

     

 
  

   
  

   
  

     
    

      
  

  
      

       

    
      

        
     

       

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19086 

THE ECONOMICS OF HYDROGEN FOR RESIDENTIAL HEATING: AN 
ASSESSMENT OF HOW HYDROGEN FUEL CELL HEATING SYSTEMS COMPARE 

TO OTHER LOW-CARBON OPTIONS IN GERMANY AND THE UK 

Steven Ashurst*, Robert Bloom*, and Jeremy Harrison* 
* Delta Energy and Environment, Floor F, Argyle House, 3 Lady 

Lawson Street, Edinburgh, EH3 9DR, (UK) 

Hydrogen (H2) is being considered as a future low carbon energy 
source for heating. If widespread H2 distribution becomes a reality, 
hydrogen boilers, hybrid heat pumps (HHP) and fuel cell micro 
combined heat and power systems (FC m-CHP) could be used to 
provide low carbon heat to homes. This paper models and compares 
the predicted end-user heating bills in 2030 using the above 
technologies, plus electric air-source heat pumps (ASHP), in 
Germany and the UK. Under “reference” conditions (expected 
product and energy costs), FC m-CHP offers the lowest heating 
costs in Germany; typically by €100s per year. In the UK FC m-
CHP would require additional support to stimulate strong market 
activity; even under “optimistic” conditions, FC m-CHP delivers 
higher running costs than ASHPs and H2 boilers. 

Index Terms – Economics, Fuel cell micro combined heat and 
power (FC m-CHP), Hydrogen (H2), heating. 

I.  NOMENCLATURE 

Air-source heat pump (ASHP), condensing boiler (CB), Fuel 
cell micro combined heat and power system (FC m-CHP), hybrid 
heat pump (HHP), hydrogen (H2), kilowatt hour (kWh), fully-
installed cost (FIC). 

II. INTRODUCTION 

Hydrogen (H2), when produced via low carbon methods, 
could reduce emissions from domestic heating. Countries with 
extensive gas grids (that could be repurposed to supply H2), like 
Germany and the UK, have much potential for H2-based heating. 

Several heating technologies could use H2, and the option of 
electric heating via air-source heat pumps (ASHP) must also be 
considered. The relative end-user heating costs in homes using 
different options must therefore be understood in detail. 

However, heating technologies (especially FC m-CHP) are at 
various stages of commercial maturity, and there is no retail 
market for piped H2 at present. Given this, two scenarios were 
modelled based on the future cost estimates of FC m-CHP 

considering increasing production volumes and the reduction in 
product complexity from a switch from natural gas to H2. 

The “reference” scenario uses a conservative estimate for the 
fully-installed cost (FIC) of £/€12,000 for the FC m-CHP 
(currently ~£/€19,500). The “optimistic” scenario uses £/€8,000. 

III. KEY ASSUMPTIONS AND CALCULATIONS 

Key product specifications per country are shown in Table I. 
The FC m-CHP includes an integrated supplementary 
condensing boiler (CB). Inputs are derived from Delta-EE’s own 
databases and insights gathered via conversations with industry 
contacts. Differences in maintenance costs between products and 
the total maintenance cost over the product lifetime were 
considered negligible. 

TABLE I: KEY PRODUCT ASSUMPTIONS 
H2 boiler H2 HHP ASHP FC m-CHP 

Fully- £3,000 £6,500 £7,500 £8,000-12,000a 

installed cost €7,000 €10,000 €12,000 €8,000-12,000a 

Thermal 90% 90% (CB) 300% 90% (CB) 
efficiency 300% (HP) (HP) 33% [1] (FC) 
Electrical 
efficiency 

- - - 57% [1] (FC) 

Share of heat 100% 80% (HP) 100% 25-80% (FC) 
load provided 20% (CB) 75-20% (CB) 
Product life 15 years 15 years 15 years 15 years 

a FIC of the FC m-CHP assumes no stack replacement is required when 
lifetime run hours are less than 80,000 kWh. 

Energy price assumptions are given in Table II. An average 
of projections and targets for low carbon H2 costs in Europe in 
2030 was used, with supply chain costs (transportation, retail and 
tax) added to this as they are applied to natural gas supply today. 

TABLE II: ENERGY PRICE ASSUMPTIONS 
Year Fuel cost UK (per kWh) DE (per kWh) 

2019 Natural gas retail cost £0.040 [2] €0.061 [2] 
Electricity retail cost £0.162 [3] €0.299 [3] 

2030 H2 retail cost £0.083 €0.099 

Copyright © 2019 
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Electricity retail cost £0.199 €0.300 higher than a HHP (£250), a H2 boiler (£400), and an ASHP 
Heating bills were calculated using the equations below: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 € 𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝑖𝑖𝑐𝑐𝐴𝐴𝑖𝑖𝑓𝑓𝑓𝑓𝐴𝐴𝐴𝐴 𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴 𝑝𝑝𝐴𝐴𝑐𝑐𝐴𝐴(€) 

(£280 to £650). Even in the “optimistic” scenario, FC m-CHP is 
more expensive than an H2 boiler or an ASHP. 

In Germany, FC m-CHP is often the most economical heating 
𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴 𝑝𝑝𝐴𝐴𝑐𝑐𝐴𝐴 

(𝑘𝑘𝑘𝑘ℎ 
) = 𝑘𝑘𝑘𝑘ℎ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ𝑒𝑒𝑎𝑎𝑒𝑒 system. In the “reference” scenario, it gives running cost savings ( 𝑓𝑓𝐴𝐴 ) × 𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑎𝑎𝑝𝑝𝑒𝑒 

𝑎𝑎𝑠𝑠𝑙𝑙𝑒𝑒𝑒𝑒𝑠𝑠𝑙𝑙𝑒𝑒 (𝑓𝑓𝐴𝐴𝑐𝑐) 𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑒𝑒𝑠𝑠 

Where amortized product cost is the cost to install and run the 
appliance over the lifetime run hours of the equipment. 

𝑒𝑒𝑎𝑎𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒 € 
𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴 € 𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 € 𝑝𝑝𝑝𝑝𝑠𝑠𝑒𝑒 (𝑘𝑘𝑘𝑘ℎ)

( ) = ( ) + ( )𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑎𝑎𝑝𝑝𝑒𝑒 ℎ𝐴𝐴𝑖𝑖𝐴𝐴 𝑝𝑝𝐴𝐴𝑐𝑐𝐴𝐴 𝑘𝑘𝑘𝑘ℎ 𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴 𝑝𝑝𝐴𝐴𝑐𝑐𝐴𝐴 𝑘𝑘𝑘𝑘ℎ (%) 𝑒𝑒ℎ𝑒𝑒𝑝𝑝𝑙𝑙𝑎𝑎𝑎𝑎 𝑒𝑒𝑙𝑙𝑙𝑙𝑠𝑠𝑝𝑝𝑠𝑠𝑒𝑒𝑎𝑎𝑝𝑝𝑒𝑒 

€− 𝑣𝑣𝑖𝑖𝑓𝑓𝑝𝑝𝐴𝐴 𝐴𝐴𝑓𝑓 𝐴𝐴𝑓𝑓𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴𝑓𝑓 𝑔𝑔𝐴𝐴𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴 ( )𝑘𝑘𝑘𝑘ℎ 
𝐴𝐴𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑓𝑓 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴 £ 𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑓𝑓 = ( ) × (𝑘𝑘𝑘𝑘ℎ) ℎ𝐴𝐴𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖𝑔𝑔 𝑝𝑝𝐴𝐴𝑐𝑐𝐴𝐴 ℎ𝐴𝐴𝑖𝑖𝐴𝐴 𝑝𝑝𝐴𝐴𝑐𝑐𝐴𝐴 𝑘𝑘𝑘𝑘ℎ ℎ𝐴𝐴𝑖𝑖𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝐴𝐴 

IV.  RESULTS 

In the “reference” scenario for the UK, FC m-CHP is the most 
expensive technology in all properties. Annual heating bills are 

of more than €100 – and more typically between €200-500 – in 
homes with heat demands over 10,000 kWh/year. 

Two model inputs are crucial in producing these differences. 
By 2030 the difference between H2 and electricity prices is 
smaller in the UK (£0.116/kWh) than in Germany (€0.201/kWh). 
This results in a higher heat cost for the FC m-CHP system in the 
UK. Moreover, in Germany, the FIC of the non-FC appliances is 
much closer to the FC m-CHP system than the UK. As a result, 
the differential of the amortized product cost between the FC m-
CHP and the other appliances is lower in Germany, therefore 
making FC m-CHP more attractive in that country. 
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Fig. 1.  Comparison of annual UK heating bill for satisfying annual thermal demands ranging from 4,000 kWh to 22,000 kWh with a H2 boiler, H2 HHP, ASHP and FC 
m-CHP in 2030 for the “reference” scenario (left) and “optimistic” scenario (right). 
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Fig. 2. Comparison of annual German heating bill for satisfying annual thermal demands ranging from 4,000 kWh to 22,000 kWh with a H2 boiler, H2 HHP, ASHP and 
FC m-CHP in 2030 for the “reference” scenario (left) and “optimistic” scenario (right). 
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V. CONCLUSIONS 

If H2 becomes viable as a heating fuel by 2030, Germany will 
be a very attractive market for FC m-CHP. FC m-CHP would 
still be highly competitive versus alternate low carbon heating 
options even if FIC was reduced to only €15,000 and the cost of 
H2 is slightly higher than assumed at €0.11/kWh. 

The UK market will only be attractive for FC m-CHP at 
around €6,000 FIC, or if the retail cost of hydrogen falls to 
£0.06/kWh. As such, the UK is unlikely to lead in the roll-out of 
FC m-CHP systems running on hydrogen. 
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FUEL CELL MICRO-CHP: EUROPEAN MARKET STATUS AND FUTURE OUTLOOK 
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European micro-CHP (m-CHP) sales totaled 4,800 units in 
2018 (products rated 5.5 kilowatts [kWe] and below). Combined 
sales of fuel cell product types contributed almost 3,400 units – or 
70% of the market. This was a significant milestone; the first 
time fuel cell systems held the majority market share. Fuel cell 
micro-CHP (FC m-CHP) products have been aided by subsidies 
and favorable spark spreads in key markets, and this is expected 
to remain a driver as they come to dominate the European m-
CHP market by 2025. The main barriers will be product costs 
remaining relatively high plus uncertainty around the long-term 
role for gas heating appliances. 

Future sales will concentrate on single- or two-family homes. 
There is significant potential for overall market growth above the 
forecast 43,700 units, although there is little evidence the market 
is on the cusp of a transition to a ‘high’ growth scenario. 

Index Terms - Fuel cell micro-CHP (FC m-CHP). 

I. NOMENCLATURE 

Proton exchange membrane fuel cell (PEMFC), micro-CHP (m-
CHP), microturbine (MT), Stirling engine (SE), solid oxide fuel 
cell (SOFC). 

II. INTRODUCTION 

Throughout mid-2019 Delta-EE conducted research with the 
key companies that are selling or developing micro-CHP (m-
CHP) products with a power output equal to or less than 5.5 
kilowatts (kWe), as part of a yearly exercise to understand 
market trends and how global m-CHP sales will develop in 
future. Results are published in our members-only ‘Micro-CHP 
Annual Roundup and Market Outlook’ report [1]. 

This paper summarizes the highlights from the report with a 
specific focus on market activity and developments around fuel 
cell micro-CHP (FC m-CHP) products across Europe to 2025. 

III. FINDINGS 

A.  State-of-play in the European m-CHP market 
In 2018 the total number of European m-CHP product sales 

was 4,800 units. Volumes remain very small (combined sales of 
all heating devices are ~8 million per year), although this total 
did represent 8% growth from the previous year. 

Major negative developments included BDR Thermea 
withdrawing its Stirling engine (SE) systems, and Vaillant 
removing its internal combustion engine (ICE) product line. 
Successes from some other brands did counterbalance the loss 
of sales, and both SOLIDpower and Viessmann grew sales 
relatively strongly – each company had a record sales year for 
their FC m-CHP offerings. This is clearly reflected in the sales 
trend by technology, highlighted in Fig. 1 below. 

Fig. 1.  European micro-CHP sales by technology, 2018. 
Combined, the sales of all FC m-CHP products made up 

70% of the total market – the first time fuel cells have had a 
majority share, and a significant milestone in the development of 
the European market. As per the historic trend, Germany 
accounted for the most significant amount of activity, with 
Belgium emerging as a market of growing importance. 

The success of FC m-CHP brands was strongly aided by 
the availability of some significant investment subsidies at both 

Copyright © 2019 
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a European, national, and regional/state level. A typical 0.75kWe 
fuel cell unit targeted at the residential sector in Germany, for 
example, qualified for a base level federal subsidy of €9,300 
(before the addition of any further local or performance-based 
grants). And in Belgium the European PACE subsidy provided 
by the European Commission, combined with an electricity-to-
gas price ratio of up to 5:1 in some areas, brought about the 
rapid rise in interest witnessed there. Across the rest of Europe, 
sales remained at typical introductory level volumes – several 
tens of units per country. 

B.  Market development and key drivers in future 
Looking forward, Fig. 2 below presents a market forecast for 

how sales of all m-CHP technologies are expected to develop 
under current, ‘reference’ conditions, and shows how important 
FC m-CHP technologies are to become in Europe where annual 
sales volumes have risen to more than 43,000 units . 

Fig. 2.  European micro-CHP reference scenario market forecast to 2025. 
By 2025, FC m-CHP products are forecast to share 90% of 

the market, with both proton exchange membrane fuel cell 
(PEMFC) and solid oxide fuel cell (SOFC) each increasing 
volumes to between 15,000-20,000 units per year. Other 
technologies will remain on the market but witness considerably 
lower volumes, as customers come to favor products with 
higher electrical efficiencies. 

The most important drivers underpinning the future growth 
in FC m-CHP sales include increased market competitiveness as 
new products launch from major heating brands, at the same 
time as early movers release new products with improved 
specifications and lower costs via increasing production 
volumes. To 2025 the availability of subsidies will remain crucial. 
It is expected that products in Germany will continue to receive 
an upfront grant (through the federal subsidy programme until 
around 2023/24 at least) and incentives on the electricity 
produced (through the CHP Law) will apply to new installations 
likely to 2025, and potentially to 2030. Therefore as it is today, 
the most significant amount of activity is expected to occur in 
Germany. Although from the early 2020s newer markets will 
begin to open up as brands look to gain from their experience in 
Germany in other markets with similar characteristics, such as an 
attractive spark spread. 

Some substantial barriers will also persist and serve to limit 
the growth potential; ultimately leading to m-CHP remaining a 

relatively niche heating technology overall. Among them, 
comparatively high product costs, changes in the incentive 
regime (e.g. a general move away from feed-in tariffs and net 
metering), and political uncertainty around the long-term use of 
even high-efficiency gas heating technologies will have the 
largest impact on the rate of growth of m-CHP in Europe. 

Overall, from a sales perspective, the residential market 
(products sized around 1.5kWe or less) will become the key 
focus of most m-CHP suppliers as is highlighted by Fig. 3 below. 

Fig. 3. Product availability across the entire EU m-CHP market in 2025. 
The mid-point of each bubble on the x axis indicates product size, the 

mid-point on the y axis shows how many products in that size should be 
available, and the size of the bubble highlights our estimation for how 

many sales per product size will occur in 2025 i.e. the eight products sized 
5kWe will contribute a relatively low volume of sales. 

IV. CONCLUSION 

The European micro-CHP market is on a positive, albeit a 
relatively limited growth trajectory. Based on a renewed focus 
on fuel cells by major heating brands, help from subsidies and 
spark spreads, and the benefit of cost reductions from increased 
production volumes, FC m-CHP will come to dominate the 
market in the years ahead. In spite of several challenging 
barriers, here remains much potential for volumes to be 
significantly higher than expected. However, at this stage there 
is not enough evidence to suggest that such a wildcard – for 
example in the form of the emergence of an incredibly low-cost 
product, or the carefully targeted interjection from a major utility 
company launching a very strong product offering for the mass 
market – is coming which would tip the market into a ‘high’ 
growth scenario. 
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AUTOMOTIVE DERIVATIVE ENERGY SYSTEM: MODELLING DRIVEN PEMFC 
CHP PROTOTYPE DEVELOPMENT 

G. Loreti*, A.L. Facci*, and S. Ubertini* 
*DEIM Department of Economics, Engineering, Society and 

Business Administration, University of Tuscia, 01100 Viterbo, Italy 

Abstract – We present the key role of modelling in the 
development of the AutoRE project power plant prototype 
concept. Starting from the baseline power plant modelling we 
identify the most promising alternative configurations. Such 
configurations are further analyzed to gain fundamental insights 
on the design of energy systems based on hydrogen technologies 
and fuel cells. 
Index Terms - PEMFC, CHP, power plant modelling. 

I.  INTRODUCTION 

The AUTOmotive deRivative Energy system (AutoRE) 
project (FCH-JU FCH-02.5-2014 call) has laid the foundations 
for the commercial diffusion of 50-100 kW PEMFC CHP 
systems for residential and commercial users. Leveraging on 
the mass production of the automotive sector the project has 
met the following goals: i) develop system components with 
reduced costs, increased durability and efficiency, ii) build and 
validate the 50 kW PEMFC CHP prototype, and iii) create the 
required value chain from automotive manufacturers to 
stationary energy end-users. 

II. PEMFC CHP MODELLING ACHIEVEMENTS 

The AutoRE CHP system encompasses an automotive 
derivative PEM fuel cell and a fuel processor that produces 
highly pure hydrogen from grid natural gas. The fuel processor 
is composed of a syngas production section and a syngas 
purification section (Figure 1). 

Figure 1: Schematic of the AutoRE cogenerative PEM fuel cell system. 

The modelling is performed by mean of: i) a steady-state and 
lumped parameter thermo-chemical approach to estimate the 
performance, and ii) the assessment of the effective 
performance of the power plant within real energy management 
scenarios, considering an optimized control strategy. 

A. Baseline Power Plant 
The baseline power plant features a fuel processor based on 

steam reforming, water gas shift, and PSA purification unit. The 
model shows that the maximum electrical efficiency of the CHP 
plant is 38.9% and decreases to 32.7% at maximum power 
output [1]. Such an electrical efficiency is below the FCH-JU 
target [42%-55%] [2]. However, the fuel cell efficiency 
[46.9%-53.5%] suggests that the system efficiency can be 
improved, especially in the purification section of the fuel 
processor. 

The assessment of the baseline CHP plant within real energy 
management scenarios, composed of five buildings types and 
six climatic conditions, shows that the payback period is as low 
as 3 years and the primary energy consumption reduction is as 
high as 40% [3], even though the electrical efficiency of the 
CHP is lower than the FCH-JU target. However, the results also 
highlight the need to study a technological solution to exploit 
the heat recovery in hot seasons and in hot climates. 

B. Improved Efficiency Power Plant 
The improvement of the FC efficiency raises the maximum 

plant electrical efficiency up to 41% [1]. However, the 
efficiency gain is marginal with respect to the increased cost of 
the fuel cell. Therefore, this configuration has been explored to 
prove that improving the efficiency of the most downstream 
element in the power plant is not a cost-effective strategy. In 
fact, the loss in efficiency from all the upstream elements 
cannot be recovered. 

The enhanced thermal integration consists in recovering heat 
from the fuel processor and improves the maximum plant 
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electrical efficiency up to 40% (Figure 2, case B) without 
adding significant costs [4]. Therefore, we identify the thermal 
integration as a key feature for commercial PEMFC CHP 
system development. 

Figure 2: Electrical efficiency, CO2 Reduction, and PBP for the power plants 
evaluated within real energy management scenarios for residential buildings in 
different climates and mean European energy context. The coordinates of the 

center of the circles represents the Electrical Efficiency and the CO2 Reduction. 
The size of the circles is proportional to the PBP. The value of the pay-back 

period is also reported in the center of the circles. The cost and CO2 percentage 
reduction are calculated with respect to a reference scenario (electricity from 

the grid and heating by natural gas boiler). Case A, B, C, D, E, and F represent 
respectively: a) the baseline power plant, b) the enhanced thermal integration, 

c) the CHCP, d) the membrane separator, e) the water gas shift membrane 
reactor, and f) the steam reforming membrane reactor power plants. 

We investigate three levels of selective membranes 
integration in the fuel processor: i) direct substitution of the 
PSA, ii) water gas shift membrane reactor, and iii) steam 
reforming membrane reactor. In these three cases the maximum 
electrical efficiency is 40.5%, 41.6%, and 47.8% respectively 
[4] (Figure 2, cases D, E, and F). Therefore, selective 
membranes as standalone purification unit do not significantly 
improve the overall CHP performance because placed in the 
most downstream element of the fuel processor. Instead, 
selective membranes integrated in reactors allow significant 
efficiency improvements and plant complexity reduction. 
However, the membrane stability at typical steam reforming 
temperature (700 °C-800 °C) is a critical aspect. Anyway, the 
fuel processor efficiency decreases for less than 4% by 
reducing the operating temperature to 600 °C of a steam 
reforming membrane reactor. 

C. AutoRE CHCP 
The AutoRE PEMFC CHP plant produces thermal power at 

a temperature between 73 °C and 77 °C. Moreover, half effect 
absorption chillers can be fed with thermal power at a 
temperature lower than 80 °C [5]. Therefore, we study the 
coupling of the AutoRE CHP, with a half-effect absorption 
chiller to establish the AutoRE Combined Heat, Cooling, and 
Power (CHCP) system. 

The coefficient of performance of the half effect absorption 
chiller varies between 43% and 47% with respect to the set-
point, as evidenced from the thermo-chemical model results 
[6]. However, the assessment of the AutoRE CHCP plant 
within real energy management scenarios shows that the usage 

of the absorption chiller: i) reduces the carbon dioxide 
emissions of 8.33% on average, ii) increases the payback period 
of 1 year, but also increases the annual savings; and iii) extends 
the AutoRE plant profitability towards chilling based and hot 
climates [6] (Figure 2, case C). 

III. CONCLUSIONS 

The study of the AutoRE baseline power plant evidences 
that: i) the nominal efficiency is not always representative of 
the effective performance in real energy management scenarios, 
ii) the efficiency of the overall system can be increased, 
especially focusing on the fuel processor, and iii) the thermal 
power exploitation has to be increased to broaden the 
profitability of the CHP system towards hot climates. 

Moreover, the study of the improved efficiency 
configurations shows that the most relevant results can be 
achieved by avoiding energy losses as upstream as possible in 
the power plant. In this sense, improved thermal integration and 
membrane based reactors are the most promising solutions to 
implement. 

ACKNOWLEDGMENT 

This project has received funding from the Fuel Cells and 
Hydrogen Joint Undertaking under grant agreement N° 671396. 
This Joint Undertaking receives support from the European 
Union's Horizon 2020 research and innovation programme and 
United Kingdom, Germany, Greece, Croatia, Italy, Switzerland, 
Norway. Swiss partners are funded by the State Secretariat for 
Education, Research and Innovation of the Swiss 
Confederation. 

REFERENCES 

[1] Facci, A. L., Loreti, G., Ubertini, S., Barbir, F., Chalkidis, 
T., Eßling, R. P., ... & Bove, R. (2017). Numerical 
assessment of an automotive derivative CHP fuel cell 
system. Energy Procedia, 105, 1564-1569. 

[2] Fuel cells and hydrogen joint undertaking (FCH JU) multi-
annual work plan 2014-2020. 

[3] Facci, A. L., & Ubertini, S. (2018). Analysis of a fuel cell 
combined heat and power plant under realistic smart 
management scenarios. Applied energy,216, 60-72. 

[4] Loreti, G., Facci, A. L., Peters, T., & Ubertini, S. (2019). 
Numerical modeling of an automotive derivative polymer 
electrolyte membrane fuel cell cogeneration system with 
selective membranes. International Journal of Hydrogen 
Energy, 44(9), 4508-4523. 

[5] Deng, J., Wang, R. Z., & Han, G. Y. (2011). A review of 
thermally activated cooling technologies for combined 
cooling, heating and power systems. Progress in Energy 
and Combustion Science, 37(2), 172-203. 

[6] Loreti, G., Facci, A. L., Baffo, I., & Ubertini, S. (2019). 
Combined heat, cooling, and power systems based on half 
effect absorption chillers and polymer electrolyte 
membrane fuel cells. Applied energy, 235, 747-760. 

Copyright © 2019 



145 EFC19



146 EFC19



147 EFC19

     

 
     

 

 

 
 

 
 

   
   

  

 
 

    
 

   

  
  

 
  

  
 
 

  
   

 
 

    
 

 
  

 
 

    
  

 
  

  
  

   
  

   
 

  
  

  

  
   

 
  

 
 

  

   
    

     
 

   
  

   
  

  
  

 
  

 
   

  
 

 
   

   
 

  
   

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19091 

EXPLOITING THROUGH-PLATE REFERENCE HYDROGEN ELECTRODE TO 
STUDY CROSS-CONTAMINATION AND PERFORMANCE IN VANADIUM REDOX 

FLOW BATTERY 

M. Cecchetti*, C. Oldani**, A. Casalegno* and M. Zago* 
*Politecnico di Milano, Department of Energy, Via Lambruschini 4, 20156 Milano (Italy) 

**Solvay Specialty Polymers, Viale Lombardia 20, 20021 Bollate (Italy) 

Abstract – In this work a system of reference hydrogen 
electrode is applied at the inlet and outlet of both sides of a 
Vanadium Redox Flow Battery to measure how performance 
varies with different component such as membranes of different 
thickness and equivalent weight and electrodes of different 
morphology. The reference electrode set-up permits to distinguish 
between losses affecting the two electrodes at local level and is also 
able to monitor electrolytes potentials. The trends of open circuit 
potentials measured by the reference electrodes during cycling are 
associated to variation of the state of charge of the electrolyte 
solutions, which allows to evaluate the self-discharge of the battery 
and the imbalance of the electrolyte solutions. Furthermore, losses 
at positive and negative electrode are analysed from the measured 
overpotentials and associated with the characteristics of the 
electrodes. 

Index Terms – Cross-contamination, Overpotentials evaluation, 
Reference Electrodes, VRFB. 

I.  INTRODUCTION 

Vanadium Redox Flow Battery (VRFB) is a promising 
technology for energy storage due to its free energy power ratio 
high efficiency and long cycle life. However, its 
competitiveness is still hindered by low energy and power 
density [1]. The latter is limited by increased reaction 
overpotentials and ohmic losses through the membrane. 
Generally, VRFBs employ thick membranes to mitigate the 
self-discharge and capacity fade of the battery due to vanadium 
cross-over. 

Therefore, measuring overpotentials and self-discharge of 
the battery is fundamental to develop improvements for the 
technology. For this purpose, in this work a system of through-
plate reference hydrogen electrodes (RHE) was applied to a 
VRFB. This typology of RHE was firstly introduced in fuel 
cells by Brightman and Hinds [2], while the authors of this 
work proposed it in VRFB [3]. It consists in salt bridges 

passing through the end-plates of the battery, creating a ionic 
contact between the electrode and a RHE placed outside the 
cell. Therefore, it enables the measure of the local potential of 
the electrodes, allowing the decoupling of positive and negative 
electrode contribution to the losses. In this way the evaluation 
of overpotentials of the two reactions is possible. Moreover, 
measuring the open circuit potential (OCP) of the single 
electrolyte solutions allows to estimate their State of Charge 
(SoC) and thus to evaluate the self-discharge of the battery due 
to cross-contamination during the operation. 

II. EXPERIMENTAL 

The performance of five membranes (Nafion® 212 and 115, 
Aquivion® E87-12S, E87-05S and E98-15S) in terms of ohmic 
losses and self-discharge were tested with Electrochemical 
Impedance Spectroscopy (EIS) and cycles of charge and 
discharge at fixed exchange capacity. The cell hardware was a 
“single-cell” VRFB of 25 cm-2 active area with two Sigracet 
39AA as electrodes and electrolyte solutions of 100 ml made of 
1 M of vanadium in 5 M sulphuric acid flowing at 40 ml min-1 . 
EIS were performed between 100 kHz and 1 Hz in Open 
Circuit Voltage (OCV) with a current oscillation of 4 mA cm-2 . 
Cycles of charge and discharge were performed by imposing 
the same capacity exchanged (1042 mAh) in charge and 
discharge to ensure that the self-discharge of the battery during 
cycling is due only to cross-contamination. Current density 
during charge was 40 mA cm-2, while during discharge was 100 
mA cm-2 for the first 25 cycles and 50 mA cm-2 for the 
following ones. 

The performance of the battery at SoC 50% with three 
different electrodes (Sigracet 39AA, ELAT and AvCarb P50) 
were tested in galvanostatic polarization curves of current 
density steps of 50 mA cm-2 . The morphology, i.e. the surface 
area and the size of the pores, is reported in [4]. For 
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polarization curves the membrane used in the cell was Nafion 
115. 

III. RESULTS AND DISCUSSION 

Table 1 shows the results from EIS and the cycles of charge 
and discharge of the tested membranes. The values of the 
resistance of the membranes, estimated with the High 
Frequency Resistance (HFR) of the EIS, are coherent with the 
thickness and the equivalent weight (EW) of the samples. 
Indeed, E98-15S has the largest HFR being the thickest, while 
the lowest values were observed in the membranes of thickness 
about 50 µm. Fixing the thickness, a lower EW reduces the 
resistance of the membrane [5] as the case of E87-05S and 
N212. 

TABLE 1 PARAMETERS OF THE TESTED MEMBRANES AND THEIR SELF-
DISCHARGE RATE OF THE ELECTROLYTES DURING CYCLES RELATIVE TO FIG.1 

Parameter N115 N212 E87-
05S 

E87-
12S 

E98-
15S 

Thickness [µm] 127 50 55 117 157 
EW 1100 1100 865 865 946 

HFR [mΩ cm ] 463 253 220 343 485 

Positive SDR [% cycle-1] 0.85 2.31 1.51 0.84 0.35 

Negative SDR [% cycle-1] 0.91 2.69 1.58 0.89 0.34 

The self-discharge of the battery with the different 
membranes depicted in Fig. 1 is coherent with their thickness: 
E98-15S had the lowest self-discharge rates, whilst N212, the 
thinnest membrane tested, showed the fastest SoC decay. 
Moreover, although N212 has a similar thickness of E87-05S, it 
is lower selective to vanadium ions permeation due to the 
higher EW [5]. Accordingly, E87-12S, despite a lower 
thickness, had a similar self-discharge of N115. 

Fig. 1 SoC at the end of each charge for the tested membranes. 

Fig. 2 shows overpotentials of the two reactions during 
discharge polarization curves. For all materials overpotentials 
are larger for the negative reaction and thus it is the limiting 
reaction for the operation of the battery. P50 has very small 
pores [4] which limits the permeation of the electrolytes into 

both electrodes, resulting in large mass transport losses and a 
very low limiting current density. ELAT has a small surface 
area [4] and thus, considering that the negative reaction is 
kinetically limited [3], presents large negative overpotentials 
with an activation loss of 140 mV at 50 mA cm-2 . Instead, 
39AA has a larger surface area [4] which guarantees lower 
negative overpotentials. However, 39AA has larger positive 
overpotentials than ELAT because its porous volume is mainly 
related to pores of high radius which increase the overall mass 
transport resistance. 

Fig. 2 Positive (full marker) and negative (empty marker) overpotentials during 
polarization curves in discharge at 40 ml min-1 . 

IV.  CONCLUSION 

This work presented how through-plate reference hydrogen 
electrodes by separating the contribution of positive and 
negative electrode can provide more insights on the self-
discharge of the electrolytes due to cross-contamination. 
Furthermore, the influence of morphological properties of 
electrodes on the performance of the single reactions can be 
analysed by evaluating the overpotentials, enabled by the 
reference electrodes. Negative reaction, which is the limiting 
one, requires a large surface area to reduce losses, whilst the 
positive reaction is favoured by a proper pore distribution that 
can guarantee permeation in the electrode, but without 
increasing the mass transport resistance. 
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Abstract - The aim of this experimental work is to study 
different thermal management strategies for cold start of a 
PEMFC system for automotive applications. The obtained 
experimental results with a 4 kW commercial PEMFC at 
different startup temperatures will be presented in the 
conference. Moreover, the correlation between the startup 
temperature, the cold startup time and the energy 
requirement will be discussed. And finally, the most energy 
efficient system and fastest thermal management strategy 
for each start temperature from 0°C to -30°C will be shown. 

Index Terms – cold start, startup time, system energy 
efficiency, thermal management strategy. 

I. INTRODUCTION 

A fast, reliable and harmless cold start of proton 
exchange membrane fuel cell systems is essential for 
mobile applications, especially in winter scenarios. 
Extensive research has already been carried out on this 
topic and several thermal management strategies have 
been developed for such a cold start. However, an energy 
efficient and rapid cold start as well as cold starts from 
temperatures below -20°C, are still challenging for 
automotive PEMFC systems. 

II. EXTENDED ABSTRACT 

A. Cold Start and Thermal Management Strategies 
A successful cold start requires the cell to warm up 

above the freezing point before all the cathode catalyst 

layer pores are plugged with ice. To achieve that, there 
are several thermal management strategies which can be 
classified into two main groups: a) passive (using heat 
generated within the stack), and b) active (using external 
heat) [1, 2]. 

B. Experimental 
This experimental study was carried out with a 4 kW 

PEMFC (40 cells, 200 cm2 electrochemical active surface 
area, graphite bipolar plates) and to conduct the active 
cold starts a 5 kW commercial heater for electric vehicles 
was used. The procedure followed to carry out each test 
consisted of four main steps: conditioning, purging upon 
shutdown, freezing to start test temperature, and cold 
start. The cold startup was operated with synthetic air and 
the purge method used was: dry gases (air in the cathode 
and H2 in the anode). During the cold starts the standard 
coolant loop was switched to a small one with much 
lower thermal mass. 

C. Results and Discussion 
This section presents an example of the results 

obtained within this experimental study. But before 
discussing these results, it is necessary to note that in this 
work cold start is used as the time that the stack needs to 
produce 50 % of its electrical rated power by starting at 
freezing temperatures. The startup temperature strongly 
affects cold start, the startup time increases if the 
temperature is lower, as can be observed in Fig. 1 [1, 3]. 
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Fig. 1 shows the evolution of the stack performance 
depending on the startup temperature using a passive cold 
start strategy run by potentiostatic mode. This strategy 
allows a self-cold start at very low temperatures without 
extra energy consumption, thus increasing the system’s 
energy efficiency. Nevertheless, the cold startup time at 
extremely low temperatures (for instance -30°C) is too 
long. Moreover, at those temperatures a long ice 
formation phase (which can damage the cells) takes 
place, and once the cells reach above the freezing point a 
long flooding phase follows as well. Thereby, according 
to the DOE 2020 target for transportation applications, 
this specific passive cold start strategy is considered 
adequate at temperatures up to -15°C [4]. 

Fig. 1. Passive cold start performance at different startup temperatures 

The 5 kW heater used during the active cold start 
strategies was able to warm up the coolant in 0.5 K/s. 
Thus considering that a passive start at 0°C took about 
8 s, it can be concluded that the strategy (active heating 
the stack until 0°C and then self-start) is faster than a 
passive one at cold start temperatures below -15°C. Fig. 2 
compares some thermal management strategies for cold 
start at -25°C. In this figure, once again can be noticed 
that the active strategies at startup temperatures below 
-15°C are faster than the passive one (brown lines). 

Fig. 2. Cold start performance and temperature, starting at -25°C with 
different thermal management strategies 

Nevertheless, the fastest strategy is that one which the 
heater is operating only until -15°C (green lines) instead 
of until the freezing point (blue lines). Moreover, as can 
be seen in Table I, this fast strategy improves the system 
energy efficiency considerably. 

TABLE I 
STARTUP TIME AND EXTRA ENERGY REQUIREMENT FOR DIFFERENT COLD 

START STRATEGIES AT -25°C 

Thermal management 
strategy 

Startup 
time (s) 

Extra energy 
requirement (J) 

Passive 94 NO 
Active until 0°C → passive 56 238 

Active until -15°C → passive 38 112 

III. CONCLUSION 

An experimental study of different thermal 
management strategies was performed in a 4kW PEMFC 
system. It was proved that regardless of the thermal 
management strategy used, the startup temperature has a 
profound influence on the cold startup time. Although the 
studied passive strategy already allows a self-start even at 
-30°C without extra energy consumption; it was found 
that at temperatures below -15°C the active strategies 
reduce the startup time. The relation between the startup 
temperature, the cold startup time and the energy 
consumption was briefly presented. Results showed that 
heating the stack just until -15°C by starting at very low 
temperatures not only increase the energy efficiency but 
also shorten the startup time. The remaining results of 
this study will be presented and discussed during the 
conferences, as well as the next steps to achieve a fast, 
energy efficient, reliable and harmless startup of a fuel 
cell powered vehicle until -40°C. 
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Abstract – As the fuel cell supply increases, fault diagnosis and 
maintenance become more essential. In this paper, the faults on the 
thermal management system (TMS), that is a main sub-system of a 
residential fuel cell system, are diagnosed. Residuals are calculated 
in real time to detect faults from certain residuals exceeding 
acceptable threshold values. Then, the causes of faults are
classified and diagnosed by checking the pattern change of the 
three residuals. Since the residual pattern is different for each fault, 
it is possible to clearly identify the cause of the fault. Furthermore, 
as the residual pattern is constant regardless of the different loads
or the fault magnitudes, this method can be applicable under 
various operating conditions.

Index Terms – Fault Diagnosis, Residual, Regression, Thermal 
Management System (TMS)

I.  NOMENCLATURE

I: Current (A)
M: Mass flow (L/min.)
T: Temperature (K)
UA: heat transfer coefficient (W/K)
U: control signal (-)
V: Voltage (V)
hex: heat exchanger
re: reservoir
st: stack

II.  INTRODUCTION

The worldwide supply of fuel cell systems is steadily 
increasing with considering environment-friendly issues [1]. In 
Japan, residential fuel cell systems have already been 
commercialized [2], represented by Ene-farm. Korea is spurring 
the development and supply of the fuel cell system [3]. The 
more the supply, the more maintenance is needed. For a 
residential fuel cell system, the thermal management system 
(TMS) is especially important because the system utilizes the 
waste heat for a household while it produces electricity. In this 
study, a diagnostic method is suggested to identify various 
faults that can occur in the TMS of the residential fuel cell 
system.

III.  CONFIGURATION AND CONTROL OF THERMAL 

MANAGEMENT SYSTEM

The TMS is divided into the stack cooling line, the heat 
exchanger, and the reservoir line. (Fig.1) The generated heat 
from the stack is transferred from the stack cooling line to the 
reservoir line through the heat exchanger. And the heated water 
on reservoir is supplied to a household boiler. As PID 
controllers, the pump-1 maintains the stack out temperature
while the pump-2 maintains the stack in temperature. The 
temperature and level of the reservoir water are regulated by the 
fan’s on-off control and by water discharge and supply through
water external lines.

Reservoir

Fan

Pump 2

Heat
Exchanger 
(HEX)Pump 1

DI Tank

Stack

Upump2

Fig. 1. Thermal Management System of a Residential Fuel Cell System

IV.  FAULT DIAGNOSIS FOR THERMAL MANAGEMENT SYSTEM

A. Model-base method using residuals

A model-based method is used to detect and diagnose the 
faults by using residuals [4]. Nominal models are developed
from generalized linear regression models in MATLAB using 
normal data set so that the models can predict analytical
redundancies. The coolant flow rate at stack cooling line, the 
heat exchanger heat transfer coefficient, and the coolant flow 
rate at reservoir line are used as analytical redundancies. (Table 
I) Three residuals are generated from the differences between
the predicted analytical redundancies and the measured actual 
values. If a residual is over the threshold, that is a fault 
detection. Then, from the residuals pattern, the faults can be 
classified and diagnosed. (Fig. 2)
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TABLE I. 
ANALYTIC REDUNDANCIES FOR THERMAL MANAGEMENT SYSTEM (TMS) 

Number Output Input 
Tst.in, Tst.out, V, I (for measured) 1 Mst. Upump1 (for predicted) 

Thex.in, Thex.out, V, I (for measured) 2 Mre. Upump2 (for predicted) 

Tst.in, Tst.out, Thex.in, Thex.out, V, I (for measured) 3 UAhex Upump1, Upump2 (for predicted) 

Training Monitoring & Diagnosis 

Normal / Faults Data Set Real-time Data 
Off-line 

Measured 
Actual Value On-line 

Residual Regression 
(measured value – predicted value) 

Predicted 
Analytic Redundancy 

Over 
Threshold? 

Model 

Yes 
Residuals (R1, R2, R3) 

Pattern 
Classification Fault Detection 

Model 

Fault Diagnosis 

Fig. 2. Fault Detection and Diagnosis Process 

B. Description of Thermal Management System faults 
The faults that occurs in TMS are listed in Table II. 

TABLE II. DESCRIPTIONS AND SIMULATING METHODS OF TMS FAULTS 
TMS Faults Description Simulating Method 

Pump Decreased mass flow at the same Decreased indicated 
degradation power consumption of pump control signal on monitor 

Decreased indicated Thermocouple Lower offset temperature value on offset monitor 
Heat exchanger Decreased heat coefficient of heat Bypassed coolant fouling exchanger 
Fan failure Not operable Turned off 
Leak Coolant leakage out of line Loosen joint 

C.  Classification model learned from residual patterns 
To train the classification model, the residual patterns are 

used for the inputs while the pattern for artificial neural network 
(ANN) for the outputs, as shown in Table III. The residual 
patterns were obtained from the comparison of faults data set 
with normal data set during off-line training. 

TABLE III. RESIDUAL AND OUTPUT PATTERNS TO TRAIN ARTIFICIAL NEURAL 
NETWORK CLASSIFIERS FOR TMS 

ANN Output R1 R2 R3 Label Pattern 
Normal 1 0 0 0 0 0 0 0 N 

Stack DI Pump -1 0 -1 0 1 0 0 0 0 0 0 F1 
Coolant T.C._Stack In -1 0 0 0 0 1 0 0 0 0 0 F2 

Line T.C._Stack Out +1 0 +1 0 0 0 1 0 0 0 0 F3 
Heat Fouling 0 0 -1 0 0 0 0 1 0 0 0 F4Exchanger 

Reservoir Water Pump 0 -1 0 0 0 0 0 0 1 0 0 F5 
Coolant T.C._HEX In 0 0 +1 0 0 0 0 0 0 1 0 F6 

Line T.C._HEX Out 0 +1 -1 0 0 0 0 0 0 0 1 F7 

D.  Diagnosis result in real-time 
An example of real-time diagnosis is shown in Fig. 3. The 

residuals are obtained in real-time using the input data and the 
regression models. With the patterns of residual 1, 2, 3 and the 
classification model learned, the diagnostic result can be shown 
also in real-time. 

Residual 1 
0.5 

0 
0 200 400 600 800 1000 1200 1400 1600 1800 

-0.5 
Time (sec.) 

-1 

Residual 2 
0.1 

0.05 

0 
0 200 400 600 800 1000 1200 1400 1600 1800 

-0.05 

-0.1 Time (sec.) 

Residual 3 
20 

10 

0 

-10 0 200 400 600 800 1000 1200 1400 1600 1800 

-20 Time (sec.) 
-30 

Diagnostic Result 

1 

0.5 

0 
0 200 400 600 800 1000 1200 1400 1600 1800 

Time (sec.) 
N F1 F2 F3 F4 F5 F6 F7 

Fig. 3. An Example of Real-time Diagnosis (DI Pump Fault, F1) 

V.  CONCLUSION 

This paper proposes a model-based method to diagnose the 
faults of TMS by using residuals. The residual patterns are the 
same regardless of the load conditions and fault magnitudes. 
And the pattern of each fault in TMS is separable. Thus, this 
method is versatile and effective to diagnose the fault of TMS 
even including the sensor fault. 
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ABSTRACT 
In this study, sulfonated chitosan membranes were developed using 
the solution casting method. Chitosan was blended with the silica an 
inorganic nano-filler, amide plasticizers and 2-aminoethanesulfonic 
acid. The electrostatic interactions of 2-aminoethanesulfonic acid 
with the chitosan matrix was confirmed via FTIR. The SEM-EDS 
analysis showed a homogenous dispersion of silica particles on the 
surface of the membrane synthesised with 2-aminoethanesulfonic 
acid as compared to the control with 2.6 weight % of silica observed 
on the surface of the membrane. The findings elucidated the ability 
of 2-aminoethanesulfonic acid to prevent migration of silica nano-
filler to the surface of the membrane. The X-RD patterns showed the 
absence of the crystalline characteristic peak which confirmed the 
synergistic effect of the amide plasticizers and the incorporated 
modifying agents in breaking the intermolecular hydrogen bonding 
between the acetamido groups and hydroxyl groups of the chitosan 
chain. 

INTRODUCTION 

In the quest for alternative sources of energy to meet the socio-
economical demands, pollution remains a global threat 
hammering the current energy conversion technologies. The 
simplified infrastructure and high-power densities of direct 
methanol fuel cells (DMFs) have made these cells favourable 
as the alternative energy source to power electric vehicles and 
other portable appliances compared to hydrogen fuel cells[1,2]. 
The fabrication process of polymer electrolyte membranes 
with desired properties for use in solid polymer fuel cell 
applications have been a trial and error attempt for decades, the 
developed membranes were lagging below the design 
specification of the power density of 1kW/m2 until the 
development of a perfluorinated-sulfonic acid membrane 
called nafion 117 by Du Pont [3, 4]. However, slow oxidation 
kinetics of methanol at the anode and the depolarization at the 
cathode due to high methanol permeability across nafion 117 
reduces the overall performance of direct methanol fuel cells, 
and the general high cost of nafion 117 surpass its advantages 
[2, 4, 5]. The shortfalls of nafion 117 has prompted enormous 
research interest on the low-cost biodegradable chitosan 
polymer. To produce a better flexible and a more conducting 
membrane, chitosan was blended with silica as a nanofiller, 
functionalized with 2-aminoethanesulfonic acid (taurine) to 
incorporate the sulfonic acid groups to improve its proton 
exchange channels, N, N-dimethylformamide was added to 
chitosan solution to increase flexibility of the produced 
membranes. 

dimethylformamide. The solution was stirred for 30 min under 
the atmospheric condition and was termed Cs-M-DMF owing 
to the presence of silica (denoted as M) and 
dimethylformamide (DMF). In one beaker, 20 ml of 2-
aminoethanesulfonic acid solution (0.06g/ml) was added to 
200 ml of the Cs-M-DMF solution and stirred for 10 min. A 
standard solution was prepared substituting 20 ml of 2-
aminoethane sulfonic acid (taurine) with 20 ml of distilled 
water.  The prepared chitosan solutions were casted on glass 
plate each at a thickness of 250 µm and were left to dry for 5 
hours in an oven heated at 50℃. The resulting films were cross-
linked with 500 ml of the sulphuric acid solution (5 v/v %) for 
24 hours, followed by the neutralisation of the membranes with 
0.1 M NaOH solution for 2 minutes, followed by rinsing in 
distilled water. The chitosan membranes and powder were 
characterised using TGA, XRD, SEM and FTIR to determine 
thermal properties, X-Ray diffraction patterns, the morphology 
and functional groups resulting from the modification, 
respectively. 

RESULTS AND DISCUSSIONS 
Fig. 1 shows the FTIR spectra of two chitosan-based 
membranes for Cs-M.DMF-H and Cs-M-DMF-T. The 
stretching vibration ascribed to the sp3 hybridised C-H groups 
around 2800 cm-1 is strongly absorbed in the Cs-M-DMF-T 
membrane due to the C-H2 groups of 2-aminoethane sulfonic 
acid (taurine) and this is contrary to the control membrane 
prepared using distilled water. Furthermore, the stretching 
vibrations observed at 1152 cm-1 confirmed the incorporation 
of the S=O groups from the sulfonic acid groups of taurine, 
notably, this peak at 1152 cm-1 was absent on the control 
membrane, this confirmed the absorbance was not due to the 
C-O stretching vibrations of chitosan molecule. The stretching 
vibration observed at 894 cm-1 was ascribed to the -S-O- ions 
resulting from the electrostatic interaction of 2-aminoethane 
with chitosan in the synthesised membrane. The broad band 
observed around 3700-2400cm-1 was attributed to the O-H 
stretching vibrations of silica, this confirmed the incorporation 
of the nano-filler on both synthesised chitosan-based 
polymeric membranes. Furthermore, stretching vibrations at 
around 2130 cm-1 and 1998 cm-1 were observed for Cs-M-
DMF-T membrane, these may be due to formation of imine 
derivatives N=C=S and C=C=N, respectively. The formation 
of imine is attributed to the reaction between the carbonyl 
group (C=O) of dimethylformamide acting as a plasticizer and 
the amino groups of chitosan (-NH2), the reaction involves the EXPERIMENTAL 
splitting of the water molecule. The stretching observed around Chitosan (30 g) and silica (1.5 g) were dissolved in 1000 ml of 
565 cm-1 on the Cs-M-DMF-T membrane was attributed to the acetic acid solution (10 v/v %). 500 ml of the resulting 
formation of a tetrahedral structure of silica (SiO4).chitosan-silica solution was mixed with 50 ml of N, N-

mailto:petero@vut.ac.za
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Fig. 1: FTIR spectra of Cs-M-DMF-T and Cs-M-DMF-H (left) and 
XRD pattern of chitosan powder, Cs-M-DMF-T and Cs-M-DMF-H 
(right) 

The X-RD patterns of the chitosan powder and the two 
synthesised flexible Cs-M-DMF-T and Cs-M-DMF-H 
chitosan- based membranes is shown in Fig 1 (left). The 
characteristic peak at around 20° is attributed to the crystalline 
nature of chitosan. The peak at 20° was observed to be 
flattened on the X-RD patterns of both Cs-M-DMF-T and Cs-
M-DMF-H chitosan-membranes. The modification disrupted 
the crystalline structures of chitosan chains through the 
disruption of the repeatable molecular arrangements by 
introducing side chains and breaking intra/intermolecular 
hydrogen bonding between the acetamido groups and hydroxyl 
groups of chitosan. 

Fig. 2: Proposed interaction mechanism of 2-aminoethanesulfonic 
acid. 

Table 1 presents the elemental results from the SEM-EDS 
analysis performed on the surface of the control membrane 
prepared without 2-aminoethanesulfonic acid. The 
agglomeration observed from the SEM image was attributed to 
the migration of the unmodified silica nanoparticles to the 
surface due to the absence of 2-aminoethanesulfonic acid. 

TABLE 1: Elementary results of modified membrane: 
Element Cs-M-DMF-T 

(weight %) 
Cs-M-DMF-H 

(weight %) 
C 51.64 0 
O 47.59 80.44 
Si 0.77 2.57 
S 0 16.99 
Total 100 100 

Fig. 2 shows a proposed reaction mechanism formulated in this 
study to explain the interactions of 2-aminoethanesulfonic acid 
with the nano-filler silica, sulphate anion, and chitosan 
polymer. Interestingly, the incorporation of 2-amino acid as 
elucidated on the SEM images (Fig. 3) and elementary analysis, 
favours a uniform dispensation of the nanofiller, which 
enhance not only the proton conductivity of the polymeric 
membranes but also the thermal and mechanical properties 
when incorporated within the loading limit. 

Fig. 3: SEM image of Cs-M-DMF-T membrane (left) and Cs-M-
DMF-H membrane (right). 

TGA results for Cs-M-DMF-T gave the first weight loss of 
about 7% occurred around 30℃ - 230℃ and was attributed to 
the evaporation of water molecules and other light components, 
at ~230 ℃ - 380℃ was attributed to the loss of oxygen 
containing functional groups, and last phase was associated 
with the degradation of the main polymer backbone 

CONCLUSION 
Sulfonated chitosan membranes were developed by the 
solution casting method using 2-aminothanesulfonic acid, 
silica nanofiller and amide plasticizers (N, N-
dimethylformamide. The chemical interactions between 
chitosan and the incorporated components were confirmed 
using the FTIR. The developed membranes were all flexible 
and showed absence of the crystalline characteristic peak of 
chitosan at 2 theta (20º). The SEM-EDS analysis elucidated the 
ability of 2-aminoethanesulfonic acid to inhibit the migration 
of silica and the sulfate anion to the surface of the membrane. 
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The absence of sulphur on the elementary analysis of the Cs-
M-DMF-T membrane surface elucidated the formation of 
electrostatic interaction between the protonated amino groups 
(-NH2) of 2-aminoethanesulfonic acid and the anion of the 
sulphate anion (–SO4

2–) during crosslinking sulphuric acid. 
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Abstract - This paper illustrates a novel, physics-based approach to 
monitor the health of a SOFC system. The system is composed of a 
steam-fuel mixing component, pre-reformer, reformer and a fuel cell 
stack. These system components are modelled using a one-
dimensional fluid network along with chemical and electrochemical 
reactions to make predictions of the fuel cell stack voltage. Voltage of 
the fuel cell stack can be used to detect gas leakages, as the stack 
voltage is dependent on the fuel composition on the anode cell 
interface. Comparison of measured stack voltages with the output of 
a real-time computational model provides health indications of the 
system. 

Index Terms – SOFC, health monitoring, diagnostics, fault 
detection, real-time model, industrial system 

I.  INTRODUCTION 

Fuel cell systems developed for commercial demonstrations 
may have a higher probability of system failure as previous 
testing is conducted at low technology readiness levels before 
subsystems are integrated. When undetected these defects can 
cause a stack to break which increases cost and reduces system 
availability. The solution to this problem is a system that can 
detect these faults early and prevent damage to components. The 
current challenge with developing health monitoring algorithms 
for fuel cell systems are that most methods require a high number 
of reliable sensors that increase the cost of the system. Also, most 
techniques are dependent on high quality data sets with well 
understood failures signatures for methods such as machine 
learning. SOFC systems operate at high temperature and 
therefore can develop leakage paths due to thermal stresses. Not 
all leakages can be detected prior to the system being integrated 
and the ability to identify these issues early are critical for asset 
protection. The technique proposed in this paper was developed 
to integrate a physics-based real-time model using inputs from 
product level instrumentation that are transferable to different 
systems and stack configurations. 

II. SYSTEM DEFINITION 

The proposed health monitoring technique was developed for a 
system designed for a commercial application. The fuel cell 
system can be simplified to three gas streams; fuel, air and 
exhaust. The air is used to optimise the stack operating 
temperature and provides the oxidant for the cell reaction. The 

natural gas in the fuel stream is reformed into hydrogen and 
carbon monoxide, the former is utilised in the stack reaction and 
converted into steam. The steam in the off-gas is recycled to 
reform the incoming fuel. The remaining fuel (off-gas) and air 
(off-air) is then combusted in the exhaust stream to reduce the 
system emissions and to increase system efficiency through heat 
recovery. The focus of the health monitoring system is the anode 
loop shown in Fig. 1. The anode loop takes Natural Gas (NG) 
mass flow through the NG inlet. The instruments used in the 
anode loop are represented by (T) temperature, (A) current, (V) 
voltage. 

Fig. 1. Anode gas stream of a generic NG subsystem 

III. REAL TIME MODEL 

Stack voltage was chosen as the key parameter for health 
monitoring of the stack condition. The aim of this technique was 
to compare the predicted model and measured voltage. If the 
measured stack voltage was lower than predicted at a given stack 
current demand then this could indicate possible fuel leakage in 
the system. To model the stack voltage it was necessary to model 
the gas composition in the stack in order to calculate the Nernst 
voltage (1). 

𝑅𝑅𝑢𝑢 ∗ 𝑇𝑇𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝐻𝐻2 ∗ 𝑝𝑝𝑂𝑂2
0.5 (1) 

𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑉𝑉𝑜𝑜 + ln ( )2 ∗ 𝐹𝐹 𝑝𝑝𝐻𝐻2𝑂𝑂 

Where the Vo is reference voltage, Tstack is measured average 

Copyright © 2019 
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stack temperature, F is Faraday constant, p are partial pressures 
of specified gas species. The gas composition was mostly 
impacted by the reformer outlet composition which was 
designed to reach equilibrium and validated by independant 
testing (2) using equilibrium constant calculations [2]. 

𝑝𝑝𝐻𝐻2
3𝑝𝑝𝐶𝐶𝐶𝐶 (2) 

𝐾𝐾𝑟𝑟 = 𝑝𝑝𝐶𝐶𝐻𝐻4𝑝𝑝𝐻𝐻2𝐶𝐶 

The key aspect of this modelling was to estimate the Area-
specific resistance (ASR) of the stack as the focus of the 
monitoring was stack under load. A high fidelity mathematical 
model based on fundamental equations [1] was developed to 
predict each component of the ASR and the operating voltage V 
for a given measured current density (J) given in (3), which is 
the main output of the model. 

𝑉𝑉 = 𝑉𝑉𝑁𝑁𝑁𝑁𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁 − 𝐽𝐽 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑁𝑁𝑐𝑐𝑐𝑐 (3) 

A health monitoring system based on this resulting model was 
coded in Python and implemented on a fuel cell system. The 
voltage is predicted in real time and compared every 3 seconds 
with the measured voltage to indicate whether the correct amount 
of fuel is being delivered to the cells in the stack. 

IV.  MODEL VALIDATION 

The model was validated against historical data from tests on 
healthy systems. The error was found to be within 1% of the 
operating voltage as shown in Fig. 2. 

Fig. 2. Model validation against real system data 

Further model runs were carried out to investigate the sensitivity 
of operating voltage to fuel leakage by inserting a leakage path 
at the stack inlet. Increased recirculation of steam/fuel mixing 
component due to the leakage was also considered. Fig. 3 shows 
the predicted relationship between the normalised stack voltage 
and stack current load. The data has been normalised with 
respective to the maximum test voltage and current for 
confidential purposes. The predictions show that the stack 
voltage at a given stack current load decreases rapidly as leakage 

increases from 0% to 20% other leakage cases. At 30% stack 
load the difference between 0% and 20% fuel leakage is around 
10% which can be easily detected and the signal can be used to 
prevent any damage to the stack that would result from further 
increase of loading as this would lead to fuel starvation. 

Fig. 3. Model fuel leakage sensitivity study 

V. DISCUSSION 

The initial results of the model showed potential, therefore a 
dashboard system was introduced to guide operators during the 
fuel cell system operation. During testing of a new stack 
configuration a leakage path occurred and was detected 
successfully  in real-time. The model also demonstrated the 
ability to detect electrical faults in real-time during the early 
stages of system commissioning. 

VI. CONCLUSION 
The methods in this paper have successfully been applied to field 
trial units with the limitations of signals from a representative 
commercial system.  However, it should be noted that the method 
relies on the availability of ASR calibration data. Polarisation 
performance curves from stack pass-off tests for a given 
assembly architecture and cell chemistry can be used to 
characterize the ASR. The real-time model has been validated on 
a commercial system. Further work to decrease the reliance on 
instrumentation is to model the heat exchange in the system and 
therefore reduce the number of sensors required in the system. 
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Abstract - The role of platinum oxides (PtOx) in PEMFC have 
been investigated through a dedicated experimental protocol. 
Regarding oxide growth, two main oxide species (α-oxide and β-
oxide) have been observed. It has been demonstrated that PtOx 
coverage plays a major role in temporary degradation during 
potential holding test. As PtOx coverage increases, ORR activity 
decreases (reduced number of free active sites), causing 
performance decay in time. β-oxide have a greater effect on 
current density decay than α (4-6 times as effective), suggesting a 
larger number of blocked active sites. A unique and consistent 
correlation to separate the effect of α and β-oxide is proposed. 
Finally, a dedicated Accelerated Stress Test (AST) is performed 
and compared to AST from DOE protocol. It provides a stable 
oxide coverage during the ageing process, resulting in a reduced 
active area loss. Thus, different platinum oxides are believed to 
have a different protective role during operation. 

 
Index Terms – Cyclic Voltammetry – Platinum Oxides – ORR 

activity – AST 

I.  INTRODUCTION 

Temporary degradation is a decay in performance experienced 
during standard PEMFC operation. Huang et al.[1] correlated 
the reduction of ORR activity (current decay in time) with the 
increase in oxide coverage and related blocked active sites. 
Despite, Pt oxides have been widely investigated in the 
literature[2,3], there is still lack of a comprehensive 
understanding of their formation and effect on ORR activity. 
The reason is mainly due to the complexity of the topic, the 
unknown variables are: type of oxides, number of active sites 
occupied, degree of place exchange, number of oxide layers 
formed, without being exhaustive. In this work, an application-
oriented approach is used, based on in-situ cyclic 
voltammetries on Membrane Electrode Assembly (MEA). Two 
major oxide families have been distinguished, according to 
literature[4], and the effect of these families have been 
investigated on both ORR activity (thus investigating 

temporary performance loss due to Pt oxide formation) and Pt 
dissolution (by adopting properly defined AST protocols)  

II.  EXPERIMENTAL 

Potential cycling and holding tests have been performed under 
inert atmosphere (anode H2 /cathode N2, RH 100/100 %) 
following protocol in Ref[4]. Three main tests are performed in 
inert conditions (as depicted in Figure 1): 

o Holding test: a constant potential (850mV) is held for 
variable time (from 6s up to a few hours); 

o Cycling test: Potential is linearly swept between lower 
potential limit (LPL) and Upper potential limit (UPL), 
base cases are 700mV and 850mV; 

o Cycling+Holding test: A fixed number of cycles is 
performed, then a fixed potential (850mV) is held for 
a variable time (from 6s up to 1 h). 
 

 
Figure 1 – Protocols representation: (left) Holding test; 
(middle) Cycling test; (right) Cycling+Holding test. 
 
To elucidate the role of different oxides on performance in-
operando tests are investigated. First, previous protocols in 
inert atmosphere are repeated but air is fed to the cathode 
during potential holding and subsequently platinum reduction 
charge is recorded. Then, Cycling+Holding test have been 
repeated and current density was recorded during all the tests. 
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III.  RESULTS AND DISCUSSION 

Results of potential cycling and holding tests were depicted in 
Figure 2.    
 

 

 
 
The first test is performed applying a constant reference 
potential (850 mV) for a variable time (from seconds to hours), 
observing the increasing reduction peaks as holding time 
increases. In particular, two dominant peaks highlight the 
presence of two dominant oxide species. α-oxide peak is above 
700 mV, hence a second test in inert conditions based on this 
finding is proposed. Cycling test applies a variable number of 
potential cycles (700mV-850mV, sweep rate 50mV/s), leading 
to the formation of β-oxide and reduction of α-oxide as the 
number of applied cycles increases. The third test is hybrid 
solution between the previous two measurements: a fixed 
number of cycles (100) is applied, followed by a variable 
holding time. In this way, α-oxide formation (during holding) is 
separated from β-oxide formation (during cycling). 
The potential profiles applied in inert conditions prove that it is 
possible to selectively form a single oxide family.  

The second part of the experimental protocol 
investigates the link between oxides formation and ORR 
activity. The same potential profiles applied before are 
considered, adding a relevant feature: cathode feed is switched 
from nitrogen to air just before the beginning of potential 
holding at 850mV. Current density output is measured during a 
standard 600s holding test, allowing to estimate PEMFC 
performance. At the end of the holding time, operation is 
switched back to nitrogen, measuring oxide reduction peaks 
during final LSV.  

Comparison among final Linear Sweep Voltammetry 
in different operating conditions (nitrogen, air or pure oxygen 
fed to the cathode) highlights no significant difference in 
reduction peaks if the same potential profile is applied, as 
visible in Figure 3-left. Hence, there is a strong correlation 
between in-operando and inert tests, since there is no 
remarkable difference in terms of oxides formation. Oxides are 
likely formed from water, not from oxygen. 

In Figure 3-right, a typical current decay recorded in 
a holding test is shown. The Cycling+Holding protocol 
reported is repeated under oxygen atmosphere to measure the 
impact of each oxide family on ORR activity, which is feasible 
thanks to the definition of holding and cycling tests. 

 
 

It is concluded that β-oxide coverage strongly affects the 
ORR activity (approximately 4-6 times more than α-oxide). A 
unique and consistent correlation to separate the effect of α and 
β-oxide is proposed. These results have been performed for 
fresh and aged samples, concluding a general consistency in the 
results, even though a lower coverage of β-oxides is formed 
after ageing. 

Finally, a dedicated Accelerated Stress Test is 
performed and compared to Electrocatalyst AST defined by 
U.S. DoE. While standard AST adopts a triangular potential 
sweep between 0.6 and 1.0 V, the new AST has been proposed 
with a triangular sweep between 0.7 and 1.0 V, in order to 
guarantee a stable β-oxide coverage during the test. A lower 
loss of active area is reported in the dedicated AST test, 
suggesting a protective nature of β-oxide or a link between 
dissolution and oxides reduction.  

IV.  CONCLUSION 

An experimental protocol, based on cyclic voltammetries, has 
been developed to distinguish two different families of oxides 
during MEA operation: α (0.7-0.75V vs RHE) and β (ca. 0.610 
V vs RHE). Specific holding tests have allowed to conclude 
that platinum oxides are formed in consequence of the 
interaction between catalyst surface and the electrolyte, not 
from oxygen. Furthermore, the contribution of different oxides 
on ORR activity has been quantified: α is reported to occupy 
0.5 active sites on Pt-O basis; β is reported to occupy 3 active 
sites on Pt-O basis. The effect of α and β-oxide, on platinum 
dissolution, has been finally investigated: a reduction of β-
oxide seems to accelerate platinum degradation or it could 
protect catalyst from dissolution. 
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Figure 3 - (left) LSV recorded after holding operation in: Nitrogen, 
Air, Oxygen; (right) Current recording at 850 mV under air, ambient 
pressure, 80°C RH100 after different Cycling protocol  

Figure 2 - LSV recorded after: (left) Holding protocol; (right) Cycling 
protocol. 
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CHARACTERIZATION OF PEM WATER ELECTROLYSIS CELL WITH 
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
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1FESB University of Split, R. Boskovica 32, 21000 Split, (Croatia) 
2Center of Excellence STIM, University of Split, Poljicka cesta 35, 21000 Split, (Croatia) 

Abstract – The paper deals with the diagnosis of the various 
operating conditions impact on the performance of a proton 
exchange membrane (PEM) water electrolysis cell. A 45 cm2 single 
cell with Nafion N117 membrane, Ir-Ru oxide as anode catalyst 
and Pt black as cathode catalyst, is analyzed by means of 
electrochemical impedance spectroscopy (EIS) measurements at 
different cell temperatures and cathode backpressures via test 
station for PEM electrolyzers custom-made by Sustainable 
Innovations. Furthermore, a widely used equivalent circuit model 
was utilized to support the impedance analysis, in order to find 
common links between the relevant electrochemical processes 
within the electrolyzer, together with the PEM fuel cells findings. 
Based on these established approaches and obtained results, 
degradation diagnostics of the PEM electrolyzers will be further 
explored, also as the additional model upgrades. 

Index Terms – electrochemical impedance spectroscopy, 
equivalent circuit model, PEM electrolyzer, proton exchange 
membrane 

I.  EXPERIMENTAL 

Electrochemical impedance spectroscopy (EIS) is a non-
destructive in situ technique capable of characterizing the 
behavior of electrochemical systems. In order to systematically 
determine the influence of the various operating conditions on 
the impedance spectrum of proton exchange membrane (PEM) 
water electrolysis cell, the EIS measurements were performed 
at different electrolyzer cell temperatures (50 °C, 65 °C, 85 °C), 
cathode backpressures (1.0 bar, 3.1 bar, 6.2 bar), and operating 
points (1 A, 5 A, 10 A). Reference values were 1 A, 50 °C and 
1.0 bar. BioLogic SP-150 potentiostat in galvanostatic mode, 
with the associated VMP3B-10 signal booster, was used to 
measure impedance spectra. The measurements were performed 
in the frequency range of 5 kHz to 10 mHz, with 5 points per 
decade, measurement of each point was repeated 15 times. At 
all operating points, the AC perturbation current was 10% of 
the direct current driving the electrolysis. 

II. EQUIVALENT CIRCUIT MODEL DESCRIPTION 

The obtained data of measuring impedance spectra varying 
operating parameters were fitted with an equivalent electrical 
circuit model, shown in Fig. 1, to determine the effect of 
temperature and cathode backpressure on the model elements. 
The equivalent circuit is already well known and often used in 
the PEM electrolyzer and fuel cell literature, which was 
numerically fitted with the Z fit tool from EC-Lab® software. 

In general, the applied equivalent circuit models the ohmic 
resistance of the membrane (R1), and the charge transfer 
resistances of the electrodes (R2 for the anode and R3 for the 
cathode, respectively) with the associated electrode 
capacitances. Moreover, PEM electrolyzer electrodes are 
porous structures that exhibit pseudo-capacitive behavior, 
therefore the capacitance of the anode and cathode were 
described here as the constant-phase elements (CPE2 and 
CPE3, respectively). However, the analysis and physical 
interpretation of the constant-phase element parameters is very 
complex and controversial; therefore, it was beyond the scope 
in this paper. 

Fig. 1. Comparison of measured and simulated impedance spectra of the 
PEM electrolyzer at 50 °C, 1 bar and different currents (1 A, 5 A and 10 A), 

with the applied equivalent electrical circuit model. 

Copyright © 2019 
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III. RESULTS AND DISCUSSION 

As the Fig. 1 shows, the operating point (i.e. current) has 
the greatest impact on the impedance spectrum, which also 
corresponds to the characteristic feature in the Nyquist diagram. 
The so-called activation region (1 A) corresponds to the largest 
arc in the Fig. 1, and with increasing current the impedance 
response decreases and changes shape continuously. The 
so-called ohmic region (10 A) is characterized by an arc and a 
tail formed at low frequencies corresponding to the raised 
diffusion processes, which is only slightly visible at 5 A. The 
same trends could also be found in PEM fuel cells research [1]. 

Fig. 2 shows the values obtained from the equivalent circuit 
model fitting. The membrane resistance (R1) is almost 
constant, while the anode charge transfer resistance (R2) is 
much higher than cathode resistance (R3) due to slower anode 
oxygen evolution. However, they both increase with increasing 
current. 

Fig. 2. Effect of operating point on model resistors. 

Furthermore, as the Fig. 3 shows, electrolyzer temperature 
increase translates the complete impedance spectrum to the 
lower impedance values. Therefore, the membrane resistance 
R1 rapidly decreases with temperature, also as cathode R3, 
while the anode R2 remains constant (Fig. 4). Similar trend was 
present at all measured operating points, and it is significantly 
different from the findings in PEM fuel cells research [1]. 

Fig. 3. Comparison of measured and simulated impedance spectra at 1 A, 1 
bar and different electrolyzer cell temperatures (50 °C, 65 °C and 85 °C). 

Fig. 4. Effect of electrolyzer cell temperature on model resistors. 

Fig. 5. Comparison of measured and simulated impedance spectra at 1 A, 
50 °C and different cathode backpressures (1 bar, 3.1 bar and 6.2 bar). 

As the Fig. 5 shows, the high-frequency intersection on the 
real axis at all cathode backpressures is almost the same point. 
An increase in pressure primarily corresponds to a decrease in 
the diameter of the semicircles, i.e. decrease of electrode 
resistances (Fig. 6), which is also in accordance with PEM fuel 
cells findings [1]. However, of all the variables considered, the 
influence of pressure on the impedance spectrum is the 
smallest, but a relatively small range of backpressures was 
considered here, because of the test equipment limitations. 

Fig. 6. Effect of cathode backpressure on model resistors. 

IV.  CONCLUSIONS 

There is an obvious and consistent influence of the 
operating parameters on the impedance spectrum of the PEM 
electrolyzer tested. The operating point has the greatest 
influence on the impedance, and different operating points give 
qualitatively different curve features. Temperature has an 
impact on the impedance spectrum by translating the response 
along the real axis, while the basic curve shape remains defined 
by operating point. By increasing the temperature, the value of 
the high-frequency intersection with the real axis decreases, 
which primarily corresponds to the decrease in the membrane 
resistance. The effect of pressure is less visible in the 
impedance spectrum than temperature, and the effect is reduced 
by increasing the temperature. Pressure primarily influences the 
semicircle diameters, which decrease with rising pressure. 
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Abstract - Diabetes affects more than 422 million people 
worldwide, causing more than 1.6 million deaths per year, and 
costing billions of pounds in primary healthcare. Therefore, there 
is an urgent need to develop new and affordable point-of-care 
technologies for the rapid and continuous monitoring of glucose 
levels in the body. In this regard, glucose fuel cells (GFCs) emerged 
as a very powerful tool due to their intrinsic self-powered nature, 
rapid response and simplicity. Highly porous gold films have 
shown great potential for the development of effective GFCs, given 
their large surface area. In this context, we investigate and 
compare two different methods for the development of such porous 
films according to their electroactive surface area and analytical 
sensitivity towards glucose.  

Index Terms – Glucose fuel cell; Highly porous gold; Printed 
circuit boards. 

I.  INTRODUCTION 

Glucose fuel cells have emerged as an attractive alternative 
to power small scale electronic devices for healthcare 
applications and for the self-powered detection of glucose. 
Nanostructured materials play an important role in the 
development of high-power density fuel cells, due to their 
superior catalytic activity and high surface area. Among them, 
nano and highly porous gold structures offer great compatibility 
and low overpotential for the oxidation of glucose in 
physiological conditions. Several techniques have been 
proposed for the development of nanostructured gold films, 
such as dealloying, dynamic hydrogen bubbling template or 
galvanic replacement. Dynamic hydrogen bubbling template 
(DBHT) allows the formation of highly porous structures 
without the need of organic or inorganic templates. DHBT also 
avoids the use of acids and high temperatures as well as reduces 
the deposition time to less than a minute [1]. Our group has 
previously reported the successful generation of hPG structures 
in both platinum wires and glass. Moreover, those developed 
hPG electrodes not only showed catalytic activity towards 

glucose but they could also be used as a scaffold for the further 
immobilization of enzymes [2, 3]. In this study, for the first time 
we adapt the methodology for the development of hPG films to 
gold-plated electrodes on a printed circuit board (PCB). In this 
way, PCBs became an attractive platform for the development 
of miniaturized glucose fuel cells.  

II.  MATERIALS AND METHODS 

A.  Electrodes 

Gold-plated electrodes on PCB were modified with highly 
porous gold (hPG) using the DBHT technique (Fig.1). Briefly, 
the electrodes were covered with a solution of 1 M NH4Cl 
(Sigma Aldrich, UK) and 0.1 M HAuCl4 (Fisher, UK). The 
DBHT technique was performed in potentiostatic mode (M1) as 
previously described by our team [2] and in galvanostatic mode 
(M2). With the first method (M1), the voltage applied was 
stepped down from -0.7 V to -4.0 V vs Ag/AgCl. With the 
second method (M2), the current was kept constant at -20 mA 
for 15 seconds. 

Au substrate - PCBAu substrate - PCB

Electrodeposited hPG

Hydrogen bubbles/pores

Gold solution

Applied
current/potential

Fig. 1. Schematic of the highly porous gold (hPG) deposition on gold-plated 
electrodes on a Printed Circuit Board (PCB). 

B.  Characterization of the Electrodes 

The morphology of the electrodes was characterized by 
scanning electron microscopy (SEM) using a JEOL JSM-
6480LV. The electrodes were electrochemically characterized 
to determine the electrochemical surface area (ESA) and their 
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analytical sensitivity towards glucose. Thus, the ESA was 
calculated from the reduction peak of the gold oxide, after 
cycling the potential in 50 mM H2SO4 for 2 cycles at a scan rate 
of 50 mV s-1 [4]. Additionally, the sensitivity of hPG electrodes 
towards glucose was determined at a potential of +0.22 V vs 

both methods could be attributed to the mechanism of 
deposition. In galvanostatic mode, M2, the current and, 
therefore, the deposition rate is controlled. Consequently, more 
uniform and reproducible films are obtained. 

30 
Ag/AgCl at increasing glucose concentrations from 50 µM to 
100 mM in 0.1 M phosphate buffer pH 7.4. LOD was calculated 25 

according to IUPAC definition. All the electrochemical 20 
experiments were performed in a three-electrode cell, using 
Ag/AgCl as reference and Pt wire as counter electrodes, 
respectively. A potentiostat PGSTAT302N (Metrohm, UK) was 
used to perform the experimental work. 

III. RESULTS 

The DHBT relies on the formation of H2 bubbles as a 
template for the formation of porous films. NH4Cl is therefore 
added as a hydrogen source. SEM images (Fig. 2) of the hPG 
electrodes were compared for both methods tested. The 
electrodes obtained with M1 showed a rough rather than highly 
porous structure (Fig. 2a and 2b), with an ESA of 0.59 ± 0.14 
cm-2. M2 led to a highly porous and homogeneous structure that 
better resemble the hPG structures previously reported by our 
team [2], as shown in Fig. 2c and 2d. In this case, the ESA was 
of 1.96 ± 0.15 cm-2, which is 30% higher than M1. 

M1 

M2 

0 20 40 60 80 100 120 

Cu
rr

en
t (

µA
) 

15 

10 

5 

0 

Glucose (mM) 

Fig. 3. Calibration curves for the hPG electrodes obtained with M1 and M2. 

TABLE I 
ANALYTICAL PERFORMANCE OF THE DEVELOPED ELECTRODES 

Sensitivity (µA mM-1 cm -2) LOD (mM) Linear range (mM) 
M1 22.0 0.02 0 – 30 
M2 44.3 0.06 0 – 30 

50 µm 10 µm 

10 µm 

a b 

c d 

50 µm 

Fig. 2. SEM images of hPG electrodes prepared with (a, b) M1 and (c, d) M2. 

IV.  CONCLUSION 

We explored DBHT technique for the development of hPG 
electrodes on novel PCBs substrates. Two methods were tested, 
based on chronoamperometry (M1) and chronopotentiometry 
(M2) respectively. M2 showed a better performance providing 
electrodes with a more homogeneous porous surface and 
increased surface area. M2 electrodes also showed improved 
catalytic activity, with a sensitivity to glucose two times higher. 
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The hPG electrodes also showed different sensitivities towards 
glucose depending on the deposition method employed (Fig.3). 
The electrodes hPG-M2 showed higher sensitivity, within the 
same linear range, than hPG-M1. Table 1 compares the 
analytical performance of both electrodes. Results suggest that 
the size of the pores and the ESA of the electrodes play an 
important role in the sensitivity of hPG electrodes. Moreover, 
the electrodes obtained with M2 showed a more homogenous 
response to glucose, with lower RSD (11.2%) compared to the 
electrodes obtained with M1 (57.2%). The differences between 

(EP/R022534/1). 
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Abstract – Low-Temperature Molten Carbonate Electrolysis 
(LT-MCE) at T<600°C is a novel research area with emerging 
opportunities for sustainable synthetic fuel gas production and for 
CO2 capture and exploitation. Melt corrosiveness in typical LT-
MCE gas environments is a major obstacle for further technology 
development requiring selection of appropriate construction 
materials, both for structural and functional applications (as 
electrodes). In this work, the suitability of several metallic alloys to 
serve as inert anodes or as structural material has been investigated 
by Cyclic Voltammetry in the ternary eutectic Li2CO3-Na2CO3-
K2CO3 carbonate at 500°C, under CO2 gas atmosphere. Inconel 600 
alloy showed the best anode electrocatalytic activity, yet with a non-
optimal anode corrosion stability. Titanium with its exceptional 
corrosion resistance under wide electrochemical window appears 
ideal for realizing stable structural components for LT-MCE 
systems. 

Index Terms – Electrolysis, molten carbonate, metallic alloys, 
Cyclic Voltammetry 

I. INTRODUCTION 

There is a growing interest in the development of electrolysis 
processes in molten salts, and especially in molten carbonates, 
for environment and conversion/energy storage applications at 
moderate/intermediate temperatures (<600°C). In particular, 
several recent studies have highlighted the potential key role of 
Low-Temperature Molten Carbonate Electrolysis (LT-MCE) 
processes for the development of sustainable and versatile 
systems for the production of synthetic fuels, as well as for the 
capture and exploitation of CO2 [1,2]. 

Since LT-MCE processes use CO2 or mixed CO2/H2O gas 
mixtures as main feedstock, this causes the salt, usually the low-
melting ternary Li-Na-K eutectic carbonate, to become strongly 
acidic and thus much more corrosive than under oxidizing or fuel 
cell gas environments. 

Use of metallic alloys in LT-MCE processes appears in 
general a much more convenient approach than exotic ceramic 
materials due to cost and availability, although selection of 

corrosion-resistant alloys may be a difficult task to accomplish 
due to scarcity of available information. In this context, Ni and 
Ni alloys are the most interesting anode candidates due to their 
high electrocatalytic activity. However, some recent studies [2,3] 
report a serious corrosion of Ni (and also of Fe) anodes in K-rich 
electrolytes at T<600°C, whereas apart noble metals like Pt or Ir, 
a better stable anode behavior was shown by copper and SnO2, 
at least in short-term experiments at 500°C [2]. On the other 
hand, a very recent study reports an excellent corrosion 
resistance of Titanium in LT-MCE environments at 500°C due 
to formation of a stable passive film, suggesting thus the 
possibility of using titanium for LT-MCE structural applications 
[4]. 

In the present work, therefore, the stability of several alloys 
for potential use as structural or anode material has been 
investigated by cyclic voltammetry in a ternary Li2CO3-Na2CO3-
K2CO3 eutectic molten carbonate at 500°C, under a pure CO2 gas 
atmosphere. Only commercially available alloys or metals have 
been taken into consideration for this screening activity. Due to 
scarcity of information, the study has included common alloys 
such as stainless steel, bronze, brass, german silver, nickel, 
Inconel 600 and titanium. Platinum has been used for 
benchmarking. 

II. EXPERIMENTAL 
The ternary eutectic Li2CO3-Na2CO3-K2CO3 (43.5-31.5-25.0 

mol %) carbonate was prepared by thorough mixing pre-dried 
powders of the three constituents. Electrochemical experiments 
were conducted at 500°C under bubbling CO2 atmosphere using 
a cell setup described elsewhere. Working electrodes consisted 
of 1 mm dia. wires with an active 0.5 cm2 surface area. A 
graphite counter electrode with a tenfold larger area (5 cm2) and 
a gold thin wire used as pseudo-reference electrode completed 
the electrode setup. 

Copyright © 2019 
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Slow-scan Cyclic Voltammetry (CV) was used in this work. of a passive film. Cu electrodes provide some better anodic 
CV experiments were started after the working electrode reached behavior, although clear traces of soluble corrosion products 
a stable equilibrium potential (Open Circuit Potential, OCP). CV were found in the molten salt after test. 
curves were recorded at a 5 mV/s scan rate starting from OCP 
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and with variable cathodic and anodic switching limits 
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repeated until a stable CV profile was obtained. 

III. RESULTS AND DISCUSSION 
Fig.1 reports the steady-state CV profiles of 316L stainless 

0.00 steel, Ni metal, Inconel 600 and Pt after OCP stabilization, which 
was typically obtained after a few hour immersion. -0.01 

-1.2 -0.8 -0.4 0.0 0.4 0.80.6 

0.4 

IN600 
0.2 

Pt 

0.0 

AISI 316L 

-0.2 
-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 

Potential / V vs pseudoreference 

Potential / V vs pseudoreference 

Ni Fig. 3.  CV behavior of brass, bronze and Ti metal electrodes in the eutectic 
ternary carbonate at 500°C and CO2 gas atmosphere. 

The results illustrated in Fig.3 indicates that alloys such brass, 
bronze and Ti metal cannot be used as anode electrodes due to 
their stable passive behavior resulting in very low anodic 
currents even under deep anodic polarization. However, these 
alloys could be useful for realizing corrosion-resistant structural 
components of LT-MCE systems. In particular, lack of CV peaks 
within a wide electrochemical window and no appreciable 
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Fig. 1. CV behavior of AISI 316L, Ni, Inconel 600 and Pt electrodes in the 
eutectic ternary carbonate at 500°C and CO2 gas atmosphere. 

Anodic current sharply increase during the positive scan 
direction in all the electrode materials, although the potential at 
which the anodic current raises is different for each material. 
Theoretical standard potential for CO2/O2 gas evolution is about 
0 Volt, which means that the high anodic currents of 316L steel 
and Ni are mostly due to corrosion rather than to gas evolution, 
as confirmed by post-test electrode examination. Much lesser 
corrosion was found on Inconel 600 electrodes showing also the 
best anodic electrocatalytic activity. Although less active, Pt 
electrode was found to be completely immune to corrosion. 

0.32 

Cu 
0.24 

release of corrosion products into the molten salt were clear 
indications of the highest corrosion resistance of Ti in molten 
carbonates at 500°C. 

IV. CONCLUSION 
CV polarization experiments were conducted in eutectic 

ternary carbonate at 500°C under a CO2 atmosphere on several 
metallic alloys for investigation as possible inert anodes or 
structural materials. Most promising results have been obtained 
with Inconel 600 electrodes, although their good anode 
electrocatalytic activity is challenged by some anode corrosion. 
On the other hand, due to its exceptional passive corrosion 
resistance, Ti appears an ideal material for structural components 
of LT-MCE electrolysis reactors. 
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Abstract - In the present work, nitrogen-doped three dimensional 
hierarchical ordered mesoporous supported palladium (Pd 20 
wt%/N-3D) electrocatalyst was successfully synthesized with the 
nanocasting method. The as-prepared electrocatalyst exhibits an 
hierarchical porous structure with interconnected walls, which 
permits the exposure of more active sites to the respective reactant. 
Due to its special structure the electrocatalyst: i) is highly poisonous-
tolerant to the intermediates of glucose electrooxidation reaction, ii) 
presents high activity to the ascorbic acid electrooxidation, and iii) 
exhibits a moderate activity to dopamine electrooxidation reaction. Its 
sensitivity range is reported to be 0.990 μA μM-1 cm-2, 0.38 μA μM-1 

cm-2 and 0.09 μA μM-1 cm-2 for ascorbic acid, dopamine and glucose, 
respectively. 

Index Terms– ascorbic acid, dopamine, glucose electrooxidation 
hierarchical ordered mesoporous, sensors 

I. INTRODUCTION 

In literature [1; 2], 3D nitrogen-doped hierarchical porous carbon 
materials are reported to provide high mass transfer and higher 
efficiency utilization of the active sites. More precisely, the nitrogen 
can alter the active sites, the hierarchical structure can provide better 
dispersion of active sites over various scales of pores, larger surface 
areas, while the three-dimensional geometrical structure can 
facilitate the mass transfer through the formed channels, allowing 
the diffusion of the reactant to the whole catalyst surface. 
Nsabimama et al. [2] studied three-dimensional (3D) N-doped 
hierarchically porous carbon for the simultaneous detection of 
ascorbic acid, dopamine and uric acid. According to the authors the 
as-prepared electrocatalyst showed a wide linear range of detection 
high sensitivity, good reproducibility and stability. Nguyen et al. [3] 

reported long-term stability and excellent anti-interference ability of 
3D Zn-doped hierarchical nanosheets for glucose detection. The 
hierarchical architecture of the electrocatalyst offered enhanced 
charge conductivity. In the present work we report a Pd/nitrogen-
doped 3D hierarchical meso/macroporous carbon (Pd/N-3D) 
electrocatalyst that is poisonous tolerant towards glucose 
electrooxidation reaction and with a very good response for ascorbic 
acid, then for dopamine and finally for glucose. 

II. ELECTROCATALYSTS PREPARATION AND CHARACTERIZATION 

For the electrocatalysts preparation, 4.0 g tri-block copolymer 
EO20PO70EO20 (Pluronic P123, BASF) were dissolved in 20 mL HCl 
(AR, 37 wt%, Sinopharm Chemical Reagent Co., Ltd) solution and 126 
mL deionized (DI) water. Then, the addition of 9.2 mL 
tetraethylorthosilicate (AR, TEOS, Sinopharm Chemical Reagent Co., 
Ltd) and were stirred for 20 h at 35 oC. The as-formed slurry was 
hydrothermally treated at 100 oC for 24 h. The final powders were 
collected and led to a microwave-digestion in order the organic template to 
be removed. For the N-doped carbon synthesis the nanocasting method 
was used. For the deposition of Pd on the as-prepared support, the 
appropriate amount of the carbon support was added in deionized water 
and was stirring until it was dissolved. Then PdCl2precursor was added to 
the solution and was stirring at 30oC for 1h. Then, sodium borohydride 
was drop by drop added to the as-prepared solution while the mixture was 
stirred with the aid of a magenta stirrer. Then the mixture was stirred for 4 
h. After the mixture was filtered and washed with hot deionized water. 
The obtained ‘mud’ was dried in a furnace under vacuum at 75oC for 24h. 
The electrochemical behaviour of the as-prepared electrocatalysts was 
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investigated in a three-electrode half-cell with the aid of AMEL 7050 
electrochemical station. An Ag/AgCl (3M KOH) and a needle type Pt 
electrode (AMEL) was used as reference and counter electrode, 
respectively. The working electrode was glassy carbon of 0.07cm2 area.

III. PHYSICOCHEMICAL CHARACTERIZATION

It is shown that the structure of the as-prepared electrocatalyst consists 
of interconnected short ‘columns’. The N-3D specific area is calculated 
equal to 746 m2g-1 and the elemental composition is of 88.75C, 3.88 N, 
7.37 O and N:C is 0.044. 
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Fig.1. TEM images of the 3D carbon (top-left); N-isotherm (top-right); SEM Pd/N-3D 
(bottom-left) and XPS (bottom-right)

IV.  ELECTROCHEMICAL CHARACTERIZATION

In the investigation of glucose electrooxidation reaction with CV 
meathod, the oxidation Ip is 1.8 mA cm-2 (@-0.05V) (or 0.025 mAμg-

1) and 2.5 mA cm-2 (@0.06V) (or 0.035 mAμg-1) for 3.5 mM and 10 
mM glucose, respectively. 

Fig.2. Amperometric response of Pd/3D at -0.14V (vs Ag/AgCl) in 0.1M KOH, at 36.6oC, 
1600rpm (a) and the linear relationship of current response with time (b)

In the backward scanning, an oxidation peak current (Ib), appears at 
-0.33 and -0.25 V vs Ag/AgCl in 3.5 mM and 10 mM glucose, 
respectively. This is attributed to the further oxidation of intermediate 
products of glucose electrooxidation, highlighting the tolerance of the 
as-examined electrocatalyst to poisonous effect of the intermediates. 
The appearance of the two oxidation peaks can be ascribed to the 
formation of the oxidized glucose intermediates in the anodic sweep 
and its further oxidation to gluconic acid, during the cathodic sweep 
[4]. The amperometric responses of the as-prepared electrocatalyst in 
the case of glucose, dopamine and ascorbic acid are illustrated in Fig. 
2. The appropriate amount of each substance was added in the solution 
until no current response was observed. It is obvious that 
electrocatalyst amperometric response is highest in the case of ascorbic 
acid, giving current ca 450 μΑ for 4 mM of ascorbic acid. Then 
dopamine follows with the current magnitude of 150 μA for 3 mM 
dopamine, and finally glucose records 80 μA for 7 mM glucose.

The linear range for glucose sensing is from 0.01 mM to 7.0 mM, 
for ascorbic acid sensing is from 0.4 to 4.0 mM, and for dopamine is 
from 0.4 to 3.0 mM.

V.  CONCLUSION

The high current response of Pd/N-3D is ascribed to the 
interconnected bars that are indicated into its structure. Their wall-like 
structure offers a higher specific area than N-2D to the reactant, which 
facilitate the further oxidation of glucose intermediates. The detection 
ranges are from 0.01 to 7.0 mM for glucose, from 0.4 to 4.0 mM for 
ascorbic acid, and 0.4 to 3.0 mM for dopamine. Its sensitivity range is 
estimated 0.990 μA μM-1 cm-2, 0.38 μA μM-1 cm-2 and 0.09 μA μM-1

cm-2 for ascorbic acid, dopamine and glucose, respectively.
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Abstract - Hydrogen storage is one of the key obstacles to the 
commercialization as well as market acceptance of hydrogen fueled 
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, space, 
driving range, and fuel cost. There are three main hydrogen 
storage methods including 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 powered vehicle 
now. The advanced automobile industries have already 
demonstrated the highly pressurized hydrogen system on fuel cell 
vehicles for past several years. The hydrogen storage materials in 
solid state have some advantages such as high volumetric storage 
capacity, little energy loss, longer storage time and highest safety. 
Various carbonaceous and non-carbonaceous hydrogen storage 
materials have been studied over the past few decades. In this 
presentation, we would like to introduce our new developing 
hydrogen storage system including a heat exchanger for FCV 
based on a NaAlH4. See reference [1, 2, 3].

Index Terms – Hydrogen storage. Solid-state materials, Heat 
exchanger, Thermal conductivity

I.  INTRODUCTION

Hydrogen storage is one of the key obstacles to the 
commercialization as well as market acceptance of hydrogen 
fueled 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, space, driving range, and fuel cost. 

The hydrogen storage materials in solid state have some 
advantages such as high volumetric storage capacity, little 
energy loss, longer storage time and highest safety. Various 
hydrogen storage materials have been studied over the past few 
decades [1]. However, they still have low specific storage 
capacity (weight & volume density) and poor cyclic properties.

Moreover, they need efficient heat exchangers for 
hydrogenation and dehydrogenation.

II.  HYDROGEN STORAGE MATERIAL

The purpose of this research is to develop solid state 
hydrogen storage materials and storage system for fuel cell 
vehicle (FCV). In this work, we have tried to develop a process 
to prepare complex hydrides with more than 4.6wt% (>40 kg 
H2/m3, ~ 120℃, between 1 ~ 100 bar) for material itself [2] as 
shown in Fig. 1.

We should add and remove heat from the material about 
40KJ/mol H2 when dehydrogenation and hydrogenation 
processes, respectively. Therefore, we have to adopt an interior 
heat exchanger to achieve required speeds for hydrogenation and 
dehydrogenation in the storage system.

Fig. 1 Hydrogen storage capacity of NaAlH4 with various 
catalysts[3].
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III.  HYDROGEN STORAGE SYSTEM

Our aim is to design and manufacture a hydrogen 
storage system using an efficient heat exchanger for heat 
transfer to and from the storage material as shown in Fig. 
2, 3 & 4.

Fig. 2 Configuration of hydrogen storage system with interior 
heat exchanger for NaAlH4.

Fig. 3 Coolant channels with cooling fins.

Fig. 4 Graphic image of hydrogen storage system for 200g-
H2.

The measured values of the thermal conductivities of the 
composites composed of the reference materials with ENG
(Extended Natural Graphite) are about 6 W/m K. The error 
between the measured value of the thermal conductivity of the 

reference material and their literature value was found to be 
within approximately 5%.

IV.  CONCLUSION

In order to make the hydrogen storage system safe and 
compact, we designed the hydrogen storage vessel considered 
with an interior heat exchanger including cooling fins and disc 
type pellets of compressed NaAlH4. To enhance the heat 
transfer coefficient, we fabricated the compressed NaAlH4

powder with density about 1.18 mixing with 5wt% ENG. And 
then we measured the effective thermal conductivity of the 
sample pellets and its change of dimension or shape in the 
hydrogenation and dehydrogenation process as well.
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Abstract – Coating effects on the oxidation behavior of two 
ferritic steels (441 and Crofer 22 APU) were investigated at 750°C 
in SOEC dual atmosphere conditions for 1500 h. Results indicate 
that the a SOEC dual exposure may promote accelerated outward 
Fe diffusion and consequent Fe oxide nodule attack similarly to 
dual SOFC tests. However, the oxidation resistance of the two 
uncoated steels was found to be markedly different since only the 
441 steel was susceptible to evident Fe nodule attack. Further, no 
Fe poisoning was found in 441 steel samples protected with MCO 
spinels, whereas a few Fe oxide nodules were found on Ce/Co 
coatings. In comparison, uncoated and coated Crofer 22 APU steel 
samples were found to be immune to localized nodule attack, at 
least under the chosen SOEC dual test conditions. 

Index Terms – Dual atmosphere, Solid Oxide, Stainless Steel, 
Coatings. 

I.  INTRODUCTION 

High temperature electrolysis based on Solid Oxide Electrolysis 
Cell (SOEC) technology is today largely investigated for a wide 
range of renewable energy applications, such as hydrogen and 
syngas production, CO2 valorization, fuel processing and 
storage of electrical energy. The SOEC systems generally use 
commercially available materials developed for Solid Oxide 
Fuel Cells (SOFC), although materials with an optimized 
performance and stability are required in the more demanding 
SOEC environments. 
Interconnects are key stack components that must remain stable 
in an oxidizing atmosphere on one side and in a reducing 
atmosphere on the opposite side (dual-atmosphere exposure, 
DA). The state-of-the-art SOFC interconnect technology based 
on ferritic stainless steels (FSS) is also widely employed in 
SOEC stacks. In order to minimize Cr evaporation and growth 
of resistive oxide scales, metallic or ceramic functional layers 

are generally applied for stable interconnect performance. 
Many studies on FSS materials indicate that a DA exposure can 
lead to anomalous air-side oxidation as a result of H2 diffusion-
related effects from the anode-side. Much less information is 
available about the DA effects in SOEC cells, namely in 
atmospheres characterized by high PO2 at the O2 side and high 
PH2O/PH2 ratio at the fuel side (1). Further, the oxidation 
behavior of coated FSS interconnects in SOEC atmospheres has 
been scarcely investigated (2). 
In order to fill all these knowledge gaps, a campaign has been 
recently concluded within H2020 BALANCE Project aimed to 
qualify the DA oxidation of various coating materials (Ce/Co, 
Mn/Co spinel oxide, Y2O3) under SOEC exposure. Unlike the 
other two, Y2O3 has been deposited on the interconnect fuel 
side as potential H2 diffusion barrier. Two widely employed 
ferritic stainless steels (AISI 441 and Crofer 22 APU steels) 
have been used in the DA experiments. 

II. EXPERIMENTAL 

Thin steel sheets were used to prepare the samples. 
Electrophoresis and electrolytic deposition were used for 
Mn/Co (MCO, about 20 µm thick) and Y2O3 coatings (about 
0.3 µm thick), respectively. Before the DA exposure tests, the 
coatings were consolidated by proper heat treatments. A two-
step sintering (red-ox sintering) first at 1000°C and then 800°C 
was applied to the MCO coatings, whereas the Y2O3 coatings 
were simply treated in air at 400°C. The Ce/Co coated samples 
were obtained from pre-coated PVD sheets provided by 
Sandvik Materials Technology. The resulting in-situ oxidized 
coating is much thinner than MCO coating (about 2 µm thick). 

The DA setup used in this work is very similar to that 
described in (3). The tests were conducted at 750°C for 1500 h 
in a 50O2/50Ar vol % gas mixture as the oxidizing atmosphere 
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and in a 50Ar/45H2O/5H2 vol % gas mixture as fuel 
atmosphere. 

Post-test characterization was conducted with SEM/EDX 
and X-Ray Diffraction (XRD) analysis. 

III. PRELIMINARY RESULTS AND DISCUSSION 

Only the most important XRD results will be shown here due to 
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space restriction. Fig. 1 reports the XRD spectra of the 
uncoated steel samples exposed to the O2-Ar side under single 
and dual atmosphere testing conditions. 
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However, SEM/EDX analysis allowed to detect incipient Fe 
oxide nodule growth on the coated 441 surface, however to a 
smaller extent compared to uncoated 441 sample. The tenfold 
higher coating thickness could most likely explain the absence 
of Fe poisoning on MCO coatings. Conversely, no Fe poisoning 
could be observed on the Ce/Co coated Crofer surface. Y 

80 90 detection was possible only with SEM/EDX analysis. Its 
presence is small (<1 wt %). 

Fig. 1. XRD spectra for uncoated 441 and Crofer 22 APU steels after 1500 h at 
750°C in 50Ar-50O2 vol % single or dual atmosphere. 

XRD spectra show only the presence of a protective Cr 
oxide film composed of Cr2O3 and MnCr2O4 spinel phases 
under both single and dual testing. However, SEM/EDX 
analysis showed incipient Fe oxide nodule growth, although the 
localized attack was found only on the 441 steel surface. 

1=MnCo O 2=Cr O  3=MnCr O  s=substrate
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IV. CONCLUSION 

Coated and uncoated 441 and Crofer 22 APU steels were 
subjected to long-term dual SOEC oxidation tests. XRD 
analysis showed only presence of protective oxide phases on 
the O2-side steel surfaces, although SEM/EDX analysis 
revealed incipient Fe nodule attack on uncoated and, to a lesser 
extent, on the Ce/Co coated 441 steel, but not on MCO spinel 
coatings. No Fe poisoning was detected on the surface of 
uncoated and coated Crofer 22 APU samples. More 
experiments including a detailed micro-structural analysis 
appear necessary to clarify morphology of the fuel-side thin-
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Fig. 2. XRD spectra for the MCO/Y2O3 coated 441 and Crofer 22 APU steels 
exposed to dual atmosphere for 1500 h at 750°C. 

Fig. 2 indicates high stability of the MCO coating surfaces. 
Presence of both protective Cr2O3 and MnCr2O4 phases at the 
fuel side indicates protective oxide formation at the fuel side. 
Signs of the fuel-side thin-film Y2O3 coatings were not 
detected. SEM/EDX analysis confirmed absence of Fe oxide 
nodule growth, whereas Y was found yet in very small amounts 
(< 1 wt%). XRD data of Fig.3 indicate the presence of the only 
protective Co3O4, Cr2O3 and MnCr2O4 phases on the O2 side of 
the Ce/Co coated surfaces. 
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[3] Alnegren, P., et al., Severe dual atmosphere effect at 600°C 
for stainless steel 441, J. Power Sources, 301 (2016), pp. 
170-178. 
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PROTOMEM PROJECT: ACHIEVEMENTS AND CHALLENGES ON THE WAY TO 
INDUSTRIALLY RELEVANT PLANAR CELL DESIGN 

M. E. Ivanova1*, W. Deibert1, Y. Huang2, R. Merkle2, D. 
Zhou2, R. Yekani2, W. Sigle2, K. Ran3, J.Mayer3, W. A. 
Meulenberg1 , P. A. van Aken2, J. Maier2, O. Guillon1 

1 Forschungszentrum Jülich GmbH, Institute of Energy and Climate 
Research (IEK-1), Jülich (Germany) 

2 Max Planck Institute for Solid State Research, Stuttgart (Germany) 
3 Central Facility for Electron Microscopy GFE, RWTH Aachen 

University, Aachen (Germany); Ernst Ruska-Centre for Microscopy 
and Spectroscopy with Electrons ER-C, Forschungszentrum Jülich 

GmbH, Jülich (Germany) 
*ProtOMem coordination, Corresponding author: 

m.ivanova@fz-juelich.de 

Abstract 

Index Terms – Proton conducting ceramic cells, PCFC, H2 

separation ceramic membranes, BZYC, LWO 

The global challenges to high efficiency and CO2-neutral 
energy supply require innovative enabling technologies. The 
electrical surplus from renewables can be used to produce 
chemicals (e.g. H2 being electrochemically generated by steam 
electrolysis) and vice versa to convert chemical energy into 
electricity in an efficient and a clean way (e.g. the energy stored 
in H2 can be converted into electricity by means of a fuel cell). 
The combination of energy conversion and membrane 
technology extends the possible scenarios even more, e.g. 
synthesizing chemicals and fuels from CO2 emitted by 
numerous industries in a chemical reaction with the renewably 
generated H2. High-performance ceramic materials are the key 
to developing complex devices such as solid oxide 
fuel/electrolysis cells and gas separation membranes. The 
operation conditions (intermediate to high temperatures of 600-
800 °C and specific gas environments) set numerous challenges 
towards the components and the system as a whole. Due to the 
unique combination of functional properties, like mechanical 
strength and durability, thermal and chemical stability, specific 

electrical properties and catalytic activity, ceramic materials are 
a viable choice for these technological applications. 

The R&D core of the three-year-project ProtOMem funded 
by the German Federal Ministry of Education and Research 
(BMBF) under the program Materials for Energy Transition has 
been focused at two classes of ceramic materials with high 
relevancy to the topic: BaZr1-x(Ce,Y)xO3-δ as proton conducting 
electrolytes for intermediate temperature proton ceramic fuel 
cells (PCFC) and the mixed protonic-electronic conductor La6-

xW1-y(Mo)yO12-δ as hydrogen permeation membranes for high-
temperature water-gas shift reactors. Both types of devices 
require a gas-tight solid electrolyte/membrane exhibiting 
selective transport, hence their performance depends critically 
on the intrinsic properties of the functional materials, but also 
on their micro-structuring and scalability. These three aspects 
have been thoroughly explored in ProtOMem and as an 
outcome, planar design cells of up to 100 cm2 - a size close to 
the final application geometry for fuel cells stacks and 
membrane reactors - could be successfully realized at an 
acceptable cost. This talk will highlight the project scientific 
achievements and perspective beyond ProtOMem on the 
challenging road to established proton conducting ceramic 
devices as competitive energy solutions.   

Copyright © 2019 
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ULTRA-LOW LOADING CATALYST LAYER DEVELOPMENT FOR ANODE 
ELECTRODE IN PEM WATER ELECTROLYZER (PEMWE) CELLS 

A. P. Shirvanian*, I. Garcia*, and F. van Berkel* 
*ECN part of TNO, 1755 LE Petten, PO Box 15, The Netherlands 

Abstract –In this work, we propose a system of auxiliary network 
of conductive nano-particles to achieve ultra-low loading of Ir in 
Proton Exchange Membrane Water Electrolyzer (PEMWE) while 
attaining superior catalyst utilization. Antimony-doped Tin Oxide 
(ATO) nano-particles of nominally 30 nm in diameter was used in 
conjunction with Ir-black conventional catalyst to form anode 
catalyst layers of 6-8 μm thick on Nafion 117 membranes. The 
preliminary results based on ex-situ rotating disk electrode (RDE) 
and electrolyzer cell-level tests indicate the advantage of this 
approach in enhancing catalyst utilization. 

Index Terms – Iridium/Antimony-doped Tin Oxide (Ir/ATO) 
catalyst, PEM Water Electrolyzer (PEMWE), Low loading catalyst 

I.  INTRODUCTION 

Current energy regulations require expedited replacement of 
fossil-based energy carriers by carbon-neutral ones such as 
hydrogen. Splitting water using Proton Exchange Membrane 
Water Electrolyzers (PEMWE’s) powered by renewable 
electricity has been identified as a promising route to generate 
hydrogen (and oxygen). Rarity and high price of the commonly 
used Iridium-based (Ir) materials to catalyze the inherently 
sluggish oxygen evolution reaction (OER) will be a major 
impediment to widespread adoption and commercialization of 
PEMWE technology. In this work, we propose a system of 
auxiliary networks of electrically conductive nano-particles to 
achieve ultra-low loading of Ir in PEMWE’s in an effort to attain 
superior catalyst utilization. Antimony-doped Tin Oxide (ATO) 
nano-particles of nominally 30 nm in diameter has been used to 
improve the in-plate conductivity of the anode’s catalyst layer 
while opening up the venue for utilizing catalyst-support 
interactions. In this work, we utilized Rotating Disk Electrode 
(RDE) along with cell level testing to demonstrate an ultra-low 
loading Ir of 0.07 mg/cm2 for anode. 

II. EXPERIMENTAL 

A. Materials and General Methods 
ATO nano-powders were purchase from US Research 

Nanomaterials, Inc. Iridium black, 99.8% from Alfa-Aesar. 
Merck’s Sulfuric acid 96% Suprapur was used to prepare 0.1 

Molar electrolyte for RDE testing. Nafion ionomer (5 wt%) and 
membrane N117 were from Sigma-Aldrich. Titanium-based 
Porous Transport Layers (PTL) were provided by Bekaert Inc. 
Gas Diffusion Electrodes (GDE’s) with 0.5 mg/cm² Pt on 
carbon-cloth from FuelCellsEtc. was used as cathode electrode. 
Ultrapure Water (Milli-Q) with a resistivity of 18.2 MΩ.cm was 
used throughout. 

B. Electrochemical Measurements 
The OER activity of the prepared materials was evaluated in 

a standard single-compartment three-electrode cell using a 
rotating disk electrode (RDE) setup (BioLogic RRDE-3A) with 
3 mm gold tip and an Ivium Potentiostat Vertex.1A following 
the thin-film RDE approach [1]. Catalyst ink suspensions were 
prepared using 10 mg of Ir/ATO (~15 wt%) catalyst, 7.6 mL of 
Milli-Q water, 2.4 mL of IPA, and 20 μL of 5 wt% ionomer 
solution. The inks were sonicated for 30 min and coated on 
polished gold-disk electrodes (ϕ3mm, 0.07 cm2) to achieve a 
loading of 17.5 μg cat./cm2. Hydroflex Reference Hydrogen 
Electrode (RHE) from Gaskatel and a gold counter electrode 
from BioLogic was used for RDE tests. 

With the ratio of ionomer to total weight of ionomer plus 
catalyst fixed at 10%, Membrane Electrode Assemblies (MEA’s) 
were prepared by spraying catalyst ink directly on N177 using 
an Airbrush gun (Conrad, HP-200) to achieve the desired loading 
In-house cell and test-station were used for further analysis. 

III. RESULTS AND DISCUSSIONS 
Figure 1 shows the iR-compensated polarization curve obtained 
from pure Ir catalyst (Fig.1a) and Ir (15 wt%)/ATO (Fig. 1b) 
with a linear sweep voltammetry 1.25→1.65 V vs. RHE with 20 
mV/s sweep rate while RDE tip rotated at 2500 rpm and the 
electrolyte was sparged with ultra-pure Argon gas to avoid 
interference with dissolved oxygen. The magnitude of current at 
1.55 V is commonly normalized by the weight of the catalyst and 
reported as mass activity (MA). Based on these data, Pure Ir has 
a MA~0.166 A/mg of Ir, while Ir/ATO: MA~0.31 A/mg of Ir 
which indicates an improvement of 87%. Initial RDE results 
indicate the utility of using an auxiliary/support material in order 
to reduce the loading of Ir catalyst. 
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Fig 1. Polarization curves generated using RDE 

 
We therefore decided to proceed with cell-level testing to 

evaluate the performance in an actual electrolyzer working 
environment. CCM’s were prepared using Ir/ATO powder with 
Ir loading as low as 0.07 mg/cm2. The cell was conditioned at 80 
C at 1.65V potential hold for 12 hours prior to acquiring the 
polarization curve, as shown in Figure 2 along with a reference 
cell data.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Cell-level polarization curves 

 
The reference cell had the same membrane and cathode 

material but with Ir loading of 3.5 mg/cm2 which is 50 times 
higher than the cell with Ir/ATO. Upon evaluation of MA’s, we 
obtained 0.84 A/mg and 0.05 A/mg for Ir/ATO and reference 
cell, respectively. Figure 3 shows post-mortem SEM analysis on 
Ir/ATO-based MEA’s cross section (Fig.3a) and anode surface 
(Fig.3b) as obtained  using cryofracture method. The figure 
shows an almost continuous catalyst layer of 6-8 μm covering 
the membrane. The catalyst layer is clearly seen to carry the 
impression of the PTL fibers that was separated from the anode 
prior to SEM analysis. Some spots are seen to be devoid of 
catalyst that could have been caused by removing the PTL.   

 

Figure 3. SEM micrograph for Ir/ATO-based MEA 

 
While extensive tests along with stability and durability tests 

with detailed materials characterizations are needed to fully 
interpret the results, we hypthesis that the improvement in the 
catalyst utilization in Ir/ATO system is due to: (a) enhanced in-
plane conductivity of catalyst layer at very low Ir-loading [2] (b) 
catalyst-support interactions. Further work is in progress to 
quantify the effects of auxiliary powders on PEMWE’s 
performance and durability.  

IV.  CONCLUSION 

Initial improvements in Iridium catalyst utilization in 
PEMWE cells have been indicated using ATO nano-powders as 
auxiliary/support materials. Using Ir/ATO combination, an ultra-
low loading of 0.07 mg/cm2 Ir was achieved. Further analysis is 
needed to better understand and quantify the role of auxiliary/ 
support materials and their interactions with Ir catalyst.  
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ARTIFICIAL NEURAL NETWORKS FOR AUTOMATIC DETECTION AND 
CLASSIFICATION OF FUNCTIONAL DEFECTS IN MULTILAYERED SOLID OXIDE 

MEMBRANES 

A. Litke and R. Höpener 
HaikuTech Europe BV, Spoorweglaan 16 

6221BS, Maastricht, The Netherlands 

Abstract – A novel Automatic Optical Inspection systems was 
developed for real-time quality control of solid oxide half-cells. 
The system utilizes custom Artificial Neural Network for detection 
and classification of surface and subsurface features present on 
solid oxide cells in green or fired state. The developed system 
provides a comprehensive overview of detected (non)functional 
defects, their type, size, and location present on high-resolution 
digital images. The system is designed for quality control at all 
stages of product development including research, prototyping, 
upscaling, and mass production of solid oxide (half-)cells or other 
flat ceramic, polymeric, or composite cells or membranes. 

Index Terms – artificial intelligence, multilayer ceramics, 
optical inspection, quality control 

I.  NOMENCLATURE 

Artificial Intelligence (AI), artificial neural networks (ANN), 
automatic optical inspection (AOI), central processing unit 
(CPU), floating point operations per second (FLOPS, 1 
TFLOPS is 1 billion FLOPS), graphical processing unit (GPU), 
megapixel (MP), Quality Control (QC), Quality 
Assurance (QA). 

II. INTRODUCTION 

High cost per kW power of solid oxide cell (SOC) stacks 
hinders their implementation for large scale energy conversion 
and storage. Production of SOCs makes up a significant part of 
the final price of SOFC or SOEC installation. These costs can 
be substantially reduced through automation of the main 
production steps and quality control routines. Optical 
inspection is widely used for QC of ceramic (half-)products to 
eliminate items with functional defects, which can compromise 
efficiency and stability of the SOC systems, from the 
production cycle. This tedious work is often performed by 

human operators who rely on their experience to distinguish 
various functional defects from each other. However, it is 
practically impossible to programmatically describe all small 
differences, which humans use to tell apart individual features 
of interest. This results in relatively low detection accuracy and 
large number of false-positives for AOI systems based on 
standard image processing libraries. 

The situation started changing only with the recent 
advancements of AANs for image classification and object 
detection. An ANN can learn to detect very complex objects in 
digital images through supervised deep learning. The resulting 
trained ANN has a human-like perception of high-level visual 
features and can reliably detect and localize multiple objects 
with super-human speed and high reproducibility. 

Fig. 1. An illustration of an artificial neural network. Left to 
right: data inputs, hidden layers, data outputs, and data outputs 

(object class in the case of an image classifier) 

Copyright © 2019 
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III.  AI FOR CERAMIC CELL INSPECTION 

Stability and reliability of SOC installation depends on 
performance of every individual cell. QA of mass-produced 
ceramic cells requires 100% inspection of every product within 
a short machine cycle. AOI systems, which are commonly 
deployed for this task, have optical resolution of 15-20 µm per 
pixel which renders pbjects smaller than 50-80 µm 
undetectable. Even this relatively low resolution generates large 
amounts of data per sample which can be rather challenging for 
CPU-bound algorithms to process during a short machine cycle. 
Unlike CPU, hardware accelerators (such as GPUs) are much 
better suited for parallel processing of large amount of visual 
data. Such accelerators can be used to deploy trained ANNs for 
feature extraction and object classification in high resolution 
digital images in real time. Detection speed and accuracy of 
such an ANN-based system substantially surpasses those of 
CPU-bond traditional image processing libraries. 

HaikuTech has developed a novel AI-based AOI system for 
real-time detection and classification of surface and subsurface 
defects in fired solid oxide half-cells. The system utilizes high-
speed line-scan cameras with the resolution of 3.5 µm per pixel. 
This enables detection of high-contrast features down to 12-20 
µm in size. The system is equipped with a custom high-power 
illumination system which provides very stable and uniform 
illumination pattern even at high acquisition rates. 

 

 
Fig 2. Examples of surface features present in the electrolyte 

layer of fired SOCs. Functional defects: pinholes (a) holes (b), 
fiber (c), crack (d), contamination (e). Tiles (a) – (d) have total 

size of 350 µm; tile (e) – 1.2 mm. 
 

The AI-based AOI system was designed to recognize and 
classify 5 types of surface features (Fig. 2) which compromise 
efficiency and stability of SOCs: pinholes (≤50 m), holes (>50 
m), fibers, cracks, and dark spots (contamination). A 
sufficient number of fired half-cells, containing the 
aforementioned function defects, were scanned under 
controlled conditions. The features of interest were labeled on 
the resulting digital images to yield a training data set. 

Some features occur inherently less frequently than the 
others which can lead to a class imbalance in the training data 
set. Such an imbalance can result in an ANN which is over-
trained for some objects but underperforms with other defects. 
We have developed a set of data augmentation tools in order to 
mitigate class imbalance and minimize its impact on the 
detection accuracy. 

The trained ANNs were deployed in a processing unit with 
ca. 100 TFLOPS of compute power which was incorporated in 
a standalone AOI system. This prototype system achieved 
10.5 s cycle time (excluding sample handling) with 
140x140 mm2 large samples yielding 1600 MP of visual data 
per complete scan. Detection accuracy across all categories was 
found to exceed 83% and up to 93% for some types of defects. 
Both the accuracy and detection speed can be further improved 
through hardware and software optimization. An example of 
the detection results is shown in Fig. 3. 
 

 
Fig. 3. Example of the detection results returned by a custom 

ANN after completed training. 

IV.  CONCLUSION 

The results of this work demonstrate that custom ANNs are a 
robust tool for accurate real-time optical inspection of ceramic 
layers of fired solid oxide cells. ANNs can learn to extract very 
complicated high-level features from the images in the course 
of supervised deep learning. The resulting trained ANNs can be 
implemented for reliable categorization of features present on 
inspected material. Moreover, ANNs can discriminate between 
defects and features which do not have adverse effect on 
performance of the system which drastically reduces false-
positives. Scalability of ANN-based AOI-systems makes them 
suitable for mass manufacturing where short operation cycles 
and reliability of detection are a must. 
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SANDVIK SURFACE TECHNOLOGY: MASS MANUFACTURING OF COATED 
METAL COILS FOR THE RAPID DEVELOPMENT OF FUEL CELLS, 

ELECTROLYZERS AND BATTERIES.  
 
 

C. Bernuy-Lopez, S. Proch, U. Bexell, J. Westlinder 
Surface Research, Strategic Research, AB Sandvik Materials 

Technology, 81181 Sandviken, (Sweden) 
 
 

Abstract – A pre-coated material solution has been developed by 
Sandvik Materials Technology (SMT) to facilitate fast market 
development of electrochemical energy conversion, i.e. fuel cells, 
electrolyzers, and batteries. Our process allows to mass produce 
essential components of those devices in a very cost-efficient 
manner. Various metal substrates can be combined with (multi)-
(non)metal coatings to an unprecedented range of large volume 
materials in a coil-to-coil fashion. The Surface Research group at 
SMT Strategic Research addresses scientific questions like the 
formation of stable and protective, nonetheless, conductive oxide 
layers for more than 10,000 h of operation and the development of 
coatings and substrate compositions for fuel cells, electrolyzers, 
and batteries alike. 
 

Index Terms – Mass manufacturing, PVD, SOFC, PEM  

I.  INTRODUCTION 

Sandvik Surface Technology is a production unit within AB 
Sandvik Materials Technology (SMT). The business area SMT 
belongs to the Sandvik group and is a world-leading 
manufacturer of advanced stainless steels and special alloys for 
the most demanding applications.  

Sandvik Surface Technology offers a portfolio of cost-
effective coated metal strip materials for applications such as 
batteries, fuel cells, and electrolyzers.  

II.  PRE-COATED MATERIAL SOLUTION FOR MASS PRODUCTION 

OF ELECTROCHEMICAL DEVICES 

Our roll-to-roll coating lines for mass production present an 
opportunity for cost-effective large-scale production of coated 
metal components. Pre-coating reduces the number of 
production steps compared to (post)-batch coating. Figure 1 
shows a schematic of the coating line(s) available in Sandviken 
(Sweden). 

1

Stainless Steel

PRE-COATED MATERIAL SOLUTION FROM SANDVIK
NANOTECHNOLOGY READY FOR MASS PRODUCTION

 
Figure 1. Schematics of the roll-to-roll coating line developed by Sandvik 
Surface Technology: In-line plasma cleaning/etching (1). Continuous PVD 

coating process (2). X-ray inspection system (3). Testing, slitting and 
packaging processes according to customer specifications (4). 

 
A large portfolio of coated materials (Figure 2) can be produced 
for applications like Solid Oxide Fuel Cells (Sandvik Sanergy™ 
HT 441), PEM Fuel Cells (Sandvik Sanergy™ LT), and 
Batteries (Sandvik Santronic™). In addition, tailor-made 
products with customer-specific substrate and coating 
combinations are available upon request. 

Customer
Specific

Customer
Specific

Customer
Specific

Customer
Specific

AISI 441

Cobalt

Cerium

C-based

Metal

Steel Steel Metal

Metal

SOFC
SANERGYTM HT 441

PEM
SANERGYTM LT

BATTERIES
SANTRONICTM

CUSTOMER-SPECIFIC
PRODUCT

Nickel

 
Figure 2. Portfolio of pre-coated materials 
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Our coatings can be applied to either one or both sides of the 
substrate whereby the specifications on the two sides can be 
selected independently, see Figure 3. 
 

6

SINGLE SIDE COATING DOUBLE SIDE COATING

Metal/Steel

Customer specific

Customer specific
Customer specific

Metal A

Metal A

Metal A Metal B

Metal A

Metal/Steel Metal/Steel

 
Figure 3. “Endless” Pre-coating Possibilities. 

 

III.  SURFACE RESEARCH AT SMT 

 
Our SOFC product, Sandvik Sanergy™ HT 441, is coated with 
Ce/Co and has been investigated extensively within the past 
decade. At high temperatures (i.e., above 800 °C) it forms a 
stable and protective (Co, Mn)3O4 spinel by diffusion of Mn 
from the steel substrate into the coating [1]. However, the 
current demand in the SOFC market requires operation at 
temperatures below 650 °C, in this range diffusion of Mn from 
the steel substrate into the Co coating is much slower and, 
therefore, the formation of the (Co, Mn)3O4 spinel phase does 
not take place. 

In a recent work [2], we have produced a new Ce/Co-Mn 
coating for temperatures below 650 °C and compared it with the 
standard Sandvik Sanergy™ HT 441 (Ce/Co coating). When 
exposed to air at 650°C, both materials form homogenous and 
dense oxides (Fig. 4), however, with different compositions: 
Mn1.5Co1.5O4 spinel for the Ce/Co-Mn coating and Co3O4 spinel 
for our standard coating. In addition, a thin Cr2O3 scale is 
observed in both samples leading to equal performance in terms 
of area-specific resistance (ASR). Therefore, the addition of Mn 
to the coating does not seem to be necessary to obtain good Cr 
retention in the steel and for overall performance.  

 

 
 

Figure 4. SEM images of cross sections BIB samples and the corresponding 
EDX lines scans (blue arrow) of the Ce/Co-Mn and the Ce/Co coated material 
on AISI 441 steel grade after 13,000 h of exposure in air at 650 °C. From [2]. 

 
Metallic bipolar plates (BPPs), especially stainless steel, 

present a cost-efficient solution for low temperature (T < 
100°C) fuel cells, such as the proton-exchange membrane fuel 
cell (PEMFC) and the anion-exchange membrane fuel cell 

(AEMFC). However, anodic film formation at high positive 
potentials (approx. +1.5 V vs. RHE) on uncoated 
metals/stainless steels leads to high interfacial contact resistance 
(ICR) of the BPP once exposed to such a potential. A potential 
of +1.5 V vs. RHE is commonly reached under local and global 
hydrogen starvation, which rules out the use of uncoated metals 
in low temperature fuel cells.  

Recently [3], we investigated the interfacial contact 
resistance (ICR) change and oxide film formation of several 
stainless steel grades and Ni-based alloys under simulated 
AEMFC operating conditions. We found that suppression of 
anodic (oxide) film formation and, in turn, low ICRs can be 
achieved by depositing a thin carbon coating. Since carbon is 
kinetically stable and survives high anodic potentials much 
longer, unchanged ICR has been recorded even after exposure 
to aqueous NaOH at high potentials. 
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Electrodes for Reversible and Symmetrical solid oxide fuel cells based on Ruddlesden-Popper 
perovskites 

S. Tomadini*, A. Giraldin*, E. Squizzato*, G. Carollo*, and 
A. Glisenti*, ** 

*Università degli Studi di Padova, Dipartimento di Scienze 
Chimiche, Padova, 35131, (Italy) 

** CNR-ICMATE, INSTM 

Reversible solid oxide fuel cells can be part of the solution to the 
constant increase of pollution derived from the more and more 
pressing energy consumption. In the SOFC technology the 
perovskites are established as good materials both for the 
electrolyte and for the electrodes. In this work two newly designed 
Ruddlesden-Popper materials are proposed as cheap alternatives 
to the state-of-the-art compounds: La1.2Sr0.8Fe0.6Mn0.4O4 and 
LaSr2CrMnO7. The synthesis process was carried out through the 
Marcilly route; the effect upon the materials of three different 
calcination atmospheres has been analysed. The characterization 
has been carried out using different techniques as XRD, H2-TPR, 
XPS, EDX and SEM to evaluate the stability and phase purity of 
the samples. Lastly, the materials have been analyzed 
electrochemically using EIS to evaluate their suitability as SOFC 
electrodes using La1.2Sr0.8Fe0.6Mn0.4O4 as the electrolyte. 

Green and Sustainable energy, Low Cost new Materials, 
Reversible SOFC, Ruddlesden-Popper perovskites. 

I. INTRODUCTION 

Nowadays, the energy consumption and the emission of 
pollutants are continuously increasing with the fast 
development of the global economy. Until now, only few steps 
have been made to push the energy conversion and storage 
toward a green direction. Fuel cells can be part of the solution 
to these problems. These electrochemical devices convert 
chemical energy into electrical power with much greater 
efficiency and lower emission of greenhouse gases than well-
established technologies based on traditional fossil fuel 
combustion. Moreover, water is the only by-product when 
hydrogen is the fuel. 
A way to reduce costs and to increase the reliability and life 
span of a SOFC is the creation of a Reversible SOFC in which 
delamination or poisoning can be minimized. 
As an alternative to the most used perovskites-based material 

such as Sr doped LaMnO3 (LSM), in this work two new 
Ruddlesden-Popper phase materials will be presented. These 
materials are characterized by blocks of perovskite alternated 
by layers of rock salt phase and their formula can be written as 
An+1BnO3n+1. Over the standard perovskites this new phase 
possesses a better ionic conductivity and mobility, making it 
suitable for SOFC applications. Therefore, this work will be 
focused on the study of two new low cost and good performing 
electrode materials for a reversible and symmetrical solid oxide 
cell, using Ruddlesden-Popper (RP) perovskites. 

II. EXPERIMENT PROCEDURE 

A.  Synthesis 
La1.2Sr0.8Fe0.6Mn0.4O4 and LaSr2CrMnO7 powders were 
synthesized by citrate route.[1] Stoichiometric quantities of 
La2O3, SrCO3, C4H6MnO4∙4H2O and Fe (or CrN3O9∙9H2O, to 
obtain the second material) were dissolved in deionized water 
with nitric acid. Citric acid (C6H8O7 Sigma-Aldrich ≥99.0%) is 
added as complexing agent under stirring and then the solution 
is lead to neutral pH by dropwise addition of ammonia 
hydroxide. At pH 7 the stirring was stopped, and the solution 
was heated to eliminate water and to induce the formation of a 
gel phase. The gel was heated to 400°C, to obtain the powders 
that were subsequently calcinated at 1150°C for 6 hours. The 
calcination has been carried out in three atmospheres 
(hydrogen, argon and air) to test the behavior of the materials 
under different synthesis conditions. 

B. Material Chemical and Physical characterization: 
XRD diffractograms confirmed that the target phase was 
achieved for both the materials in all the used calcination 
atmospheres. However, the phase purity was higher when 
hydrogen was supplied. The comparison between different 
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batches showed a good reproducibility of the synthesis method. 
The TPR analysis has highlighted the presence, beside 
Mn(III)/Mn(IV), of some interesting impurities in the RP-
LSFM sample such as a γ-FeMnO3 sub-phase. Moreover, for 
the RP-LSCM the presence of Cr6+ was detected, possibly due 
to the exposure to air of the calcined sample. In fact, the 
relative amount of Cr(VI)/Cr(IV) does not depend on the 
calcination atmosphere. For both the materials, the oxidizing 
atmosphere led to lots of impurities. The XPS semi-quantitative 
analysis showed the segregation of La and Cr in the RP-LSCM 
sample. The Cr segregation is particularly interesting due to the 
fact that it is dependent on the atmosphere of calcination: in H2 
and Ar environments, there is a modest and comparable 
quantity of Cr, both in the form of Cr4+ and Cr6+. In air, 
however, this quantity arises, possibly due to segregation 
effects. In the RP-LSFM the elements that segregate on the 
surface are La and Mn. 
EDX analysis of RP-LSCM suggests that the quantity of 
lanthanum is higher than expectations while chromium and 
manganese’s value is lower than the nominal. This behaviour is 
independent on atmosphere suggesting that surface segregation 
phenomena are not relevant. Instead, it is possible that 
structural defects may contribute: they can be related to some 
intrusions of agglomerates inside the rock-salt layers, typically 
the less stable and most stress-accumulated parts of the 
structure. For what concerns the RP-LSFM, instead, the 
compositions are in good agreement with the expected values 
apart from the sample calcined in air. 
For both the materials SEM images have shown a flake-like 
morphology with a good porosity, confirmed by BET analysis.  
The determined surface area is in good correspondence with 
typical perovskite values in literature. (RP-LSCMH2: 2.1 ± 0.1 
m2∙g-1, RP-LSFMH2: 8.9 ± 0.1 m2∙g-1) 

C.  Electrochemical characterization results: 
RP-LSFM/LSGM/RP-LSFM: to verify the electrochemical 
behavior of RP-LSFM, a study under anode conditions has 
been performed (Fig.1). The measurements were carried out at 
steady state condition (zero DC current) in the frequency range 
of 10-2 - 106 Hz and with signal amplitude of 20 mV. At 800°C, 
with a wet hydrogen flux (10% H2 in Ar) the impedance spectra 
show two semicircles. Their frequencies and capacitances 
allowed to identify the processes involved: a charge transfer 
reaction (1∙104 Hz) and a polarization due to the hydrogen 
oxidation reaction (2.5 Hz). The same measurements were done 
with a dry flux, to study if the different atmosphere could led to 
other processes. The results highlighted the born of a new 
process at 0.04 Hz, that was related to a reduction of the 
material (driven by the reducing atmosphere), that induce the 
oxygen ions diffusion from the bulk to the surface of the 
material.[2] 

RP-LSCM/LSGM/RP-LSCM: the behavior of RP-LSCM has 
been analyzed using different hydrogen percentage. The 
impedance spectra showed the presence of two processes linked 
with adsorption of the hydrogen on the electrode surface active 
sites, at high frequencies (kHz) and to the polarization due to 

the hydrogen oxidation reaction at low frequencies (at around 
0.7 Hz). The results highlighted a worsening of the first process 
suggesting a change in the chemical equilibrium between the 
surface and its surrounding: in principle a reductive atmosphere 
is expected to decrease the number of sites active for hydrogen 
adsorption, with consequent worsening of the process. The 
second process instead, benefits from the change in the 
hydrogen amount, due to the higher amount of reagents 
provided. 

Fig. 1. Nyquist plots obtained with wet and dry hydrogen fluxes using RP-
LSFM as the electrode material. The process that arises in the dry flux has been 
related to a reduction process of the electrode material. 

III.  CONCLUSION 

In this work, two low cost Ruddlesden-Popper perovskites 
(La1.2Sr0.8Fe0.6Mn0.4O4 and LaSr2CrMnO7) were synthetized and 
studied to understand their properties and performances as 
implied in R-SOFCs. These novel materials have been properly 
stabilized and a successful synthesis route is proposed. 
EIS analysis have been performed, leading to an understanding 
on the processes involved for both the materials. The 
preliminary results for the RP-LSFM are very promising, even 
if the performances recorded are lower than the more costly 
state of the art materials. 
All steps of device realization have been investigated and 
improved to increase adhesion and reduce electrode resistance 
(ink composition, thermal treatment, etc.). Further work is 
underway to optimize the performance of both materials. 
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Abstract – In this dissertation, the recent progresses on the 
manufacturing of highly durable (≈10% ECSA loss after 5k 
support accelerated stress tests [1]) titanium nitride (TiN), as non-
carbon cathodic support, are presented. This new material 
deposited by pulsed laser deposition (PLD), showed high nitrogen 
content (45,5%) and increased crystallite size (18,8 nm). 
Furthermore, preliminary studies on a modified atomic layer 
deposition process, to reduce the platinum loading are o presented. 

Index Terms – durability, low PGM, non-carbon support, PEM 
FC. 

I.  INTRODUCTION 

Fuel Cell technology, especially for automotive applications, 
is on the brink of large-scale commercialization. However, 
some challenges still need to be solved. First, the price needs to 
be reduced in order to compete with traditional internal 
combustion engines. The research is focusing on reducing the 
loading of platinum catalyst or replacing platinum group metals 
(PGM) catalysts with earth abundant materials. Second, the 
durability of these devices needs to be increased. Here the main 
research fields are non-carbon support, increase of the 
durability of carbon or decrease the conditions where carbon 

al [1] corrosion happens. Perego et , demonstrated the high 
durability of a NSTF of titanium nitride (TiN, Fig 1), as 
cathodic support for platinum. During support accelerated 
stress test (AST: cycling between 1-1,5 V at a scan rate of 0,5 
V/s), it showed less than 10% decrease of electrochemical 
active surface area (ECSA) after 5000 cycles, where the 
American Department of Energy (DOE) set the target of an 
ECSA decrease <40% for 2020. Furthermore, the support 
showed less than 15% ECSA decrease even after 15000 cycles. 
However, the MEA performances, showed poor performances 
with two main problems in the activation drop and in the 
electrical resistivity. While the activation drop can be attributed 
to the non-complete and non-uniform coverage of the whole 
structure by platinum; the high resistance can be attributed to 
the low content of nitrogen and low crystallinity [2,3]. 

1µm 
Fig. 1. SEM image of a porous NSTF of TiN . 

II. MATERIALS 

A. Titanium nitride support 
The NSTF is deposited by pulsed laser deposition (PLD). This 
technique is a physical vapor deposition method. The choice of 
target and operational gas is based on the necessity to have a 
porous film with high nitrogen content. Different studies are 
present where the decrease in nitrogen amount and crystallinity 
is related to the increase in structure porosity [4,5]. Furthermore, 
a porous film leads to a relaxation of the structure, leading to a 
higher adsorption of oxygen and formation of low conducting 
TiOxNy. For these reasons a pure TiN target and an operational 
gas with a reducing agent are chosen to increase the N content. 
Firstly, hydrogen was used as reducing agent for the oxygen in 
the reacting chamber. However, the resulting material showed 
still sub stoichiometric nitrogen content and low crystallinity. 
Therefore, hydrogen is replaced by NH3. Ammonia is widely 
used as nitration agent and for these reasons it should be able to 
both reduce the oxygen amount in the reacting plume and 
increase the nitrogen. The gas used for this work is a 5% 
mixture of ammonia in nitrogen at a pressure of 35 Pa to 
achieve a porous structure. 
The evaluation of the progresses in composition and structure is 
done by Raman spectroscopy and X-Ray diffractometry. 

B. Low platinum loading catalyst 
Platinum is well-known to be the best catalyst for ORR. 
However, in order to decrease the loading while increasing the 
activity the thinnest possible Pt layer should be deposited onto 
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the whole structure. Electrochemical deposition, magnetron 
sputtering, and continuous flow atomic layer deposition (ALD) 
were able to cover only 2 of the 5 microns of the TiN NSTF [1]. 
For these reasons a custom stop flow thermal ALD is used. 
Since the final goal is to deposit a single and continuous layer 
of Pt, a preliminary study is done to detect the minimum 
number of cycles needed to have a uniform nucleation.  
(Trimethyl)methyl-cyclopentadienyl-platinum (IV), is widely 
used as platinum precursor in thermal ALD. However, as 
second precursor, O2 is preferred to more active O3 or O· 
considering the tendency of TiN to adsorb/react with active 
oxygen species.  
The deposited films are electrochemically characterized by a 
three-electrodes setup, to detect the ECSA and by XRD to 
detect the structure and composition of the film.  

III.  CHARACTERIZATION 

A.  Titanium nitride support 

TiN is well known to be a material with many defects in its 
structure, reason why it adsorbs oxygen from the atmosphere. 
Therefore, Raman spectroscopy can detect the change in 
defects due to a sub stoichiometric TiN [6]. In Fig. 2-I, there is 
an overall decrease in the first order acoustic peaks (TA-LA). 
These peaks arise from the vibration of Ti atom in presence of 
N vacancies. Therefore, a decrease in intensity can be attributed 
to a lower amount of N-vacancies. Moreover, the transverse 
optical (TO) vibration is related to Ti-N and so its increase in 
intensity can be ascribed to the higher amount of nitrogen. 

These observations are confirmed by XRD analysis. The 
first thing that can be observed is a greater sharpness of all the 
peaks and a better agreement with reference osbornite. A 
general increase in crystallite size is also calculated by 
Scherrer’s equation from 8 to 18,8 nm (±4). Furthermore, the 
difference between the calculated lattice parameter (a=0,423 
nm) and that of a stoichiometric reference, is related to the 
increase or decrease in nitrogen content [8]. Therefore, by 
combining Bragg’s law, d-spacing equation for a cubic 
structure and the empirical equation in literature, it is possible 
to confirm the increase of nitrogen content, also noted in 
Raman analysis, from 35,4 to 45,5 % (±1). 

B.  Low platinum loading catalyst 

As already said, the main goal of this preliminary section is 
to discover the exact number of cycles where the formation of a 
continuous layer is achieved. In figure 2-III the number of 
cycles is plotted against the loading and the ECSA. Before 60 
cycles no relevant deposition has been noted both 
electrochemically and by XRD, where no Pt peak was detected. 
This initial delay is characteristic of oxygen-based processes. 
Afterwards, the nucleation starts randomly onto the substrate 
and increasing the number of cycles, the dimension of these 
nanometric nuclei increases until they merge into a uniform 
coating. At 60 cycles an ultra-low loading is achieved with low 
ECSA as well. By XRD, no platinum was detected. The reason 
is that there is the formation of nanoclusters, that can be hardly 
detected electrochemically. If the number of cycles is increased 
to 90, there is a huge increase in loading, grain size (2,31 nm) 
and ECSA, meaning that we achieved a uniform layer of 
platinum or more. Then, as expected, increasing even more the 
cycles there is an increase in loading and grain size (5,12 nm) 
with a decrease in ECSA, meaning that there is a general 
smoothing of the support surface area. 

IV.       CONCLUSION 

In this study, structure and composition of a highly durable TiN 
NSTF support for the PEM FC cathode [1], are improved. By 
changing the reducing gas to NH3 in the PLD process, it was 
possible to achieve 45,5 % of nitrogen content (+10%) and 
great crystallite size (18,8 nm). Furthermore, a thermal ALD 
process showed the potential to completely cover the porous 
structure. Further studies are required to optimize the 
deposition of an ultra-low loading Pt film with high ECSA.   
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Fig. 2: I. Comparison of the Raman spectra; II. Comparison of the XRD spectra; III. Characterization of the ALD platinum films, by surface area and loading.  
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Abstract - Large surface area and pore volume of 
porous structures increase the importance of these 
materials day by day. The using of these materials in 
fuel cells such as Direct Methanol Fuel Cells (DMFC) 
provides an advantage in enhancing its electrochemical 
characteristics. DMFC becomes prominent because it 
does not cause environmental pollution. Otherwise, 
DMFC has advantage with using liquid fuel and 
providing portable system like laptop battery.  

Increasing the reaction kinetics of DMFC will enable 
the fuel cell to operate more efficiently. The biggest 
parameter in increasing this kinetics can be said as 
temperature. In summary; theoretically, performance 
and efficiency of the fuel cell will increase at the same 
time.  In this project, SBA-3 silica material will be 
synthesized under acidic conditions and examined the 
cell performance by adding 1% and 5% SBA-3 silica 
material into the perfluorosulfonic acid (Nafion), which 
is the electrolyte of the DMFC by using dropcasting 
method. Physical characterisations of silica materials 
such as SEM, XRD, BET will be performed. At the end 
of the research, the performance of the fuel cell will be 
measured by using DC electronic load and compared 
with pure Nafion electrolyte.  

Keywords: Direct Methanol Fuel Cell, SBA-3, Nafion 
Membrane 

I. INTRODUCTION 

Methanol has a relatively high volumetric theoretical 
energy density compared to other systems such as 
conventional batteries. Thanks to this, it can be used 
in small portable applications. A direct methanol fuel 
cell (DMFC) consists of two electrodes  are separated 
by a proton exchange membrane via an external 
circuit[1]. The direct methanol fuel cell (DMFC) 
consists of an anode electrode at which methanol is 
electro-oxidised to CO2 through the reaction: 

 

and a cathode at which oxygen is reduced to water or 
steam[2]: 

 

Dupont’s Nafion is the polymer electrolyte 
membrane material most frequently used for this type 
of application. However the nafion membranes also 
have several disadvantages such as a decrease in the 
ionic conductivity and low humidity at high 
temperatures[3]. Hereby, porous material is good 
candidate for the polymer membranes because it 
helps to maintain a suitable hydration of the 
membrane under fuel cell operating conditions and 
the mechanical properties are improved. 

In this project, SBA-3 silica material investigated in  
the DMFC by adding 1% and 5% into the Nafion 
membrane. Fuel cell test performed by using DC 
electronic load and compared with pure Nafion 
electrolyte. 

II. EXPERIMENTAL 
 

A. Production of SBA-3  

SBA-3 was prepared using cetyltrimethyl- 
ammonium bromide(CTMABr) as a template and 
TEOS as a Silica source. An aqueous solution of 
HCl(37%) was added in order to control the pH of the 
system. 1g of CTMABr, 25mL of water and 10ml of 
HCl added in 250mL of a beaker. Acidic solution was 
mixed with vigorous stirring at 30°C for 15 min. 
2,5mL of TEOS was added dropping to the acidic 
solution. After 2 h, the white precipitate was aged at 
room temperature for 12h. The sample was filtered 
and dried overnight. After drying it, SBA-3 was 
calcined at 550°C in air for 5h. The heating rate was 
2°C/min.  
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B. Preparation of SBA-3/Nafion 
Nanocomposite 

A 5% (w/w) Nafion solution was selected to 
manufacture the film. The original solution was dried 
at 50°C until obtaining a dry residue, successively 
diluted in dimethylacetammide as a solvent(10%, 
w/w, solution). Two different amount of SBA-3 
powder (1%, w/w and 5%, w/w) was added and 
dispersed in an ultrasonic bath. After the casting, the 
membrane was dried on a hot plate at 80°C, then 
thermally treated at 155°C. A chemical treatment in 
7M HNO3, 5%(w/w) H2O2, 1M H2SO4 was carried 
out to purify the membrane. A membrane with a 
thickness of 60µm was obtained[4]. 

III. RESULTS 

SBA-3 porous material characterised physically by 
XRD, TGA, BET and SEM. Also, electrochemical 
performance of the fuel cell will be discussed below. 

A. SEM 

SEM analysis of SBA-3 (show below in Fig.1.) has 
spherical morphology(pore size of 1.8 nm). 

Fig.1. SEM analysis of SBA-3 

B. Fuel Cell Test 

Voltage-current values acquired by applying 1M 
methanol at 7 ml/min speed to the anode side under 
atmospheric pressure and oxygen at 1L/min to the 
cathode side under 2.5 bar pressure of composite 
nafion membrane with 1% SBA-3 added for the 
Direct Methanol Fuel Cell test, were given in the 
table below in order. 

Table 3. Fuel Cell Performance of 1% SBA-3 included composite 
Nafion Membrane 

0.235 0.659 0.132 0.031 
0.207 0.707 0.141 0.029 
0.179 0.767 0.153 0.027 
0.150 0.863 0.173 0.026 

A by pass system was installed for this system that 
runs at 80°C and pure nitrogen was circulated 
through at first. The advantages of this setup are; 
meeting of 1M methanol only in the fuel cell on 
anode side under fuel cell working conditions, 
purification of the fuel cell from contamination under 
inert atmosphere and the prevention of damage on 
MEA structure from pressure differences caused by 
liquid feed from anode side and gas feed from 
cathode side in the system. Also, the entry of oxygen 
under high pressure from cathode side  into the fuel 
cell is another reason that can increase this damage. 

Composite added membrane has given a better result 
and the study has reached its purpose. Because, 
increasing the temperature in the fuel cell would 
decrease the proton permeability of the membrane 
and would cause lower performance. The rate of 
material addition is an important parameter for the 
fuel cell. With the study in mind, even though 1% 
composite membrane was beneficial, proton 
permeability and membrane elasticity was lost with 
5% membrane. 

Physical characterisations will be performed. 
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Abstract - The energy demand, emerged due to the 
continuous increase in the population growth rate, has 
also increased and adherence to fossil fuels for 
generating energy has become a problem. Due to 
increasing emissions, it is estimated that the CO2 

concentration in the atmosphere was less than 300 ppm 
before the industrial revolution and is 400 ppm today 
and it will exceed 500 ppm this century. Commonly 
studied strategies are; Reducing the amount of CO2 

produced, capturing, electrolysis and storage of CO2, 
and converting it into organic products. In this study, 
electrolysis of CO2 in molten carbonate will be 
performed. Lithium carbonate (Li2O3) are used as 
molten carbonate. In this process, O2 is produced in the 
anode and carbon nanofiber (CNF) is produced in the 
cathode. 

Productivity comparisons will be made with the 
parameters studied; the effect of the amount of CO2 

entering the system on the productivity, the 
electrophoretic separation of carbon accumulated in the 
cathode electrode and the studies in the literature. In 
addition, physical characterizations of CNF such as 
SEM, XRD, XRF, BET and electrochemical 
characterizations will be performed. 

Keywords: Carbon dioxide, Carbon Nanofiber, 
Electrolysis, Molten Carbonate 

INTRODUCTION 

As a result of the emission of greenhouse gases into 
the atmosphere, some of the heat emitted from the 
earth is transferred back to the earth and this process 
causes the earth to warm up to 32°C . Carbon dioxide 
has the largest share with 82% in the formation of 
greenhouse gases [1]. 

In this study, electrolysis of CO2 in molten carbonate 
will be performed. Lithium carbonate (Li2O3) will be 
used as molten carbonate. Electrochemical reduction 
of CO2 to CO and C in molten carbonates is a 
common reaction. With that being said, the 
temperature required for carbon production is lower 
than that required for CO. According to the study 
conducted by Stuart Licht et al., 900°C refers to the 
limit temperature herein [2]. 

Within the scope of this project, carbon nanofibers 
(CNF) will be synthesized in cathode electrode by 
performing electrolysis of molten alkali carbonate 
(Li2CO3) with CO2, and the appropriate process will 
be designed and optimized. The melting point of 
Li2CO3 is 723 ° C and since high temperatures are 
involved here, more economical ways will be sought 
in the process and the "feasibility" of this design will 
be discussed. 

I. EXPERIMENTAL 
The environment gets the biggest hit, when it comes 
to energy needs. Energy is needed for the 
maintenance and development of life. However, 
pollution occuring as a result of the commonly used 
energy production methods today adversely affects 
the environment. Greenhouse gases are the most 
important factors here. 

Li2CO3 was first dried in a drying oven at 140°C for 
14 hours. Then, 20 grams of Li2CO3 was added to the 
alumina crucible. The ceramic paper was put over the 
opening of the crucible to serve as a gasket, then the 
anode and cathode electrodes made of nickel wire 
were placed on top of it. The part of the cathode 
electrode sinking into the carbonate solution was 
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helically formed to increase the surface area of the 
wire to be reacted. Furthermore, a mixture of CO2 
and N2 gas was placed on this crucible with a steel 
tube and finally, a steel tube, the other end of which 
was immersed in water, was installed to allow the gas 
to be released. Lastly, this mechanism was placed in 
the middle of the gas oven, which was positioned 
vertically with a wire chamber, and electrolysis was 
performed for 1 hours at 800°C. Synthesized carbon 
with electrolysis is shown in Fig.1a and electrolysis 
process is shown in Fig.1b. 

 
Fig.1a  Electrolysed carbon, Fig.1.b Electrolysis 
process  

 
II. RESULTS 

Electrolysed carbon material characterised physically 
by XRD, TGA, BET and SEM. Also electrochemical 
characterisations will be discussed. Parameters such 
as CO2 rate, structure of carbon, electrode selection 
and effect of O2. 

A. SEM-EDX 

SEM analysis of electrolysed carbon show below in 
Fig.2. and observed quasi-spherical particles. Also 
EDX analyses revealed high carbon content in the 
sample %99,5 by weight. 

 

Fig. 2. SEM Analysis of Electrolysed Carbon 

 

B. XRD 

XRD analysis of carbon is shown below in Fig.3 

Fig.3. XRD Analysis of Electrolysed Carbon 

The characteristic peak at 2θ= 23˚ and 42˚ can be 
attributed to the existence of amorphous phases. 
Happiness et al in 2014 reported that XRD results for 
typical electrolysed carbon with molten carbonate 
and XRD analysis in Fig.3, resemble with their 
report[3]. 

Other physical characterisations will be performed. 
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Abstract - The paper presents a mathematical model of a molten 
carbonate fuel cell with a catalyst in anode channel. The fuel fed 
the modeled system was methane. The described system includes a 
model of the steam reforming process occurring in the anode 
channel of the MCFC fuel cell and the model of the cell itself. The 
calculations of the reforming were done in Aspen HYSYS 
software. Four values of the steam to carbon ratio (2.0, 2.5, 3.0, 
and 3.5) were used to analyze the performance of the reforming 
process. In the first phase, the reaction kinetics model was based 
on data from the literature 

 
Index Terms - MCFC, molten carbonate fuel cell, steam 

reforming 

 
I.  INTRODUCTION 

The authors of the article already have work related to 
modeling the reforming process. Mathematical model of a 
compact plate fin heat exchanger with catalytic coating was 
presented in [1]. Four values of the steam-to-carbon ratio (2.0, 
2.5, 3.0 and 3.5) were used to analyze the performance of the 
heat exchanger, which was investigated in a temperature range 
of 500 to 750°C. It was found that the relative prediction error 
of the simulator does not exceed 3.5%. 

The next step is to build reformer more integrated with the 
fuel cell. In the proposed solution, the reformer is placed inside 
the anode channel. 

II.  THEORY 

A.  Reforming model 

The speed of reaction depends on many factors, such as 
governing reaction, temperature, presence of a catalyst, etc. 

A generic chemical reaction can be written in the following 
form: 

 (1) 
where: a, b, …, k, l, … mean the number of moles of 

individual substances A, B, …, K, L, … involved in chemical 
reactions and are called stoichiometric coefficients. 

In the general chemical reaction described by (1), subscripts 
a, b, k, and l represent stoichiometric coefficients while the 
products and reagent are identified with K and L, and A and B, 
respectively. The chemical reaction rate r in a closed, fixed 
volume system s can therefore be written according to (2). 

  (2) 

Where: [i] denotes the concentration of component i. 

  (3) 

The degree of reaction together with the partial pressure of 
reactants and fixed parameters can be correlated. The rate 
equation can be found by combining the reaction rate with the 
mass balance for the considered system. The simplest form of 
the equation for the degree of occurrence in the reaction for 
components A and B is described by (4) [2]. 

  (4) 
where: k – coefficient of reaction rate, [] – concentrations of 

reactants, [X] – the influence of a catalyst; b, c, x – coefficients 
(orders of reaction) that take into account the type of catalyst 
and the type of reaction and reaction mechanism. 

The influence of temperature on the rate of reaction k is 
determined by the Arrhenius equation (5). 

 (5) 
where Ea is the activation energy, and A is the pre-

exponential coefficient. The values of A and Ea are different for 
individual reactions. 
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B.  Fuel cell model 

The electrochemical operation of MCFC is described by 
reduced order model approach [3] that is based on a 
combination of electric laws, gas flow relationships, solid 
materials properties, and electrochemical correlations. This 
approach for fuel cell operation is characterized by applying 
only physically explained parameters (with the minimum 
possible number of required factors) and takes into account all 
important thermal flow as well as architecture parameters. It 
makes this approach commonly used for cell modeling [4-6]. 

 
Fig. 1.  Equivalent electric circuit of a Molten Carbonate Fuel Cell. 

 
The adopted approach for MCFC modelling assumes that the 

main processes occurring during MCFC operation can be 
described by adequate flows of ions and electrons, which gives 
an adequate equivalent electric circuit of the fuel cell (Fig 1). 
On the basis of this electric scheme of MCFC, Ohm's law and 
Kirchoff's law, the equation for fuel cell voltage has been 
derived: 

 

 
 
where: Emax– maximum fuel cell voltage, ηf – fuel utilization 

factor, imax– maximum current density, r1 – specific ionic 
resistance, r2 – specific electric resistance. 

III.  RESULTS AND DISCUSSION 

Fig. 2 shows current-voltage curves for MCFC fed by 
methane for S/C=2, 2.5, 3 and 3.5. Calculations were carried 
out for two pressures: 1 and 2 bar. 

It can be seen that the cell's performance depends very much 
on its operating temperature. The relationship between 
performance and the S/C ratio is less visible, because 3 Nl / h of 
methane is quite a large stream for a 4.5x4.5 cm cell. The 
reforming reaction works better at higher pressures, however, 
this increases the CO2 concentration in anode gases, which 
leads to a voltage drop. 

 
Fig. 3.  Polarization curves for MCFC fed by methane for S/C=2, 2.5, 3, 3.5. 

IV.  CONCLUSION 

A mathematical model of the MCFC cell and methane 
reformer inside the MCFC anode channel was built. The next 
step will be validation and calibration of the model based on 
data from future experiments. 
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materials properties, and electrochemical correlations. This 
approach for fuel cell operation is characterized by applying 
only physically explained parameters (with the minimum 
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important thermal flow as well as architecture parameters. It 
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Abstract – A Platinum-based recombination catalyst (PtCo 
unsupported) was synthesized and investigated for recombining 
hydrogen and oxygen back into water. The catalyst allowed to 
decrease significantly the concentration of H2 in the oxygen stream 
in the overall range of current density and especially at low partial 
load electrolysis operation. This produced an enhancement of the 
safety characteristics for the overall electrolysis system. The addition 
of the recombination catalyst to the anode also improved the 
electrolysis performance allowing to achieve a cell voltage as low as 
1.958 V at 3 A cm-2 current density with an efficiency better than 
80%. 

Keywords - Hydrogen production, High-pressure water 
electrolysis, Thin polymer electrolyte membrane, PtCo based 
recombination catalyst. 

I.  INTRODUCTION 

Current high-pressure polymer electrolyte membrane (PEM) 
electrolysers hold safety issues regarding the flammability limit 
in relation to the concentration of hydrogen in the anodic 
oxygen stream under high differential pressure. The 
flammability limit is 4% vol.; however, for the electrolysis 
system, safety considerations suggest to avoid exceeding 2-3%. 
This contribution deals with the integration in the anode side of 
a catalyst for the hydrogen oxidation reaction. The aim of this 
approach is to lower the hydrogen concentration well below the 
safety limits in a wide range of current densities and pressures 
in the presence of thin (50 and 90 μm) membranes. 

II. EXPERIMENTAL 

In this study, an unsupported platinum-based alloy catalyst 
was studied for recombining hydrogen and oxygen back into 
water. PtCo (75:25 at.) was synthesised by the sulphite complex 

route and successively reduced in diluted hydrogen (10% vol. 
H2 in argon at 300 °C) to form unsupported catalyst, carbon 
support was avoided at the high operating potential window 
because of the oxidation of carbon to CO2. A pre-leaching 
process was finally employed using a solution of 0.1 M 
perchloric acid at 80 °C in order to remove both impurities and 
unalloyed atoms from the surface of the alloy. 

The physico-chemical properties of the catalyst were 
examined by energy dispersive X-ray analysis (EDAX), 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and X-ray diffraction (XRD). 

The catalyst was thus integrated in the anode side (metal 
loading 0.1 mg PtCo cm−2) of the membrane-electrode assembly 
(MEA) of a PEM cell operating up to 4 A·cm-2 current density. 

For the single cell, Solvay Aquivion® membrane with different 
thickness (respectively 50 and 90 μm for E98-05S and E98-
09S) were used in combination with IrRuOx catalyst (70:30 at.) 
at the anode and 30% Pt/C catalyst (Ketjenblack® carbon) at the 
cathode of the PEM electrolyser. 

In this work, very low precious metal loadings (PGM) were 
used in order to decrease the costs of the electrolysis system. 
The PGM loadings were 0.3 mg Ir + Ru cm−2 for the IrRuOx 
catalyst at the anode and 0.2 mg Pt cm−2 at the cathode, with 
considerable reduction compared to the state of the art (2-3 mg 
cm−2 Ir at the anode and 0.5 mg cm−2 Pt at the cathode). 

The preparation of MEAs was carried out according to a 
catalyst-coated membrane (CCM) approach by spray-deposition 
of the catalyst-ionomer inks onto the membrane as reported 
previously. The catalyst - ionomer ink consisted of 25% wt. 
Aquivion® ionomer (D98-06AS) and 75% wt. Pt/C catalyst at 
the cathode, and 15% wt. Aquivion® ionomer and 85% wt. 
IrRuOx catalyst at the anode. A pressurised cell set-up was 
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combined with a micro gas chromatograph (Varian Micro GC)  
in order to assess hydrogen permeation at different current 
densities. The electrolysis cell operated in the differential 
pressure mode (pressurised hydrogen and non-pressurised 
oxygen). Polarization curves in the galvanostatic mode and 
Electrochemical impedance analysis in the potentiostatic mode 
at 1.5 V and 1.8 V were carried out to evaluate the performance 
of MEAs. 

III.  RESULTS AND DISCUSSION 

A face-centered cubic phase (JCPDS card no. 40802) was 
observed for the catalyst; the peak shift with respect to the 
platinum diffraction used as reference was due to the formation 
of the solid solution. The structural and morphological analyses 
highlighted a sponge-like structure for the unsupported PtCo 
catalyst characterised by fine nanoparticles of 6.9 nm (Fig. 1).  
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Fig. 1  a) X-ray diffraction pattern, b) scanning and c) transmission electron 
micrographs of the PtCo recombination catalyst. 

 
Hydrogen concentration in the oxygen stream decreased 

significantly at high pressure conditions e.g. 20 bar, even at 
lower currents in the presence of recombination catalyst. 

Fig. 2 a) shows that the use of the PtCo alloy at the anode did 
not affect negatively the performance of the oxygen evolution 
reaction instead produced a slight decrease of the cell voltage 
with a corresponding enhancement of efficiency. In particular, 
the implementation of the recombination catalyst at the anode 
compartment improved the electrolysis performance allowing to 
achieve a cell voltage as low as 1.8 95 V at 3 A cm-2 current 
density with an efficiency better than 80%. Interestingly, the 
hydrogen concentration in oxygen was as low as 3% at very low 
partial load of 5% (150 mA cm-2) with significant extension of 
the safety limits for the electrolysis operation (Fig. 2 b)). 

The depolarisation phenomena, observed in the presence of 
the PtCo catalyst would suggest the occurrence of an 
electrochemical oxidation mechanism for the permeated H2, in 
parallel to the chemical recombination with oxygen into water. 
This can be in part due to the fact that the PtCo layer is coated 
directly on the membrane; thus, it is only partially exposed to 
the oxygen evolved at the IrRuOx layer that preferentially 
diffuses towards the titanium mesh backing layer. The present 

approach can allow for the use of thinner membranes in 
electrolysis. 

b

a

 
 
Fig. 2  Polarization curves a) and hydrogen fraction in the outlet anode stream 
b) for the bare MEA and the MEA containing the PtCo recombination catalyst 

at 20 bar differential pressure, at a constant water inlet temperature of 55 °C.  

IV.  CONCLUSION 

The PtCo recombination catalyst allows keeping the 
electrolysis system below the safety limits also at 5% partial 
load operation. This result represents a significant progress 
beyond the state of the art (20%). This permits a better 
flexibility in the integration with intermittent renewable energy 
sources. 
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Abstract - The present work concerns with Computational Fluid-
dynamics modelling of biomass gasification in a fluidized bed 
reactor, where a dispersed phase, consisting of solid particles, is 
fluidized by air (fluid phase) and transported upwards through a 
vertical riser. The main aims of the mathematical model were to 
optimize the reactor geometrical key parameters (diameter and 
length of bed, diameter and shape of the dispersed phase, etc,) by 
parametric analysis, investigating the impact of gasifier 
temperature and air supply in order to identify the best fluidized 
bed configuration for the conversion of a typical lignocellulosic 
biomass into hydrogen rich syngas. 

Index Terms - Biomass Gasification, Fluidized bed reactor, 
Computational fluid-dynamics, Momentum Transport Phenomena 

I. INTRODUCTION 

Gasification process, that converts carbonaceous materials with 
assistance of a gasifying agent (such as air, oxygen, steam CO2 

or a mixture of these oxidant species), is one of the most 
flexibility technologies to produce secondary biofuels (syngas), 
due to its suppleness to use a wide range of feedstocks 
(biomass, coal, waste, etc.) [1]. In this way the design of a 
fluidized bed reactor is a key aspect for the performance and 
efficiency of a biomass gasifier: the reactor should be able to 
work under steady state, weight and volume should be 
minimized and the heat management system optimized for 
different operating conditions. Based upon the above 
considerations, a mathematical model, based on momentum 
balances, has been developed, investigating the impact of 
gasifier temperature and air supply in order to identify the best-
fluidized configuration for the conversion of a typical 
lignocellulosic biomass into hydrogen rich syngas. The 
mathematical simulations were achieved through the 
description of transport phenomena by Partial Differential 
Equations (PDEs), numerically solved through the Finite 
Element Methods (FEM), using a commercial software package 
Comsol Multiphysics. In particular, the paper presents a two-

dimensional model using a disperse method that does not 
explicitly track the position of the interface between the two 
fluids, but instead tracks the volume fraction of each phase, 
thus lowering the computational load. The model simulates the 
flow of two continuous and fully interpenetrating 
incompressible phases. This model requires the resolution of 
two sets of Navier-Stokes equations, one for each phase, in 
order to calculate the velocity field for each phase.  

II. MODEL DEFINITION 

The main advantage of the finite-element approach used is the 
possibility to easily adapt the model to different reactor 
geometry, allowing an accurate design, regardless by physical-
chemical properties (mainly in terms of C, H, N, S, O contents) 
of the biomass to be converted.  

Fig. 1. Geometrical model in the mathematical 
simulations. 

Fig. 1 shows the geometry of the fluidized bed, and 
schematically describes its means of operation. The fluid phase, 
consisting of air is injected at the bottom of the bed. The 
dispersed phase, particles with a diameter of 0.5 mm are 
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fluidized by the gas flow and transported upwards. The reactor 
is rotationally symmetric, which implies that we need to model 
a rotational cross section of it. Table 1 summarizes the bed 
geometries and the properties of the phases. 

TABLE I 
Fluidized bed properties 

Property Value 
Particle diameter 0.5 mm 
Particle density 1540 kg·m-3 

Gas density (air) 1.2 kg·m-3 

Gas dynamic viscosity (air) 1.8·10-5 kg·m-3 

Gas inlet velocity 0.03638 m·s-1 

Reactor diameter 0.027 m 
Bed height 0.475 m 
Initial dispersed phase column height 0.0817 m 

Both phases are modeled as inter penetrating continua 
governed by a separate set of Navier-Stokes equations. The 
model includes a transport equation or the dispersed-phase 
volume fraction. The viscosity of the dispersed phase is defined 
as [2]: 

(1) µd = 0.5 ϕd 

where ϕd is the dispersed-phase volume fraction. 
Assume the momentum transfer to be dominated by the drag 
force and the drag acting on each phase is given by a drag 
coefficient β in the manner of 

(2) Fdrag,c = -Fdrag,d=βuslip 

Here, the subscripts “d” and “c” indicate properties of 
dispersed continuos phase, respectively, and the slip velocity is 
defined as 

(3) uslip = ud-uc 

To model the drag coefficient, the Gidaspow drag model has 
been used [3]: 

(4)  

for ϕc > 0.8, and 

(5)  

for ϕc < 0.8. 
Initially all dispersed particles are positioned in a packed bed 
section at the bottom, of the column. 
The inlet velocity is gradually ramp up as a function of time at 
the start of the simulation in order to avoid discontinuity with 
the initial velocity, using a smoothly varying rectangle function 

to define the packed bed column. To fluidize the bed, air is 
injected at the bottom: in order to assure that the initial 
dispersed volume fraction around the inlet matches the inlet 
dispersed fraction, the dispersed phase volume fraction at the 
inlet is set to zero. Moreover, to avoid large transient effects at 
the start of the simulation, the gravity is ramp up as a function 
of the time. In order to avoid that some particles settle towards 
the bottom of the reactor, a continuous phase through the inlet 
has been introduced and no-slip condition has been set for the 
dispersed phase. In this way, the dispersed phase can settle on 
the bottom without conflicting with the inlet condition. 
For both phases, a pressure normal low condition has been 
used. Along the solid bed walls, a no-slip condition has been 
applied for the continuous phase and a slip condition for the 
dispersed phase. The volume fraction of the dispersed phase is 
tracked with an additional transport equation. 

III. PRELIMINARY RESULTS 

Fig. 2 shows a snapshot of the dispersed phase volume fraction 
during the start-up at the beginning of the simulation. The 
packed bed section is pushed upwards by the air, primarily in 
the center of the bed.  

Fig. 2. A snapshot of the dispersed phase volume 
fraction at the beginning of the simulation 

IV. CONCLUSIONS 

A simulation model based on Computational Fluid-dynamics, 
in order to investigate biomass gasification in a fluidized bed 
reactor has been successfully developed. A comprehensive 
sensitivity analysis is on-going. 
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Abstract – 
This study reports on the investigation of the digestate 
treatment from fermentable household food waste (FORBI) 
using the microbial fuel cell (MFC) technology. The effluents 
from a thermophilic and a mesophilic anaerobic digester were 
characterized and used as the feed in four air-cathode MFC 
units. The chemical oxygen demand (COD) removal ranged 
from 80 – 90% in all cases. The ammonium removal for the 
thermophilic digestate ranged from 85 to 99 % while for the 
mesophilic digestate ranged from 46% to 79%. The 
electrochemical characterization of the cells showed low 
internal resistances (10-50 Ω) of the units for both inlets. The 
work demonstrated the potential of using MFC technology to 
further treat and exploit anaerobic digestates which are 
produced from FORBI. 

Index Terms – anaerobic digestion, FORBI, digestate, MFC 

I.  INTRODUCTION 

Globally the Food and Agriculture Organization of the 
United Nations (FAO) has estimated that one third of food 
produced for human consumption is lost or wasted globally, 
equals to about 1.3 billion tons per year [1]. The anaerobic 
digestion (AD) of the Fermentable Household Waste (FHW) 
achieves both environmental and economic benefits. Although 
AD technology is used extensively for industrial applications a 
major issue is the potential use and treatment of its major by-
products, the anaerobic digestate. The most common treatment 
for digestate is aerobic process in order to be used as a bio-
fertilizer. 

This study presents an alternative exploitation of digestate 
using the Microbial Fuel Cell (MFC) technology. In particular, 
four MFC units were evaluated when fed with digestate which 
originated from anaerobic digesters fed with FORBI. The 

results indicated that digestate was successfully treated with 
simultaneous electricity production. 

II. MATERIALS AND METHODS 

A. Anaerobic Digestate 
In the present study, anaerobic digestate was directly 

collected from a thermophilic 500 L and a mesophilic 4000 L 
CSTR anaerobic digesters fed with FORBI as a suspension. 
FORBI was produced by drying and shredding the pre-sorted 
fermentable fraction of household food waste collected door-to-
door in the Municipality of Halandri, Athens, Greece [2]. Table 
1 presents the characteristics of the digestate after solid-liquid 
separation (5μm filter sludge bag) which was used as feedstock 
for the MFC units. The total COD ranged greatly, due to the 
continuous operation and the alteration of the feed’s organic 
load. 

TABLE 1 Digestate characteristics 
Average values \ Bioreactors Thermophilic Mesophilic 

pH 7 7.04 
Conductivity / mS/cm 3.64 2.41 

gCOD / L*range 6.12 – 9.97 3.67 – 11.1 
Total Suspended Solids (TSS) / g/L 4.61 5.77 
Volatile Suspended Solids (VSS) 

g/L 
2.53 3.44 

NH4+ (g/L) 0.13 0.03 
Volatile Fatty Acids VFAs (ppm) 2049 319 

B. MFC set-up and operation 
The experiments were conducted using four identical, 

membrane-less single chamber, four air-cathode MFCs. Each 
cell consists of a single cubical compartment and four plexiglas 
tubes run through it (120 ml volume). The manufacturing 
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process is presented in detail by [3]. Each cell was filled with 
graphite granules (Ø1.5-5 mm, type 00514, Le Carbone, 
Belgium). The cathode tubes are open to the atmosphere and no 
special aeration is employed. GORE-TEX ® cloth is used as a 
separator and as a catalyst (MnO2) support of the cathode 
electrocatalyst, which was MnO2.  

All units were operated in batch mode under a fixed external 
load of 100 Ω for each cell. In order to test the reproducibility 
of the results each feeding was tested in duplicate (Cells 1, 2: 
mesophilic digestate, Cells 3, 4 thermophilic digestate). EIS 
measurements were carried out for the entire cell in the 
frequency range of 100kHz to 1mHz at several applied cell 
voltages. Linear Sweep Voltammetry (LSV) curves were 
obtained through a Biologic SP-150 Potensiostat/Galvanostat. 

III.  RESULTS AND DISCUSSION  

Voltage output of the Cells is shown in Figs. 1 and 2. Cell 1 
obtained higher values of voltage output when compared with 
the Cell 3. Each batch cycle lasted 10 days on the average, 
depending on the cell and the digestate. The COD removal 
ranged from 80 – 90% and was achieved within the first 24 to 
48 hours of each cycle operation. Although after the first 24 - 
48 hour period, the COD value remained constant, electricity 
was still produced for more than 190 h. This result can probably 
be attributed to the relatively fast uptake and storage of the 
soluble COD in the biofilm of the anode electrode. Then, 
organic matter could be slowly used as substrate from the 
electroactive bacteria generating electricity. The pH was not 
changed during operation (pH 7). VFAs were completely 
consumed by the biomass throughout each cycle while the TSS 
and VSS were reduced by 83 and 86 % respectively, on the 
average in each batch.  

a)  

b)  
Fig. 1. Voltage behaviour of the (a) Cell 1and (b) Cell 2 fed with mesophilic 

digestate versus time. 
 

The ammonium removal which was achieved from the 
mesophilic fed MFCs was in the range of 46%-79%, whereas 
for the thermophilic fed MFCs was in the range of 85% - 95%.  
In order to determine the electrochemical behavior of the cells,  

polarization experiments were conducted when the batch cycles 
reached the maximum voltage output. The maximum power 
output Pmax which was achieved was in the range of 0.36 to 
0.45 mW for both digestates. However, when the organic 
content of the mesophilic reactor increased from 3.7 g COD/L 
to 6.3 g COD/L Pmax was also increased from 0.39 to 0.80mW, 
respectively. This fact is totally in correlation with the double 
COD feeding of the cell. Moreover, EIS experiments showed 
relatively minimum internal resistances for the MFCs in the 
range of 10-50 Ω for both inlets.  

a)  

b)  
Fig. 2. Voltage behaviour of the (a) Cell 3and (b) Cell 4 fed with thermophilic 

digestate versus time. 

IV.  CONCLUSION 

The work demonstrated that digestate from fermentable 
household food waste (FORBI) can be successfully treated 
using the microbial fuel cell (MFC) technology. In particular, 
the easily biodegradable organic matter was removed by 80 – 
90 % within the first 24 – 48 h, while power production was 
obtained for more than 190 h in almost all cycles.  
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Abstract - Currently, almost 95% of vehicles worldwide are 
powered by internal combustion engines (ICE) fed by fossil fuels, 
but there is a growing interest in transitioning to more 
environmentally friendly vehicles. The candidates with a great 
potential in the replacing of ICE are the battery electric vehicles 
(BEV) and the fuel cell electric vehicles (FCEV). 
This study presents the comparison between BEV, FCEV and 
ICE in terms of Total Cost of Ownership (TCO). 
This economic analysis is based on costs that are assumed 
variable in the time according to market prevision trends. 
Finally, the strengths, weaknesses, opportunities and threats of 
BEVs and FCEVs are discussed through a SWOT analysis in 
order to evaluate the best option for the development of the 
sustainable mobility in Italy. 

Index Terms –Sustainable mobility, electric vehicles, 
hydrogen, batteries 

I. NOMENCLATURE 
BEV: Battery Electric Vehicle; FCEV: Fuel Cell Electric 
Vehicle; ICE: Internal Combustion Engines; TCO: Total Cost 
of Ownership; SWOT: Strengths, Weakness, Opportunity, 
Threats. 

II. INTRODUCTION 
Today a significant share of global anthropogenic emissions of 
CO2 is due to road transport. In order to contain polluting 
emissions and energy consumption in this sector, the European 
Union urges Member States to promote common policies and 
financial supports for more efficient, safe and clean mobility 
[1]. The aim of this work is to identify, through an economic 
analysis, the best solution between BEV and FCEV, in terms 
of total cost of ownership (TCO). Moreover, by applying the 
SWOT analysis, the technical and market benefits/limits 
related these technologies are presented. 

III. COST ANALYSIS 
The economic analysis in terms of TCO refers to three years: 
2010, 2020 and 2030. Moreover, an average vehicle lifetime 
of ten years is assumed for a common final user. The TCO 
analysis is based on the evaluation of CAPEX (a typical 
vehicle retail price) and OPEX (it includes the fuel/electricity 

price calculated by considering an average range mileage of 
10.000 km per year, while the maintenance cost is neglected). 
In Fig. 1 the CAPEXs of BEV, FCEV and ICE are illustrated. 
It is worth noting that a decreasing trend is attended for BEV 
and FCEV, thanks to the technological maturity reachable in 
the time. BEV’s retail price decreases from 40.000,00 to 
20.200,00 € [2] at 2030; the FCEV’s retail price from 
75.000,00 € to 43.000,00 € at 2030 [1]; the ICE’s price results 
to be quite constant in the time (about 26.000,00 €) [2]. 
According to these data, it results that the FCEV is always the 
most expensive vehicle. 

Fig.1. CAPEX (€/year) of ICE [1;2], FCEV [1] and BEV [2] considering a 
vehicle life time of ten years 

The Figure 2 shows OPEX (based on fuel and electricity) of 
these vehicles. These data have been calculated by considering 
the same travelled kilometers (10.000 km/year) and energy 
consumptions of 4.450, 2.700 and 1.400 kWh per ICE, FCEV 
and BEV respectively. As it is shown in ref. [3], the hydrogen 
price (o cost to the pump) decreases from 10.29 €/kg at 2020 
to 5.00 €/kg at 2030 (hydrogen production from renewable 
electrolysis). The price of oil is conditioned by several factors, 
thus a growing trend has been calculated by analyzing the 
historical prices series of the last twenty years [4]: the oil price 
increases from 1.60 €/l in 2020 to about 2.00 €/l in 2030. With 
respect to the electricity, in Italy the current vehicles charging 
cost is 0.4 €/kWh [5]; this cost decreases to 0.20 €/kWh [3] at 
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2030 (the European average price), by assuming a better 
integration of the renewable energy and the better distribution 
of charging stations. Thus, the TCO for each vehicle, 
calculated as sum of CAPEX and OPEX, is shown in Figure 3. 

Fig.2. OPEX (€/year) of ICE [4], FCEV [3] and BEV [3] 

It can be noted that BEV will be the most economically 
competitive solution both at 2020 (TCO equal to 2.427 €/year) 
and 2030 (it is due to the reduction in the cost of battery packs 
and to the greater incidence of the oil cost). The FCEV 
remains the most expensive option, although its TCO will 
decrease approximately to 4.700 €/year in 2030 (45%), thanks 
to the reduction of the hydrogen cost and above all of the 
powertrain cost. 

Fig.3. TCO of ICE, FCEV and BEV 

IV. SWOT ANALYSIS 
The present Italian economic-productive context has been 
examined to identify strengths and weaknesses, opportunities 
and threats in relation to the spread of BEVs and FCEVs, 
reported in the SWOT matrices below [6]. 

V. CONCLUSION 
Most energy policy incentives call for drastic reductions in 
CO2 emissions, which will increase the need of alternative to 
conventional fuels in transport, such as hydrogen or 
electricity. Basing on the results of the economic analysis, 
BEVs will be the most competitive and viable option for the 
final consumer from 2020, thanks to the low cost of electricity 
compared to oil and to reduction of battery pack price. Finally, 

on the basis of SWOT analysis, the common limits to the 
spread of BEVs and FCEVs, are related especially to the lack 
of infrastructure and the high present vehicle purchase price, 
which does not encourage consumers to change their own 
mobility habits. 

Tab.2. SWOT matrix for BEVs 
Strengths Weakness 

• Reduction of environmental impact • Lack of charging infrastructure 
• Higher energy efficiency of vehicles • High vehicle purchase cost 
• Cost of recharging less than cost of • Negative effects on battery 

purchasing fuels lifetime 
• More using of electric vehicles • Battery disposal 

through the Sharing Mobility • Limited autonomy 
• Possibility of charging at home • Long charging times 

Opportunity Threats 
• Development of more performing 

technologies 
• Public funding for RS&I 
• New business models 
• Expanding product portfolio 
• Creation of specialized jobs 
• Greater collaboration between 

OEMs and public administrations 

• Skepticism of consumers and 
reluctance to abandon their 
"unshared" mobility habits 

• Request for fast recharge 
• Risk of oversizing the charging 

infrastructure 
• Introduction of new foreign 

competitors specialized in green 
technological solutions 

Tab.3. SWOT matrix for FCEVs 
Strengths Weakness 

• Reduction of environmental impact 
• Higher energy efficiency of vehicles 
• Smarter and safer urban transport 
• Autonomy comparable to ICE 
• No change in the refueling process 
• Strategic options for hydrogen 

storage 
• Flexibility for the integration of 

renewable energy 

• Lack of refueling infrastructure 
• Higher FCEV investment costs 
• Higher hydrogen purchasing 
• Production of upstream energy 

not totally renewable 
• Lower efficiency of the 

hydrogen supply chain 
compared to BEVs 

• Limited market availability 
Opportunity Threats 

• Development of more performing 
technologies 

• Public funding for RS&I 
• Best collaboration and risk sharing 

between suppliers and OEMs 
• Expanding product portfolio 
• Creation of specialized jobs 
• Best collaboration between OEMs 

and public administrations 

• Skepticism of consumers and 
reluctance to abandon their 
"unshared" mobility habits 

• Introduction of new foreign 
competitors specialized in 
green technological solutions 

• Probable unavailability of key 
component suppliers 
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MICROBIAL FUEL CELLS: POWER GENERATION AND TREATMENT 

EFFICIENCY 
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Bristol BioEnergy Centre (BBiC), University of the West of 

England, Bristol, BS16 1QY (UK) 

Abstract – Various types of domestic greywater and wastewater 
from five different sources (bathroom, kitchen sink, dishwasher, 
laundry washing machine and urinal) were tested in otherwise 
identical MFCs. In terms of power output, urine outperformed 
other feedstock types by producing a maximum power of 3.9 mW. 
When urine was diluted with either bathwater or tap water, results 
showed that MFC power output decreased with increasing 
dilutions. Interestingly, when consumer products such as bleach or 
toilet cleaner were added in full concentration, the level of 
instantaneous power dropped, but power output recovered to the 
previous levels within 48 hours in all cases after this was replaced 
with fresh urine. This suggests that the MFC systems are fairly 
robust and can be resistant to domestic chemical exposure. These 
novel findings provide a stepping-stone to more sustainable future 
buildings and cities with the MFC technology fully integrated. 

Index Terms - feedstock, greywater, microbial fuel cell (MFC), 
urine 

I.  INTRODUCTION 

The transition towards more sustainable buildings and 
dwellings in terms of waste/wastewater production and 
treatment as well as energy generation and use, is a global 
phenomenon that cannot be overlooked. “Living Architecture” 
is a research project that looked into how future homes and 
cities could be developed with a ‘living technology’ such as 
microbial fuel cell (MFC). This project suggested that our 
future habits should harmonise with other living organisms, 
which can be used for on-site wastewater treatment, energy 
generation and resource recovery [1]. 

In this study, different types of real household greywater as 
well as human urine were tested as feedstock in MFCs in order 
to assess feasibility and investigate where MFCs can be 
integrated within residential buildings in the future. In addition 
to the exemplars of household effluent, harsh chemicals that are 

commonly used in domestic dwellings or offices were tested in 
order to assess the resilience and limitations of MFC systems 
within the domestic environment. 

II. MATERIALS AND METHODS 

A. Household Greywater and Urine 
Various types of real domestic greywater and wastewater 

from five different sources (bathroom, kitchen sink, dishwasher, 
washing machine and urinal) were tested as MFC feedstock. 
Greywater was collected anonymously from two households 
with no dietary restrictions. Neat human urine was donated from 
consenting adults and pooled before testing. 

B. Microbial Fuel Cell Design, Inoculation and Operation 
Anode electrodes were made from plain carbon fibre veil 

(PRF Composite Materials Poole, Dorset, UK) with a macro 
surface area of 270 cm2. A hot-pressed activated carbon cathode 
with a total surface area of 40 cm2 was wrapped outside of the 
ceramic separator; this cathode was open to air. A 7 cm-long 
ceramic cylinder (internal diameter 17 mm, thickness 2 mm) 
was used both as a membrane and as an anode chamber, with a 
displacement volume of 10 mL. 

Activated sludge from a local wastewater treatment plant 
(Wessex Water, Saltford, UK) was used to inoculate the MFCs. 
Following the inoculation, MFCs were fed continuously with 
the subject feedstock at a flow rate of 0.35 L/day. 

C. Household Cleaning Products 
For this line of work, two commonly used house cleaning 

products, namely bleach and toilet cleaner (made in the UK 
products, available from mainstream supermarkets) were 
chosen. The chemicals were added in full concentration 
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EXPERIMENTAL ASSESSMENT OF FCS FOR MARINE APPLICATION 
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Abstract – This paper presents an experimental assessment on 
the Fuel Cell System (FCS) performance tests conducted in the 
Hydrogen Initiative for Sustainable Energy Application (HI-SEA) 
Joint Laboratory of Fincantieri and University of Genova (UNIGE) 
[1]. The HI-SEA FCS plant is made up of 8 Fuel Cell (FC) stacks of 
30 kW each for a total power of 240 kWe, originally designed for 
automotive applications, installed in two equal branches of 4 stacks 
in series. The two branches can be connected in parallel by means 
of two DC/DC converters together with an AC/DC converter that is 
able to simulate the presence of a 60 kW battery (BAT). The goal of 
the experimental campaign is to assess the performance and real 
behavior of the FCS when connected in parallel with and without 
DC/DCs, with or without the battery to assess the optimum BoP 
setup and the most feasible and efficient configuration for a ship 
application. The tests are conducted using typical ship power 
profiles. The results show that the operative profile could influence 
the FC performances if the BoP setup is not well optimized [2]. 
Stationary and dynamic performance of the system are evaluated 
in single branch and parallel branches configuration, with and 
without DC/DCs. 

The study conclusion gives important indications on how to 
assemble, setup and control an FCS powerplant for marine 
application. 

Index Terms – PEMFC, Marine, System engineering 

I.  NOMENCLATURE 

BAT Battery 
BoP Balance of Plant 
FC Fuel Cell 
GHG Green House Gases 
PEMFC Polymeric Electrolyte Membrane Fuel Cell 
SOA State Of the Art 

II. INTRODUCTION 

THE SYSTEM 
The original FCS was assembled in 2015 during the 

cofounded TESEO project. At the end of the project, the system 
was brought to Savona and integrated into the HI-SEA Joint 
Laboratory. The integration required a long period of refitting 
and modification conducted in 2017/2018 [1]. 

The long period of inactivity required a dedicated recovery 
phase in which one of the stacks was also repaired after a damage 
occurred during the TESEO project [3]. During the operation a 
dedicated recovery procedure was also developed. 

The first tests demonstrated that the original load-following 

control of the stacks (voltage control), conducted by means of 
two standalone DC/DCs on each branch, did not allow the work 
in parallel of the stacks and generated instabilities (due to voltage 
variabilities), resulting in the impossibility to reach a stable 
condition. A modification of the DC/DCs towards the 
installation of a control board that equalizes the output voltages 
of the branches improved the system performance. Eventually, 
the system was tested in stationary and dynamic condition as 
well as under marine operative profile. 

Before the tests were conducted, a long tuning phase was 
required to tune the cooling system parameters, the cathode air 
flow parameters, the laboratory power load and to calibrate the 
sensors, demonstrating the system’s sensibility to the BoP 
modifications, in particular regarding temperature management. 

III. TESTS 
Stationary load 
Tests with stationary power load were conducted for each 

stack, for each branch and for the whole system (with the 
branches in parallel). Tests were repeated 3 times each, under 3 
different power profiles, corresponding to 10, 20, 30 kW power 
for each stack. 

Dynamic load 
Tests with dynamic power load were conducted for singular 

stacks, singular branches and for parallel configurations. During 
the tests, power steps from 1 kW to the maximum achievable 
were conducted, starting from different initial power levels (1, 5, 
10, 15, 20 kW), achieving a maximum of about 7kW/stack power 
step, demonstrating that the stacks are more performant 
(dynamically) at low current density and that the limiting 
parameter is given by the cathode air flow dynamics. 

Operational profile 
Eventually a marine power profile, defined together with 

Fincantieri technicians was tested on single branch and in 
parallel configuration. 

All the tests where conducted with and without the DC/DC 
converter presence in order to assess the static and dynamic 
performance of the system in different configurations. 

IV.  RESULTS 

Tests demonstrated that the FCS is able to respond to static, 
dynamic and operative loads. Many important information can 
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be derived from the results regarding the system operativity, 
control and optimization. Figure 1 shows the results of a long 
lasting 10 kW/stack test conducted on a single branch. It is 
possible to appreciate the voltage decreasing due to the 
membrane drying given by a not optimized temperature control 
as well as the long operation at 1/3 of the nominal stack power. 

Figure 1. Effect of long-lasting power demand at low power load 

Dynamic tests showed the sensibility of the stacks to the 
cathodic air flow. While for single stacks with dedicated blower 
this problem is directly related to the blower performance, a 
system integrating more stacks requires well designed BoP and, 
in any case, suffers from high dynamic power loads. Figure 2 
shows the incidence of air flow surplus (with respect to the 
nominal value) on the branch performance. 

Air flow incidence 
1000 

150 150 

10 

60,5 100 26,8 21,6 16,5 9,8 5,7 510 

1 
1 5 10 16 20 

Potenza di partenza [kW] 
ΔP [kW] Δaria [%] 

Figure 2. Air flow incidence on FCS dynamics 

Figure 3 and Figure 4 show the results of tests conducted with 
the two branches in parallel with and without the DC/DC. It is 
interesting to note that at low dynamic power profiles, the 
branches are able to make up to voltage differences and to work 
in parallel without particular problems. 

V. CONCLUSION 

The test campaign on the HI-SEA FCS demonstrates that an 
FCS can satisfy typical marine power profiles. In order to scale 
up the system from kW to MW size, issues regarding the BoP 
and FCs integration require deeper analysis. DC/DC converter 
resulted in a higher control flexibility but for certain applications 
it is possible to operate FC branches in parallel without them. 
. 

Figure 3. FCS performance without DC/DC 

Figure 4. FCS performance with DC/DC 
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Abstract - In this study, the performances in terms of Power 
Density (PD), Current Density (CD) and Coulombic Efficiency 
(CE%) of three substrates were investigated using a 30 ml single 
chamber air-cathode microbial fuel cells (MFCs), coupled to a 
carbon brush anode. A mix of fruits and vegetables (fuelA) was the 
first substrate, Acetate 0.5 M (fuelB) was the sole carbon source of 
the second substrate tested, while the liquid fraction of a 300 °C 
hydrothermal treated banana peels, (fuelC) constituted the third 
substrate. All experiments were performed using compost bacteria 
recovered from a 100 days old compost, at room temperature and 
pH 7. In order to characterize the energy content of the different 
substrates and the biofilm growth, PD, CD and voltage were 
monitored every 5 minutes for 60 days using a digital multimeter. 
Results were for the fuelA: 53 mW/m² at 560 Ω, 422 mW/m² at 220 
Ω for fuelB and 16.6 mW/m² for fuelC at 2200 Ω. 

Index Terms – Compost bacteria, hydro-pyrolysis, Microbial 
Fuel Cell, organic waste 

I.  INTRODUCTION 

Organic waste is considered by many researchers a good 
substrate for electrical energy conversion and good results have 
been achieved by biogas and pyrolysis plants, but the 
drawbacks related to the high costs of maintenance and reaction 
complexity are limiting factors for the further development of 
these plants. Compost is a cheap fertilizer and represents the 
final step in the circular treatment of organic waste. Bacteria 
coming from compost are typically “Firmiculites” able to 
perform different tasks including bioelectrogenesis. Many 
works in these last 10 years, has been focused on the use of 
MFC technology for wastewater and organic waste treatment 
because of its cost-effectiveness and eco-compatibility [1]. In 
MFC systems, the substrate can be considered a pivot 
parameter and the chemical composition can influence the 

growth of bacterial communities and power performances. In 
this work we evaluated and compared, the performances in 
terms of Power Density (PD), Current Density (CD) and 
Columbic efficiency (CE%) of three different organic 
substrates: fruits and vegetables coming from a typical 
municipal organic waste, 0.5M acetate and a 300 °C 
hydrothermal treated liquid banana peels compound, using 
compost bacteria coming from a 100 days old pile. 

II. MATERIALS AND METHODS 

Three different organic fuels were made for the experiment: 
fuelA, fuelB and fuelC. For the fuelA, 500 g of fruits and 
vegetables were chopped and mixed with 9% saline solution 
(ratio 1:3). For FuelB, sodium acetate 0.5M (1 g/L) were added 
to an electrolytic solution. For FuelC, 500 g of chopped and 
dried banana peels were hydro-pyrolyzed for 2 hours at 300 °C, 
then cooled to room temperature before testing. FuelA and 
FuelB were used as substrate in two reactors, each consisting of 
30 ml single chamber cubic shape air cathode MFCs. The 
electrodes were a carbon fiber brushes as anode (2.5 cm of 
diameter, 5 cm of length), and an activated carbon layer 
provided of nickel mesh current collector and PTFE binder as 
cathode [2]. The fuelC was used as substrate in a double 
chamber reactor (20ml of total volume) with 6 cm2 carbon fiber 
electrode tissue as electrodes. A Potassium ferricyanide 
(0.01M) was used as cathode electrolyte and a Cation Exchange 
Membrane (CEM) was used for separating the two chambers. 
Carbon fiber anodes were pretreated in 0.5 HCl liquid for 24 
hours to remove unwanted elements and increase the 
performance [3]. Bacteria were collected from a biofilm (30 
days old) coming from another MFC compost-based. Data 
regarding voltages, power and current densities, were collected 
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every 5 minutes for 60 days using a digital data-logger; in 
particular, the polarization curves were measured every week 
by varying the applied resistance in a range 10000 - 47 Ω. The 
CE% values were calculated by using the formula (1): 

tb 

8 Idt ∫ 
0 (1) CE = 

FVanΔCOD 

where I is the current, F is Faraday’s constant (96 458 C 
mol-1) and Van is the volume of the anode chamber and COD is 
the chemical oxygen demand. 

The pH was adjusted to 7 by using HCl 0.1 M or NaOH 
0.5M. In fuelA and fuelB the anodic electrode is placed 
orthogonally to the cathodic electrode at 1.5 cm of distance 
from it. Fuels have been replaced every week, before to 
perform the polarization curves. 

III. RESULTS 
Three samples were tested using compost bacteria for 60 

days, measuring power densities and polarization curves every 
week. Results are reported in the Table1. 

TABLE I 
EXPERIMENT RESULTS 

MFC CD (mA/m2) R (Ω) PD (mW/m2) CE (%) 
fuelA 367.3 220 53 28.0 
fuelB 1655.0 560 422 31.0 
fuelC 166.1 2200 16.5 10.5 

Figs 1-3 show the trend of PD vs. CD and the polarization 
curves for the three substrates. 

Fig.1 fuelA: Voltage and PD vs. CD 

Fig2. fuelB: Voltage and PD vs. CD 

Fig.3: fuelC: Voltage and PD vs. CD 

IV.  CONCLUSION 
The complexity of the organic matter, the molecular 

structure and the affinity with the compost bacteria are 
aspects that influence the MFCs performances. As a matter of 
fact, the internal resistance resulted a limiting factor for 
power production, but even when it’s low as in fuelA, a good 
PD result is difficult to reach (367.3 mA/m2). Hydro-
pyrolyzed banana peels used in fuelC are probably not 
suitable for MFC systems, due to the quantity of produced 
inorganic carbon that limits the available organic substrate. 
As expected, acetate is the most efficient fuel for feeding a 
MFC [4] guarantying high power density. However, it is 
possible to affirm that the using of wastes in MFCs represents 
an interesting solution because the electricity production, 
even if is low, can be considered an additional benefit that 
comes from the treatment/disposal of wastes. Further 
improvements in performances are expected by improving 
engineering aspects (materials, configurations, etc.). 
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Abstract - In the last 10 years, the Microbial Fuel Cell 
(MFC) technology has captured the attention of the 
scientific community for the possibility of direct 
conversion of biomass into electrical energy, thanks to the 
ability of electrogenic bacteria to generate and transfer 
electrons to a solid electrode. 
In this paper, the influence of the electrodes configuration, 
in terms of arrangement and dimension, on the 
performances of air-cathode MFCs has been evaluated. 
For the anodic electrode, its orthogonal or horizontal 
arrangement, with respect the cathode layout, has been 
considered; for the cathodic electrode, three different sizes 
(4 cm2, 7 cm2, 12 cm2), were chosen taking into account 
three different ratios between the anodic frontal surface 
and the cathodic surface (or anodic coverage of the 
cathode equal to 1:0.5, 1:1, 1:2) and then examined. 
Results showed that best performances can be reached 
realizing MFCs in which the anodic electrode is placed 
orthogonally with respect to the cathodic electrode and the 
anodic coverage of the cathode is 1:1. 

Index Terms – Renewable energy production, Microbial 
fuel cells, Anode disposition, Cathode size. 

I. NOMENCLATURE 
PLA: polylactic acid; PTFE: polytetrafluoroethylene; 
OFMSW: Organic Urban Solid Waste Fraction; 

II. INTRODUCTION 
Traditional biological processes allow the generation of the 
electrical energy indirectly, through the production of biogas 
and/or hydrogen. The MFCs are innovative technologies, able 
to directly convert biomass/waste into electrical energy and, 
simultaneously, to solve the problem of the 
treatment/disposal/use of organic wastes. The MFCs consist of 
anodic (anaerobic) and cathodic (aerobic) compartments, 
separated or not by proton exchange membranes. 

In the anodic compartment the organic substrate (glucose, 
acetate, civil waste, zootechnical, or industrial, etc.) is 
oxidized by an electrogenic microbial consortium, generating 
electrons and protons. The electrons, transferred to the anodic 
electrode by the bacterial consortium, reach the cathode 
through an external electrical circuit; the protons arrive in the 
cathodic compartment through a membrane/separator, where 
they react with the electrons and the oxygen producing water 
[1]. In this paper the aspects concerning the electrodes 
configurations have been studied in order to evaluate the best 
configuration that allows to reach the best performance. 

III. MATERIALS AND METHODS 
A. Materials 

The tested MFCs are single-chamber reactors with a cubic 
geometry; the internal volume is 28 ml. These reactors have 
been realized through a 3D printer by using a biocompatible 
material, such as polylactic acid (PLA). The anode is a carbon 
fiber brush 25 mm in diameter (surface area 7 cm2) and 20 
mm in length, which, thanks to its overall high surface area 
and porosity, presents a structure conducive to the biofilm 
growth. The cathode is a multilayer material consisting of a 
nickel mesh (electron collector), a carbon cloth and a 
hydrophobic diffusive PTFE layer [2]. The choice of the type 
of carbon-based electrodes depends on the high conductivity, 
the large surface area, the high porosity, and the good 
biocompatibility that can be obtained [3]. The biofilm on the 
anodic electrode has been obtained from endogenous bacterial 
species of the compost by applying an opportune growing 
procedure. The data acquisition system consists of a DAQ, 
connected to sensors that record voltage and current for each 
set condition. The DAQ, with a sampling frequency of 0.1 Hz, 
is able to automatically switch (every 5 minutes) the resistance 
for obtaining the polarization curves according to the 
monocyclic method [4]. 

B. Experimental tests 
Two experimental tests have been carried out in order to 
evaluate the influence of the anodic electrode arrangement 
(TEST1) and the optimal cathodic electrode size (TEST2). 
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In the TEST1 two MFCs configurations, with respect to the 
anode layout, have been analyzed: in the first one (MFC_a) 
the anodic electrode is placed horizontally to the cathodic 
electrode; in the second one (MFC_b) the anodic electrode is 
placed orthogonally to the cathodic electrode. The substrate, 
selected for experimental activities in this test, is a mixture 
containing 50 ml of acetate 1 M and a mineral solution [5]. 
In the TEST2 three MFCs configurations, with respect to the 
cathode size, have been analyzed; in this test the anode is 
placed orthogonally to the cathode. In the first cell (MFC_c) 
the cathode surface is equal to 4 cm2 (the ratio between the 
area of anode facing the cathode and the cathode area is about 
equal to 1:0.5); in the second one (MFC_d) the cathode 
surface is equal to 7 cm2 (the ratio between the area of anode 
facing the cathode and the cathode area is about equal to 1:1); 
in the last cell ((MFC_e) the cathode surface is equal to 12 
cm2 (the ratio between the area of anode facing the cathode 
and the area of the cathode is about equal to 1:2). The 
substrate, selected for experimental activities in this test, is a 
mixture (slurry) of organic fraction of municipal solid waste 
(OFMSW) and physiological solution at 0.9% NaCl, with a 
volume ratio of 1: 3 (weight / volume); 200 mM of PBS 
(Phosphate buffered saline) is added to this mixture to bring 
the slurry to neutral pH conditions. 

IV. RESULTS AND DISCUSSION 

Results of TEST1, in terms of power density vs. current 
density, are shown Fig.1 (power and current densities are 
calculated with respect to the cathodic active area). As it can 
be noted the MFC_b, reaches a maximum power density of 
422 mW/m2 (the applied external resistance is 220 Ω) at a 
current density of 1656 mA/m2, and the MFC_a shows a 
maximum power density of 390 mW/m2 (at 390 Ω) at a 
current density of 1195 mA/m2. 

Figure 1. Power density curves for different anode disposition in the reactor. 

Results of the TEST2 are shown Fig. 2. The best performance 
is recorded for the MFC_d: the maximum power density is 53 
mW/m2 (at 560 Ω) at a current density of 367 mA/m2. The 
MFC_e has a power density of 44 mW/m2 (at 1000 Ω) and the 
MFC_c produces 23 mW/m2 (at 10000 Ω). As it can be noted, 
the greatest difference between the MFCs performances is 
related to the current densities (from 70.4 to 367 mA/m2); this 
means that the cathode size has a great influence on the range 
of the current densities. Thus, an anodic coverage of the 

cathode equal to 1:1 (MFC-d) permits a good exchange of the 
electrons from the anode to the cathode (the brush should be 
placed to fully cover the cathode). 

Figure 2. Power density curves in term of different size of catode. 

V. CONCLUSION 
In this paper the influence of the electrodes configuration on 
the MFC performance is evaluated. 
Results have shown that best performance can be reached 
realizing MFCs in which: 
- the anodic electrode is placed orthogonally with respect to 
the cathodic electrode (the maximum power density can be 
improved of 8 % with respect to the horizontal layout) 
- the anodic coverage of the cathode is 1:1 (the maximum 
power density can be improved of 17% with respect to the 
ratio 1:2 and of 57% with respect to the ratio 1:0.5); thus the 
anodic brush should be placed to fully cover the cathode in 
order to improve the power production. 
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Abstract -
In this study, the authors have verified how, once the power and 

efficiency of a fuel cell stack has been set, the choice of voltage, 
number of cells and current is influenced by the geometry of the 
device. 

The study demonstrates that there is a correlation between the 
electrical parameters of the stack and its shape, independently 
from electrochemical phenomena. As a further result, the behavior 
of the volume and mass of the fuel cell stack is non-linear with the 
stack voltage and it is possible to find a stack voltage, which 
minimizes its volume and / or mass. 

Index Terms – Fuel cell stack, Design, Polymer Electrolyte Fuel 
Cell, PEM 

I. INTRODUCTION 

The phenomenon of increasing average air temperature near 
the Earth's surface (global warming), over the past one to two 
centuries, is considered by climate scientists to be responsible 
for social, economic and ecological damage [1]. A special 
report produced by Intergovernmental Panel on Climate Change 
(IPCC) in 2018 noted that human activities have been 
responsible for a worldwide average temperature increase since 
preindustrial times, and most of the warming observed over the 
second half of the 20th century [1, 2]. In this context, the 
hydrogen – fed fuel cell stacks, due to their ability to generate 
power for many applications (automotive, stationary, portable 
and so on) without injection of greenhouse gases in the 
environment, are an important element in the 'green' chain of 
energy production starting from renewable energy sources. For 
this reason, considering a future mass production of these 
devices, a standardization of the procedure for fuel stack design 
is needed. In this field, many authors used different approaches 
to define the geometry of the components of the fuel cells tack 

starting from the requested power and efficiency [3, 4, 5, 6, 7, 
8]. The most of the proposed approaches use numerical 
methods and mathematical algorithms to optimize the fuel cell 
stack in terms of mass and volumetrically power density. In this 
study, a simplified approach is used for a preliminary estimation 
of mass and volume of a fuel cell stack as a function of voltage 
and efficiency. In particular, starting from a parameterization of 
the geometry of the bipolar plate, for a “stacked” architecture, 
the power density and the volume of the fuel cell stack have 
been calculated by varying the voltage and the current at a fixed 
power and cell efficiency (that is related to the final 
application). As result, a non - linear behavior of the functions, 
which correlate the voltage with the mass, and volume of the 
stack has been observed. Moreover, a minimum value of the 
mass and volume of the fuel cell stack at a specific voltage can 
be found. 

II. METHODOLOGY 

As first, a multi cell unit with a “stacked” configuration has 
been chosen, and then the geometry of the bipolar plat has been 
parameterized. As fig.1 illustrates, a typical configuration of 
bipolar plate has been used. 

Fig. 1. Bipolar plate configuration used for the parameterized model 
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Numerous parameters have been considered: gasket width, 
bipolar plate thickness, channel height of flow field for gases 
and coolant, thickness of clamping plates and current collector. 
Moreover, the density of the materials considered to use for 
manufacture the stack, the pressure drop of both follow – fields 
for gas and coolant (for manifold cross section design) and the 
operative conditions (for active area and cell number 
calculation) have been taken into account. 

III.  APPLICATION FOR STACK DESIGN 

The methodology has been used to fix the voltage and design 
the components of a 3.5 kW fuel cell stack with a theoretical 
efficiency of 60%. As can be observed from Fig. 2, the number 
of cell and the active area increase linearly with the increasing 
of the stack voltage; whereas, the active area and the stack 
current decrease not – linearly with the increase of the stack 
voltage. As Fig.2 shows, it is clear that the matter is of an 
indeterminate nature, indeed, there are ten different fuel cell 
stack configuration (in terms of active area, cell number and 
stack current), with the same power and efficiency in the range 
of 24 – 60 V. 
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Fig. 2. Behavior of stack number of cells, stack voltage, stack current and 
active area as function of stack voltage, at constant power 

To overcome this indetermination, the geometry of the fuel 
cell stack bipolar plate, as above illustrated, has been used to 
calculate the mass and the volumetric power density of the fuel 
cell stack. As a result, a fuel cell stack voltage of 36 V has been 
chosen as best compromise between mass and volumetric power 
density. This is clearly illustrated in Fig.3, where the maximum 
value of volumetric power density is visible at 36 V, whit an 
acceptable mass power density. 

Fig. 3. Mass and volumetric power density of the fuel cell stack as a function of 
stack voltage. 

IV.  CONCLUSION 

A parametric study for correlating stack voltage and 
geometry has been carried out. The study demonstrates that, 
once the stack power and efficiency are fixed, there is an 
indetermination for fuel cell stack voltage calculation. 
Consequently, only by taking into accent the geometry of 
bipolar and clamping plates, the best voltage can be determined, 
as best compromise between mass and volumetric power 
density. 
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Abstract - The intermittent production of energy from renewable 
source requires suitable storage systems for an efficient 
integration of green energy production into electrical grid. 
Hydrogen allows storing large amounts of energy with elevate 
energy density and with low environmental impact (>33 
kWh/kg(H2)). Hydrogen cycle includes production using 
renewable energies by electrolysis, storage and conversion into 
electrical energy by means of a fuel cell. However, hydrogen 
storage remains a challenge. The main objective of the HyCARE 
project is the development of a prototype hydrogen storage tank 
with use of a solid-state hydrogen carrier on large scale coupled 
with an innovative concept of thermal module based on PCM 
materials. 

Index Terms - Hydrogen storage, Metal hydride, PCM 

Nomenclature 
PCM: Phase Change Material 
HyCARE: Hydrogen CArrier for Renewable Energy storage 

I.  INTRODUCTION 

The introduction of large amount of renewable source requires 
suitable and feasible storage system for an efficient integration 
into electrical grid. Among different solutions proposed, 
hydrogen gas as energy carrier has been investigated for many 

years, with several and mature technologies already in the 
market. Hydrogen cycle includes production using renewable 
energies by electrolysis, storage and conversion into electrical 
energy by means of a fuel cell. Hydrogen can be stored in 
different form: compressed gas, liquefied and chemically 
bonded to metal hydrides. Solid-state hydrogen storage ensures 
safe storage, reducing the volume required for storing large 
quantities of hydrogen. Hydrogen storage remains a challenge. 
The HyCARE project plans to address it at big scale, providing 
50 kg of stored hydrogen, which will represent the highest 
quantity ever accumulated in Europe within solid state 
approach. The project involves the tailoring and optimization of 
a proper alloy composition and the production of 5 tons of 
selected material. Metal hydride material will fill optimized 
tanks for large-scale stationary hydrogen storage. Appropriate 
phase change materials (PCM) will be used to increase the 
overall efficiency of such ambitious hydrogen systems. The 
thermal management of the tanks will take place through an 
innovative approach, selecting a PCM with a phase transition 
temperature coherent with working temperature of metal 
hydride material. The consortium is led by the University of 
Turin, together with the Environment Park, and sees the 
presence of a large metallic powder producer (GKN Sinter 
Metals) and the French energy multinational company Engie, 
which will make its LAB CRIGEN site in Paris available for 
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the demonstration. The plant will be built by two small-medium 
enterprises, a German (Stühff) and an Italian (Tecnodelta) one. 
The research teams will support the project, with the Italian 
Bruno Kessler Foundation (FBK) of Trento for modelling 
activity and control development, the French CNRS for metal 
hydride selection and study, the Helmholtz Zentrum of 
Geesthacht (HZG) in Germany for modelling and 
characterization activity for the hydrogen storage tank and the 
Norwegian Institute for Energy (IFE) in charge of advanced 
material characterization on metal hydride material. 

II. METHOD 
The main objective of the HyCARE project is the development 
of a prototype hydrogen storage tank with use of a solid-state 
hydrogen carrier on large scale. Main concepts are reported in 
Figure 1 and Figure 2, for the hydrogen charging and discharging 
step, respectively. The developed tank will be joined with a 
PEM electrolyzer as hydrogen provider and a PEM fuel cell as 
hydrogen user. The following goals are planned in HyCARE: 

• High quantity of stored hydrogen >= 50 kg 
• Low pressure < 50 bar and low temperature < 100°C 
• Low footprint, comparable to liquid hydrogen storage 

Innovative design 
• Hydrogen storage coupled with thermal energy storage 

Improved energy efficiency 
• Integration with an electrolyser (EL) and a fuel cell (FC) 
• Demonstration in real application 

Improved safety 
• Techno-economical evaluation of the innovative solution 
• Analysis of the environmental impact via Life Cycle 

Analysis (LCA) 
• Exploitation of possible industrial applications 
• Dissemination of results at various levels 
• Engagement of local people and institution in the 

demonstration site 

III. CONCLUSION 
HyCARE project is at the first year. Main activities during this 
time were focused on the definition of the metal hydride alloy 
composition and its characterization, in compliance with 
technical requirements of the project. Activities about hydrogen 
storage tank and heat management system are under progress 
and will provide first results at the beginning of 2020. 

Figure 1 Scheme of concept: hydrogen charging into the tank by electrolyzer. 

Figure 2 Scheme of concept: hydrogen discharging form storage tank and heat 
exchange. 
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Abstract - In this work, we present a BES where the FDH from 
Thiobacillus sp. KNK65MA is deposited on a TiN nanostructured 
realized by PLD. We realize an electrode with tree-like 
morphology that maximizes the available surface area for catalyst 
absorption and enhances the bio-interface. We quantify the 
amount of immobilized enzyme on the nanostructure through 
enzymatic assays, demonstrating that the nanostructuration of the 
TiN increases the surface area available for enzyme 
immobilization, achieving a maximum enzyme adsorption of 59 
µg/cm2. The electrosynthesis of HCOOH from CO2 is investigated 
by chronoamperometry at different applied potentials, showing a 
productivity for formic acid that ranges from 1.5 to 3.7 
mmol/mgenzymeh according to the applied overpotentials. 
Unparalleled in previous studies, this performance achieved 
thanks to the high reducing activity of TsFDH and the high 
contact area offered by the TiN support and demonstrates the 
feasibility and as well as the potential for a biotechnological 
device. 

Index Terms - bioelectrochemical system (BES), CO2 reduction, 
hybrid electrode, formate dehydrogenase (FDH); nanostructured 
Titanium Nitride (TiN). 

I.  INTRODUCTION 

Electrochemical CO2-reduction is an approach that 
holds potential for exploiting the cyclic reduction and oxidation 
of carbon-based fuels. As of today, high efficiency in these 
systems can only be achieved by employing precious metals, 
which suffer from both low natural availability and high costs 
[1] as well as unsatisfactory energy efficiencies and lack of 
conversion product specificity [2]. 

Recently, the development of a novel hybrid 
technology based on the combined use of biological organisms 
or molecules and nanomaterials has created great opportunities 
to produce renewable fuels and chemicals from the reduction of 
CO2 with a minimal overpotential [3]. According to this, the 
enzymatic electrosynthesis (EES) exploits pure enzymes to 
catalyze reactions with higher transformation efficiency, higher 
activity under controlled experimental conditions and higher 
selectivity towards both specific substrates and products [4]. 

The first step of CO2 reduction enzymatic process 
consists of the production of formic acid using the catalytic 
properties of the enzyme formate dehydrogenase (FDH) (EC 
1.2.1.2.). This enzyme reversibly catalyzes the transformation 
of CO2 to formate as the only product of the reaction. In this 

contest, we used the NAD-dependent FDH from the aerobic 
bacterium Thiobacillus sp. KNK65MA (TsFDH). Its superior 
CO2-reducing activity (Kcat= 0.318 s-1), compared to the 
currently used FDH from C. boidinii (CbFDH) (Kcat= 0,015 s-1) 
[5], makes it the most suitable FDH enzyme known to date for 
EES development. Surface chemistry and surface morphology 
play a key role in the interaction between the enzyme and the 
electrode. The atomic composition of the material and its 
structure affect enzyme immobilization, which in turn 
influences the electrochemical performance of the EES. In this 
context, titanium nitride (TiN) can be used as a scaffold for 
enzyme immobilization by exploiting its surface-exposed Ti4+ 

atoms for the binding. As such, TiN has been described as a 
promising general catalyst support material with high electrical 
conductivity, good biocompatibility, as well as outstanding 
oxidation and acid corrosion resistance, together with a hybrid 
metallic/ceramic behaviour [6]. The aim of this work is to 
realize a nanostructured TiN scaffold featuring an increased 
available surface area to enhance the interface between the 
enzyme and the electrode. To this end, we developed a novel 
hybrid device where the FDH enzyme from Thiobacillus sp. 
KNK65MA (EC 1.2.1.2) is deposited on a nanostructured 
mesoporous support of TiN fabricated by Pulsed Laser 
Deposition (PLD) [7]. This deposition method allows the 
production of a nanostructured support with high surface area 
and a tree-like morphology. Its high porosity and high specific 
area maximize the contact with the enzyme, thus improving the 
efficiency of the EES for CO2 reduction. 

II. RESULTS AND DISCUSSION 

A. Enzyme binding efficiency 
In order to identify the most suitable film morphology, 

the immobilization process on TiN support with different 
porosity (TiN deposited at 30 Pa, 45 Pa and 60 Pa background 
gas pressures) was assessed by enzymatic assay after drop-
casting (active area of 1 cm2). The results show that there is an 
increase in the amount of TsFDH that is bound to the TiN 
nanostructure (after the rinsing process) when the porosity, and 
therefore the surface area, of the nanostructure increases. For 
the more porous morphology (TiN 60 Pa) the percentage of 
adsorbed TsFDH is 48%, corresponding to 1 µg of specifically 
adsorbed TsFDH, which provides evidence that the more 
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porous TiN nanostructure is the most suitable surface for the 
development of a bioelectrochemical system. 

After, a calibration curve was performed to determine 
the maximum binding capacity of the TiN 60 Pa support. The 
result shows that, by increasing the concentration of the drop-
casted TsFDH, the enzyme unit calculated on the TiN support 
after the rinsing process increases until a TsFDH loading 
quantity of 1,14 mg is used, corresponding to 59 µg of 
immobilized protein. 

B. CO2 reduction performance of TiN|TsFDH catalyst 
The CO2 conversion efficiency of TiN|TsFDH catalyst is 

investigated at different applied potentials, -0.15 VRHE, -0.45 
VRHE and -0.75 VRHE, for a total time of 3 hours. As expected, 
when -0.15 VRHE is applied, the observed current density is 
small with a registered value of -25.9 µA cm-2 , because in this 
condition the available overpotential for the reduction of CO2 to 
HCOOH is quite limited and, consequently, the kinetics of the 
reaction is very low. When the applied potential is increased to 
more negative values of -0.45 VRHE and -0.75 VRHE, the current 
density increases respectively to -200±20.2 µA cm-2 and -
1.61±0.25 mA cm-2 (Fig.1). The increase in current density and 
its stabilization to significatively higher values suggests that the 
CO2 reduction reaction proceeds at a faster rate. 

Fig.1: Comparative current profile for -0.15 VRHE, -0.45 VRHE 
and -0.75 VRHE during 3 h period reaction in BES. 

Formic acid produced through electrocatalytic CO2 was 
analyzed by 1H NMR spectroscopy. The electrolyte solution 
was examined before and after the chronoamperometry to have 
a pre-electrolysis reference NMR spectrum. A 1H NMR peak is 
observed at 8.458 ppm for the spectra collected after 3-hour 
electrolysis at the three different applied potentials, 
demonstrating that formic acid is a product of the catalytic 
reaction performed by TsFDH. As expected, the quantity of 
synthesized formic acid increases when more cathodic 
potentials are applied. The concentration of formic acid evolved 
at -0.15 VRHE, calculated through the 1H NMR spectrum is 
6.5±0.5 mmol L-1 . For the applied potentials of -0.45 VRHE and 
-0.75 VRHE, the formic acid concentration increases to 14.5±0.4 

mmol L-1 and 16.4±0.7 mmol L-1 respectively. The average 
Faraday efficiency (FE) for the electrosynthesis of formic acid 
is then calculated considering the amount of product obtained 
during the chronoamperometries and the total charge passed 
through the TiN|TsFDH electrode (Fig.2). 

Fig. 2: Production rate of HCOOH and corresponding Faraday 
efficiency under different potential applied. 

For the chronoamperometry at -0.15 VRHE an FE of 68% is 
obtained, which gradually decreased to 64% and to 47% with 
more negative potential applied (-0.45 VRHE and -0.75 VRHE 
respectively). Most likely, this decrease in efficiency was due 
to the competitive hydrogen evolution reaction (HER) 
occurring on the surface of the nanostructured support. 

III. CONCLUSION 

Unparalleled in previous studies, the TiN|TsFDH catalyst 
shows the best CO2 reduction performance. These results are 
the best for inorganic support-immobilized enzymes of the 
FDH family, achieved thanks to the high CO2 reducing activity 
of TsFDH and the high surface area of nanostructured TiN 
support that allows an increase in the enzyme adsorption. 

In this work, we demonstrate the feasibility and potential for 
a biotechnological hybrid device in terms of product specificity, 
stability and sustainability for the development and the 
optimization of an alternative CO2-conversion technology. 
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Abstract – In the present study, a process simulation model is 
implemented to compare different plant layouts to be installed on 
board of a ferry. Liquid Natural Gas (LNG), hydrogen (H2) and 
ammonia (NH3) have been considered as alternative fuels for power 
generation plants based on Internal Combustion Engines (ICE) and 
Polymer Electrolyte Membrane (PEM) fuel cells. Results show 
overall system efficiency, emissions and fuel volume in comparison 
with a traditional Internal Combustion Engine (ICE) fuelled by 
Marine Diesel Oil (MDO) with Selective Catalytic reduction (SCR). 

Index Terms – fuel cells, LNG, marine propulsion, ship 
emissions. 

I.  INTRODUCTION 

International Maritime Organization (IMO) and other bodies are 
making growing efforts to impose severe limits on shipping 
pollution especially for vessels, whose routes are concentrated in 
coastal areas [1]. For this reason, ship-owners are looking for 
different technologies to be used on ships in order to reduce 
emissions. It has already been demonstrated [2] that the use of 
different fuels such as Liquefied Natural Gas (LNG) is an 
interesting alternative to expansive and bulky exhaust gases 
after-treatment equipment or fuels with low sulphur content. 
Among the possible alternative energy systems, fuel cells are 
currently considered one of the promising solutions for power 
generation on board of vessels [3], even though the lack of 
specific certification on their application on board is still the 
main issue for a large-scale application on a large scale. 
In the present study, a process simulation model is utilized to 

evaluate, at a preliminary stage, different power generation 
systems on board of a ferry in terms of conversion efficiency, 
pollutant and greenhouse gases emissions and tank size variation 
due to different fuels considered. 

II. METHODOLOGY 
The ferry considered in the simulations is a typical car and 
passenger ferry with an installed power of 1.5 MW that operates 
about 30 travels per day. Auxiliary power is considered 75 kW. 
The ship operating profile is implemented in the built up 

simulation model through the definition of three different 
operating conditions: 
 Harbour phase: 60 % of time; power demand of 75 kW 

(auxiliary power); 
 Manoeuvring phase: 12% of time; power demand of 1350 

kW (propulsion and auxiliary power); 
 Cruise phase: 28 % of the time; power demand of 765 kW 

(propulsion and auxiliary power). 
Different power generation systems have been evaluated to cover 
both propulsion and auxiliary power demand during the day. A 
traditional Marine Diesel Oil Internal Combustion Engine 
(MDO-ICE) generation plant with Selective Catalytic Reduction 
(SCR) is taken as reference plant for comparative analysis with 
alternative fuels and power generation systems. The maximum 
efficiency for traditional MDO-ICE is considered 39 % [4]. 
Other generation systems included in the calculations are based 
on Polymer Electrolyte Membrane fuel cells (PEMFC) and 
Internal Combustion Engines (ICE). Logistic fuels considered 
for PEMFC are LNG, ammonia (NH3), and hydrogen (H2). Both 
compressed hydrogen (CH2) and liquid hydrogen (LH2) storage 
solutions are evaluated. ICE plants solutions are considered 
fuelled by LNG and ammonia-hydrogen mixture with 5% 
content of H2 in mass [5]. Efficiencies of the considered ICE and 
PEMFC at different load conditions are based on commercial 
products datasheet[6][7]. If PEMFC utilizes a logistic fuel 
different from hydrogen, a fuel-processing unit is needed to 
produce H2. If LNG is the hydrogen carrier, an efficiency of 78 
% is considered for the LNG reformer [8]. If NH3 is considered, 
an efficiency of 76 % is set for the cracking unit [9]. 
Systems overall conversion efficiency, emissions and required 
fuel volume are calculated. 

III. RESULTS 

As shown in Fig.1, overall system conversion efficiency appears 
to be the highest for PEM fuel cells generation systems ran by 
hydrogen, due to the better response of fuel cell systems at partial 
load operation. When LNG or ammonia feed fuel cells, the fuel-
processing units 
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Fig. 1.  Comparison of overall conversion efficiencies of different generation 
systems. 

 
(reformer for LNG or cracker for ammonia) are responsible for 
significant decrease in overall efficiency. Local pollutant and 
greenhouse gases emissions are zero for fuel cells systems fed 
by hydrogen and ammonia, and therefore are not reported in Fig. 
2. If PEMFC are fed by LNG there are carbon dioxide (CO2) 
emissions due to the reforming process. ICE fuelled by 
ammonia-hydrogen mixture and LNG presents lower CO2, 
sulphur oxides (SOx) and particulate matter (PM) emissions than 
the MDO case, however an emission abatement system (for 
example SCR) should be applied to decrease nitrogen oxide 
emissions (NOx).  
 

Fig. 2.  Comparison of pollutant emissions and carbon dioxide emissions from 
different generation systems, with reference to emission factors in [5] [10]. 

 
Fig. 3 shows alternative fuels volume requirements with 
reference to MDO case. Compressed hydrogen storage is the 
most critical, requiring approximately 14 times the space needed 
by MDO. 
 

IV.  CONCLUSIONS 

The use of fuel cells based generation systems on ferries has the 
potential to reduce emissions and to improve the average system 
efficiency, especially for ships where engines often operate in  

Fig. 3.  Volume required by the fuel for different generation systems under 
consideration. 

 
transient conditions and at part loads. A downside of alternative 
fuels is the fuel volume, especially for hydrogen. However, this  
aspect needs further investigations to determine the effective 
useful cargo volume reduction by taking into account the overall  
power generation system volume. Ammonia could represent an 
interesting solution, even though the low technology maturity 
and the ammonia toxicity limit its implementation in the near 
future.  
The research will continue taking into account different 
alternative fuels and hydrogen carriers, such as Liquid Organic 
Hydrogen Carriers (LOHC) and Methanol. Other aspects, like 
safety, thermal optimization and optimization of fuel volume as 
function of the specific ferry route are also essential to complete 
the present study. 
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Abstract – Photo electrochemical water splitting from sun is a 
potential solution to the growing energy crisis because this method 
can directly convert solar energy into chemical energy. Although 
this technology is attractive, up to now it presents a series of 
scientific challenges. In this work a new design of 
photoelectrochemical zero gap tandem cell is proposed. The 
designed cell is based on cheap photoactive materials at both 
anode and cathode and follows the idea to simplify as much as 
possible the fluid paths as well as the separation of gaseous 
hydrogen from water. This work will cover the concept phase, the 
fabrication of components manufacturing the assembly phase and 
the test phase. First results are encouraging enough to implement 
this concept at a panel level even though some issue need to be 
addressed. 

 
Index Terms – Photo-electrochemical water splitting, PEC cell 

design.  

I.  INTRODUCTION 

Rational use of renewable energy sources can play an 
important role in the reduction of CO2 emissions and 
particularly, solar energy can cover a substantial share of our 
energy need. Therefore, intermittency of sunlight must be 
alleviated through energy dense storage [1]. Hydrogen from 
solar sun is an option. The most common way to produce 
hydrogen from sun is through an electrolyzer (EZ) powered by 
Photovoltaics (PV). Photo-Electro-Chemical (PEC) cells 
represent an alternative to PV-EZ combination by integrating 
photo-absorption and photocatalysis in a single device. Merits 
and disadvantages of both technologies have been widely 
discussed in the literature. [2-4]. 

A PEC cell is a device that achieves water splitting and 
production of a solar commodity or fuel, e.g. hydrogen, with 
sunlight as the only energy source. The electrode assembly is 
the heart of the PEC cell. It consists of photoactive materials 
such as semiconductors or photosensitizers that absorb light 
and produce charge carriers. These are separated and consumed 
in redox reactions at the surface of the photocatalyst or the 
(electro)catalysts attached to the photoactive material. Several 
concept of PEC cells have been demonstrated [5, 6] and they 
can be categorized as: i) single compartment, ii) dual 

compartment, iii) wired cells, iv) wireless cells. The present 
work presents results of an innovative PEC cell design based on 
a solid alkaline membrane and quasi zero liquid electrolyte 
zero-gap concept. Considering the research activity was carried 
out in the framework of the European project FotoH2  

II.  THE ZERO GAP PEC CONCEPT 

As depicted in Fig. 1 the zero gap PEC concept, consists of a 
tandem photo-electrolysis cell architecture having an anion 
conducting membrane separating the photoanode and 
photocathode and enabling the use of low-cost metal-oxide 
electrodes such as Fe2O3 and CuO, and Ni/Fe based co-
catalysts. The cell is composed by a photoanode deposited on a 
Fluorine Tin Oxide Glass (FTO) where the photoanode is 
deposited, an alkaline membrane is used as ionic conductor 
media and a photocathode deposited on a porous backing. 

 

  
Fig. 1. Picture of the FotoH2 concept cell. 

A.  From materials test cell to 25cm2 scaled-up cell 

A deep material screening has been carried out to find out 
the most promising formulation of both photoanode and 
photocathode. A 0.25cm2 was developed to demonstrate the 
zero-gap concept and provide the test cell for the 
photoelectrodes material screening. The cell is composed of a 
FTO coated with Fe2O3 photoanode, a solid membrane 
(Fumatech FAA3-50) and a Gas Diffusion Layer (GDL 
Sigracet 35BC) coated with CuO photocathode. Before the cell 
assembly, the alkaline membrane was immersed in a 1M KOH 
solution to fully hydrate the membrane and improve the ionic 
transport properties at the photoelectrode interfaces. By 
stacking the components, the cell was clamped by two 
paperclips and tested under simulated condition of 1.5AM sun 
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irradiation in a sun simulator. Fig. 2 reports a polarization curve 
of the test cell with optimized materials. At 0.6V a 1.74% 
enthalpy efficiency was registered. 

Fig. 2 Electrochemical performance of the test cell reaching 1.74% 
efficiency at 0.6V. 

Scaled up cell was conceived to have 25cm2 (100 times 
greater than the test cell) photoactive area and collect produced 
hydrogen and oxygen separately. Moreover, inlet water can be 
fed into static o recirculated mode. A modular concept of the 
cell was considered to allow an “easy” transition from single 
cell to a panel arrangement. 

The exploded view shows (Fig. 3) that the PEC is based on a 
three-layer membrane where a series of parallel channels drive 
the produced gases from the photo-active regions to the outlet 
ports. It also collects the liquid water, in intimate contact 
between the photo-electrodes and the anionic membrane. As the 
membrane is transparent to the incident light, the photocathode 
can be activated to produce hydrogen. Moreover, a “specific” 
highly hydrophobic layer, was introduced to create a barrier for 
the liquid water and leaving the produced hydrogen as dry as 
possible. 

Fig. 3 exploded view of the 25cm2 scaled up cell. 

As per the test cell, the photoanode is deposited onto and FTO 
glass and photocathode was coated on a GDL. Two plastic 
frames and sealings, were used to lay all the components in 
place and avoiding water and gases leaks. 

Once the photoelectrochemical cell is assembled and fed with 
distilled water, the incident light is transmitted across the 
transparent glass layer and promotes the water splitting. 
Mechanical failures of the FTO coated photoanode occurred 
during the cell assembly. This required the synthesis of the 
hematite to be changed such that the new thermal treatment 
allowed the FTO glass to be suitable assembled in the plastic 
case. Even the scaled-up cell was successfully assembled, the 
electrochemical tests showed a much lower solar to Hydrogen 
(STH) efficiency than the test cell. In fact, an almost 10 times 
lower efficiency (0.2% about) was recorded in the scaled-up 
cell configuration. Analysis of the impedance spectra showed 
that the polarization resistance was the rate determining step 
Improvement of the scaled-up cell configuration are still 
ongoing to address this issue. 

III. CONCLUSION 

In this paper a new concept of a PEC cell based on an 
alkaline membrane was demonstrated. The FotoH2 cell concept 
showed a maximum efficiency of 1.74% in a test cell 
configuration. A scale up of the test cell was proposed up to 25 
cm2. Assembly issues have been carried out and preliminary 
solutions were proposed. Electrochemical tests showed 10 
times lower efficiency than the test cell. Causes of such lower 
performance have been identified and further improvement of 
the scaled-up cell are still ongoing. 
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Abstract - In this paper two hydrogen production systems for the 
development of small size refueling stations are studied. The 
hydrogen is produced by renewable energy and the systems are 
sized for self-sustaining the electric power requirements. In the 
first one the hydrogen is produced by the steam reforming of 
biogas generated in an anaerobic digester and the electric power 
for the plant operation is supplied by a PEMFC power module. In 
the second one, the hydrogen production is performed by using an 
electrolyzer and the electric power for its operation and for all 
plant auxiliaries is generated by a PV power plant. The systems 
performances have been compared form energy and economic 
points of view.  The hydrogen production efficiency and the 
levelized cost of the hydrogen (LCOH) have been considered as 
comparison parameters. 

Index Terms – Refueling, Hydrogen, biogas, solar, LCOH 

INTRODUCTION 

Hydrogen produced from renewable energy could play a key 
role in automotive sector as alternative fuel to gasoline and 
diesel. In this paper two hydrogen production systems based on 
renewable sources for the development of small size refueling 
stations (the annual hydrogen production is 33.3 tons, 1.1GWh) 
are studied. The systems performances have been compared 
from energy and economic points of view. The hydrogen 
production efficiency and the levelized cost of the hydrogen 
(LCOH) have been considered as comparison parameters. 

BIOGAS TO HYDROGEN REFUELING STATION 

Figure 1 shows the layout of the biogas to hydrogen (B2H) 
refueling station. In the B2H plant the hydrogen is generated by 
means of a biogas steam reforming unit and purified by using a 
membrane separation unit. The electric power for the plant 
operation and for the hydrogen compression unit is provided by 
a PEMFC power module. The biogas (60% CH4, 40% CO2; 
49.4 kg/h) produced from an anaerobic digestor is compressed 
up to the operating pressure (8 bar) of the fuel processing unit 

(Steam Reformer and Shifter) and of the membrane separation 
unit; then it is mixed with steam (S/C molar ratio 1.7) and sent 
to the steam reforming reactor (750°C). In order to increase the 
H2 content prior to enter the Pd-Ag membrane, the reformate is 
sent to the Shifter (400°C). The pure hydrogen from the multi-
tubes membrane separation unit (7 module with 16 
tubes/module, the hydrogen recovery factor is 0.8 and the 
calculated area is 4.4 m2) is cooled down to 65°C (heat Q1=8 
kW eventually available for cogeneration purpose) and it is 
then split into two streams feeding the H2 compression unit (an 
ionic compressor consisting of five stage with a pressure ratio 
of 2.7 [1]) and the PEMFC power module, respectively. 
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FIG. 1 – B2H plant lay-out 

The PEMFC power unit (4 module with 4 stacks for each, 50 
cells/stack, 0.682V@40A, fuel utilization factor 0.88) is sized 
for satisfying the electric demand of the plant (Biogas and H2 
compression and auxiliaries). The thermal demand for the 
steam reforming process and the steam production is supplied 
from a catalytic burner fed by the retentate gas (purge gas) and 
the anode off-gas. The heat recovery from the exhaust is 
completed by heating (up to 350°C) the combustion air and by 
making available heat for cogeneration (Q2=7 kW). Table 1 
reports the main data and performance of the B2H plant (the 
operating time is 8000 hours per year). 
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TABLE. 1 B2H plant performance and data 
Annual Biogas chemical energy (MWhLHV) 2043 
Annual Biogas Compressor consumption (MWh) 34 
Annual PEMFC energy production DC/AC (MWh) 174/167 
Annual H2 Compression unit consumption (MWh) 120 
Annual auxiliaries consumption, 8% of DC PEMFC power (MWh) 14 
H2 chemical power (MWhLHV) 1117 
H2 efficiency (LHV) 0.55 

POWER TO HYDROGEN REFUELING STATION 

Figure 2 shows the layout of the power to hydrogen (P2H) 
refueling station. In the P2H plant the hydrogen production is 
performed by means of an alkaline electrolysis (AEL) unit 
where the required electric power is supplied from a PV power 
unit. 

WORK STREAM 

MATERIAL STREAM 

PV 
AEL 

H
2

ST
O

R
A

G
E

 

H2 

Compression 

WATER 

O2 
H2 

P2H plant 

FIG. 2 –P2H plant lay-out 
The PV unit consists of mono-crystalline PV modules (Model 
1Soletech 1STH-240-WH, Anodized Aluminum Alloy), with a 
fixed both azimuthal angle and tilt angle (157.5°, 33°). The PV 
unit is sized (2 MWp) by taking into account that it has to 
supply electricity for the AEL unit (its efficiency is assumed 
constant in all operating conditions and equal to an average 
value of 60%), the hydrogen compression unit and the plant 
auxiliaries. The size of the AEL (1.27 MW) has been chosen 
according to the maximum electricity produced by the PV 
plant. Table 2 reports the main data and performance of the 
P2H plant (the operating time is 2190 hours per year). 

TABLE 2. P2H plant performance and data 
Annual PV electric power production (AC) (MWh) 2340* 
Annual AEL electric power consumption (MWh) 1850 
Annual H2 Compression unit and auxiliaries consumption (MWh) 490 
H2 efficiency (LHV) 0.47 

* Inverter efficiency 0.92 

EVALUATION OF THE LCOH INDEX 

The levelized cost of hydrogen (LCOH) is: 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶!"#,! + 𝐶𝐶!"#,! + 𝐶𝐶!&!𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = = (1) 𝐻𝐻! 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑀𝑀!! 

The annual capital repayment (𝐶𝐶!"#,!), calculated by considering 
the total plant capital investment costs (𝐶𝐶!"#), the plant 
economic lifetime (n) and the nominal discount rate (i), is: 

𝑖𝑖 ∙ (1 + 𝑖𝑖)! 

𝐶𝐶!"#,! = ∙ 𝐶𝐶!"# (2) (1 + 𝑖𝑖)! − 1 
The annualized replacement cost (𝐶𝐶!"#,!) is defined as: 

𝑖𝑖 ∙ (1 + 𝑖𝑖)! 𝐶𝐶!"# 𝐶𝐶!"#,! = ∙ (3) (1 + 𝑖𝑖)! − 1 (1 + 𝑖𝑖)! 
where 𝐶𝐶!"# is the replacement cost, t is the year of replacement. 
For the B2H plant the replacement costs regard the PEMFC 
stacks, (stack lifetime is 40000 h, corresponding to 5 years) and 
the reactors catalysts (the lifetime is 5 years), which correspond 
to 31.3 and 27 k€, respectively [1,2]. For the P2H plant, the 
AEL stacks lifetime is assumed equal to 60,000 hours [3] like 
for continuous operation. At 25% of plant utilization, 60,000 

hours correspond to 27.4 years of the plant operational time, so 
that the stack replacement is not needed. The O&M (OPEX) 
costs are calculated as percentage of the capital investment cost 
of each component. Tables 3 and 4 summarize the capital 
investment costs (CAPEX) and the OPEX for the B2H and P2H 
plants. 

TABLE 3. CAPEX and OPEX for B2H plant. 
CAPEX 

k€ 
OPEX (% of CAPEX) 

k€ 

BIOGAS PROCESSING UNIT 150.0 [1] 4.5 (3%) 

PEMFC POWER UNIT 197.8*[4] 9.89 (5% [4]) 

HYDROGEN SEPARATION UNIT 34.8 [1] 0.93 (2.67%[5]**) 

HYDROGEN COMPRESSION UNIT 1200.0 [1] 24 (2%) 

AUXILIARIES (Heat Exchangers, piping, etc.) 248.0 [1] 7.4 (3%) 
* It is calculated by considering the PEMFC stack specific cost equal to 8248 €/kW [4]. 
** In [5] this value was 2.5% because it was referred to 7500h. 

TABLE 4. CAPEX and OPEX for P2H plant 
CAPEX 

k€ 
OPEX (% of CAPEX) 

k€ 

PV POWER UNIT 1900.0* 30.0 (1.58 % [6]) 
ALKALINE ELECTROLYSYS UNIT 1404.6** 70.2 (5% [3]) 
HYDROGEN COMPRESSION UNIT 1200.0 24 (2%) 

*It is calculated by considering the PV power unit specific cost equal to 950.0 €/kW [2]. 
**It is calculated by considering the AEL unit specific cost equal to 1100.0 €/kW [3]. 

The LCOH calculated for B2H and P2H, is reported in Table 5. 
TABLE 5. LCOH for B2H and P2H plant 

B2H P2H 
Economic Lifetime (years), n 20 20 
Nominal Discount Rate (%), i 6.4% 6.4% 
Annual Capital Repayment (𝐶𝐶!"#,!) (k€) 164.82 405.6 
Annualized replacement cost (𝐶𝐶!"#,!) (k€) 8.7 -
Annual O&𝑀𝑀 costs (𝐶𝐶!&!) (k€) 46.8 124.2 
Annual H2 Production (tons) 33.33 33.33 
LCOH (€/kg)/(€/kWh) 6.6/0.21 15.9/0.48 

CONCLUSION 

The aim of this work was to compare two hydrogen production 
and distribution plants from an energy and economic point of 
view. The analysis has highlighted that the performances of the 
B2H plant are better than those of the P2H plant: the H2 
efficiency is 0.55 vs. 047 and the LCOH is lower of 58% (6.6 
€/kg vs. 15.9 €/kg). 
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Abstract - Hydrogen has the potential to be a powerful enabler for 
this application because it offers a clean, sustainable, and flexible 
option. 

Hydrogen trains, using compressed hydrogen as fuel to generate 
electricity using hybrid system (fuel cell and batteries) to power 
traction motors and auxiliaries. This hydrogen train are fueled with 
hydrogen at the central train depot, like diesel locomotives. 

The main goal to this paper is to develop technical-economic 
analysis for 20 hydrogen trains captive fleet and a hydrogen 
refueling stations using on-site production from PEM electrolyser 
technology and to carry out a sensitivity analysis of the main 
parameters that we need know in order to take the decision to 
implement this solution like electricity cost, hydrogen price, number 
of operation hours and trains captive fleet size. 

The use of hydrogen as an alternative fuel in trains is a good 
solution from an economic, environmental and security of supply 
point of view. 

It is necessary to have an electricity price lower than 50 €/MWh, 
hydrogen sales price more than 4.5 €/kg, facility operation hours 
more than 4,700 hours, a trains captive fleet more than 8 trains in 
order to obtain a positive Net Present Value. Also, the heat 
utilization, oxygen by-product, CO2 emission reduction, can allow 
obtain a higher Net Present Value. 

Index Terms – Hydrogen refueling station, hydrogen trains, 
PEM electrolyser, technical and economical viability. 

I.  INTRODUCTION 

The need for an energy transition is widely understood and shared. 
Unlike other forms of transportation, the railroad industry is already 

fairly familiar with electric power. But the infrastructure demands of 
electric trains are considerable, limiting where it is practical to deploy 
them. 

Hydrogen has the potential to be a powerful enabler for this 
application because it offers a clean, sustainable, and flexible option. 

Hydrogen trains, using compressed hydrogen as fuel to generate 
electricity using hybrid system (fuel cell and batteries) to power 
traction motors and auxiliaries. This hydrogen train are fueled with 
hydrogen at the central train depot, like diesel locomotives. 

II. MOTIVATION 
Zero tailpipe emissions of pollutants (esp. NOx) and 

greenhouse gases (esp. CO2). 
Lower noise pollution (depending on speed and track 

conditions reduction of overall noise emissions). 
Increased passenger comfort through reduced noise and 

vibration, fewer adverse impact on neighbouring communities. 
Public health benefits (esp. urban areas near tracks/station), 

reduced social security expenses, higher standard of living. 
Avoiding cost of future electrification of several million € 

investment per km (i.e. power generation, transformers and 
transmission lines as well as service disruption caused by 
overhead wire installation. 

Flexibility to move into service areas not covered by 
electrification (for industry-stakeholders involved). 

III. OBJECTIVES AND TECHNICAL PROPOSAL. 
The main objective to this study is to develop technical-

economic analysis for 20 hydrogen trains captive fleet and a 
hydrogen refuelling stations using on-site production from 
PEM electrolyser technology. 

Figure 1. Trains Hydrogen Refueling Station. 
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Another goal is to carry out a sensitivity analysis of the main 
parameters that we need know in order to take the decision to 
implement this solution: 

• Electricity cost. 
• Hydrogen price. 
• Number of operation hours. 
• Trains captive fleet size. 

IV.  TECHNICAL AND ECONOMICAL VIABILITY. 
The main considerations for the technical and economical 

viability are the following: 
• Operation rate: 7,200 hours/year. 
• Electrolyzer efficiency: 76.5 – 70%. Stack degradation 

2𝜇𝜇𝜇𝜇/ℎ𝑜𝑜𝑜𝑜𝑜𝑜. 
• Stack replacement: 10% stack degradation. 
• No oxygen and heat valorization. 
• 30% of capital own resources. 70% of capital French 
loan. 10 years. 
• CAPEX and OPEX: 

Electrolyzer: 800 €/kW and 1,5% investment cost each 
year. Stack replacement: 30% CAPEX. 
Compressor: 863 €/Nm3 and 7% investment cost each 
year. 
LP Hydrogen Storage: 280 €/kg H2 and 1% investment 
cost each year. 
HP Hydrogen Storage: 850 €/kg H2 and 1% 
investment cost each year. 
Dispensers: 4 units at 150,000 €/unit and 3% 
investment cost each year. 
Other facilities cost: 20% main equipment's. 
Total hydrogen facility investment: 17.965.714 €. 

• Electricity cost: 40 €/MWh. 
• Water cost: 2.5 €/m3. 
• Personal cost: 250,000 €/year. 
• Site rental cost: 200,000 €/year. 
• Sales Hydrogen price: 5.3 €/kg. 
• WACC: 8%. 
• Inflation rate: 1.5%. 
• Study period: 25 years. 

10.000.000 

5.000.000 

0 
25 

-5.000.000 

-10.000.000 

-15.000.000 

-20.000.000 
YEARS 

0 5 10 15 20 

Figure 2. Net Present Value VS Years. 

The main results regarding technical and economical viability 
are the following: 

• NPV: 7,115,391 €. 

NE
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• Pay-Back: 9.90 years. 
• Internal Rate Return: 15%. 

V. SENSITIVITY ANALYSIS. 
It is needed make some sensitivity analysis of the main 

parameters that we need know in order to take the decision to 
implement this hydrogen refuelling station. The main 
parameters are electricity cost, hydrogen price, number of 
operation hours and trains captive fleet size. 

The main results for all the sensitivity analysis are the 
following: 

• It is necessary to have an electricity price lower than 
50 €/MWh in order to obtain a positive Net Present 
Value. 

• It is necessary to have hydrogen sales price more than 
4.5 €/kg in order to obtain a positive Net Present 
Value. 

• It is necessary to have facility operation hours more 
than 4,700 hours in order to obtain a positive Net 
Present Value. 

• It is necessary to have a trains captive fleet more than 
8 trains in order to obtain a positive Net Present Value. 

• Heat utilization, oxygen by-product, CO2 emission 
reduction, can allow obtain a higher Net Present Value. 

VI. CONCLUSIONS. 
The use of hydrogen as an alternative fuel in trains is a good 

solution from an economic, environmental and security of 
supply point of view. 

It is necessary to have an electricity price lower than 50 
€/MWh, hydrogen sales price more than 4.5 €/kg, facility 
operation hours more than 4,700 hours, a trains captive fleet 
more than 8 trains in order to obtain a positive Net Present 
Value. Also, the heat utilization, oxygen by-product, CO2 
emission reduction, can allow obtain a higher Net Present 
Value. 
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Abstract - As one of the world’s most flexible compounds, 
methanol is the basis of hundreds of chemicals and thousands of 
products that touch our daily lives. It is also the second product in 
the world in amount shipped and transported around the globe. 

Most methanol is produced from natural gas and coal, but 
renewable or green methanol does exist in form of biogas or biomass 
gasification. Through a power to gas process based on renewable 
hydrogen and carbon dioxide synthesis, it is possible to balance the 
energy mix and fix carbon emissions from industrial production. 

The main objective is to develop technical-economic analysis for 
methanol production using renewable hydrogen by electrolysis 
(using solar, wind and hydraulic renewable energy). 

The green methanol will be produced in Chile and will be 
transported to Japan using a chemical ship and to carry out a 
sensitivity analysis of the main parameters that we need know in 
order to take the decision to implement this solution like electricity 
cost, methanol price, number of operation hours and facility size. 

Hydrogen production in Chile and transportation up to Japan 
using methanol as an energy carrier is a profitable solution. 

It is necessary to have an electricity price lower than 35 €/MWh, a 
methanol sales price more than 380 €/t, more than 5.200 operation 
hours per year, a green methanol facility bigger than more than 85 
MW of electrolyser power in order to obtain a positive Net Present 
Value. 

Index Terms – methanol production facility, Fischer-Tropsch, 
PEM electrolyser, technical and economical viability. 

I.  NOMENCLATURE 
CAPEX: Capital Expenditure. 
OPEX: Operational Expenditure. 
CCS: Carbon Capture and Storage. 
WACC: Weighted Average Cost of Capital. 
NPV: Net Present Value. 

II. INTRODUCTION 

As one of the world’s most flexible compounds, methanol is the 
basis of hundreds of chemicals and thousands of products that touch 

our daily lives. It is also the second product in the world in amount 
shipped and transported around the globe every year. 

Methanol is a truly global commodity and a key component of 
modern life and it is constantly being applied in new and innovative 
ways. Additionally, methanol is an excellent energy carrier and is 
much easier to storage than hydrogen and much cleaner than fossil 
fuels. Being a liquid fuel, it is much easier to handle and store than 
hydrogen and can be handled by the existing distribution system. 

Methanol is readily available and is used in major quantities around 
the world as a mass-produced commodity. In cost-per-unit-of-energy 
terms, methanol compares favourably with gasoline and diesel. 

Besides being favourable in terms of cost-per-unit-of-energy and 
being a mass-produced commodity, methanol is safer than gasoline, 
being less prone to ignite and burns clearer than gasoline. 

The methanol industry spans the entire globe, with production in 
Asia, North and South America, Europe, Africa and the Middle East. 
On a global scale, over 100 methanol plants have a combined 
production capacity of about 100 million metric tons (125 billion 
litres). 

Every day more than 180.000 tons of methanol is used as a chemical 
feedstock or as a transportation fuel (225 million litres). The methanol 
industry creates over 100.000 jobs around the globe. 

Most methanol is produced from natural gas and coal, but renewable 
methanol (green methanol) does exist in form of biogas or biomass 
gasification. Through a power to gas process based on renewable 
hydrogen and carbon dioxide synthesis, it is possible to balance the 
energy mix and fix carbon emissions from related industrial 
production. 

III. OBJECTIVES AND TECHNICAL PROPOSAL. 
The main objective is to develop technical-economic 

analysis for methanol production using renewable hydrogen by 
electrolysis (using solar, wind and hydraulic renewable energy). 

The green methanol will be produced in Chile and will be 
transported to Japan using a chemical ship. 

Another goal is to carry out a sensitivity analysis of the main 
parameters: 

o Electricity cost. 
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o Methanol sales price. 
o Operation hours. 
o Facility size. 

Figure 1. Technical proposal. 

IV.  TECHNICAL AND ECONOMICAL VIABILITY. 
The main considerations for the technical and economical 

viability are the following: 
• Operation rate: 8,000 hours/year. 
• Electrolyzer efficiency: 76.5 – 70%. 
• Stack degradation 2𝜇𝜇𝜇𝜇/ℎ𝑜𝑜𝑜𝑜𝑜𝑜. 
• Stack replacement: 10% stack degradation. 
• Not considering heat valorisation. It is considering CO2 

saved and O2 valorisation. 
• 30% capital of own resources. 70% capital by a French 

loan. 10 years. 
• CAPEX and OPEX: 

o Electrolyzer system: 450 €/kW and 1.5% investment 
cost each year. Stack replacement: 30% CAPEX. 

o Fischer-Tropsch and methanol storage: 600 €/kW and 
5 % investment cost each year. 

o Other costs. 10% main equipment. 
o Total methanol production plant investment: 

173.250.000 €. 
• Electricity cost: 28 €/MWh. 
• Water cost: 2.5 €/m3. 
• CCS cost: 50 €/t. 
• Personnel cost: 800 k€/year. 
• Site rental cost: 200 k€/year. 
• Methanol sales price: 460 €/t. 
• Methanol transportation price: 50 €/t. 
• Oxygen sales price: 0.2 €/Nm3. 
• CO2 avoided income: 30 €/t. 
• WACC: 8%. Inflation rate: 1.5%. 
• Study period: 25 years. 

The main results regarding technical and economical viability 
are the following: 

• CH3OH production: 109,000 t/y. 
• CO2 emissions avoided: 149,100 t/y. 
• NPV: 77,727,302 €. 
• Pay-Back: 8.68 years. 
• Internal Rate of Return: 15%. 

C
U

M
U

LA
TE

D
 N

P
V

 (
€

) 100.000.000 

50.000.000 

0 

-50.000.000 

-100.000.000 

-150.000.000 

-200.000.000 

0 5 10 15 20 25 

YEARS 

Figure 2. Net Present Value (NPV) VS Years. 

V. SENSITIVITY ANALYSIS. 
It is needed make some sensitivity analysis of the main 

parameters that we need know in order to take the decision to 
implement this methanol production facility. The main 
parameters are electricity cost, methanol sales price, operation 
hours and facility size. 

The main results for all the sensitivity analysis are the 
following: 

• Electricity prices over 35 €/MWh are required in order 
to obtain positive NPV. 

• Methanol prices over 380 €/t are required in order to 
obtain positive NPV. 

• Operation hours over 5.200 hours per year are required 
in order to obtain positive NPV. 

• Green methanol facility size over 85 MW are required 
in order to obtain positive NPV. 

• Heat utilization can allow green methanol price to be 
cheaper. 

VI. CONCLUSIONS. 
Hydrogen production in Chile and transportation up to Japan 

using methanol as an energy carrier is a profitable solution. 
It is necessary to have an electricity price lower than 35 

€/MWh, a methanol sales price more than 380 €/t, more than 
5.200 operation hours per year, a green methanol facility bigger 
than more than 85 MW of electrolyser power in order to obtain 
a positive NPV. 

Also, heat utilization can allow green methanol price to be 
cheaper. 
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Abstract - An environmental analysis on a SOFC-based 
cogeneration system integrated with a hot water storage tank was 
carried out. The methodology applied was Life Cycle Assessment, 
which allows to quantify ecological indicators of a process or 
product. The advantages of implementing a reversible fuel cell 
have been highlighted and the comparison among different thermal 
storage systems addressed. Results point out the significant 
reduction in fossil fuel consumption, as consequence of 
optimization of the system. Furthermore, the analysis shows that a 
wise choice of the materials could affect the total impact of the 
cogeneration system. 

Index Terms – Cogeneration, Life Cycle Assessment, Reversible 
Solid Oxide Fuel Cell, Thermal Energy Storage 

I.  INTRODUCTION 

Solid Oxide Fuel Cell (SOFC) systems represent an 
innovative technology, that could substitute conventional power 
generation systems and reduce their environmental impact. 
Advantages of this class of fuel cells include high combined 
heat and power efficiency, long-term stability, fuel flexibility 
and zero or low emissions.  Fuel cells generate electricity and 
heat; such heat can be supplied to a thermal storage system for 
sanitary domestic hot water. 

In this study, environmental analysis is applied to a 
cogeneration system based on a reversible SOFC (rSOFC) that 
produces and consumes hydrogen, provided with a thermal 
energy storage system, in order to quantify its environmental 
advantages and identify any eventual critical issue. 

II. METHODS 

The environmental analysis is performed via Life Cycle 

Assessment (LCA) of the system. LCA model and calculations 
are carried out with SimaPro® v.9, using the commercial 
database Ecoinvent® v.3.5 [1]. 

The environmental characterization of the analysed systems 
was performed with the following Life Cycle Impact 
Assessment (LCIA) methods: CED (Cumulative Energy 
Demand) and ReCiPe. Specifically, ReCiPe method allows the 
study at an impact (mid-point) or damage (end-point) category 
level. The environmental analysis is performed with the ReCiPe 
2016 Midpoint level approach, associated with a hierarchic 
perspective. 

A. Goal & Scope and Functional Unit 
The goal & scope of this LCA analysis is to investigate the 

environmental performance of an innovative cogeneration 
system, based on a reversible SOFC technology in combination 
with a domestic hot water thermal energy storage. 

The functional unit is the amount of hot water needed in a 
day for a family of three persons. A cradle-to-gate analysis was 
performed. 

B. System Boundaries 
The system boundaries include the cogeneration system 

(rSOFC stack, blowers, heat exchangers, etc.), the hydrogen 
storage system, control units and a thermally insulated hot water 
tank (Fig. 1). 
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Fig. 1: System Boundaries of SOFC-Cogeneration for thermal storage 

C. Life Cycle Inventory (LCI) 
Inventory analysis is carried out following attributional 

modeling approach. The main source of primary data comes 
from the research project on community energy storage 
ComESto, focused on the integration of energy storage 
technologies in a nanogrid. In particular, data on SOFC module 
and related components are provided by FBK and thermal 
energy storage data by ENEA. Background data are taken from 
Ecoinvent® database, version 3.5. Whenever possible, primary 
data is used for modeling foreground processes; the rest is 
provided as secondary data [2]. For background processes, 
secondary data is always used. 

D. Results and Discussion 
The ecological earnings were evaluated by comparing results 

of the production and the use phase of the rSOFC-based 
cogeneration system with different cogeneration systems. 

The detailed assessment of each step of the process is 
analysed by decomposition of the system into all sub-processes 
to reconstruct the pathway of all impacts related to their 
primitive flows. In particular, our attention has been focused on 
1) the advantages of using a reversible fuel cell and 2) 
comparing different thermal storage tanks. 

In consideration of the functional unit, the use of a reversible 
SOFC instead of gas boiler or standard SOFC fueled by natural 
gas, reduces drastically the emissions of CO2, due to the 
environmental burden of the natural gas streamline. 

The same result is obtained when a Cumulative Energy 
Demand (CED) analysis is applied. 

An important part of the analysis dealt with the choice of the 
most sustainable system for the storage of hot water for 
domestic use. A comparison between a storage tank, made out 
of enameled unalloyed steel, and a stainless steel tank was 
performed. The analysis evidenced that in production phase the 
stainless steel has a higher environmental burden. Of course, the 

higher performances of stainless steel could increase the 
lifetime of the storage system and, consequently, reduce its 
impact along all the life cycle. 

Finally, we found out that particular attention has to be 
devoted to the optimization of all the electronic components. 
Indeed, the use of metals and precious metals in the circuitry 
carries a high pollution potential along with their extraction, 
processing and dismission. 

III. CONCLUSION 

Life Cycle Assessment demonstrated that the implementation 
of a reversible SOFC has a beneficial effect in comparison with 
other cogeneration systems, when the use phase in considered. 
Regarding the thermal storage, a balance between employed 
materials and life duration of the systems has to be always 
determined. 
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Abstract -Central Research Institute of Electric power Industry 
(CRIEPI) has operated four types of SOFC cell stacks, which are 
developed by KYOCERA, NGK INSULATORS (NGK), NGK 
SPARK PLUG (NTK), and DENSO under NEDO’s project on 
high efficiency and toughness of cell stacks from 2018 to 2019. For 
the estimation of toughness of cell stacks, load variation tests that 
involve applying periodic current variation for 0.02-20 sec to cell 
stacks as a severe operating condition have been carried out to 
evaluate the possibility of SOFC system toward dynamic 
operation for load variation. 

Index Terms - Cell stack, Durability, Load variation test, SOFC 

I. INTRODUCTION 

SOFCs are generally operated at the rated power. Recently, 
demand adjustment in electric power systems when large 
amounts of variable renewable energy are introduced, is very 
important. SOFCs should be required for responding to high-
speed load variations that can respond to variations within 10 
seconds. To investigate the applicability of SOFCs to load 
variation, severe tests such as high-speed load variations are 
conducted to verify the effect on cell stack performance. 

II. EXPERIMENTAL 

To evaluate the high-speed load variation response of SOFC, 
the fuel flow rate is fixed at the set fuel utilization (Uf) for 
severe test parameters such as load waveform (triangular wave), 
variation period (milliseconds to several tens of seconds), Uf. 
A severe test protocol was established for the load variation of 
the current control that becomes ± 15% of the set Uf as the load 
variation test (Table 1). Since only the current applied to cell 
stack is changed, the relationship between the current and the 
fuel utilization is proportional. Further, when Uf = 80%, it is a 
severe test in which Uf = 95% instantaneously. At first, short-
term load variation test was performed with the variation period 

changed from 0.02 to 20 seconds with the setting Uf = 80%. To 
evaluate the long term durability, the variation period was set to 
10 seconds and the continuous load variation test was 
conducted for 2,000 hours. In addition, a constant load test of 
over 5,000 hours was also observed as a comparison. 
Performance change before and after the load variation tests 
and constant load tests, was analyzed. 

TABLE I. TEST PROTOCOL OF SEVERE OPERATION FOR LOAD VARIATION 

Stack 
Flattened Tubular

（ Kyocera） 

Segment-in-series
flattened tubular

（N GK） 

Planar
（ NTK） 

Planar
（ DENSO） 

Pressure 0.101MPa 

Temperature 750oC 750oC 700oC 700oC 

Fuel Composition
Oxidant gas
composition 

H2/CO2 = 80/20% + H2O = 20% 
Air 

Fuel Utilization Uf 
Low/High Uf, low/Uf, high 

Uf=80%︓65/95% Uf=75%︓60/90% 

Current density J
Low/High Jlow / Jhigh 

0.36 A/cm2 

0.29/0.43 A/cm2 
0.20 A/cm2 

0.16/0.24 A/cm2 
0.52 A/cm2 

0.42/0.62 A/cm2 
0.53 A/cm2 

0.42/0.64 A/cm2 

Interval time Δt 0.02, 0.2, 2, 10, 20sec 0.02, 0.2, 2sec 

Wave 

Jhigh 

三角波Triangle wave 

Jlow ?t 

Fuel flow rate to supply a SOFC cell-stack is constant. Current applied on a SOFC cell-stack is 
changed. Therefore, fuel utilization is changing with applied current. 

III. RESULTS AND DISCUSSION 

Load variation test was performed under the condition of Uf 
= 95% exceeding the operation limit instantaneously from 
around Uf = 80% to understand problems for high-speed load 
responsiveness of SOFCs. The load variation tests with short-
term (60 minutes) and long-term (2,000 hours) were performed 
to understand the response characteristics of the cell stack and 
the performance degradation factors. 

Shapes of power waves were not changed for 60 minutes 
testing as shown in Fig. 1. Powers by cell stacks followed set 
power waves. Average powers by cell stacks satisfied within ± 
15% of set powers. 
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Stack(Manifucturer) 
Flattened tubular

（ Kyocera） 

 Segment-in-series
tubular
（N GK） 
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Planar
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Periods of load variation test
（Uf =80% base  ±15%,  Δt=10 

seconds） 
2,014hrs 1,558hrs 2,016hrs  863hrs *1 

 Average cell  voltage drop rate -0.28%/1kh -2.10%/1kh -0.61%/1kh -2.49%/1kh 

 Rate difference  by  load variation 
 test *2 

-0.02%/1kh
(-0.26%/1kh)*3 

-1.23%/1kh
(-0.87%/1kh)*3 
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-1.55%/1kh
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 IR drop, Cathode 
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Current density: 293⇔428mA/cm2 
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Oxidant: Air=100% @Uox=2.6⇔3.8% 
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Fig. 1. Characteristics of relative power density with load variation. 
150 
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W(ΔT=0.02sec), Ave=1.58kW/m2 
W(ΔT=0.2), Ave=1.57 
W(ΔT=2), Ave=1.57 
W(ΔT=10), Ave=1.57 
W(ΔT=20), Ave=1.57 

Pressure: 0.101MPa, Temperature: 750oC 
Current density: 163⇔238mA/cm2 

Fuel: H2/CO2=80/20% + H2O=20% @Uf=65⇔95% 
Oxidant: Air=100% @Uox=32.5⇔47.5% 

ΔT 

30NGK-2 
NGK 

load variation tests, deterioration of the electrolyte and the 
cathode, rather than the anode after load variation test, was the 

90 main performance degradation factor. 

Durability of cell stack for load variation test was different 
130 among SOFCs (Table II). According to evaluating the 

performance degradation factor analysis before and after the 
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TABLE II. RESULTS OF SEVERE OPERATION TESTS 

*1︓In case of planar (DENSO), load variation condition was Uf=75% base ±15%, Δt=2 seconds. 
*2︓Rate difference by load variation test = (average cell voltage drop rate during load variation test) – (average cell voltage drop rate during 
constant load test) 
*3︓In ( ), it is average cell voltage drop rate during constant load test period as same as load variation test period. 

Copyright © 2019 



277 EFC19

    

 
        

 

     
  

 
 

  
      

 

 
 

       
   
         

   
    

     

 
   

        
   

    
      

   
  

  
      

        
     

      
    

     
 

        
   

 
     

     
 

  
    

        
      

 
     

       
           

       
          

     
  

      
       

 
    

  
          

   
    

          
   

 
 

        
      

        
     

 

   
 

       
     
    

     
              

    
    

   
  

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19170 

ROBUST VOLTAGE CONTROL FOR DC-DC BOOST CONVERTER IN PROTON 
EXCHANGE MEMBRANE FUEL CELL POWER SYSTEM 

Hai-Bo Yuan*, Young-Bae Kim* 

*School of Mechanical Engineering, Chonnam National University, 
77 Yongbong-ro, bukgu, Gwangju, Korea 

Abstract - In the present paper, a PEMFC-fed DC-DC boost 
converter power supply control-oriented model based on the 
equivalent electrical circuit is constructed to investigate the system 
characteristics, where design, output voltage control and 
performance analysis of DC-DC boost converter are developed. 
Continuous conduction mode (CCM) of DC-DC boost converter is 
concerned, and each component has been designed and selected for 
circuit assembly. Small-signal AC model based on pulse-width 
modulated DC-DC boost converter is constructed as well as the 
analysis of system’s nonlinearity. Several control algorithms such 
as proportional-integral (PI) control, deadbeat control, and active 
disturbance rejection control (ADRC) are put forward to suppress 
the disturbances and uncertainties in order to regulate the stable 
converter output when faced with immeasurable input and load 
disturbance, mismatched model dynamics, and parameter 
perturbations. The treatment here emphasizes the objective 
steering the output voltage to its reference value with fast response, 
little overshoot and response ripples. The disturbance rejection and 
tracking performance have been tested and compared, indicating 
that the proposed control method has the best rejection effect on 
above-mentioned system disturbances, which improves the boost 
converter stability. Simulation model in MATLAB/Simulink and 
LabVIEW-based field programmable gate array (FPGA) 
experimental rig are constructed for the verification of DC-DC 
boost converter performance with the developed control theories. 

Index Terms - ADRC, DC-DC boost converter, LabVIEW-based 
FPGA experimental rig, MATLAB/Simulink, PI control, small-
signal AC model. 

I. INTRODUCTION 

With increasing visibility of the environmental pollution, 
proton exchange membrane fuel cell (PEMFC) using chemical 
reaction between hydrogen and oxygen to generate electricity 
efficiently with no combustion and zero emission attracts much 
consideration in power supply system recently [1]. As one of 
electrical balance of plants (EBOPs), DC-DC boost converter 
plays an important part in PEMFC power system to regulate the 

output voltage of PEMFC system against the conditions of varied 
power demands and different kinds of disturbances. Also, it has 
the ability to distribute the fuel cell and battery powers in the fuel 
cell-battery hybrid system. 

In general, output voltage feedback control is widely used for 
voltage regulation of DC-DC boost converter. Due to the low 
cost and easy design, proportional-integral-derivative (PID) 
controllers is usually the first choice. But for large disturbance 
and various load conditions, PID controller should be tuned 
again to guarantee the system stability. To deal with system 
uncertainties and disturbances, researchers have studied robust 
control algorithms, such as, sliding mode control (SMC), fuzzy 
control, time-delay control (TDC), and so on to optimize the 
control performance. Active disturbance rejection control 
(ADRC), as a new observer-based control theory is introduced 
in presented paper to steer the output voltage of the converter. 

The paper is comprised of four parts. After introduction part, 
mathematical model and control theory design is depicted in 
Section II. In Section III, experimental results and discussion are 
introduced. Finally, the conclusion of this research is drawn in 
Section IV. 

II. MATHEMATICAL MODEL AND CONTROLLER DESIGN 

A. Mathematical Model 

In the present paper, continuous conduction mode (CCM) of 
DC-DC boost converter is concerned for the research, and the 
small-signal ac DC-DC boost converter model is described as 
Equation (1). In addition, the desired output power of converter 
is 120 W with regulated output voltage of 24 V. And a 30 kHz 
pulse-width modulation (PWM) control signal is generated for 
the control input of MOSFET switch. The interpretation of each 
component and their nominal values of a boost converter are 
listed in Table I. 
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𝑣𝑣��� 

� � 
� 𝑣𝑣�� 0 � 

� 𝑉𝑉� (1) ������� ������� ������� 
� 𝚤𝚤̂⎪𝑣𝑣�� � ��1 � �� ��� � �  � � �  
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TABLE I 
NOMINAL VALUES AND CIRCUIT PARAMETERS OF BOOST CONVERTER 

Parameter Description units value 
𝑉𝑉�� Normal input voltage v 16 
D Normal duty  cycle - 0.4 
𝐶𝐶 Filter capacitance 𝜇𝜇𝜇𝜇 820 
𝐿𝐿 Filter inductance 𝜇𝜇𝜇𝜇 250 
𝑅𝑅� ESR of capacitor 𝛺𝛺 0.083 
𝑅𝑅� ESR of inductor 𝛺𝛺 0.027 
R Load resistance 𝛺𝛺 4.8 

B. Controller Design 

To regulate the output voltage of DC-DC boost converter, 
proportional-integral (PI) control, deadbeat control, and active 
disturbance rejection control (ADRC) are developed in this 
paper. Due to the space limitation, only ADRC is descripted in 
detail here to illustrated the control behavior. 

For ADRC design, setting 𝑥𝑥� � 𝑣𝑣���𝑡𝑡�, 𝑥𝑥� � 𝑣𝑣����𝑡𝑡� , a 
dynamic DC-DC boost converter model can be written as 
follows: 
𝑥𝑥���𝑡𝑡� � 𝑥𝑥��𝑡𝑡� 

�𝑥𝑥���𝑡𝑡� � ���𝑥𝑥��𝑡𝑡� � ��𝑥𝑥��𝑡𝑡� � 𝛾𝛾�𝑑𝑑��𝑡𝑡� � 𝑓𝑓�𝑡𝑡, 𝑣𝑣���𝑡𝑡�, 𝑣𝑣����𝑡𝑡�, 𝑑𝑑��𝑡𝑡�, 𝑑𝑑���𝑡𝑡�, 𝑉𝑉����𝑡𝑡�, 𝚤𝚤�̂�𝑡𝑡�, 𝜔𝜔�𝑡𝑡�� (2) 
𝑦𝑦�𝑡𝑡� � 𝑥𝑥��𝑡𝑡� 

Let 𝑥𝑥� � 𝑓𝑓, and the derivate of 𝑓𝑓 is defined as ℎ, then the 
state-space equation of the augmented system is constructed. 
𝑥𝑥��𝑡𝑡� � �𝑥𝑥�𝑡𝑡� � �𝑢𝑢�𝑡𝑡� � �ℎ�𝑡𝑡� � (3)  𝑦𝑦�𝑡𝑡� � �𝑥𝑥�𝑡𝑡� 

Disturbance is estimated through conventional bandwidth-
based parameterization technique, which is described as 
𝑧𝑧� � �𝑧𝑧 � �𝑢𝑢 � ��𝑦𝑦 � 𝑦𝑦�� (4)  𝑦𝑦� � �𝑧𝑧 

0 1 0 0 
where � �  ���� ��� 1� , � �  �𝛾𝛾�� , 𝐶𝐶 � �1 0 0� , 

0 0 0 0 0 
� �  �0�, � � �1  0 0�, and � �  �𝜗𝜗� 𝜗𝜗� 𝜗𝜗��� being the 

1 
observer gain matrix. And 𝑧𝑧  �  �𝑧𝑧� 𝑧𝑧� 𝑧𝑧��� is the estimated 
state of 𝑥𝑥 �  �𝑥𝑥� 𝑥𝑥� 𝑥𝑥��� , and 𝜗𝜗�, 𝜗𝜗�, 𝜗𝜗� are defined as 
observer bandwidth, which are presented simply by observer 
bandwidth 𝜔𝜔� as follows: 
𝜗𝜗� � �𝜔𝜔�, 𝜗𝜗� � �𝜔𝜔��, 𝜗𝜗� � 𝜔𝜔� (8)  

Finally, the related control law can be obtained as (5) and PD 
controller is designed for optimization with (6), where 𝑘𝑘� and 
𝑘𝑘� are the proportional and derivative gains, respectively, which 
are indicated as the function of the bandwidth of closed-loop 
control system 𝜔𝜔� as Equation (7). 
𝑢𝑢 �  

����� (5)  

𝑢𝑢� � 𝑘𝑘��𝑉𝑉� � 𝑧𝑧�� � 𝑘𝑘�𝑧𝑧�     (6)  
𝑘𝑘� � 𝜔𝜔��, 𝑘𝑘� � �𝜔𝜔� (7)  

Fig. 1. Output voltage response of DC-DC boost converter with input 
voltage mutation controlled by: (a) Input voltage mutation; (b) PI control; (c) 
deadbeat control; (d) ADRC. 

III. RESULTS AND DISCUSSION 

Under the condition of input voltage mutation, experimental 
output voltage responses of DC-DC boost converter with the 
control of proportional-integral (PI) controller, deadbeat 
controller, and ADRC are presented by Fig. 1, which indicates 
that ADRC gives a fast-dynamic response with small overshoot. 

IV. CONCLUSION 

1. In this study, a DC-DC boost converter system is analyzed 
and mathematical model with parasitic resistance of the 
inductor and the capacitor is derived for controller design. 

2. Proportional-Integral (PI) controller, deadbeat control, and 
active disturbance rejection control (ADRC) are designed to 
regulate the output voltage, and the ADRC provides better 
dynamical performance than the first two, providing a stable 
performance. 
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FUEL CELLS AND HYDROGEN TECHNOLOGIES: CRITICAL MATERIALS AND
SUPPLY CHAIN

D. Blagoeva*,
*European Commission, Joint Research Centre, Westerduinweg 3,

(Netherlands)

Abstract - Fuel cells and hydrogen (FCH) technologies is one of 
the options for large scale electricity storage capacity for better 
integration of renewable energy sources as well as a promising low 
carbon transport solution. The EU transition to more sustainable 
low carbon energy and transport sectors however go along with 
high demand for certain raw materials flagged as critical materials 
for the EU economy. Reliable and unhindered access to raw 
materials is a growing concern within the EU and across the globe. 
While the EU energy dependency is more than 50%, our reliability 
on raw materials is even higher, often reaching 100% for some 
critical materials. The transition to low carbon energy and 
transport will also imply a shift from fuel dependency to materials 
dependency along with the associated geopolitical shift. Our 
dependency on Russia, Norway, Colombia, USA and Algeria and 
others for the supply of natural gas, crude oil and coal will be
smoothly shifted to reliance on countries like China, Brazil and 
South Africa for the supply of key raw materials required in 
central low carbon technologies such as wind energy, photovoltaic 
(PV) energy and Lithium ion batteries being key components in 
electric cars as well as required for stationary storage for the 
better integration of renewable energy sources. 

Index Terms – Fuel cells, critical raw materials, supply chain

I.  INTRODUCTION

The EU import reliance on fossil fuels is around 50%. Russia, 
Norway, Colombia and USA are the four major suppliers of 
fossil fuels for the EU (Fig. 1) [1]. The major suppliers of raw 
materials for low carbon technologies such as wind energy, 
photovoltaic (PV) energy and Li-ion batteries are China (having 
more than 40% share), Brazil and South Africa. Europe delivers 
only 3% of the raw materials required in these key low carbon 
technologies (Fig. 2). The raw materials supply data are taken 
from an official EC study [2]. 

Fig. 1.  EU import reliance of natural gas, crude oil and coal: aggregated 2017 
data

Fig. 2. EU raw materials dependency on the supply of raw materials required 
in wind, PV energy and Li-ion batteries 

In addition, fuel cells and hydrogen represent also a 
promising low carbon transport solution as well as attractive 
option for large-scale electricity storage capacity for better 
integration of renewable energy.
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II FUEL CELL SUPPLY CHAIN DEPENDENCY

Due to the promising role, which fuel cells and hydrogen 
(FCH) might play in future, further attention is given hereafter 
on the supply chain dependency of Europe for this technology. 
The global supply chain for fuel cell is discussed and evaluated 
considering the whole supply chain from raw materials down to 
fuel cell stacks. Quantitative evaluation is carried out allowing 
for proposals on the way forward towards higher degrees of 
security of supply.

The key players along the supply chain are shown in Fig 3.

Fig. 3. Fuel cells: key players along the supply chain

China is the major supplier of raw materials for Fuel cells 
(22%), followed by South Africa (11%) and Russia (7%). 
Europe produces only 5% of the raw materials but it is the 
largest producer of processed materials with about 40% 
production share. The largest manufacturers and suppliers of 
fuel cell components (including hydrogen vessels) and fuel cells 
are Asia (mainly Japan) and North America (USA and Canada). 
There are many European companies involved in fuel cell
integration but this step of the supply chain is not considered 
here [3].

In Fig. 4, an overview is given of the raw materials, 
processed materials and components required in FC technology 
and considered in the analysis.  The country (regions) shares
shown in Fig. 3 are estimated correspondingly [3].

Fig. 4. Fuel cells: an overview of raw materials, processed materials and 
components considered in the analysis

The risk of supply of critical raw materials for fuel cells is
even higher. Eleven materials, namely Pt, Pd, Co, Rh, REE, C 
(natural graphite), Ru, Si, Mg, B and V are flagged as critical 
for the EU economy in the 2017 Critical Raw Materials list [2].
China delivers more than 1/3 of the critical materials, followed

by South Africa (17%) and Russia (13%) (Fig. 5).

Fig. 5. Supply of CRM for Fuel cells: key players

In particular, indispensable materials used in fuel cells and 
electrolysers such as Platinum, Palladium, Ruthenium, Iridium, 
Niobium, Cobalt, Lanthanum and Yttrium among others are 
assessed by the European Commission as critical materials for 
the EU, meaning that high risk is associated with their supply. 
Again, these materials have highly concentrated supply, 
delivered predominantly by very few countries; e.g. Platinum 
(71% South Africa), Niobium (95% Brazil), Lanthanum and 
Yttrium (95% China), Ruthenium (50% Russia) etc.

In addition to supply risk shortages, the end of life input 
recycling rates for these materials are relatively low ranging 
between <1% and 11%. The substitution of these materials is 
also challenging or not feasible at all without sacrificing the 
performance level.

II CONCLUSIONS

The high risk of supply shortages, limited recycling and 
substitution potential for certain materials could hinder the 
smooth deployment of fuel cells and hydrogen technologies in 
Europe in future. All these are critical aspects that need further 
attention. Securing reliable, adequate and continuous supply of 
such materials together with substitution and recycling can 
underpin the successful deployment of FCH technologies in the 
EU.
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NANOSTRUCTURES OF NAFION ULTRATHIN FILM ON THE PLATINUM AND 
CARBON SURFACES IN PEMFC CATALYST LAYER: MOLECULAR DYNAMICS 

SIMULATION APPROACHES 

Haisu Kang and Seung Geol Lee* 
* Department of Organic Material Science and Engineering, Pusan 

National University, 2, Busandaehak-ro 63beon-gil, Geumjeong-gu, 
Busan 46241 (Republic of Korea) 

Abstract - We performed full atomistic MD simulations in order 
to understand nanostructures of the hydrated Nafion ultrathin film 
on the surfaces of PEMFC catalyst layer (CL), which are catalyst 
surface (platinum) and support surface (carbon sheet), at 353.15K 
under different water contents. We found that water molecules, 
hydronium ions and sulfonic acid groups dominate at the nearest 
region on Pt surface, while carbon surface, Nafion PTFE backbones 
dominate as lying on the surface. We concluded that they have 
different phase segregated structure on each surface. Thus, we 
analyzed hydrophilic and hydrophobic domain separately and found 
that hydrophilic domain is more concentrated with lower volume 
and Nafion backbone in the hydrophobic domain is aggregated 
more on Pt surface. 

Index Terms - Fuel cell catalyst layer, molecular dynamics (MD), 
Nafion thin film, perfluorosulfonic acid (PFSA) membrane, 

I. INTRODUCTION 

Polymer electrolyte membrane fuel cells (PEMFCs) are 
promising power sources for various application. A typical 
PEMFC consists of a membrane electrode assembly (MEA), 
which mainly includes a polymer membrane (PEM) and a 
catalyst layer (CL). Particularly, since multicomponent transport 
phenomena take place in a catalyst layer (CL) regions, to design 
highly performing CL is crucial for fuel cell performance. When 
the PEMFCs operate, water generated by electrochemical 
reaction. By this process, water swells into PEM and 
perfluorosulfonic acid (PFSA) polymer forms segregated 
structure with hydrophilic and hydrophobic domains due to its 
inhomogeneous structure. Efforts to understand nano-phase 
segregated structure of the hydrated ionomer ultrathin film were 
conducted in recent years. Nevertheless, due to their 
complexity, questions are still remained from the interactions 
between the surface and Nafion ultrathin film, to the induced 

correlations between the components of Nafion ultrathin film 
especially on cell operation temperature. 
In this study, we performed full atomistic molecular dynamics 
(MD) simulations in order to reveal nano-phase structure of the 
hydrated ionomer ultrathin film on the surfaces consisting CL, 
catalyst surface (platinum) and support surface (carbon sheet), 
especially under different water contents when the PEMFCs 
operated at 353.15K. The structural properties are analyzed by 
number distribution of atoms and radial distribution functions 
(RDFs). For the macroscopic inspection, the hydrophilic 
domains were analyzed by their volumes, since the effective 
volumes of water molecules in hydrophilic domains are crucial 
for the transport properties in Nafion film. On the other hand, 
hydrophobic domains were comprised of Nafion backbone 
chains, which crystallinity causes phase segregation of the 
Nafion thin film. Thus, we conducted solvent volumes analysis 
and radius of gyration (Rg) analysis of the equilibrated systems 
and compared their swelling by film thickness. 

II. COMPUTATIONAL DETAIL 

All MD simulations were performed using full atomistic 
models. Nafion ionomer with molecular weight 9969.83 g/mol 
was used. A modified DREIDING force field was used to 
describe the inter- and intramolecular interaction in the system. 
However, we applied van der Waals (vdW) parameters reported 
by Brunello et al. for the off-diagonal interactions between Pt 
molecule and nonmetals. Canonical ensemble (NVT) MD 
simulation was performed for equilibrium at 353.15K. 
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III. RESULT AND DISCUSSION 

A. Structural Analysis 

Fig. 1 Snapshots of equilibrated Nafion ultrathin film on (a) Pt surface and (b) 
carbon surface under different hydration level (λ) of 2.91, 6.15, 9.77, 13.84. 
Color code: white, gray, red, cyan, and yellow are hydrogen, carbon, oxygen, 
fluorine, and sulfur, respectively. 

The snapshots of the equilibrated structures in Fig. 1. showed 
that Nafion film on both Pt and carbon surface gradually 
segregated into hydrophilic and hydrophobic region with the 
increase of hydration level. However, they show different 
interface structure on Pt and carbon surface. The interface 
snapshots are described in Fig. 2. Nafion backbones lying flat 
on the surface are shown on both Pt and carbon surface at low 
hydration level (λ =2.91). However, when the hydration level 
increases, water molecules, hydronium ions and sulfonic acid 
groups are counted more on the Pt surface than carbon surface 
due to relatively higher hydrophilic interaction on Pt surface. 
Whereas on carbon surface, they do not show clear differences 
by hydration level but Nafion backbone stays lying flat on the 
surface in all cases due to hydrophobic interactions between 
Nafion backbone and carbon surface. When we analyzed the 
number distribution of atoms, they show correspondent results 
on each surface. Meanwhile, by analyzing Radial Distribution 
functions (RDFs) between molecules, we found that the 
distribution of hydronium ions is highly dependent on that of 
sulfonic acid group regardless of the surface condition. 

Fig. 2 Top-view snapshots of equilibrated Nafion ultrathin film at the distance 
of 2.8 Å from (a) Pt surface and (b) carbon surface under different hydration 
level (λ). 

B.  Solvent Volume Analysis 
We analyzed the hydrophilic domains with its volume occupied 
with solvent (water in this paper). We found that the average 
volume occupied with solvent is higher on carbon surface than 
Pt surface under hydration level, which means that the 
hydrophilic domain is concentrated on Pt surface than carbon 
surface at the same amount of water. 

C.  Radius of gyration 
We calculated ionomer radii of gyration (Rg) to quantitatively 
analyze morphology of Nafion ionomer backbone in the 
hydrophobic domains on Pt and carbon surface. As the 
hydration level increases, Rg increases on both surface. 
However, it has higher value on carbon surface than Pt surface. 
This result indicates that backbone of Nafion ionomer on Pt 
surface is more aggregated. Whereas on carbon surface, 
backbone of Nafion ionomer has reduced aggregation, which 
gets more extended as hydration level increases. Thus, we found 
that hydrophobic regions on Pt surface are shown to be highly 
compacted with PTFE backbones. Consequently, we found that 
Nafion film is ~13% thinner on Pt surface. 

IV.  CONCLUSION 

Visual inspection shows that water molecules, hydronium ions 
and sulfonic acid groups dominate as a monolayer on the 
nearest Pt surface, while Nafion PTFE backbones dominate the 
nearest carbon surface also as a monolayer. Structural analyses 
confirm that inhomogeneous distribution of molecules leads to 
different hydrophilic regions on Pt and carbon surface, when 
they segregate to hydrophilic-hydrophobic domains. Compared 
to carbon surface, those segregated hydrophilic and 
hydrophobic regions on Pt surface show higher concentration of 
their composition with lower solvent volume and more 
aggregated chain morphology. Considering the distinctly 
layered hydrophilic-hydrophobic domains in Nafion ultrathin 
film from our results, possible transport mechanisms depending 
on surface hydrophilicity will be narrowed to certain respect. 
We expect that this investigation will shed light to the further 
researches to design highly performing PEMFC. 
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ELECTRONIC PROPERTIES OF NITROGEN AND SULFUR DOPED GRAPHENE: 
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Abstract - In this work, we investigated the adsorption behavior 
of Li atom on N, S co-doped graphene using density functional 
theory (DFT). We found that the adsorption energy of Li atom on 
N, S co-doped graphene was dramatically enhanced by tailoring 
the electrochemical activity of graphene with mono-vacancy defect, 
and N and/or S dopant atoms. The calculated results indicated the 
following order in the adsorption energies from the least to the 
most strongly bound: N3G (-4.971 eV) < S3G (-4.818 eV) < N1S2G 
(-4.274 eV) < N2S1G (-3.455 eV). In addition, the Mulliken charge 
distribution analysis and charge density plots showed that the 
electron-deficient system of N, S co-doped graphene give rise to 
remarkable charge transfers from a Li atom to the graphene, 
which are -0.562e in N3G, -0.598e in N2S1G, -0.631e in N1S2G and 
-0.553e in S3G, confirming that the strong adsorption of Li atom is 
caused by the Columbic interaction. Consequently, our study 
provides in-depth theoretical insights into the potentially 
enhanced electrochemical activity of N, S co-doped graphene 
systems, thereby offering high capacity of Li storage for lithium 
ion batteries (LIBs) and supercapacitors. 

Index Terms - co-doping, mono-vacancy, graphene, electrode 
material, lithium storage, density functional theory 

I. INTRODUCTION 

Over the last two decades, lithium-ion batteries (LIBs) have 
rapidly dominated the commercial rechargeable battery market 
for portable electronic devices owing to their high energy 
density and long cycling life. However, the state-of-the-art 
LIBs in large-scale electric energy storage applications require 
further developments in energy density, rate capability and 
electrode durability. Until now, graphite is the most widely 
used anode material in commercially available LIBs because of 
its high Columbic efficiency and better cycle performance. 
Unfortunately, the limited specific capacity of graphite (372 
mA h g-1) and poor rate performance induced by its low lithium 

s-1)diffusion coefficient (10-7 ~ 10-10 cm2  restrict the 

improvement of next-generation LIBs. Consequently, it is 
imperative to design and synthesize novel carbonaceous anode 
materials with enhanced electrochemical performances for Li 
storage by taking advantage of their high theoretical capacities 
and excellent rate and cycling stability. Various carbonaceous 
materials such as carbon nanotubes, graphene and porous 
carbons are attracted attention as anode for LIBs. Moreover, 
unlike the graphite, in which the Li ions are reversibly stored 
by intercalation/deintercalation, these carbonaceous materials 
with high surface areas can store additional Li ions depending 
on the structure and morphology, thus resulting in high specific 
capacity of > 1500 mA h g-1 with long cycling span. Significant 
efforts have been made to design novel carbonaceous anode 
materials with various nanostructures. Recently, it has been 
found that N-doped graphene showed better electron-transfer 
ability and increased electro-catalytic activity, thus exhibiting 
great Li storage capability. Additionally, doping with S atom 
can further attracted increasing attention in current 
carbonaceous material research. Since S doping can change the 
charge state of the neighboring C atoms, it leads to enhance the 
adsorption ability between graphene and Li ions, which 
exhibits competitive chemical reactivity, catalytic activity and 
storage capacity compared with N-doped graphene. However, 
single heteroatom doping inevitably encounters a limitation for 
enhancing the specific capacity. More recently, when two 
different heteroatoms (B, N, P and S) are simultaneously doped 
into the graphene, synergetic effect can be induced owing to 
the more powerful active sites. To date, only a few studies have 
been focused on the influence of N and S co-doping into 
graphene materials. In addition, information on the the role and 
influence of N and S co-doping on structural and 
electrochemical characteristics are scarce despite the fact that 
the N and S co-doping is believed to be a key factor in 
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imposing explosive electrochemical activity and high Li 
storage capacity. Therefore, there is an emerging need for a 
better understanding on electrochemical structure and 
properties of N, S co-doped graphene. Aiming at revealing the 
cause about synergetic effect on N, S co-doping and 
investigating the storage mechanism of Li ion onto N, S co-
doped graphene, we have performed density function theory 
(DFT) calculations using various N and S doping levels 
focusing on its adsorption characteristics. 

II.  RESULTS

The results show that the adsorption energies between Li 
atom and graphene can be tuned with the help of N and S co-
doping of mono-vacancy defect, thereby leading to greater Li 
uptake capacity of N and S co-doped graphene. The adsorption 
energies of Li atom were in the order of N3G (-4.971 eV) < 
S3G (-4.818 eV) < N1S2G (-4.274 eV) < N2S1G (-3.455 eV)
(Fig. 1). Through Mulliken charge distribution analysis and 
charge difference plots, it has been observed that the co-doped 
graphene becomes an electron deficient system by the presence 
of N and S dopant atoms and mono-vacancy defect. Upon 
adsorption, the charge of Li atom transferred to the N and/or S 
co-doped graphene, as evidenced by the yellow region 
representing the charge accumulation. From a Li atom, the 
doped graphene gained the electronic charge of -0.562e in N3G, 
-0.598e in N2S1G, -0.631e in N1S2G and -0.553e in S3G, 
respectively. 

III.  CONCLUSION

By performing density functional theory (DFT) calculations, 
in this paper we simulated the adsorption process of Li atom on 
several N, S co-doped graphene, and calculated the adsorption 
energies and corresponding charge distribution analysis in 
order to analyze the mechanism of Li storage on the N, S co-
doped graphene and verify the applicability of N, S co-doped 
graphene as anode materials for LIBs. Accordingly, a 
significant amount of electrons was accumulated around the N 
and/or S decorated mono-vacancy region, demonstrating the 
strong electrostatic interaction between the doped graphene and 
Li atom. Thus, these interesting results provide that the 
possibility of tailoring the electronic properties and improving 
a Li storage capacity and its application in anode materials for 
LIBs. 

a b

c d

Fig. 1.  The top and side views of the optimized structures 
for Li adsorption configurations on (a) N3G system; (b) N2S1G 
system; (c) N1S2G system; and (d) S3G system. The purple, 
gray, blue, and yellow colors denote lithium, carbon, nitrogen, 
and sulfur, respectively. 
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OXIDE FUEL CELLS VIA AN ELECTROCHEMICAL ROUTE 
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Abstract - Chemically assisted electrodeposition (CAED), a new 
means of fabricating nanostructured SOFC cathodes in a single 
loading step, provides the advantage of the simultaneous deposition 
of multiple cations while using dilute aqueous solutions of readily 
available salts. In this study, CAED is demonstrated by fabricating a 
cobalt-free LaNiO3/GDC composite cathode. The LaNiO3/GDC 
composite cathode prepared by CAED exhibits superior 
electrochemical properties compared to LaNiO3/GDC composite 
cathodes fabricated by sintering or self-assembly (a recently 
introduced low-temperature SOFC cathode fabrication method) 
approaches. An anode-supported SOFC with a LaNiO3/GDC 
composite cathode fabricated by CAED shows a high power density 
of 974 mW cm-2 at an intermediate operating temperature of 750 oC. 
Low-temperature nano-fabrication by CAED, producing a cathode 
with a high surface area while avoiding the formation of insulating 
phases, is believed to play an important role in achieving better 
SOFC performance. 

KEYWORDS: SOFC, cobalt free cathode, low-temperature nano-
fabrication, chemically assisted electrodeposition 

I.  INTRODUCTION 

Solid oxide fuel cells (SOFCs) are one of the most efficient 
energy conversion devices whose performance is not affected 
by the fuel combustion efficiency limitations, i.e., the Carnot 
cycle. SOFC energy conversion systems can achieve the 
efficiencies of 70 – 90 % when power and high-quality waste 
heat are combined. As they provide the unique advantages of 
high-temperature operation, all solid-state construction, 
scalability, high fuel flexibility and a benign effect on the 
environment, SOFCs are very attractive in the era of the global 
energy crisis and climate change. 

Here we report the low-temperature nano-fabrication of LNO 
as a SOFC cathode by CAED into a backbone of the GDC ion 
conducting phase. Anode-supported SOFCs with LNO/GDC 
composite cathodes fabricated by CAED as well as sintering 
and self-assembly methods are tested and compared in terms of 
their electrochemical performance with hydrogen as a fuel 
source. 

II. EXPERIMENTAL 

Anode-supported SOFCs were fabricated for electrochemical 
performance measurements of various LNO/GDC composite 
cathodes. For the fabrication of anode-supported SOFCs, NiO 
(Kojungdo, Japan), YSZ (LTC, South Korea) and activated 
carbon (YP-50F) powders were mixed by ball milling using 
zirconia balls and ethanol. After drying and sieving, the mixed 
powder was uniaxially pressed into circular green disks which 
were then pre-sintered at 1100 °C for 5 h to form the anode 
supports. A NiO/ScCeSZ (60:40) anode functional layer (AFL) 
and ScCeSZ electrolyte layer slurries were prepared for dip 
coating using appropriate amounts of a solvent (isopropanol 
alcohol, toluene), a binder (polyvinyl butyral), a plasticizer 
(dibutyl phthalate), a dispersant (fish oil) and a surfactant 
(Triton X-100). The pre-sintered anode supports were dip-
coated with AFL and electrolyte layers successively, after which 
the anode-supported half-cell was sintered at 1400 °C for 5 h. 

LNO cathodes were fabricated by CAED and by screen 
printing onto anode-supported SOFCs. For the fabrication of 
the LNO cathodes by CAED. Compartment 1 contained the 
mixed metal nitrate solution for the CAED of LNO, in which 
the CNT-modified GDC scaffolds were used as working 
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electrodes. The button cells were masked before the CAED step 
using polymer paint so that only the GDC scaffolds were 
exposed to the CAED electrolyte. Compartment 2 contained a 
KNO3 solution at the same concentration used for the mixed 
metal nitrate solution, with a Pt mesh used as a counter 
electrode. CAED was performed galvanostatically by 
cathodically polarizing the working electrode.

III.  RESULTS AND DISCUSSION

Cross-sectional SEM images after each step during the 
fabrication of the LNO/GDC composite cathode (near surface 
region) by the CAED method are shown in Fig. 1. The pristine 
GDC scaffold shows a well-defined porous structure. Sintering 
at 1250 °C produces a good attachment of GDC scaffold with 
ScCeSZ electrolyte and there is no delamination detected. 
Infiltration of cobalt nitrate into GDC scaffold produces 
uniformly distributed cobalt nanoparticles with an average 
particles size of ~40 nm. CNTs are grown onto cobalt 
nanoparticles by high-temperature CCVD at 800 °C using 
ethylene as a carbon source. The CNTs are grown into an 
interconnected network, and the CNT-modified GDC scaffolds 
are found to have enough electrical conductivity for the CAED 
step. CAED clearly produces La-Ni-OH agglomerates onto the 
CNT-modified GDC scaffolds, as shown by the increased 
thickness and roughness of the CNTs after the CAED step. A 
heat treatment at 800 °C removes the CNTs and forms the LNO
perovskite phase. CAED produces a uniform deposition of LNO 
throughout the body of the GDC scaffold, as shown in the 
cross-sectional SEM images of the LNO/GDC composite 
cathode fabricated at the cathode/electrolyte interface region.

Fig. 1. SEM images of the GDC scaffold (near the surface) 
after (a) Co infiltration, (b) CNT modification, (c) CAED of 

La–Ni–OH, and (d) a heat treatment at 800oC

Fig. 2. I–V curves of SOFCs at 750 °C prepared by various 
methods

LNO/GDC composite cathodes are fabricated by CAED, 
self-assembly and sintering methods onto the dense ScCeSZ 
electrolyte of anode-supported SOFCs having identical anodes 
(SOFCs belonging to the same batch). Before the measurement 
of the electrochemical performance, all button cells are 
preloaded with a constant current density of 500 mA cm-2 for a 
time period of 20 h. Fig. 2 shows the polarization curves of the 
SOFCs consisting of the LNO/GDC composite cathodes 
fabricated by the CAED, self-assembly and sintering methods 
measured at 750 °C. It is evident that the SOFC with the 
LNO/GDC composite cathode fabricated by CAED possesses 
superior performance (974 mW cm-2) as compared to the 
performance outcomes of 697 and 528 mW cm-2 for the SOFCs 
with the LNO/GDC composite cathodes fabricated by the self-
assembly and sintering techniques, respectively.

IV.  CONCLUSION

The SOFC consisting of a nanostructured LNO/GDC 
composite cathode fabricated by CAED exhibited superior 
performance in terms of the power density due to its high 
electrocatalytic activity for the ORR as compared to SOFCs 
consisting of LNO/GDC composite cathodes fabricated by 
sintering or self-assembly methods.
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BASED SYSTEM FED BY METHANE RICH GAS 

L. Crema*1, M. Testi*, J. Van Herle**, S. Diethelm**, M. Pérez-Fortes**, 
S. Santhanam***, E. Varkaraki****, I. Fadanelli****, G.Prosperi****, R. Makkus*****, 

I. Mirabelli*****, R. Schoon****** 

* Fondazione Bruno Kessler, 38050 Povo (Trento), Italy ** École **Polytechnique Fédérale de 
Lausanne, 1015 Lausanne, Switzerland 

*** German Aerospace Center, 70569 Stuttgart, Germany 
**** SOLIDpower Spa Mezzolombardo, Italy/SOLIDpower SA, 1400 Yverdon, Switzerland 

***** Hygear, 6802 EG Arnhem, The Netherlands 
****** Shell Global Solutions International B.V., 1031 HW Amsterdam, the Netherlands 

Abstract - The CH2P project aims at building an innovative 
system prototype for hydrogen refueling stations (HRS) that can 
support early transport infrastructure deployment for the uptake 
of Fuel Cell Electric Vehicles (FCEV). 

The CH2P system cogenerates hydrogen, heat and power using 
Solid Oxide Cell technology fueled by methane-rich gases. The 
CH2P technology reduces the carbon footprint by achieving an 
extremely high overall system efficiency. 

By providing a transition technology to support the deployment 
of HRS, CH2P contributes to shift the EU towards Hydrogen 
Mobility. The use of hydrogen in the transport sector will improve 
the air quality while mitigating the effect of mobility on climate 
change. At the same time, the transition to hydrogen have the 
potential of providing a competitive advantage of the EU that can 
lead to significant impact in terms of economic value generated, 
new business opportunities, new job creation and improved R&D 
in Europe. 

Index Terms – Cogeneration of hydrogen and power, Hydrogen 
Refueling Stations, Solid Oxide Fuel Cells. 

I.  INTRODUCTION 

CH2P project [1] aims to realize an innovative energy 
system for the cogeneration of hydrogen (H2), heat and power 
using a solid oxide fuel cell (SOFC) fueled by methane rich 
gases or mixtures. The system generates both hydrogen and 
electricity, more efficiently and with a reduced environmental 

impact compared to conventional technologies. The CH2P 
system operates in the following modes: 

1. production of different fractions of hydrogen and 
electricity at the HRS. It can reach 100% hydrogen and power 
capacity, or a partial load of both; 

2. the system can operate in a net electricity consumption 
mode and produce hydrogen-only, using the reforming 
reaction; 

3. in some of the working modes, the system can generate 
hydrogen without the need to add water in regions where water 
is not abundant. The system layout configures an off-grid 
solution. 

II. CH2P TECHNOLOGY 
The cogenerating SOFC technology is under development, 

having indeed progressed to the design of the solution, 
engineering of most of the components, qualified and validated 
at the laboratory scale. The main elements constituting the 
technology and its application are described here below. 

A. Use cases 
Considering data on refueling stations, in particular power 
consumption, at the detail of single components, and hydrogen 
utilization, a usage scenario has been elaborated to account for 

1 Main author: Tel.: +39-0461-314922.  crema@fbk.eu 

Copyright © 2019 

mailto:crema@fbk.eu


288 EFC19

    

   
    

  
  

 

 
     

 

   
 

   
  

 
   

 
 

 
  

     
    

   
     

   
 

     
    

    

   
   

   
  

   
   

  
    

  
    

      
   

   
    

    
  

     
  

 
  

  

   
 

  
   

  
  

 
      

   
   

    
 

 
 

   
   

  
     

   
 

 
  

  
   

  
 

 

 
    

the technology dynamic behavior. To sum up, different usage 
scenarios have been considered for a CH2P. These cases can be 
fulfilled by considering 6 operations points that are illustrated 
in Error! Reference source not found.. Tests follow the 
scheme. 

Fig. 1. CH2P operation points with laboratory testing scheme 

B. Technology Scheme 
Alongside design and engineering, a overall P&ID scheme 

for the technology has been designed as illustrated in the 
following figure 2. 

Fig. 2.  CH2P final PFD after multi objective optimization 

The CH2P plant is the result of a complex integration of 
different sub-components: natural gas sulfur removal, fuel pre-
reforming reactor, steam generator with heat recovery system, 
SOFC stacks, water-gas shift- WGS reactor for full conversion 
of residual carbon monoxide to carbon dioxide, H2 separation 
by water knock out system, compressor and a pressure swing 
adsorption – PSA unit. The high purity hydrogen flow 
produced complies with ISO 14687-3:2014. The CH2P system 
will support fuel demand in novel refueling stations, producing 
H2 for vehicles and electricity for both the refueling station 
needs (self-consumption and recharging of vehicles) and for 
business applications (grid balancing, energy selling) with high 

flexibility of cogeneration. Moreover, it will present an 
innovative cost model for hydrogen production. The CH2P 
system was designed based on a systematic and multi objective 
optimization approach. The overall system was initially 
analyzed in steady state using the results obtained in Aspen 
PlusTM, where three main layout options were identified and 
evaluated through well-known key targets. Then, a multi-
objective optimization tool was applied to define the best 
operating conditions and heat exchangers network of the 
system considering efficiency and feasibility aspects. The 
proposed PFD (Process Flow Diagram) was converted and 
completed in a P&ID taking in consideration a proper safety 
analysis (HAZOP). The development of control followed a 
similar pathway. By means of the dynamic model developed in 
Dymola platform using the modelica code, the whole CH2P 
system was simulated to define and optimize its control strategy 
and the implementation of the control logic over the hardware 
of the system. The results from numerical simulation show that 
the plant could reach a weighted efficiency (i.e. it considers the 
overall working hours per period per day) over 75%, 
considering all generated fractions. 

III. CONCLUSION 

In laboratory testing the main technology targets have been 
validated. This is including the single and large stacks behavior. 
The Large Stack Module has been qualified to produce 25 kW 
power and 20 kgH2/day equivalent, with target efficiency. 

Thermal losses have been accounted for 1,5 kW instead of 
2,5 kW from the initial simulations. Efficiency is expected to 
be considerably higher than 80% modelled for main modes. 

The prototype is entering in a pilot testing phase, with the 
target to test the fully integrated 20 kgH2/d system within Q1 
2020. There results from laboratory testing are promising for 
the validation of the overall technology. Advanced controls 
with Hazop analysis are almost finalized. 

Based on the optimization results, a plant prototype of 20 kg 
H2/d will be built (alpha version). A second system provided of 
higher readiness level (beta version) will be installed at Shell 
Technology Centre in Amsterdam (STCA), at a scale of 40 kg 
H2/day. Both single and pilot systems will support the design of 
a full-scale solution for a refueling station with a capacity of 
400 kg H2/day. 
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Abstract - Soil microbial fuel cells (SMFCs) are a specific type 
of microbial fuel cells, in which the soil acts as the electrolyte, and 
as the source of microorganisms and organic fuel. Given the great 
simplicity of the system design, SMFCs represent an interesting 
avenue for energy harvesting and sensing in remote areas. In this 
study, we investigate the influence that geometrical factors, such 
as the electrode spacing, have on the electrochemical performance
of SMFCs. We also test the relevance that the hydrophilicity of 
both the anode and the cathode, has on performance. Finally, we 
investigate on the possibility of using urine to moisturize the soil. 
Our conclusions provide important guidelines for the design and 
operation of effective SMFCs.

Index Terms – Soil Microbial Fuel Cell; Bioenergy; Urine; 
Electrode spacing.

I.  INTRODUCTION

The threat of climate change pushes the search for alternative 
energy sources that minimize carbon pollution. In this context, 
Microbial Fuel Cells (MFCs) hold great promises. This carbon-
neutral, biomass-based technology takes advantages of the 
action of electroactive microorganisms to directly convert the 
chemical energy of organic compounds into electrical energy. 
Particularly interesting are soil microbial fuel cells (SMFCs). In 
these systems, the soil acts as the electrolyte and as the source 
of both microorganisms and fuel. SMFCs are characterized by
an extremely simple and cost-effective design, with no need for 
pumping and/or electrolyte replacement. Minimum 
maintenance is required since the organic matter is naturally 
provided in the soil by plants, thus allowing long term 
operations in remote areas. With the aim of optimizing the 
design of a flat geometry SMFC previously developed by our 
team [1], we here investigate on the effect that the electrode 
acid pre-treatment, the electrode distance and the use of a 
metallic mesh at the cathode have on performance. We also 
investigate on the use of urine rather than water to moisturize
the soil, to define operation conditions that are also suitable for
areas characterized by scarce access to water. The SMFCs are 
compared in terms of electroactive biofilm enrichment and 
maximum power curves.

II.  MATERIALS AND METHODS

A.  Materials

All reagents used were purchased of analytical grade from 
Alfa Aesar and Sigma-Aldrich, unless otherwise specified, and 
used without further purification. The soil was collected from a 
maximum depth of 30 cm below the surface around the campus 
area of the University of Bath. Soil pH (6.44 ± 0.19) and 
conductivity (κ= 195.2 ± 23.3 μS cm-1) were measured by using 
a Thermo Scientific Orion Star A325 probe. The moisture 
content expressed as a percentage by mass, Wm (% m/m),
calculated according to Eq 1, was 64.01 ± 0.79 %.

(1)

where mw (g) is the mass of the wet sample in the crucible; 
mD (g)is the mass of the dried sample in the crucible; m0 (g) is 
the mass of the empty crucible.

The organic matter content, 5.26 ± 0.92 % (expressed as a 
percentage by mass) was estimated with the Loss on Ignition 
analysis.

B.  SMFC designs and operation

Six different SMFCs were tested. Each consisted of graphite 
felt electrodes (8.5 x 8.5 x 0.7 cm) hold in place with nylon 
screws (Fig. 1). As summarized in Table I, the SMFCs differed 
for: electrode spacing; electrode acid pretreatment according to 
[2]; use of a stainless-steel mesh at the cathode; soil 
moisturizing fluid (synthetic urine and tap water from the lab).
No catalyst was used at the cathode.

TABLE I. SMFCS TESTED IN THIS STUDY

SMFC
Electrode spacing

cm
Electrode 
treatment Mesh

Soil moisturizing 
electrolyte

SMFC-T 4
Both anode and 
cathode

No
Tap water

SMFC-A 4 Anode only No Tap water
SMFC-0 4 No No Tap water
SMFC-2 2 Anode only No Tap water
SMFC-U 4 Anode only No Urine
SMFC-M 4 Anode only Yes Tap water

The SMFCs were fit into PVC containers (20 x 15.5 x 8.5 

289 



290 EFC19

Copyright © 2019

cm) filled up with soil (Fig. 1E). The anode was buried inside 
the soil and the cathode was exposed to air. The soil was kept 
moisturized with either tap water or synthetic urine [3] as 
specified in Table I. The electrodes were connected to an 
external resistance of 500 Ω and to a data acquisition system 
(ADC-24 Pico data logger, Pico Technology, UK), by means of 
titanium wire (0.25 mm diameter), manually woven through the 
electrodes. Polarization tests were performed by connecting the 
SMFCs to a resistance box (Cropico RM6 Decade) and varying 
the applied resistance. Ohm’s law (I=E/Rext) was used to 
calculate the current (I) corresponding to each externa 
resistance (Rext). 

During the enrichment stage, the output voltage, E, over time 
was interpolated with the modified Gompertz model [4]:

(2)

Where: Emax is the maximum cell voltage (V) achievable 
under close circuit conditions; ⅄ is the lag phase duration 
(days); e is the Napier’s constant (2.71828); µmax is the 
maximum specific growth rate (d-1).

Fig. 1. Several electrode arrangements used in this study. A) large 
electrode spacing (4 cm); B) short electrode spacing (2 cm); C) and D) 

mesh configuration; E) experimental set-up.

III.  RESULTS

The SMCs were characterized by different lag times, λ (Fig. 
2). SMFC-U, SMFC-A and SMFC-2 showed lag times of 
approximately 4 - 5 days, with a minimum of 4.17 ± 0.58 days
for SMFC-U. In all these designs only the anode underwent 
pre-treatment. SMFC-0 showed both the highest λ (8.25 ± 2.47 
days) and the lowest μmax, which was 1.5 times lower than 
SMFC-A. SMFC-T showed a higher λ than SMFC-A, SMFC-U 
and SMFC-2. This result suggests that the cathode pre-
treatment may hinder the oxidation reduction reaction, due to 
the electrode soaking in the electrolyte (moisturized soil) that 
would limit oxygen diffusion. SMFC-0 showed significantly 
slower biofilm formation, thus reinforcing the importance of 
anode pre-treatment to increase the electrode surface area and 
promote bacterial attachment and electron transfer [2].

Fig. 2. A) Enrichment of the SMFCs. Data points refer to average 
experimental data (n=3). Lines and table refer to the interpolated 

values from the Gompertz model. B) Maximum power obtained from 
polarization tests (n=3).

In terms of maximum power generated, SMFC-A was the best-
performing design, with a Pmax of 0.203 ± 0.154 mW at a 
current peak of 0.420 ± 0.288 mA. SMFC-0 showed the worst 
performance, while the use of a mesh at the cathode posed 
issues on reproducibility.

IV.  CONCLUSION

The different SMFCs tested in this work highlighted the
importance of anode treatment to speed up the lag phase during 
the enrichment phase and reach steady-state conditions. A 
larger electrode spacing leads to a higher power output by 
minimizing oxygen diffusion to the anode. Finally, tap water is 
the preferred electrolyte for moisturizing the soil.
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Abstract - Online monitoring of soil health can enhance land 
management and agricultural practices. Soil Microbial Fuel Cell 
(SMFC) is an interesting technological option for this purpose. 
The current generated by a SMFC is related to the metabolic 
activity of microorganisms naturally present in soil. This activity is 
influenced by key factors in the soil, including nutrients levels, pH, 
moisture and presence of any bioactive compounds. As such, 
SMFCs can provide real time and on-site feedback on soil quality. 
Moreover, the technology allows self-powered operations, which 
facilitate its use in remote areas. In this study, we report an 
innovative and low-cost SMFC design and test its ability to detect 
pesticides in soil. The encouraging results demonstrate the great 
potential of this technology for practical applications.

Index Terms –Biosensor, Endosulfan, Soil health, Soil 
Microbial Fuel Cells 

I.  INTRODUCTION

In the context of a growing population and climate change, 
effective and sustainable land management is key to enhance
crop production and safeguard our environment. Soil health is 
tightly bonded to food security. This link demands for strategic
and immediate actions to prevent soil degradation and alleviate 
food insecurity in the areas where it is most needed (FAO). As 
such, the development of diagnostic tools capable of 
monitoring soil health in real time and at site is of high interest 
to scientists and stakeholders. An interesting target is the redox 
status of a soil, since it provides information on moisture, 
nutrient availability, pollutant mobility and microbial diversity. 
[1] Traditional methods to measure this parameter are discrete 
and expensive. Microbial Fuel Cell (MFC) technology has been 
widely investigated for water quality monitoring. [2] The 
electrochemical processes in MFCs are a direct measure of the 
metabolic activity of microorganisms at the anode and/or 
cathode and can be related to the presence of bioactive 
compounds. [2] MFC biosensors offers several advantages over 
conventional analytical techniques, such as simplicity of 
operation, cost-effectiveness and self-powered operation.

In this study, we propose for the first time a cost-effective 
membrane-less soil microbial fuel cell system (SMFC) as self-
powered tool for soil monitoring. We test the system in two
different soils and investigate its response to endosulfan.

II.  MATERIALS AND METHODS

A.  Materials

All reagents were of analytical grade and used without 
further purification, and purchased from Alfa Aesar and Sigma-
Aldrich, unless otherwise specified. The soil used in this work 
was collected from Aberystwyth Miscanthus Plantation 
(Institute of Biological, Environmental and Rural Sciences, 
Aberystwyth University). Two different collection areas for soil 
were considered, a flooded one and a dry one, here named as 
Type 1 and Type 2 soil samples respectively.

B.  SMFC design

A catalyst-free membrane-less air-cathode SMFC design 
was used (Fig. 1). The system consists of two rectangular 
pieces of graphite felt (5 x 5 x 0.7 cm, Online Furnace Services 
Ltd), held in place with nylon screws (RS components) at a 
fixed distance of 5 cm. To increase the exposed area of the 
electrodes, nine holes of 4 mm diameter each, at a distance of 
≈1 cm from each other, were pierced onto the graphite felt (Fig. 
1B). The system was operated in a 500 mL beaker filled with 
soil for half of its length (Fig. 1C). The anode was depth into 
the soil, while the cathode was exposed to air. Titanium wire 
(0.25 mm dia., Alfa Aesar) was used for electrical contacts.

Fig. 1. A) Principle of operation of the Soil Microbial Fuel Cell used in this 
study. B) Electrode design. C) Experimental set-up.

C.  SMFCs operation

During the operation, the anode and the cathode were
connected through an external load of 10 kΩ and to a data 
acquisition system (ADC-24 Pico data logger, Pico technology, 
UK) to monitor the cell voltage over time. Tap water was added 
to the soil on a regular basis to keep it moisturized. Care was 
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taken not to flood the system. Polarisation tests were performed 
by in situ linear sweep voltammetry (LSV) measurements, 
scanning the cell potential from the open circuit voltage to zero 
at a scan rate of 5 mV s-1, with a PGSTAT 302 potentiostat
(Metrohm-Autolab, The Netherlands). Before the LSV test, the 
cells were left under open circuit for 2 h. Differential pulse 
voltammogram (DPV) tests were also performed. For the toxic 
test, 1mM of endosulfan in water, from a stock solution (25
mM in 10 % DMSO), was added to the soil. Three individual 
replicates were perfomed.

D.  Microbial analyses

For the microbial analysis, 1 g of soil was dissolved in 10
mL of distilled water. Suspended particles were then allowed to 
settle, and the resulting supernatant was filtered with 100 μm
filter paper. Bacterial colony forming units (CFU) of the 
resulting sample was assessed with the standard microbial 
colony plating method. Impedimetric measurements were also 
performed by using the biosensor recently developed by the 
team, under testing conditions previously reported. [3]

The soil microbiota was also analyzed via the Automated 
Phospholipid Fatty Acid (PLFA) Analysis using MIDI’s 
Sherlock PLFA Analysis Software and the Agilent 6890N GC

III.  RESULTS

The SMFCs showed a different electrode biofilm 
enrichment trend according to the type of soil (Fig. 2A). The 
exponential phase was much shorter (6 days) when the SMFCs 
were operated in Type 1 soil compared to Type 2 soil (25 days). 
In the case of Type 1 soil the steady-state voltage was 1.5 
lower, 170 ± 10 mV for Type 1 compared to 250 ± 30 for Type
2. The different trend may be attributed to the type of nutrients 
and microbial population in the two soils. Type 1 soil has been 
collected in a flooded area. Soils saturated in water have 
reduced bacterial diversities. [4] Also, high levels of water
induce anoxia in the soil, thus providing favourable conditions 
for fermentative bacterial, such as Geobacter sps, which are 
capable of extracellular electron transfer in MFCs. [5] Indeed, 
the much shorter exponential phase in the case of Type 1 soil, 
suggests greater levels of bacteria in the soil readily available to 
populate the electrode surface. PLFA analyses revealed a
biomass content of 234 nmol g-1 for Type 1 soil compared to 
200 nmol g-1 for Type 2. In addition to PLFA, both the samples 
underwent a rapid screening of bacterial concentration. Fig. 2a
shows that the charge transfer resistance (Rct) was higher for 
Type 1 soil, which is a result of more lectin-bacterial cell 
complex formation and, therefore, is an index of higher 
bacterial content in the soil sample. Type 1 soil resulted in 
higher microbial colony forming units of 2800 CFU mL-1

compared to Type 2 (1300 CFU mL-1).

Fig. 2. A) SMFCs enrichment. Data is the average of three replicates with a 
30% maximum variation. B) Microbial concentration analysis of the soil 

sample with an impedimetric biosensor (sensor schematic represented in the 
insert). Error bars refer to n=3

To investigate the ability of the system to detect pesticides, 
Type1 soil was spiked with endosufan (Fig 3). Endosulfan is a
pesticide extremely toxic to both the aquatic biota and 
mammals, with a half-life in soil as high as 800 days. [6] The 
pesticide caused a 102 mV drop in the output voltage. After 3
days, however, the voltage was recovered, and a 13% increase 
from the initial baseline was observed (Fig 3A). This increase 
was confirmed by the presence of a redox peak at -0.35 V, that 
was absent during the voltage drop, which suggests full
recovery in the microbial electrocatalytic activity (Fig 3B).

Fig. 3. A) SMFC response to endosulfan addition into the soil. B) DPV
tests of the SMFC performed during the points * and ** shown in A.

IV.  CONCLUSION

A cost-effective membrane-less SMFC system is reported 
and investigated as soil sensor. The shape of the exponential 
phase during enrichment is a function of the microbial content
in the soil. The presence of endosulfan affected the output 
voltage, with a voltage baseline recovery after 3 days. Future 
work should assess the fate of the pesticide in the soil.
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Abstract - This paper describes a software tool aiming at the 
preliminary design of production and storage energy systems 
onboard for different kind of ships. The tool considers different 
fuels, storage systems and power units, including both traditional 
(i.e. diesel ICEs) and innovative ones (i.e. fuel cells): the different 
technologies are compared considering weights, volumes, costs and 
emissions as decision parameters. Different relevance is given to 
the parameters according to the application under analysis. In this 
paper two case studies are presented considering the specific 
peculiarities of each application, where the innovative solution 
with PEM Fuel Cells is compared with the state-of-the-art. The 
first case is a cargo ship that should be refueled replacing the 
container where the storage system is installed, avoiding the issues 
related to hydrogen refueling. the second one is a cruise ship 
operating in Norwegian fjords where zero emissions will be soon 
required. The best solutions are presented for each case, showing 
the impact of the relevance parameters on the choice. 

Index Terms - PEM fuel cells, marine energy storage, energy 
systems management, pollutants mitigation 

I.  INTRODUCTION 

A study performed by International Maritime Organization 
(IMO) reports that from 2007 to 2012 international shipping 
contributed on average 2.6% of global CO2 emissions, 
furthermore a growth in global trades using seaborne transports 
is foreseen [1]. IMO sets for 2030 the goal of reducing CO2 

emissions from shipping by a minimum of 40% per cargo ton-
mile, while for 2050 the reduction is 50% [2]. Therefore, the 
reduction of pollutant emissions throughout the use of 
innovative and sustainable technologies clashes with the 
compliance with safety regulatory requirements. In this context, 
the introduction of clean technologies for ship propulsion is the 
focus of the IMO research: PEM Fuel Cells, fueled by 
hydrogen, are one of the most promising solutions, as they are a 
zero-emission system [3]. On the other hand, the impact that 
volumes and weights have in maritime applications cannot be 

neglected [4]: since its low energy density, H2 presents some 
drawbacks, if compared with diesel oils that are traditionally 
employed for maritime applications at present day [5]. Finally, 
the economic impact of the different solutions must be 
considered as well. Therefore, it is useful to have, in a 
preliminary design phase, the chance to understand which can 
be the most suitable and performing solution for energy 
production onboard. 

II. METHODOLOGY 

A. Tool description 

The authors have developed a tool, HELM, which allows 
users to choose the best technology, in terms of power and 
storage energy systems. Maps relating the ship features with 
input parameters (total power required by the vessel and hours 
of navigation without docking) have been developed through a 
detailed market investigation, employing the data provided by 
industrial partners of author’s research group. The tool library 
includes different fuels (Hydrogen, LNG, Diesel Oil), storage 
technologies (liquid H2, compressed H2, metal hydrides, LNG 
vessels and diesel oil vessels) and power units (PEM Fuel Cells, 
micro Gas Turbines, ICEs).  The choice of the best solution also 
depends on the different relevance of the single parameters 
(weights, volumes, costs, emissions), representing the priority 
for the kind of ship and the considered application. HELM 
gives in output the most suitable technology for the scenario 
considered. The evaluation is given in terms of score for each 
technology: the best technology obtains the highest score. The 
total score for each solution is the sum of single scores obtained 
for the four categories (weight, volumes, costs and emissions). 
For each category, the score is in a range 1 - 10: the technology 
with the lowest value (i.e. lowest cost) obtains the maximum 
score; the other technologies are compared with the best one by 
using a coefficient X, which is the ratio between the considered 

Copyright © 2019 
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solution and the best choice; a score is given depending on the 
range of the coefficient X. According to the specific application 
requirements, a different relevance can be considered for each 
of the four parameters mentioned above; therefore, the score for 
each technology is multiplied by the corresponding relevance 
(i.e. if cost relevance is 2, the maximum score for the cost 
parameter is 20 points). 

B. Case studies 

In this section, two case studies are analyzed using HELM. 
The first case study refers to a cargo ship operating in Baltic 
Sea. The idea is to develop a low emission ship in compliance 
with the current normative for onboard energy generation, 
avoiding the refueling process and its issues. To do that, the 
storages have to be placed inside standard containers in order to 
guarantee safe and easy operations during the substitution 
process. The empty storages will be re-filled in-land, respecting 
all the already existing normative, making them available for 
being used on the incoming ships. The considered ship for this 
application requires a power generation of 2 MW and an entire 
week period without docking. Considering the peculiarities of 
this application, the relevance parameters in the tool have been 
set in order to minimize costs and emissions, without neglecting 
the impact of volumes and weights. Table 1 reports the scores 
for the main solutions. 

Table 1 Scores for main technologies, Case study 1 
PEMFC + LH2 mGT+LNG ICE + LNG ICE + FO 

Volume 4 10 12 20 
Weight 2 8 10 20 

Cost 4 28 32 40 
Emission 40 24 18 4 
TOTAL 50 70 72 84 

The state of the art (ICE+FO), is the best solution nowadays. 
Considering also the next future, with expected restrictions on 
pollutant emissions, it is worth to understand the potential of 
these technologies in this context. The scores detail shows that 
ICE+FO is the most compact and economic, while the PEMFC 
represents the most competitive solution from the 
environmental point of view. Focusing on the application of this 
case study, the use of 40 ft containers for energy storages 
(internal volume of 66 m3) will be considered. Table 2 shows 
the impact of this configuration on the system dimensions. 

Table 2 Volume requirements analysis 
PEMFC + LH2 mGT+LNG ICE + LNG ICE + FO 

Storage system 
[m3] 1116 284 267 121 

N° of Containers 17 5 5 2 
Containers [m3] 1122 330 330 132 

The second case study refers to a medium size cruise ship 
operating in Norwegian fjords (7MW for 10 hours without 
docking) [7]. This area is already one of the most severe in 
terms of pollutant emissions, therefore the use of low or zero 
emission technologies is fundamental. 

Considering these aspects, the main priority for this 
application is given to pollutant emission minimization, 

followed by the volumes. Costs have lower impact because, in 
this development phase, a possible financial contribution by EU 
founds can be considered. Impact of weights is very low in this 
phase. The simulation with HELM of the described scenario 
gives as output the results showed in Table 3. 

Table 3 Scores for the main solutions, Case study 2 

The scores show how the use of PEMFC coupled with hydrogen 
stored as liquid is the most promising solution. The state of the 
art solutions are strongly penalized by their pollutant emissions. 
The use of compressed hydrogen, even if guarantees a zero 
level if pollutant emissions leads to volumes, due to the low 
compactness of the storage system. The solutions with 
PEMFC+LH2 has a storage volume of 239 m3, while the total 
volume is 328 m3; the use of compressed H2 leads to a storage 
system volume of 882 m3 and a total volume of 972 m3. 

III. CONCLUSIONS 

In this study, a tool developed by authors’ research group, 
has been used to perform a preliminary design of energy 
systems on board for two different maritime application. The 
study shows how the peculiarities of each application affect 
significantly the results. Among all the innovative solutions 
considered for their low environmental impact, the use of 
PEMFC with LH2 storage seems to be the most promising, even 
if lacks in the current regulation could make its application 
complicated. In the future, the authors are going to update the 
tool with more solutions (such as SOFC, methanol storages, 
etc..) also keeping it updated in accordance with the incoming 
new normative in terms of maritime pollutant emissions. 
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Abstract – Solid Oxide Fuel Cells (SOFCs) are promising 
electricity producing devices, since it can convert chemistry energy 
into electricity directly without any combustion reactions. The 
traditional SOFC has its own intrinsic drawbacks, such as cracks 
and delamination due to mismatch of thermal expansion 
coefficient (TEC) between different components as well as gas 
leakage due to the sealing problems. Therefore, design a new type 
of SOFC is important and provide possibilities to solve the above 
problems. 

A novel anode supported symmetrical double-sided cathode 
SOFC model was built through COMSOL Multiphysics based on 
the cell developed and tested at Ningbo Institute of Material 
Technology and Engineering (NIMTE) in China. The model 
consists of support anode, functional anode, electrolyte and 
functional cathode layers, which were pasted one by one on both 
side of support anode. The interconnects mounted on the outside 
as current collectors. 

Index Terms - Solid Oxide Fuel Cells, Double-sided cathode, 
Electric properties, Thermal stresses 

I.  NOMENCLATURE 

Interface of cathode and electrolyte ICE 
Interface of anode and electrolyte IAE 

II. INTRODUCTION 

Solid oxide fuel cells (SOFCs) are promising electricity 
production devices for its high efficiency, environment friendly 
and sustainability [1-5]. The electrolyte supported SOFC has 
applied extensively, but its high operation temperature causing 
the limited material choices for cell components, besides its 
power density is lower than anode supported one. Therefore, 
many research works focused on anode supported SOFC in 
order to achieve higher power density, efficiency and longer 
life span. 

del Litoral, Guayaquil 90112 

Mechanical stability of electrode and a rigid sealing 
properties are closely related to the structure of SOFC. A novel 
anode supported symmetrical double-sided cathode SOFC 
model was built through COMSOL Multiphysics based on the 
cell developed and tested at Ningbo Institute of Material 
Technology and Engineering (NIMTE) in China [2]. The cell 
consists of hollow support anode, the active anode, electrolyte, 
GDC, active cathode, support cathode are pasted one by one on 
both side. In order to reduce the compute time, we have 
simplified the model as is show in Figure 1. For instance, the 
model is symmetrical across xy plane and xz plane, so only 
quarter of the cell was built. Meanwhile, there is only active 
cathode and single layer YSZ electrolyte to simplify the model, 
and this will not affect the research topic. The air is feed in air 
inlet and will distribute through air channel, which is separated 
through interconnect ribs as is show in Figure 1. The specific 
geometry size parameters are showed in Table 1. The materials 
properties are adapted from the literature. The model solved 
equations for ion, electron, momentum, gas species and heat 
transport simultaneously and are coupled to kinetics describing 
the electrochemical and internal reforming reactions within the 
electrodes. 
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Fig. 1. Schematic diagram of the double-cathode model 

TABLE I GEOMETRY SIZE AT DIFFERENT DIRECTION OF EACH LAYER 

Components X [mm] Y [mm] Z [mm] 
Support anode 102 

47 2.5 
Active anode 44 0.02 

YSZ 86 42 
0.008 

Active cathode 0.03 

III. SIMULATION RESULTS 

High electrical efficiencies is of great importance for 
SOFC, which is related to materials properties, gas feeding rate 
and mechanical stability. The electron and ionic current density 
are displayed in Figure 2 and 3. It is found that both current 
density are mainly distributed under the interconnect ribs away 
from the air inlet. Further simulation is needed to get the 
polarization, temperature and thermal stress distribution in the 
cell. 

Fig. 3 Ionic current density at the interface of anode and electrolyte. 

Fig. 2 Electric current density at the interface of cathode and electrolyte 
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Abstract - PEMFCs are very popular for the transport and 
portable applications due to their several merits over other fuel cell 
configurations. Research in past years was focused on the flow field 
developments in PEMFC and still, it is open-ended choice for 
researcher to model the flow field. Water management in PEMFC 
is being the central issue of study for the researchers. Flow field 
development and water management need to be addressed for 
better performance of PEMFC. We developed a new approach for 
water management and water removal from the gas diffusion layer 
(GDL). The study is focused on creating a pressure gradient along 
the flow channel and GDL. The water from GDL is removed due to 
pressure difference. Flow analysis of developed flow field for water 
management in PEMFC. The transient simulation results showed 
promising results by removing 90% of the water from the flow 
channel and GDL within 3 minutes. 

Keywords: PEMFC, water flooding, pressure gradient 

I. INTRODUCTION 

Proton Exchange Membrane Fuel Cell (PEMFC) uses hydrogen 
and oxygen to produce clean electricity and by-products like heat 
and water [1]. Working principle involves the flow of reactants 
to the catalysts through GDL, electrochemical reactions at 
catalysts, the flow of ions and electrons through the separate 
path, and finally the combination of electrons, ions, and oxygen 
that produces water at the cathode side. Water accumulates at the 
cathode side, leads to significant water concentration difference. 
This excess water results in the formation of water films or water 
patches at cathode catalyst and GDL. Cathode flooded with 
water and starts resisting air diffusion through GDL, which 
further decreases air (or O2) mass diffusion rate for reaction to 
happen. The decrease in reaction rate results in a drastic fall in 
power output and fuel cell efficiency. This phenomenon 
generally observed at high current density. 

II. PRESSURE GRADIENT APPROACH TO AVOID WATER 
FLOODING 

Among the various methods to resolve water flooding issue, a 
pressure gradient is simplest. The effect of an obstacle placed in 
the flow channels causes the variation in pressure distribution in 
the channel [2]. They reported the effect of obstacle placed near 
the exit of channels. Their results showed the improvement in 
electrochemical reaction and high current densities are obtained 
at relatively higher cell voltage. Current density improvement 
was also reported by Ahmadi et al. [3]. The effect of inverted 
trapezoidal channel geometry was studied for different 
dimensions for optimization. Also, effect of convergent flow 
along the length of the channel was considered and current 
density improvement observed due to increased velocity of 
reactants. 

Figure 1 3D Model for pressure gradient flow field 

The present study is focused on the design of the flow field to 
solve the water accumulation issues in GDL. The water flooding 
in cathode GDL can be avoided by creating a directional pressure 
gradient in GDL. This can be achieved by creating high-pressure 
reign near inlet and creating low pressure or suction pressure 
near the outlet, especially inside the gas diffusion layer. 
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Figure 1 shows an innovative design of flow channels. 
Subchannels connect the main channel to the membrane 
electrolyte assembly. Sub-channels at inlet reign divert flow 
from the main channel to gas diffusion layer at an angle. The 
flow pattern is designed in such a way that when air flows 
through the main channel, near the exit it creates negative 
pressure in returning subchannels which pulls the accumulated 
water from GDL. 

III. MATHEMATICAL MODELLING 

For the current study, only cathode channel, GDL and cathode 
side catalyst were considered as computational domain. Our 
model assumes (1) Flow is laminar, (2) Water and air mixture 
follow ideal gas laws, (3) To analyze the worst possible case, 
catalyst layer and GDLs were assumed to be flooded completely, 
and, (4) Porosity of GDL and catalyst layer was assumed to be 
isotropic. For this study transient simulation were modelled with 
the help of finite volume method. Mesh sensitivity analysis was 
carried considering the pressure drop as mesh independent 
parameter and further simulations were performed on this mesh. 

Figure 2 Physics of water removal from GDL on cathode side 

IV. RESULTS AND DISCUSSIONS 

Fuel cell modelling is a complex task and holistic modelling of 
it requires careful consideration of many parameters. In order to 
simplify the complex fuel cell modelling, we carried out the flow 
investigation assuming two-phase flows and the geometrical 
parameters. 

Figure 2 shows the pressure distribution in the cathode side 
channel and gas diffusion layer. As the flow enters in, part of the 
flow is diverted to gas diffusion layer through subchannels and 
remaining part of the flow leaves channel through the outlet. 

To check the performance for the worst condition, it was 
considered that GDL and catalyst are completely flooded with 
water. Figure 3 shows the water volume fractions with respect to 

time. It is observed that water started to flow from GDL and 
catalyst towards the exit of the channel. The transient response 
of water removal in gas diffusion layer shows that accumulated 
water can be removed successfully within 2 to 3 minutes. Some 
water accumulation in outlet reign is observed because of high 
flow resistance in outlet reign. 

(a) (b) 

(c) (d) 
Figure 3 Water volume fractions at time (a) 0 s (b) 20 s (c) 80 s (d) 120 s 

Air Water 

V. CONCLUSION 

The flow analysis of pressure gradient method in PEMFCs for 
water management was successfully studied. The transient 
simulation results showed that within 3 minutes of the time 90% 
of the water is removed from GDL. Water accumulated in GDL 
near the channel inlet area is removed faster, while water near 
the outlet channel takes little more time. This is because reactants 
and water try to flow through minimum flow resistant area. Thus, 
some part of the accumulated water near the outlet remains 
accumulated and get removed slowly. Presented simulation work 
describes that the pressure gradient approach and the new design 
of the flow channel worked successfully and helped in removing 
the water from GDL. Further investigation with the full PEMFC 
model will be the future task. 
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Abstract - Fuel production from hydrogen and carbon dioxide 
looks an attractive solution as a long-term storage of electric 
energy and as a temporary storage of carbon dioxide. A large 
variety of CO2 sources are suitable for Carbon Capture Utilization 
(CCU), and the process energy intensity depends on the separation 
technology and, ultimately, on the CO2 concentration in the flue 
gas. Since the carbon capture process emits more CO2 than the 
expected demand for CO2 utilization, the most sustainable CO2 
sources must be selected. This work aims at modeling a Power-to-
Gas (PtG) plant and assessing the most suitable carbon sources 
from a Life Cycle Assessment (LCA) perspective. The PtG plant is 
supplied by electricity from a 2030 scenario for Italian electricity 
generation. The plant impacts are assessed using data from the 
Ecoinvent database version 3.5, for different CO2 sources (e.g., air, 
cement, iron and steel plants). 

Index Terms - Carbon Capture Utilization, Energy Storage, 
Life Cycle Assessment, Power-to-Gas. 

I.  NOMENCLATURE 

AEL=Alkaline Electrolysis; CCU=Carbon Capture 
Utilization; DAC=Direct Air Capture; LCA=Life Cycle 
Assessment; PEMEL=Proton Exchange Membrane 
Electrolysis; PtH=Power to Hydrogen; PtG=Power to Gas; 
SNG=Synthetic Natural Gas. 

II.  INTRODUCTION 

The increasing penetration of renewable energy in the energy 
mix demands new technologies for energy storage. For long-
term storage (weekly to seasonal), PtG is regarded as one of the 
most promising technologies for its potential of storing large 
amounts of energy into an easily transportable chemical vector. 
In order to verify the sustainability of the proposed solution, it 
is crucial to assess its impacts on broad boundaries, under 
several impact categories and different inputs and system 
architecture (e.g., electricity generation mix, carbon separation 
technology). In this context, Assen et al. [1] identified and 
ranked several carbon sources which could serve as CO2 
utilization in Europe on the basis of the marginal CO2 
emissions. In the framework of LCA, Zhang et al. [2] compared 

different PtH and PtG technologies using the current Swiss 
energy mix and for a few CCU technologies. On the wake of 
these studies, the paper aims at assessing PtG impacts from an 
LCA perspective for a broad spectrum of CCU technologies 
and for a 2030 electricity generation mix (the Italian 2030 
electricity mix was chosen as a case study). Both CO2 point 
sources and DAC were included in the study. 

III. METHODOLOGY 

In this work, an LCA methodology was applied, according to 
the ISO 14040 and ISO 14044 guidelines [3,4]. SimaPro 
version 8.5.2.0 was used as software with Ecoinvent version 3.5 
database coupled with literature data, as described below. 

A.  Assumptions and study boundaries 
The system boundaries include all the steps for SNG production 
from water and a point source (or air), as visualized in Fig. 1. 
All conversion processes (electrolyzer, CCU plant, methanator 
and compression steps) are covered. The SNG end-use scenario 
is out of the scope of the present work. 

Fig. 1.  Study boundaries 

B.  Power-to-Gas plant layout 
The methanation plant was developed in Aspen Plus® 
environment [5]. Methanation is carried out in a fixed-bed 
reactor at 300°C and 60 bar to achieve a high purity SNG. 

C.  Life Cycle Inventory (LCI) inputs 
The data used in the present study included both data from 
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Ecoinvent version 3.5 database and data from literature and 
assumptions based on engineering practice for electricity 
generation, electrolysis and concerning carbon dioxide sources. 

 Electricity generation 
Besides supplying the electrolyzer, electricity is used to power 
the feed gases compressors and the carbon capture plant. In the 
present study the supply electricity was assumed from the 
Italian generation mix in the 2030 scenario [6] (see Fig. 2). 
Where only aggregated data were provided, the single 
technology installed power was calculated keeping the same 
current proportions. 

Fig. 2. Italian energy mix for electricity generation (scenario 2030) in TWh 
(adapted from [6]) 

 Electrolysis 
Electrolysis electric consumption was assumed 4.5 kWh/Nm3, a 
typical value for AEL and PEMEL [7]. 

 Carbon Dioxide Sources 
CO2 emissions data were taken from Assen et. al [1], who built 
a database for CO2 emissions of individual facilities in Europe, 
including average consumptions for DAC. 

IV. RESULTS AND DISCUSSION 

The impacts of synthetic natural gas production from different 
CO2 sources were calculated (see Fig. 3). The plants with the 
CO2 captured from hydrogen production plants and integrated 
pulp and paper mills result the most sustainable solutions in 
terms of all the indicators. Separating CO2 from cement plant is 
the most pollutant process for global warming, ozone 
formation, fine particulate matter formation, terrestrial 
acidification, freshwater and marine ecotoxicity, human 
toxicity. The high impacts are due to the use of coal. Under the 
current assumptions for DAC technologies, separating CO2 
from air results the most pollutant in terms of stratospheric 
ozone depletion, mineral resource scarcity and fossil resource 
scarcity due to the elevated amount of natural gas required by 
the current technologies employed for air separation. CO2 
separation from refineries and steam cracker, instead, reports 
the highest impacts on terrestrial ecotoxicity and land use due 
to the high amount of heat required by the process; these 
impacts can be mainly attributed to light fuel and heavy oil and 
to wood chips utilization for heat production, namely. To 

improve the graph readability, only some of the aforementioned 
indicators are reported in Fig.3. 

Fig. 3. Impact assessment for a PtG plant with different CCU technologies 

V. CONCLUSIONS 

In this work the impacts of a PtG plant in a future scenario for 
electricity generation with different CO2 separation 
technologies from point sources as well as from DAC were 
assessed. The most sustainable CO2 sources are hydrogen 
production plants and integrated pulp and paper mills, while 
CO2 separation from DAC and cement plants proved to be 
critical for their heavy use of natural gas and coal. 
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Abstract - In order to obtain a material suitable for 
manufacturing bipolar plates for PEM Fuel Cells the effect of 
molding parameters (pressure, temperature and time), relative to a 
graphite/epoxy composite of fixed composition, were studied and 
modeled by means of a two-level full factorial Design Of 
Experiment approach. In-plane conductivity and mechanical 
strength were the dependent variables. 

Index Terms – Bipolar plates, graphite/epoxy composites, PEM 
Fuel Cells, conductivity. 

I.  INTRODUCTION 

Bipolar plates (BP) are important parts of PEMFCs which 
account for ~ 30% of the stack cost [1]. They are commonly 
composed of pure graphite, metals or metal alloys but recently, 
in order to reduce weight and/or manufacturing costs, 
composite materials based on graphite powder and polymeric 
resins are emerging as a main technology. 

To work as BP, the composite must display high mechanical 
strength, high thermal and electrical conductivities, corrosion 
resistance, low gas permeability and density. Such 
characteristics may be obtained with a proper choice of starting 
materials and forming conditions. Recently we developed a 
simple yet promising graphite/epoxy composite featuring 90 
wt% of commercial graphite, able to meet the electrical 
characteristics required by US Department of Energy (> 100 
S/cm). 

In this work, the effect of moulding parameters (pressure, 
temperature and time) measured using a custom-made pressing 
machine (Fig. 1) were studied by means of a two-level full 
factorial Design Of Experiment (DOE) approach. 

II. MATERIALS AND METHODS 

A. Wet mixing 
The components (graphite, secondary modifiers, epoxy resin 

and polyamine hardener) were suspended in acetone and mixed 
using a magnetic stirrer. The mixture was vacuum dried and the 
wet powder so obtained was directly poured inside the pressing-
machine’s mould. 

Fig. 1. Pressing machine (Graf S.p.A.) 

B. Molding 
Mould temperature (r.t. - 150 °C), applied force (up to 96 

kN) and time were managed and recorded by a software via an 
interfaced PC. 

Copyright © 2019 



306 EFC19

    

    
    

  

   
 
   

    
 

   
  

  
   

  
  

   
    

   
 

  
 

 

   
 

 
    
    
    
    
    
    
    
    

 
 

  
  

    
  

   
    

 
                     

 
  

   
    

  
   

  
 

 
 

    
 

 

 
 

 

 
 

      

 

   
  

   
  

   
 

  
    

  

 
    

  
 

 

 
     

  
 

 

C. Electrical and mechanical characterizations 
In-plane conductivity was measured by a four-point probe 

connected with a Keithley 2400 digital source meter. The 
mechanical strength was evaluated measuring the Flexural 
modulus in a 3-point test. 

D. Design Of Experiment (DOE) 
The data were statistically analyzed using the software Design 
Expert 7.1.6. 

III. RESULTS 

The independent variables studied were: forming pressure, 
forming time and temperature. In-plane conductivity and 
mechanical strength were the dependent variables. Pressure and 
temperature were the ones used in the mould, the time is the 
residence time of the material in the mould under the set 
pressure and temperature. In Table I the factors and runs for the 
DOE are shown (mean value of each sample, prepared in 
double). Statistical data analysis provide a mathematical model 
for each dependent variable. 

TABLE I 
TWO LEVEL FULL-FACTORIAL DESIGN USED IN THE EXPERIMENTATION 

Sample 
no. 

Pressure 
(MPa) 

Temperature 
(°C) 

Time 
(h) 

1 3 60 1 
2 3 80 2 
3 30 80 2 
4 30 60 2 
5 30 60 1 
6 30 80 1 
7 15 80 2 
8 15 80 1 

The in-plane conductivity is influenced by all the three 
considered parameters. Less of the 10% of variability could be 
explained with other, not controlled, parameters. No interaction 
between the considered min variables was found out. The model 
(1) describes the effect of the three independent variables on in-
plane conductivity (σ), where P is the pressure in MPa, T the 
Temperature in °C and t the time in hours. In Fig.2 the 3D plot. 

σ = -157.91 + 1.08 P + 2.95 T + 23.30 t (1) 

In-plane conductivity is improved by high values of pressure, 
temperature and time. An absolute maximum is not observable 
in the analysed ranges, so it seems possible obtain higher σ 
values considering higher values of the independent variables. 

The flexural modulus depends by the three main independent 
variables, but it is also influenced by synergistic interactions 
between the considered independent variables. In Fig.3 the 3D 
plot. 

Fig. 2. 3D plot of the in-plane conductivity vs P, T with (t = 2 h) 

A plateau is reached at the highest temperature, but at the 
lowest of pressure and time. Also for this model, less of the 
10% of variability could be explained with other, not 
controlled, parameters. 

Fig. 3. 3D plot of the flexural modulus vs P, T with (t = 1 h) 

IV.  CONCLUSION 

The best conductivity, 160 S/cm, was obtained with a 
temperature of 80 °C, a pressure of 30 MPa applied for 2h. The 
best flexural modulus, 49 MPa was got with a temperature of 80 
°C, a pressure of 30 MPa applied for 1h. The in-plane 
conductivity is influenced only by the main parameters while 
the mechanical strength is determined also by synergistic 
interactions between the considered independent variables. 

The best compromise, considering the conductivity as the 
most important parameter and the mechanical resistance always 
at high value, is the setting for the best conductivity. 
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Abstract - Water management is a key feature for the efficient 
operation of polymer electrolyte membrane fuel cells (PEMFC) for 
automotive applications. Perfluorosulfonic acid (PFSA) polymer 
materials, which are used for electrolytes in the membrane and the 
catalyst layers, present in fact a drop in ionic conductivity when 
the dissolved water content in the ionomer becomes low. The 
amount of dissolved water in the polymer results from a complex 
balance of produced water by electrochemical reaction, relative 
humidity of the gas feed and water transport across the 
membrane, driven by gradient in water concentration and 
electroosmotic drag. In this work, the operation under low relative 
humidity of automotive materials produced by Reactive Spray 
Deposition technology Technology (RSDT) was investigated with 
the aid of polarization curves and electrochemical impedance 
spectroscopy. The impact of low relative humidity was evaluated 
to separate the contributions of polymer membrane, anode and 
cathode catalyst layers. A loss of electrocatalyst active surface 
under low RH was observed consistently with the literature, and 
some improvements have been implemented by adapting platinum 
distribution, ionomer/carbon ratio in the catalyst layer and 
operating conditions. 

Index Terms – polymer fuel cells; low platinum; water 
management; dehydration. 

I. INTRODUCTION 

Polymer electrolyte membrane fuel cells for transport 
applications are expected to cover a relevant share of future 
electro-mobility for passenger cars, heavy duty transport and 
trains thanks to the improvements achieved in recent years in 
the development of new materials and innovative system 

strategies. For transport applications, a strict requirement is the 
operation under dry operating conditions, which must be 
fulfilled because of limitations in capability of air 
humidification and thermal management. In this work, the 
attention is focused on the operation under dry condition, which 
is realistic for real world stack operation under partial load. In 
this analysis, innovative materials manufactured by reactive 
spray deposition technology with low platinum catalyst loading 
are considered as future generation of fuel cell materials. 

II. EXPERIMENTAL 

A.  Material preparation 
Electrodes were deposited on commercial Nafion 

membranes (Nafion® XL) by reactive spray deposition 
technology, which is a flame-based process which allow for 
contemporary deposition of Pt catalyst nanoparticles, formed in 
the flame, over the catalyst support, which is provided after 
flame quenching with by a nozzle spraying a slurry containing 
carbon support (Ketjen black) and ionomer (Nafion®). The 
process which was described in previous publications [1,2]. A 
list of produced materials is reported in Table 1, in which the 
major properties are described. Additional ionomer in catalyst 
layer was added by spraying after RSDT manufacturing 
(samples 3-4) or during RSDT process (samples 5). CCM’s 
with an active area of 25 cm2 were assembled with GDL 
(Sigracet SGL29BC) under a compression ratio of 
approximately 80% that resulted optimal, as demonstrated from 
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experimental tests comparing different compression rations in 
the range 95% - 70%. Single cell hardware with triple 
serpentine and co-flow gas configuration was adopted for the 
cell testing (Fuel Cell Technology). 

B. Material characterization 
Material characterization was performed by means of 

scanning electron microscopy (SEM) for thickness evaluation, 
and transmission electron microscopy (TEM), to better analyze 
nano particle size and triple phase boundary. 

TABLE I 
LIST OF TESTED SAMPLES 

N Description I/C 
cath/an 

Estimated Pt 
loading 

Membrane 

1 Uniform sample 1 / 0.5 0.15 / 0.07 Nafion XL 
2 Gradient sample (Pt loading) 1 / 0.5 0.15 / 0.07 Nafion XL 
3 High I/C at anode (spraying) 1 / 1 0.15 / 0.07 Nafion XL 
4 High I/C at cathode (spraying) 2 / 0.5 0.15 / 0.07 Nafion XL 
5 High I/C at anode (RSDT) 1 / 1 0.15 / 0.07 Nafion XL 
7 Combination of improvements 1 / 1 0.15 / 0.07 Nafion XL 

C.  Single cell testing 
Single cell tests were performed according to the procedures 

reported in previous works [1]. After cell assembly and leak 
test, 20 voltammetry scans from 0 to 1 VRHE were performed at 
room and 60°C cell temperature, followed by a series of fully 
humidified polarization curves until performance resulted 
stable. A proprietary procedure was thus applied overnight to 
guarantee full activation of the catalyst layers and ionomer. 

Polarization curves in operating conditions listed in Table II 
were recorded on all samples in order to evaluate the effect of 
low relative humidity. Electrochemical impedance 
spectroscopy was performed at three levels of current density 
0.2, 0.8 and 1.2 A cm-2. 

TABLE II 
LIST OF TESTED SAMPLES 

Feeding T (°C) RH (A/C) Stoich. 
(A/C) 

H2 / Air 60 30/30 2/4 
H2 / Air 60 100/100 2/4 
H2 / O2 60 30/30 2/9.5 
H2 / O2 60 100/100 2/9.5 

III. RESULTS AND DISCUSSION 

Polarization curves and electrochemical impedance spectra 
reported on the reference sample (uniform sample 1) are 
reported in Fig. 1. A performance loss is visible from 
polarization curve both under oxygen and air feed when low 
RH are applied. Analysis of EIS allows to ascribe the 
performance loss to severe membrane dehydration, loss of 
catalyst active surface (ECSA, as confirmed by cyclic 
voltammetry and literature [3]), ion transport limitations across 

the active layer. Since loss is mitigated under 100% oxygen, it 
is concluded that a first action could consist in improving ion 
transport in cathode catalyst layer. 

-Z
 im

ag
 ( 

cm
 2 ) 

Fig. 1. Polarization curves (up) and impedance spectra (down) of the 
reference sample 1 (table I) under conditions in Table II. 

IV. CONCLUSION 

The improvements (not discussed here for space limitations) 
led to the following conclusions: 

1. Increasing ionomer content in anode or cathode shows 
improvements mainly under fully humidified condition. 

2. Additional ionomer at anode gives some benefits. 
3. Adoption of a gradient catalyst layer with higher Pt 

loading next to the membrane is beneficial for low RH 
condition [2,4].  

4. Combination of improvements resulted in a final design 
which mitigated the performance loss under low RH. 
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Abstract - Interconnects represent the main component of an 
SOFC stack in terms of weight and volume. They are typically 
made of ferritic stainless steel (FSS) as CROFER 22 APU, 
CROFER 22 H and AISI 441 At the stack service conditions, the 
interconnect is operating in a dual atmosphere: air at the cathode 
side; hydrogen-rich mixture at the anode side. The interconnect is 
coated at the air side with Co-Mn spinel while the fuel side is left 
uncoated. 

The stacks taken into account for this study operated for 5000 
h, 9000 h, 20000 h respectively. One interconnect has been studied 
for each stack, sampling areas connected to the FSS plate. The 
samples were characterized by SEM-EDS. The effect of the 
exposure atmosphere and the contact with the electrodes were 
investigated. 

Index Terms - SOFC, interconnect, post-experiment 
characterization, operating conditions. 

I.  INTRODUCTION 

Metallic interconnects (MIC) are the main component of a 
Solid Oxide Fuel Cell (SOFC) stack in terms of weight and 
volume. They are typically made of ferritic stainless steel (FSS) 
that have a suitable high temperature oxidation resistance and a 
coefficient of thermal expansion (CTE) matching with the one 
of the components of the fuel cells [1]. Their high Cr content 
promotes the growth of Cr-based spinels that are effective 
against further oxidation and ensure high electrical conductivity 
due to their semiconducting behavior [2]. CROFER 22 APU, 
CROFER 22 H and AISI 441 are grades commonly used as 
interconnects for these applications. At the stack service 
conditions, the interconnect is operating in a dual atmosphere: 
air at the cathode side; hydrogen-rich mixture at the anode side 
[3]. On the cathode side MIC is usually coated with a spinel 
protective layer of Co-Mn or Cu-Mn to avoid Cr evaporation 

which lead to poisoning the cathode active sites [4]. The coated 
interconnect is usually contacted to the cathode with an 
electrically conductive perovskite, mainly LaSrCoFeO3 (LSCF) 
or LaSrMnO3 (LSM) [5, 6] On the fuel side the interconnect is 
usually left uncoated and is in direct contact with Ni base 
contacting layer compliant with the MIC and the anode. 

In this work we characterized the above-mentioned layers in 
stacks operating at 1123 K for 5000 h, 9000 h, 20000 h, 
respectively. The study was performed using Scanning Electron 
microscopy coupled with energy dispersive X-ray spectroscopy 
(SEM-EDS). Furthermore, image analysis was performed using 
the software ImageJ 1.49f to verify the evolution of the 
thickness of the oxides formed. 

The aim of the study is to investigate how the dual 
atmosphere and the contact with different materials (namely air 
and perovskites at the cathode, hydrogen and Ni at the anode, 
respectively) significantly influenced the evolution of the 
interface layers on the MIC. 

II. MATERIALS AND METHODS 

MIC in the investigated stack consisted of CROFER 22APU 
suitably shaped (ribs and channels) to ensure electrical contact 
and gas flow at the electrodes. The protective coating consisted 
of Co-Mn spinel protective layer. MIC were disassembled from 
stacks and mounted in epoxy resin before cutting in order to 
avoid the loss of material during the sample preparation. Three 
sites of interest, namely gas inlet, middle and gas outlet were 
sampled in order to study changes related to the position in the 
cell (fig. 1). The cross sections were polished up to 0.25 μm to 
be characterized by SEM-EDS. 
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Fig. 1.  Schematic representation of the investigates positions on the 
interconnect. In red those discussed in this paper 

III. RESULTS 

The two analyzed areas, as visible from fig. 1, are those 
closer to the related electrodes, namely cathode (1) and anode 
(2). Both sides exhibit a layer composed of Cr and Mn oxides, 
coherently with the oxidation of the metal substrate at such 
operating temperatures (1123 K). Fig. 2 (up) shows the trend of 
oxide growth together with the decrease in porosity of the Co-
Mn coating connected to a densification process [4, 7]. The 
trend showed a decrease in scale growth rate over time possibly 
connected to the densification of the protective layer hindering 
the oxygen diffusion toward the metal substrate. The oxidation 
at the anode side (fig. 2, down) might be related to the presence 
of water vapor as a carrier of oxygen. This affects the oxide 
growth which is characterized by a trend visibly lower when 
compared to the air side. This phenomenon should be taken into 
account in long lasting operations since could affect the overall 
conductivity of the MIC. The evolution of the abovementioned 
parameters should be thoroughly considered when modelling 
the degradation processes and planning accelerated test 
campaigns. 

Fig. 2.  Oxide thickness and coating porosity at air (cathode) and fuel (anode) 
side of the same interconnect vs. operating time 

IV.  CONCLUSION 

The opportunity to investigate MIC coming from SOFC 
stacks operated up to 20000 h offered an important insight on 
the interaction between the interconnect with the coating, 
applied at the air side, and the working atmospheres. The 
cathode side exhibited an expected thermally grown oxide at the 
interface metal/coating. The oxide growth rate is closely related 
to the densification of the spinel coating. The anode side 
showed the formation of an oxide layer with limited growth 
rate, possibly depending on the presence of water vapor. 
Further experiments will be performed in order to better define 
the reactivity of the MIC in anodic conditions. The gathered 
information is relevant to the understanding of the long-lasting 
phenomena and the parameters affecting their evolution. 
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Abstract – A transient and multi-component fluid-dynamic 
model of the gas network was applied to a real distribution 
network of a small municipality. The aim was to perform a series 
of investigations about the hydrogen injection practice. First, the 
evaluation of the hydrogen receiving potential of each point of the 
gas network was carried out under a defined percentage of 
hydrogen blending, following the seasonal and infra-day variation 
of the users’ gas consumptions. Then, an example of distributed 
injection of solar-produced hydrogen is performed so to evaluate 
the impact of hydrogen blending according to a realistic curve of 
production. By crossing the results of the two simulations, it is 
possible to highlight and quantify opportunities and criticalities of 
the hydrogen blending practice at a local level as well as to draw 
preliminary considerations on the regulatory framework about 
hydrogen presence within the gas network. 

Index Terms – Energy storage, Gas network model, Greening the 
natural gas, hydrogen injection. 

I.  INTRODUCTION 

In the context of the energy transition, the role of the natural gas 
infrastructure is controversial. On the one hand, as indicated in 
the IPCC report [1], the decarbonization goals set long-term 
scenarios for which the fossil fuel shift towards natural gas will 
not be sufficient to achieve the mitigation results, with natural 
gas undergoing then a substantial reduction by the end of the 
century. On the other, it is considered as a fundamental enabler 
for the transition itself [2] as well as a power network stabilizer 
when higher share of fluctuating energy from renewables will 
be present in the system [3]. A possible solution to this 
dilemma may be given by the decarbonization of the gas 
network with the integration of the electricity and the gas 
systems through grid injection of hydrogen from power-to-gas 
path. Recent studies have estimated that the employment of 
renewable gases for the decarbonization of the energy system 

may result a viable economic option, with annual savings 
ranging between 8 and 138 billion € year [4]. 

However, while the distributed injection of biomethane and 
synthetic natural gas within the existing gas infrastructure is 
almost technically straightforward, the case of hydrogen 
blending is rather more complex. This practice would have a 
remarkable impact on the whole natural gas system, from the 
physical infrastructure to the management of the gas quality and 
to the final users’ appliances. Several studies and reviews aimed 
at summarized technical evidences of both strengths and 
weakness of the gas infrastructure under unconventional gas 
distribution [5],[6]. 

In this work, the issues of gas quality management as well as 
the network receiving capacity have been addressed taking 
advantage of the feature of the transient and multicomponent 
fluid-dynamic model of the gas distribution network. 

II. METHODOLOGY 

In order to gain expertise in modelling and managing future, 
smart and complex gas grids, a fluid-dynamic model of the 
network was developed, with the following features: 
1) transient fluid-dynamic: the time-dependent evolution of the 
network can be evaluated following the fluctuating 
consumptions patterns; 
2) multi-component: the natural gas is modeled as a mixture of 
hydrocarbons and other gases (hydrogen among the others) 
whose composition may change throughout the network and 
along the simulation time frame. A more detailed description of 
the model is presented in [7]. The structure of the model allow 
its application to any network topology and to any gas mixture. 

III. CASE STUDY DESCRIPTION 

In this work, a gas distribution network of a small 
municipality was simulated under hydrogen blending scenarios. 
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The distribution network covers an area of 29 km2 with a 
population of approximately 6,500 inhabitants. The modeled 
portion of the network is the higher pressure one, from the city-
gate booth to the secondary reduction stations, with pressure set 
point at 3 barg at the city gate. The topological structure of the 
network is given in Fig. 1. 

Starting from the annual gas consumption of the area, the 
hourly pattern consumption has been obtained following the 
procedure presented in [7]. 

A. Estimation of the nodal hydrogen receiving potential 

Fig. 1.  Nodal potential map of the electrical storage via power-to-hydrogen 
pathway relative to the case of maximum H2 blend equal to 7%mol - values for 
1:00 PM of mid-August day (minimum consumption rates) 

The hydrogen receiving potential throughout the network varies 
according to the gas consumption rates and thus it depends on 
the gas flow rates that pass through each node. Furthermore, it 
depends on the blending limit constraint. 
The showcase here presented was built on the assumption to 
limit the hydrogen molar fraction to 7%, in order to keep the 
blend within the national quality limits on relative density. In 
Fig. 1 a screenshot of the nodal hydrogen receiving potential of 
the whole network is given for a specific hour of the year. The 
power values refer to the amount of hydrogen that is possible to 
inject considering an electrolyzer efficiency of 65%HHV. 

B. Impact of distributed hydrogen injection from solar source. 
This second case study is devoted to show the quality tracking 
capabilities of the gas network model. Two distributed 
hydrogen stream have been assumed, originated by two PV 
plants of 333 kWp and 500 kWp coupled with an electrolyzer 
system with 65%HHV efficiency. The hydrogen is directly 
injected following the solar panel production curve. In Fig. 2, a 
screenshot of the gas network conditions for a specific 
summertime hour. It is a critical case because the network is at 
the minimum of gas consumption (and thus of the hydrogen 
receiving potential) and at the maximum of the PV panels 
production (and thus of the hydrogen production). As it can be 
observed, the hydrogen blending practice generates areas where 
the hydrogen percentage exceeds 40% and 90%. 

Fig. 2.  Gas network topological map with indication of gas velocity along the 
branches, nodal pressures and consumptions (bullet size) and gas quality 
(hydrogen molar concentration) - values for 1:00 PM of mid-August day 
(minimum consumption rates) 

IV.  CONCLUSION 

The simulation activities within this work aims at showing 
the non-trivial practice of the integration among power and gas 
sectors in order to obtain more flexibility for the overall energy 
system. In general, unbalances from the electrical side may 
affect the gas one. This is particularly critical at distribution 
level, where infrastructures are more constrained. Further 
studies with similar approach may bring to a finer estimation of 
the actual flexibility improvement from the sector integration 
process. 
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Abstract – The aim of this work is to study the manufacture of a 
solid oxide fuel cell (SOFC) with 
Anode/Electrolyte/Barrier/Cathode structure. The nickel-yttria 
stabilized zirconia cermet (Ni-YSZ) anode supports has been 
developed using a tape casting method, while the rest of the 
components were fabricated by wet powder spraying. As 
components, yttria stabilized zirconia (YSZ) have been used as 
electrolyte, Sm0.2Ce0.8O1.9 (SDC) as diffusion barrier and 
La0.6Sr0.4FeO3 (LSF) or La0.8Sr0.2MnO3 (LSM) as cathodes. In 
addition, an interlayer composed by diffusion barrier and cathode 
have been added to improve mechanical properties and adherence 
between the cathode thin films. The cells were characterized using 
a Scanning Electron Microscope (SEM). An electrochemical 
characterization has been carried out in a button cell test rig 
(NorECs) measuring polarization curves with a multichannel 
Potentiostat/Galvanostat VMP3 (Biologic), feeding humidified H2 

at 3% as reactant gas in the anode compartment and air in the 
cathode one at 800 °C. 

Index Terms – Processing, SOFC, Tape Casting, Wet Powder 
Spraying. 

I.  NOMENCLATURE 

LSF La0.6Sr0.4FeO3 

LSM La0.8Sr0.2MnO3 

Ni-YSZ Nickel-Yttria stabilized zirconia 
SDC Sm0.2Ce0.8O1.9, Samarium doped ceria 
SEM Scanning electron microscopy 
SOFC Solid oxide fuel cell 
TEC Thermal expansion coefficient 
YSZ (ZrO2)0.8(Y2O3)0.2 Yttrium stabilized zirconia 
WPS Wet powder deposition 

II. INTRODUCTION 

In recent years, solid oxide fuel cells (SOFC) technology has 

attracted attention due to the advantages in terms of high 
efficiency, low noise and low emissions [1]. SOFCs systems 
operate between 600 and 1000ºC and the main used 
configurations are tubular and planar. Tubular SOFCs present 
good thermal shock resistance and an easy sealing, separating 
efficiently anode and cathode sides. On the other hand, planar 
SOFCs exhibit the advantages of presenting higher power 
densities and simpler manufacturing processes than their tubular 
counterparts, but still face important challenges for their 
commercialization. 

Manufacturing processes for planar SOFC supports are 
usually performed by tape casting, which is one of the most 
suitable ceramic processing technique to obtain large surface 
flat tapes. Additionally, fabrication of coatings is usually made 
by techniques such as dip coating, screen printing or chemical 
vapor deposition. Wet powder spraying (WPS) is considered an 
alternative processing route, suitable for different geometries 
and applicable in large-area ceramic layers controlling the 
morphologies, with the advantages of being a simple and low-
cost technique. 

Owing to its favorable mechanical and chemical properties in 
oxidizing and reducing atmospheres and high ionic 
conductivity, 8 mol% Y2O3 stabilized ZrO2 (YSZ) is the most 
used electrolyte. Considering YSZ as electrolyte, Ni-YSZ 
cermet fulfills most of the requirements of an ideal anode, due 
to the high catalytic activity for hydrogen oxidation and the 
thermal expansion coefficient (TEC), close to YSZ TEC, it is 
important to have a good adherence. In cathodic side, 
perovskites such as La0.6Sr0.4FeO3 (LSF) or La0.8Sr0.2MnO3 

(LSM) are suitable candidates to be used as SOFC cathodes, 
presenting good properties to be used as cathode, including a 
proper oxygen reduction reaction catalytic activity. In order to 
prevent the formation of poorly conducting secondary phases, 
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such as La2Zr2O7 or SrZrO3, the use of protective barriers like 
samarium doped ceria (SDC), between the cathode and 
electrolyte is commonly used. 

The current work describes the fabrication of SOFCs by tape 
casting and WPS deposition, performing the characterization of 
them, to later scale up the dimensions of the cells. 

III. EXPERIMENTAL 

Anode supported cells have been fabricated and 
characterized in this work. The cells consist of a porous anode 
made by Ni-YSZ, a dense electrolyte of YSZ, a diffusion barrier 
interlayer of SDC and a porous cathode (LSF or LSM). To 
overcome failures related with the thermal expansion 
coefficients, a composite layer has been added between the 
barrier and cathode, made from the mixture of the two 
components. 

For the fabrication of the NiO-YSZ anode tapes, the amount 
of binder and surfactant were optimized in the slurry, and the 
doctor blade gap was adjusted in 180 µm thick, achieving 65 
cm long and 11 cm wide tapes (Figure 1a)). For the production 
of the supports, 3 tapes were cut with a diameter of 26 mm and 
then assembled using hot pressing (40 bar and 125 ºC). 
Afterwards, the sinterization was performed at 1100 ºC, getting 
an homogeneous adherence between the tapes, with a suitable 
porosity and microstructure for the anodes. Later, the deposition 
of additional layers has been carried out at room temperature, 
using an Iwata Eclipse HP-BCS airbrush. For the preparation of 
the deposition inks, the starting powders were ground through 
ball milling for 24 h, using 2-propanol as solvent Subsequently, 
all layers were sintered at 1050 ºC for 2 h, except in the case of 
YSZ electrolyte, in which 1350 ºC have been applied. The 
thermal treatment of YSZ layer has been optimized until a good 
planarity has been achieved for a posterior stacking, while the 
density is high enough to avoid gas leakage. In this way, cells 
with a thickness of 550 µm and 20 mm diameter have been 
achieved, with a cathode active area of 2.54 cm2 (Figure 1b)). 

Fig. 1. Photographs of (a) the top view of the green tape and (b) complete cells. 

IV.  RESULT AND DISCUSSION 

A. Morphological characterization 
Figure 2 presents the micrographs of cells cross sections 

after electrochemical characterization. As can be seen, the cells 
were composed of a thick Ni-YSZ anode support, a 15 µm YSZ 
electrolyte, 5 µm SDC barrier, 15 µm mixed composite 

interlayer and 25 µm cathode (LSF or LSM). The SEM image 
confirms that the thin films homogeneity is adequate and that 
the components have a good adherence between them, without 
cracking and delamination. 

Fig. 2. Cross section of the cells using a) LSF and b) LSM as cathode, after 
measuring them. 

B. Electrochemical characterization 
Current-voltage and current density characteristics of both 

single cells at 800 ºC are shown in Figure 3. 

Fig. 3. I-V and I-P curves at 800 ºC of the cells with a) LSF and b) LSM as 
cathode. 

The maximum power densities at 400 mA·cm-2 current 
density and 800 ºC are 223 mW cm-2 and 211 mW cm-2 for LSF 
and LSM cathode cells, respectively. 

V. CONCLUSION 

In this work cells with different cathodes have been 
processed and studied. The experimental study shows good 
electrochemical performances at 800 ºC, showing a slightly 
higher potential when LSF is used as cathode. In this way, a 
first attempt has been done before study the long term 
degradation and scale the size of the cells. 
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Abstract - Tubular HT-PEM-fuel cells were developed 
using 3D-printed metallic porous elements fabricated via 
powder bed fusion using a laser beam (PBF-LB) process as 
anode gas diffusion layer (GDL). The morphology of the 
3D-printed elements was examined by means of SEM 
micrographs. The manufactured fuel cells were 
electrochemical characterized in a commercial test station 
under atmospheric pressure, 160°C and H2/air gas-feeding. 
Additionally, a short-term stability test at constant load 
(0.1A) for 45h was conducted. Initially, the effect of the 
fabrication material was evaluated using EN 1.4542 stainless 
steel and EN 1.4404 stainless steel. Subsequently, the 
influence of a post-treatment was assessed using the 
material that exhibited the best performance in the previous 
evaluation. A positive impact on overall performance was 
obtained with GDL manufactured using material EN 1.4404 
stainless steel and without post-treatment. Results indicate 
that PBF-LB process is a promising technology for 
development of robust GDLs and alternative designs in 
future. 

Index Terms - Additive Manufacturing, Gas Diffusion 
Layer, Fuel Cell Performance, Tubular HT-PEM-fuel cell. 

I.  INTRODUCTION 

The planar geometry is the most used design for HT-
PEM-fuel cells, both in research and market. However, 
alternative designs may have certain benefits with respect 
to fabrication costs, gravimetric and volumetric power 
density. Additionally, the tubular fuel cells design is a 
promising candidate for future developments of fuel cell 
stacks due to the absence of bipolar plates, the smaller 
sealing surfaces and the flexible disassemble/reassemble 
of individual defective cells. In the field of HT-PEM fuel 
cells, the tubular design is still under development and 
only few studies have published in this topic [1, 2]. 

In this work, tubular HT-PEM-fuel cells with these 
two fabrication materials and a post-fabrication treatment 

for the 3D-printed anode GDL are investigated. The 
morphology of the anode GDLs are examined by SEM 
analysis and the fuel cell performance is evaluated by 
means of single cell electrochemical characterization and 
short-term stability test. 

II. EXPERIMENTAL 

A. Tubular HT-PEM-fuel cell preparation 
The process PBF-LB is used to produce the 3D-printed 

anode gas diffusion layer (GDL). For the membrane 
electrode assembly (MEA) fabrication, two coating 
processes were applied in three subsequent steps. Catalyst 
inks are prepared dispersing homogenously a commercial 
catalyst powder (HisPEC 3000) and a PTFE dispersion in 
an alcohol/water solution. A spray coating process is used 
to deposit both inks. After the 3D-printed anode GDL 
was coated with the anode catalyst ink, the sol-gel 
membrane was applied by a dip coating process. Once the 
gelation process took place, the second catalyst ink was 
sprayed (cathode side). Finally, a commercial carbon 
hose (KB-4002) was employed as cathode GDL and fixed 
with a tungsten wire using a lathe machine. 

B. Single fuel cell testing 
The produced tubular HT-PEM-fuel cells with an area 

of 4.78 cm2 were tested with the fuel cell test station 
Evaluator C100 under atmospheric pressure, 160°C and 
H2/air gas-feeding, with flow rates of 2.64 cm3 and 

s-1 52.86 cm3 , respectively. The polarization curve was 
recorded from open circuit voltage (OCV) to 0.25V with 
a holding time of 120s per point. The fuel cell resistances 
were measured by in situ EIS measurements at 0.1A. 
Besides a stability test was conducted for 45h interrupted 
by in situ measurements every 5h. 

Copyright © 2019 
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III. RESULTS AND DISCUSSION 

SEM micrographs of the 3D-printed anode GDLs 
under investigation are presented in Fig. 1. In the one 
hand, materials EN 1.4542 stainless steel (GP1) and EN 
1.4404 stainless steel (316L) show a similar surface 
morphology (cf., left and middle figures). On the other 
hand, the post-treated piece (right figure) exhibited an 
even surface, due to the fact that the small particles 
attached to the principal structure were removed through 
the treatment. 

300 μm300 μm 300 μm 

Fig. 1.  Micrographs of the 3D-printed anode GDL with GP1 (right 
figure), 316L (middle figure) and 316L post-treated (left figure). 

Fig. 2 shows performance of the evaluated fuel cells 
(upper) and presents the corresponding impedance 
spectra (down). This work involves two studies: in the 
first study two different anode GDL materials were 
assessed (orange color); then the material 316L was 
selected to conduct a second investigation. Two 3D-
printed anode GDLs were compared: one as fabricated 
and one post-treated with a micro blasting process (black 
color). Different platinum loading was used for the 
studies. In the first case anode and cathode loading was 
0.48 mg cm-2 and 0.46 mg cm-2 , respectively; while the 
second study used 0,74 mg cm-2 and 0.41 mg cm-2 . 

0.9 

0.8 

The polarization curves in Fig. 2 (upper figure) show 
that 316L material has a positive effect on overall 
performance. Comparing to the material GP1, this result 
can be attributed to a possible higher corrosion resistance 
in fuel cell operation and the lower membrane and 
electrochemical resistances (lower figure). Also, it can be 
seen that the performance of the fuel cell constructed 
upon the blasted 3D-printed anode GDL is lower along 
the current density region, with higher influence as the 
current density increases, although the post-treated 
prototype displayed a lower membrane resistance. 
Additionally, all fuel cells experienced degradation along 
the short-stability test, however, the fuel cells with 316L 
material and without post-treatment exhibited a less 
strong decay compared with the GP1 material and the 
post-treated anode GDL. 

IV.  CONCLUSION 

The present work provides an important progress 
regarding alternative fuel cell designs. In order to 
manufacture functional tubular HT-PEM-fuel cells, the 
PBF-LB process was used to fabricate the novel 3D-
printed anode GDLs. This 3D-printing technique 
demonstrated not only its potential in the production of 
fuel cell components but also its feasibility in the 
incorporation of new geometrical designs in the fuel cell 
field. In two studies the material of the anode GDL was 
investigated. The results reported here from these studies 
indicate that tubular HT-PEM-fuel cells with 3D-printed 
anode GDL using 316L material and without post-
treatment have higher fuel cell performance and stability 
over the short-term test period. The peak power density 
reached 0.068 W cm-2 and 0.037 W cm-2 for the first and 
the second study, respectively; which means an increment GP1 316L 

non-treated post-treated 

0 0.05 0.1 0.15 0.2 0.25 0.3 

0.6 

0.5 

0.4 

0.3 

0.2 

Current Density / A cm-2 

-250 

in performance by 108% and 36% was achieved 
compared with the GP1 material and the post-treated 
anode GDL. 
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Abstract – This work is dedicated to the processing of interfacial 
layers by Atomic Deposition Layers (ALD) either for SOFC & 
SOFC/MCFC or PCFC/SOFC devices. The feasibility of 
producing oriented or polycrystalline layers is analyzed. 
Properties and electrochemical behavior of either YDC or BCY 
are investigated showing what practical advantages may result, i.e. 
in the case of epitaxial YDC layers. 

Index Terms: Thin layers, ALD, BCY, SOFC/ PCFC. 

I. INTRODUCTION 

The role of ultrathin layers with respect to the performance of 
high temperature fuel cells has largely been developed in the 
literature concerning mainly solid oxide fuel cells (SOFC) but 
also proton conductor fuel cells (PCFC) and molten carbonate 
fuel cells (MCFC). We will focus on two kinds of electrolyte 
thin layers: yttria-doped ceria (YDC) and yttria-doped cerate 
(BCY). YDC has very interesting catalytic properties towards 
hydrogen oxidation (probably also towards direct oxidation of 
methane) in SOFC or hybrid SOFC/MCFC devices. We 
selected atomic layer deposition (ALD) to process 
homogeneous and dense polycrystalline and oriented ceria and 
YDC layers of different thicknesses. Structural, morphological 
and electrochemical approaches are used to analyze the role 
and properties of such layers [1]. BCY (BaCe0.85Y0.15O2.925) has 
the property of conducting protons and oxide ions recombining 
them to form protons. This electrolyte has been proposed in a 
dual membrane fuel cell combining PCFC anode and SOFC 
cathode (so-called ideal cell [2]). The main purpose here is to 
evaluate the feasibility and efficiency of ultrathin conformable 
and dense layers of BCY15 byALD as electrolyte catalysts [3]. 

II. YDC THIN LAYERS FOR SOFC AND SOFC/MCFC APPLICATIONS 
Pure ceria and YDC films were obtained by a thermally 
activated ALD process within a SUNALETM R-200 ALD tool. 
Precursors and procedure were described elsewhere [4,5]. The 
temperature of substrate was fixed at 250 °C. In order to obtain 
epitaxial layers of pure and doped ceria, a YSZ substrate (9.5 
mol.% Y2O3) oriented (100) was used. For polycrystalline 
layers, the compatible YSZ pellets were made of YSZ powder 
(8 mol.% Y2O3), annealed at 1350 °C for 4 hours and polished 
on both sides. The structure of 100-nm-thick YDC thin film (15 
at. % for Y3+) was demonstrated by XRD in the Bragg-Brentano 
configuration. Fig. 1 (left) shows XRD of the layer deposited 
on YSZ(100) and that of pristine substrate. Both phases are 

indexed in the cubic space group system Fm3m (225). The most 
intense maxima are attributed to YSZ substrate (indexed by 
asterisks), the other phase is attributed to YDC doped layer. For 
YDC15 deposited on monocrystalline YSZ (100), we observed 
only 4 intense maxima, corresponding to (200) and (400) planes 
of YDC15. Two other maxima are assigned to single-crystal 
substrate YSZ (100). Presence of only 2 peaks tends to show an 
epitaxial growth of the layer in a preferential crystallographic 
direction [100] perpendicular to the surface. Epitaxy between 
YDC15 layer and YSZ (100) was evidenced by -scan (Fig. 1, 
right). Two Bragg angles were set at 47.68° (YDC layer) and 
50.08° (YSZ (100)), then the scan was done in the range 0-360° 
by rotation of the sample. Reflections occur at the same angular 
values of the substrate with an offset of 90°. Therefore, an 
epitaxial relation can be defined as (100)YDC(100)YSZ, or 
as [001]YDC[001]YSZ, indicating growth of YDC15 layer 
in the direction perpendicular to surface [001]. 

Fig. 1- XRD pattern of monocrystalline (100)-oriented YSZ substrate and 100-nm-thick YDC15 
as grown on this (left). -scans at 47.68 ° corresponding to (220) plan of YDC15 100-nm-thick 

film and that at 50.08 ° corresponding to the same plan of YSZ(100) substrate. 

Reactivity of epitaxial and polycrystalline YDC thin films in a 
hydrogen reducing atmosphere was analyzed by impedance 
spectroscopy in comparison with layers of pure ceria (epitaxial 
and polycrystalline) deposited also processed by ALD. The 
asymmetrical two electrodes set-up was already described by 
Marizy et al. [5]. Once the layers are exposed to H2, electronic 
conduction is favored by ceria reduction and the total resistance 
of the system (intersection of Nyquist diagrams with real axis) 
is registered as a function of the reduction time (Figs 2 and 3). 
Regarding the reactivity of pure ceria (Fig. 2), the epitaxial 
layer is more reactive with respect to hydrogen, compared to 
the polycrystalline one. The kinetics of the reduction process is 
the derivative of total resistance as a function of time. Clearly, 
epitaxy improves the properties of ionic transport within the 
crystallographic structure, accelerating the reduction. 

Copyright © 20xx 
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difference between these resultant values. This difference can 
be attributed to residual conductivity present in YDC layer 
compared to pure ceria (conduction by O2- due to the 
introduction of Y3+). Furthermore, we showed that depositing 
ceria layer between the anode and electrolyte in a hybrid 
SOFC/MCFC system increases the cell performance by 1.4. 

Fig. 2- Resistance evolution in systems YSZ substrate/CeO2 100-nm-thick films (epitaxial and 
polycrystalline) as a function of time (10 vol.% of H2 at 430°C). 

102 

101 

100 

Time of sputtering (s) 

Fig. 4- ToF-SIMS depth profile of BCY deposited on Si wafer by ALD (300°C, 6:10:2 cycle). 
The measurement was carried out on a dual-beam ToF-SIMS V spectrometer, with Bi+ as 

secondary ion producer and Cs+ as the sputter of material. 

Electrochemical impedance spectroscopy, EIS was developed 
to investigate the electrical/electrochemical properties of ALD-
processed layers onto BCY15 substrates. Arrhenius plot in Fig. 
5 shows the comparative behavior of the previously mentioned 
ALD-layer (Fig. 4) deposited on a BCY15 substrate with 
respect to pristine BCY15 pellet. It can be seen that from 
temperatures below 530°C, the added layer improves the 
conductivity of the electrolyte system; this is due to the nature 
of the layer BCY10 + YDC and homogeneity of the distribution 
of elements within it. 

T(°C) 
700 600 500 400 300 

Fig. 3- Resistance evolution in systems YSZ(100) substrate/CeO2(100) and YDC15(100) epitaxial 
100-nm-thick films as a function of time The 685 ohm resistance value, shown as reference, 

corresponds to the (100)-oriented YSZ substrate without films. 

III. BCY THIN LAYERS FOR IMPROVING PCFC/SOFC DEVICES 
The first goal was to stabilize and optimize the composition of 
the ternary BCY compound. Here again we used an ALD-
Picosunale vertical reactor R200. The precursors were 
organometallic compounds: tetrakis (2,2,6,6-tetramethyl-3,5-
heptanedionato) (tmhd) for cerium and yttrium, and 
(isopropylcyclopentadienyl) (iPr3Cp)2 for barium. The layers 
were processed on non-oriented Si wafer substrate or other 
substrates (BCY15 pellets, stainless steels…) within an optimal 
temperature range with respect to ALD cycles, related to the 
thickness of the layers [6-8]. Temperatures of 250-300°C were 
explored, selecting finally 290-300°C as the optimum 
temperature for stable film growth. The big difficulty was to 
avoid formation of BaCO3. The samples of 70 to 100 nm were 
analyzed by Grazing Incidence XRD, EDS analysis, SEM 
microscopy, ToF-SIMS and XPS. In some conditions we 
obtained in majority a BCY10 phase (BaCe0.90Y0.10O2.95); in 
general, it coexisted with CeO2 and/or YDC phases. Layers 
were homogeneous at the level of surface and thickness. 
However, distribution of elements, in particular Ba, was mostly 
non-homogeneous along the layer thickness. Ba was enriched at 
the extreme surface and at the interface between the layer and 
Si substrate. We succeeded in few cases to produce 
homogeneous distribution of Ba, Ce and Y, with two phases: 
BaCe0.85Y0.15O2.95+YDC, as seen in Fig. 4. 

10 11 12 13 14 15 16 17 

(104/T)/K-1 

Fig. 4- Arrhenius plots at 320-720°C from EIS measurements. BCY15% is the reference and 
N802-7 thin film is deposited on a BCY15 pellet (sintering at 1200°C). Flow 65mL/min with 50% 
of H2 and N2 in a humidified system at 50°C. 

Conclusion 
Processing thin layers by ALD has a large scope of 
breakthrough applications. We proved the feasibility of 
depositing highly oriented epitaxial YDC deposits, with as 
major result the reduction of YDC under hydrogen, more 
intense and efficient for oriented YDC than for polycrystalline 
YDC. First tests show that depositing by ALD a ceria layer 
(between anode and electrolyte) in a hybrid SOFC/MCFC 
system provides better performance than polycrystalline YDC. 
As for BCY, although deposition of Ba-containing electrolyte is 
a difficult challenge, we succeeded in obtaining a compound 
with a stoichiometry close to BCY10, with some proportion of 
CeO2 and/or YDC within the interfacial layer. We also analyzed 
systematically the electrochemical properties of the layers, 
showing in some cases their benefits on the performance. 
[1] A. Grishin, Ph.D. dissertation, University Paris 6 (2019). 
[2] A. Thorel, French Patent N° 0550696000 (2005). 
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MODELLING LIQUID WATER EFFECT ON PROTON-EXCHANGE     
MEMBRANE FUEL CELLS 

J. A. Aguilar*, A. Husar* 
*Institut de Robòtica i Informàtica Industrial, Barcelona, (Spain) 

Abstract - This work introduces our ongoing research in 
developing accurate models for predicting and analyzing 
Proton-Exchange Membrane Fuel Cells performance. An 
initial model, whose response is compared with experimental 
data is first implemented. The simulated (and theoretically 
expected) cell voltage deviates from real behavior when the 
operating conditions change. Then an improved model, 
aimed to better approximate instantaneous voltage response 
to changing operating conditions by including liquid water 
dynamics, is developed. The results show that the new model 
achieves a better approximation of the voltage profile. The 
model is validated through experiments on a real fuel cell 
test-bench. 

Index Terms - ECSA, fuel cell modelling, liquid water 
dynamics, proton-exchange membrane fuel cells 

I. NOMENCLATURE 

V Voltage 
R Universal gas constant 
T Temperature 
TREF Reference temperature 
α Charge transfer coefficient 
F Faraday constant 
Pc Cathode gas pressure 
PcREF Cathode gas reference pressure 
i Current 
A Catalyst layer geometric area 
ΔG Gibbs free energy change 
J Water flux 

II. INTRODUCTION 

Many variables affect the performance of a fuel cell, 
specifically, water, among them is an important and hard 
to model one.  Liquid water is produced in the cathode 
catalyst layer during fuel cell operation and it is also 
removed through evaporation, diffusion and transport. 

Electrical power generation in Proton-Exchange Fuel 
Cells (PMFC) is based on two electrochemical half 
reactions, that produce a potential difference between the 
anode and cathode electrodes, the main resultant specie is 
liquid water [1].  

Starting with the Butler-Volmer equation, fuel cell 
voltage can be modeled as a function of operating 
conditions and cell parameters (1): 

𝑅𝑅𝑅𝑅 𝑖𝑖 𝑅𝑅𝑅𝑅 𝑃𝑃�𝑉𝑉 = 𝐸𝐸� − ln � � − ln � � (1) 
𝛼𝛼2𝐹𝐹 𝑖𝑖� 𝛼𝛼2𝐹𝐹 𝑃𝑃���� 

The cell output voltage is usually modeled as the result 
of subtracting three sources of voltage losses from an ideal 
Nernst potential (EN).  

The first subtracted term represents the so called 
activation voltage losses (2). These losses are a function of 
two operating conditions temperature(T) and load current 
(i) and an internal cell parameter, exchange current density 
(i0). 

𝑉𝑉��� = 
𝑅𝑅𝑅𝑅 𝑖𝑖 

ln � �
𝛼𝛼2𝐹𝐹 𝑖𝑖� 

(2) 

III. INITIAL MODEL 

The initial model has been created in Simulink® 
following a modular architecture with differentiated parts 
for each of the main components of the fuel cell. As part 
of the INN-BALANCE project, a series of experiments 
have been carried out to characterize cell dynamic. Figure 
(1) shows the results of a stoichiometry sweep experiment: 
oxygen (cathode) stoichiometry is stepped down through 
time while all other operating conditions (including anode 
stoichiometry) are held constant. 

It can be noted in the experimental curve that, when 
input oxygen stoichiometry changes to a lower level, the 
cell voltage decreases following that dynamic at first, 
however, after some time and even though every other cell 
input variable remains constant (temperature, current, 
pressure) the voltage recovers to a close value of the initial 
higher value in the step. This behavior is not accurately 
reproduced by the simulated curve, this one follows the 
decrease in oxygen flow and steps down to a lower voltage 
level remaining in it through the full step time. 
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Fig. 1.  Stoichiometry sweep experiment at cathode (anode constant) 
and comparison between real and simulated voltage 

IV.  IMPROVED MODEL 

A. Liquid Water Dynamics 
As stated before, activation losses depend on, among 

others, the exchange current density, furthermore, i0 is 
related with the catalytic efficiency of the Cathode 
Catalyst Layer (CCL) [2]: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃� 
�.� ∆� � 

������ ��𝑖𝑖� = 𝑖𝑖��� � � 𝑒𝑒��� ����  (3) 
𝐸𝐸 𝑃𝑃���� 

Electrochemical Active Surface Area (ECSA) defines 
the capacity of the cell catalyst to fulfill its function as an 
accelerator in the Oxygen Reduction Reaction (ORR), thus 
defining the efficiency in converting chemical energy into 
electrical energy. There is a relation between the water in 
the porous structure of the CCL and the instantaneous 
value of ECSA. The porous model of the CCL, proposed 
by Strahl et. al. establishes that removing larger amounts 
of water from the porous structure of the CCL, either by 
evaporation (changes in cell temperature) or by 
displacement (changes in the flow of oxygen), results in 
instantaneous variations of effective ECSA. Finding the 
optimal amount of water, the optimum effective ECSA 
(thus performance) could be achieved [3]. 

There is a relation to approximate ECSA as a function 
of fractional water contained in the CCL: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸���( 𝑒𝑒�������� − 1 ) (4) 

Where sCCL is the fractional amount of liquid water in 
the catalyst layer. The mass flux balance in the CCL 
completes the required relations to model liquid water 
dynamic [4]. 

𝑑𝑑𝑑𝑑��� 𝐾𝐾 = 𝐽𝐽��� − 𝐽𝐽���� − 𝐽𝐽���� (5) 
𝑑𝑑𝑑𝑑 

B.  Validation 
This liquid water dynamic is now included in the model. 

The updated model now achieves to better proximate the 
behavior presented in the experimental data. When the 
stoichiometry levels of the inlet oxygen step down, the 
amount of water being displaced from the CCL porous 
structure decreases, favoring an optimal hydration of the 
CCL and therefore improving cell voltage response, which 
recovers to a near constant value, even though oxygen 
supply is diminishing, figure 2. 

Fig. 2. Comparison between real and simulated voltage for the updated 
model. 

V. CONCLUSION 

We have developed, implemented and experimentally 
validated an accurate model of a Proton-Exchange Fuel 
Cell, in which the dynamic of liquid water in the catalyst 
layer has been successfully included. This model allows to 
better explain and predict the cell output voltage behavior. 
It is shown that variations in the fractional content of water 
located in the CCL has a relative immediate effect in the 
instantaneous output voltage profile of the fuel cell. Our 
on-going research effort is in applying accurate models for 
designing advanced high level model-based controllers to 
set optimal fuel cell operating conditions in order to 
improve performance and extend durability. 
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Abstract - The ability to control the ionomer distribution on the 
Pt/C catalyst is critical when designing high-performance polymer 
electrolyte membrane fuel cells (PEMFCs). Due to the complexity 
of the three-phase interface in a cathode catalyst layer (CL), 
controlling the ionomer distribution on the Pt/C catalyst is a 
challenge task. Here we used molecular dynamics (MD) 
simulations to provide molecular insight into the structural 
changes associated with the ionomer distribution on a carbon-
support surface upon chemical functionalization. According to the 
interfacial binding energies, the introduction of functional groups 
onto the carbon support enhances molecular interactions between 
the ionomer solution and the carbon-support surface, with 
interaction energies that enhance in order: hydroxyl-
functionalized (-2191 ± 37 KJ/mol) > epoxy-functionalized (-1994 ± 
32 KJ/mol) > amino-functionalized (-1975 ± 28 KJ/mol) > pristine 
(-1904 ± 16 KJ/mol) carbon-support surface. We conclude that 
functionalization of the carbon support leads to a more uniform 
distribution of the ionomer over the surfaces of both the Pt 
catalyst and the carbon support by improving interactions 
between the carbon support and the Nafion ionomer solution. 

Index Terms - Polymer electrolyte membrane fuel cell, Ionomer 
distribution, Nafion ionomer, Carbon support, Functionalization, 
Molecular dynamics 

I. INTRODUCTION 

Developing and optimizing the structural designs of 
membrane electrode assemblies (MEAs) that consist of 
polymer electrolyte membranes (PEMs), catalyst layers (CLs), 
microporous layers (MPLs), and gas diffusion layers (GDLs), 
are essential to reduce the cost for the large-scale commercial 
viability of PEMFCs.[1,2] In particular, the catalyst layers 
(CLs) are multiscale components; that is, they are micro-scale 
random porous media that consist of nanoscale materials, 
where electrochemical reactions and mass transport take place 

simultaneously.[3] Therefore, studies that optimize CLs by 
lowering the Pt loading are important for achieving efficient 
pathways for electrons and protons (H+), the H2 and O2 

reactants, and the water product to reach the active sites. In this 
regard, uniform ionomer distribution on the surfaces of both the 
Pt catalyst and the carbon support is a key criterion for 
reducing the Pt loading used in these electrodes and 
establishing well-balanced paths for the transport of O2, 
protons, and water. Therefore, uniform and continuous ionomer 
coverage on the surfaces of the Pt catalyst and the carbon 
support through the control of ionomer distribution is strongly 
desired in order to achieve high-performance PEMFCs. 
Therefore, as a subsequent study, we introduce chemical 
functionality onto the carbon surface in order to improve 
ionomer coverage on the carbon support and suppress the 
formation of localized ionomer populations on the Pt catalyst, 
and, as a result, facilitate uniform ionomer distribution on the 
Pt/C catalyst. In this study, we investigated variations at the 
ionomer/carbon interface on the molecular scale using classical 
molecular dynamics (MD) simulations by introducing several 
functional groups, namely hydroxyl (-OH), epoxy (-O-), and 
amino (-NH2), onto the carbon surface. 

II. METHODOLOGY 

Classical molecular dynamics (MD) simulations were 
performed using fully atomistic models. To examine the effect 
of chemical functionalization of the carbon surface on ionomer 
distribution, we simulated four different carbon-surface 
systems, including a pristine surface, and surfaces 
functionalized by hydroxyl (-OH), epoxy (-O-), and amino (-
NH2) groups. A modified DRIEDING force field [4] was 
employed to describe the inter- and intra-molecular interactions 

Copyright © 2019 



338 EFC19

Copyright © 2019

in the Nafion solutions and the functionalized carbon-support 
surfaces. The flexible three-center (F3C) force field [5] was 
used to model the water molecule. All classical MD simulations 
were performed using the Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS) [6] software package 
described by Plimpton (Sandia National Laboratories). 

III.  RESULTS

The equilibrium interfacial binding energy for the Nafion 
solution to the carbon support surface was found to enhance in 
the following order: hydroxyl-functionalized (-2191 ± 37
KJ/mol) > epoxy-functionalized (-1994 ± 32 KJ/mol) > amino-
functionalized (-1975 ± 28 KJ/mol) > pristine (-1904 ± 16
KJ/mol) surface. All carbon support structures favor the Nafion 
solution and have negative interfacial binding energies. (Fig. 1)
More negative binding energy indicated stronger molecular 
interactions between the Nafion solution and the carbon-
support surface. 

Fig. 1.  Color-coded snapshots by component type for the four equilibrated 
models at the (a) pristine, (b) hydroxyl-functionalized, (c) epoxy-functionalized, 
and (d) amino-functionalized carbon support surfaces. Blue, red, green, yellow, 
and gray correspond to the Nafion ionomers, water molecules and hydronium 
ions, isopropyl alcohol (IPA) molecules, the functional groups, and the carbon-
support surfaces, respectively. 

IV.  CONCLUSION

In order to understand the effect of carbon-support 
functionalization on ionomer-solution distribution, with the aim 
of eventually achieving uniform ionomer-solution coverage 
over the surfaces of both the Pt catalyst and carbon support in a 
PEMFC catalyst layer, we performed classical MD simulations 
on a variety of systems that contain a Nafion solution (Nafion 
ionomer dispersed in IPA/water) adsorbed onto four different 

carbon-support surfaces (a pristine surface, and hydroxyl-, 
epoxy-, and amino-functionalized carbon surfaces). The 
calculated interfacial binding energies reveal that the 
introduction of functional groups onto the carbon support 
enhances molecular interactions between the Nafion solution 
and the carbon-support surface, with binding enhancing in the 
following order: hydroxyl-functionalized > epoxy-
functionalized > amino-functionalized carbon-support surface. 
We therefore propose that functionalization of the carbon 
support can successfully alter the distribution of the Nafion 
solution and mitigate against the strong interactions between 
the Pt catalyst and Nafion ionomer, resulting in uniform 
coverage of the ionomer over the surfaces of both the Pt 
catalyst and the carbon support. This understanding provides 
guidance for the rational design of CLs for use in high-
performance PEMFCs through control of ionomer coverage on 
the surfaces of both the Pt catalyst and carbon support.
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Introduction. 

II. INTRODUCTION 
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to acknowledgments and references. 
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HYDROGEN-BIKE EQUIPPED WITH HYBRID POWER UNIT: ENERGY 
PERFORMANCE ANALYSIS AND ELECTROMAGNETIC EMISSIONS TEST  
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Abstract – In the innovative context of smart cities, new 
mobility concepts are needed the combines high performance, eco-
friendly energy and human safety. In this study, an experimental 
analysis is made on an electric bike prototype equipped with a new 
hybrid power unit. Numerical simulations and actual 
measurements demonstrate the remarkable performance of the 
hydrogen-bike in terms of energy consumption and the very 
limited electromagnetic emissions.    

 
Index Terms – EMC, energy, hydrogen-bike mobility.  

I.  INTRODUCTION 

In recent years, the urbanization growing posed several 
critical issues in actual urban mobility network, boosting the 
transition to electro-mobility concepts, including electric bikes, 
that became a key point to limit air pollution, to avoid traffic 
congestion and to exploit new and “clean” energy sources. It 
was estimated that, just in 2012, more than 31 million electric 
bikes were sold all around the world, and this trend is 
increasing faster and faster [1]. Actually, the most up-to-date 
electric bikes adopt a hybrid configuration where the engine 
exploits energy both from battery storage and fuel cell (FC) 
stack production. In this study, the energy performance and the 
electromagnetic emissions of a hybrid power unit-electric bike 
based on a FC stack fed by hydrogen are analyzed. 

II.  ENERGY PERFORMANCE ANALYSIS  

The powertrain developed for the bicycle is based on a series 
connection between a FC stack (rated power 500 W) and the 
battery pack (36 V, 12 Ah). These are coupled thanks to a DC-
DC (direct coupling) converter (Fig. 1) that manages the power 
of the system according to the control strategy developed in [2]. 
The design concept of the powertrain starts considering the 

power needed to maintain a constant velocity, evaluated as the 
sum of the power due to air-drag, the slope and friction 
between wheel and ground [3]: 

 
Fig. 1: Powertrain technical scheme. 
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Eq. (1) considered an average value present in literature for 
the drag coefficient (CD), for a cyclist equal to 0.5, a 3% slope 
for the angle as average value, finally, the rolling friction 
parameter (rolling) was set equal to 0.015. The relative velocity 
of wind (vw) was considered high (2 m/s) to show the 
significant performance of the concept. Moreover, the DC-DC 
introduced in the powertrain is able to control the energy fluxes 
that occurs during standard operation. The main idea is to 
maximize the range of the bicycle maintaining the fuel cell at 
high efficiency rate, due to that starting from the state of charge 
(SoC) of the battery pack 4 different operating conditions 
occurs: i) SoC > 0.8, the load is fully satisfied by the battery 
pack; ii) 0.4 < SoC < 0.8, the fuel cell works at constant power 
to satisfy the load and to recharge the battery; iii) SoC < 0.4, 
the fuel cell starts to produce power to satisfy the load and to 
recharge the battery (if it is possible); iv) SoC < 0.2, the 
powertrain is switched off to prevent damages to the battery 
pack.  
Since there are no official driving cycles for e-bikes, the 
ARTEMIS URBAN drive cycle was used as benchmark. The 
maximum velocity and total mass (bike + rider) are set to 25 



342 EFC19

  Copyright © 2019  

km/h and 90 kg, respectively. Fig. 2 shows the results obtained 
from the simulations: starting with SoC > 80%, the FC does not 
work and the load is covered by the battery, but after about 400 
s, the SoC drops < 80% results in a FC producing power at 
maximum efficiency, in a continuous way. Fig. 2 also shows 
the power sharing strategy when initial SoC is equal to 25%, 
when the FC covers the power and, when it is possible, 
recharges the battery (maximum charge rate C/4).   

 

 
Fig. 2: Power Sharing Strategy under different SoC conditions. SoC is in 

orange, FC power is in red, battery power is in green and the load is in blue. 

III.  ELECTROMAGNETIC RADIATION TEST 

Electromagnetic emission tests have been accomplished in the 
facilities of the Università degli Studi di Napoli Parthenope. 
They include a 5 m × 6 m × 4 m reverberating chamber (RC), i. 
e., a metallic chamber usually employed for electromagnetic 
compatibility, scattering measurements, etc., and a spectrum 
analyzer (SA) [4]. The radiation measurements are 
accomplished in the frequency range 250 MHz–1 GHz, by 
placing the hydrogen-bike in the RC where an isotropic and 
random electric field, uniform on average, is obtained by means 
of continuous-mode stirring achieved with two volume and 
three plane stirrers (see Fig. 3).  

 
Fig. 3: Measurement setup. 

The total power radiated by the operating hydrogen-bike is 
obtained according to the IEC 61000-4-21:2011 standard, as 
follows: 

                       , ,r SA R r SA
rad

R T c c T c c

P P
P

IL Att IL Att


  

= =                        (2) 

where the numerator is the power received by receiver 
antenna in the RC and measured by the SA, while the 
denominator take into account the RC insertion loss (including 
mismatching), the attenuation introduce by the cable linking the 
receiver antenna and the SA, and the radiation effectiveness of 
the antennas. 

Results relevant to a constant load are shown in Fig. 4, 
where the power is below -74 dBm in the considered frequency 
range, approaching the RC noise floor (about -100 dBm) for 
frequencies larger than 850 MHz.  

 
Fig. 4: Total power measured by SA when the hydrogen-bike is operating. 

IV.  CONCLUSION 

Numerical simulations and actual measurements 
demonstrate the remarkable energy performance of the 
hydrogen-bike and its very limited level of electromagnetic 
emissions.  
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Energy Transition by means of “bottom-up” approach: 
PyrosludG_EN for Sustainability and Local Development 

Abstract 

The energy transition is a process of interaction 
between transnational and macroeconomic 
policies, which can be enriched by a small and 
"bottom-up" intervention; this document 
highlights the main objectives of the 
PyrosludG_EN project, a model of fully 
sustainable and "zero kilometer" local 
development, which can be easily replicated 
anywhere. It starts from the creation of a 
territorial HUB, based on the construction of a 

pyrolysis plant treatment of "local" organic waste 
components to produce energy, in particular using 
sludge from civil wastewater treatment. 
It transforms the ecological, and economic, 
problem of waste treatment into heat, electricity 
and water production, with particular attention to 
emissions and environmental impact, following 
the most restrictive standards. 
Further winning factors are represented by the 
research to use the syngas produced in the process 
in fuel cells and the recovery of the organic 
residues transformed in fertilizer to rebalance the 
soil, as well as the creation of a local energy 
community. 

Keywords: Sustainable Development, Energy Transition, 
Pyrolysis Plant, Energy from Waste,  
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Fig. 1 PyroGEN Process: Block Diagram 
With the process of molecular breakdown at low 
temperature, the organic substances contained in 
the waste water are used for the production of a 
gas (syngas) similar to methane, which feeds the 
co-generation units, facilitating the transformation 
from plants at high energy consumption (negative

 
 

 
 

  

 

 
  
 

  

 
  

 
 

 
 

  
 

 
 

   
   
  

 
 

 
 

 
  

 
  

 
 

 

 
 
 

  
  
   

 
     

 
  

 
 

  

  
 
 

  

   

 
 

  
 

 
 
 

 
  

   
 

 
 

  
 

 
  

 
 
 

  
     

    
   

  
  

  
  

  
 
 
 

  
 
 

 
 
 

 
 

   
 

  
 

  
   

 

            

I. WASTE TO ENERGY AS PARADIGM 
OF CIRCULAR ECONOMY 

Sustainability has become a central focus in our 
economy. Energy from renewables, cogeneration 
from biomass, energy saving, extension the 
lifespan of the landfills, reuse, recycle, integrated 
management of the waste, emission reduction, 
smart grid, energy communities…..are only some 
of the new paradigm who preside over the energy 
transition from fossil sources as traditional way of 
production and consumption of energy to 
innovative models compatible with environmental 
sustainability, without penalizing the 
competitiveness of the systems and the economic 
and social development of the communities. We 
need to focus on the development of prototypes 
and innovative business models, exchange and 
sharing at local level and integrated resource 
management, not least waste. In light of the 
technology evolution become very relevant for the 
environment the reuse, as feedstock for 
cogeneration of power, of biomass with short 
renewal cycle like for instance sludge from 
biological civil wastewater treatment plants. 
G_EN Energineering brings its contribution, 
entrepreneurial, scientific, technological and 
social in this scenario, proposing and creating a 
model that, in the most traditional sense of 
creativity, combines elements known in different 
ways: 
- uses "ancient" and safe technologies to produce 
energy (pyrolysis), 
- valorize feedstock waste with a very high rate of 
renewability (sludge, agro-food by-products, 
green waste, plastics ...), 
- reduce the disposal in the landfill and disposing 
inert material, 
Sludge from water treatment plants are composed 
mainly by water and organic matter. Today they 
end up in collection and storage plants and then to 
treatment, which separates the component that can 
be again assimilated to surface water from the 
biological residue, which is sent to the landfill 
after an inertization process using chemicals. At 
the time of the disposal, the biological residue or 
sludge still contains a water rate of approximately 
75%. PyrosludG_EN is an industrial project 
focused in cogeneration in which the plant is fed 
by biological sludge coming from civil 
wastewater treatment plants, as well as biomass 
and agro-food by-product and micro-nano-
plastics, treating the material using the process of 
pyrolysis a termochemical treatment in principle 
in absence of oxygen without any combustion. 
Besides the PyrosludG_EN is able to recover 

 Fig. 1 PyroGEN Process: Block Diagram 

material for recycling use, to produce an organic 
fertilizer useful for agriculture and as final result 
the volume reduction of the waste reducing up to 
10 times the landfill use due to evaporation of the 
moisture. 
The main values of the project are: 
- Valorization of biological waste as a resource; 
the use of local biological matrix for the co-
generation of electrical and thermal energy 
through pyrolysis plants for energy production 
and the simultaneous realization of an Energy 
Community 
- Environmental sustainability in the overall 
balance sheet which allows to obtain a model with 
approximately zero emissions; 
- Repeatability on a local scale and in a 
widespread manner on a territorial scale also 
based on the availability and type of matrix can be 
used in the process. 

II. A PROCESS 
“ENVORONMENTAL FRIENDLY” 

The aim of PyrosludG_EN is to provide a 
technologically advanced solution which solves 
two critical elements of current industrial 
development namely: the management and 
disposal of organic waste, and the high demand 
for energy. Its innovative value is configured as 
the real new frontier of the circular economy. If 
until now the concept of "recycling" has been 
highlighted in the opportunity to obtain energy 
from sewage, here is another fundamental concept 
of a zero kilometer model, namely being the 
advanced point of a "circular economic model 
applied to the 'water". Today, in Italy, waste water 
is considered as an element of possible health and 
environmental contamination, treated and, after 
separation, given to the landfill the organic solid 
component, with very high costs (it is paid to 
confer a matrix that weighs very much, due to the 
presence of water in the form of moisture and 
which has enormous volumes, again due to water, 
with over all very low times of saturation of the 
landfills and risks of contamination of 
groundwater).  The PYROSLUDG_EN process 
develop an extraordinary perspective: waste water 
as a source of energy co-generation and not as a 
cost to be paid. 



347 EFC19

 
 

 
 

 
 

   
  

  
  

 
 

  
 

  
  

  
 

  
  

 

 
  

   
 

 
 

 

 
 

 

   

 
  

 
  

    
  

   

  

 
 

  
 

  
  

 

 
 

 
   

  
 

 
 
 

  
 
 

   
 

 
  

 
  

 
 

 
   

   
 
 

 
 

 
     

   
   

  
  

With the process of molecular thermo-
disintegration at low temperature, the organic 
substances contained in the waste water are used 
for the production of a gas (syngas) similar to 
methane, which feeds the co-generation units, 
facilitating the transformation from plants at high 
energy consumption (negative balance) to plants 
producing energy with positive energy balance. 
As regards the modeling of the chemical part, the 
chemical reaction constants they are modeled 
according to Arrhenius and the accruals are 
calculated as shown in Tables 1 and Table 2. 
Table 2 also includes the values assumed for in 
the calculation of the constants of Arrhenius [1]. 

Tab. 1 Pyrolysis Process: Cynetic’s Reaction 

Tab. 2 Pyrolysis Process: CONSTANTS USED FOR 
THE CALCULATION OF REACTION RATINGS [2] 

The following Figure 2 shows the profiles of the 
concentrations of the components of the syngas 
along the reactor 

Fig.2 Pyrolysis Process: CONCENTRATION 
PROFILES OF CNG AND HYDROGEN [kg / Nm3] 

III. INNOVATION AND RESEARCH FOR 
SUSTAINABLE DEVELOPMENT 

The decisive element in the proposed model is 
research, a central and transversal asset to all 
phases, especially about the development of new 
solutions for the storage and use of energy and 
syngas produced in the process as a "poor" fuel 
for cells, the reuse of the carbon solid residual in 
agriculture as fertilizer, until the management of 
local communities of supplying energy for an "on-
site" consumption. One of the developments with 
the greatest potential in fact is the "fuel 
cells".Today the research is oriented to the use of 
hydrogen or bio-fuel, components that require 
large amounts of energy to be produced and / or 
managed. In the PyrosludG_EN, the produced 
syngas will be used in a Fuel Cell battery for the 
production of electricity to be used for supplying 
the induction system and supporting the process. 

IV. VIRTUOUS CYCLE AND BUSINESS 
MODEL 

The proposed model combines sustainability, 
social responsibility and industrial profitability. 
It is a process that starts from biomass and organic 
components, apparently at the end of the cycle, to 
generate energy, recover water, reuse solid carbon 
based by-product as fertilizer, feed cold storage 
for the preservation of agricultural products, 
develop new "poor" fuel cells, use energy in smart 
grids, develop energy communities. The limited 
investment, about 1 million euros for a small-
sized plant, and the very short payback time, in 
the order of three/four years, with excellent annual 
yields resulting from the value of the gate fee, 
make it scalable at a territorial and attractive level 
both for private and public investors. 

V. CONCLUSION 
The case presented, in the prototyping phase in a 
province of region Piemonte (Italy), by a B_corp 
oriented company, represents an interesting 
development in terms of "social design", of the 
creation of a green and circular economy model 
for local development that can be replicated in the 
territory with the objective of producing 
sustainable employment and territorial 
development, with particular emphasis on 
environmental and social impact. 
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Abstract - Microbial Fuel Cells (MFCs) represent an emerging 
technology for the direct conversion of organic molecules into 
electricity. Even though the effectiveness of this technology has 
been proved at small size scale, few examples of scaled-up MFCs 
are nowadays available. The main limitation to the development of 
larger-scale MFCs is the decrease of electric power with the cell 
size increase. In the present study carried out within the IDRICA 
research project, we report the first results about the performance 
of MFCs inoculated with bacteria from compost and municipal 
wastewater.  MFCs were arranged in different configurations to 
investigate their performance in terms of power and current 
outputs as well as COD, phosphorous and nitrogen removal. 

Index Terms –MFCs, wastewater treatment, scaling-up through 
plurality, compost. 

I.  INTRODUCTION 

Scaling-up of Microbial Fuel Cells (MFCs) represents one of 
the major issues to the in-field application of MFCs to waste 
treatment. Mainly, two different approaches are being applied: 
the scaling-up through plurality i.e. the set-up of modules made 
up MFCs connected in parallel and/or in series and the set-up of 
multielectrodes systems (Santoro et al., 2017). Increasing the 
electrode size in SMFC will lead to drop in power density. As 
an alternative to the physical scale-up of SMFCs, construction 
and operation of mini SMFCs, by connecting them to an 
appropriate power management system, will be the best way to 
enhance the overall process efficiency (Chandrasekhar et al., 
2017). New and cheap electrodes materials are being set-up and 
tested as well as inocula able to provide high power outputs 
while degrading the organic compounds, nitrogen and 
phosphorous compounds (Nastro et al., 2017; Frattini et al., 
2016). In this paper we report the preliminary results about the 
utilization of compost as a source of electrogenic bacteria in 
MFCs fed with municipal wastewater. We also explored the 

efficiency of MFCs arranged in parallel as units for a scale-up 
through plurality. 

A. Materials and methods 
Single chamber, air cathode cuboid Microbial Fuel Cells 

(MFCs) (5x5 cm) with a cilindric chamber of 3 cm in diameter 
and 4 cm in length were crafted by a 3-D printer using 
polylactic acid (PLA). Graphie brushes (2.5 cm in length) 
(Millrose ltd.) were previously incubated in a suspension 
composed by compost, PBS and acetate (0.2%) for 2 at 30°C 
before being used as anodes in MFCs. We provide each MFCs 
with polytetrafluroethylene based multilayer material at the 
cathode. A LIFA ARDUINO MEGA was used to monitor the 
voltage and perform polarization experiments. We arranged the 
MFCs as both single cells and modules composed by two MFCs 
with parallel connection. 
As a first step, all MFCs were fed with a GM Medium using 
sodium acetate as sole source of carbon (4% w/V) 
(https://sites.psu.edu/microbialfuelcells/). 

Fig. 1.  Experimental set-up. 

Copyright © 2019 

https://sites.psu.edu/microbialfuelcells


352 EFC19

    

 
  

  
  

 
  

   
  

   
 

  
 

   
     

  
 

   
  

  

  

 
            

  
  

 
 

  
       

  
 

  
 

 
    

 
   

 
 

 

   
 
 

 
  

  
 

   
 

   
    

  

 
 

  
  
 

 
 
      

  
   

 
  

  
  
    

   
 

  
   

  
  

        
   

  
   

 

The medium was replaced when at least one MFC/module 
voltage dropped below 40 mV when put at maximum power. 
Wastewater was sampled at the sewage treatment plant placed 
in Acerra (Naples, Italy) soon after the primary treatments 
(screen, sand grinder, oil removal and denitrification) and 
before entering the oxidation compartment. Besides single 
MFCs, we arranged modules of two cell with parallel 
connections (Figure 1). We performed polarization experiments 
(260 KΩ - 1 KΩ) every 48 hrs and MFCs were kept at 
maximum power. MFCs kept in OCV and controls without 
electrodes were prepared and monitored as well. Chemical 
Oxygen Demand (COD) of both GM medium and wastewater 
mixes (1:1, 3:1 and sole wastewater) were carried out before 
and after being used as fuel in MFCs according to Standard 
Methods. We report here the results obtained when the MFCs 
were fed with the 1:1 GM medium/ww mix. 

B. Results 
In Figure 2, we report the polarization and power curves 

obtained in MFCs using the 1:1 mix as feedstock for one week. 

20 

15 

single MFCs fed with GM medium (15.6 mW/m2), while the 
highest CD was measured in Module 1 (81.2 mA/m2). The 
higher electric outputs find an explanation in the different 
availability of chemical energy in the feedstocks. Chemical 
analyses revealed a COD value of 2.14 and 0.887 g/l O2 for the 
GM medium and the mix ww/GM medium (1:1) respectively. 
After three weeks of operation, the highest COD removal was 
observed in MFCs fed with the mix GM/ww, with a maximum 
of 52% in double-cell units. A culombic efficiency calculation 
will be performed to evaluate single MFCs and double units 
efficiencies in converting chemical energy into electric power. 

C. Conclusions 
Bacteria from compost were able to produce electric power 

in single-chamber air cathode MFCs fed with wastewater mixed 
with GM medium containing acetate as sole source of carbon. 

Furthermore, the results obtained showed a higher stability of 
double cells units and an increase in current production that 
makes modules of MFCs with parallel connections good 
candidates for a scaling-up through plurality for wastewater 
treatment. The design and set-up of a power management 
system represents an indispensable prerequisite for energy 

0 20 40 60 80 100 

harvesting in MFCs applied to wastewater treatment, as already 

(m
W
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2 ) 

observed in the set-up of other bio-elecrochemical systems. 10 
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Abstract - In this work a novel testing device for high 
temperature polymer electrolyte membrane fuel cells (HT-PEFC) 
based on a unique cell compression mechanism [1] is described. 
This approach eliminates common technical difficulties by 
homogeneous electrical contacting, pressure distribution and 
thermal management (temperature distribution on the cell and 
layer level). A significant further advantage of the new design is 
the quick and easy exchangeability of individual cells from the 
stack. In the presented modular test system, the individual cells are 
situated in separate flexible pockets. The compression of the pole 
plates with interposed membrane electrode assemblies is realized 
via a hydraulic medium, which applies an externally adjustable 
equal pressure to the pockets. The main advantage of this design 
[2] for the HT-PEFC application is that the hydraulic fluid will 
also be used as a heat transfer medium. 

Index Terms - HT-PEFC, hydraulic compression, stack, testing 

I.  INTRODUCTION 

Hydrogen energy systems are recently discussed to be a 
solution to overcome fossil fuels related economic and 
environmental issues. Due to elevated operation temperature of 
about 160 °C and robustness against fuel impurities high 
temperature polymer electrolyte membrane fuel cells (HT-
PEFC) offer promising specifications for several mobile or 
stationary energy applications such as auxiliary power units or 
combined heat and electrical power generation. However, 
although massive research has been performed on this 
technology, HT-PEFC is still not commercially competitive in 
comparison to conventional technologies. Therefore, further 

research on HT-PEFC components, especially on catalysts, 
membranes, pole plates to mention just few, is still necessary. 
Within the framework of an ongoing R&D project a novel 
testing device was developed for analysis of MEAs and pole 
plates with an active cell area of up to 50 cm². Based on a 
pocket-design the system can facilitate hydraulic cell 
compression and is able provide necessary test conditions for a 
homogeneous HT-PEFC operation. 

II. EXPERIMENTAL SETUP 

The testing system is designed to run one to five fuel cells 
under variable required conditions. While the five test cells are 
electrically connected in series, each test cell is connected to a 
manifold that provides necessary gases in parallel. The 
temperature can be adjusted in a range between 30 °C and 
180 °C and a hydraulic pressure up to 10 bar can be applied to 
the installed single fuel cells. Graphitic pole plates with a flow 
field of up to 50 cm² are mounted to a clip and can be swapped 
with ease. Sensors measure the pressure and temperature of the 
hydraulic fluid and the processing gas. The single cell voltage is 
recorded for each individual slot and a combined stack potential 
and current signal are measured. The design as schematically 
seen in Fig. 1. consists of a pressure housing containing five 
pockets for HT-PEFC. The manifolds used to connect the 
hydraulic fluid and the process gases are mounted to the stack. 
To enhance the usability all wiring and piping is realized at the 
backside of the stack and the fuel cell clip is accessible from the 

Copyright © 2019 
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front side. All sealing is achieved by viton (FKM) o-rings. 

Figure 1 construction sketch of the test device 

The system offers the ability to simultaneously test and compare 
several cells (e.g. MEAs, flow fields, pole plates …). 

III. RESULTS 

As a major part of this work the testing device was 
characterized in different operating situations. To optimize the 
system, the temperature distribution was recorded as seen in 
Fig. 2. 

Figure 2 temperature distribution of all five pockets during a heat-up sequence 

The temperature distributes fairly equal between all five pockets 
and has further been optimized by adjusting the flow of the 
high-temperature/pressure pump and adding a layer of thermal 
isolation. All five temperatures differ in a range of 2 °C. 

Another useful parameter to be investigated was the pressure 
distribution on the pole plate which was visualized using 
pressure sensitive film (see Fig. 3). 

Figure 3 pressure distribution of hydraulically compressed test cell with active 
cell area of 70 mm x 70 mm (determined with pressure sensitive film) 

The pressure sensitive film type Fujifilm Prescale LLLW (2 to 
6 bar) shows marginal variations in the pressure distribution 
over the dimensions of a comparable flow field with an active 
cell area of 70 x 70 mm². The pressure pattern displays a 
homogeneous symmetric compression along the vertical 
symmetry axis of pole plate. 

IV.  CONCLUSIONS 

The developed testing device is able to provide the required 
stable conditions regarding cell temperature and compression 
homogeneity to characterize HT-PEFCs. However, long-term 
testing is needed for the validation of all functions of the test 
stack. 
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Abstract - PEMFC appears to be a promising technology 
to address the challenges of energy transition. So, it seems 
necessary to optimize these systems. In our study, we have 
addressed the mechanical aspects and their impacts on the 
performance of a PEMFC. More specifically, the main 
objective of this work is to understand the influence of the 
mechanical properties of the fuel cell core on the electrical 
resistances of the system’s internal contacts. Indeed, 
electrical contact resistances are one of the major sources of 
losses and therefore require special attention. To do this, a 
DoE associated with a Finite Element Model was used in 
order to obtain the influence of geometric and mechanical 
parameters on the performance of a PEMFC, where each 
layer thickness and the GDL constitutive law were 
examined. 

Index Terms - PEMFC, Design of experiments, 
Numerical modeling, Gas diffusion layer, Nonlinear 
behavior. 

I.  NOMENCLATURE 

BPP: Bipolar Plate; CPress: Contact Pressure; CR: 
Contact Resistance; DoE: Design of Experiments; EP: 
End Plate; GDL: Gas Diffusion Layers; FC: Fuel Cell; 
MEA: Membrane Electrode Assembly; PEMFC: Proton 
Exchange Membrane Fuel Cell. 

II. INTRODUCTION 

The performance of a PEMFC, subjected to external-
internal mechanical excitations [1] and environmental 
conditions, is one of the significant factors influencing its 
industrialization. The constitutive law allows to specify a 
material and to approximate the reaction of the material 
to external forces with a relation between two physicals 
quantities. The constitutive law can be linear (the 
stiffness is constant, or the strain is 1ess than 10 % of that 
of the object) or non-linear (change in stiffness with 
strain or large strain). We are especially interested in the 

influence of the GDL constitutive law - linear and non-
linear constitutive law - and the thickness on the CPress, 
a fundamental quantity associated with the performance 
of PEMFC. 

At each interface there will be a loss of current 
intensity, called electrical CR, due to insufficient surface-
to-surface contact. Studies have found CPress can 
strongly affect CR [2,3] and discovered a relation 
between CR and CPress [5]. The most important 
electronic ohmic losses in FC are at the BPP and GDL 
interface with the electrical CR [1,3]. The aim is therefore 
to have the higher contact pressure between them in order 
to reduce the CR. The influence of component 
thicknesses causes stress variations and therefore affects 
the performance of a stack. 

The purpose goes further by using a DoE with a Finite 
Element Model to study the effect of geometry and 
constitutive law of material, on the performance of a 
PEMFC stack. The next section presents our 
methodology. Our numerical approach is given in Section 
IV. The last section displays the results of the parameters 
effects on the overall performance. 

III. METHODOLOGY 

Finite Element Analysis allowed to extract the CPress 
and Von Mises stresses for each element for each contact 
interface by integrating the pressure on the surface. DoE 
provides an optimal simplified model to maximize the 
pressures for each interface and minimize the constraints. 

IV.  NUMERICAL SIMULATION AND TAGUCHI APPROACH 

A. Model 
A 2D plane strain Finite Element model has been 
developed with the commercial software ABAQUS. Due 
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to symmetry, only half of the single fuel cell is modelled. 
The model consists of EP, BPP, GDL and MEA as shown 
in Fig. 1. 

Fig. 1. 2D plane strain numerical model 

The model was built with the following assumptions: 
❖ Materials are homogeneous and isotropic solids. 
❖ EP, BPP and MEA are linearly elastic. GDL is 

assumed to be a linear elastic or hyperelastic (Use of 
Marlow model extracted from experimental results 
[4]). Here the hyperelastic (non-linear) constitutive 
law more accurately represents the actual behavior of 
material. 

❖ Assembly pressure is applied uniformly on the 
collector plate and boundary conditions applied on 
BPP and EP are ux=0. 

B. Design of Experiments [6] 
A DoE is a series of tests organized in advance to 

observe with maximum precision the influence of 
multiple parameters in a minimum of tests. It avoids 
combining all the modalities of all the parameters. In 
addition, we have reduced the number of models to be 
run from 27 to 9 and we carry out geometric factors in 
effect analysis tables. To extend our analysis, 2 DoE 
models (L9) were used with linear and non-linear 
behavior respectively. 

V. RESULTS OF PARAMETER EFFECTS 

A. Limitations 
During the runtime, some of the models did not 

converge because the EP thickness must be strictly 
greater than 53% of the BPP. We believe that there is a 
minimal thickness ratio between the BPP and the EP, that 
makes it possible to operate. 

B. Effect of the GDL constitutive law 
The GDL constitutive law does not influence the 

characteristics of the best thicknesses which optimize the 
FC performance. On the contrary, the constitutive law 
affects the extremum of the DoE according the thickness 
ratio. So, the GDL constitutive law plays a role in the FC 
performance but has less impact than thickness variation. 

The GDL has a highly nonlinear constitutive law. 
Therefore, using a linear constitutive law is an 
assumption to be carefully used. 

C. Most influential components and best thicknesses 
The EP thickness seems to control the behavior of 

stress and pressure in the other components. A thin EP 

considerably increases the CPress and especially the 
stress. The best EP thickness seems to be in [7.5mm; 
15mm]. According to our effect analysis table, the best 
thickness for the MEA was to choose the smallest, in our 
case 254 µm. For the GDL, the best choice is a thickness 
equal to 0.28 mm, and finally for the BPP a thickness 
equal to 3 mm. 

D. Behavior of compression and stress at interfaces 
For the EP-BPP interface, there is a general behavior with 
a minimal contact pressure on the edge, then a pressure 
drop leading to a non-homogeneous behavior on the 
surface. This suggests that there is a slip effect and shear 
at the EP-BPP interface. 
On the interface BPP-GDL, the behavior is the opposite. 
The pressures reach their maximum at the border, almost 
five times more than the previous interface. For the last 
two layers, the same behavior is obtained. The pressures 
reach their maximum at the ends and drop sharply to 0 
MPa. This creates a large variation in resistance 
throughout the structure. 

E. Best set of parameters 
Thanks to the effects table, we select the optimal 

solution. We have carried out the model with the optimal 
dimensions and we obtain the results given in Table I. 

TABLE I: OPTIMAL RESULTS FROM THE DOE 

VI. CONCLUSION 

After reviewing the results, it appeared that the thickness 
ratio plays a major role in the conduction of electricity. 
Moreover, the choice of the GDL constitutive law has a 
weaker influence that is currently not yet understood. 
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Abstract - The polymer electrolyte fuel cell consists of 
membrane electrode assembly, gas diffusion layer, bipolar plate, 
gasket, etc. Among them, the bipolar plate, i.e., the second largest 
cost component, is typically fabricated from graphite or metallic 
composite materials. While the graphite bipolar plate is over a few 
mm thick due to the poor mechanical strength, the metallic 
bipolar plate is prone to corrosive environment with O2 with 
enlarged amount of weight. In this work, we present carbon fiber 
composite bipolar plate to realize the ultra-light-weight fuel cell 
and possibly stack. The woven-type carbon fiber plate filled with 
epoxy resin is first fabricated by hot-pressing, followed by 
polishing the epoxy resin-rich layer and coating carbon layer, 
which thus reduce bulk and interfacial electronic resistances, 
respectively. Consequently, the fuel cell short stack with the
proposed carbon fiber bipolar plate exhibited as high as triple 
times the weight-specific power density when compared to the 
conventional graphite composite bipolar plate.

Index Terms – Polymer electrolyte fuel cell, Ultra-light weight 
bipolar plate, Carbon fiber, Epoxy resin

I.  INTRODUCTION

The polymer electrolyte fuel cell consists of various 
components such as membrane electrode assembly, gas 
diffusion layer, bipolar plate, and gasket [1]. Among them, the 
bipolar plate, that is the second largest cost component, is 
typically fabricated from the graphite composites or metallic 
composite materials [2]. While the graphite bipolar plate is 
over a few mm thick due to the poor mechanical strength, the 
metallic bipolar plate is prone to corrosive environment with O2

with enlarged amount of weight. In this work, we present 
carbon fiber composite bipolar plate to realize the ultra-light-
weight fuel cell that is possibly usable to stack. The woven-
type carbon fiber plate filled with epoxy resin is first fabricated 
by hot-pressing, followed by polishing the epoxy resin-rich 
layer and coating carbon layer, which thus reduce bulk and 

interfacial electronic resistances, respectively. Subsequently, 
the resultant bipolar plate was further evaluated on the electric 
conductivity, mechanical strength and gas permeability that are 
vital for the employment in fuel cell stack. Finally, the fuel cell 
performance was measured after the use of new cell fixture 
with newly proposed carbon fiber bipolar plate (Scheme 1).

Scheme. 1. A unit cell structure based on the newly-proposed carbon fiber plate 
based bipolar plate

II.  RESULTS AND DISCUSSION

A.  Microstructure of the carbon fiber bipolar plate

Figs. 1 and 2 showed the SEM images on surface and cross-
section of the carbon fiber bipolar plate with increasing 
polishing time. From Figs. 1A and 2A, the as-fabricated carbon 
fiber bipolar plate showed polymeric resin with an overall 
thickness of 300 um while the physically polished ones 
revealed more portion of carbon fiber exposed on surface with 
the reduced thickness down to 190 um. 



358 EFC19

Copyright © 2019 

Fig. 1. SEM images on surface of the as-fabricated carbon fiber bipolar plate 
and carbon fiber bipolar plates after physical polishing – A: 0 min polishing (as-
fabricated), B: 30 min polishing, C: 60 min polishing and D: 90 min polishing.

Fig. 2. SEM images on cross-section of the as-fabricated carbon fiber bipolar 
plate and carbon fiber bipolar plates after physical polishing – A: 0 min 

polishing (as-fabricated), B: 30 min polishing, C: 60 min polishing and D: 90 
min polishing.

B.  Physical characterization

After polishing, the electron conductivity can be enhanced 
due to the removal of epoxy resin layer, while the mechanical 
strength as well as gas permeation resistivity may be 
aggravated. As shown in Fig. 3, the 90 min polished carbon 
fiber bipolar plate resulted in quite acceptable electron 
conductivity up to 500 S cm-1 with 4-fold increased tensile 
strength and 2-fold increased gas permeation resistivity 
compared to the US DOE 2020 technical targets. These values 
indicate that the resultant carbon fiber bipolar plate can be an 
excellent candidate for replacement of the conventional 
graphitic or metallic bipolar plate.

Fig. 3. Physical characterization of carbon fiber bipolar plates after physical 
polishing – A: tensile strength and B: gas permeability with increasing 

polishing time, and C: electric conductivity after 90 min polishing.

C.  Fuel cell performance

Fig. 4 shows the i-V performance of the newly proposed 
carbon fiber bipolar plate based single cell when compared to 
the state-of-the-art one based on the graphite composite bipolar 
plate. The results show that an approximately 90% of cell 
performance can be achieved after the use of newly proposed 
carbon fiber bipolar plate where the 10% of the performance 
loss is coming from the increased iR loss.

Fig. 4. Cell performance after the use of newly proposed carbon fiber bipolar 
plate – A: single cell with the conventional graphite composite bipolar plate and

B: single cell with the 90 min polished carbon fiber bipolar plate.

III.  CONCLUSION

Fuel cell with newly proposed carbon fiber bipolar plate 
exhibited 3-fold weight-specific power density compared to the 
conventional one with the graphite composite bipolar plate.
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Abstract – The development of renewable energies requires a 
suitable energy carrier that allows to store and reuse of the 
electricity produced. Hydrogen is proposed as a suitable candidate 
for energy storage both for power production and transport. Main 
drawback of hydrogen technology is related to low energy density. 
Ammonia, nowadays well known fertilizer, is also an high density 
and carbon free fuel. This study investigates the use of ammonia as 
a fuel when coupled with high temperature fuel cells. Advantages 
in terms of technology assessment and system design are studied 
both by means of experimental activity and system modelling. 

Index Terms – ammonia, energy storage, experimental, fuel cell, 
SOFC. 

I.  NOMENCLATURE 

SOFC: Solid Oxide Fuel Cell 
Uf: Utilization of fuel 

II. INTRODUCTION 

The development of renewable energies strongly increased 
the request of a sustainable solution to store electrical energy. 
One of the feasible route is to transform energy into chemicals 
that can be easily stored or transported for any kind of energy 
application. Ammonia is one of the chemical products more 
synthetized worldwide. Ammonia is usually distributed as a 
fertilizer directly in the gaseous form or can be used as a base 
component for the production of solid urea. At the same time 
ammonia is also a fuel with a chemical energy that can be 
released when oxidized. Ammonia as a fuel has extremely 
interesting peculiarities since it is no toxic, not flammable and, 
in particular, is carbon free. When ammonia is used as a fuel no 
CO2 is emitted. To evaluate the sustainability of ammonia it is 
necessary to consider the production process. Nowadays 
ammonia is produced from natural gas via the well known 
Haber Bosh process. It is possible to produce ammonia also 
from renewable energies. In particular, looking to renewable 

electrical energy, it is possible to produce hydrogen from 
electrolysis and nitrogen from air separation and feed the two 
chemicals to the NH3 synthesis loop. The use of ammonia in 
power systems has been deeply investigated in literature. One of 
the most promising application is the coupling of NH3 with 
Solid Oxide Fuel Cells (SOFCs). SOFCs technology was 
strongly improved in the recent years and stacks in the range of 
1-300 kW are available in the market. Such technology can 
achieve high efficiencies (60% natural gas based systems) and 
very low emissions. In fuel cells there is no direct mix of fuel 
and oxidants and typical emissions such as NOx are not 
produced. 

SOFC technology has important advantages when fed with 
ammonia: (i) thermodynamic conditions and anode catalyst 
enhance ammonia decomposition; (ii) no risk of carbon 
deposition occurs in the anode since ammonia is carbon free, 
(iii) ammonia decomposition is endothermic and the stack can 
be cooled directly in the anode reducing the air flow in the 
system. Literature research was mainly focused on the 
feasibility of using ammonia as a fuel in SOFCs [1]. One of the 
first issue investigated was the production of NOx. In particular 
in [2] both experimental and theoretical study was presented 
demonstrating that nitrogen oxides can not be produced in the 
cell. Such evidence moved the study from H-SOFC to O-SOFC 
due to the more stage of developed of the latter. Following 
studies demonstrated as a two stage reaction occurs in the cell 
with a preliminary decomposition of ammonia and a subsequent 
electrochemical reaction of hydrogen. Additional issues, less 
investigated in literature, arise the risk of material degradation 
due to nitridation of nickel catalyst in the anode. Degradation 
mechanism are presented but with no complete study of 
operating conditions. 

In this study three different aspects of the technology are 
investigated: 

1) Study of SOFC cell degradation due to long term 

Copyright © 2019 
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exposition to ammonia via experimental study; 
2)  Test of SOFC stack when fed with ammonia in real 

operating conditions; 
3) System design based on stack results; 

III.  DEGRADATION TEST 

Degradation was studied at single cell level. Experimental 
studies were performed on a commercial single cell planar, 
anode supported with materials Ni/YSZ-YSZ-GDC-LSCF. 
Long term tests, 100 h, were performed operating the cell at 
500 mA cm2 and fuel utilization of 33%. Ammonia fed cell was 
performed with hydrogen equivalent results. Tests were 
performed at 700, 750 and 800°C. Results are reported in Table 
I. Comparing results at 750°C, same degradation was measured 
with hydrogen and ammonia. Post mortem analysis showed that 
there was no anode nitridation. 

TABLE I 
RESULTS OF THE DEGRADATION TEST 

Gas  H2 NH3 NH3 NH3  
Temperature 745.4 744.5 797.4 693.3 °C 

Gas Flow 10.24 6.85 6.85 6.85 Nl/h 

Voltage decay (mV) 11.7 12.5 14.2* 3.0 mV/100 h 

Voltage decay (%) 1.4% 1.5% 1.6%* 0.4% 100 h 
* Projection after 50 h 

IV.  STACK TEST 

The stack test was performed on a six cells SOFC planar 
short stack. The stack was operated at different conditions 
varying utilization of fuel (Uf), temperature and current density. 
Fig. 1 reports results at 750°C. In particular, the graph reports 
measured efficiency for three different values of fuel utilization: 
0.6, 0.7 and 0.8. Up to 60% of efficiency was achieved at 200 
mA cm-2 and Uf of 0.8. Off gasses measurements showed how 
at nominal current density, 500 mA cm-2, 260 ppm on NH3 were 
measured in the off gasses. Higher efficiencies and lower NH3 
concentration in the off gasses were obtained operating the 
stack at 800°C. 

 

 
Fig. 1.  Efficiency of stack test at 750°C and Uf of 0.6, 0.7 and 0.8 

V.  SYSTEM DESIGN 

Experimental results in terms of voltage variation at different 
operating parameters were implemented in a zero dimensional 
model. System scheme is reported in Fig.2. Ammonia is directly 
decomposed in the stack and preheated in a heat exchanger. Air 
flow is heated in two heat exchangers up to stack temperature. 
The system was studied operating the cell at 750°C and 
utilization of fuel of 0.8. The model calculated an oxidant 
utilization of 0.17 and a DC efficiency of 0.57. Moreover, 
considering a heat exchanger efficiency of 0.9, it is possible to 
remove the after burner from the system and substitute it with a 
simple mixer (M in Fig.1). In the latter case, hydrogen is 
directly released to the atmosphere with a chemical energy loss 
of 22.8 %. 

 

 
Fig. 2. Conceptual scheme of the ammonia system 

 

VI.  CONCLUSION 

The use of ammonia as a fuel was investigate at single cell, 
short stack and system level. Single cell test demonstrated that 
no degradation due to anode nitrification occurs at operating 
temperatures. Short stack study showed efficiency up to 60% at 
750°C. Finally, system design was studied so to obtain 57 % of 
system efficiency and a scheme solution without the after burner 
was presented. 
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Brett**** and P.F. McMillan * 
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Abstract - Despite the widespread use (e.g. in healthcare, energy 
and water treatment applications) and the continued development 
of new materials and solutions for their implementation in 
advanced devices, improving membrane performance and 
durability remains a non trivial problem. In large part this is due 
to the lack of a detailed understanding of the dynamics of the 
permeant confined within the membrane structures, that are 
typically multi-scale in terms of correlation lengths and relaxation 
timescales for the different processes involved. It is therefore 
difficult to disentangle individual contributions to the various 
motions and their involvement in the membrane structure-
dynamics correlation, especially in situ and under operando 
conditions. Here we present how using advanced neutron 
scattering (quasi-elastic neutron scattering: QENS and neutron 
reflectivity: NR) techniques can shed light on developing new 
understanding of the correlations between the structures and 
dynamics of composite membranes with the aim of optimising 
membrane technology and designing new materials with improved 
performance characteristics. 

Index Terms – QENS, NR, Fuel Cell, AEM. 

I.  INTRODUCTION 

Despite their already widespread use in healthcare, energy and 
water treatment applications, design and development of new 
membranes for selective water and electrolyte transport are 
required for improving performance and durability for efficient 
operation. The main challenges to achieve this goal stem from a 
lack of detailed understanding of the dynamics of the permeant 
confined within the membrane, particularly in situ and under 
operando conditions. 

In the specific case of fuel cells (FCs), interest has mainly 
focused on polymer electrolyte membrane fuel cells (PEMFCs) 
because of their high power densities, quick start-up, lower cost 
and wider applications compared to other types of fuel cells. 
They can be classified into two categories, namely proton 
conducting cation exchange membranes (CEMs) and hydroxide 
conducting anion exchange membranes (AEMs). In the first 
case precious metal catalysts such as Pt are necessary to 
facilitate the electrochemical reactions [1], while AEMs offer 
the great advantage that the precious metal catalyst can be 
replaced by cheaper and more available transition metal 
alternatives [2]. The main challenge with AEMs is developing 
efficient membranes for use within these systems. Intensive 
efforts are under way to develop and improve the AEM 
membranes from a synthetic point of view, to optimize their 
chemical and thermal stability, mechanical processability and 
production costs. However, the AEMs to date display poor 
ionic conductivity. The mobility of the OH- ions is mainly 
impacted by molecular architecture and nanoscale organization 
of the ionic channels [3]. Attempts have been made to “mimic” 
the morphology of the Nafion membranes that are considered 
as a reference [4], in order to improve ionic conductivities in 
AEMs [5]. However, very little is known to date on the 
molecular level mechanisms, in particular the relation between 
OH- transport and water dynamics. Theoretical studies have 
predicted that hydroxide ion transport in AEMs results from a 
combination of Grotthuss-like mechanism (i.e., proton transfer 
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through the hydrogen bonded water molecules by solvation-
shell fluctuations) and mass diffusion. Because the dynamics of 
the permeant confined within membrane are usually multi-scale 
in nature it is difficult to disentangle various contributions to 
the diffusive processes as well as correlations between the 
membrane structure and local to longer-range dynamics. 

Neutron scattering is ideal for this type of study because it 
allows a unique view of structures of soft condensed matter 
systems. The nature of neutron-matter interaction provides a 
non-destructive approach, making it a perfect tool to investigate 
structurally delicate membrane structure-dynamics properties as 
well as biological systems. Cold neutrons, with wavelengths of 
a few Å and energies from µeV to several meV, allow 
investigations and correlations of structure on the Å- to nano-
scale combined with molecular motions on a nano- to pico-
second time regimes. Furthermore, because of the difference in 
neutron scattering cross section between H and D, isotopic 
contrast experiments can be used to highlight different 
spatial/dynamic regions under varied chemical and physical 
conditions. 

In this presentation we describe examples from our recent work 
that illustrate how using advanced scattering (quasi-elastic 
neutron scattering: QENS and neutron reflectivity: NR) 
techniques can provide new information to correlate structure 
and dynamics of composite membrane materials with improved 
performance characteristics. Our examples are specifically 
applied to anion exchange fuel cells where depicting permeant 
dynamics in a benchmark membrane is crucial to help 
understand and improve the hydroxide ion conductivity to 
design and develop advanced AEMs for FC applications.  

ACKNOWLEDGMENT 

This project has received funding from the EU Graphene 
Flagship under Horizon 2020 Research and Innovation 
programme grant agreement No. 696656 – GrapheneCore2. We 
thank the Materials Research Hub for Energy Conversion, 
Capture, and Storage (M-RHEX) (EPSRC EP/P007775/1) for 
support, and Prof D. Brett, Dr T. Miller, Dr S. Lyonnard, Dr J-
M. Zanotti, Dr G. Gebel and Dr V. Garcia-Sakai for useful 
discussions and support during experiments and data analysis. 
We also thank Dr J. Copper and Dr M. Campana for support 
during reflectivity experiments. Finally we are grateful to the 
Institut Laue Langevin (Grenoble, France) and ISIS (Harwell, 
UK) for neutron beamtime. 

REFERENCES 

[1] Y. Shao, G. Yin, Y. Gao, J. Power Sources, 2007, 171, 558. 
[2] J. R. Varcoe & R. C. T. Slade, Fuel Cells, 2005, 5, 187. 
[3] S. Maurya, S.-H. Shin, M.-K. Kim, S.-H. Yun, S.-H. Moon, 
J. Membr. Sci., 2013, 443, 28. 
[4] K. D. Kreuer, J. Membr. Sci., 2001, 185, 29. 
[5] M.-S. Kang, Y.-J. Choi, S.-H. Moon, AIChE J., 2003, 49, 
3213. 

Copyright © 2019 



363 EFC19

     

 
     

 

 

 
 

 
 

   
   

  
 

 
 

     
    

    
   

  
    

  
   

    
  

   
 

   
 

    

 
    

  
  
  

   
    

  
   

  
   

     

    
    

   
  

  
  

     
    

 
 

  
   

 
   

 
 

  
 

 

 

 
  

   
 

 

 

 

  
   

  
   

  

 

    
    

  

 
 

      
 

  
 

     
  

 
   

 
 

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19216 

MICRO-CHP IN RURAL AREAS: MARKET OPPORTUNITIES FOR SOLID OXIDE 
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Abstract - The project TEZIO (Zero Emissions Energy 
Technology) concerns power generation in micro-scale plants and 
targets at the pre-prototypal study of an advanced energy system 
based on fuel cells, for the efficient energy conversion of waste (i.e. 
agricultural scraps, animal waste, organic residues). The 
cornerstone of the project is the concept of energy and 
environmental sustainability in a circular supply chain. Moreover, 
looking at local synergies, the region Umbria is the perfect 
candidate to develop this concept, for the high awareness to 
environmental safeguard and the high number of small enterprises 
involved in agriculture and farming. Many of them, in particular, 
have been experiencing economic crisis and call for innovation to 
earn competitiveness and enlarge the impacts of their business. 

Index Terms – SOFC, microCHP, biogas, circular economy. 

I.  NOMENCLATURE 

ICE Internal Combustion Engine 
mCHP Micro Combined Heat and Power generation 
SOFC Solid Oxide Fuel Cell 
TEZIO Tecnologia Enegetica a Zero ImpattO 

II. INTRODUCTION 

The project TEZIO aims at investigating local opportunities 
for the demonstration of the SOFC technology in a real 
environment. This is expected to bring technological innovation 
in the region Umbria (central Italy), creating synergies between 
rural areas economy and research expertise. The market niche 
of biogas producers and SOFCs are rather complementary. For 
their operating conditions and typical power ranges, SOFC are 
the ideal CHP technology to fill this market segment (installed 
power c.a.10-100 kWe). Moreover, biogas is produced from 
organic waste. Hence, its efficient energy conversion is 
particularly appealing to the end of a circular economy vision. 

This paper presents the project goals and current 
advancements. As summarized in Table I and discussed in the 

following sections, TEZIO is organized according to three main 
threads. Results from each part will lead to the definition of 
specifications for a prototype system, to be tested in a real 
environment. 

TABLE I 
TEZIO RESEARCH THREADS: GOALS AND ADVANCEMENT STATUS. 

Thread Goals Advancements 

Market Analysis 
Definition of local cases-study. 
Benchmarking of biogas energy chains. 
Local policies and subsidies. 

Completed: focus 
on cattle/swine 
farms 

System Analysis 
Biogas pretreatment specifications 
Thermal integration and in-situ use of 
cogenerated heat. 

Literature review. 
Basic system 
analysis. 

Experimentation 

Experimental characterization of single 
components (SOFC cells and stacks) 
a)  degradation 
b) performance vs. fuel quality 

Test on single cells 

III. MARKET FRAMEWORK 

The potential local market has been analyzed and all results 
are reported in [1]. From the survey about farms, it emerged 
that the most significant farms (potential users for the 
technology investigated) are: 100 head-sized cattle farms and 
1000 head-sized swine farms. The same farm classes were 
spotted as relevant for similar purposes, scouting the European 
market [2]. Looking at the potential market existing in Umbria, 
the number of farms that are eligible as customers for micro-
scale digestion and CHP, as well as their share of unexploited 
biogas potential, are summarized in Table 2. These results have 
been estimate from national census data (ISTAT and BDN). 

As final indication for SOFC suppliers, the potential 
customers identified in the first stage of the project would 
require SOFC m-CHP systems under 30 kWe. 
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TABLE II 
POTENTIAL USERS FOR SOFC M-CHP IN UMBRIA (CO-DIGESTION RATIO 

MANURE-SILAGE 0.4) 
 

Farm type Feedstock and Process 
Number of 

farms 
Share of unexploited 

biogas potential 

Cattle (beef, 
dairies, mixed) 

> 100 heads 

Animal manure 
Anaerobic Digestion 

100 38% 

Animal manure + silage 
Anaerobic Co-Digestion 

240 56% 

Swine 
>1000 heads 

Animal manure 
Anaerobic Digestion 

20 41% 

Animal manure + silage 
Anaerobic Co-Digestion 

80 76% 

 

IV.  SYSTEM ANALYSIS 

In order to facilitate the market success of the technology 
and downscale micro digestion and CHP systems, biogas 
pretreatment prior SOFC feeding plays a major role (especially 
on the economic feasibility). Direct feeding of biogas to SOFC, 
after removal of sulfur compounds [5], has risen much interest 
to this end [3]. Rather stable performances are obtained thanks 
to the addition of oxygenated gases (air, steam, CO2), to have 
methane decomposition completed in the SOFC (via catalytic 
partial oxidation and hybrid steam/dry reforming). Beside the 
simplicity of implementation, air addition to biogas seems 
reasonable for at least 3 reasons: i) improved SOFC stability, 
thanks to coking suppression on the Nickel anodes [4]; ii) 
internal temperature management, balancing endothermic and 
exothermic reactions [5]; iii) nitrogen addition, enhancing the 
cell performance in low-current region, further contributing to 
the reduction of coking risk for kinetic reasons [6]. 

 

 
 

Fig. 1.  Simplified system flowsheet. 
 
According to the literature, the optimal dilution ratio is 

Air/Biogas = 0.4-1.5 – as found in [5] showing results of 
experiments performed on commercial cells at 800°C and in 
current density range 0-400 mA/cm2. Rather high Air/Biogas 
ratio is applicable without large loss of electrical efficiency due 
to the reduction of overvoltage. The cell operation under 
electric load yields significant amount of water, initiating 
internal methane steam reforming reactions. This allows tuning 
the cell operating conditions on low Air/Biogas ratios.  

Preliminary system simulations (Fig.1) highlighted a mild 
loss of efficiency (47% electric efficiency for the SOFC fed 
with air diluted biogas, vs. 53% obtained with biogas fed 
SOFC). Yet, durability is expected to be more favorable. This 
needs to be experimentally proved. 

V.  EXPERIMENTAL  

     The experimental activitiy begins form characterizing SOFC 
single cell performances in laboratory facilities, reproducing 
biogas with technical gases. 100-h tests on single cells proved 
the operability of SOFC with direct biogas and direct air-
diluted biogas. Experimental results from this stage are used to 
validate the system model. Nonetheless, tests on SOFC stacks 
on longer durations are still to be performed (second part of the 
project).  

VI.  CONCLUSION 

This paper resumes the current development of the project 
TEZIO. Small and micro biogas producers represent a niche 
market for SOFCs. In turns, SOFCs feature some advantages 
which allow the efficient valorization of an unexploited share 
of distributed renewable energy potential. A few farms in 
Umbria may be selected as real-life benches to test an 
innovative SOFC m-CHP prototype. Preliminary tests 
performed on laboratory scale, as well as system simulations, 
proved the consistency of the concept.  
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Abstract - A 3-D transient model of H2/Br2 redox flow battery 
is developed rigorously accounting for the redox reactions of H2 
and Br species. It has been validated experimentally against the 
discharge and charge voltage curves measured over the range of 
1.4 A/cm2 of Current density. The kinetic expression of bromate-
bromide chemical reaction was derived in consideration of various 
reactions and coupled with the mass and energy transport 
equations in the previously developed 3-D H2/Br2 flow battery 
model. The model was then validated against the experimental 
discharge data which exhibit the voltage recovery period resulting 
from the bromate-bromide chemical reaction. The model 
predictions suitably agree with the experimental data. It also 
provides detailed analysis of performance enhancement in terms 
of activation, ohmic and concentration overpotentials. This study 
clarifies the advanced features of promising H2/Br2 flow battery 
system through extensive multidimensional contours of species 
concentration, temperature and current density. 

Index Terms - Hydrogen bromine flow batteries; Bromate; 
Numerical simulation. 

I.  NOMENCLATURE 

Nomenclature 
CKC Kozeny-Carman constant 
D diffusion coefficient, m2·s-1 
E0 thermodynamic equilibrium potential, V 
F Faraday’s constant, 96485 C·mol-1 
K permeability, m2 
M molecular weight, kg·mol-1 
nd electro-osmotic drag coefficient 
rPM pore radius in porous media, m 
vfi volume fraction of species i 
z valence 
α transfer coefficient 
ε porosity 
η overpotential, V 
κ proton conductivity, S·m-1 
μ viscosity, kg·m-1·s-1 
ρ density, kg·m-3 
σ electronic conductivity, S·m-1 
τ viscous shear stress, N·m-2 or tortuosity 

b bromine electrode side 
e electrolyte 
hCL hydrogen catalyst layer 
i species i 
s solid (electronic) 
u momentum 

II. INTRODUCTION 

With growth of new and renewable energy market, demands 
on energy storage system (ESS) have been rapidly increasing in 
order for saving extra energy production. As compared to the 
peak power of all vanadium redox flow batteries, roughly 10 
times higher power density of 1.46 W∙cm-2 were reported for 
10−25 cm2 lab-scale cells[1,2]. The H2/Br2 flow battery 
utilizes gaseous hydrogen for the negative electrode and 
aqueous Br2/HBr solution for the positive electrode. 

The objective of this paper is to analyze the performance 
improvement of H2/Br2 flow battery when the aqueous 
bromate electrolyte was employed as the catholyte instead of 
bromine/bromide solution. First, the kinetic expression of 
bromate-bromide chemical reaction was derived in 
consideration of various reaction steps and coupled with the 
mass and energy transport equations of the three-dimensional 
(3-D) H2/Br2 flow battery model developed in our previous 
studies [our previous papers related to H2/Br2 flow batteries]. 
The model was then validated against the experimental 
discharge data measured by Cho and Razaulla [3] that exhibit 
the voltage recovery period resulting from the bromate-bromide 
chemical reaction. This study elucidates the advanced features 
of promising hydrogen-bromate flow battery systems through 
extensive multidimensional contours of species concentration, 
temperature, and current density. 

III. MODEL DESCRIPTION 

The model is applied to all computational domain 
consisting of membrane, catalyst layer (CL), porous electrodes 
and flow field plates (FFPs 
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Mass conservation: 
 

+(u 0) = (1) 
t 

 (uu ) = −P + g − u+ + 

Momentum conservation: 
1 u 1   (2) 
  t   K 

Species conservation: (Ci ) +N Si = i 
(3) 

t 
Charge conservation:  i = Sie s =  (4) 

Ionic current density: 
(5) eff eff  i = −  F  z (D C +C u  )i =   −e i e i i i i 

i i 

eff Electronic current density: is = s 
(6) 

From the species conservation equation in Eq.
N 

 (3), the 
species flux, , can be described in terms of diffusion, i 

−D C + D C  +C u  + i (7) 
Ni = RT F 

(Diffusion ) (Migration ) (Convection ) (Electro-osmosis ) 

i i i i e i e 
eff i 

migration, convection and electro-osmosis as follows: 
nz F  eff d i, 

eff where the effective diffusion coefficient of species i, D , in i 

porous electrode can be modified from its intrinsic diffusivity 
based on Bruggeman correlation: 
Deff =  D (8) i i 

The effective permeability, K, through the porous 
electrode in Br2 electrode can be determined by the Kozeny-
Carman equation: 

2 34rPM  (9) K = 2CKC (1− ) 

IV.  RESULTS 

Fig.1 Computational domain and mesh configuration 

The bromate electrolyte used at the Positive electrode ends up 
with chemical reaction leading to production of Br2 for the 
reaction. This use of bromate as electrolyte boosts the 
performance of the cell by its characteristic of auto-catalytic 
reaction leading to no-limit in current density i.e., mass transfer 

Fig. 2 Comparison of simulated and measured polarization 
curves during discharge 

loss can be avoided. In addition, voltage recovery from the 
open circuit voltage is also achieved at high current condition. 

V. CONCLUSION 

A 3-D transient H2/Br2 model developed considering the 
crossover through membrane. A charge and discharge cycle 
were simulated and validated against the experimental 
discharge data which exhibit a good agreement. With the use of 
thin bPM superior performance at high current density was 
observed. With the innovative characteristics of bromate, good 
cell performance can be achieved. With transient condition 
simulated, shows the better response of the cell. Additional 
effects of convection and kinetic loss at high current conditions 
needs to be investigated to understand this promising 
technology. 
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Abstract - A multi-dimensional steady state model of the 
Alkaline water electrolyzer is newly developed accounting, 
the Butler-Volmer equation in terms of species 
concentrations in order to study the performance of a single 
electrolyzer cell. Even though there have been substantial 
efforts have been made theoretically to analyze water 
electrolyzer cells, but in our customary knowledge, 
numerical simulations in depth, based on concentration of 
the species are not found in literature. Emphasis is placed 
on analyzing the potential distribution and concentration 
variations with respect to the reduction and oxidation 
reactions at negative and positive electrode respectively. 
The model predictions compare well with the experimental 
data over the range of 0.1 to 2 A/cm2 of current density to 
voltage characteristics. 

Index Terms - Numerical Model, Overpotential, 
Concentration, voltage-current characteristics. 

I.  NOMENCLATURE 

CKC Kozeny-Carman constant 
D diffusion coefficient, m2·s-1 

E0 thermodynamic equilibrium potential, V 
F Faraday’s constant, 96485 C·mol-1 

K permeability, m2 

rPM pore radius in porous media, m 

II. INTRODUCTION 

Alkaline water electrolysis is the widely used and established 
electrolysis technology for the hydrogen production [1] Due to 
complexity of the electrolysis processes taking place simultaneously, 
numerical modelling will be the effective tool for understanding these 
complex phenomena going inside the AWE. In our current scenario 
many mathematical models have been proposed based on the Buttler 
Volmer equation without concentration of species [2]. In this work we 
have developed a mathematical model considering the concentration of 
species. With this mathematical model multi-dimensional and 
simulation analysis of the AWE has been made. In specific, the 
electrode and electrolyte potential distribution in the AWE 

components were not studied precisely in the previous literatures. 

III. MODELLING 

Essential part of the model has been represented for a single 
cell. The computational domain used for the simulation is 
exhibited in Fig 1. 

The AWE model is governed by four pricnciple of 
conservation: mass, momentum, species and charge 
conservation as follows. 

1. Mass Conservation: (u = 0)

 (uu ) = −P + g − u  +  

2. Momentum conservation: 
1 1   
   K 

3. Species conservation: N = Si i 

e s S4. Charge conservation:  i == i 
eff eff −  −  +C ui  ie = i =  e F zi (Di Ci i ) 

i i 

is = s 
eff 

IV.  RESULTS AND DISCUSSION 

Figure 2 represents the solid/electrolyte phase potential 
distribution along the cell thickness. The electrolyte potential 
drop across the electrodes and separator is clearly visible 
(approximately 100mV/120mV and 0.80mV through the 
negative/positive electrodes and separator, respectively. The 
solid phase potential drop occurring in the current collectors 
and electrodes is relatively higher side because of the less 
electron conductivity. Figure 3 represents the overpotential 
distribution along the electrodes. The calculated overpotential 
values in the negative and positive electrodes vary from -0.30 V 
to -0.39V and 0.32V to 0.42V, respectively, almost equal to the 
ohmic voltage drop in the membrane. Figure 4 represents the 
concentration of species distribution along the flow channel. 
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Because of the redox reactions of the aqueous KOH solution in 
the negative and positive electrodes, the concentration of the 
water decreases and increases towards the downstream, 
respectively. Because of the redox reactions of the aqueous 
KOH solution in the negative and positive electrodes, the 
concentration of the anion increases and decreases towards the 
downstream. Figure 5 represents the validation of the model 
with V-I characteristics. Simulated voltage –current 
characteristics of Alkaline water electrolysis cell validated 
against the reference [3]. 

V.  FIGURES  

 
Fig.1 Computational domain 

  
Fig 2 Phase Potentials distribution along the thickness of the Cell 

at 0.5 A/cm2 and 1.723V 

 
Fig 3. Overpotential distribution along the Cell thickness at 

0.5 A/cm2 and 1.7 V 

 
Fig 4 Concentration distribution in the electrodes along flow 

direction 

 
Fig 5 Voltage-current characteristics 

VI.   CONCLUSION 

A three-dimensional steady state model of AWE has been 
developed in order to predict the electrode/electrolyte potential 
and overpotential distributions along the various AWE 
components at 0.5A/cm2.As the charging process proceeds, the 
overpotentials in the negative and positive electrodes 
continuously increases. 
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Abstract -This study presents the three-dimensional (3-D) 
H2/Br2 RFB model in which the effect of membrane dehydration 
was taken into account. The hydrogen electrode flooding, i.e. likely 
during high current charge processes, induces strongly two-phase 
flow in the hydrogen side, making the removal process of crossed-
over HBr more difficult and complicated. The main purpose of 
this study is to expand upon the 3-D H2/Br2 RFB model by 
incorporating two-phase water transport equation and hence 
addressing the effects of flooding and dehydration. A detailed 
water uptake model for PFSA membranes under water and HBr 
solution is formulated by combining the experimental water 
uptake data of Nafion membrane and proton conductivity data 
measured under various HBr concentrations. This study clearly 
illustrates the profound effect of water management on dynamic 
behaviors of H2/Br2 cell during charge and discharge. 

Index Terms - Numerical simulation; two-phase RFB; water 
transport model; 

I.  NOMENCLATURE 

Nomenclature 
CKC Kozeny-Carman constant 
D diffusion coefficient, m2·s-1 
E0 thermodynamic equilibrium potential, V 
F Faraday’s constant, 96485 C·mol-1 
K permeability, m2 
M molecular weight, kg·mol-1 
nd electro-osmotic drag coefficient 
rPM pore radius in porous media, m 
vfi volume fraction of species i 
z valence 
α transfer coefficient 
ε porosity 
η overpotential, V 
κ proton conductivity, S·m-1 
μ viscosity, kg·m-1·s-1 
ρ density, kg·m-3 
σ electronic conductivity, S·m-1 
τ viscous shear stress, N·m-2 or tortuosity 
b bromine electrode side 
e electrolyte 
hCL hydrogen catalyst layer 

i species i 
s solid (electronic) 
u momentum 

II. INTRODUCTION 

Several H2/Br2 models have been developed over the last 
decade, but few have accounted for the water transport and 
membrane dehydration phenomena inside a H2/Br2 cell. 
Recently, we presented the three-dimensional (3-D) H2/Br2 
RFB model in which the effect of membrane dehydration was 
taken into account, using empirical proton conductivity 
expression as a function of the bromide concentration [1]. 
However, the limitation of the model comes from the facts that 
the water equation was not accounted and thus two key 
performance degradation mechanisms, i.e. the dehydration and 
flooding occurring in the electrodes and membrane, cannot be 
simulated. Furthermore, the hydrogen electrode flooding, i.e. 
likely during high current charge processes, induces strongly 
two-phase flow in the hydrogen side, making the removal 
process of crossed-over HBr more difficult and complicated. 
The two-phase situation exacerbates the degree of membrane 
dehydration via HBr and thus has a substantial influence on 
proton conduction and ohmic polarization. The main purpose of 
this study is to expand upon the 3-D H2/Br2 RFB model by 
incorporating two-phase water transport equation and hence 
addressing the effects of flooding and dehydration during 
charge and discharge and more accurately capturing the 
accumulation of HBr and resultant membrane dehydration 
level. A detailed water uptake model for PFSA membranes 
under water and HBr solution is formulated by combining the 
experimental water uptake data of Nafion membrane and 
proton conductivity data measured under various HBr 
concentrations. Fully 3-D numerical simulations for a single-
straight channel H2/Br2 cell are performed along with a 
theoretical analysis. This study clearly illustrates the profound 
effect of water management on dynamic behaviors of H2/Br2 
cell during charge and discharge. 
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III.  MODEL DESCRIPTION 

The model is applied to all computational domain. The 
general governing equations are as follows 
 
Mass conservation:  

( ) 0u
t

 
+ =


         (1) 

Momentum conservation: 

( )1 1u
uu P g u

t K

   
 

 +  = − + + −  
    (2) 

Species conservation: ( )i
i i

C
N S

t


+ =


  (3) 

Charge conservation: e si i S  =  =   (4) 

 Ionic current density: 

( )eff eff
e i e i i i i

i i

i i F z D C C u = = −  −  +    (5) 

 Electronic current density: eff
s si  =   (6) 

The species conservation equation in Eq. (3), iN , is 

defined in terms of diffusion, migration, convection and 
electro-osmosis: 

( ) ( ) ( ) ( )

,

Diffusion Migration Convection Electro-osmosis

d ieff effi
i i i i e i e

i

nz F
D C D C C u i

N RT F
−  +  + +

=
 (7) 

The membrane transport properties are mutually associated 
with its water content, λ, which is again a function of the water 
activity, a [2]: 

     (8) 

  (9) 

IV.  RESULTS 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Computational domain and mesh configuration 
 

The multidimensional transient H2Br2 RFB model in this study 
was validated against the experimental data recorded by Cho et 
al.[3] at various charge and discharge current densities. 

 

 

Fig. 2 H2 Br concentration contours 

V.  CONCLUSION 

A 3-D transient H2/Br2 model developed accounting the 
water uptake to analyze the dehydration and flooding behavior 
in the membrane. A complete discharge cycle was simulated to 
validate with the experimental data which has a good 
agreement. An extensive multi-dimensional contour of water 
and species concentration was reported to analyze the detailed 
mechanisms of flooding and dehydration. The simulation 
results was validated with experimental data at various current 
densities. 
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Abstract - In this study, a transient model of a 3D two phase 
multi-scale PEMFC is developed and analyzed the effects of the 
system performance under various malfunctions and defects by 
varying the coolant temperature. The common and important 
factors of defects such as the humidity, air stoichiometry, Catalyst 
layer degradation, and species crossovers accounts for the heat 
generation which tends to lower the performance of the cell. All the 
malfunction cases show similar performance degradation due to 
temperature rise. Hence, to control the operating temperature of the cell, 
the coolant flow rate needs to be varied accordingly. The study 
resulted with the variation of coolant flow rate with respect to time 
in order to control the cell operating temperature within the range. 
This study is believed to help in detection and isolations of the 
system malfunctioning by the variations in the coolant flow rate and 
hence can avoid failure of the PEMFC stack and system. For better 
understanding, extensive multi-dimensional contours are provided. 

Index Terms - PEM fuel cell, Fuel cell modeling, Malfunction 
analysis, BOP components Nomenclature 

I.  INTRODUCTION 

The present generation researchers are consistently bestowing 
their possible efforts on the development of an efficient 
renewable source of energy to the world. Polymer Electrolyte 
Fuel cells have come up as a highly favorable sustainable energy, 
especially in transport application. It is believed that the fuel cell 
poses a very high energy conversion efficiency more than 40-50% 
compared to other fossil fuel operative devices [1]. 

II. NUMERICAL MODEL 

A three-dimensional (3-D), two-phase PEM fuel cell model 
developed in our previous study [2] was employed to analyze the 
malfunctioning modes of PEM fuel cell system. The 
computational domain for the 3-D PEM fuel cell model is shown 
in figure 1 consisting of Membrane Electrode Assembly (MEA), 

Gas Channels (GCs), Bipolar Plates (BPs), and the Cooling 
Channels (CCs). The present model is combination of 3-D 
macro-scale PEFC model and the micro-scale CL model based 
on spherical coordinate system which accounts the effects of key 
micro and nano-structural parameters of catalyst layers (CL) 
such as Pt and carbon nanoparticle sizes, ionomer film thickness. 
The micro-scale CL model estimates the electrochemically 
active surface area (ECSA) as well as the local oxygen transport 
resistance through ionomer and/or water films in various CL 
designing and operating conditions 

III. RESULT & DISCUSSIONS 

To analyze the influences of coolant flow rate changes and 
MEA temperature rise under various PEM fuel cell malfunctions, 
the aforementioned 3-D multi-scale two-phase PEM fuel cell 
model was applied to a single straight channel fuel cell geometry 
with coolant channels shown in Fig. 1 with the relevant 
computational mesh configurations. In Fig. 2, the temperature 
rises in MEA and the coolant flow rate required to maintain the 
set-point temperature of 60°C at the coolant outlet were first 
investigated under normal fuel cell operations without any 
malfunctioning components. Despite nonlinear relationship of 
current density, cell voltage, and waste heat released, both the 
rate of coolant flow per unit MEA area (φccol = 𝑚̇𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 /𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ) 
and the maximum temperature rise in MEA relative to the 
coolant outlet temperature (i.e. denoted by ∆Te =Tmax,MEA -
Tcool,out) almost linearly increase with increasing average current 
density (Iavg) in a range of Iavg=0.1-0.5 A∙cm-2. The curve fitting 
of φcool vs Iavg and ∆Te vs Iavg are also provided in Figs. 2a and 
2b, respectively, which can be used as the reference data for the 
early detection of malfunctions in PEM fuel cell stack and 
system components. 
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Fig. 1.  Computaional domain 

Fig. 2.  (a) Coolant flow rate vs Current density (b) ∆T vs Current density (c) 
flow rate vs cell 

IV.  UNITS 

C Molar concentration of species, mol m-3  
D  Species diffusivity, m2 s-1  
E Activation energy, kJ mol-1 
EW Equivalent weight of a dry membrane, kg mol-1 
F  Faraday’s constant, 96,487 C mol–1 
i0  Exchange current density, A cm-2 
I  Operating current density, A cm-2 
j  Transfer current density, A cm-3 
LPt Amount of Pt loading, mg cm-2 
T  Temperature, K 

V.  CONCLUSION 

The main focus of this study is to provide a basic 
understanding of PEM fuel cell operations under various 
malfunction modes that include malfunctioning of reactant gas 
humidifiers and cathode air blower, and component degradations 
such as the aggregation of Pt particles in the cathode CL and 
increase in reactant gas crossover through membrane pinholes 
due to the membrane degradation. These malfunction cases were 
simulated under the practical operating strategy of PEM fuel cell 
stack in which the coolant flow rate was controlled to maintain 
the pre-set temperature at the coolant outlet. The simulation 
results showed that the coolant flow rate increased in proportion 
to the degree of voltage degradation caused by fuel cell 
malfunction, clearly indicating that the change of coolant flow 
rate is a good indicator for early detection of malfunctioning 
PEM fuel cell stack and system components. However, the 
maximum temperature rise inside MEA relative to the coolant 
outlet temperature was not always proportional to the magnitude 
of voltage degradation due to malfunction but more directly 
influenced by local current density distributions. Showing that 
the coolant flow direction and configuration should be designed 
in consideration of local current density distribution to maximize 
the cooling efficiency, this study further indicated that PEM fuel 
cell malfunction could alter the local current density distribution, 
which decreases the overall cooling efficiency and accelerates 
the formation of local hotspots in MEAs. Therefore, early 
detection of malfunctioning components and proper precautions 
are so important to prevent more serious irreversible failures. 
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Abstract - A passive air-cooled PEM fuel cell is considered a 
proficient technology for small scale portable applications. In 
passive air-cooled PEMFC system, air is drawn through a fan and 
is used for both fuel and coolant making it a significant challenge 
in terms of water and heat management. To understand key factor 
of water and heat transportation phenomena under extra dry air 
supply circumstances, a parametric study was carried out using 
three-dimensional multiscale transient condition, two phase fuel 
cell model. The focus is to design variables of membrane electrode 
assembly and cathode flow-field. The operating characteristics of 
air-cooled PEM fuel cell systems according to periodic changes are 
analyzed with respect to time. This study provides a vital contour 
of temperature profiles, water content, relative humidity, oxygen 
concentration to make a successful design and process a passive 
air-cooled PEM fuel cell. 

 
Index Terms - Passive air-cooled fuel cell, Membrane electrode 

assembly, Membrane dehydration, Water transport, Heat removal 

I.  INTRODUCTION 

 
The present work provides an extensive parametric study of 

passive air-cooled PEM fuel cell operations. The three-
dimensional (3-D), multi-scale, two-phase PEM fuel cell model 
is employed to investigate the impacts of key design parameters 
of membrane electrode assembly (MEA) and the cathode flow-
field under excess air supply conditions of passive air-cooled 
PEM fuel cell stack.  

Because membrane dehydration with excess dry air supply 
tends to strongly limit cell performance, water uptake and 
subsequent water transport in the membrane are widely studied 
issues in PEM fuel cell research [1,2]. 

 
 

II.  NUMERICAL MODEL 

 
The three-dimensional (3-D), multi-scale, two-phase PEM 

fuel cell model is employed to investigate the impacts of key 

design parameters of membrane electrode assembly (MEA) and 
the cathode flow-field under excess air supply conditions of 
passive air-cooled PEM fuel cell stack.  

The basic model is shown in fig1. 
In addition, according to the conditions, we divided into 12 

cases and analyzed with ANSYS program that applied the 
governing equation.  

 
 

 
Fig. 1.  Computational domain and cell dimensions 

 

III.  RESULT & DISCUSSIONS 

 
The present numerical study is focused on investigating the 

effects of key design parameters of MEA and cathode flow-
field on the degree of membrane hydration as well as the 
overall cell performance under excess air supply condition of 
passive air-cooled PEM fuel cell stack. 

The various constituent overpotentials are calculated from 
the simulation results and plotted in Fig 2 for a comparison 
purpose. 
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Fig. 2.  Voltage loss of all cases 

 

IV.  UNITS 

 
HOR hydrogen oxidation reaction 
ORR oxygen reduction reaction 
P  pressure, Pa 
RH relative humidification of the inlet  
Ru  universal gas constant, 8.314 J mol−1 K−1 
S  source term in the transport equation 
T  temperature, K 
UAV unmanned aerial vehicle 
Uo  thermodynamic equilibrium potential, V  
Vcell cell potential, V 
W width, m 
δ thickness 
 volume fraction 
μ viscosity, kg m−1 s−1 
h enthalpy, J 
ρ density, kg m−3 

ν kinematic viscosity, m2 s−1 

τ viscous shear stress, N m−2 
ξ stoichiometry flow ratio 
avg average value 
c      cathode 
CL catalyst layer 
CC cooling channel 
GC gas channel 
GDL gas diffusion layer 
i species index 
k region index 
O2    oxygen 
 

V.  CONCLUSION 

Using a 3-D, multi-scale, two-phase PEM fuel cell model, a 
parametric study has been conducted to develop a quantitative 
understanding of passive air-cooled PEM fuel cell operations in 
excess dry air conditions in which the cell performance is 
mainly determined by MEA dehydration and oxygen transport. 

The use of thinner membrane and higher ionomer fraction of 
the cathode CL lead to less ionic resistance through the MEA, 
producing higher cell performance and smaller temperature rise. 

In contract, the wider rib width of the cathode flow-field, the 
thicker MPL or MPL in a MEA slightly improve the water-
retaining capability of the MEA under excessive dry air supply 
conditions but result in lower cell performances and non-
uniform current distribution due to a combined result of the 
higher oxygen and thermal transport resistances through the 
MEA. 

The model finds that the lower set-point temperature at the 
air outlet and lower ambient temperature are more 
advantageous in terms of MEA hydration, uniform current 
density distribution as well as overall cell performance. 
However, the lower set-point temperature requires the higher 
air flow rate drawn by fans and thus larger fan power 
consumption. Therefore, the set-point temperature should be 
optimized to provide the best overall efficiency of air-cooled 
fuel cell system. 
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Abstract - We present a complex multi-hub system model that 
accounts for fuel reforming, PAFC stack, Turbo Expander 
Generator (TEG) modules along with heat exchangers and balance 
of plant (BOP) components. The model is developed to analyze the 
reaction kinetics for the fuel reforming processes, considered to 
accurately capture exhaust gas compositions and reactor 
temperatures under various operating conditions. The PAFC stack 
model is simplified from the three-dimensional PAFC CFD models 
developed in our previous studies. An experimental fuel reforming 
reactor for a 440 kW PAFC system was tested to validate the fuel 
reforming sub model. The model predictions were found to be in 
good agreement with the experimental data in terms of exhaust 
gas compositions and bed temperatures. Additionally, the 
simulation revealed the impacts of the burner air-fuel ratio (AFR) 
and the steam-carbon ratio (SCR) in steam reforming reactor on 
the system performance and efficiency.it was done, principal 
results, and their significance 

Index Terms – complex multi-hub system modeling, PAFC, 
TEG, Steam reforming, PSA 

I.  INTRODUCTION 

A complex multi-hub system for heat, power and hydrogen 
generation consists of three major subsystems: a fuel processor, 
PAFC power system, and TEG system. These subsystems are 
connected to various auxiliary components such as BOP 
components and heat exchangers. Due to the complex 
configurations, systems integration and optimization are critical 
to improve the performance and efficiency of the PAFC system. 

II. NUMERICAL MODEL 

The main assumptions invoked in this model are as follows: 
(1) The natural gas is composed of 100% methane (CH4). 
Therefore, minor species and their effects on system 

performance and durability are neglected. This assumption 
implies that the minor species in the incoming gas mixture are 
completely removed during the fuel pretreatment processes. 
(2) Individual gases and their mixture obey Peng-Robinson's 
equation of state, i.e., highly accurate and relatively simple to 
analyze natural gas reacting systems. 
(3) All reactors and the fuel cell stack in the PAFC system are 
operated under the steady-state condition. 
(4) The catalyst deactivation within the SR reactor is neglected. 
The assumption is based on the fact that a desulphurization unit 
is included in the PAFC system and successfully alleviates 
sulfur poisoning of metal catalysts such as Ni or Rh catalyst 
within the SR reactor. 
(5) The CO poisoning effect of the PAFC stack performance is 
neglected. It was reported experimentally and numerically that 
the CO poisoning effect was diminished at the operating 
temperature of 160℃ for 2% CO in the anode feed stream 
[17,18]. Therefore, this assumption is reasonable at a higher 
operating temperature (>160℃) and/or lower CO content (<1%) 

A fuel-reforming module 

Fig. 1a illustrates a typical SR based fuel-reforming reactor 
that contains several sub-reactors such as an SR reactor, WGS 
reactors, and auxiliary catalytic burner. Initially, the process 
natural gas (PNG) and steam are supplied to the SR reactor 
while the burner is fed with the burner natural gas (BNG), air, 
and the anodic exhausts from the HT-PEMFC stack. Although 
there are more than ten chemical reactions involved in the SR 
process [16], the model simplifies the process by only 
accounting for the three major reactions, i.e.: 
Methane steam reforming: 

Copyright © 2019 
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CH4 + H2O ↔ CO + 3H2 
WGS 
CO + H2O ↔ CO2 + H2 

∆h1 = 206 kJ/mol 

∆h2 = -41 kJ/mol 

(1) 

(2) 

Direct steam reforming 
CH4 + 2H2O ↔ CO2 + 4H2 ∆h3 = 165 kJ/mol (3) 

Fig. 1. relevant flowsheet generated by Aspen HYSYS® 

Fig. 1. Configuration of an HT-PEMFC stack with coolant channels and 

III. UNITS 

A area, m2 
H head, m 
P pressure, Pa 
P stack power, W 
Q total heat generation from a stack, W 
n number of cell 

IV.  CONCLUSION 

In this study, we presented a complex multi-hub PAFC system 
model comprising three major modules, a fuel reformer, PAFC 
fuel cell system, and TEG system along with several BOP 
components and heat exchangers. Reforming processes of 
methane to hydrogen in the fuel reformer were modeled based 

on the kinetics expressions of methane reforming and WGS 
reactions. The PAFC stack model was formulated via 
simplification of the 3-D PAFC model developed in our 
previous studies. The PAFC system model was implemented 
into a commercial flowsheet simulator, ASPEN HYSYS®, and 
then applied to the 440 kWe PAFC system. The model was first 
validated against the in-house test data wherein the model 
successfully reproduced exhaust gas compositions and reactor 
temperatures measured in the experiments. Using the validated 
model, we carried out the parametric study in terms of two 
major operating variables, i.e., the AFR for the burner and SCR 
for the SR reactor. The burner AFR controlled the rate of heat 
supply from the burner to SR reactor and hence, influenced 
both the hydrogen yield and system efficiencies. The optimal 
value of the burner AFR was near ER = 1 which maximized the 
burner heat supply, hydrogen yield, and system efficiencies. 
The highest electrical, thermal, and CHP efficiencies (i.e., 
35.53, 42.42, and 77.95%, (respectively) were achieved with an 
ER=1.057. In contrast, the hydrogen yield and system 
efficiencies were almost invariant within a range of SCR 
change from 3.0 to 3.6 for the SR reactor. However, controlling 
the SCR was effective for reducing the level of COcontent in 
the exhaust gases from 0.37% at SCR=3.0 to 0.23% at SCR = 
3.6. The detailed simulation results highlighted that designing 
and operating a fuel reformer to keep an optimal temperature 
difference between the SR and WGS reactors is critical to 
improving the performance and efficiency of PAFC systems. 
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Abstract - ComESto project aims at addressing the integration 
of innovative solutions, based on PEM and SOFC technologies, in a 
nanogrid located in the university campus of Rende, Cosenza, 
Italy. The nanogrid is a hybrid power supply system of nominal 
power not exceeding 5kW able to integrate several different types 
of generation and storage systems and operating both in grid-
connected and stand-alone configuration. 

The prototype of energy storage device in the form of hydrogen 
is made up of a PEM electrolyzer, as hydrogen generator, a 
hydrogen storage tank with a hydrogen capacity of 1.6 Nm3 and a 
PEM fuel cell generator for the electric energy production of about 
1 kW. The hydrogen production will deliver gas with an 
intermediate pressure allowing a comparative test between two 
different kind hydrogen storage systems: compressed gas and 
metal hydride reservoirs. 

A highly efficient and reversible SOFC (rSOFC) technology will 
be developed to produce hydrogen or viceversa, generate back 
electric and thermic power. The target characteristics for the 
module will be a reference power of 1.5 kW and a storage capacity 
of about 5 kWh (in form of hydrogen gas, about 1.6 Nm3. 

Index Terms – Hydrogen production, Polymer Electrolyte 
Membrane Fuel Cells, Polymer Electrolyte Membrane 
Electrolyzer, Smart Grids, Hydrogen Energy Storage System 

I.  INTRODUCTION 

The growing need for decentralized power generation calls 
for small-scale systems that maximize electrical efficiency. 
Moreover, the intermittent production of energy from renewable 

source requires suitable storage systems for an efficient 
integration of green energy production into electrical grid. Fuel 
cells and hydrogen technologies are the ideal candidates for 
fulfilling this demand. The electrochemical production of 
hydrogen has enormous potential for the profitable matching of 
large-scale renewable energy generation, the decarbonisation of 
our energy system and economic development of our society. 
Fuel Cell and Hydrogen technologies are able to deliver unique 
solutions to complex problems for the implementation of wider 
basis for renewables installation. As a matter of fact, these 
solutions can be applied to remote installations where any other 
alternatives are not feasible. 

ComESto project aims at addressing the integration of 
innovative solutions, based on PEM and SOFC technologies, in 
a nanogrid located in the university campus of Rende, Cosenza, 
Italy. The nanogrid is a hybrid power supply system of nominal 
power not exceeding 5kW able to integrate several different 
types of generation and storage systems and operating both in 
grid-connected and stand-alone configuration. 

II. PROJECT OVERVIEW 

In the first phase of the project, the two solutions will be 
studied and tested in laboratory in order to assess the potential 
of the new technologies and define their optimal integration and 
management in the nanogrid. 

The prototype of energy storage device in the form of 
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hydrogen is made up of a PEM electrolyzer, as hydrogen 
generator, a hydrogen storage tank with a hydrogen capacity of 
1.6 Nm3 and a PEM fuel cell generator for the electric energy 
production of about 1 kW. The response time is of 
approximately 1 minute and the prototype includes integrated 
control and safety systems. The hydrogen production will 
deliver gas with an intermediate pressure allowing a 
comparative test between two different kind hydrogen storage 
systems: compressed gas and metal hydride reservoirs. The 
PEM system will be tested in Unical laboratories and several 
production and consumption trends, which are typical for a 
nanogrid in different load conditions, will be simulated. 

FBK will develop an innovative energy-storage module 
integrating a highly efficient and reversible SOFC (rSOFC) 
technology. The energy system will be able to produce 
hydrogen or viceversa, generate back electric and thermic 
power. The target characteristics for the module will be a 
reference power of 1.5 kW, a storage capacity of about 5 kWh 
(in form of hydrogen gas, about 1.6 Nm3) and response time of 
less than 1h for the SOFC system, to reverse the operation 
mode. The system will include an integrated control and safety 
system. The rSOFC system will be tested in FBK H2 facility 
simulating and testing several production and consumption 
profiles typical for a nanogrid in different load conditions, also 
focusing on the cogeneration efficiency of system. 

III. H2 ENERGY STORAGE SYSTEM BASED ON PEM FUEL 
CELLS/ELECTROLYZER 

The lay-out of the energy storage prototype in the form of 
hydrogen based on PEM Fuel Cells/Electrolyzer is shown in 
figure 1. 

Figure 1 Lay-out of H2 energy storage system based on PEM Fuel 
Cells/Electrolyzer 

It is composed of a PEM Electrolyzer (PEE1), which is fed 
by the smart grid DC bus at 400 V through the DC/DC 

converter 1 and produces hydrogen, which is stored in 
compressed gas (H2 Tank) and metal hydride (MH Tank) 
reservoirs. By occurrence, the stored H2 is sent to PEM fuel 
cell generator (PEFC), which converts it into electric energy. 
The electric energy is sent to smart grids DC bus at 400 V 
through DC/DC converter 2. The main characteristics of the 
main components are shown in the figure 1. 

Four pressure meters (P1, P2, P3, P4), a flow meters (FM1), 
two mass flow controllers (H2 and Air MFC), two not return 
valves (RV1 and RV2), two electro-valves (EV1 and EV2), 
four voltage and current meters (V and A) and a water pump 
(H2O Pump) complete the lay-out. 
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Abstract – Microbial desalination cells represent an energy 

saving desalination technology. Their desalination efficiency 
depends, among other factors, on the catalyst used for the oxygen 
reduction reaction, taking place at the air-cathode. In this study, 
different electrochemical techniques were used to characterize a 
series of carbon-based electrodes doped with Pt-free catalysts. 
Selected materials were tested in a lab-scale MDC, to study the 
influence of the adopted cathode catalyst on desalination process.  

 
Index Terms – desalination; microbial electrochemical 

technologies; platinum-free catalyst; oxygen reduction reaction.   

I.  INTRODUCTION 

Bioelectrochemical systems (BES) use electroactive bacteria 
(EAB) to drive the conversion of chemical energy to electrical 
energy, or vice versa. The standard cell architecture comprises 
an anode, where organic matter is oxidized by EAB, and an 
air-cathode, where oxygen is abiotically reduced. The two 
electrodes are separated by one (or more) ionic exchange 
membranes, depending on application [1]. This “decoupled” 
redox reaction can be used to generate power, as in the case of 
microbial fuel cells (MFC), or to desalinate a saline stream, i.e. 
microbial desalination cells (MDC). 

Air-cathode MDCs desalination performance is dependent 
on cathode material, among other factors. Indeed, oxygen 
reduction reaction (ORR), happening at the air-cathode, has a 
slow kinetics and must be catalyzed. A good ORR catalyst is 
the one allowing the highest current density at the lowest 
overpotential (Ecat) at BES operating conditions: while a 
material with high open circuit potential and low overpotential 
could be beneficious for power production in MFCs, high 
current densities (at high overpotential) are desired for MDCs, 

where desalination is driven by current (Figure 1). The best 
material would be Pt, but cheaper air-cathodes are needed for 
practical application of MFC as desalination technology.  

Fig. 1. Cathode potential (and ORR catalyst selection) depends on BES 
operating conditions: high power for MFCs, high current for MDCs. 

II.  MATERIALS AND METHODS 

A Pt-free air-cathode was developed based on carbon 
nanofibers doped with iron nanoparticles (CNF-Fe), prepared 
by electrospinning technique: PAN (polyacrylonitrile) and PVP 
(polyvinylpyrrolidone) solutions with iron acetate (II) were 
electrospuned and treated by pyrolysis. A second air-cathode 
was prepared adding 15% graphene oxide to carbon nanofibers 
for improving iron insertion (CNF-rGO15%). A MnO2 carbon-
based electrode (SGL, Germany) was used for benchmarking. 

Electrochemical tests were performed to evaluate the ORR 
catalytic activity of the air-cathodes, by means of a three-
electrode cell connected to a VMP3 potentiostat (BioLogic, 
France): open circuit voltage (OCV), cyclic voltammetry (CV) 
and chronoamperometry (CstV). The cell was composed by a 
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Pt-wire as counter electrode and an Ag/AgCl reference 
electrode. The working electrode was a sample (6mm 
diameter) of the cathode material under study, inserted in a 
stainless-steel frame acting as current collector. The electrolyte 
was a 100 mM PBS solution with pH of 7 and conductivity of 
10 mS cm-1 . The solution was purged with N2 and O2 (each gas 
for 30 min), while measuring the OCV. Then, CV was 
performed at a scan-rate of 10 mV s-1 in a potential range from 
-0.6 V to 0.4 V vs Ag/AgCl, for 3 cycles. Finally, three CstV 
of 30 min duration were carried out at 0.1, -0.1 and -0.3 V vs 
Ag/AgCl, under convection regimen. 

The air-cathodes were validated in a lab-scale MDC to test 
their desalination performance. A saline solution (6 g L-1 

NaCl) was adopted for this purpose. The MDC was batch-
operated for 72 h with an external resistance (Rext) of 2.5 Ω. 
The bioanode was made of carbon felt (SGL, Germany) and 
fed with synthetic wastewater. The MDC was monitored in 
terms of conductivity evolution in the saline chamber, cathode 
potential and generated current. 

III. RESULTS AND DISCUSSION 
The best ORR catalyst for an air-cathode is the one allowing 

the more positive half-wave and onset potential (E1/2 and Eonset, 
respectively), i.e. the lower overpotential. Even though, the air-
cathode must guarantee a high current density at MDC 
operating condition (low Rext, near short-circuit condition). In 
this scenario, the cathode works at a very low potential, near -
0.3, -0.4 V vs Ag/AgCl, due to the lower internal resistance of 
the bioanode (vs air-cathode), generally occurring in BES [2]. 

Figure 2 shows that carbon nanofibers-based cathodes 
(CNF-Fe and CNF-rGO15%) were more catalytic than the 
reference one (GDL-MnO2), because E1/2 and Eonset were more 
positive. Nevertheless, CNF samples did not allow high 
current densities at low operating potentials, where MDCs 
typically work. This observation gets clearer when looking at 
CstV results (Figure 3). The GDL-MnO2 cathode, which is not 
highly catalytic at high potentials, was the one reaching the 
highest current density at -0.3 V vs Ag/AgCl. On the other 
hand, CNF air-cathodes showed a good catalytic activity at low 
overpotential, where CNF-Fe performed better than CNF-
rGO15%. These results agree with consulted literature [3]. 

Fig. 2.  Results of CV analysis (reduction semi-curve of the first cycle is shown). 

Fig. 3.  Results of CstV at 0.1, -0.1 and -0.3 V vs Ag/AgCl (steady-state values). 

The 3 air-cathodes were tested in a lab-scale MDC to evaluate 
the desalination performance depending on cathode material. 
Figure 4 shows desalination efficiency, cathode potential and 
current density generated by the different air-cathodes. The 
MDC equipped with GDL-MnO2 cathode showed the highest 
current density and desalination efficiency (51% after 72 h), in 
agreement with previous electrochemical characterization 
(Figures 2-3). However, laboratory tests showed that the MDC 
could not work at a current density as high as in ORR 
experiments (0.4 mA cm-2 vs 2.9 mA cm-2), due to scale-up 
effects. This aspect must be tackled for future technology 
development. 

Fig. 4.  MDC desalination performance with different air-cathodes. 

IV. CONCLUSION 
The selection of a proper air-cathode catalyst depends on 

the specific BES application. In the case of MDCs, a GDL-
MnO2 electrode showed a good ORR catalytic activity, 
allowing to reach the highest desalination efficiency, compared 
with metal-doped CNF samples. 
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Current desalination technologies are energy intensive and 
microbial desalination cells (MDC) could represent a suitable 
alternative. The ion exchange membranes represent key components 
for proper MDC operation. Membranes biofouling can cause a loss 
of desalination performance due to decreased permselectivity or 
increased internal resistance. Different membranes have been 
studied through electrochemical characterization and desalination 
performance assessment. 

Index Terms - Bioelectrochemical systems (BES), Desalination, 
Ion Exchange Membranes. 

I.  INTRODUCTION 

Market available desalination technologies require high-energy 
input, being reverse osmosis (RO) the most-widely employed 
for seawater desalination, with an energy consumption between 
3 and 6 kWh·m-3 . 
Microbial desalination cells (MDC) have emerged as a low 
energy consumption alternative. MDCs concept, relies on 
microorganism’s electron transfer capacity to drive 
electrochemical processes. Like in a conventional air-cathode 
Microbial Fuel Cell (MFC), in the cathode the oxygen reduction 
reaction takes place while the bioanode oxidises organic matter 
contained in wastewater. 
In a standard MDC, the electrochemical potential gradient 
between the electrodes is the driving force for ions removal 
from a saline stream through selective ion exchange membranes 
(IEMs), resulting in water desalination, as depicted in Figure 1. 
IEMs are key components for MDC proper operation. The most 
common parameters for their characterisation for MDC 
application are electrical resistance and permselectivity. 
Biofouling due to microbial population in the anodic chamber 
might have an impact on anionic exchange membranes (AEMs) 
performance over time. Thus, the present work is aimed at 
studying different AEMs for avoiding the loss of performance 
over time in MDC application. 

Fig. 1.  Microbial desalination cell diagram (Source: Z. Borjas et al 2017) [1] 

II. MATERIALS & METHODS 

A. Electrochemical Characterization 
Three commercial AEMs AMI-7001 were employed as 

standard AEMs (Membrane International Inc., USA), AMX-
Neosepta (ASTOM, Japan) and Type10 (FUJIFILM, Japan) 
were employed as standard AEMs. Two Type 10 (FUJIFILM) 
modified IEMs with different antibiofouling properties (named 
#2 and #16), were also tested. Corresponding cationic exchange 
membranes (CEMs) from each supplier were employed in each 
MDC experiment. The electric resistance (in NaCl 0.5M) and 
permselectivity (towards Cl- in 0.1-0.5M NaCl) of AEMs were 
determined in a six-compartment and two-compartment, 
respectively, electrodialysis cell specifically designed and 
constructed by Leitat. The voltage drop generated across the 
AEM was measured using a VMP-3 potentiostat (BioLogic, 
France), at different values of electrical current. Two reference 
electrodes (Ag/AgCl) submerged in 3M KCl lugging capillaries 
were used for that measurements, one on each side of tested 
membrane. 

Copyright © 2019 
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B.  Biofouling trend study 
The biofouling trend in MDC was studied in one-week 

desalination cycles with FUJIFILM Type 10 IEMs (including 
the mentioned modified membranes, #2 and #16) by pre- and 
post- treatment electrochemical characterization. The best 
performing membrane was tested further (up to 10 weeks) with 
weekly electrochemical characterization. 

C.  Desalination performance 

MDCs architecture was based on air-cathode, as described 
in M. Aliaguilla et al. 2018 [2]. Desalination performance of all 
previously mentioned membranes was studied by conductivity 
evolution in the saline chamber, with on-line readings 
(CDC40101 Hach-Lange) with synthetic brackish water (10 g-
NaCl·L-1) in batch mode (3 days duration). Anodic chamber 
was fed with acetate based medium at 0.227 kg-COD·m-3·d-1 of 
organic loading rate (OLR) and the catholyte was 100mM 
phosphate buffer solution. Anode and cathode where connected 
by an external load of 2.5Ω.  

III.  RESULTS 

A.  Membrane Characterization 

Figure 2 shows that FUJIFILM type 10 has the highest 
permselectivity for Cl- and the lowest electrical resistance being 
the most promising membrane for the MDC application. The 
anti-biofouling treatment of Type 10 modifications, #2 and #16, 
results in a significant loss of permselectivity (26 and 19% loss 
respectively) and a slight increase of electrical resistance. 
 

 
Fig. 2.  AEM characterization: i) electrical resistance in NaCl 0.5M and ii) 
permselectivity in 0.1-0.5M NaCl. *(Permselectivity results for #2 and #16, 
unlike the other AEM results, are not corresponding with manufacturer data).  

B.  Biofouling  

After one desalination cycle Type 10 membrane maintained 
the highest permselectivity, being the biofouling effect equal or 
minor than in #2 and #16.  

 
Fig. 3.  AEMs electrical resistance (in NaCl 0.5M) evolution 
 

Longer exposure time trials were carried out with Type 10 
IEMs. Figure 4 shows a very low fluctuation in terms of 
electrical resistance over time. Thus, no clear trend has been 
identified in correlation with biofouling. On the other hand, 
permselectivity decreased from 99% to 80% after 3 weeks and 
then remained around that value until the 10th week. 
Desalination rate decreased accordingly over time, from 1.44 
g·m-2·h-1  to 1.25 g·m-2·h-1  the 3rd week, and to 0.99 g·m-2·h-1 
the 7th. 

 
Figure 4. Biofouling effect on the electrical resistance, permselectivity and 
desalination rate for an AEM Type 10 over time.  

C.  Desalination  

Figure 5 shows that in terms of desalination in air cathode 
MDC FUJIFILM IEMs perform in the range of Neosepta and 
outperform the results reached by Membrane international.  

 
Figure 5. Desalination performance over time of the studied IEMs. 

IV.  CONCLUSIONS 

FUJIFILM Type 10 IEMs are suitable membranes for 
desalination in air cathode MDC. Their electric properties and 
salt removal rates are matching and overcoming the reference 
results. Long MDC operation indicates that biofouling has 
direct effects on permselectivity and, also, on desalination 
performance, but results are unclear respect on electrical 
resistance. 
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Abstract - In this work, an online natural aging estimation 
algorithm is developed, coupled with an Electrochemical 
Impedance Spectroscopy (EIS) -based diagnostic algorithm, to 
refine diagnostic features extraction during Solid Oxide Fuel Cell 
stack operation and to predict its Remaining Useful Life (RUL). A 
combination of a lumped dynamic model along with features 
extracted from real-time EIS measurements is herein proposed for 
on-line applications. An Equivalent Circuit Model (ECM) is 
considered to identify parameters, such as ohmic and total 
resistances that are coupled with an Area Specific Resistance 
(ASR) approach within the lumped model. The information 
derived from the EIS spectrum allows to estimate the voltage 
degradation over time along with its nominal behavior. Indeed, the 
trend of the identified parameters is proportional to the aging of 
the cell, if any other abnormal condition does not occur. This 
guarantees an on-line RUL estimation and a more robust fault 
diagnostic outcome. 

Index Terms – Dynamic Lumped Model, EIS-Based Diagnosis, 
Remaining Useful Life, SOFC Aging Estimation. 

I.  INTRODUCTION 

Solid Oxide Fuel Cells (SOFCs) are one of the most suitable 
alternatives to conventional energy production systems for 
power production, cogeneration and Auxiliary Power Unit 
(APU) applications. Actually, high manufacturing costs and 
limited lifetime, particularly due to degradation processes, 
hinder the spread of the SOFC in the market [1]. Indeed, their 
durability is significantly affected by several degradation 
mechanisms, which reduce cell performance during time and 
can lead to stack failure. 

Real-time lifetime estimation techniques, to directly observe 
degradation phenomena and predict Remaining Useful Life 
(RUL), are usually difficult to implement. Indirect State-of-
Health (SoH) indicators, related to voltage decay over time, are 
adopted [2]. Aiming at extending the lifetime, a fast diagnostic 
algorithm might be fundamental to detect reversible incipient 
faults and anticipate stack failures. Therefore, a suitable 
diagnostic algorithm needs to satisfy a tradeoff between 
computational time, accuracy and reliability to be applied in 
real-time [3]. For diagnostic purposes, lumped modelling is a 
suitable option to simulate the nominal state of the system to 
have a real-time reference of the system characteristic 

parameters. Electrochemical Impedance Spectroscopy (EIS) 
proved to be a suitable technique providing a wealth of 
information on electrochemical phenomena taking place inside 
the stack. EIS can be applied to extract useful metrics for stack 
modelling and fault diagnosis by means of an Equivalent Circuit 
Modelling (ECM) approach. 

This work focuses on the coupling of the information derived 
from a lumped dynamic model and ECM-based features to 
updated operating parameters evaluation (i.e., voltage, 
temperature, etc.) under detrimental conditions. This allows 
reproducing the nominal behavior of the stack and its natural 
aging via real time EIS measurements. 

II. ADVANCED MODEL-BASED AGING ESTIMATION 

The concept behind the model herein presented consists in a 
lumped model which runs in parallel with the real system and 
the EIS measurement carried out at defined intervals. The 
features extraction performed through an ECM-based approach 
allows integrating the real-time information on the system state 
directly into the voltage estimation, modelled through an Area 
Specific Resistance (ASR) approach. 

A. Dynamic lumped model 
The stack dynamic model herein adopted is partially derived 

from a previous authors’ work [4]. The energy conservation 
principle is applied, as shown in eq. (1), where K is the stack 
heat capacity, T is the stack outlet temperature, Ėin and Ėout are 
the inlet and outlet energy flows, P is the electrical power and Q 
is the heat exchanged in case of non-adiabatic conditions. More 
details on the approach can be found in [4]. 

K dT 
 in out E E P Q   (1) 

dt 
The voltage is modelled trough an ASR approach: 

V  n  (V  J ASR V ) (2) Stack cell Nernst off 

where the Nernst potential VNernst is computed over gas 
concentrations (i.e. partial pressures) average, calculated 
between stack inlet and outlet sections. The ASR is expressed in 
eq. (3), where ASR0, T0, Ea and Voff are lumped parameters 
identified against experimental data [4]. 

Copyright © 2019 
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Ea  1 1  ASR  ASR exp     (3) 0 R T T  out 0  

B. EIS-based metric extractions 
In the literature, several approaches are exploited to extract 

specific features from EIS measurements. Among them, ECM 
correlates proper circuital components to the investigated 
physical phenomena. By doing so, suitable impedance 
contributors (i.e., ohmic resistance, charge-transfer resistance, 
etc.) can be identified by analyzing these parameters [5]. From 
their evaluation, it is possible to discern between nominal and 
faulty conditions. Obviously, the choice of the most effective 
ECM is crucial to group the occurring phenomena and to 
quantify their magnitude properly. The identification of the 
circuital model and the related parameters (e.g., resistances, 
capacitances, etc.) are performed through a minimization 
problem, speeded up by means of an authors’ patented 
technique1, which allows high generalizability and fast fitting 
performance. The result is a parameter extraction from the EIS 
spectrum in less than 5 seconds. Usually, a commonly used 
circuit is made of at least two complex elements and an ohmic 
resistance (R0). Defined i as the number of these elements, the 
total resistance (RTOT) is thus calculated as follows: 

R  R  R (4) TOT 0 ii 

C. Aging model 
The stack dynamic model simulates the nominal voltage of 

the system according to the input flows and the operating 
variables. The circuital model allows monitoring the changing 
in the magnitude of the parameters related to electrochemical 
phenomena via EIS measurements. Coupling these information, 
it is possible to estimate the nominal voltage along with the 
aging derived from the total resistance evaluated through ECM. 
The variation of the total resistance (∆RTOT) can be expressed as 
a further voltage loss in the ASR approach (eq. (3)), as a term 
(ηdeg) related to the degradation, according to the follow 
equations: 

  deg i RTOT (5) 
V  n  (V  J ASR V  ) (6) Stack cell Nernst off deg 

Literature survey proves that the total resistance measured 
via EIS during long term tests increases with time. According to 
the measurement performed in [6], the increase in the ohmic 
(R0) and polarization (Rpol) resistances suggests a link with the 
degradation rate. Thus, improving the ASR approach with the 
evaluation of ηdeg, it is possible to match the natural aging of the 
system and thus to perform a RUL estimation. 

Moreover, the increase in the total resistance, without further 
changes in the other extracted features, suggests a deviation 
from nominal conditions different from any expected fault [7], 
thus identifying this latter as natural aging. The methodology 

1 Petrone R. et al. (2016). International Patent Number WO2016/071801. 

herein described has been applied to the data presented in [6] 
and the results are shown in Figure 1. They suggest the 
effectiveness of such methodology, particularly if applied on-
line with real time EIS measurements. 

Fig. 1 - Voltage simulation coupling ASR approach and EIS features 

III. CONCLUSION 

This work focused on the development of an aging 
estimation algorithm for SOFCs coupling a fast lumped 
dynamic model and the features extracted from a EIS-based 
diagnostic algorithm. The nominal behavior of the stack is 
reproduced through an ASR approach while the natural aging is 
identified via real time EIS measurements, integrated as a 
further loss in the voltage estimation. 

The methodology has been applied to literature data to prove 
its effectiveness. The interesting results suggest its usefulness 
into on-line applications to improve the reliability and 
robustness of the dynamic simulation with real-time updates of 
the stack State of Health via real-time EIS measurement. The 
overall methodology is under validation upon experimental 
dataset on a 6-cells short stack. 

ACKNOWLEDGMENT 

The research leading to these results received funding from 
the European Union’s Horizon 2020 research and innovation 
programme for the FCH2-JU under grant agreement n.735918 
(Project - INSIGHT). 

REFERENCES 

[1] Tucker, D., et al. (2014). Journal of Fuel Cell Science and 
Technology, 11(5), 051008. Doi: 10.1115/1.4028158 

[2] Guida, M., et al. (2015). Reliability Engineering & System 
Safety, 140, 88-98. Doi: 10.1016/j.ress.2015.03.036 

[3] Polverino, P., et al. (2017). Applied energy, 204, 1198-
1214. Doi: 10.1016/j.apenergy.2017.05.069 

[4] Gallo, M., et al. (2018). Energy conversion and 
management, 171, 1514-1528. 
Doi: 10.1016/j.enconman.2018.06.062 

[5] Leonide, A., et al. (2009). ECS Transactions, 19(20), 81-
109. Doi: 10.1149/1.3247567 

[6] Mosbæk, R. et al. (2013). Fuel Cells, 13(4), 605-611. 
Doi: 10.1002/fuce.201200175 

[7] Polverino, P., et al. (2015). Journal of Power Sources, 280, 
320-338. Doi: 10.1016/j.jpowsour.2015.01.037 

Copyright © 2019 



387 EFC19

(3)

(4)

(5)

(6)

    

    

    
    

     

 
     

 

 

 
 

 
 

 
 

 
    

 
    

   
  

 
 

  
  

    
 

  
  

 
 
 

  
  
  

 
 

   
  

 

 
     

 
   

   
 

 

    
 

  
   

  

 
  

    
   

   
   

  

   
   

  
 

    
  

  
   

  

 
    

  

  
  

 

  

     
 

  
   

  

  

Proceedings of EFC2019 
European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference 

December 9-11, 2019, Naples, Italy 

EFC19229 

DEVELOPMENT OF A MODEL-BASED ALGORITHM FOR ONLINE DEGRADATION 
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Abstract - The present work illustrates the development and 
application of a model-based algorithm capable of estimating in 
real time the performance decay of Solid Oxide Fuel Cells due to 
degradation phenomena. The main outcome of the algorithm 
consists in the estimation of the Remaining Useful Life (RUL) of 
the SOFC stack, function of its operating conditions. A multi-scale 
modelling approach is considered to couple information at 
different physical scales, to increase model accuracy and 
generalizability. A full SOFC stack model is accounted to identify 
representative key parameters sensitive to the considered 
degradation phenomena. Detailed degradation sub-models are 
developed according to information derived from the literature and 
are linked to the full stack model through the aforementioned 
parameters. The developed algorithm is tested in simulated 
environment, and a sensitivity analysis is performed to investigate 
the main parameters and operating conditions that influences the 
SOFC lifetime. 

Index Terms 
estimation, SOFC. 

- Degradation models, Prognostics, RUL 

I.  INTRODUCTION 

Researchers and industrial companies are currently 
committed on the investigation of several degradation 
phenomena affecting SOFCs, and many advancements have 
been achieved also thanks to Accelerated Stress Test (AST) 
techniques. Nevertheless, to proper design AST protocols, the 
knowledge on the effects of operating conditions on the 
Remaining Useful Life (RUL) of SOFCs is required. 

The present paper illustrates a model-based algorithm that 
couples different scales to relate degradation phenomena and 
SOFC performance. Voltage degradation can be estimated 
under different operating conditions, to derive useful guidelines 
that can be used for AST protocols definition. 

II. MODELLING FRAMEWORK 

A multi-scale modelling approach is here followed, 
combining degradation sub-models to an overall SOFC 
performance model. In this way, the effects of the degradation 
phenomena can be evaluated in terms of degradation rate 

change under different operating conditions. 
As first step, the reference degradation phenomenon is 

selected, and a relevant model is designed from the literature 
[1]. Then, key microscopic parameters that are affected by 
degradation are identified and related to macroscopic variables 
of a comprehensive SOFC performance model, partially derived 
from [2]. 

A. Degradation sub-model 
The degradation phenomenon accounted in this work refers 

to Ni agglomeration at the anode catalyst layer. This 
phenomenon mainly develops as surface diffusion, where two 
or more particles are in contact and the smaller ones are 
absorbed by the bigger ones [1]. The main effects at 
microstructural scale are related to the variation of the average 
Ni particles radius rNi, which can be expressed as [1]: 

drNi C
 4 exp  t  (1) 

dt rNi 

where γ represents the time unit probability of a Ni particle that 
stops growing at a certain time, and C is a proportional 
coefficient depending on operating temperature, anode 
composition and Ni particles properties [1]. 

The main effect at mesoscale level can be identified in the 
change in the Triple Phase Boundary (TPB) length and Ni 
conductivity. The TPB length dependency on Ni particle radius 
can be defined as [3]: 

(2)   Ni YSZ, Ni , TPB n ZNi YSZ 

where λTPB is the TPB length for unit volume, ζNi,YSZ is the 
contact perimeter between Ni and YSZ particles, nNi is the 
number of Ni particles for unit volume and ZNi,YSZ is the 
coordination number between Ni and YSZ particles. They can 
be thus calculated as [3]: 

 ,  2 sin()  min r rNi , YSZ  (3) Ni YSZ 
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nNi  3 1    Ni 
3 

(4) 
4 rNi 

Z  
1 Ẑ 1 

rNi 
2    YSZ  rNi  (5) 

, 2 Ni YSZ 2 r   r   r YSZ   YSZ Ni Ni YSZ  

In the previous equations, ϑ is the particles contact angle, rYSZ is 
the YSZ particle radius, φ is the composite-electrode porosity, 
ψNi and ψYSZ are the Ni and YSZ volume fractions, respectively, 
and Ẑ is the average coordination number [3]. 

The dependency of Ni conductivity σNi on Ni particle radius 
can be defined as [4]: 

   t  
2 

Ni Ni0   (6)   1Ni Ni t     1 1 Ni  

where σ0
Ni is the dense solid Ni conductivity, which depends on 

the operating temperature, and ψt
Ni is the threshold Ni volume 

fraction, computed as [4]: 

1.764 t YSZ (7)   rNi Ni Ẑ 1.764rYSZ 

B. SOFC performance model 
The degradation sub-model describing Ni particle radius 

change is here related to the SOFC performance through the 
identified key mesoscale parameters. The reference SOFC 
model accounted in this work derives from a previous model 
already presented by the authors in [2]. The single cell voltage 
is modelled taking into account Nernst potential EN as well as 
activation VAct, ohmic VOhm and concentration VCon losses: 

V  E V V V (8) C N Act Ohm Con 

In accordance with the identified mesoscale parameters, the 
main polarization losses affected by Ni agglomeration are the 
activation [5] and ohmic losses [4]: 

  RTS 1 JVAct   sinh   
(9) 

F ia c,  2J0,i   
 l l l  a e cV    J (10) Ohm     Ni YSZ LSM  

where the term R is the Universal Gas Constant (8.314 
J/mol/K), F is the Faraday constant (96485 C/mol) and J0,i is the 
local exchange transfer at anode (i = a) and cathode (i = c) 
sides. Particularly, J0,i is expressed as [5]: 

 
 j

 EAct i,  pjJ0,i  ki TPB i, exp    (11) 
 RTS  j 


 pref 


 

where ki is a constant, EAct,i is the activation energy, pref is a 
reference pressure, pj is the reactant/product partial pressure (H2 

and H2O at anode side, O2 at cathode side) and νj is an 
exponential coefficient (1 at anode side, 0.25 at cathode side). 

III. RESULTS AND DISCUSSION 

The results achieved with the presented model are reported 
in terms of voltage decay over time in Table I under different 
working conditions. It can be observed that the degradation 
increases with high temperature, low inlet pressure and high 
current density. 

TABLE I 
SOFC VOLTAGE DEGRADATION AT DIFFERENT OPERATING CONDITIONS 

Current density of 0.5 A/cm2 and H2 partial pressure of 1 atm 
TC [°C] V(t=0 h) [V] V(t=50'000 h) [V] Degradation [%] 

600 0.5024 0.5015 -0.18 
700 0.7628 0.7554 -0.97 
800 0.8958 0.8373 -6.53 
Current density of 0.5 A/cm2 and temperature of 800°C 

pH2 [atm] V(t=0 h) V(t=50'000 h) Degradation [%] 
1 0.8958 0.8373 -6.53 
2 0.9441 0.8980 -4.82 
3 0.9558 0.9125 -4.53 

Current density of 0.5 A/cm2 and temperature of 800°C 
j [A/cm2] V(t=0 h) V(t=50'000 h) Degradation [%] 

0.2 1.0088 0.9843 -2.43 
0.5 0.8958 0.8373 -6.53 
0.7 0.8314 0.7525 -9.49 

IV.  CONCLUSION 

The developed algorithm couples micro-scale degradation 
models with macro-scale performance models to evaluate SOFC 
voltage degradation over time. The achieved results show that 
the degradation is mainly affected by high temperature and 
current density and low inlet reactant pressure. Such results can 
be used as guidelines to define AST protocols. 
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Abstract – This work is reporting on the impact of MPL- and GDL-
substrate modifications on PEMFC and it investigates routes for the 
detection of non-uniformities in GDL. MPL- and substrate were 
modified and tested in a small (2 cm²) fuel cell. MPL modifications 
were prepared by the removal of a controlled area of the microporous 
layer (MPL) while the subsurface non-uniformities were obtained by 
modifying the substrate before applying the MPL. It was found that 
the areas of removed MPL positively affect the cell performances at 
high current densities in wet conditions when the Gas diffusion layer 
(GDL) was placed on the cathode with a high stoichiometry ratio (25 
for the anode and the cathode at 2 A/cm²). No influence was observed 
when the modified GDL was placed on the anode. Although modified 
GDL improved the cell performances in wet and mild-wet conditions, 
the hydrogen cross permeation was drastically increased and the 
performances in dry conditions were considerably reduced. In the 
follow-up of this work, substrate modifications will also be addressed 
and the importance of defects detection methodologies will be 
discussed. 

Index Terms – GDL, defects, PEMFC, transport 

I.  INTRODUCTION 

Proton Exchange Membrane Fuel Cells (PEMFC) are becoming 
an envisioned alternative for transportation and stationary 
applications. Unfortunately the wide development of this 
technology for mobility is presently circumscribed by a high fuel 
cell stack price (50 €/kW) and relatively low durability (3 500 
h). In addition, the challenging compactness requirement for 
automotive applications leads fuel-cell makers to raise the power 
density. Consequently, the current power density has to be 
considerably increased (from 1 to 2 W/cm²) and such a high 
power demand requires high current densities. In such fuel cell 
operation conditions, it is well-known that the voltage drop is 
mainly caused by the mass transport limitation [1]. To overcome 
this problem, a lot of work has been done on the preparation of 

the gas diffusion layer (GDL) [2-3]. This component which is 
composed by a macro porous substrate (MPS) and a micro 
porous layer (MPL), both hydrophobized, is supposed to supply 
the gas to the active layer, transport the electrons (until / out of) 
the active layer to the flow field, and drain the liquid water out 
of the active layer toward the flow fields. However, non-
uniformities may appear on GDL during handling or production, 
such as an absence of MPL on the MPS surface or an 
inhomogeneous hydrophobic agent treatment. These defects, 
that can be detected visually, may affect the PEM Fuel cell 
performances and in this work, we propose to report on their 
influence on the performance of the PEM fuel cell. Additionally, 
non-uniformities that may be located in the core of the GDLs 
may also be detrimental to the performance. Flash IR 
thermography was applied to detect internal modifications and 
their influence on the FC performance will be discussed. 

II. EXPERIMENTAL 

GDL surface modifications were prepared in two ways, either by 
removal of the MPL by laser ablation  or by using scotch tape. 
The substrate modifications were prepared by localized 
compression of the substrate before applying the MPL on the top 
of the substrate. Examples of defects GDL are shown in Figure 
1. Selection of modified areas was done thanks to thermal 
diffusivity mapping. A flash excitation is applied to the GDLs 
backside, and the temperature profile evolution is recorded with 
a cam FLIR X6900. Thermal diffusivity is calculated from the 
resulting thermogram [4] 
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Figure 1 Modified GDL. a) Substrate modifications 
analyzed via thermal diffusimetry b) Surface 
modifications by MPL removal 

 Freudenberg GDL was used as the starting material in this study.  
A commercial GDL for the study of MPL modification and an 
experimental material grade for substrate modification. For the 
study of the impact of the modified GDL cathodes, we used a 
dedicated cell with a reduced active surface of 2 cm², for 
enhanced sensitivity to defects. A high stoichiometry ratio is 
applied in this case in order to be as homogenous as possible 
throughout the entire electrode surface (in order to avoid large 
oxygen concentration gradient between the inlet and the outlet of 
the channels).   

In all the cases, the membrane electrode assembly (MEA) of the 
study was Gore PRIMEA(R) (A510.1/M820.15/C510.4).  

III.  RESULTS AND DISCUSSION 

Figure 2 shows IV curves in mild-wet conditions for cathode 
GDLs with variable MPL removal percentage. It is clear that the 
removal of MPL affects the performance, but positively at high 
current densities in these testing conditions. Such a trend was 
also observed at 100 % RH but, it is reversed order in dry 
conditions (20% RH). 

 

 

 

 

 

 

 

It was already reported that modifications of the GDL helped the 
gas transport [5]. We also observed such a trend by analyzing the 
limiting current [6] of the various GDL in the different 
conditions. As shown on Figure 3 the gas transport resistance is 
higher for the pristine GDL except in dry conditions. We assume 
that the dried ionomer of the catalyst layer could slow the gas 
transport, while in the other conditions the main limiting 
transport resistance takes place inside the GDL.  Consequently, 
treated GDL positively affects the gas transport.      

With respect to gas transport, the entire volume of GDLs is 
however involved. New strategies for non destructive control 
might hence help to better understand the performance of the fuel 
cell, and derive which non-uniformities should be classified as 
defects. 

 

 

 

 

 

 

The IR flash method was applied to GDLs to verify that 
introduced modifications can be detected. The method will be 
discussed, and the influence of the thermal defects detected with 
respect to the performance will be presented.  

IV.  CONCLUSION 

 
Transport properties of the GDL has 
large influence on the PEM fuel cell 
performances. We have seen that 
depending on the humidity 
conditions, the gas transport could 
be limited by the diffusion through 
the ionomer in dry conditions or by 
the GDL properties in wet 
conditions.  
 

 
In the latter case, the absence of the MPL improves the cell 
performance due to a lower diffusion path.  
On the other hand, in dry conditions, the MPL helps to maintain 
the wetness of the active layer sufficiently to guarantee a better 
gas diffusion through the entire layer. This approach is 
summarized schematically on Figure 4.  
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Figure 2. IV curves at 50% RH – 80°C -1.5 barg 
 

Figure 4. Sketch of gas transport dependence with RH. 
 

Figure 3. Oxygen transport resistance @ 2 barg 
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Abstract – Solid oxide fuel cells, SOFC, as very efficient devices 
to perform the electrochemical conversion of hydrogen to 
electricity and heat may also admit the direct utilization of 
carbonaceous fuels such as hydrocarbons and alcohols, provided 
its catalyst be able to operate without carbon coking. This work 
presents our latest nickel-free anode developments for this 
purpose and its respective promising performances with lesser or 
none carbon formation, which was proved by scanning electron 
microscopy. In addition, a special configuration of balance of plant 
is also demonstrated. 

Index Terms – Balance of plant, ethanol, nickel-free anodes, 
solid oxide fuel cells. 

I. INTRODUCTION 

The direct utilization of carbonaceous fuels in SOFCs is 
advantageous for eliminating the need for previous reforming 
and purification of the reformate gas, but cannot be attained 
with the use of Ni-based anodes and conventional balance of 
plants, due to the occurrence of coking and clogging with 
inactivation of the anode electrochemical activity and its 
mechanical failure, as well as the production and deposition of 
carbon within the piping of the fuel cell balance of plant, 
thereby interfering within the fuel stream. The purpose of the 
present study was to search for solutions to these problems, 
which involved the design and development of new Ni-free 
materials for SOFC anodes and to conceive new devices and 
their arrangement into a SOFC balance of plant for the direct 
utilization of carbonaceous fuels such as methane and ethanol. 

The main challenges for the anode development consisted of 
attaining electrochemical activity for the fuel oxidation, while 
resisting to carbon coking under operational conditions with a 
material that should not contain nickel, and being able to keep 
mechanical compatibility with the other ceramic components of 
the fuel cell by possessing a similar coefficient of thermal 
expansion. This was accomplished by the development of two 

sets of materials and their correspondent anodes, one based on 
ceria, alumina and YSZ to create a ceria-alumina-zirconium 
solid solution with the addition of copper for better electronic 
conductivity, and another one composed composed of ceria, 
Co3O4 and CuO. Their electrochemical performances and 
carbon resistance were explored in SOFC single cells, yielding 
satisfactory results for actual application. 

The SOFC balance of plant was conceived to run on 
carbonaceous fuels under internal reforming regime. The 
components of the stand-alone system were purchased or 
specifically designed and fabricated. The stand-alone system 
was tested both with hydrogen and a fuel/water mixture, 
demonstrating the capability to start up, generate current and 
shut down to validate the choice of components. 

It was concluded that the new materials, anodes and balance 
of plant were innovative and responded with adequate 
performance for the direct utilization of carbonaceous fuels in 
SOFC. 

II. RESULTS 

A. Cu-(ZrxCe1-xY0.2O2-δ-Al2O3) anode 

Figure 1(a) and (b) presents, respectively, micrographs obtained 
by SEM with EDS mapping of the anode elements, and the 
potential and power density versus current density curves for 
SOFCs anode composed of the solid solution Zr1-xCexY0.2O2-δ. 
The SOFCs were operated with hydrogen or ethanol as fuels at 
750, 800, 850, 900 and 950 ºC. The cell has shown its best 
performance while operating with direct hydrogen, reaching a 
maximum power density of 455 mWcm-2 , compared to 261 
mWcm-2 obtained when direct ethanol was the fuel stream. 
Previous evidence that mixing ceria-alumina based ceramic 
powder as SOFC anode precursors with 8YSZ was suitable for 
the direct use of ethanol with limited carbon coking was 
obtained [1]. 

Copyright © 2019 



394 EFC19

      

 
       

  

 
   

   
      

     
     

    
        

 

 
 

 
 

     
      

     
     

  
       

 
   

      
         

    
 

 
     

 
      

   
     

      
      
  

   
       

     
 

  
   

      
   

     
  

 
      

       
   

 
    

    
 

    
     

 
 

    

  

Fig. 1. (a) SEM micrographs, and (b) electrochemical performance of the 
Cu-(ZrxCe1-xY0.2O2-δ-Al2O3) anode. 

B.  CeO2-Co-Cu anode 

The ceria-based anode with cobalt and copper additions have 
shown promising electrochemical results as demonstrated in 
Figure 2a reaching power densities such as 550, 410 and 380 
mWcm-2 when hydrogen, methane and ethanol served as fuels 
directly to the anode cells, respectively. Details can be found 
elsewhere [2]. The anode was successfully sintered at low 
temperature (900˚C) as seen in the micrograph of Figure 2b. 

1.4 

H2 @750 °C 

CH4 @850°C 

H2 @800°C 

EtOH @850°C 

H2 @850°C 

700 

1.2 600 

C.  Stand-alone balance of plant for ethanol feeding 

The balance of plant that was designed and fabricated was 
tested with both hydrogen and an ethanol/water mixture, 
demonstrating the ability to safely start-up, produce electrical 
power and shutdown while complying with the operating 
conditions required by the stack manufacturer [3]. The balance 
of plant efficiency was reasonable, both with H2 (78.2 %) and 
with ethanol (73.5 %). Figure 3 shows the composition of the 
balance of plant power consumption. 

Fig. 3.  Composition of Balance of Plant power consumption. 

The components that show the higher potential for reducing the 
power consumption are the DC/DC converter, the solenoid 
valves and control system. Reducing the power consumption of 
the other BoP components appears rather difficult: in all cases, 
they are optimized, energy-efficient commercial devices, well 
suited for application in the stand-alone system. 

0 250 500 750 1000 1250 1500 

Po
w

er
 D

en
sit

y, 
P 

[m
W

.c
m

-2
] III. CONCLUSIONS 

The development of nickel-free anode for SOFCs has been 
demonstrated in our works since 2011 and currently we have 
been able to double the anode electrochemical performance 
while decreasing its operation temperature. 

Remarkable improvements have been made ever since and 
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Fig. 2. (a) Electrochemical performance the CeO2-Co-Cu anode, and 

(b) SEM micrographs with EDX mapping. 

the next steps will follow aiming at developing anode-
supported cells and stacks to be integrated with the special 
balance of plant, composing an ethanol micro combined heat 
and power unit. 
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Abstract – The HySchools project is an educational project 
financed under the Erasmus+ program by the European Union 
with the aim of introducing and increasing Hydrogen knowledge in 
secondary schools. Hydrogen based technology is, in fact, one of 
the major players in the desired transition from a carbon based 
society to a sustainable development and a pollution-free future. 
Spreading the knowledge of high-efficiency, low-emission 
technologies such as the ones based on hydrogen is of paramount 
importance and should be introduced to new generations in an 
educational environment as soon as possible. In this task, teachers 
are the most important and valuable players. As a first step, the 
project will propose a survey to secondary school teachers to ask 
them how much they know about hydrogen and hydrogen based 
technology and what they think about it. Then, in the second 
phase, teachers will receive educational material produced by 
universities to deepen their understanding about this topic. Based 
on this educational material, teachers will take part in events 
where, in collaboration with a facilitator and experts in the 
subject, they will structure the backbone of future lessons for their 
pupils, that will subsequently be inserted into future teaching 
programs. 

Index Terms – Education, hydrogen, teacher, resources, schools 

I.  INTRODUCTION 

The need for new energy options is no secret. Across the 
globe, movements towards sustainable energy production are 
preparing for a change of policy towards a greener economy 
and energy production. The big challenge for the 21st Century 
is how we can create a sustainable future for young people 
while meeting demand for energy. Hydrogen plays a major role 
in creating green and emission-free energy for the future and 
hydrogen fuel cells are a viable way of addressing the 
decarbonising strategies of countries across the world. To 
ensure the research and technical development continues to 

make hydrogen fuel cells a preferred leader in future energy 
generation, a number of fundamental issues need to be resolved. 
This project focuses on what we believe to be the critical factor: 
skills shortage. To cover this gap school teachers were targeted 
since, compared to other groups such as policy makers, teachers 
are involved in school education and can engage students into 
hydrogen technologies. 

HySchools is a consortium of eight partners led by the Fuel 
Cell Innovation Centre at Manchester Metropolitan University 
(UK), with the University of Lorraine (FR), Technifutur (BE), 
University of Franche Comte (FR), University of Perugia (IT), 
Patras Science Park (GR), Maramures Energy Agency (RO), 
University of Perugia/Abruzzo Region (IT). Together partners 
have already undertaken research to elicit the needs of teachers 
across Europe. The results from this research have informed the 
development of resources to address teachers’ needs and build 
the confidence of teachers to bring this exciting and 
fundamental topic into the curriculum. From October 2019, 
pupils and staff from schools across Europe will test out the 
resources developed.  The feedback from these demonstrations 
and testing events will prove invaluable to further adapt and 
tailor the resources to the needs of teachers. 

The end of the project in February 2020 will see the 
resources rolled out across the partner countries for distribution 
to schools. The unique aspect of this project is that the 
resources created will be free to access worldwide, ensuring that 
everyone has access to high quality materials and resources to 
enhance knowledge and skills. 

At its heart, the project aims to support stakeholders in 
engaging with the future workforce. The HySchools partners 
believe that this kind of cross-sector, interdisciplinary approach 
is essential to developing the future of hydrogen energy. The 
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partnership is keen to gather contributions from the academic 
community, both hydrogen and education. 

The partners have engaged with industry leaders to ensure 
that the resources will not only enable non-hydrogen experts to 
deliver a high quality education of hydrogen energy but also 
address the skills that industries are looking for in their future 
employees. 

This is an exciting time to be developing understanding of 
the practical applications of fuel cells and hydrogen. Thanks to 
the range of expertise amongst the partner organizations 
involved, the project benefits from access to the latest 
technology, world-leading academics and industry 
professionals.  

For More information, and to be kept up to date with the 
project’s outputs, including the educational resources which 
will be freely available, please visit our website hyschools.eu. 

II. RESULTS 
The project is divided into three Intellectual Outputs (IO) or 
phases. The first phase of the project was dedicated to 
Education and Industry Alignment. It was aimed at bringing 
together existing and identified needs in both industry and 
schools and turn these findings it into a usable resource for 
creating appropriate educational content. Qualitative and 
quantitative methods were used including interviews, focus 
groups and mainly an online questionnaire that was circulated to 
target categories (with closed and open questions). 
Questionnaire results were used to design conceptual maps of 
hydrogen perception like the one reported in Fig.1. Data 
showed that, regardless of their nationality, teachers desired 
high quality teaching materials to enable them to feel more 
confident in delivering high quality Hydrogen energy education. 
They asked for a range of resources that would engage pupils 
whilst also giving additional subject knowledge support to 
themselves. 

Fig. 1. Conceptual mapping of hydrogen energy perception 

The needs identified through the industry and education needs 
analysis enabled the content of a practical resource for 
secondary schools and Post 16 to be developed. These 
resources include educational resources/guides for students, 
teachers and industry. 

As a part of the project, a content-creation collaborative tool 
was developed by one of the partners of the project (Université 
de Lorraine). The tool is based on «Instructional design» and 
«Participatory design» and has the form of a card game-aided 
workshop, where teachers collaborate with or without the help 
of a hydrogen expert to create an example lesson for their 
pupils. 
It is advisable to encourage the participation of industry and 
policymakers to bring together different points of view on the 
topic. The first game-aided workshop took place in Pescara 
(Italy) involving more than fifty people including teachers, 
industries and policy makers (Fig.2). 

Fig. 2. The first game-aided workshop held in Pescara 

Finally, an online platform was developed to host the newly 
created resources and enable easy, free and open access to the 
range of information and activities created. The education 
virtual forum and access and use of content will be assessed by 
numbers of hits and downloads of the guides, consultation 
documents and discussions. Ensuring sustainability and 
usability of the guides will also be important as we seek to 
ensure content is always current and can deliver what is needed 
in the years ahead in a fast changing environment. Teacher 
Resources are available in all partners languages at: 

https://www.hyschools.eu/ 

III. CONCLUSIONS 
The HySchools project will increase the confidence of 

European teachers and students in delivering hydrogen and fuel 
cell education and will enhance public perception to support the 
development of hydrogen technologies. Despite the fact that we 
can’t fully assess the results of the project, as the project is not 
finished, there is an appetite for Hydrogen-education: for 
example in the UK, enthusiasm from teachers that came across 
HySchools was beyond initial expectations. Moreover, also 
policy-makers and political parties praised and promoted the 
project and some companies have already adopted the 
HySchools resources. 
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Douglas M. Hodgson 1*, Sonal Dahale 1, André Grüning 2† 

and Claudio Avignone Rossa 1‡ 

1 Department of Microbial Sciences, University of Surrey, 
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Abstract - We studied how incremental increases in 
external resistance across a wide load range affect the 
structure and metabolism of anodic microbial communities, 
and their bioelectrical performance. MFCs inoculated with 
a natural microbial community and fed with a complex 
medium were run at increasing external resistances (250 to 
100 000 Ω). The maximum voltage and peak power 
increased with increasing loads in a non-linear relationship, 
suggesting a threshold at which the external load stops 
affecting the output. The highest and lowest peak power 
were 0.49W.m-3 (at 40kΩ) and 0.23W.m-3 (at 250Ω), 
respectively. 

The effect of the load on the community was determined 
by 16S rRNA gene sequencing. Ten genera represented 
96.5% of all genera identified, with 4 of them being 82% 
the total. The abundance of anaerobic respirators decreased 
with increasing resistances: 81.7% at 250Ω to 27.6% at 
100kΩ, indicating that low resistances impart a selective 
advantage to electrogenic species over fermentative species. 

The increase in diversity with the load suggests that 
higher resistances require the cooperation of multiple 
species to convert chemical energy into bioelectrical output. 
A low resistance is easier to use as a terminal electron 
acceptor, favouring a less diverse community of specialised 
exoelectrogens. 

The correlation between anodic microbial consortia 
structure with resistance demonstrates that microbial 
community assembly can be controlled by manipulation of 
external load. This is of importance for optimization of 
MFCs and for the thermodynamic control of complex living 
systems. 

Index Terms – Anodic biofilm, External load, Microbial 
Communities, Microbial Fuel Cells, 

I. INTRODUCTION 

In Microbial Fuel Cells (MFCs), microbial species oxidise 
organic feedstocks using the anode as terminal electron 
acceptor (TEA). Complex microbial communities show a 
strong correlation between their metabolic function and the 
electrical output. In general, communities consist of fermenters 
(F), anaerobic respirators (AR, able to oxidise fermentation 
products), and species with variable metabolism. ARs transfer 
electrons to the anode, which move through an external circuit 
to the cathode, generating an electrical current. Changes in 
external resistance affect the capability for electron transfer, 
causing changes in abundance and diversity of the community. 
This property can be used to control the performance of the 
community. We determined the effect of incremental increases 
in external resistance on the dynamics and bioelectrical 
performance of a natural microbial community inoculated in 
MFCs. 
Materials And Methods. MFC design and operation. The 
design of the MFCs and the preparation of the DDGS medium 
and the inoculum were as previously described [1]. MFCs were 
fed with 10% DDGS medium at a flow rate of 6.35 ml.h-1 

(hydraulic retention time, HRT: 20 h). MFCs were acclimatized 
for 48h, and run at increasing external resistances (250 to 100 
000 Ω) for 4 HRT at each load. Electrochemical 
measurements. Voltage was monitored continuously and the 
electrical current and electrical power calculated at each load. 
Polarisation curves were carried out for each MFC after at least 
80h at the set external resistance. Microbial community 
analysis. DNA was extracted from the anode biofilm using 
FastDNA Spin Kit for Soil (MP Biomedicals, UK) and 
analysed as described elsewhere [1]. Metabolite analysis. 
Metabolic analysis of the supernatants was performed as 
described previously [1]. 

* Current address: BASF SE, Carl-Bosch-Strasse 38, 67056 Ludwigshafen am Rhein, Germany 
† Current address: Faculty of Electrical Engineering and Computer Science, University of Applied Sciences Stralsund, 18435 Stralsund, Germany
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II. RESULTS 

Effect of external resistance on MFC performance. Fig 1 
shows that the maximum voltage and the peak power attained 
in the MFCs increased with increasing loads. The non-linear 
behavior indicates a level at which external load stops having a 
positive effect on output. The highest peak power (0.49 
±0.02W.m-3) was achieved at an external resistance of 40kΩ, 
while the lowest peak power (0.23 ±0.04W.m-3) was observed 
at 250Ω. A statistically significant relationship exists between 
peak power and open circuit voltage (Table 1). 

FIGURE 1. Maximum voltage and peak power observed in MFCs 
under different external loads. 

Table 1. Regression analysis between external load and peak power 
and open circuit voltage. 

x variable y variable n R R -squared % P 
66.59 - quadratic model Peak power Log external resistance 42 - <0.001* 

Open circuit voltage 59.14 - linear model 42 0.77 <0.001* 
Log resistance 89.09 - quadratic model Open circuit voltage 42 - <0.001* 

Anodic biofilm composition. The impact of changing external 
load on the biofilm community was determined by 16S rRNA 
genes sequencing. Ten genera made up 96.5% of the 
community, and the top four made up 82% of all genera 
observed across the 14 external resistances (Table 1). 

Table 2. The 10 most abundant genera in the anodic biofilms, and 
their assigned metabolism 

Genus Abundance Class 
Citrobacter 32.5% AR 
Clostridium 20.1% F 
Stenotrophomonas 15.9% AR 
Pseudomonas 13.4% AR 
Lachnospiracea 4.3% F 
Eisenbergiella 2.9% F 
Achromobacter 2.5% AR 
Myroides 1.8% AR 
Anaerosporobacter 1.6% F 
Rhizobium 1.6% AR 

Each genus was assigned a metabolic class with respect to 
terminal electron acceptors, according to their typical 
metabolism: Fermenters (F), which use intracellular 
metabolites as EAs, or anaerobic respirators (AR), able to fully 
oxidize fermentation products using a terminal EA other than 
O2. The dominant AR in the anodic biofilm (Citrobacter, 
Stenotrophomonas and Pseudomonas) are genera previously 
identified as exoelectrogenic [2] [3]. The relative abundance of 
AR in each biofilm decreased significantly with increasing 
external resistance (Figure 2, Table 2), from 81.7±2.3% at 
250Ω to 27.6±7.7% at 100kΩ. Low external resistances cause 

higher anode potentials, resulting in more free energy to the 
anodophilic community, thus imparting a selective advantage to 
electrogenic species. Increasing external resistances may 
caused a metabolic shift from respiratory to fermentative [4], 
and theoretical models suggest that higher external resistances 
favour strictly anaerobic species [5] [6]. 

FIGURE 2. Effect of the external resistance on the relative abundance 
of anaerobic respirators in anodic biofilms. 

Table 2. Regression analysis between electrochemical parameters 
and the diversity and abundance of the anodic biofilms under 
different external loads 

variable variable n R R -squared % P 
Shannon diversity index Peak power 40 0.80 64.12 - linear model <0.001* 

Open circuit voltage 40 0.28 7.91 - linear model 0.079 
Log resistance 40 0.83 69.72 - linear model <0.001* 

Anaerobic respirator % abundance Peak power 40 - 36.60 - quadratic model <0.001* 
Open circuit voltage 40 - 23.94 - quadratic model 0.006* 
Log resistance 40 -0.55 30.34 - linear model <0.001* 

Peak power shows a significantly negative correlation with the 
relative abundance of AR. Previous work has demonstrated that 
electrogenic bacteria produce higher yields when oxidising the 
products of fermentative metabolism [7], indicating that the 
breakdown of complex substrates requires the cooperation of 
both F and AR [1].  Figure 2 and Table 2 show that diversity 
increases with increasing resistances. 

III. CONCLUSION 

This report demonstrates a relationship between external 
resistance and community diversity: Higher external resistances 
require the cooperation of multiple species to drive the 
conversion of chemical energy to bioelectrical output. Low 
external resistances are easier to use as terminal EA, so a less 
diverse community of specialised exoelectrogens can 
proliferate. Biofilm structure and composition can be 
controlled by adjusting external resistance, allowing optimal 
performance of complex systems. 
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In this work, we present a study on the effect of the porosity of 
cathode microporous layer (MPL-C) and catalyst layers (CL) on the 
water distribution and performance of PEMFC. Pore former 
polymers are used to introduce macropores inside catalyst layers 
and cathode MPL. Internally-developed MEAs and MPLs with 
different degrees of porosity are implemented in a specially 
designed fuel cell with an active area of 8 cm2 to perform high 
resolution neutron tomography measurements. Neutron 
tomography is used to investigate the water content and 
distribution inside the operating fuel cells under humid conditions. 
The evaluation of water density reveals that the cells containing 
more porous layers decreased the accumulation of water beneath 
channels while it increased the water content beneath the lands. A 
performance improvement is observed for the cells containing 
additional macropores at the mass transport region. 

In Operando Neutron Tomography, Perforation, Polymer 
Electrolyte Membrane Fuel Cells (PEMFCs), Water Management. 

I.  INTRODUCTION 

In polymer electrolyte membrane fuel cells (PEMFCs) water 
management plays a crucial role.  From one hand, the membrane 
should be fully humidified to enable proton conductivity. On the 
other hand, excess water accumulation inside the catalyst layer, 
gas diffusion layers and the channels of the flow fields plates 
causes flooding which consequently reduces the power density. 
Numerous studies have investigated the effect of microstructure 
properties of catalyst layer and gas diffusion layers on water 
balance and performance of PEMFC. Neutron imaging has been 
proven to be a powerful tool to visualize liquid water inside the 
components of PEMFC. Neutron beam is highly sensitive to 
light atoms like hydrogen whereas metals and graphite plates 
show lower interactions with neutrons and therefore tend to be 
rather transparent to it. 

II. EXPERIMENTAL 

The neutron tomography is carried out at the neutron imaging 

instrument Conrad (V7) at the research reactor BER II at the 
Helmholtz-Zentrum Berlin, Germany. With the optics used, an 
imaging field of view of (28×13; w×h) mm² with a pixel size of 
13 µm is achieved. Membrane electrode assemblies (MEAs) and 
MPLs were internally-developed at Center for Solar Energy and 
Hydrogen Research Baden-Württemberg (ZSW). The detail 
procedure for preparation of reference catalyst layer and MPL-C 
is provided in Ref [1-2].The porosity of electrodes are modified 
by utilization of polystyrene particles (PS) as pore former 
polymer (diameter of 500 nm) and then removing it by ethyl 
acetate to obtain the desired pores inside catalyst layers. The 
catalyst layers have a Platinum loading of 0.3 mg cm-2 both on 
anode and cathode side and are coated on a NafionTM membrane 
NR-212. The content of polystyrene particles is 5 and 10 wt.% 
with respect to dry ink. For preparing the perforated MPLs 
monodisperse poly methyl methacrylate (PMMA) particles with 
an average diameter of 30 µm are utilized as pore former. 
Cathode MPLs with 10 Vol.% PMMA are coated on Sigracet® 
29BA.These particles are removed by thermal decomposition to 
create the macropores. Miniature single PEMFCs with an active 
area of 8 cm² are used to perform tomography measurements. 
The fuel cells are operated at RH=120%, T=50°C, Pc=60 kPa, 
Pa=70 kPa (representing a humid operating condition) prior to 
tomography imaging. 

III. RESULTS 

Prior to tomography imaging, the cells are operated for 30 
minutes at the mentioned operating points to reach the steady-
state conditions and then the gas flows and current are cut off. 
The cells are investigated with the neutron beam of a region 
centered in the middle of the vertical cell extension. The water 
thickness is calculated according to Lambert Beer’s law within 
mm-scale. Water density distribution of the cells containing the 
perforated catalyst layers (reference, 5 and 10 wt.% PS) and 
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cathode MPL ( reference and 10 Vol.% PMMA) beneath land  
and channel regions are depicted in Figure 1 a-b.

The Areas associated to the each specific component of the 
cell including MEA, anode and cathode gas diffusion layers 
(GDL-a and GDL-c), channel and land regions are separated by 
vertical lines in the in-plane direction. Under the land regions,
the overall water content is higher than the channel regions.
Beneath the channels, the cells with perforated layers decreased
the water content especially in the cathodic gas diffusion region 
(GDL-C) compared to the reference (Ref) material. Moreover, 
the peak of water accumulation exist in the MEA region. Under 
the land regions, an increase of the water content is observed for 
the perforated layers. The peak of water is mainly located within 
the intersection of GDL and Land region. Polarization curves are 
obtained at relative humidity (RH) of 120% to represent humdi 
conditions. Performance improvement in the mass transport 
region is observed for the cell containing the perforated layers 
(Fig1-c).

This observations can be explained by higher water filling 
degree of the introduced macropores within CL and MPL-C, as 
the capillary pressure decreases for bigger pores. On the other 
hand, the air flow in the channels regions hinders higher water 
saturation within the adjacent GDLs explaining lower water 
accumulation compared to the land regions These results reveal 
that while the macropores are preferentially filled with liquid 
water, the small pores act as effective oxygen transport 
pathways.

IV.  CONCLUSION

High-resolution neutron tomography is used to study the 
effect of catalyst layer and cathode MPL perforation on the liquid 
water content and distribution in PEM fuel cell. Pore former 
polymers are utilized to create macro pore inside catalyst layer 
and MPLs. The local water distribution under land and channel 

regions are quantified. Higher water content is identified for the 
areas under lands than under the channels. With the presence of 
more porous materials, the amount of water accumulated beneath 
the land regions is increased. Performance increase at high 
current density regions is observed for the more porous layers at 
humid conditions (RH 120%). 
We assign this to the improved mechanism of two-phase flow 
transport of oxygen and liquid water, where the oxygen transport 
occurs within the smaller pores and water is preferably 
transported via bigger pores.
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Abstract - In this study, the removal of hydrocarbons (phenol, 
toluene and a mixture of BTEX) was assessed in continuous-flow 
Bioelectrochemical Systems (BES) and the functional profiles of the 
anodic microbial communities and the inoculum was characterized 
by shotgun metagenome sequencing. The system operated with 
phenol was inoculated twice: first with a municipal activated 
sludge (inoculum 1) and after 33 days was re-inoculated with a 
refinery wastewater from a petrochemical plant (inoculum 2). 
Inoculum 1 was used to inoculate the runs with toluene and BTEX 
respectively. The genus Geobacter was highly enriched on the 
anodes of the three systems. Geobacter species have been related to 
BES, due to their capacity to degrade hydrocarbons in absence of 
oxygen and to use the anode as solid electron acceptor. 

The genes coding for benzoate-CoA ligase and catechol 2,3-
dioxygenase, selected as genetic markers for the anaerobic and 
aerobic degradation of aromatic compounds. The shotgun 
metagenomic approach provided useful insights into the ecology 
and complex functions within hydrocarbon degrading electrogenic 
biofilms. 

Index Terms – Bioelectrochemical Systems, Geobacter, Shotgun 
metagenomics. 

I. INTRODUCTION 

Bioelectrochemical Systems (BESs) is an innovative 
technology that has been recently studied to stimulate the 
anaerobic degradation of hydrocarbons. Understanding the 
microbial community structure and genetic potential of anode 
biofilms is of great interest to interpret the degradation 
mechanisms that take place in BES. 

In this study, the removal of hydrocarbons (phenol, toluene 
and a mixture of BTEX) was assessed in continuous-flow BES 
and the composition of the anodic microbial communities in the 
inoculum and in the anodic biofilm after the treatment was 
characterized shotgun  metagenome sequencing approach, to 
obtain taxonomic and functional diversity patterns of the 
microbial communities. 

II. METHODS 

A. BES set-up 
A continuous-flow BES were set up and operated with three 

separate water solutions containing phenol, toluene and a 
mixture of BTEX [1]. The system operated with phenol was 
inoculated twice first with a municipal activated sludge 
(inoculum 1 and after 33 days was reinoculated with a refinery 
wastewater from a petrochemical plant (inoculum 2). Inoculum 
1 was used to inoculate the runs with toluene and BTEX. 

B. Molecular microbiological analysis 
A taxonomic and functional characterization of the microbial 
communities were carried out on Inoculum 1 and 2 and on the 
anodic biofilms developed after the BES treatments (Phenol, 
Toluene and BTEX). 
Shotgun sequencing, read assembly, annotation and 
metagenome-assembled genomes (MAGs) were obtained as 
reported in [1]. 

III. RESULTS AND DISCUSSION 

A. Enrichment of key functional genes 
Benzoate-CoA ligase and benzyl succinate synthase were 

selected as marker genes for the anaerobic biodegradation of all 
aromatic hydrocarbons and toluene, respectively. Catechol 2,3-
dioxygenase were selected as genetic markers for the aerobic of 
aromatic compounds, respectively. Benzoate-CoA ligase gene 
was abundant in the inoculum 2 and on the anode of the phenol-
BES. Moreover, 24% 18% and 43% of the genes that encode 
for Benzoate-CoA ligase in the reactors with BTEX, phenol and 
toluene respectively, belongs to Geobacter spp.. 

Benzyl succinate synthase was undetectable in the inocula 
and in the anodic biofilm of the phenol-BES, whereas it was 
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enriched in the anodic community of the BES fed with toluene 
and BTEX. These results confirmed that the microbial 
communities are functionally selected at the anode as a response 
to the presence of the hydrocarbons. Anoxic condition in the 
BES favored the development of anaerobic metabolic 
metabolisms for the degradation of aromatic hydrocarbons. 

Catechol 2,3-dioxygenase gene, the marker for aerobic 
degradation of BTEX and phenol, was very abundant in the 
inoculum 2 and detectable in the phenol-BES but almost absent 
on the anodes of the toluene and BTEX treatment. This result 
indicates that aerobic metabolism are negatively selected in the 
BES, despite they were abundantly present in the inoculum. 
BES-phenol maintained detectable amount of this gene, 
suggesting a role of aerobic degradation in phenol removal due 
to possible trace of oxygen in the anodic compartment. 

B. Metagenome-assembled genomes 
Among the 380 metagenome-assembled genomes 

reconstructed, the 7 most abundant MAGs in inucula and anodic 
biofilms are reported in table 1. 

TABLE I 
COVERAGE AND TAXONOMIC AFFILIATION OF MOST ABUNDANT MAGS 

MA 
G ID 

Complete 
ness 

Inoculu 
m 1 

Inucul 
um 2 

BTEX Phenol Tolue 
ne 

Taxonomy 

2 65% 448 282 970 Geobacter 
metallireducens 

4 84% 184 112 Ignavibacterium 
album 

7 90% 84 255 Geobacter 
pickerinii 

107 99% 242 129 Geobacter 
sulfureducens 

221 79% 233 Desulfomicrobium 
baculatum 

227 90% 151 Acidimicrobium 
ferroxidans 

289 97% 102 Alkaliphilus 
metalliredigens 

As reported in table 1, four MAGs (2, 4, 7, 107) were 
representing abundant bacteria in the anodic biofilms, whereas 
the MAGs number 221, 227, 289 were representing bacteria 
dominating inoculum communities. Interestingly, three out of 
four anodic MAGs were affiliated to Geobacter genus. 
Geobacter spp. microorganisms have been extensively reported 
as dominating populations operating at the anode of BES due to 
their ability to use the electrodes as terminal electron acceptors 
[2]. 

The annotation of the genomes revealed that the MAGs 
affiliated to Desulfomicrobium sp. and Acidimicrobium sp. 
harbored the genes coding for the anaerobic biodegradation of 
aromatic compounds such as ethylbenzene, phenol and toluene. 
However, these bacteria, which were inoculated in the reactors, 

were virtually absent in the developed biofilm after the BES 
operations, despite Desulfomicrobium sp. members are well 
known electrogenic bacteria [3]. 

Conversely, among the Geobacter MAGs dominating the 
electrogenic biofilm, only G. sulfureducens MAG (107) 
harbored the gene for the anaerobic degradation of aerobic 
compounds (ethylbenzene, toluene, phenol). These results 
suggest that in the studied BES the presence of an anode with 
high electric potential act as a stringer selective driver of the 
taxonomy and the functions of the microbial community in 
respect to the presence of hydrocarbons. 

IV. CONCLUSION 

The results collected in this study provides important insights 
into the ecological processes assembling the microbial 
communities operating in BES. Anodic microbial communities 
in BES are highly selected both taxonomically and functionally, 
mainly due to the presence of the electrode as solo electron 
acceptor and due to the presence of specific carbon and energy 
sources. 
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Abstract - Many studies have demonstrated that microbial fuel 
cells (MFCs) can serve as low-level power sources. However, to be 
employed as such, MFC systems rely on energy management 
circuitry that are mainly used to increase voltage levels, act as 
energy buffers, and thus deliver stable power outputs. The present 
study demonstrates for the first time that the MFC technology can 
directly and continuously act as low-level power source. The present 
study reports the direct powering of a microcomputer and its 
coloured screen (GameBoy, Nintendo®). Moreover, the results 
presented herewith show how to set a MFC-LED system to 
continuously provide lighting using urine as fuel. In conclusion, this 
study demonstrates how the MFC technology and the target 
application could be developed simultaneously for better and longer 
performance. 

Index Terms - Membraneless microbial fuel cell, Urine, Energy 
source, Direct power. 

I.  INTRODUCTION 

Individual MFC are low-power energy transducers with a 
working potential often between 300mV and 500mV. In 
addition, smaller MFCs are more power dense than larger ones 
[1]. One of the aims driving the development of the technology 
is to be able to employ MFCs as power sources. The common 
strategy pursued by researchers is to assemble a plurality of 
MFCs into stacks. This strategy allows to electrically connect the 
units either in series or in parallel to increase either the voltage 
or the current. However, in the case of serial connections, voltage 
reversal can be observed between MFCs [2]. Therefore, the most 
common approach to reach high voltages (e.g. >1.5 V) is to 
electrically connect all MFCs in parallel and employ electronic 
circuitry to boost the voltage. However, the cost of MFC systems 
has to be kept low for the technology to be deployed in society, 
and power management systems represent an additional cost that 
could limit the technology’s implementation. Therefore, the 
objective here was to investigate how a MFC-stack could 
directly power applications without the need for a power 
management circuitry. 

II. MATERIALS AND METHODS 

A.  Reactors 

The stack assembled employed self-stratifying membraneless 
MFCs modules (S-MFCs) and was fuelled with human urine at 
different rates. In each module, a plurality of anodes (31 per 
modules) and cathodes (41 per modules) are inserted in a single 
container and share the same electrolyte (6.9L). The catalyst of 
the cathodes was an activated-carbon (AC) and 
polytetrafluoroethylene (PTFE) mixture (80% AC; 20% PTFE). 
The anodes were made from 3000 cm2 of 10gsm carbon veil 
folded down to a projected surface area of 150 cm2. The first 
stack employed a single cascade of 4 modules electrically 
connected in series. Further experiments were carried out with a 
cascade comprising either 4, 5 or 6 modules. The anodes of the 
first module and the cathodes of the cascade’s last module served 
as the negative and positive terminals of the system, respectively. 
The stacks were directly connected to the positive and negative 
terminals of either a GameBoy Color (GBC) [3], or a purpose-
built spotlight with different numbers of LEDs connected in 
parallel (Samsung LM561C, 4000K). 

B.  Data capture 

The current produced by the cascade was measured by 
monitoring the voltage drop across a wire of a known resistance 
(0.00371 Ω). In addition, the voltage of the cascade and of each 
of its modules were also monitored. A polarisation experiment 
was performed by linear sweep voltammetry (LSV) under a two-
electrode configuration and with a scan rate of 0.25 mV.s-1 . 

III. RESULTS AND DISCUSSION 

The GBC needed a minimum voltage of 1.832 V with a 
current of 70-75 mA to run. Early versions of S-MFC prototype 
of similar size could provide roughly 200 mA at 500 mV under 
optimal feeding conditions [4]. Hence, it was hypothesised that 
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a cascade of 4 modules electrically connected in series would 
deliver an electrical output matching the GBC needs. 

The polarisation experiments showed that a cascade of 4 
modules delivered 283 mA at 1.551 V under optimal feeding 
conditions. However, due to the limited availability of fuel, the 
cascade could only be sustainably fuelled with 2 L of fresh fuel 

modules. While the voltage and current output of the cascade 
were more aligned with the 8 LEDs consumption (≈160 mA @ 
2.711 V), the slightest voltage increase caused cell reversal of 
the module used as the positive terminal (module 5; Fig. 2b). 
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showed that a voltage reversal was occurring in the lower 
modules of the cascade. This indicates that the series connection 
within a single cascade was affected by the difference in 
feedstock quality between modules. Hence, to maximise the 
efficiency of the setup, the GBC was directly connected to the 
cascade and several feeding regimes were tested (Fig. 1). 
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Fig. 2. Outputs of a cascade comprising different number of S-MFC modules 
and connected to different number of LEDs: (a) 4-module powering 8 LEDs, 

(b) 5-module powering 8 LEDs, (c) 5-module powering 4 LEDs. 
 

Following a systematic approach, the configuration was 
changed by decreasing the number of LED. The 5-module 
cascade was therefore connected to 4 LEDs. Although the 
module used as the positive terminal (module 1; Fig. 2c) had a 
lower potential than the other 4, the system as a whole was stable 
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Fig. 1.  Electrical output of the system comprising a single cascade of four S-
MFC modules, electrically connected in series, and directly connected to a 
GBC. Current is drawn by the GBC and the voltage is from the cascade [3]. 

 
After being connected to the cascade, the GBC was turned ON 

and a video game was run. During this 160 h continuous run, the 
cascade was delivering an average current of 62.1±1.5 mA at an 
average voltage of 2.542±0.076 V. Compared to the results of 
the polarisation experiments, the electrical outputs were below 
the maximum capacity of the cascade. However, with a feeding 
rate of 2 L every 12 hours, the last module of the cascade 
displayed voltage reversal that caused the voltage output of the 
cascade to drop below the 1.832 V needed to power the GBC 
(Fig. 1). This result emphasises the importance of uniformity 
between MFC units for system stability. A different test was also 
run with a 3-module cascade and results showed that although 
sufficient power was produced (≈150 mW; ≈82mA), the voltage 
was below the threshold level and the GBC switched OFF. 

Following this experiment, the capacity of a MFC system to 
directly power LED lights was investigated. The same 4-module 
cascade was connected to an 8-LED spotlight. The 4-module 
cascade had an open circuit voltage of 2.901 V and once 
connected to the 8 LEDs, the electrical output was of ≈65 mA 
and ≈2.630 V (Fig. 2a). Although this output was stable, the 
produced light was insufficient (≈18 Lux @ 1m). Two more S-
MFC modules were added to the same cascade to power 8 LEDs. 
Because the current consumption of an LED is proportional to 
the voltage provided, the 6-module cascade generated high 
voltage output, but the LED consumed too high a current (≈210 
mA @ ≈2.740 V), which resulted in the last module displaying 
cell reversal after 10 min. Hence, the cascade was set with 5-

over the 400 h of the experimental run (≈85 mA @ 2.700 V; ≈23 
Lux @ 1m). 

IV.  CONCLUSIONS 
To date, all systems reported powering applications with 

MFCs include power management circuitry. The results 
presented here demonstrate for the first time that a MFC system 
could directly and continuously power two types of applications 
without any energy management apparatus: a microcomputer 
and LEDs. With a systematic approach, the MFC stack has to be 
tailored to the needs of the application and the application has to 
be tailored to the capacity of the MFC stack. 
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Abstract – The HERMES project aims to design an advanced 
Multi-Energy System oriented towards the poly-generation of 
heat, power, chilled water, hydrogen and oxygen at purity level 
suitable for fuel cells and industrial applications. The core of the 
system is represented by the reversible solid oxide high-
temperature cells (rSOC), which smartly integrate with up to 
100% renewable energy power generators (e.g., PV panels, wind, 
etc.) and storage systems (i.e., fuel tanks, battery etc.). 

The main project objective is to create a multi-energy system 
able of generating sustainable and secure energy at an affordable 
cost and capable of promoting the transition from a prevalence of 
fossil fuels to 100% renewables. 

Index Terms – Multi-Energy System (MES), rSOC, poly-
generation system, hydrogen, renewable energy. 

I.  INTRODUCTION 

The needs to generate energy with zero harmful emissions, 
and of levelling the discontinuous production of energy from 
renewable sources, are leading to considerable interest in poly-
generation systems in which renewable energy generators are 
combined with innovative energy production technologies [1]. 
The proposed project represents a step forward compared to the 
state of art as it integrates the rSOCs that allow the production 
not only of electric and thermal energy, but also of  hydrogen, 
usable for the automotive sector. It is in line with the objectives 
of the European Union whose energy policy has targeted the 
reduction of 40% of the CO2 towards 2030 and 80% beofore 
2050 Such a a transition path relies, among others, on the 
implementation of hydrogen-based technologies, that the Fuel 
Cell and Hydrogen Joint Undertaking (FCH-JU) has been 
supporting for more than a decade. 

II. PROJECT DESCRIPTION AND METHODOLOGY 

The project plans to design a Multi-Energy System (MES), 

characterized by the combination of energy conversion 
technologies in an whole modular energy system, with the aim 
of decarbonizing electricity generation, heating and cooling as 
well as the transport sectors, while also taking into account the 
interactions with fuel and electricity grids and other 
infrastructures. 

This system must be able to store and supply different 
energy sources guaranteeing an excellent technical, economical 
and environmental performance. Electricity can be either 
obtained by renewable energy sources and rSOC stacks 
working as fuel cells, while providing heat and chilled water, 
whereas clean fuels (H2 and Synthetic Natural Gas - SNG) can 
be generated through electrolysis operation. 
High efficiency, flexible and reliable technologies are needed 

to realize the MES. Fig.1 shows the major MES objectives. 
The MES in its final configuration, must be able to: i) interact 
(by import or export) with the utilities, which are the electric, 
thermal and NG grids; ii) satisfy the thermal and electric loads; 
iii)produce fuels and electricity for mobility (hydrogen, SNG 
and electric vehicles); iv)store energy (electricity and heat) and 
valuable chemicals (demi water, H2, O2, SNG, CO2). 
Therefore, the MES must be able to generate and store energy 
through the rSOC, it must be able to operate both with natural 
gas and with hydrogen, or the combination of two. 
Furthermore, the system must be able to produce heat and 
power, to provide secondary and primary frequency support to 
the grid and to produce hydrogen and oxygen. 
The project activities span from the definition of future 
scenarios (RES penetration, utilities demands) and the selection 
of the most promising MES layout, to the experimental 
investigation of the rSOC and the multiphysics modelling and 
validation, ending with the development of the control system 
and the test of the concept in a cyber-physical system. 
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Fig. 1. MES general block diagram 

III. FIRST RESULTS 
A.  Polygeneration from biogas 

A biogas-based MES configuration has been analyzed 
through energy and exergy analyses [2]. The plant consists of: 
i) a fuel processing unit (Auto-thermal Reactor plus Water Gas 
Shift Reactor), ii) a power production unit based on the SOFC 
(Solid Oxide Fuel Cell) technology, iii) a hydrogen separation, 
compression and storage unit. The plant outputs are hydrogen, 
and heat. The produced electricity is completely used for 
sustaining the electric energy consumption of the plant. In table 
1 the main streams and calculated performances for a power 
plant feeding a 100 kg/day hydrogen refueling station. 

TABLE I 
BIOGAS-BASED MES OPTIMIZED FOR HYDROGEN PRODUCTION 

Flow Mass Flow 
[kg/h] 

Exergy 
[kW] Performance Energy 

Efficiency 
Exergy 

Efficiency 
Biogas 69.98 362.4 Hydrogen 40.7% 37.7% 
Hydrogen 4.2 138 Heat 36.6% 15.4% 
Heat - 56.3 Overall 77.3% 53.1% 

B.  Experimental Activities on polygeneration with solid 
oxide technology 

Since adegradation phenomena in reversible operation of SOC 
are a relatively untapped subject,, the project aims to 
characterize the degradation rate varying the main operating 
parameters relative to cycling operation [3]. A wide 
experimental study on rSOC technology will be performed by 
studying system behavior under real operation. 
Meanwhile, preliminary tests were performed on an anode-
supported NiYSZ/8YSZ/GDC-LSCF button cellto  develop a 
performance simulation and a real time diagnosis tools that 
detect performance gaps with respect to new&clean conditions, 
identifying  the degradation sources. Only the SOFC operating 
mode was considered so far. A semi-empirical model of the cell 
was developed for performance prediction. It is based on 
macroscale material balances, assuming a 0D system for the 
tested button cell, and soles the 1D local equations along the 
electrode thickness. Thus, it considers the electrochemical 
kinetics, which is influenced by gaseous reactant and product 
transport. The model was successfully validated on a different 
set of polarization curves with an error lower than 3% [5].  

Experimental trials were used to build an equivalent circuit 
model suitable for real-time diagnosis based on DRT analysis 
of EIS measurement. For what concerns the anode, DRT 
deconvolution highlights five major processes, namely (as 
relaxation times becomes longer): charge transfer, charge 
transfer at the TPB, anodic diffusion, charge transfer at the 
cathode and cathodic diffusion. Control and real-time 
applicable energy management strategies will be developed 
mainly aiming at ensuring proper management (e.g., charge-
sustaining) of energy storage devices, such as the hydrogen 
tank, while guaranteeing meeting load demands in the most 
efficient and clean (from the carbon footprint point of view) 
way. Preliminary analyses were conducted on sizing and 
controlling an rSOC-based renewable power plant, suitable for 
highly resilient and possibly islanded use [5]. 
The tuning of ECM lumped parameters has to be extended to a 
larger variation domain of operating parameters. Moreover, 
also the cathode side needs to be investigated. 

IV.  CONCLUSION 

The HERMES project aims to design an advanced Multi-
Energy System capable of promoting the transition from a 
prevalence of fossil fuels to 100% renewables. 
The first research activities to analyzed a MES configuration 
based on the biogas utilization for the co-production of 
hydrogen, heat and electricity. Moreover, experimental studies 
on degradation phenomena occurring in the solid oxide fuel 
cell, that will be the core technology of all MES configurations, 
where carried out. The next research steps will evaluate 
different system configurations and estimate, through 
numerical and experimental activities, their expected 
performances and the economic issues. 
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Abstract - One of the challenges in BES applied research is the 
scaling up of reactors. A number of MFCs have already been 
shown to simultaneously treat organic waste and generate 
electricity when fed with artificial wastewater or actual 
wastewater at a laboratory scale. However, a few reports have 
shown electricity generation and organic removal performances of 
scaled-up BES bioreactors fed on industrial wastewater, albeit 
with reduced initial organic concentrations. Since 2013, our unit 
has deployed three scaled-up (60 L) air-cathode MFC reactors at 
Mizuho Awamori distillery in Okinawa to treat rice wash and 
distillery wastewater. This was one of the first pilot-scale MFC 
reactors treating actual wastewater at the time. We monitored the 
system for 5 years, the longest on-site operation of an MFC, with 
consistent removal of Chemical Oxygen Demand (COD) and 
Biological Oxygen Demand (BOD) from the wastewater. 

Index Terms – Bioelectrical systems (BES), Microbial fuel cells 
(MFC), wastewater treatment (WWT), long term operations. 

I.  INTRODUCTION 

Conventional municipal, agricultural, and industrial 
wastewater treatment systems are based on energy-intensive 
aerobic biological processes. MFCs are bio-electrochemical 
reactors in which bacteria oxidize various organic compounds 
in their anaerobic anodic chambers and pass electrons to 
conductive materials that enable external electron transfer to a 
cathode, resulting in the production of electricity. “Fuel cell” 
implies electricity generation; however, our approach focuses 
mainly on bolstering their effectiveness in wastewater 
treatment. MFCs allow for reduction of oxygen external to the 
treated water; therefore, they use substantially less energy than 
aeration technologies [1,2,3] However, a few reports have 
shown electricity generation and organic removal performances 
of scaled-up BES bioreactors fed on industrial wastewater, 
albeit with reduced initial organic concentrations [4,5,6] One of 

the challenges is the scaling up of reactors to develop scalable 
solution capable to treat >10m3 of waste water per day.. 

II. EXTENDED ABSTRACT 

Three pilot-scale, tray-type 
BES bioreactors, each with a 60-
L (Fig. 1) active volume, were 
constructed and operated in 
continuous-flow mode at the 
distillery using rice wash and 
distillery wastewater as the 
substrate. Anodic chambers were 
seeded with anaerobic 
microorganisms from an 
anaerobic digester and tested for 
BOD and COD removal as well 
as methane, and electrical current 
generation. 

Under stable Organic Loading Rates (OLR) of 2 g/L, 5 g/L 
and 10 g/L, BOD removal performance was 99%, 98%, and 
90%, respectively at a system Hydraulic Retention Time (HRT) 
of 34 hours. Biogas generation at 2 g/L BOD reached a 
maximum of 49.8 L/m3/day with a 50% methane 
concentration. The system was evaluated on power 
consumption, maintenance, space requirements, and robustness 
against currently available treatment methods for potential 
commercialization. The reactors ran for >3 years, followed by a 
low maintenance period of 2 years, which was the world first 
for length of testing of a BES reactor of this size. 
We have specialized in developing demonstrations of the scale 
and longevity that this technology can achieve, with 
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experiments having been carried out continuously over the past 
8 years and expanded from 1 L to the current prototype unit 
with a capacity of 1.7 m3 making it one of the largest BES 
reactors in the world. Our cooperation with the Mizuho 
distillery demonstrated the ability to treat waste in situ and to 
produce effluent suitable for legal release 
This was one of the first pilot-scale MFC reactors treating 
actual wastewater at the time [7]. Power to pump wastewater 
into the reactor and to run monitoring equipment were the sole 
electricity draws, making the MFC system potentially more 
cost-effective than aeration-based treatment systems. The major 
components of air-cathode MFC are conductive electrodes, 
proton permeable membranes or cation exchange membranes, 
as separators and catalysts. To further scaleup competitive 
BES/MFC reactors, we developed and patented a cost-effective 
catalyst and separator (cation and anion exchange membranes), 
anodes, cathodes and scale-up units. These patented 
technologies are now used to construct lab-scale (~5L), pilot-
scale (~50L) and large scale (~2m3) units, which allows to 
discharge directly into surface waters (river or sea). 

• Anode electrode; Based on carbon fiber brushes with a 
special surface treatment. This material provides 
large contact area for bacterial biofilm formation 
and mass transfer. 

• Cathode electrode; Considered the most limiting 
element (costs and performance) in MFC systems, 
we have developed effective low-cost materials for 
the two key parts of this electrode; 

• Ion-selective anion and cation exchange membranes 
specifically designed for MFC and BES systems for 
use with wastewater treatment and performance 
equivalent to DuPont (Nafion). 

• Catalyst, non-precious metal based to enhance oxygen 
reduction. Material is based on carbon and 
pyrolysis of nitrogen. 

• Large scale scalable MFC design 
In addition, our technology was successfully used for BOD 
biosensor development [8] 

III. CONCLUSION 

Pilot scale testing of a rapidly emerging biotechnology, 
Biological Electro-chemical Systems (BES) for on-site 
treatment of highly concentrated organic industrial wastewater 
over an extended period, and subsequent disposal of effluent 
into environmentally delicate waterways on the island of 
Okinawa is an important step toward commercializing the BES 
technology. Without an understanding of how real-world 
conditions can affect performance and stability of a reactor, 
improvements to electrode design and microbial conditioning 
cannot be adequately quantified. We have engaged local 
industry, science, local business and nongovernmental 
regulatory bodies (NGO). 

This study was able to demonstrate that BES technology can 

be operated across a realistic spectrum of operating conditions 
and can be considered for industrial adoption in Okinawa, and 
elsewhere. 
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Abstract: The work presented addresses the modelling of the 
Polymer Electrolyte Membrane fuel cell ageing process. We focus on 
the membrane degradation coupled with the bipolar plates (BPs) 
corrosion. That can lead to membrane failure. The BPs corrosion is an 
iron ions source. These latter catalyze the formation of radicals that 
damage the membrane and promote fluorides releasing. Thus, both 
mechanisms are strongly coupled. Our work is based on experimental 
and modeling approaches. The first modelling step is based on 
parametric corrosion study. Obtained results allow to determine the 
ions flux released by BPs corrosion using a look-up table. The second 
step is the modeling of iron ions effect on the membrane degradation 
in the Fenton mechanism. Our final coupled degradation model is 
implemented in a PEMFC simulator based on the Matlab Simulink 
platform used to predict and quantify the degradation for various 
operating conditions. 

Key words: Bipolar plates, Corrosion modelling, Fenton mechanism, 
Membrane degradation modelling, Polymer electrolyte membrane fuel 
cell. 

I. NOMENCLATURE 

I   Current density / A/cm2 

E Electrical voltage/V 

II. INTRODUCTION 

The metallic BPs corrosion is a critical phenomenon for polymer 
electrolyte membrane fuel cells, since it does not only impact the cell 
performance by increasing the contact resistance (1) but also affects 
the membrane integrity (2). Once the membrane degradation occurs, 
the thinning process starts and therefore the gas cross over increases. 
Since the integrity BPs and the membrane affect the fuel cell lifetime, 
a lot work in the literature had described the BPs corrosion and the 
membrane degradation (3). However, the link between the two 
phenomenon is not fully understood. Our work based on an 
experimental and modeling approach is an opportunity to create this 
link. The first approach is experimental. A preliminary study defined 
the most representative operating simulation conditions for PEMFCs. 
These conditions defined the study of stainless steel corrosion and 

membrane degradation. The second approach is the modeling, which 
offers the link between the consequences of the BPs corrosion and the 
chemical degradation model of the membrane based on the Fenton 
mechanism. 

III. RESULTS AND DISCUSSIONS 

A. Corrosion study and modelling: 
The potentiodynamic measurements were carried out on a thermally 
controlled three electrodes device. The three electrodes are: a 316L 
stainless steel sample as working electrode, a saturated mercury sulfate 
as reference electrode and the counter electrode is graphite. The three 
electrodes are controlled by a Gamry ref 600 potentiostat. The 
electrochemical schedule starts with 12 hours Open-Circuit Potential 
(OCP) followed by a potentiodynamic measurement performed at a 
scanning rate of 0.1 mV/s. The polarization curve gives the variations 
of the current density in function of the potential. In order to simulate 
the PEMFC working environment, the measurements were carried out 
in cell at the temperature 60°C, 70°C and 80°C, with different chloride 
content 10-2 M, 10-3 M and 10-4 M, (Chlorides are here substituted for 
fluorides released by membrane degradation.). Different pH values are 
considered (3.5, 4, 4.5 and 5). The objective of this work is to 
establish the current density relationship with different parameters and 
the identification of synergisms effects. Figure 1 gives an example of 
the obtained results. The 316L corrosion resistance decreases with the 
chloride content. In fact, high chloride concentration and anodic 
potential, promote pitting corrosion (black curve). The material is 
dissolved. All the data collected from this study are gathered in a look-
up table in Matlab with various entries: temperature, potential, pH and 
Fluoride (chloride) concentration. This table can provide the current 
density at different PEMFC’s operating conditions. 
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Fig. 1.316L SS current density in function of potential (V/Vs 
DHE) at 80° C temperature, pH 3.5 and at different chloride 

concentrations 

B. Membrane degradation model: 

The degradation model is based on the Fenton mechanism, 
which is a complex multistep chemical mechanism presented in 
[4]. The 14 differential equations for the concentration species 
involved in the degradation process (oxygen, hydrogen, iron, 
and hydrogen peroxide, radicals and Nafion structure) are 
simulated using their kinetics [4] as function of temperature. 
The reaction rates and the concentrations of the different 
species are provided by the model, based on initial conditions, 
activation energies, PEMFC operating parameters and 
membrane characteristics. The set of equations have been 
implemented in the MePHYSTO code developed by CEA on 
the Matlab/Simulink platform. Ex-situ membrane degradation 
results provided by Frensch et al. [4] have been used to validate 
the model. The model developed on MePHYSTO by Frensch 
and us has been revisited to take into account the diffusion of 
species between the membrane and the solution, leading to a 
significant improvement of the simulations. The figure 2 is a 
comparison of fluoride concentration released by membrane 
degradation over time, between experimental and simulation 
results (Ex-Situ experiment conditions: Nafion 115 membrane, 
80°C temperature, [H2O2] =3000 (ppm) and [Fe2+] =1 ppm for 
72 hours). At this condition the model seems to be in accord 
with the experiment. 

Fig.2. Fluoride concentration over time, simulation and 
experimental results comparaison 

C. Coupling model: 

The CEA code is 1D through cell plane, 1D or 2D along the cell 
channels. It involves electrochemical reactions, fluid transport 

and thermic transport [5]. The iron ions flux is calculated on 
the cathode channels, depending on the local conditions and 
based on the look-up table of corrosion. The Fenton equations 
are calculated in the membrane mesh using the local values of 
the involved parameters. Several simplified assumptions have 
been made: the pH is set at 4, the iron flux is deduced from the 
corrosion current (applying the Faraday law 80% of the emitted 
moles are supposed to be iron), iron and fluoride transport are 
also simplified. We assume an infinite diffusion coefficient 
through gas diffusion layer (GDL) and therefore we have a 
homogeneous fluorides and iron ions content in the channel and 
the GLD. The convection along channel is not considered and 
thus, we perform simulation using one mesh along the cell and 
five through cell (2 channels, 2 GDL and 1 membrane). With 
this coupling process we get the coupled effect between the 
corrosion mirrored by the iron ions release and membrane 
degradation mirrored by fluoride release. 

IV.  CONCLUSIONS 

In one hand, the parametric corrosion study allowed to 
understand the 316L SS BPs behavior in PEMFC environment 
and to identify the BPs weak points. The corrosion data 
collected were used to generate an iron source term introduced 
in the model as a function of the operating conditions. On the 
other hand, the 14 equations Fenton model were validated with 
the ex-situ membrane degradation analysis which underline the 
catalytic effect of iron cations on the membrane degradation 
and fluoride releasing. The originality of this work remains in 
the tracking of two degradation mechanisms: - the corrosion of 
BPs and membrane degradation and - modeling the synergism 
effect. 
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Abstract - In order to finally and systematically address the for degradation models that enable an extrapolation of realistic 
growing need for accelerated stress tests, given the longer lifetimes performance to system end of useful life. 
of solid oxide cells – both in fuel cell and electrolysis operation – Generally, a great number of operational parameters 
the Fuel Cells and Hydrogen Joint Undertaking has launched an influence SOC degradation during lifetime, each contributing 
international initiative to overcome this epic challenge. These will according to characteristic times and intensities, often in build firstly on the analysis of numerous field-tested samples of convoluted or even contrasting fashion. Aggravation of test SOC stacks provided by the industrial partners, followed by 

input parameters (TIPs) can thus lead to non-representative applying existing and developing improved testing and modelling 
methods based on ex-situ component ageing and aggravated stack accelerated degradation of a component where concurring 
testing. effects are differently influenced, leading to a biased end state 

of the component investigated. For example, extensive studies 
Index Terms – Accelerated testing, solid oxide cells, power-to-x, on the effects on SOC positive electrodes of chromium 

combined heat and power evaporation from hot steel components have shown that 
aggravating different TIPs leads to diverging responses of the 

I.  EXTENDED SOC LIFETIMES LEAD TO INCREASED NEED FOR governing mechanisms (dissolution of Cr species in the 
ACCELERATED TESTING perovskite phase, deposition and electrochemical volatilization 

Considering the useful lifetimes that are expected for of Cr species on active sites), see Figure 1 [1]. 
commercial Solid Oxide Cell (SOC) stacks of up to 80000 
hours (both for stationary CHP and energy storage 
applications), the current state-of-art durability is still a long 
way from meeting market requirements. As increasing service 
times are being achieved, further development of more robust 
SOCs therefore calls urgently for accelerated lifetime tests, Fig. 1: Influence of operating conditions on processes dominating Cr-poisoning 
which enable rapid analysis of realistic degradation rates, and of SOFC cathodes [1] 

Copyright © 2019 



424 EFC19

  

    
  

  
    

 
 

     
    

  

     
     

   

  
  

  
   

  
     

  
    

  

     
   

 
  

  
  

  
     

  
  

    
   

  
    

  
    

  

   
 

     
   

 
   

  

 

  
 

 
  
  

   
    

    
  

  
  

 
  
       

   
    

    

   
  

 

 
  

  
  

     
     

 
   

    
  

   
  

     
  

 
     

 

   
  

  

 

     
    

From the trends depicted in Figure 1, only varying current 
density could generate a coherent variation of the mechanisms 
(though the slight divergence of influences would need to be 
taken into account). Furthermore, the closely knit processes in a 
working SOC often lead to domino-effects, whereby acute 
degradation occurring in one component or area can trigger or 
accelerate degradation elsewhere in the stack. Thus, it is crucial 
to identify the critical locations and dominant mechanisms that 
curtail SOC lifetime. 

II.  AD ASTRA: A WORLD-WIDE INITIATIVE TO HARNESS 
DEGRADATION MECHANISMS AND VALIDATE ACCELERATED 

TESTING PROTOCOLS 

Whereas SOFC operation and possible accelerated ageing 
procedures have been extensively studied and attempted, 
respectively, capturing electrolysis degradation in short-term 
tests is radically innovative, since there are not even a 
significant number of stacks and systems in the field that have 
operated for more than 1 or 2 years consecutively. 

The industrial partners in AD ASTRA (SOLIDPower and 
Sunfire) have among the most extensive records of SOC 
operation in the field, and world-class expertise on SOC 
manufacturing. This precious demonstration record and know-
how – in both SOFC and SOEC operation – has led to the 
identification of three critical components limiting SOC stack 
lifetime:  

• fuel (or negative) electrode 
• oxygen (or positive) electrode 
• interconnect 

These critical areas were identified in the FCH JU project 
ENDURANCE [2], where a preliminary Failure Mode and 
Effects Analysis (FMEA) has been carried out, and by the SOC 
manufacturers through in-house FMEAs, all of which will serve 
as input to AD ASTRA. Furthermore, two types of applications 
will be considered that are most relevant for SOC systems: 

• combined heat & power generators (CHP) 
• electrical energy storage into chemical energy (P2X) 

The failure modes are different in dynamic and in stationary 
operation, both for electrolysis (which is relevant for P2X) and 
power generation (CHP). However, defects in the above 
mentioned components occur in both applications, and have 
been cited as critical by both participating industries 
(SOLIDpower for CHP, Sunfire for P2X), who will supply 
sufficient samples of SOC stacks and components operated in 
the real world to the research partners for analysis of the 
degradation effects and for benchmarking stacks and 
components tested in the accelerated stress conditions defined 
in AD ASTRA. 

III.  HARNESSING DEGRADATION: APPROACH AND 
METHODOLOGY IN AD ASTRA 

The testing approach will consist of a dual-focus campaign 

targeting: 
• macroscopic stack testing procedures, where short stacks 

will be operated in situ, in aggravated conditions with the 
objective of identifying test settings that will stress the 
stack in a representative way but minimizing testing time 
and resource expenditure 

• specific component ageing tests, to reproduce (ex-situ) the 
degraded condition of critical stack components or 
interfaces in a faster time, based on analysis of the 
components extracted from stacks that have been field-
tested. 

Furthermore, a radical innovation will consist in the 
integration of these two methods: components specifically aged 
ex situ will be assembled into otherwise “new” stacks for in-situ 
testing, so that their effect on stack performance can be easily 
isolated from other components that in real-world conditions 
would also degrade. These tests allow to observe from the start 
(t=0) the end-of-service stack degradation, radically reducing 
in-situ testing time and providing powerful means to validate 
models simulating the long-term effects of component 
degradation in a stack. 

IV. MODELLING OF DEGRADATION AND REMAINING USEFUL 
LIFE (RUL) PREDICTION 

In AD ASTRA, a real attempt will be made towards 
integrating degradation and RUL prediction in performance 
models. Inorder to concretize the understanding of the physical 
degradation mechanisms, a multi-scale numerical tool will be 
adapted and optimized, combining two electrode-scale models 
with a macroscopic two-dimensional cell approach. To assist 
and simplify the physical modelling, the best grey-box dynamic 
modelling approaches (i.e. based on Ordinary Differential 
Equations) will be selected among, for example, first principle 
macro balances, lumped parameters or statistical models. 

The main outcome will be a set of fast models describing the 
time evolution of parameters representing each selected 
degradation phenomenon as a function of operation as well 
[38], allowing to estimate the SOC performance and lifetime 
(RUL) as function of operation severity. 
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High purity hydrogen production has drawn substantial interest 
over the past years as the potential energy carrier for use either as a 
fuel in fuel cell vehicles or for power production via fuel cells. 
Within the Autore project (Automotive derivative energy system, EU 
project number: 671396) the aim was to create the foundations for 
commercializing an automotive derivative fuel cell system in the 50 
to 100 kW range, for combined heat and power (CHP) applications 
in commercial and industrial buildings. The project’s objectives 
were: to develop system components allowing reduced costs, 
increased durability and efficiency, to build and validate a first 50 
kW PEM prototype CHP system and to create the required value 
chain from automotive manufacturers to stationary energy end-
users. Mass-market production of fuel cells is a strong factor in 
reducing first costs. In this respect, joining the forces of two non-
competing sectors (automotive and stationary) brings benefits to both 
namely to increase production volume and ultimately reduce costs to 
make fuel cells competitive. As a consequence, the project partners 
identified a PEM fuel cell-based CHP concept to address the 
stationary power market, primarily for commercial and industrial 
buildings requiring an installed capacity from about 50 kWe to some 
hundreds of kWe. The main components of the system have been 
validated to at least laboratory scale (TRL>4). A part of the AutoRE 
project was that the overall system had to be demonstrated and 
validated so as to increase the technology readiness level to TRL5. 
The project consortium reflected the full value chain of the fuel cell 
CHP system which would enhance significantly the route to market 
for the system/technology. 

Index Terms – Hydrogen, PEMFC, process development. 

I.  NOMENCLATURE 

PEMFC: Proton exchange membrane fuel cell. 
CHP: Combined Heat and Power 
P&ID Piping and instrumentation 

II. INTRODUCTION 

The present document covers the design and construction of a 
hydrogen generation unit (fuel processor) and the integration 
with the purification subsystem (PSA) so as to meet the 
specification for both quantity and quality of hydrogen set by 

the fuel cell supplier (Daimler). Hydrogen was purified 
employing the pressure swing adsorption (PSA). Finally the 
fuel processor was integrated with a low temperature PEM fuel 
cell provided by Daimler. 

III. TECHNIQUE, A STATE OF THE ART AND COMMERCIALLY 
AVAILABLE TECHNOLOGY. 

A. State of the art 
Large scale hydrogen production, employing steam reformation 
of natural gas, is a well-established technology and accounts for 
95% of the global hydrogen production. However, it has several 
drawbacks when used for lower hydrogen production capacities 
i.e. 20-500 Nm3/h. The conventional steam natural gas 
reformers are based on large expensive reactors consisting of 
long length (i.e >5m) tubes filled with the reforming catalyst. 
An elevated heat supply is necessary in order to achieve a high 
methane (natural gas) conversion. The heat supply normally 
comes from combustion (flame burners) of a part of the 
incoming fuel gas feedstock or from burning waste gas. The 
required reactor volumes are usually very large. Approximately 
95% of the volume of a conventional reformer is empty due to 
operation limitation as a safety distance between the very hot 
burner flames (T>1200 °C) and the reformer tubes is necessary 
to prevent tube corrosion and destruction by overheating. To 
increase the efficiency, novel reactors have to be designed and 
constructed for fuel reforming with lower volumes. Small-scale 
reformers are commercially available from several traditional 
suppliers mainly in USA, Japan and Germany, who are often 
targeting the conventional industrial gas market [1]. Few of 
them are presently aiming at the hydrogen refueling station and 
almost none in the CHP market. Steam reforming is essentially 
the only technology used commercially for the small-scale 
production of hydrogen from hydrocarbons. Nearly all small-
scale reformers available today are down-scaled versions of the 
well-established large-scale steam-reforming technology. Due 
to the relatively high cost the small-scale on-site generators fail 
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to penetrate massively the hydrogen gas market. Helbio’s 
innovative natural gas flameless reformer (HIWAR concept,) 
shown in Fig.1, was used in the project, was designed with a 
catalytic burner, which increased efficiency, decreased size 
with an impressive factor of 40 relative to conventional 
designs, and as a result of the latter, is cheaper to produce than 
conventional ones. The heat required for the process is 
produced by catalytic combustion of a fraction of the primary 
fuel, eliminating open flames and reducing the reactor size. 

Fig. 1. Schematic presentation of the Heat Integrated Wall 
Reactor (HIWAR) concept 

Contrary to conventional reformers, combustion takes place 
inside the tubes and reforming in the shell of the reactor/heat 
exchanger. The combustion takes place on a catalyst in the 
shape of a corrugated foil placed inside the tubes and in contact 
with the inner tube wall, while the reforming reaction on 
commercial catalyst is in pellets form. The flameless reactor 
exhibits improved efficiency compared with conventional ones 
(about 5% higher). In addition, lower combustion temperatures 
eliminate NOx emissions, a significant consideration in urban 
areas, and require lower cost material for the reactor tubes. 
Finally, the specific reformer can easily be transported in a 
container, thus allowing for factory manufacturing instead of 
on-site manufacturing, leading to higher quality, shorter 
building time, lower and more predictable cost. 

B. Technical approach 
i) The design targets set for the hydrogen production 

system were the high process efficiency balanced with the 
process’s simplicity. Based on the above settings and after 
several iterations the derived process consisted from the 
following parts: 
a) Reforming reactor, b) Water Gas Shift reactor, for CO 
minimization c) steam generator, where the steam required for 
the steam reforming reactions is produced, d) associated heat 
exchangers, which are placed between the various reactors to 
utilize the produced heat and e) Hydrogen purification system 
(PSA). 
The mass and energy balances for the process were calculated 
assuming the reactor(s) are under thermodynamic equilibrium 
at pre-selected operating conditions (steam to carbon ratio, 
temperature, pressure etc.). The next step in the design of the 
fuel processor was to draw-up the Piping and Instrumentation 

Diagram, (P&ID). By this process the various peripherals and 
instruments which are necessary for the safe operation of the 
system were identified and sized. A detailed HazOp analysis 
were also conducted upon completion of the P&ID. Next step 
was the construction of the hydrogen production system and 
integration with the PSA system. For the needs of the specific 
task, detailed drawings (2D and 3D) for each of the fuel 
processor sub-systems (reformer, WGS reactor, burner, steam 
generator, heat exchangers, reactants and air pre-heaters, 
condensers, etc), were conducted following the applicable 
safety standards. Construction was conducted in a major 
machine shop in Greece. 

C. Integrated system realization 
Integration of the supplied systems namely the fuel cell and 

the fuel processor were done in GE facilities in Rugby UK (Fig. 
2). The system was connected with the necessary utilities e.g. 
water, natural gas. Special attention was given to fulfill all the 
safety parameters set in HazOp analysis. 

Fig. 2. Installation of the complete system at GE’s site in 
United Kingdom. 

IV.  CONCLUSION 

The fuel processor system was designed and constructed so 
as to meet the specification set for the fuel cell supplier. The 
final systems namely the fuel processor and fuel cell were 
integrated and installed for testing in GE facilities in Rugby 
UK. 
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H2PORTS - IMPLEMENTING FUEL CELLS AND HYDROGEN TECHNOLOGIES IN 
PORTS 
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a ENEA – Italian National Agency for New Technologies, Energy and Sustainable Economic Development – 

Portici Research Center, P.le E. Fermi 1, 80055  Portici (NA), Italy 

b Department of Engineering, University of Naples “Parthenope”, Naples (Italy) 

Abstract - Maritime transport and its logistic infrastructures 
(maritime ports, inland waterways, logistics platforms, etc.) are 
essential to keep the European Union (EU) in the leading position 
of world-developed areas. Promoting innovation on efficiency and 
sustainability of seaports is a fundamental issue, and Hydrogen is 
an energy carrier with great potential for clean, efficient power in 
transport applications. 

I. PROJECT OVERVIEW 

The H2Ports project, funded by FCH JU and starting in 
January 2019, tries to introduce hydrogen as an alternative fuel 
in the port industry, with the aim of providing efficient 
solutions to facilitate a fast evolution from a fossil fuel based 
industry towards a low carbon and zero-emission sector. The 
expected results of the project are to test and validate 
hydrogen-powered solutions in the port-maritime industry, with 
the aim of having applicable and real solutions without having 
repercussions on the port operations while producing zero local 
emissions. H2Ports is a highly ambitious project, aiming to 
deploy port equipment working with hydrogen as a fuel in the 
Port of Valencia (Spain) as a test and demonstration site. 

H2Ports will perform the first experiences in the port sector 
concerning the integration of fuel cell technologies into heavy-
duty vehicles, responsible of half of the emissions generated at 
ports. The project will evaluate fuel cell technology from 
multiple perspectives: prototype performance, adaptation to 
real life operation conditions, maintenance procedures, 
environmental benefits, hydrogen supply logistics, risks and 
safety aspects involved, etc. H2Ports will make available 
hydrogen Fuel Cell technology in heavy-duty port equipment 
for market adoption by 2020. 

H2Ports will test under real life operations two prototypes 
equipped with hydrogen Fuel Cell technologies as “range 
extenders” of the electrical autonomy of each vehicle: 
Hydrogen Fuel Cell Reach Stacker and Hydrogen Fuel Cell 
Yard Terminal Tractor. These prototypes will substitute the 
fossil fuel generator by a hydrogen Fuel Cell, transforming 
both machines into a zero-emissions heavy-duty port 
equipment. Moreover, a third prototype will comprise a mobile 
Hydrogen supply station, with specific requirements from the 
terminal operators. 

The H2Ports project would also have a transversal objective 
that consists on developing a sustainable hydrogen supply 
chain at the port, coordinating all actors involved: customers, 
hydrogen producers, suppliers, etc. The project will run the 
equipment on a daily basis during real operational activities and 
will analyse ways of improving the energy, performance and 
safety of operations with fuel cells port equipment. 

The project is set up with a core group of partners, 
predominately end users (MSC Terminal Valencia, Grimaldi 
Group with Valencia Terminal Europe), fuel cell supplier 
(Ballard Power Systems), port equipment manufacturer 
(Hyster-Yale Group), research centres (Fundación 
Valenciaport, Spanish Hydrogen Centre and ATENA), 
authorities (Port Authority of Valencia) and a gas infrastructure 
company (Enagas). 

With more than 800 ports in Europe, this project currently 
only represents only a small step in the right direction and 
represent an opportunity for fuel cell and hydrogen industry 
stakeholders and port communities in Europe to work together 
and prove on-field the capability of this solution. 
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ADAPTIVE DYNAMIC CELL RECONFIGURATION OF MICROBIAL FUEL CELLS 
FOR POWER STABILITY 
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Abstract –A principal concern in Microbial Fuel Cell technology 
is obtaining maximum energy from fuel cell stacks whilst 
maintaining stability in performance. In this work, an adaptive 
dynamic cell reconfiguration mechanism is studied in order to 
overcome this problem. Using the illustrated mechanism, a peak 
power of 59mW was produced from an array of 15 microbial fuel 
cells for a dynamically variable load, in comparison to 23mW using 
a fixed topology. 

Index Terms – dynamic reconfiguration, cell topology, microbial 
fuel cell (MFC), MFC performance recovery 

I.  INTRODUCTION 

The Microbial fuel cell (MFC) technology is becoming 
widely accepted in electrical systems, robotics and renewable 
energy systems. The power demand of the load is met either by 
direct supply from source or by a power harvester-to-charger 
configuration. In the majority of applications, load requirements 
on the power system are dynamic and could significantly 
change over time. The current state of the technology requires 
multiple MFCs to be cascaded into stacks for useful 
applications. 

In this work, we focus on two of the most prominent issues 
with regard to MFC stack operation. Firstly, the ability to draw 
maximum power, whilst running the cells simultaneously in a 
stack [1]. Secondly, the dynamic variation of load may cause 
the cells or the stack to underperform and degrade [2]. We 
propose an adaptive dynamic cell reconfiguration (ADCR) 
mechanism, in which the cells’ electrical wiring topology is 
dynamically changed based on power demand and cell state. 
This is achieved through MFC state feedback. Observed 
variables are output power and MFC health. 

II. MATERIALS AND METHODS 

A stack containing 15 three-chambered (one anode and two 

cathode chambers) MFCs working in continuous feeding mode 
were used to perform the tests. Anodes were made of plain 
carbon veil (20 g/m2) and cathodes consisted of carbon veil 
coated with activated carbon. Anodic and cathodic 
compartments were separated by ceramic membranes. 

The 15 cells were dynamically configured using a custom-
made electronic controller to the following four topologies: All 
in parallel (15P), all in series (15S), 5 cells in parallel with in 3 
series segments (5P3S) and 3 cells in parallel with in 5 series 
segments (3P5S). Each fixed configuration was tested 
independently and within the following algorithms. 

1. Fixed gain based on cell internal impedance; cells were 
cycled in the order {15P, 5P3S, 3P5S, 15S} and vice 
versa, based on the rate of change of power. Denoted: 
parallel-to-series (PtoS) and series-to-parallel (StoP). 

2. Fixed gain (FG); based on observed gain and the rate of 
change of power. 

3. Adaptive gain (AG); based on dynamic gain allocation 
and rate of change of power. A variant of adaptive gain 
with voltage clamping (AGC) is also tested. 

A pseudo time varying non-linear voltage controlled current 
sink was used as a test load. Voltage range: 0.15~5V, max sink 
current: 70mA. 

A constant feedstock flow rate of 0.32 ml/min was 
maintained throughout the tests. For studying long-term cell 
sustainability with the use of ADCR, the cells were subjected to 
two additional flow rates of 0.16 ml/min and 3.20 ml/min. 

III. RESULTS AND DISCUSSION 

A. Power Output 
At a fixed flow rate of 0.32ml/min, the MFCs had a mean 

open circuit voltage (OCV) of 550mV. Fixed topologies gave a 
peak power of 23mW on 5P3S with degradation to 14mW over 
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a 12-hour period. Fixed topologies were able to provide an 
average power of 9mW on 15P configuration and maintained 
the cells without degradation at 1.68μW/min mean power gain 
over a period of 150 hours. ADCR algorithms AG provided a 
maximum average power of 59mW, AGC clamped between 
350~450mV was able to provide a mean power of 48mW over 
a period in excess of 70 hours with a gain of 3.36μW/min. 

Fig. 1. Average power output based on controller configuration 

B. Cell Sustainability 

Fig. 2. Rate of change of output power based on flowrate for each 
configuration 

Of the fixed topologies, 15P topology maintained a positive 
gradient of 1.7μW/min at 0.32ml/min. This was used as the 
default configuration. Series-based topologies caused severe 
cell degeneration under low flow rates. In contrast, all ADCR 
configurations maintained a positive gradient on the rate of 
change of power even with a reduction in the flow rate to 
0.16ml/min. FG performs for over 200 hours with a 1.7μW/min 
positive gradient, and AGC performs for 60 hours, with a 
positive gradient of 0.9μW/min. 

C. Regulated Output 
The voltage clamped AGC configuration maintained a set 

voltage level between 350~450mV and delivered 48mW of 
power over the changing flow rates of 0.32ml/min and 
0.16ml/min, over 90 hours for a time varying load. 

Fig. 3. Average power output based on controller configuration 

IV.  CONCLUSIONS 

The study showed that the use of ADCR on the 15-cell stack 
achieved 6.5 times higher power generation compared to a fixed 
electrical configuration. ADCR method also maintained cells 
for a period of 90 hours at an optimal level for a dynamic load 
even at low flow rates. It can be concluded that the MFCs 
delivered different power output levels depending on the stress 
levels enforced by topology; MFC stress levels did not 
consistently correlate to output power. ADCR maintained the 
MFCs in both initial stages and mature steady state operation of 
the biofilm. ADCR was also able to provide regulated power 
within a specified voltage window. 
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Abstract - The CE.ECO project we implemented, founded by 
the Mother Theresa of Calcutta Foundation, aims to create a 
system for  energy production in remote areas, through the 
exploitation of renewable sources in a transportable unit , 
equipped with a system storage of the H2 produced. The system 
will consist of no.1 electrolyzer  with 9kW nominal power.The 
electrolyzer will be powered  at 380 V by electricity coming  from 
the photovoltaic system. Since the energy produced by the 
photovoltaic system is in direct current, the power supply will take 
place by means of an inverter that will transform the electricity 
from continuous into alternating current with an output voltage 
of 380 V. The electric energy generation section will be completed 
with units of general protection and control of the electrolyzer 
power supply line. The H2 produced by the electrolyzer will be 
sent to a storage system after having undergone a pressure 
increase up to 100 bar, obtained by means of a compressor with a 
nominal power of 1 kW also supplied by the photovoltaic system. 
We are going to configurate an “island type” system. The storage 
consists of cylinders and will have a total capacity  of 20 Nm3. 
Downstream of storage system a pressure accumulation reducing 
system will be set up from 100 bar to 2-6 bar, needed to guarantee 
the optimum operation of the fuel cell that will be placed 
downstream the hydrogen storage system. The H2 powered fuel 
cell will  produce electricity in CC that will be converted into AC 
current by means of an inverter to be located nearby the Fuel 
Cells.  The AC current output will be connected by cable lines to 
the panel electrical production system to be placed inside the 
container. The general production framework will be 
accompanied by all necessary protections and energy 
measurement devices produced.  From the general production 
framework, both the supplies will be provided with electric 
utilities  installed in the settlement and plant control management 
area . In particular , the plant will power 50-60 led bulbs of 16W, 
one for each house  unit, and a refrigeration unit common to the 
settlement.  During the final design phase it will be possible to 
install inside the container both the refrigeration unit and  a small 
cold room. Within the installation a drinking water system for 
civil use will be equipped. 

The above options will be evaluated together with the customer 
in terms of site priorities. 

TECHNICAL PLANT DESCRIPTION. 

Hydrogen plant 
The Electrolyzer 
Hydrogen generation system is made of a single electrolyzer. 
The equipment will be installed  over a skid having size 
240 x 200 cm. See below main features of electrolytic plant 
H2 Production  : 2 Nm3/h 
Gen Pressure                  : 4-6 barg 
Power Consumption  : 9 kW 
Electric energy supply  : 380V/50 Hz/3 Ph+N+Earth 
Softened process water flow 1,8 l/h 
Hydrogen Humidity  : DRY 
Assembling on skid  : YES 
Electric panel board which contains all switches and parts 
needed for plant operation. 
Management device system which permits the remote control 
of electrolyzer operation with mode for working parameters 
resetting. 
The electrolysis plant is suitable to be installed inside the 
container with overturned side-tipped mode (see picture on 
front page) 
Compression System 
The system is made of a single piston-compressor positioned on 
a separate skid inside the container by means of threaded or 
welded connections. Compressor and its components are 
installed inside the container away in an isolated area far from 
Fuel Cell unit and H2  production area and cylinder storage 
compartment.. Compressor can be fitted in an iron structure 
inside the container  as prescribed by 1st degree Safety Rules. 
The electrical control board will be installed in a safe area and 
connected to plant auxiliary instrumentation. 
Compressor will have the following features : 
Gas to be compressed   : H2 
Flow rate                       : 2 Nm3/h 
Inlet Pressure                : 6 barg 
Working Pressure         : 100 barg 
H2 inlet temperature  : 30°C 
H2 output temperature  : 40°C 
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TECHNICAL  DATA 
Compressor Model  :     Market 
Compression  :      Lubricated 
Number of cylinder  :  2 
Pistons ave speed      :     2,17 m/s 
Compression stages  :  2 
Revs  :  650 RPM 
Shaft power  :  1 kW 
Cooling water flow rate :     3 m3/h ( ΔT=10°C, Tin=30°C) 
Assembling on skid  :    YES 
Installation :    Indoor 
Electric Site Classification : Dangerous Area 
Certifications  :    ATEX-ASME-PED 

H2 Storage Cylinders. 
The main storage function is to accumulate compressed gas. 
The plant is designed for the installation of no.4 cylinders 
having geometric capacity of 50 liters that will be placed in a 
detached area as per 1st degree safety level 
Cylinders will be in composite metallic alloy , cylinder shape, 
horizontal axis,built and tested according to current EU 
legislation for technical gas and pressurized equipments. 
Storage system will be supplied with 
proper instrumentation suitable to detect pressure and 
temperature besides all the safety devices required by the 
relevant technical standards. 

TECHNICAL  DATA 
Gas             :       H2 
Pressure  :   100 barg 
Cylinder Qt  :  4 
Geom.Capacity :    50 lt 
H2 stored Qt  :    20 Nm3 

Fuel  Cell 
Fuel  Cell electric generation system will consist of a machine 
capable of dispensing  a nominal power of 2 kW. The Fuel 
Cell will be installed inside a standard 40 ' container in a 
properly delimitated area designed to conform 1st degree safety 
features and environment conditions in order to assure an 
optimized  working process of the machines installed inside the 
container itself. 

TECHNICAL  DATA 
Nominal Power  :  2 kW 
Voltage  :   36 VCC 
H2 Inlet Pressure :   2-6 bar 

A piping distribution system will transfer H2 from electrolyzer 
to storage system and then to the Fuel Cell. All pipings are in 
stainless steel . Their size will allow a 2 Nm3/h  Hydrogen flow 
rate in the section between electrolyzer and cylinders and 1,6 
Nm3/h between storage system and Fuel Cell 
The network can be subdivided in 3 tract according to working 

pressures applied : 

1st tract: electrolyzer-compressor , 2-6 bar 

2nd tract : compressor-cylinder-100 bar pressure reducer system 

3rd tract : Pressure reducer system - Fuel Cell 2-6 bar 

I.  CONCLUSIONS 

PURITY 3.0 can be considered both from a functional point of 
view and its single components (electrolyzer, fuel cell, 
compressor...etc) as a recent technology product as market 
presence is concerned and therefore not yet inroduced in final 
user distribution networks. This means that , lacking yet an 
economics of scale, the actual cost of the system may induce to 
evaluate as non-feasible the initial investment required.  It is 
nevertheless evident however, that nowadays pressing need of 
an increased use of alternative energies, is orienting all green 
economy players and government institutions to start with new 
applications. 
PURITY 3.0 is presenting its total virtuosity due to the absolute 
Zero Emission pattern, as well as the proven production 
entirely due to renewable sources such as water and sun. 
Moreover, Purity 3.0 is decreasing the dispersion, typical 
aspect of energy production and distribution , inherent on large 
scale national systems. In fact Purity 3.0 allows H2 storage 
and its subsequent transformation in electric energy that will be 
directly supplied to the site network , satisfying in this way the 
neighbor territorial needs. 
We are allowed to think that, as it happened for Photovoltaic 
panels, the dissemination and further large scale production of 
Purity 3.0 , will result in a relevant cost decrease of the system, 
both in terms of finished plant and its components and parts . 
Purity 3.0 is a self-regenerating system and even the water used 
for the initial process of H2 generation can be condensed  and 
recycled as Fuel Cell working process residual is water steam. 
Purity 3.0 is a Zero impact closed system 
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Abstract Research in the field of bioelectrochemical systems 
(BES) has been addressing the improvement of cost-
effective electrodes materials and their manufacturing 
processes. An emerging class of biogenic materials for 
potential application in BES has been recently proposed, 
based on charcoal. In this work, new composite materials, 
produced by pyrolysis of raw biomass derived from Arundo 
Donax L. plant mixed with terracotta in different 
percentages, were produced and characterized. The 
conductivity, electrocatalytic properties and biocompatible 
characteristics of the new materials were determined 
aiming to their suitable application in BES for nutrient 
recovering from wastewater treatment, in a circular 
economy perspective. 

Index Terms – nutrients recovery, BES, charcoal, wastewater 

I. INTRODUCTION 
In the last decades, research in the field of bioelectrochemical 
systems (BES) has been focusing on cost-effective electrodes 
materials and their manufacturing processes for applications 
such as environment pollution remediation [1]. Typically, 
electrodes for BES are fabricated using conductors based on 
graphite carbon-fibers or metals. However, their high economic 
and environmental costs impede their large-scale applications. 
Addressing the issues of cost and availability, an emerging class 
of biogenic materials for potential application in BES has been 
recently proposed, based on charcoal [1-3]. In continuity with 
those studies, new composite charcoal were experimented in 
this work, produced by a single step pyrolysis of residual 
biomass differently mixed with terracotta. These special and 
suitable charcoals can be largely available at relatively low 

costs and impacts, therefore, it is a great candidate for BES 
systems. The conductivity, electrocatalytic properties and 
biocompatibility of the new composites from raw A. donax L. 
(arundo) were presented here, in comparison with identical ones 
produced from commercial biochar . 
Different percentages (1%, 5%, and 10%) of A. donax L. plant 
residual biomass was mixed with terracotta and then pyrolyzed 
in a single heating step, with the target to create different levels 
of porosity in the composite inducing, consequently, a different 
potential water content and permeability. The pyrolysis of the 
raw material, indeed, makes it porous and at the same time 
conductive (generating graphite-like carbon crystals). 
Electrochemical measurements were previously performed on 
biochar based cathodes in single chamber air breathing 
Microbial fuel cell systems for wastewater treatment [2]. After 
the operation, air-exposed cathodes induced biofouling and 
deposition of salts on the electrode material. By these 
phenomena, organic carbon, nitrogen and other macro- and 
micronutrients, were recovered inside the carbon electrodic 
matrix. Since biochar is widely recognized to act as agricultural 
soil fertility promoter, the recovered nutrients-enriched 
electrodes might be re-used as soil conditioner, in a circular 
economy perspective. 

II. MATERIALS AND METHODS 

Samples of composites were built mixing terracotta and raw A. 
donax L. chippings or charcoal already produced from same 
vegetal. 
All the prepared mixed (terracotta and carbon) materials were 
pyrolyzed at 900°C for one hour under Nitrogen atmosphere. 
Cylindric samples of the composites were produced with 3 
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1% 4mm 0.03 ± 0.1 0.19 ± 0.1 0.47 ± 0.2 

1% 8mm 0.02 ± 0.0  0.18 ± 0.2 0.41 ± 0.3 
1% 12mm 
5% 4mm 
5%  8mm 

5%  12mm 
10% 4mm 
10% 8mm 

0.00 ± 0.0 
0.88 ± 0.2 
1.36 ± 0.2 
2.32 ± 1.4 
5.43 ± 0.2 
6.90 ± 0.2 

0.01 ± 0.0 
1.75 ± 0.2 
2.85 ± 0.1 
6.26 ± 3.9 
16.9 ± 4.1 
19.8 ± 3.3 

0.14 ± 0.2 
2.08 ± 0.3 
2.95 ± 0.7 
8.35 ± 1.0 
25.1 ± 1.1 
26.2 ± 6.3 

10% 12mm 4.70 ± 2.1 12.3 ± 3.6 22.6 ± 5.3 

  
   

  
 

  

   

   
   

 

   
   

 
            

      
   

  

different thickness (4mm, 8mm, 12mm), using the two carbon 
elements: raw arundo (arundo) and biochar with three 
percentages (1%, 5%, 10%). The following analysis were 
performed on the samples: mmaterial electrical resistivity by 
impedance analysis (Start = 0V Stop = 0.5V, Voltage slope = 
0.01V s-1), material water retention by water pressure 
measurements and air/water pressure resistance at 0.5, 1, and 
1.5m of water column. 
Each material was built and tested in triplicate. 

Figure 1. Image of samples characterized by different 
thickness (4, 8, 12 mm), carbon source (arundo or biochar) and 
its gravimetric percentage (1%,  5%, 10%, clay balance) . 

III. RESULTS AND DISCUSSION 

The resistivity of the biochar used to build the composites 
was 39 Ω cm ± 0.013, which resulted quite low, as not much 
different from the resistivity measured on carbon cloth (28 Ω 
cm ± 0.002). 

After pyrolysis, the electrical resistivity of samples measured 
for each composite sample is reported in the Table 1. The 
results indicate a decrease of resistivity of more than two order 
of magnitude for 10% content in the case of arundo composites, 
which performed better that biochar composites. The water 
retention capability of the samples is reported in the Table 2. 
This parameter varied not so much among the samples. 

The Air/water pressure resistances of arundo-composite 
samples at 0.5, 1, and 1.5m of water column are reported in the 
Table 3. 

Table 1. Material electrical resistivity 
Arundo (MΩ cm) Biochar (MΩ cm) 

1% 4mm 45.5 ±  43.5 90.0 ± 18.0 
1% 8mm 76.3 ± 54.0 95.3 ± 45.0 

1% 12mm 76.3 ± 12.0 110 ± 84.0 
5% 4mm 1.16 ± 0.02 10.9 ± 6.0 
5% 8mm 7.06 ± 4.57 15.5 ± 14.1 

5% 12mm 1.05 ± 1.4 21.2 ± 6.0 
10% 4mm 2.89 ± 4.0 19.5 ± 10.3 
10% 8mm 1.51 ± 2.01 5.96 ± 0.37 

10% 12mm 0.45 ± 0.46 31.2 ± 31.5 

This last parameter is  alwise < 0.01 ml h-1 for the biochar-

composite samples and increases of more than two order of 
magnitudes for 10% arundo samples. 

Table 2. Water retention of materials samples 
Arundo (g kg-1) Biochar (g kg-1) 

1% 4mm 194 ± 0.3 181 ± 1.1 
1% 8mm 185 ± 3.1 178 ± 1.6 

1% 12mm 185 ± 4.8 172 ± 4.4 
5% 4mm 283 ± 7.5 198 ± 3.2 
5% 8mm 278 ± 0.3 202 ± 14 

5% 12mm 281 ± 0.3 195 ± 3.2 
10% 4mm 351 ± 8.0 226 ± 3.4 
10% 8mm 350 ± 8.0 215 ± 7.9 

10% 12mm 349 ± 4.0 212 ± 5.2 

Table 3. Air/water pressure resistances of the Arundo 
composite samples at 0.5, 1, and 1.5m of water column. 

ml h-1 0.5m ml h-1 1m ml h-1 1.5m 

IV. CONCLUSION 

The direct pyrolysis of raw biomass mixed with terracotta clay 
produces  suitable composites for BES-system electrodes, 
which better perform than mixed biochar-clay in terms of 
conductivity and water absorption and tetection. Increasing the 
percentage of biomass mixed with clay is possible to decrease 
the electrical resistivity of the materials, suitably improving the 
porous texture of it. 
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Abstract – This paper concerns the development of prototype of a 
new hybrid storage system for a plug in hybrid fuel cell electric 
scooter. The hybrid storage system is composed of a lithium ion 
battery pack fully enclosed in a metal hydride tank. This 
configuration allows to store in a single device hydrogen and electric 
energy. Moreover, it is possible to exploit the endothermic hydrogen 
desorption from metal hydride to perform the thermal management 
of the battery pack during the vehicle operation. A FEM model of 
the whole system was developed in order to evaluate the performance 
of the integration of the proposed hybrid storage system in the 
scooter. 

Index Terms: Plug-in Fuel Cell Electric Scooter, Hybrid storage 
system, Metal hydride, 

I.  NOMENCLATURE 

PFCHEV: Plug in Fuel Cell Hybrid Electric Vehicle 
WLTC: Worldwide Harmonized Light Vehicles Test Cycle 

II. INTRODUCTION 

The transport sector is one of the main contributor to the EU’s 
greenhouse gas emission, accounting for 23% of the total as of 
2016. PFCHEV are regarded as an interesting zero emission 
alternative to common internal combustion engines. Compared 
to conventional Fuel Cell vehicles, PFCHEVs are more fuel 
efficient due to the optimization of the fuel cell operation and the 
higher recovery of kinetic energy during braking. The relatively 
small battery pack needed (when compared to pure EVs) can be 
charged with no need of supercharger infrastructure and the short 
everyday drives, that account for the majority of a vehicle 
utilization, can be covered only using cheaper electric energy [1]. 
The Fuel Cell can ensure the required range and the compressed 
hydrogen tanks allow for a quick fueling solution. The battery 
thermal management in such vehicles can be quite difficult; in 
fact, the battery experiences more severe thermal stress than EV 
since it generally undergoes higher C-rates and it has lower 

thermal capacity. The scope of this work is to evaluate a new 
concept for an energy storage system specifically designed for a 
Plug-in Fuel Cell electric scooter that is composed of a metal 
hydride tank fully integrated in a lithium-ion battery pack. This 
design allows performing the thermal management of the battery 
pack using the endothermic desorption of hydrogen from the 
metal hydride-forming alloy. 

III. SCOOTER POWER UNIT AND HYBRID STORAGE SYSTEM 
INTEGRATION 

The scooter power unit has to feed a 2kW electric motor and 
is composed of a 1kW fuel cell stack and a 48V 12Ah lithium-
ion battery pack, and it is part of the hybrid storage system. A 
DC/DC converter adjusts the fuel cell voltage and regulates its 
power output. The main hydrogen storage system is composed 
of 5 metal hydride cartridges for a total of 150g of hydrogen and 
of the secondary metal hydride tank enclosed in the hybrid 
storage system that contains 40 additional grams. 

Fig. 1.  Power unit configuration 

The cartridges are positioned in front of the fuel cell fans, 
which act as air feeding and cooling system, in order to exploit 
the waste heat to promote the hydrogen desorption process. 
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The secondary metal hydride tank is directly connected to the 
cartridges, as shown in Figure 1. In this way, if the battery pack 
temperature rises, the hydrogen desorption is favored in the 
secondary metal hydride tank with respect to the cartridges, 
cooling the pack. On the contrary, when the temperature of the 
battery pack is low and does not need cooling, the cartridges will 
desorb more hydrogen. The FEM model developed aims to 
verify whether the integration of the hybrid energy storage 
device with the scooter power unit and the on-board hydrogen 
storage system as proposed, represents a feasible solution to be 
used in lightweight vehicles to improve the battery pack 
performance and the range. 

IV.  SYSTEM SIMULATION 

A 2D COMSOL model of the system was developed. Only 
the model of one cartridge and of a quarter of hybrid storage 
system were realized. During the coupling of the two sub-models 
appropriate corrections were made for the hydrogen fluxes. 

The power sharing strategy between the fuel cell and the 
battery pack was assumed from [2]. The power needed by the 
motor was estimated from a WLTC Class 1 for vehicles with 
power to weight ratio lower than 22 W/kg, as described in [2]. It 
was decided to repeat the cycle for 7 times, for a total simulation 
time of around 2 hours. The metal hydride alloy belongs to the 
TiMn family and it is produced by Gesellsclhaft für 
Elektrometallurgie (GfE). The model of the hydrogen desorption 
was developed and validated in [3]. 

Table 1 shows some of the simulation parameters. 

TABLE I 
TIMES NEW ROMAN TYPE SIZES AND STYLES FOR EFC2017 

Parameter Unit Value 
Convective heat exchange air- cartridge W/m2 25 

Fuel cell air temperature K 308 
Plastic holder thermal conductivity W/(mK) 0.6 

Battery cell internal resistance Ω 0.06 
Initial temperature K 293 

Initial hydrogen concentration % 1.5 
Average fuel cell hydrogen request mol/min 0.36 
Average battery cell thermal power 

production W 0.3 

V. SIMULATION RESULTS 

Figure 2 and 3 shows the temperature distribution in the 
hybrid storage system and in the metal hydride cartridge at the 
end of the simulation. The temperature is the battery cell is kept 
within an acceptable range by the hydrogen desorption in the 
metal hydride alloy. At the same time, the cartridges and the 
hybrid storage system are able to provide the hydrogen needed 
by the fuel cell stack. 

Fig. 2.  Temperature distribution in the metal hydride cartridge at the end of 
simulation time 

Fig. 3.  Temperature distribution in the hybrid storage system at the end of the 
simulation time 

VI. CONCLUSION 

This work proposes and evaluates using a FEM model the 
integration of a hybrid energy storage system on a Plug-in Fuel 
cell electric scooter, during a typical operation cycle. The hybrid 
storage system is composed by a metal hydride tank in thermal 
contact with a lithium-ion battery pack, in order to exploit the 
endothermic hydrogen desorption process to control the 
temperature of the battery pack. The main hydrogen storage 
system on the scooter is composed by 5 metal hydride cartridges 
able to store around 150g of hydrogen, which is added 40g 
contained in the hybrid storage system. The simulation results 
show that through simple connection of the hybrid storage 
system to the cartridges it is possible to ensure a good operation 
of the system, since the temperature of the battery pack is kept 
into an acceptable range and the fuel cell hydrogen request is 
satisfied. 
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Abstract - The fuel cell-electric drive system is an attractive 
technology for a sustainable mobility with zero emissions. Hybrid fuel 
cell battery powertrain configurations in particular are gaining more 
and more attention thanks to the advantages they offer in terms of fuel 
cell downsizing. Such a solution usually implies the presence of 
several DC/DC converters to be able to perform the power sharing 
between fuel cell and battery pack. In this work, a fuel cell battery 
passive hybrid powertrain is proposed. This configuration eliminates 
the need for costly DC/DC converters. The power sharing is regulated 
directly coupling the voltages of the fuel cell and of the battery pack. 
 

Index Terms – Plug-in Fuel Cell Electric Vehicles, Hybrid 
powertrain 

I.  NOMENCLATURE 

FCEV- Fuel Cell Electric Vehicles 
PFCEV- Plug-in Fuel Cell Electric Vehicles 
LT-PEM Low Temperature Proton Exchange Membrane 
WLTC- Worldwide harmonized Light-duty vehicles Test 
Cycles.  
OCV- Open Circuit Voltage  

II.  INTRODUCTION 

     Fuel cell electric vehicles have been proposed as a fully 
sustainable solution for the mobility. Fast charging, lightweight 
vehicles and high range can be obtained from the adoption of 
fuel cell in powertrains. However, pure FCEV have a limited 
market penetration due to the lack of hydrogen refueling stations 
and high costs of the fuel cell system. PFCEVs have been 
proposed since they can reduce the cost of the system and 
increase the overall performance reducing the need for a 
widespread fueling infrastructure [1]. On the other hand, most of 
the solutions presented in literature uses expensive and complex 
power electronics to control the power sharing and to couple the 
battery pack and the fuel cell stack, decreasing the system overall 
efficiency and increasing cost and complexity. The authors here 

present a plug-in fuel cell power unit architecture specifically 
designed for lightweight vehicles that avoids power converters 
and directly couples the battery pack and the fuel cell stack. 

III.  EXPERIMENTAL SETUP 

The powertrain developed in this work is composed of:  
 Five fuel cells connected in series, Horizon 500W 

LT-PEM.  
 Two resistors (9 Ω each) 
 72V battery pack, LiFePO4 

 
The architecture is presented in Figure 1. Electrical coupling 

of the two subsystem of the powertrain was made possible 
through a system of resistors that reduce the voltage of the fuel 
cell stack to make it compatible with the battery pack one.  

 

 
Fig. 1.  Power unit schematics 

 
To test the performance of the power unit a 2.6 kW electronic 

load was used to simulate the electric motor power request 
during an urban cycle (WLTC) for a lightweight electric vehicle, 
as showed in [2].  
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IV.  EXPERIMENTAL RESULTS 

A. Power Unit Start-Up 
Figure 2 shows the voltage of the battery and of the fuel cell 

stack. Initially, at OCV, the fuel cell stack voltage is much higher 
than the battery pack one, and a direct connection would result 
in current spikes that could damage the battery pack and the fuel 
cells. For that reason, fuel cell stack is connected to two-
resistance bench that brings the stack voltage closer to the battery 
pack one. At this point, the resistance benches are disconnected 
and the normal operation can begin. 

Fig. 2.  Voltage profiles during the power unit start-up 

B. Standard system operation 
Once the start-up is completed the system evolves freely. The 

voltage at load node is the same for the battery pack and the fuel 
cell stack. The power sharing between the two components is a 
function of their polarization curves: the operative point is 
defined by the intersection between the two curves. Since the 
battery polarization curve depends on its SOC, at lower SOC will 
correspond a higher fuel cell stack current. In this way the power 
unit is able to self-regulate the power sharing increasing the fuel 
cell stack contribute when the battery charge is low. 

Fig. 3.  Power sharing between battery pack and Fuel cell stack during the 
WLTC 

C. Power Unit Shut-Down 
Before shutting down the fuel cell stack, the same operations 
describer for start-up is performed, only in reverse order: at first 
the two resistance benches are connecter, then the battery is 
disconnected, and finally the resistance benches are 
disconnected, and the fuel cell stack returns to OCV 

Fig. 4.  Voltage profiles during the power unit shutdown phases 

V. CONCLUSION 

The presented power unit architecture allows to couple the 
battery pack and the fuel cell stack without power converter. The 
power sharing between the fuel cell and the battery pack is 
ensured by the characteristics of the two subsystems and .This 
solution is simple and cheap but at the same time capable of high 
overall efficiency. These features make it particularly suitable for 
application in lightweight vehicles. 
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