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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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DESIGN AND DEVELOPMENT OF A H2 PRODUCTION SYSTEM BASED ON SOLID
OXIDE ELECTROLYSIS TECHNOLOGY

David Abad*, Jos¢ Maria Olavarricta®, Emilio Nicto*, Fernando Vega *#, Benito Navarrete**, Francesca
Ferrara®#*
*National Hydrogen Center, Puertollano (Ciudad Real), Spain
##(Chemical and Enviromental Enginecring Depariment, School of Enginecring, University of Seville, (Seville),
Spain
### Sotacarbo SpA. Grande Miniera di Serbariu, Carbonia, Italy

Abstract - The scope of this work extends to the design and
development of a H; pilot plant which is coupled to a Power
to Liguid system to produce clean fuels. This facility involves
the BoP and its integration with the SOEC stack. Technical
specifications must be based on parameters such as a SOEC
power of 1M W, high operating temperature (above 800=C)
and the ability to reach high pressures.

Increasing pressure from atmospheric levels to 60bar,
represents the bigoest challenge from the BoP engincering
point of view. SOEC stacks operate optimally onder
atmospheric pressure. At the same time, specific pressure
conditions must be obtained at the outlet of the system.

For this purpose. detailed cngineering has been developed,
including mass and cnergy balances, PFD diagram and 3D
construction drawing.

Index Terms — hydrogen production, selid oxide efectrolysis
systen, high temperature electrolyzer, test bench.

l. NOMENCLATURE
BoP: Balance ol plant
SOEC: Solid oxide electrolysis cells
PFD: Process and flow diagram

1T, INTRODUCTION

SOEC is the most promising solution for efficient and
cosl=¢ffective Hx production and  storagere-use, This
technology demands heat and eleciricity, and offers the
possibility to work in a reversible way and in CO-
clectrolysis mode | 1].

Most of SOEC development efforts are focused on
finding optimal materials to avoid thermal degradation and
on developing predictive mathematical models of their

performance. Nevertheless, few studies are concentrating
on improving the integration of the stack within the BoP.

11, METHODS

A, Pilot plami technical requiremenis

The pilot plant designed aims at H: by using SOEC
{non-mature technology) with specific outlet conditions for
coupling 10 a methanol synthesis reactor, such as: gas
pressure of 30 bar,, ambient temperature and compleiely
dry and constant H: gas flow up to 0,5 Nl/min. In addition,
the pilot plant must be able (o sell=supply the H: produced
for the corrcct operation of the stack. Being a wheeled
structure, it can be moved for the H: to be used in other
appheations in different laboratorics.

B. Design considerations {2}, |3}

- SOEC 1echnology must work at high temperature,
and the gas flow speed must be low enough so that the
residence time in the piping gets extended. The motivation
is nol only o inerease the tlemperature before and during
the stage of H: production, but also at the siage of cooling
down and drying the gas when it leaves the electrolyzer.

- Due 1o the high operaiing lemperature, il is noi
feasible to work in repeated start/siop cycles, so the plant
must work continuously for al least a long period of time
and be able 1o siore cnough H: so as 1o make the
elecirolysis system independent of the methanol synthesis
syslem,

- Air is used as sweep gas and as a thermal
manager. An operation in approximately thermo-neuiral
regime s expecled.

Copyright © 2019
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H: outlei has very high temperature and humidity
ratie, so appropriate devices to cooling down and drying
must be implemented.

- H: leaves the stack around atmospheric pressure
and low gas Mow. According Lo the technical requirements,
the final pressure must reach at least 30 bar, so
compression stages must be included. It should be noted
that, commercial Ha compressors capable of reaching this
pressure need to start operating from 1 bar,, so an

additional compression step (pump) must be provided. Hs
is then stored at 60 bar, to increase storage.

Aller considering the above, the conceplual, basic and
detailed engineering was carried oul, obtaining the
following results.

IV, RESULTS

. Pilot plant description

Figure 1, Table 1 and Table 2 shows a Mow and process
diagram (PFD), main equipment and main technical
specilications of stack, respectively,
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Fig. 1. SOEC system PFD)
TABLEIL MAIN EQUIPMENTS
CEM (Controller Evaporator Mixer) SOLEC stack IV, Usirs
T baitier: onized wat d
Furnoce i N:\midﬂé:;?ﬂ st Cias flow ML'min Voltage v
Pump Electrical Boaster :ﬂml:!;mg A5 pressure barg Current density A.-'{:|11:|-
, - Working gas lemperalure o7 Power W
Hean exchangers with fan Conlescence amd desiccant [llers

FABLE 1 MAIN OPERATHRNAL CONDITIONS INVOLVED IN STACK

V. CONCLUSIONS
CNH: is able to design different SOEC system, in order to

meel multiple requirements and operating conditions of cach

of the devices, so they can work as a pari of a larger sysiem.

BEFCERENCES
[1] M. Preminger, J. Wunm, V. Subotié, R Schauperl, and C.

2/steam inlel | Adr inlel H; vutlel Oxvpen outlel

Cias [low 1m—12 20— 30 10—12 5—6
Pressure 0.3 -1 0,51 051 051
Temperalure 100 - 120 20~ 25 SO0 - 900 200 - 900
Expected cell | ~1,2 | Nomanal 0.5 Temperature B0
vollage current

density
Power 870 | Pressure atmosphenc

Hochenaver, *Perlformance characterization of a solid oxide cell

0. Pilot plant 312 design

A 3D design of the SOEC electrolyzer system has been
developed as a template used for the definitive configuration of
the plant,

stack with chromium-based interconnects (CFY),™ far. 1 H2
Energy, vol. 42, no. 48, pp. 28633-28064, 2017,

A. Electrolyser, H. Production, and R. I, Sources, “Specification
and preliminary design of demonstrator,” no. 256755, 2014,

I E O "Brien, X. Zhang, G. K, Housley, K. Dewall, 1., Moore-
Mcateer, and . Tao, “High Temperature Electrolysis
Pressurized Experiment Design, Operation and Results”ldaho
National Laboratory, September, p. 15, 2012,
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A REDUCED ORDER MODEL OF PROTON CONDUCTING SOLID OXIDE FUEL
CELL: APROPOSAL

J. Milewski
Faculty of Power and Aeronautical Engineering, Warsaw University
of Technology, Institute of Heat Engineering, 21/25 Nowowiegjska
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 modeing the voltage of H+SOFC.
Electrochemical, thermal, electrical and flow parameters are
collected in an 0-D mathematical model. The aim isto 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 acrossrelatively wide ranges of parameters. A distinction
is made between design-point and off-design oper ation.

Index Terms - Fud cells; Proton-conducting SOFC; Numerical
modeling.

|. INTRODUCTION

Mathematical modeling is now the basic method for analyzing
fuel cells[1] and most often a zero-dimensional approach isused
for modeling the H*SOFC . Generaly 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 asingle 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
electronstransported 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:

L'HIZI\Z =1 tmax " T

Eyisorc = — :
HTSOFC :_:_ ] tl _ ”-' < (1)

The meaning of the used variables are aso 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.

Dt Cuvae (D]

Hy == ' - iy
= | i
- 3
i
: i
o
Hy 2 - Hao
L]
Ao l Cathoge
Elatrdiyia

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

The way to calculate the partial pressure especialy at cathode
isalso 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/cm? was determined.

The generation of water vapor on the cathode side increases
the hydrogen partial pressure. Therefore, overal 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

Copyright © 2019
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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

1. 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
0 -design operation). For instance, the parameter imax for data
taken from [6] is 4.88 A/cm?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 Alcm? (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.

REFERENCES
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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 Micé*, and
Joaquin Juan*
*Asociacion de Investigacion 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 °C.

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

[. 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 (LIFEI5
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
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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 H,
produced is currently unused.

II. 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 °C in the inlet cathode and 450 °C 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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Abstract - Balance of plant costs have risen in importance with
decreasing  fuel cell stack costs. In addition to further cost
reductions of stacks intensive attention is therefore focused on
cheaper system components amid materials. So far high quality
components and materials have been used to minimize negative
impact on  performance and durability. To include cheaper
materials in fuel cell systems their harmfulness has to be validated.
In order to achieve this target, a test chamber has been developed
for testing different materials regarding suitability in fuel cell
svitems. The test chamber filled with material samples is
integrated upstream of a test fuel cell, so that material outgassing
is led direetly to the cell. The functionality of the test chamber was
successfully tested by performing tests with two peroxide cross-
linked ethylene propylene dicne monomer (EPDM).

Index Termys — fuel cell system, guality tests, darability, EPDM

I INTRODUCTION

Beside degradation effects due 1o operating conditions
external supplied contaminants originated from air, fuel or
system materials could also have a negative effect on the
performance and lifetime of a fuel cell. With a view 1o series
production and high price pressure on fuel cell systems,
however, significanily cheaper system componenis will have (o
be used in the future, Nevertheless, quality must be guaranteed
in order to achieve the required durability.

Exemplary the National Renewable Energy Laboratory
(NREL) has invested a lot of work in the field of researching
materials for suitability in fuel cell systems system [1-3]. An
extensive database was created, which, however, was notl
maintained afier the project activities had expired.

So far there is no standardized test method that can
determine the suitability of materials for fuel cell sysiems. In a
joint research project (German BMWi funded) Volkswagen
AG, SGS INSTITUT FRESENIUS GmbH and ZBT GmbH are

developing uniform test methods for the qualification of new

materials for fuel cell applications.

ZBT focusses on the development of standardived test
methods with a test chamber for inssitu analvses. The 1est
chamber is integrated upsiream of the anode or cathode inlet of
a test fuel cell and can be flowed through with different gases
(air, Ha) at different temperatures, pressures and relative
humidity. The structure of the rack mside the chamber enables
the stacking of a significam number of material samples 1o
overflow a large sample surface with gas, Fig, 1.
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Fig. 1, Test sctup with test chamber on the cathode side

If harmful substances are emitted within the chamber, the
mfluence on the fuel cell can be determuned. Electrochemical
measuring methods are uwsed for the determination of the
contamination mechanisms,

Due 1o the large surface arca of material samples in relation
o the small active area of the membrane electrode assembly
(MEA), the procedure can be used as a rapid test for material
suitability.

I1. EXPERIMENT

In a first 1est series two peroxide cross-linked EPDMs and
their effect on the test cell were compared. The technical
designations of the EPDMs are E628 and E9614. The materials
differ only marginally in terms of density, shore hardness, and
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other characteristics. 27 material samples were placed in the
chamber. Tests were performed a1 cathode side. The
temperature in the chamber was 90 °C, while the test fuel cell
was operated at 80 °C. Current density during all tests was
I.4 A ci? at an absolute pressure of 2 bar and a cathode dew
point of 65 “C. All tests started with a MEA characteristic and a
25 h operation in bypass to detenmine reference degradation,
followed by 25 h test with the integrated chamber, Aflerwards,
the fuel cell was again operated lor 25 hours in bypass mode o
identify the possibility of regencration,

L. RESULTS AND DISCUSSION

In advance ol each matenal test a reference measurement ol
the chamber without any sample content was carried oul in
order (o determine the basic degradation. A new MEA was used
for each experiment. Figure 2 displays a comparison of EPDM
E628 and E9014 within first 240 minutes in the test chamber.
The course of the cell voltage due to the outgassing of the
materials is shown,

HiM
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e ©rmnites

—EPDM EG2E periride cross-linked 27 somples
=PI 9614 perosnde cross<lmked 27 samples

Fig. 2. Voltage course of test fuel cell during EPDM material outgassing
in test chamber

Although both materials have almost identical properties, the
fuel cell is much more sensitive to E9614. Nevertheless,
considerable voliage losses occur due 10 both materials. One
reason for these resulis is the extremely large exposed surface
of the wested materials compared to the small active area of the
MEA. In subsequent regeneration with bypass mode a complete
recovery of the test cell was unexpectedly achieved afier
contamination with E9614, In comtrast, the cell voltage was
permanently reduced afler oulgassing of E628.

The results of the in-silu investigations with the test chamber
are compared with parallel ex-situ analyses performed by SGS.
The main degassing product of both EPDM materials was a 4-
pvridone, which is an organic compound with the molecular
formula C:HsNO. It belongs o the group of pyridones.
However, a large number of other volatile hydrocarbons have
been identified using ex-situ methods, which differ depending
on the EPDM and may have a negative influence on the cell,

The first test series indicated that the number of samples was

tee high. Accordingly, the test was repeated with E62Z8 using
only three material samples. Fig. 3 displays the vollage course
by operating the chamber with different number of test samples,
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Fig. 3, Companson of voltage loss due to diflferent number of EG28 samples
1n test chamber

It was possible 1o determine a direct connection between the
surface size of the test material and voltage loss of the test cell,
Further investigations and the wansfer of the resulls fo
components in real fuel cell applications are necessary.

IV, CoNCLUSION

The development and verification of an in-situ test chamber
lo investigate materials for suitability in fuel cell sysiems has
been successfully implemented. Since the investigations showed
that nearly identical materials cmitted differemt  volatile
hydrocarbons, the development of a new chamber is focused on
an additional investigation on additives, In addition, the new
chamber can be constructed much more compactly on the basis
of the first results, as a smaller number of samples is needed.
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Abstract - In this work, an innovative solution under
development in the DB-SOFC project to produce electrical power
from a SOFC stack feed by syngas obtained from the gasification
of residual biomass inside the stack is presented. Firstly, the CFD
model of a single SOFC tubular cell was developed. Secondly, the
model was applied to simulate the operation of a 25-cells stack feed
by syngas in two different configurations (square, circular) and
with two different cooling systems (air, water). The results show
the squared stack cooled by air is able to reach the 200 W target
power of the project. The circular stack configuration provides
lower power in all the investigated conditions because of the
difficult management of the current collection of the cells that have
different current outputs, limiting the total current inside the
stack, demonstrating the higher potential of a squared
configuration.

Index Terms — biomass, CFD model, SOFC, stack

1. INTRODUCTION

Among the technologies and the possible energy sources, the
coupling of fuel cells and biomass is becoming interesting,
considering the high electrical efficiency of fuel cells and the
low environmental impact of biomass. The potentiality in the
Mediterranean area of exploiting residues from the cultivation
of olives and grapes was assessed in the DB-SOFC project,
investigating the possibility of directly gasifying the biomass in
a SOFC stack made of tubular cells, with the target of realizing
a 200 W stack — schematic shown in Figure 1 — able to operate
with pre-treated biomass as input. The cells are YSZ-electrolyte
supported with a length of 16 cm, designed to reach a target
power of 8 W each, being 25 cells the target number for a stack.
To assess the feasibility of the system, a CFD model of the
single cell operating with biomass-derived syngas has been
developed and different stack configuration have been analyzed

ﬂ

to verify the possibility to reach the 200 W target of the stack.

Fig. 1. Schematic of direct-biomass stack concept

II. METHODS

The CFD models of the tubular SOFC cell and stack have
been developed using Comsol Multiphysics™. Firstly, the axial
symmetrical 2D model of the cell has been implemented, using
an electrochemical model based on equilibrium potentials at the
electrodes, Ohm’s law for ions conduction in the electrolyte and
a linearized Butler-Volmer equation adopted to estimate the
activation overvoltages, with a fixed cathodic potential set to
0.7 V as operating voltage. An advection-diffusion equation
combined with Fick’s law has been implemented for modeling
the flow and transport of species in flow channels. The
electrodes have been assumed to be dimensionless, thus as
boundary layers on the electrolyte. The energy conservation has
been imposed in the simulated domains, taking into account the
heat sources related to electrochemical reactions, overpotentials
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and the heat of reaction of steam methane reforming and water
gas shift occurring in the syngas flow at the anode of the cell
[1]. The operation of the cell has been simulated with syngas
derived by the gasification of biomass pre-heated at 800°C (dry
composition in volume: CO, 54%, CO 44.8%, CH, 0.01%, H,
1.19%). After the single cell, simulations have been performed
modeling the stack in squared and circular (rhombic shaped)
configurations with two different types of cooling system at the
top of cell, one based on water and the other with air. The
squared stack is composed by a 5x5 matrix of cells (distance
between the centers of them of 5 cm). The circular geometry of
the stack has been build distributing the cell on a dimeter of
around 35 cm.

squared stack circular stack

input [ N N N N input ...
biomass . . . o0 biomass 29 @
BEXEXX) L) 0,9,2.0,°
o090 000 .....
o0 000 @

Fig. 2. Stack configurations

Subsequently, it has been estimated the power output of the
stacks introducing three different inlet syngas temperature
distributions (linear) along the stack, decreasing from the
biomass inlet to gas outlet (ie., left to right in Figure 1).
Connection between the cells has been done by putting in series
cells with similar generated current, which are the column cells
for the square stack configuration that operates exactly in the
same conditions.

III. RESULTS

The single cell simulation under isothermal conditions (800
°C) shows that the cell is able to produce 8.66 W at 0.7 V with
the selected syngas. The simulation has been repeated in non-
isothermal conditions by considering the same syngas input at
800 °C, with both air and water cooling. The cell cooled by
water could provide 11.57 W, instead the air cooled cell is able
to generate 12.63 W, in both cases above the fixed target of
reaching 8 W per cell at 800°C. The analysis of temperature
inside the model highlighted that with the water cooling system
the maximum temperature is slightly lower than in the case of
the air one, but the top zone of the cell is thermally inhibited
and could be subjected to degradation due to low temperature
and thermal gradients with the bottom part of the cell. For this
reason, an air-cooled option is selected.

The stack simulations have been performed with three different
linear temperature distributions for the inlet syngas (850-700°C,
800-700°C, 800-650°C) for the squared and circular
configurations. The results in term of total stack output power

(at 0.7 V) are shown in Table I for the two stack configurations,
showing always a higher output for the squared stack. The
simulations highlighted that a circular stack is limited by the
connection in series of cells with different current outputs, while
in the square configuration a row of cells has the same current
as it can operate in the same conditions even in the presence of
an inhomogeneous temperature of the inlet syngas. The power
output for each cell in a row of the squared stack is shown in
Figure 3. The power decreases with the temperature as
expected, as the temperature has a strong influence especially
on the ohmic losses, as the cell is electrolyte-supported.

Electrical power (W)
o

o] 0,05 0,1 0,15 0,2 0,25
Cell position {m)
—8—3800-650 —@—800-700 800 - 750

Fig. 3. Power distribution of air-cooled stack (squared, 0.7 V each cell)

TABLE I. STACK POWER OUTPUT

Tem'perature profile Squared stack | Circular stack
(inlet syngas)
800 °C — 750 °C 219 W 204 W
800 °C — 700 °C 171 W 141 W
800 °C — 650 °C 142 W 106 W

IV. CONCLUSION

The CFD simulation of the syngas-fed tubular cell showed
that at 800°C it is possible to reach and go above the 8 W of
power output target. The results also showed that a water
cooling system is not feasible because the temperature on the
top of the cell becomes too small for a SOFC and that an air-
cooling system is even more performing. The complete stack
simulations highlighted that a circular stack is limited by the
inhomogeneity of currents, while a squared stack is able to
overcome this issue and achieve and higher power output. In
future works, the validation of the temperature distribution
inside the stacks, the effects of carbon deposition and inhibition
of the cells due to the solid biomass will be investigated.
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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

L.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 =
[CO; from fuel usage]/ [Natural CO, Circulation] (1)

EIF of Hydrogen =
[H20 from H; 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 °C 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.
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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 Ti.NbyO, +Ti407 was over
1.1 V vs. RHE at 80 °C [5]. No degradation of the ORR

performance of TixNb,O, + TisO; 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.

[. 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
Jilich 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 kWy,. 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 kWu. 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 kW, fuel cell systems, whereas the
sixth generation for up to 10 kW.. 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].

II. 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
approximately 30 min, as the desired reformate quality
(<1vol.%) 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,
Ha and CO: 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.

Building on the findings with this system, a further fuel
processor in the 10 kW, 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

less than 1 vol.% during load change experiments based on pre-
defined load levels for a period of 1.5h. 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.

Fig. 2. Selected temperatures in the fuel processor and concentrations of CO, Hz
and CO: 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
developed in Jiilich, 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 Percepcion y Aceptacién Puablica de las
Tecnologias del Hidrégeno. 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.

Il. 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.

I1l. 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).

Il. 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 (-SO3zH), which are responsible for its high proton

conductivity (> 0.1 S cm™®) 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.

I1l. 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™?)
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 (Ci5Ho02No01S0030), which has been
roughly estimated from the elemental analysis of the
commercial dispersion.

1V. 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=0 (1143-1153 cm™) and S-
O (870-880 cm™) 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) and to less stable oxygenated
functions (981 cm™), such as lactols and peroxides.
Along with the appearance of the stretching mode (1580
cm?l) of C=C bonds in sp? 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=0
(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(NQOs), 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* for SGO-X membranes,
almost twice the one measured for a reference sample of
Nafion® 212 (about 0.7 meq g?). 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 — The catalysts free from both platinum group metals
and carbon supports are attractive for the wse in polyvmer
electrolvie fuel cell cathodes. Carbon support firee titanium oxide
hased catalvsts have suffered from the low activity. Recent attempts
to ¢nhance the activity by doping a new clement, phosphor, will be
presented at the meeting.

Non-platinam  catalyst, Oxygen Reduction Reaction, PEFC,
Tirania

. INTRODUCTION

Polyvmer electrolyle fuel cells (PEFCs) have been expected lo
replace nlermal combustion engines in velicles which operale
over 300 miles or carry high loads ol buses and tracks |1].
Despite the worldwide trend to regulate vehicle emissions, the
widespread use of PEFC-powered vehicles has not yet been
recorded,

The rate for oxygen reduction reaction (ORR) at the cathode
is much slower than that for hydrogen oxidation reaction (HOR)
at the anode and currently ca. 4 times larger amount of platinum
group metals (PGMs) 15 needed at the cathode [2]. As a result,
the usage of high cost and scarce PGMs in PEFCs is still one
order of magniiude larger than conventional imernal combustion
engines [3] and thus the reduction of PGMs is urgently needed
for the widespread use of PEFCs. Besides, carbon supporis lor
the PGM catalysts are casily oxadized during the start-up/shut-
down of the vehicles. Non carbon supports are also needed o
decrease the cost of automotive PEFCs.

The highly oxidative conditions of PEFC cathodes, i.c.. (i) the
strong acidity in which pH is less than 1 [4], (ii) high operating
voltage between 0.6 and 1.0V |5], and (iii) low operating
temperature (typically ~353 K [5]). have limited the choice of

non-PGM catalyst types. We developed a new non-PGM catalyst,

nitrogen-doped rutile Ti0; covered on conductive nitride, TiN in
the last three years, The activity has been enhanced by replacing
the carbon black support [6] 1o TisO7 fiber | 7], and even without
using supports [8]. However, the maximum activity was still
lower than the state-of-the-art non PGM catalyst, so-called
Fe/MNAC whose volume is mostly graphitic carbon with abundant
micro pores, One of the reasons was the lower surface area when
compared with that of Fe/N/C and thus high catalyst loading, 2.0
mg cm was necessary even for the half cell tests to form
catalyst layers without “catalyst islands”, To enlarge the surlface
arca and 1o reduce the catalysi loading, a new clement, phosphor
was doped into the carbon-suppori-free nitrogen-doped nutile
TiO: catalysts recently [9]. The mass activity has been
suceessiully mmproved by a factor of two with reduced catalyst
loading, 0.86 mg cm * owing to the phosphor doping.

In this study, some attempis have been made to further
enhance the activity of recently developed phosphor and
nitrogen codoped rutile TiO; catalysts,

Il. EXPERIMENTS

The carbon-suppori-free  TiO: based catalysis were
synthesized using a recently developed facile combustion
method [9] with some modifications imcluding using a new
precursor, introducing the new mixing method eic. The obiained
catalysts were characterized using field emission scanning
electron microscopy (FE-3EM), transmission electron
microscopy (TEM), X-ray diffraction (XRD) analyses, Raman
speciroscopy and X-ray photoclectron speciroscopy (XPS). The
activity and sclectivity were evaluated in 0.1 mol dm* H.50,
solution.
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L. RESULTS

The Raman and XP specira mdicate that the surface was rutile
Ti0; doped with pentavalent phosphor and nitrogen atoms, The
activity has been successfully enhanced by increasing the surface
phosphor content when compared with the previously best
catalysts [9]. The chemical states of surface titanium and
nitrogen atoms did not change signilficantly, which indicate that
phosphor atoms played an importani role 1o increase the activity.

IV, CONCLUSION
The low activity, which is critical 1o use oxide-based catalysis
has been improved without using carbon supports, which should
degrade the performance during start-up/shut-down of the cell.
The mechanism will be presented al the conlerence,
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Abstract — In this study, the behaviour of a small-scale hybrid
encrgy svstem is predicted by means of a developed calculation
model. In more detail, the experimental sctup consists  of
photovoltaic  panels, batteries and an  electrolyzer; the
mathematical sub-maodels for cach device are provided. These sub-
models have been validated by means of experimental data,
recorded during laboratory tests. The results show that each sub-
model reproduces very well the experimental data and then the
whole syvstem model can be applied to identify the optimal
management strategy of a solar-to-hydrogen micro-scale system.

Index Terms — photovoltaic; hydrogen; battery; experimental
setup.

I INTRODUCTION

The smudy analyses a micro-scale hybrid
photovoltaic/battery/hydrogen system, installed at the “micro-
grid and storage” laboratory test facility of the University of
Bologna. The main components of the analyzed integrated
system are photovoliaic (PV) panels, batteries and an
elecirolyzer. This paper represents a prosecution of Author’s
previous siudy [1], in which the system experimental
arrangement was described in detail, and the aim is to model
the components in order to simulate the behavior of the whole
system. To this purpose, literature models for the PV panels and
the batteries are here used, adapted to the system and integrated
wilh experimenial data: the clecirolyzer, msicad, is modelled
dirgetly wsing experimental data recorded during laboratory
lests,

11, COMPONENTS SUB-MODEL DESCRIFITON AND RESULTS OF
THE VALIDATION

Fig 1 shows the block diagram of the whole system model. It
is made up of three main sub-systems that will be described in
the following paragraphs: the PV sub-model (vellow block), the
battery sub-model (green block) and the electrolyzer sub-model
{blue block).
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Fig. 1. Block diagram of the whale system model.

A PV panels

A mathematical model that describes the behaviour of a PY
panel has 1o take into account the performances varialion
caused by changes in operating conditions. The main
paramelers aflecting the PV panel performances are the solar
radiation and the module 1emperature, besides the operating
voliage and the clectric current. The sub-model emploved in
this paper is described in [2]. This PV model is based on data
commonly available on the PV panel datasheet and it can be
applied to any solar module. Fig. 2 shows the electric current
production of the PV panels with respect to the cell voltage.
The values obtained from the sub-model (red dots in Fig. 2)
properly fit the experimental values (black dots in Fig. 2),

B. Batreries

The sub-model chosen to simulate the battery behaviour is
described in [3]. It is a semi-empirical model which has been
calibrated and adapted by means of available experimental data.
As the model is based on the dependence of the batiery voliage
on the input or outpul eleciric current, targeted laboralory lesis
have been carried oul, aimed at identifying the charging and
discharging curves.
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Fig. 2. Flectric curvent produced by the PV panels with respect o the cell
voltage ax a fimction of the cell temperaire.

The comparison between the experimental data and the
calibrated models, is shown in Fig. 3. The discharging model is
in good agreement with the experimental data in the batery
operating field, showing a maximum error equal 1o 1.48 %
Also the charging phase shows a good agreement between the
experimental data and the model, with a maximum error equal
to 1.51 %,

Wakage [V
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wiskage (]
]

e i e
W @ W m M o W En
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Wmke of Chmrge [
Fig. 3. Compunison between experimental data (in black) md model (in red):
(a) discharging phase, (b) charging phase.

C. Llectrolvzer

In order 1o reproduce the clectrolvzer behaviour within the
syslem, lwo possible operating sirategics have been considered:
(1) fixed-voliage mode and (2) variable-voliage mode. In the
first case a constant input voltage feeds the electrolyzer, while
in the sccond case the electrolyzer 1s able 1o work within a
vollage supply range. Several experimental lests have been
carried out in order 1o characterize the clectrolyrer when
operated in the two modes in its operating field (from [20 W up
to 200 W). The results of the test campaign are shown in Fig. 4.
It can be observed that even il the elMiciency should be almost
consiant with a constant input voliage (Fig. 4a), there's a slight
variation duc to the micro-scale of the device. In variable-
voltage mode (Fig. 4b), instead, the efficiency varies from a
value of about 0.50 (for an mpul power equal 10 about 200 W)
o a maximum value of about 0,83 (Tor an input power equal o
about 120 W), These resulis can be explained considering that
the electrolyzer efficiency is proportional to a constant factor
per applied voltage, as shown in [4]. In both cases. the
clficiency can be modelled by a (hird-degree  polynomial

[unction.

1. CoNCLUSION

In this siudy, sub-models of photovoliaic panels, baticries
and an clectrolyzer have been proposed. These models have
been adapted fo an experimental setup, consisting in a micro-
scale hybnd sysiem composed by PV panels, batteries and an
electrolyeer, The models have been validated with experimental
data, recorded during targeied laboratory test. The sub-models
results show an excellent fitting between models’ response and
experimental data. Then, the whole system mode]l has been
apphicd (o wdentify the optimal management strategy ol a solar-
lo-hvdrogen micro-scale sysiem with the aim 1o maximizc the
total conversion efficiency (from irradiance to produced H,).
The considered strategies differ on the several operation modes
ol cach component of the system. Depending on adopled
management  sirategy, resulis  show  wvalues of the i1otal
conversion efficiency ranging from less than 1% up 1o a
maximum of 4.6%,

This evidence strongly  demonstrates  that  the  oplimal
managzement of all the components and their appropriaie
interaction is the key for the maximization of hydrogen
production from solar source.
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Fig. 4. Trend of the electrolyver efliciency as a function of the mput power for
the two operating modes: a) fxed-voltage mode; b) vanable-voltuge mode,
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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.

1. 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

e 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:

e Mobile unit: the dispenser and the cascade pressure
vessels
e  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 50m’ 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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Abstriact - Temperature has an  important role in  the
degradation of polvmer clectrolyvte membrane (PEM) fuel cells.
Prolonged operation at high temperature conditions may lead to
morphological changes in ionomer surrounding the most active
catalyst sites, e, where the local current density is the highest,
Insertion of even the smallest thermocouples in the catalyst layver
or even at the interface between the catalyst layer and the gas
diffusion laver would change the flow distribution patierns and,
therefore, the current density distribution and the temperature
distribution. By inserting an S++ segmented sensor plate hetween
the cathode bipolar plate and the collecting plate, it is possible to
measure current distribution in an 11211 array and the
temperature distribution in a 626 array. The obtained current and
temperature distribution data is then used as a boundary condition
for a computational fluid dynamics (CFD) model which in turn can
caleulate the temperatures inside the catalyst laver.

Index  Terms - catalyst  layer, corvemt and  femperafure
distribution, local  temperatures, S++  segmented  current
measurement sensor plate.

I INTRODUCTION

Distribution of current density and  temperature along  the
surface of polvmer electrolyte membrane (PEM) is of
paramount imporiance for life time of ithe cell, Non-uniform
current density and temperature distribution can olien cause
starvation or localized corrosion of the membrane-elecirode
assembly (MEA) on the cathode side of the cell, potentially
mitiating  and  enhancing  rreversible  degradation. The
membrane must be characterized by sufficient chemical and
mechanical resisiance in the specific fuel cell environment, and
since the protome conductivily, L.e. membrane waler content of
the membrane has direct influence on PEM fuel cell efficiency,
lemperaiure variations inside the MEA must be carefully
addressed, InsulMicient heat removal from the electrochemical
reaction sites, i.e. triple-phase boundaries. can often result in
the oceurrence of high temperatures inside the cathode caialyst

layer, potentially causing morphological changes in the polymer
elecirolyie. Since the operating environment inside the catalysi
layer is speeific thickness of ca. 10 micromelers il is
impossible to measure or monitor the local temperature
distributions on such a small scale with intrusive methods due
o significant alleration of the operating conditions, For this
reason, 3D computational fluid dvnamics (CFD) model was
developed 1o give insight in the spatially resolved temperature
and current density distribution inside the MEA,

[I. EXPERIMENTAL

A scgmenled S+ currenl  measurement  sensor  plate,
sandwiched between the bipolar plate and the current collecting
plate, was used to examine the curmrent and temperature
distribution on the cathode side of the PEM fuel cell. The
bipolar plaic has 4 parallel channel serpentine design
configuration. Silicone gaskeis (4135 pum thick) were emploved
lor both elecirodes 1o provide the required compression ralio.
Measurements were performed on a single 50 cnr’ eell (50 )
MEA at 80 *C and under 100 % relative humidity at various
operation points. Current was adjusted at the desired values
preselected for the study. Other relevant details regarding
measurement are available in Table 1.

TABLEI

OPERATING CONDITIONS FOR THE EXPERIMENT

Stoschiometry { Anode/Cathode) 2 of Ha/ 4 ol Air
Anode backpressure (g) 0.2
LCathode backpressure (g) | 0.2
Anode nlet relative humidity 1M %5
Cathode inlet relative humidity LW} %5
Cell temperaturne G
Current 10 A 204 30 A
Anode reactant (low rute 015 Lowin?! | 0029 Lot | 044 Tomun!
Cathode reactant (low rate | 0,66 Lmin™' | 1.34 Lomin' | 202 qun
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The segmenied plate consists ol 11x11 segments for current
and 6x6 segments for temperature distribution. During each
operating point, current and temperature distribution data were
collected every (1.5 seconds, during a two-hour period.

11, RESULTS AND DISCUSSION

Obtained results during the measurements were shown to be
repeatable on every  default current, with the maximum
deviation close 1o inlet and ouwtlet at given locations on the
sensor plate. In Fig.l the currents are shown on chosen
segmenis, e 4, 30, 49, 85 and 104, instcad ol showing the
entire data set to avoid overcrowding the diagram with data. It
can be seen that the currenis shown in the diagram have
periodic disturbances, this is due to the current interrupt being
activated in the background.

Fig. 1. Current distnibution on the cathode side of the fucl cell ar 10 A, 20 A
and 30 A,

In Fig. 2 it can be seen that the temperatures on the segments
are different from the cell temperature, ie. the temperature of
the thick end plates. and this difference is highest for the low
current case (100 A), and lowest for the high current case (30 A).
The difference in the temperaiures is a result of heat losses. 1 is
clearly visible that the differences are minimized at higher
currenis as a consequence of the released heat during the
elecirochemical reactions inside the fuel cell.

1
4]

Fig. 2 Temperature distnbution on the cathode side of the fuel cell ata) 1004A;
by 20 A and ¢) 30 A,

Fig. 3 shows temperatures profiles estimated by the 3D CFD
model on the terminals and inside the catalyst laver for the
cathode side for a similar flow ficld (irple serpenting). The
difference between the maximal emperature al the current
collectors and the catalyst layers is ca. 7 °C at current density of
SO0 mA e and ca. 18 °C at current density ol 1000 mA em?,
which is very significant lor the membrane degradation,

SEITRESEENIEY -
A

,.::,..
ity

Fig. 3. Temperature contours along the mid-surface between the terminal and
cathode channels (above) and in the middle of the cathode catalvst laver
(below) for at current density of 300 mA e (Jeft) and 1000 mA cm (right)
obtained by the 30 CFD medel.

IV. CONCLUSION

The objective of this work was o estimalte the lemperature
inside the cathode catalyst layer of PEM fuel cell at different
operating currents. The experimental investigation is conducied
using scgmenied cell and the results of current  density
distribution and temperature distribution show uniform
distribution along the entire Mow ficld. Since it is not possible
to measure the temperature directly inside the catalyst layer, 3D
CFD model is developed using similar boundary conditions and
similar [low ficld 1o estimate the temperature inside the cathode
catalyst laver. The results of the CFD analysis show that the
difference between the maximal temperature inside the current
collectors and the catalyst layers is ca. 7 °C at current density of
500 mA cm? and ca. 18 °C at current density of 1000 mA cm,
which is very significant for the membrane degradation and
should be studied in more details in the future, Since the current
density and emperature distributions for this particular case
were uniform, in a fuwre study partially humidified operating
conditions will also be considered to determine the influence ol
non-uniform ¢ffects on the cell performance and compare it
with the CFD model results.
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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 CazFe195Mgo.0s0s5 (CFMO). The synthesis was carried
out by an auto-combustion based citrate procedure (Marcilly
method) and characterized by different techniques (XRD, Ho-
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 Qcm? 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 FeO./CFMO. To
this purpose both exsolution and wet impregnation (10-15 wt. %)
have been used and compared. The obtained results indicate that
CazFe195Mgo0s05 can be a possible low cost solution as cathode
material for SOFCs.

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

. 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 A;B,0s. Their oxygen vacancies are able to

enhance the material ionic conductivity.M In this contribution,
we focus on CazFe1.95sMgoosOs (CFMO). Magnesium doping
was carried out to emphasize Fe®*/Fe** redox couple and thus
electronic conductivity.?!

Il. EXPERIMENT PROCEDURE

A. Synthesis

CazFe1xMgxOs (CFMO) powders were synthesized by citrate
route.B! Stoichiometric quantities of calcium carbonate (CaCOs
Sigma-Aldrich  99%, powder), magnesium hydroxide
(Mg(OH), 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 (CeHsO; 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 (FesOa)
particles, inserting the corresponding additional amount of
iron (50% mol) during the citrate synthesis. The second one
consists on the electrode infiltration of a-hematite (Fe.Os).
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 Fe®*
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 m?-g%).

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 102 -
10% 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 Fe;Os 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 + CFMO +
CFMO Fe,03 10% Fe,03 15% Fes0,4
T(C) ASR ASR ASR ASR
(Qcm?) (Qcm?) (Qcm?) (Qcm?)
800 0.19 0.19 0.17 0.29
750 0.43 0.44 0.52 0.61

Tab. 1. ASR values for the different cathodic solutions

I11. CONCLUSION

In this work, a low cost brownmillerite material
(CazFe1.9sMgo.050s) 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
Qcm? at 800°C). CazFer9sMgoosOs 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 FeO,/CFMO
have been prepared to see the effects of Fe,Os; (10 and 15
wt.%) and FesO4 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
Qcm? for 15% wt Fe;Os infiltration).
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STRUCTURE FOR OPEN-CATHODE POLYMER ELECTROLYTE MEMBRANE
FUEL CELLS
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Abstract - The open-cathode polymer electrolyte membrane fuel
eell (QC-PEMFC) system are gencrally adopted into drones or
unmanned aerial vehicle as a power source due to the advantages
of light weight. In this study, novel cathode cooling fins with a
multi-hole structure (MHS) in the rib regions is developed to
improve the stack performance. Results show that the OC-
PEMFC with a MHS produces the higher stack performance than
that with conventional design. Furthermore, the OC-PEMFC with
conventional cooling fin design wsually has a  difficulty in
maintaining a uniform temperature distribution within the stack,
which is exacerbated with an increase in power density, which is
one of the common problems in OC-PEMFC. The OC-PEMFC
stack using a cooling fan with a MHS shows relatively uniform
temperature distribution comparing with the conventional stack
configuration due to the large low path from MHS.

Index Terms - Open-cathode polvmer electrolyvie membrane
fuel cell, Cooling fin, Multi-hole structure, Stack performance

I INTRODUCTION

The polymer eclectrolyie membrane fuel cell (PEMFC)
svstem is highly efficient and quiet operation and has been
suggested as a promising  alternative  for  [ulure  power
generation systems, Currently, the PEMFC system is adopted
as a power source such as an unmanned aerial vehicles (UAVS)
or drones because it results in a longer flight duration compared
with conventional batlery propulsion sysiems,

Among the PEMFC system configuration of PEMFC, an air-
cooled, open-cathode PEMFC (OC-PEMFC) type is widely
adopted to the UAVs or drones due to its light weighi and
simple balance-of-plant (BOP) concept. The OC-PEMFC only
uses s in an open cathode Now path 1o supply external air
and cool it so OC-PEMFC sysiem does nol need an air blower
and liquid cooling sysiem such as liguid pump and heat
exchanger etc. Furthermore, OC-PEMFC svstem is a self-

humidifying system using water generated through the reaction
50 the external humidifier is nol needed. Consequently, the OC-
PEMFC can be simplified 1o adopt 1o the UAVs and drones due
lo its advantages |1].

Despite the many advantages of OC-PEMFC system, there
are several problems 1o adopt the actual platform, Generally, 11
uses the supplying air as luel (i.c., oxygen as an oxidant) and
cooling gas at the same time when the outside air is supplied 10
the OC-PEMFC by the fans, which makes it difficult to ensure
stable performance |2]. Thus, it is important (o develop the new
malerials for the stable stack perlformance.

In this siudy, a new cooling fin with a MHS in the rib region
for OC-PEMFC stack is developed for improving and stable
stack performance. Here, we represent the results of current-
voliage (1-V) polarization performance.

1. MATERIALS AND METIIODS

A 20-cell OC-PEMFC stack was used for testing. A
commercially available perlluorinated sulfonic acid membrane
clectrode assembly (MEA) with an active arca of 30 ¢m” was
used. Both the anode and cathode of the MEA were composed
of typical PUC catalysts, and the Pt loadings of the anode and
cathode were 0.1 and 0.4 mg Pt cm™, respectively. Both
clectrodes had GDLs (JNT20-A3, INTG, Korea) with a
subsirale and MPL on one side.

The novel cooling fins have a multi-hole structure (MHS) in
the rib regions, For the stack with the novel cooling hins, the
additional air through the MHS m the rib regions can be
supplicd to the MEA. This makes it possible to supply
additional gas in the rib regions, which results in a uniform gas
concentration distribution. The overall structure of cooling fins
15 i parallel Now design, Aluminum with a thickness of 0,1 mm
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was used as the substraie material.

The electrochemical performances of the OC-PEMFC stack
was measured with a commercial Tuel cell tester (G-60,
Greenlight  Inmovation, Canada). The dry  hydrogen  was
supplied to the anodes in through-flow mode and the ambiem
air was blown by two fans to the open cathode channels. The
hydrogen flow rate was controlled with mass flow controller to
be 4.5 SLPM. An activation process was conducied first 1o
activaie the fresh OC-PEMFC siack. Aflier the activation
process, the stack was characterized by measuring the 1-V
polarization performance.

1. RESULTS AND DISCUSSION

The electrochemical -V & P-V performance of the OC-
PEMFC stack under the supply of dry hydrogen 1s represented
in Fig. 1. The stack with MHS in the rib regions showed no
significant voliage drops. A voliage drop occurred at high
currents when the general cooling fins with conventional
rib/channe]l structure were used because of depleted oxygen
supply 1o the catalyst in the rib regions. However, oxygen can
be ecasily supplied through the MHS in the case of an OC-
PEMFC stack with MHS. As a results, the power of OC-
PEMFC stack was about 210 W al a current of 19 A, Fig. 2
showed the cell voliages of OC-PEMFC stack under the two
different current conditions. The uniform distribution of cell
voltages was observed.

Iu 300
. | —w— Cooling fins with MHS (P_HZ2 1.0 bar)
| S|
TER '
\ |
1 -t ]
Z 164 - =
= - . =
;‘ - & ’ ] :
:.. - o L =
= 144 . e o
- . . -
w4 L1o0 =
- i._..
3 - i 0
124 = - 'l-.._..' L xg
. .
-
In : T T i
il 5 ] 15 b1 ]

Current ! A
Fig. 1. The electrochemnical I-V & P-V perfomunce of the OC-PEMFC stack.
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Fig. 2. Cell voltages of OC-PEMIC stack under the different currents.

1V, CoNCLUSION

In this study, a new cooling fin with a MHS in the rib region
for the OC-PEMFC stack was developed to improve
performance, The OC-PEMFC stack with MHS cooling fins
showed no significant voltage drop due to the MHS in the rib
regions, resulting in the performance of aboul 210 W at a
current of 19 A. The uniform cell voltage distribution was also
observed.
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Abstract — Characteristics of activated carbon-supported Co-B
(Co-BC) and Co-P-B (Co-P-B/C) catalvsts  for  hydrogen
gencration using NaBH; hvdrolysis were investigated under
various experimental conditions. Hydrogen generation using Co-
B/C at a mixed solution of 20 wi%e NaBH, and 0.5 wi%s NaOH
improved with an increase of sonication time. In the case of Co-P-
B/C, a rise of ratio of ethanol in solvent, molar concentration of
CoCly6H,0, and sonication time increased hydrogen generation.
In the condition of 15 ~ 23 wi% in NaBH,; concentration, Co-P-B/C
showed lower catalyst loss and higher hydrogen yield than Co-B/C.

Inidex Terms - Activated carbon support, Co-based catalyst,
Hydrogen generation, Sodium borohydride

I, INTRODUCTION

MaBH, has been much attention as one of promising
materials for hydrogen storage and generation due to the
relatively high gravimetric Hy density of 108 wi%.[1] Since
MNaBH, reacts with waler in room lemperalure and generales
hydrogen. no effort to manage high temperature is needed.
MNaBH, is also non-flammable and relatively stable in the air.
The byproduci NaBO; is non-toxic and it does not have a side
effect in operating polymer membrane fuel cells. Due 1o these
merits, hydrogen generation from a NaBH, aqueous solution
has been steadily studied and it will be able to be one of the
feasible methods for military applications. However, extra water
is required in a real-life hydrolysis reaction and in the case of
vehicles it could be a critical issue because il increases the
sysiem weight and volume. In military applications such as
unmanned  acrial  vehicles,  submarings  and  unmanned
underwater vehicles, the increase of system weight can cause
decrease of operational time and lead to mission failure. One of
the solutions is to increase the ratio of NaBH, in the NaBH,
solution. The high concentration of NaBH,, however, can cause
severe loss of catalyst and deteriorate durability. In this study,
characicristics of activaled carbon-supporied Co-B (Co-B/C)

and Co-P-B (Co-P-B/C) tested in the relatively high
concentrations of the NaBH, solution were investigaled,

[l. EXPERIMENT
For fabrication of Co-B/(C and Co-P-B/C. the molar
concentration of CoCl,-6H;0, ratio of ethanol in solvent, and

sonication time were changed in the range ol 0075 ~ 0.2 M, 0 ~
T5%, and 40 ~ 210 min, respectively. In order 1o improve
dispersion, cthanol was added 10 deionized waler as a solvent,
The activation energies of Co-B/C and Co-P-B/C were
calculated by Arthenius plots of the hvdrogen generation at 50
~ &0 “C. A mixed solution of 20 wi% NaBH, and 0.5 wi%
NaOH was used for hydrogen gencration except the
experimental set of NaBH, concentration, A catalyst loss and
hydrozen vield of Co-B/C, Co-P-B/C were investigaled in
MNaBH, concentration 15 ~ 27 wi% (0.5 wi% NaOH was also
added).

M. RESULT AND DISCUSSION
The parametric analysis of the fabrication process of Co-B/C
and Co-P-B/C catalysts was conducted. As shown in Table I,
hydrogen generation of Co-B/C only depended on the
sonication time. With an increase ol sonication time from 40
min 1o 1K min, a Brunauer-Emmet-Teller (BET) surface area
and hydrogen generation were nmproved together,

TABLEI
BET SURFACE AREA AND HYDROGEN GENERATION OF CO-B/C AT A FEW
CONDITIRNS OF SONICATION TIME

Experimental conditions HEDREe ks Hyop et
xpe (m'/g) (L/myin}
40 469.11 21
S:mncal.l o il 574 0% 2.14
Lime {rmin)
106 552.54 223
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Table 11 presents the trend on hydrogen generations of Co-P-
B/C in the various experimental conditions. Unlike Co-B/C
catalysts, hydrogen generation of Co-P-B/C was increased with
a rise of the ratio of ethanol, molar concentration of CoCls

6H,0 as well as sonication time. However, in the case of Co-P-
B/C, correlation between a BET surflace arca and hydrogen
gencration was nol lound,

004 Co-P-B/C —B— CoP-BIC
e \ —— Co-BIC
£ ™
o 854 : ']
3 \.““"“-\\-.
§ Co-B/C T
T & T
£ 0% ‘[
5 NaBH, 23 wt% '§|

14 16 18 20 22 24 26 28
MNaBH, concentration (wi%)
Fig. 1. Uydrogen vield of Co-B/C and Co-P-B/C in MNal¥l concentration 15 -

TABLET
HYDROGEN GENERATION OF Uo-P-B/C UNDER VARIONS EXPERIMENTAL
CONDITIONS

Experimental conditions Hydrogen generation (L/min)
0 226
Ratio of ethanol 25 2.31
(&) 30 235
T3 246
Molar 0.075 203
concentrution of il 116
CoCl-6THL0 (M) 0.2 23]
o G0 2.1
bcmcﬂtl_u:-n rimue 150 714

(i)

210 223

In order to investigate catalytic activity of Co-B/C and Co-P-
B/C, samples with the highest BET surface arca were selecied
among those which showed hydrogen generation of aboul 2
Limin, The BET surface arcas of Co-B/C (#1) and Co-P-B/C
(#2) were 571,73 m'/g and 682.27 m'/g, respectively. The
activation energies of #1 and #2 were 57.95 kI/mol and 61.31
kI'mol, respectively, which showed that Co-B/C is more
reactive than Co-P-B/C (not shown). However, the hvdrogen
vield of #2 was betier than that of #1, though the activation
energy of #1 was lower, The reason that relatively less reactive
Co-P-B/C had betier hydrogen yield is that the catalyst loss of
Co-P-B/C was lower than that of Co-B/C.

For Co-B/C (#1) and Co-P-B/C (#2) catalysts mentioned
above, the trends on hydrogen vield and caialyst loss were
observed in the NaBH, concentrations of 15 ~ 27 wi%. Fig. 1
and Fig, 2 present the hydrogen yields and catalyst losses of two
kinds of samples, respectively. There was not clear correlation
between the hydrogen yield and catalyst loss in the NaBH,
concentrations over 23 wi% and the hydrogen yield was less
than 90%. However, in the NaBH, concentration of 15 ~ 23
wite, Co-P-B/C showed lower catalysi loss and higher hydrozen
yield than Co-B/C. These results indicate that the maximum
NaBH, concentration keeping more than 90% in hvdrogen yield
is 23 wi% and the reduction of catalyst loss can lead to higher
hydrogen yicld.

23wt
184 .
—&— Co-P-BIC|
e Co-B/C
£
§ 12 4 . L ]
s | Co-P-B/C 7‘
:ﬁ; 1 a/ {
™ | |
Hil MNaBH
St NaBH, 25 wt%
3 . - .

4 16 18 20 22 24 26 28

MaBH, concentration (wi)
Fig. 2. Catalyst loss of Co-R/C and Co-P-B/C in NaBlL; concentration 15 - 23
w1t

IV. CONCLUSION

Characteristics of Co-B/C and Co-P-B/C catalysis for
hydrogen generation were investigated wnder various
experimental conditions. For the analysis of the process
parameters, the hydrogen generation of Co-B/C only depended
on the somcation time, while that of Co-P-B/C increased with a
risc of the ratio of ethanol, molar concentration of CoCly-6H.0,

and sonication time. Co-P-B/C showed lower catalyst loss and
higher hydrogen vield than Co-B/C in NaBH, concentration 15
~ 23 wi%, indicating that improving durability of caialysi such
as a reduction of catalyst loss can lead to higher hydrogen vield.
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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 iscrucial for such systemsand using the
fuel cell in dead-end mode, meaning the hydrogen istrapped 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 PEM FC 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 criteriafor the
purge and the hydrogen inlet pressure. Results show that the most
influential parametersarethe 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 O at the cathode) as reactants in order to
produce electricity, water and heat. In order to save H, and
ensure 100 % H, 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) leadsto 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 |, on the time between two purges
and the performance of the stack. Each experiment lasted at |east
for 40 purges.

e-load

Frevegs
B Ternp

BH &
[

M3 supply  s—
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Closed hull

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

TABLEI

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 300s 30s 120s
P5 Voltage drop trigger 10% 30% 20%
P6 Hydrogen inlet pressure 0.5BAR 0.3BAR 1.4 BAR
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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.

1 1 1 1 1 1
-1 1 -1 1 -1 1

1 -1 -1 1 1 -1
-1 -1 1 1 -1 -1

1 1 1 -1 -1 -1 (1)
-1 1 -1 -1 1 -1

\1—1—1—1—1 1/
-1 -1 1 -1 1 1

I1l. 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
11-1-1-1.

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.

1V. 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.

1. 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
02/N: 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.
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Figure 1. Current load
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Figure 2. Voltage response
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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 —~ The hydrogen technologies are currently being
widely deploved in Enrope. For the Proton Exchange Membrane
Fuel Cell (PEMFC) market, it implies the need of higher quantities
and durability of the components at the lowest cost. In this context,
the development of cheaper materials and processes for the
manufacturing of compaosite bipolar plates is critical. Therefore, a
previous technology of composite hipolar plate developed at CEA
Le Ripault needs to evolve in order to be compatible with mass
production and reduction of costs.

Index Terms — Bipolar plates, Graphite composites, Injection
molding, Proton Exchange Membrane Fuel Cell

I INTRODUCTION

Since the middle of the 20005, CEA L¢ Ripaull has
developed materials and processes [or the manulaciure of
composite bipolar plates for PEMFC by compression molding
process.[1] These plates are easily processable and present
cood performance and durability in PEMFC environment. They
are of interest [or applications needing long period of use such
as i heavy vehicles (trucks and trams for instince). The
miaterial used al CEA Le Ripault is a poly(vinylidenc Nuornide)
{PVDF)/graphite composite which has been optimized for
compression molding. However. the need of reducing the cost
production of the bipolar plates turns the manufaciure process
towards higher rates and quantities. Therelore, going [rom
compression molding 1o injection molding becomes necessary.
For ihis purpose, new malerials are developed for the
fabrication of composite bipolar plates based on our knowledge
about PVDF/graphite composites.

The goal is 1o define new compositions with high carbon
loading for pood thenmal and ¢lectrical conductivitics and low
viscosily for the case of the injection molding process.

II. BiroLAR PLATES IN PEMFC

The bipolar plates are components of a PEMFC stack. Their
main goals are the distribution of the fluids as well as the
collection of the electrons and their transponation [rom an
electrode o the next one, Cooling, gas and Muwids separation and
mechanical behavior of the stack are also ensured by these
plates.

Membrane Elecinuk
" Asembly

Cias Fhirw channels

Lmipbase

Pipaodar Maie K' St
Bapeal Llnal

Fig. 1. Components of a PEMEC stack [2]

Bipolar plates play many roles in a PEMFC stack. To do so.
Illey need several physical properties such as:
High elecirical conductivity
- Corrosion resislance
- Good mechanical properties
- High thermal conductivity
- Low gas permeability
- Thermal and chemical stability
- Low coelTicient of thermal expansion
Low density of the plates is an advantage too because it gives
higher density of energy 1o a stack,
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Metallic bipolar plates are widely used, especially for the
automotive market, because they offer excellent conductivities,
mechanical properties and very low gas permeability. However,
these plates are very sensitive 1o cormosion which shorlens their
lifetime. For some application needing long time of use, such as
in heavy vehicles for instance, composiles materials become an
imiereshing choice thanks o their good corrosion resistance. Bul
today, the costs of composite bipolar plates still need to be
reduced while keeping good physical properties in order 1o
miake this technology compelitive.

IMI. PROCESSES AND MATERIALS
A From compression molding to infeciion molding

Previously developed composite bipolar plates sl CEA Le
Ripault satisfy the U.S. Department of Energy (DoE) technical
targets lor 2020 (see Table 1), These plates are made of a
PVDF/graphite composite and manufactured by compression
molding process.

TABLEI]
PHYSICAL PROPERTIES OF CEA DIPOLAR PLATES MADE DY COMPRESSION
MOLDING COMPARED WITH DOLE TECHNICAL TARGETS FO) 2020,

Electrical Flexural Diensily
conductivity (S'cm) | strength (MPa) ¥
LS. Department of Energy =100 a5 29
Technical targets for 2020 ; G il
CLEA bipolar plate as 2 o
{compression molding) 93 (x13) 331 (1) 29

Mevertheless, for the production of high quantitics, the cosl
of such bipolar plates is too high to be competitive. The main
way to reduce this cost is to go 10 a more continuous process
such as injection molding. [3-4]

B. Polvmer mairices

The materials which have been developed for making bipolar
plates by compression molding have a too high viscosity 1o be
shapes dircetly by injection molding. For this purpose, PVDF
has been replaced by polypropylene (PP) as the matrix of the
composite. Indeed, PP has sufficient thermal and chemical
stability to be used in a PEMFC environment. Moreover, PP is
ten times cheaper than PVDF, it has also a lower density and
the risks related to the decomposition gases of this polymer
during the process are far less hazardous than the ones of
PVDF.

Another advantage of the PP is the availability of various
polymer grades and specific grades for imjection molding.
Homopolymers, block copolymers, random copolvimers and
meiallocene grades of PP have been investigated as mairices for
bipolar plates.

PP/graphite composites with filler weight percentage around
80% have been compounded with a twin-screw extruder
{ThermoFisher). The electrical conductivities measured on

these malerials are around 10 S/om which could be greatly
improved by increasing the of the filler content or by changing
the nature and the shape of the fillers.

IV, CONCLUSION

The next generation of composite bipolar plates is driven by
their production cost. In order to make bipolar plates cheaper,
the processes have to supporl higher production rates. This
makes the injection molding process more competitive than the
compression molding process. However, changing a process
implics to change the material and so the physical propertics ol
the final object. First experiments with several PP matrices have
been carried out leading to a compound with medium electrical
conductivity, The influence of the PP grade (homopolymer,
copolymer ...) on the physical properties of a final composiie
plate is currently being investigated.

Additional studies would be necessary 1o go deeper in the
understanding of the relationships between the microstructure,
the chemical nature of the components of the plates and their
final physical properiies as well as the undersianding of the
rheological behavior of highly charged polymers.
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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

ﬂ

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.

Il. 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.

I1l. 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 = This work aims at development of procedure for
artificially ev-sitn and in-sitn accelerated degradation of a single
component - anode in solid oxide fuel cell. The selected approach
ensures  opportunity  for recogniging  the influence of critical
cellfstack components degradation in the total behavior of the
system. The ex-situ accelerated aging is tested on YSZNi samples
sintered at up to 100°C higher temperature in respect (o the
standard one, or exposed to a series of redox cycles. The in siftu
artificial acceleration of the anode degradation in a button cell is
based on redox eyveling before operation. A methodology for direct
impedance monitoring of the processes that take place in the anode
during reduction and redox cycling is developed. Tt is combined
with post mortem microstructural analysis. The results  are
promising. A definition of levels of anode degradation based on
microstructural comparison with long term tested cells is under
development.

Inilex Terms — accelerated stress tests, anode degradation,
artificial aping of single components, solid oxide fuel cells.

I INTRODUCTION

Durability is a severe hurdle towards deployment of solid
oxide fuel cells (SOFC) which are regarded as a promising
lechnology for cconomic power gencration duc 1o their high
efficiency and large fuel flexibility. The pumerous and
important studies for deeper insight into the degradation sources
and life time improvement meet one and the same barrier - the
long term testing needed for initial accumulation of reliable
data. Long tests are neither appropriate as information source
for further optimization, nor convenienl for implementation,
The problem solving approach, which is under active

development, 1s the introduction of accelerated stress tesis [1]
and sophisticated performance/degradation models to quantify
the accelerating impact. One effective direction which could
distinguish the influence of critical cell/stack componenis
degradation in the total behavior of the system is their artificial
ex-sifn aging which should reproduce a given degradation state
faster than il obtained a1t nonmal test conditions. The artificially
aged component could be further integrated and tested in a new
cell/stack. This approach can give information about the
response of the whole tesied system when alfTecied by the
targeted degradation process. Another approach could be in-simu
accelerated degradation ol a single component in the 1¢st sel up
before operation, Both approaches need preliminary  decp
research for validation and justification of the experimental
conditions which is the aim of this work.

II. RESULTS AND DISCUSSION

Two approaches were selectied for artificial aging of YSZ/Ni
anode. Since the degradation behavior of the anode support is
found 1o be more sensitive 10 lemperature than o polarization
[2]. the ex-situ accelerated aging 15 checked on micro-samples
starting from YSZ/MNi0 lavers sintered at conventional and at up
to 100°C higher temperature. The in sity artificial acceleration
is based on redox cyeling before operation of a button cell with
anode, sintered at standard technological conditions. The
clectrochemical behavior is monitored by Electrochemical
Impedance Spectroscopy in combination with current-vollage
characterization for the cell tests. The changes in the porosity
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and in the Wi omicrostructure are registered by SEM/EDX
analysis and by measurements of the gases permeability.

A methodology for direct impedance monitoring of the
processes that take place in the anode during reduction and
redox cvcling is applied. It ensures direct measurement of a
“bare”™ green anode positioned between two Niomeshes, This
approach climingies the necessity  for data analysis  wvia
separation of the contributions coming from different processes
occurring in the tested cell. The measurement is sensitive only
to the elecironic conductivity of the Ni neiwork when
connectivity between the reduced pariicles appears, grows or
decreases. The impedance fingerprint for the formation of the
Ni network s regisiered with the inductive behavior of the
diagram (Fig. 1).
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Fig. 1. lmpedance diagrams of anode sample measured during the first
reduction: 0 manutes reduction (upper figure); 6.5 mimutes reduction (A); 7.5
minutes reduction {0 8,5 minutes reduction; (<) 10,5 minutes reduction ()

{figure down)

Fig. 2 shows (hat the chinges in the anode electrochemical
behavior during redox cvcling caused by partial oxidation of the
Ni network can be successfully registered by impedance
measurements, The decpness of the oxidation can be also
conirolled by the change in the Ni network resistance and the
shape of the diagram. IU was registered that oxidation is much
slower than reduction,

The redox cycling on button cell level is performed by
chemical oxidation which is a mild process that disiributes in
the whole volume of the anode and can be controlled with the
air flow. The level of oxidation is well registered by impedance
and can be controlled.
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Fig. 1. Impedance diagram of anode sample measured before and after the
first oxidation cycle

Il CONCLUSION

The first experiments on the development of a procedure [or
artificially acceleraied aging of single component {anode) in
SOFC applying ex sitn and in-sifn procedures show promising
results. Two approaches are sclected lor testing: artificial agmg
of separate anode by increased sintering temperature and redox
cycling of cell before operation. A procedure for monitoring
and quantitative conirol by impedance speclroscopy s
developed. The next siep of the accelerating algorithm is the
definition of levels of degradation based on microstructural
comparison with long 1erm tested cells,
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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°C
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 conventiona 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

Il. 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)

I11. 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 astable |, Il [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 tablel, 11, 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.

TABLEI
TEMPERATURE AND HUMIDITY CONDITIONS OF OUTDOOR (LOW HUMIDITY)

T outdoor | RH outdoor | AH outdoor .
Q) (%) (gkg) 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 17 351 Phoenix USA 2017-07-01 05:00
TABLEII
TEMPERATURE AND HUMIDITY CONDITIONS OF OUTDOOR (HIGH HUMIDITY)
T outdoor | RH outdoor | AH outdoor .
Q) (%) (gkg) 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
27 L ™ 50C,9% A 40C,27%
26 ] ~ < 30C, 79% —»— 50C, 4%
A —¥—40C, 6% ——30C, 13%
g 234 A
E 22 v 4
E 21 e —— -

5'0 6'0 70 BID 9'0
Treg. (°C)
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

1V. 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 therma 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 H20 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.

. INTRODUCTION

Fuel cell is one of the green energy systems because it
can generate power and heat without CO, 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 H,O and CO»

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%LHYV 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 H,O 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.

Il. 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
H20 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.

I11. 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.
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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 | by calculation.

TABLEI
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% 59.4
and an auxiliary devices loss of 6%

V. 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 - In this work, bauxite tailings (red mud) has been
evaluated for its application in solid oxide fuel cells. Dilatometer
was used to calculate the cocfficient of thermal expansion, in order
to study the compatibility with electrode and interconnect
materials,. The fonic  conductivity  was  measured  using
electrochemical impedance spectroscopy and was found to be ~ 1
Sfem at 800 *C. The phase formation after sintering has been
studicd using X-Ray diffraction.

Index Terms - Ranxite Residue, Red Mud, Solid Oxide Fuel
Cells.

I INTRODUCTION

The ever ingreasing global consumphion of energy and
resources has created a desperate need for clean energy and
frugal wse of the sirategic materials leaving minimal
environmental footprint. Depleting fossil fuels and their harm{ul
environmenial effects has led to the developmem of clean
energy lechnologies like fuel cells and batlerics, Among these,
Solid Oxide Fuel Cells (SOFCs) are atiractive because of their
fuel flexibility and ability to be integrated with the currently
existing energy technologies like gas urbines [1]. Conventional
SOFC materials include vitria stabilized zirconia (YS2), doped
ceria, rare carth gallaies, siabilized bismuth oxides, barium and
bismuth based compounds ¢te. Most of these materials are
scarce, Thus there is a need o develop easily available
materials for such clean energy technologies [2, 3].

Red mud is the by-product of alumina refineries. For every
ton of alumina, 0.7 o 1.5 tons of red mud is produced |4].
Because of this huge global invenory, it is generally stored ina
dam or dried and stacked. Red mud consists ol oxides ol Fe,
Na, Si, Al, Ti, K, P and trace amount of rare carth oxides,
Because of its composition, red mud has been explored as a
catalyst for several chemical processes, adsorbent to purify

water, construction materials etc [4]. In this work, red nmd was
evaluated for its suitability for application in SOFCs.

1. MATERIALS AND METHODS

The red mud was received from Hindalco Ltd, Belgavi,
India. The chemical composition of red mud has been lfound
using X-Ray Muorescence (XRF) spectrometer (Table 1), The
red mud, in as received condition, was ground inlo fine powders
and compacted into cylindrical pellets of 20 mm digmeter under
a uni-axial load of 300 MPa. The pellets were sintered at 1050
°C and 1200 °C. The phases formed after sintering were studied
using X-ray diffraction analysis. The coeflicient of thermal
expansion was measured using a dilatometer. The sample for
dilatometer was a pellel of square cross section sintered at 1000
“C. The 1omie conductivity was measured using electrochemical
impedance  spectroscopy in  a PARSTAT  4000A
electrochemical workstation, with conductive silver ink applied
on both sides of the sintered pellei.

Partial electronic conductivities were measured using a
platinum micro-contact as the working electrode at the top ol
the pellet and a porous P layer on the opposite side of the pellet
as the counter electrode. The micro-contact was sealed from the
atmosphere using Ceramabond seal (AREMCO Products). The
partial pressure ol oxygen (pO:) was varied by applying DC
voliages in the range of 0.1V 1o -0.4V 10 the working elecirode,
The complete methodology used for the caleulation has been
described in | 5],

I, BESULTS AND DISCUSSION

The composition of the red mud determined using XRF is
given in Table L. In addition 1o the clements histed in the wable,
less than | mass % of MgQ, K.O, P;0., NiO and MnO were
also present.
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TABLET

| Compound | ALO; | Fe,05 | TiO, | Ca0 | Si0, | Na,O
Mass % | 22.22 | 32.57 | 7.80 | 2.28 | 24.32 | 9.71

The X-ray difTfraction pattern of the sample sintered al
1200°C 15 shown in the Figure 1. There are several phases
including Fe.0;, the spinels of Fe, Al and Ti and TiFe,O: that
have oxygen ion conductivity. However, role of the other
phases is not clear.

The coefficient of thermal expansion was calculated to be 10
= 107 K an 800 °C, which is close to that of the typical SOFC
malerials.

LR

o .
L] o
i 0 .
W i :

L "., [l :.- [ L | ,|.M | N
v+ T | i
p‘"’lﬂuwﬁ-‘ Igaptondt (AP W S

Irvwinily

g

» aa " x
Fosiiion (201

Fig. 1: XRD pattern of red mud sintered at 1200 °C

The total conductivity at 800 °C measured rom the Nyquist
plots was approximately 107 S/cm and 28.57 = 107 for the
sample sintered at 1050 °C (Figure 2(a)) and 1200 °C (Figures
2(b) and 2(c)) respectively.
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Fig. 2: (a) Nyquist plot of RM sintered at 1050 °C;

(b} Nyquist plot of RM sintered at 1200 °C;

() Nyquist plot of BM sintered at 1200 °C with  difTerent
electrode size; (d) log-log plot of partial elecironic
conductivity vs pO,

The partial electronic conductivity values exhibit *n’ type and
‘p’ tvpe conductivities at low and high pO, regions respectively.
Few more iterations of the polarization cycles are necessary to
check lor the presence of any hysteresis and thereby 10 quaniily
the partial electronic conductivity.

1V, CoNCLUSION

In this work, the electrical conductivity of red mud has been
measured using impedance spectroscopy. Partial clectronic
conductivities of the red mud are currently being measured 10
deternming the transference number and 1o delenmine  the
suitability of red mud in SOFC applications. Emploving red
mud in such applications will lead to better utilization of the
constituents of the red mud. Additdonally, most of the
applications using red mud, involve a modilicaiion ireaiment,
This work cmploys the red mud is as received condition, which
is highly benchicial. Also, malenial cost contribuies a signilicani
share to the overall cost of SOFCs. Developing SOFCs based
on easily available materials like red mud could bring down the
cost of SOFCs.
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Abstract - Due to growing energy demand of smalk@tonic has been successfully developed.
appliances, micro fuel cells are seen as a possitgglacement or The cell environment of a DMFC places high demamas
supplement to conventional accumulators. The possibility use the material of the bipolar plate, in particular te coating

liquid fuel and the resulting simplification of st@ge considers the . . . ;
direct methanol fuel cell (DMFC) having especiallgreat potential material. The high anodic potential and the low gft8 at the

in the field of portable micro fuel cell systems [1]. The system must Poundary layer of the membrane electrode assenMiyA)

yield adequate power output while at the same timaintaining present an increased risk of corrosion for the cell material itself.
criteria such as a small volume and lightweight packaging. Further Coatings are required to reduce corrosion of the bipolar plate.
more the robustness of the systems with regard &ssproduction is Due to their high hardness, good wear resistangeyell as

also an important aspect to consider. In this work, a DMFC stack o wajient corrosion and high-temperature oxidatiesistance,
with coated metal based bipolar plates of a perfamoe category of

3 Watt consisting of five cells was set up including a downstream chromium niFrides (C”_\I) are r(-?-garded as excelleml;ab!_e for
gas-liquid separator to remove gas from the anode product stream to US€ as coating materials, which have already betemsively
allow its recirculation. The use of a membrane-based micro investigated [2]. CrN coatings were applied to rdtss steel

contactor has been studied as a separation unit. substrate (1.4404) using physical vapor deposi(P¥%D) to
increase the corrosion resistance [3]. Neverthefgtsg-holes
within such layers could lead to a reduction in togrosion
resistance. One way to overcome this problem is to fabricate
. INTRODUCTION multi-layer coatings with intermediate layers of déiferent
material in order to cover surface defects of the CrN-layer. By
alternating CrN-layers and thin intermediate layarsoating
with excellent compactness, uniformity and corrngiesistance

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 perémmvith
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 resfitom the
individual experiments a general recommendatioandigg the

Index Terms — Coating, Direct Methanol Fuel Cell (@®FC), gas
liquid separation, metallic bipolar plates

Portable power systems up to 100 Watt (e.g. chsuriger
outdoor applications) have to meet stringent reoménts
regarding volumetric and gravimetric power densities. Bipolar
plates constitute the main share of the total staelght,
volume and costs and have also to fulfil a numbfematerial
requirements such as high compressive strengtHicient
electrical and thermal conductivity, good electrochemical
stability but also proper machinability. Althougtetallic based
materials meet all necessary requirements, the wedk 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 asive
environment while preserving excellent electrical conductivity
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design of an integrated separation unit for thd figdl was diameters and length. Thus higher separation puebce,
given (fig. 1). tailored selectivity and low system energy consuomptare
possible. In this work, a metallic microsieve basmitro
contactor for the position-independent gas/liquid phase
separation is developed. As a separation layer a nickel
microsieve was used with a total thickness ofufrd The
suitability of the contact module for dynamic user fgas
separation in a DMFC could thus be clearly confirmed.

Fig. 1. stack consisting of 5 cells (left), po&ation curve (right)

Il 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 measneof

CrN/aC samples re-presenting a change in contact resistance

with and without prior plasma polishing. The comtesistance Fig. 3. separation efficiency at different tranembrane pressures

of the sample with prior plasma polishing and theN/C

coating is in the range of the target values for bipolar plates M. CONCLUSION

defined by the DOE (lower than 10Qwent at 140 N/crf In this work, a DMFC stack consisting of five cells was set up

compaction pressure) [3]. including a downstream gas-liquid separator to remove the gas
from the anode product to allow an anode recir@mnatt 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 moduledgnamic use
for gas separation could thus be clearly confirm&dnew
corrosion-resistant and conductive coating for stainless steel
bipolar plates has been successfully developed.cthesion
resistance has been improved significantly by thé/&C coat
ing and plasma polishing. However, further testsrarcessary
to investigate the long-term stability of the cabteaterial.

Fig. 2. ICR measurements of the sample ACKNOWLEDGMENT
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In the investigation of the separation efficiendytlee micro
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separation greater than 0.95. Complete separaficheogas
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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 N.-plasma and the second one was
based on a mixture of O, and N2 (78% N2 and 22% O),
named atmosphere based-plasma. It is commonly
accepted that No-plasma ensures the increase of nitrogen
content into carbon materials [4], while O.-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 O-
and ii) further reactions between reactive sites and the
reactant N, 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.

Il. 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 O01A 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 N only, at 50 W for 5 min, and
a second one using a gaseous mixture of N2 and O, 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 V ersaprobe scanning X -
ray photoelectron spectrometer) and Raman (Renishaw
InVia  Reflex  spectrometer, Aex=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.

I11. RESULTS AND DISCUSSION

Asdemonstrated in our previouswork [3], the nitrogen
defectsplay acrucial rolefor the optimization of catalytic
features of these nanostructures toward ORR. In order to
deeply demonstrate how the plasma treatments play a
crucia role to tune the nitrogen defects content in N-
CNFs two different treatments are differently employed:
Nz-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 Nz-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%.
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Figl. High-resolution N1s spectra for N-CNFs obtained by
implementing two different plasma treatments a) N, 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 @), confirming that the
presence of O; 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 isthe ratio between D-band and G-band, higher is
the defect level of CNFs. Fig 2¢) underlines an higher
electrical conductivity, close to 18 S cm, reached by
CNFs treated with the atmosphere-plasma, than the one
achieved by CNFs treated with the No-plasma. The
RRDE technique alows validating the catal ytic 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 theideal values of 4,
reached reached by Platinum (Pt), as shown in Fig. 2d).

Fig2. @) FESEM images conducted after atmosphere based-
plasma treatment, b) Raman Spectroscopy and c) electrical
conductivity conducted on al nanofiber mats. d) Comparison of
electron transfer number (left axis) and H,O% (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)

V. 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 O, into the
atmosphere-plasma: i) removal of surface atoms or
clusters of atoms induced by etching reactions employed
by O, 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 CNFstreated 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, al these latter results confirm
how the atmosphere based-plasma is able to design an
improved catalyst layer for direct ORR, granting aso 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 thusitsoverall 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 CO:2 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 (SOy) 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 CO,, CO,
SOy, 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.

Il. METHODS

A. General layout of the cruise ship

Main characteristics of the cruise ship are summarized in
Table I.

TABLE |
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

Fueling A complete fuel gas handling system for LNG

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 |1 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.

Il. RESULT

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

TABLE I
Dual fuel Diesel/LNG engine (DF) and SOFC-GT emission factors
. . Value
Emissions Unit

DF SOFC-GT
SO« mg/kWh 32+17 negligible
NOx mg/kWh 7000 + 2100 48+0.2
Cco mg/kWh 15000 + 4230 2101
PM mg/kWh 175+ 108 negligible
CO; g9/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. CO; 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 I11.

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 Il
Emissions reduction by using a SOFC-GT system

Emissions Reduction, %
SOy 10
NOy 9.99
Cco 10
PM 10
CO, 5.27

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
CO, 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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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)

1. 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., Fe*") 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 cm? 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 um, anode loading
0.45 mg/cm? PtRu, cathode loading 0.4 mg/cm? 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 cm?. 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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Fig 1. NEDC measurements of a 7 cm? 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.
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Fig 2. a) Voltage degradation in the low (red), medium (blue), and high
(green) load regions in the presence of carbon-coated stainless steel BBPs
and in their absence (graphite current collectors, black. The values in the
legend indicate the performance loss per cycle. b) Temporal evolution of
ICR on anode (black) and cathode (red).

An almost linear decay of performance was observed
for the metallic BBPs and the graphite CCs, corresponding
to a total of approximately 3 % loss in performance. In the
high load region, the BBP sample showed a higher loss,
most likely due to the presence of metal ions
in the MEA [3].

The ICR evolution with progressive cycling (Fig 2b)
exhibits a decrease, suggesting stable conductivity of the
carbon layer. The initial ICR decrease is attributed to
pressure-equilibration inside the cell. Stable carbon
coatings were confirmed by SEM/EDX, where neither
morphological nor compositional changes were detected

(orange area in Fig. 3). The presence of metal
contaminations was found to be due to unsuitable laser
drilling of the gas inlets, which caused stains to form on
the coating (blue area in Fig 3).

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 pm.

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.

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 - Following the increasing penctration of non-
programmahle Renewable Energy Sources, flexible resources are
paining importance to goarantee the reliability of the power grid.
MW-scale Fuel Cell Power Plant based on low temperature
PEMFC, with very fast ramp rates and excellent load following
capabilitics, are scen as a possible source of flexibility. Anyway, to
ensure high performance and limit the degradation rate of
PEMFCs, water management plays a crucial role. This work aims
at comparing two different syvstems for air humidification: (1)
packed bed homidifiers and (1) membranes homidifiers. A
dynamic model of these humidification systems is built to analyse
their behaviour during start-up and variable load operation.
Results show that system 11 guarantee a better control of the air
relative humidity, allowing to ohtain the desired relative humidity
over the entire load range and o reach the humidity set point
faster after load changes and start up.

Indlex  Terms - Dynamic modelling, Flexibility, Fuel cell,
Humidification.

I. NOMENCLATURL

FCPP Fuel Cell Power Plant
PEMFC Polymeric Electrolyte Membrane Fuel Cell
RH Relative Humidity

II. INIRODUCTION

In the last vears, the need of flexible resources in power
generation is raising due to the increasing penetration of non-
programmable Renewable Energy Sources, that may hinder the
erid stability and reliability. In this framework, MW-scale
FCPP based on low temperature PEMFC, charactlerized by very
fast ramp rates and excellent load following capabilities, are
considered a possible source of flexibility. Aiming to
demonstrate their ability to provide grid services, the project
GRASSHOPPER [1] will set up a 100 kWa PEM FCPP,
flexible in power outpul and designed 1o provide grid support.
Since performances and degradation rate of PEMFCs arc
strongly influenced by membrane humidity, this type of plant
requires the implementation of an appropriate water

management sysiem [2]. This work aims at comparing 1wo
different systems for air humidification in the Nexible FCPP,
The analyeed systems are (1) packed bed humidifiers and (1)
membranes humidifiers.

1. SySTEMS LAYOUT AND SIMULATION ASSUMPTIONS

The fayouts ol the analveed systems are shown in Fig. 1.
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Fig. 1 PEMFC Power Plant lnyouts with (T) packed bed humidifier and
{11} membrane humidificr

In both systems, the hydrogen Now rate is controlled 1o have
a ratio to stoichiometry equal to 1.5, recirculating the excess
hydrogen back to the stack. The presence of a system able to
perfectly control the hydrogen Now conditions at the inlet of the
FC stack is assumed; hydrogen is therefore always supplied 10
the stack at 55°C in saturated conditions, The air supply sysiem
imcludes the air compressor (controlled 1o have an oxygen ratio
to stoichiometry equal to 2 with a stack backpressure of 1.6 bar)
and the humidification system under investigation. Systems (1)
comprises the packed bed humidifier, a pump lor water
recirculation and a heat exchanger. The packed bed humidifier
15 sized 1o guarantee that the outlel air is always in saturated
conditions, The heat exchanger system allows 10 recover heat
from the coolant circuit to heat up the saturated air leaving the
humidifier, thus increasing its water content when further
humidification is needed. System (I1) adopts a membrane
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humidifier in which the intake air 15 humidihied by recovering
water from the exhaust moist air; a heat exchanger before the
humidifier allows to cool down to 55°C the air that leaves the
compressor above 100°C. The humidity of the air siream ai
stack inlet is controlled with a bypass that regulates the fraction
ol air Mowing through the lhumidifier. In both systems, the targel
FC average relative humidity (RH) is 100%. A coolant circuit is
available to control the FC temperature. The coolant flow,
entering the stack at maxinmm 60°C, is regulated to obtain the
desired average FC temperature of 65°C,

For both configurations, a dynamic model is developed with
the soflware Simulink by building models of cach plant
component and combining them together. The models are able
to solve mass and energy balances; water transfer through the
membrane humidifier is based on [3] while FC performances
are calculated through semi-empirical polarization curve as
explained in [4],

1V, DYNAMIC SIMULATION RESUTTS

Simulations are firstly run to determine the system behavior
during cold start up. It is assumed that the plant is ofT and all the
plant componenis, as well as the coolant Muid, are al ambient
temperature (20°C), The FC stack is then suddenly required 1o
provide the minimum load (20 kW) for an hour. Then,
according to a hypothetic fluctuation of load required to provide
balancing services, simulations are performed changing the load
every 15 minutes, starting from the siationary operating point
reached at the end of the Nirst simulation period. The entire
range of operation (from 20 KW 1o 100 kW) is analvecd,

Fig. 2 shows how, immediately afier plant start up. the
temperature of the air at humidifier outlet, the average FC
temperature and the average FC RH vary over time. Both
sysiems allow 1o reach the desired average RH over the stack in
less than 10 minutes, However, system 1 takes more than 30
minutes o reach the nominal FC average lemperature, much
more than system 11 that requires nearly 5 minutes.
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Fig. 2 Temperature and humidity profiles over time when operating st
minimum load after cold start up, for system 1 (packed bed humidifier)
and system 11 {membrane humidificr)

Furthermore, sysiem I allows 1o mimimize the lemperature
difference between the humidifier outlet air and the FC stack,
thus reducing the air temperature rise over the siack. Fig. 3,
shows that system 11 has a faster dvnamic; the desired BH is
reached almost immediately after changing the load. Finally,
sysiem I allows 1o reach the desired RH at any load while this
15 nol possible for system [ when operating at 20 KW,
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Fig. 3 Temperature and humidity profiles over time varving the FC load
(represented on fop) every 15 minutes, for system 1 {packed bed
humidifier) and system T (membrane humidifier)

CONCLUSIONS

The analysis shows how a membrane humidifier can guaranice a
faster and betier control of the air relative humidity with respect
to a packed-bed humidifier, allowing to obtain the desired
relative humidity over the entire load range and to reach the
hurmadity set point faster aller start up and load changes. 1L has
therefore to be preferred by the point of view of plant
flexibility. However, a packed-bed unit may result more robust
and provide air impurity ¢leaning (thanks 1o the scrubbing elfect
of the water sprayed in the system) which can make this
solution preferable in some specific cases.
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ON DDE
Aimola G.%, Gagliardi G.G.2, Barra Caracciolo A.3, Ancona V.1,
Grenni P.3, Bagnuolo G.?, Rolando L. 3, Garbini G.L., Uricchio V.F.* and Borello D.?
!National Research Council, Water Research Institute - Bari, (Italy)

2Department of Mechanical and Aerospace Engineering, University of Rome La Sapienza — Rome, (ltaly)
3 National Research Council, Water Research Institute, Monterotondo - Rome, (Italy)

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

Il. 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

ﬂ

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.

I1l. 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
“so0il+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.

Microbial
Time | DDE A'\g:fr:gg:]ac'e Cell Viability AC(‘L'I‘;”Y
(days) Decrease (N. cells (%Ilve TPFlg
(%) X cells/(live+dead) _
g/dry soil) dry soil)
_ 6 0 2.6x107 456 209.3
Soé'*tDr?E 60 0 8.8x107 46.2 145.3
ate 180 0 1.4x10° 67.2 16.9
_ 6 0 2.6x107 456 209.3
CSJ?:'\';” ',?ADFEC 60 39 7.4x107 51.3 364.4
180 0 2.1x108 72.1 23.0
_ 6 0 2.6x107 456 209.3
gg'\'/*'fﬂ'ii 60 38 8.8x107 61.4 103.4
180 6 2.2x108 725 9223
6 0 14x10° 74.7 89.2
Soil+compost+DDE | g, 0 1.4x10° 54.3 207.0
batch 180 0 4.7x10° 53.8 133.3
_ 6 0 1.4x10° 747 89.2
Soil+compost+DDE | g 26 1.2x10° 71.8 116.0
OCVMFC 180 30 8.1x107 53.2 48.2
_ 6 0 1.4x10° 747 89.2
Soil+compost+DDE | g 31 1.3x10° 25.1 123.9
CCVMFC 180 0 1.8x10° 5.8 150

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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Absiract - Sedimentary microbial fuel cells (s-MFC) have
heen proposed as effective toals to power remote sensors in
different aguatic environments, thanks to their ability to
continnously and autonomously produce rencwahle and
sustainable energy. In the present work, we propose s-MFC
as a compact and cost-effective system suitable to be
integrated as a payload in an Autonomous Underwater
Vehicle (AUY) A new AUY paviead, named MFC-payload,
is designed to host the cvlindrical s-MFC and a data
acquisition svstem to collect and store information on the
voltage produced by the cell.

This investigation permits to demonstrate power production
by s-MFC during operation of the AUV in scawater, and
analyvzes the effective influence of environmental conditions
on the output power. All the obtained results confirm a high
stahility of the cylindrical s-MFC integrated in the MFC-
payvload.

Index Terms - Microbial Fuel Cells; Sedimentary MFC;
Floating MFC; Autonomous Underwater Vehicles; MFC-
payvload.,

L. INTRODUCTION

Sedimentary microbial fuel cells (5-MFC) and floating
microbial Tuel cells (FMFC) have been proposed for
sensing applications in different aquatic environmenis,
thanks 1o their ability to continuously and autonomously
produce renewable and sustainable energy. In a previous
work, we already demonsiraied that this specific ability of
{-MFCs can be preserved even designing portable, small-
scale systems that we tesied in the Mediterranean Sea.[1]
In the present work, we analyze s-MFC with the aim 10
design a compact and cost-ciTective system suitable 10 be
iniegrated as a payload in an Auwlonomous Underwater
Vehicle (AUV). The goal of this investigation was to
demonstrate and analyze power production by s-MFC
during operation of the AUV in seawater, understating the
possible influence of environmental conditions on the
power output. To this purpose, we optimized a cylindrical
architecture made of an inner-chamber, adapted to work
as anodic chamber, and an ower-shell, working  as
cathode. A new AUV pavload, named MFC-payload, was
designed to host the cylindrical s-MFC and a daia
acquisition system to collect and store information on the
voltage produced by the cell, Afler development in the

lab, a preliminary analysis of the performance ol the
cylindrical s-MFCs was evaluated during a measurement
campaign carried out in the Mediterranean Sea in a siatic
condition, meaning not yet integrated in the AUV. The
overall performance of the cylindrical s-MFC imtegrated
in the MFC-payload was then analysed during iwo
measurcment campaigns: the [irst one to test the behavior
at a maxinum depth of 3 m, and the second one to test the
performance of the new MFC-payload up 1o 9 m ol depth,
The resulis demonsirate a high stability of the evlindrical
s-MFC integrated in the MFC-payload. The ability ol the
devices to continuously produce electricity during
different AUV operation modes (i.e., depth and speed)
and while changing environmental conditions (ie.,
pressure, temperature and oxygen content) demonstrates
that eylindrical s-MFC devices are robust system that can
be successfully used in underwaier applications.

II. EXPERIMENTAL

The newly designed MFC-payload is represented in
Fig. 1a): it has been conceived to be inicgraied inio a
Folaga AUV-glider system by GraalTech srl, Naly. In
Fig.1b) the payload is sketched in its open position, which
put in evidence the presence of the sedimentary, bottle-
based MFC with a cylindrical shape. The inner-chamber
was filled with sediment, acting as fuel-source and with
low Oxvgen content, and with the anode buried into the
sediment. The cathode was placed owtside, fixed by tie-
wraps 1o the cylindrical structure and in contact with
scawaler. Both the electrodes were made of carbon feli
purchased by Sigratherm (GFAS, SGL Carbon). Titanium
wires were used as clectron collectors. We implemented
the in-situ biofilm formation method optimized in our
previous work |1]. Before testing the s-MFCs in the real
environment, the architecture was tested and optimized in
lab experiments, carmied oul using waler from the seca
only. The clectromic unit for data acquisition described in
[1] was placed in a protecied, water-frec room of the
payload. The payload was designed in order to allow
continuous contact to water contact during operation. In
Fig. 1¢) a picture of the complete AUV-glider system is
proposed,  with  the MFC-payload mounied on
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CO-ASSISTED ELECTROLYSIS OF H20 IN QUASI-SYMMETRICAL NI-YSZ CELL.
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Abstrace - Custom  solid electrolyte cell for fucl-assisted
electrolysis was produced using AS-S0FC half-cell as support for
Ni-YSZ electrode. Cell was tested in fuel-assisted electrolysis of the
steam using hydrogen or carbon monoxide as depolarizers. It was
demonstrated  that  clectrolvsis may  be conducted at 0.5V
{eontrary to 1.3-1.5 V in regular SOECs), however usage of the
carbon-containing depolarizer leads to fast degradation of the Ni-
YSZ anode.

Index  Terms - Fucl-assisted electrolysis, SOFEC, SOEC,
depolarization.

. INTRODUCTION

Fucl-assisted high temperature ¢lectrolysis (SOFEC) is a
promising technology for the conversion of renewable energy
and wasie reduciani-containing gases 1o high-quality [uel (Hi)
and with possibility to segregate CO, [1]. Usage of reductant
gas as depolarizer allows to drop electrolysis voltage, but
requires claboration of the dedicated anode, dilferent from ones
used in SOECs, In present work Ni-YSZ cermel was tesled as
SOFEC anode.

[I. EXPERIMENTAL

In order 1o test fucl-assisied clectrolysis special cells were
fabricated using standard anode support with electrolyie from
SOFC, prepared by CEREL [2]. SOFEC anode was screen-
printed dirgctly on the clectrolyie using the same YS5Z-NiQ
composite  paste, which was used for SOFC  anode.
Electrochemical measuremenis  were  conducied  using
ZAHNER PP240 IMo6ex galvanostat. U-1 curves were
measured in potentiostatic mode with voltage rale of 10mV/s,
impedance spectroscopy  studies were conducted al current
density of 30 mA/em’ using frequency range 0,05 Hz -50 kHz.
Electrochemical data was amalyzed in self-made sofiware,
based on finite-element approach for DRT [3].

ITI. RESULTS AND DISCUSSION

State of the cell before and after measurements presented on
Fig. 1. One can note imprinis of the gold curreni collectors on
both electrodes, but there were no observable delamination of
the Ni-YS8Z clecirode from elecirolyie, only some gluing (o
zold surface. Effcctive arca of the cell was considered as
16 cor’, which corresponds to the size of the anode.

Fig. 2. Cell before and afler electrochenncal measuremwents. A- cathode belore,
B - anode before, C- cathode after, - anode afier,

Preliminary  studies  demonstrated that DC polarization

should be constrained by 0.5 V 1o avoid oxidation of the Ni in
anode. DRT analysis demonstrates, that usage of the CO/CO,
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IMPACT OF POROSITY GRADIENTS WITHIN CATALYST LAYER AND MPL OF A
PEM FUEL CELL ON THE WATER MANAGEMENT AND PERFORMANCE: A
NEUTRON RADIOGRAPHY INVESTIGATION
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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 pm pore
formers, and one double layer MPL of 10 vol.% 30 pm and 1.5 pm
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 S different configurations, in an 8 cm? 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 Nafion™ solution and deionized water. For
porosity modification, monodispersed polystyrene (PS)
particles with 0.5 um 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/cm?.

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 um diameters (MX150, Chemisnow®)
or 30 um 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 1.

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 pm was chosen. The transmitted
water depth could be quantified using the attenuation
coefficient and images of the dry cell as the reference.
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TABLE 1
Fuel Cell Compositions
Anode GDL Cathode MPL* CCL
Cell 1 SGL 29BC Reference ** Reference***
Cell2 | SGL 29 BC 10 vol.% MX3000 10 wt.% PS
Cell3 | SGL 29BC 10 vol.% MX3000 5 wt.% PS
Cell4 | SGL 29BC Reference 5 wt.% PS
Layer 1 10 vol.% MX3000 o
Cell 5 | SGL 29BC Layer 2 10 vol.% MX 150 5 wt.% PS

* GDL substrate: SGL 29 BA

*x Reference self-made MPL contains 20 wt.% PTFE in the coating
and no extra pores are introduced in the coating

***  Reference self-made CCL contains no PS as pore former

III. RESULTS

For the radiographic measurements, the fuel cell is operated
in a galvanostatic mode increasing the current in a ramp, up to
1 A/em?. A quantitative evaluation of the water accumulation
within both cathode and anode GDLs and the CCM is shown in
Figure 2.

Water content is increased for all cells at lower current
density values only slowly, continued with a steep slope at
0.25 A/em* up to a steady-state plateau after 1500s at
0.5 A/em?. Reference cell 1 reaches a lower water content at
the plateau level. By increasing the porosity of the CL in cell 4,
an increase in the water content can also be observed.
Implementing a high porous cathode MPL in cell 3 does also
not reduce the water content. Cell 5, with the double layer
cathode MPL, shows the highest water content of all cells.

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

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

* Cell descriptions in TABLE I
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Fig. 3. Polarization curves acquired during radiography (Cell descriptions in
TABLE )
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Abstract — A drone for high flight times is under construction,
using hydrogen to supply a fud cell. It will be charged by a
hydrogen refueling station, using a metal hydride compressor.

Index Terms—fuel cell drone, hydrogen, solid state compr essor

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 aFFC. The goal isto
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 finaly stored as
compressed gas to supply the drone. A schematic representation
of the integrated system isreported in Figure 1.

Fig. 1: representation of the integrated system: drone and H,RS

1. 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

N° of tank on the drone 2
H, pressurein tank 300 bar
Time of flight 2h
N° of flight per day 2
Volume of tanks 151
H, daily amount 1669

A. Hydrogen production

H2 will be produced in sufficient amount by an Enapter EL-
250 electrolyzer. It produces high flows of Hz (250 NI/h) at 30
bar, at room temperature. Then, Hz 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 Hz 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 therma fluid for running. At the basis of the use of MH for
H> compression, there is a reversible reaction between H, and a
metal hydride former (M) to produce heat (Q) and MH
(Equation 1):

M+ x/2H, 55 MH, +Q cal
The thermodynamics of the equilibrium is characterized by H»
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
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occurs since M can absorb H, at low pressures and low
temperatures (Tiow), forming MH. Then, MH is heated up at
Thigh and Hz is released at a significantly higher pressure. In the
H.RS, a two stage MH-C is planned, which will use
commercial aloys LagsCep1Nis, as 1% stage, and the Hydralloy-
C5 (TiMny-based aloy), as 2™ stage. H, will be compressed
between room temperature (Tiow) and 150 °C  (Thigh).
Thermodynamics of alloys were studied acquiring pcT-
diagrams (Fig. 2) for LapsCep1iNis at 25°-42°-65°-87 °C (Fig. 2-
a) and for Hydralloy at 32°-56°-79 °C (Fig. 2-b). From pcT-
diagrams, enthalpy, AH, and entropy, AS, of absorption and
desorption were obtained. They are necessary to simulate the
H2 compression behavior. It was obtained that, in the working
temperature of Tiowand Trigh, H2 can be compressed between 20
bar and 200 bar.

Fig. 2 pcT-diagram a) LayoCep1Nis and b) Hydralloy

Powders were tested in alaboratory scale compressor (Fig. 3).

Fig. 3: Lab-scale compressor setup

From this test, a fast kinetics has been observed, since one
cycle of compression (i.e. from the absorption in the 1% stage to

the desorption in the 2" stage) occurs in only 40 min. Starting
from the results of preliminary test, a scale-up of the H:RS
compressor is planned. In the real plant, 4 g of Hz will be
compress up to 200 bar per cycle. Afterwards, H, will be
further compressed by a commercial booster and stored at 400
bar. Finaly, the compressed H, 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.

[1l. 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 NI/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 H, 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 commercia potentiaity of this
solution.
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Abstract = In the framework of power sector decarbonization,
this work aims at designing a Power-to-Power (P2P) system that
allows to supply a given fraction of self-generated electricity from
a solar photovoltaic (PV) plant to an uninterruptible 1-MYWY
constant load. A model is set up to size the system components
optimizing the annual operation, with the goal of minimizing
through a MILP approach the annual average cost of supplving
clectricity to the load. Results show that, with the present cost of
grid electricity and the present investment cost of the P2P system
companents, the installation of a P2P svstem able to supply 100%%
of the demand is not advantageous and the best solution in terms of
average electricity cost is obtained by self-generating nearly 30%
of the load annually with a simple PV plant. At any rate, o reach
high share of self-gencration the P2P system becomes mandatory
to decouple generation and consumption on both daily and
seasonal scale.

Index Terms — Energy storage, Hydrogen, Power-to-Power.

l. NOMENCLATURE

EE Electric Energy
EL Electrolyser

FC Fuel Cell

P2P Power 1o Power
PV Photovoltaics

[L. INTROTAICTION

The decarbonization of the power sector plays a crucial role
in the reduction of greenhouse gas emissions, mainly achieved
by use of renewable sources. In this framework, this work aims
al designing a system that allows o power an uninterruptible
| MW constant load with electricity from a solar PV plant
Since PV power generation occurs only during daytime and is
higher during summer, a Power-io-Power (P2P) sysiem able io
decouple demand and supply on boih a daily and scasonal scale
is considered.

Il SYSTEM CONCEPT AND LAYOUT

The P2P system includes a PV plant, an electrolyzer,

pressurized hydrogen lanks and a fuel cell. The sysiem
components as well as the energy and hvdrogen lows are
schematized in Fig. 1. The electricity demand of the
uninterruptible 1| MW load is satisfied partially by the PV plant
idirecily or through the P2P sysiem) and partially with power
taken from the grid. The instamaneous share of these two
conlributions varies al ¢ach time step and mMuences the annual
share of self-generated renewable energy on the total demand,

Fig. 1. Schematic of the svstem components and energy flows,

Given the specific generation of the PV plani, a model is set
up that sizes the system components by optimizing the annual
operation, with the goal of mininmm average cosi ol the
electricity annually consumed by the load. The problem is
solved as a  mixed-integer  lingar  programming  (MILP)
optimization problem. Investiment cost assumplions fake mio
dccount recent cost evaluations of the main components [1]:
1000 €/kW,y for PV, 1000 €KW, for EL, 400 €%kW, for H:
compressor, 600 €'kg for H: tanks, 4000 €kWy for FC. A
[0} %oyenr capital recovery factor is considered, Electricity is
bought from the gnd al a price that vanes from 175 1o
187 €/ MWh., depending on the hour of the day and the day of
the week. Electricity generated by the PV field and not supplied
to the load or to the EL is sold to the grid at 60 € MWh,

IV. REsULTS
Assuming that the P2P system is located in northern ltaly
(Milan), the average anmual cost of eleciricity provision to the
load is firstly optimized considering the share of sell-generation
as a variable, obiaining the ‘best’ case solution: installed PV
capacity equals to 2,81 MW, and no P2P or other components
are present, resulting in a sell-generation of 29% on an annual
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basis. Thus, installing a PV planl 15 proved cconomically
preferable to simply buying all the required eleciricity from the
grid (reference case).

A sensitivity analysis is then performed, increasing the
minimum annual share of self-generation that the system must
guaranice, Up to 38% scll-generation, the P2P sysiem s not
installed since increasing the size of the PV ficld (that reaches
836 MW, at 38%) results less expensive. Above 38% self-
generation share, the P2P system becomes necessary to
decouple generation and consumption, Fig, 2 shows that in the
range 40%-80% the electricity Mlows from PV 1o P2P and from
the P2P sysiem to the load increase at a nearly constant rate. On
the contrary, the PV-generated clecinicity sold 1o the grid
remains approximately constant, because the additional PV is
installed only to supply the load. These trends change above
80% sell~generation, where the FC installed capacity reaches ils
maximum. In this range, a steeper increase in the size of the PV
field 1s observed (sce Table 1) and above 908 also the total size
of the hydrogen tanks increases faster (inpling its value when
moving from 90% to 100%), highlighting the need of a very
large storage capacity for a full seasonal energy shift,
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Fig. 2. Energy Mows for increasing annual self-gencration share in northemn

Italy.

TABLEI
INSTALLED CAPACITIES OF P2P S¥YSTEM COMPONENTS IN NORTHERN ITALY

Self-generation percentage | 50% [ 60% | T0% | 30% | 90% | 100%:
py | Prom [MWo] 8.67| 1W082] 13.26] 16.05] 23.40| 46,00
Land footprint [ha) 4.3 54 0.6 B0 11.7] 230
Energy capacily [MWh] | 11.1] 182] 295 44.2] 69.6] 2154
E;l; Volume capacity [m?] 244 366| 609) B53| 134.1| 4022
Land footprint [m?) i} S0 150 210 330|990
EL | Pon |[MWa| 1.03 175 2358| 344 491 742
FC | Pooan [MWL‘]] .24 .53 0,77 Lo 1.0y 1.06

In terms of average annual cost of electricity provision, the
results of the sensitivity analysis are shown in Fig. 3, compared
with the cosis obiained locating the same sysiem in southern
lialy (Ragusa). Indeed, the latitude affects the resulis because off
the difTerem solar radiation, leading 1o smaller annual hydrogen

storage need in southern arcas. Therelore, for any imposed self-
generation share the total average cost is lower in southern
ltaly, where the ‘best’ case self-generation increases to 38% (vs.
29% in northern ltaly), In both locations, due 1o scasonal H:
storage need, the cost increases [aster when approaching 100%
sell~gencration. However, eleetricily costs are quile different;
while in the northern ltaly case the price triples with respect 1o
the reference case, in the southern case it only doubles.
W CAPEXPY WOPEXPV BCAPEXP2P @ OPEXPZP mEEbuy ®EEsel +Tot

1000
= 800
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= 400 281,
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Fig. 3. Annual average cost of the electnicaty to the 1-MW load, in north Italy
(left bars) or south ltaly {night bars). Ref = only consumption from grd,

A further sensitivity analysis shows how the ‘best’ case
solution for the plant in northern Naly conceptually varies with
the cost of grid clectncity. Increasing this cost up o very high
(and wnrealistic) prices, at 400 € MWhy more PV is installed,
reaching 35% self-generation, but installing a P2P system
becomes favorable only il this cost is increased further; only
when the grid electricity price equals 800 €/MWha, the optimal
solution (P2P included, 87% sclf-gencration) almost halves the
cleciricity provision cosl with respect 1o buying all the
electricity from the grid. A further increase in the cost would be
needed, at present component costs, to make the 100% self-
gencration compelitive.

V. CONCIUSIONS

With the present cost of grid eleciricity and today's
investment cost of P2P components, the economic viability of
installing a P2P sysiem strongly depends upon the available
solar radiation, Anyway, a slorage syslem is necessary when a
high share of sclf-gencration is desired and P2P allows
comply with the seasonal storage needs. Results show that up to
50-60% of annual demand coverage the PV+4P2P system may
guaranice a final cost ol electricity below 170-240 €/MWHh,
depending on the location, while at higher shares the system
would require Turther reductions in component costs 1o become
competitive.
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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;
| = Current density; P = Power; V = Voltage

Il. 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.

I1l. 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; €) 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% H202, 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.l. 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/cm? of Pt-Ru and the cathode contained 3 mg/cm? 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 pl/min; the cathode flow rate between 1 and 3 I/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 | DMFC OPERATION CONDITIONS GO MEMBRANE 1% AT 2M

Power output [mW/cm2]

Temperature 40°C 50°C 60°C 70°C
400AF 1CF 25 282 3.08 3.49
400 AF 2CF 3225 3.55 422 472
400 AF 3CF 3.675 421 4.92 5.78
Operating|800AF 1CF 336 257 3.07 36
condition 800 AF 2CF 3.625 3.28 439 4.4
800 AF 3CF 3.9 3.99 5.02 5.86
1500AF 1CF 23 2.97 2.9 337
1500 AF 2CF 2.95 3.98 4.04 4.76
1500 AF 3CF 335 471 479 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/cm? 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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Abstract - In the present work, a series of carbon supported
(20wt%M/Vulcan XC72 where M=Pt, Pd, Ir, Ptxlry 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 HCIOu). It is found that
Ptlr/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 PtsPd: 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

|. 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.

Il. 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-111A (Rigaku Co., Japan)
employing Cu Ka (A = 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 HCIO4 at 1600 rpm.

I1l. RESULTS AND DISCUSSION

A. Electrochemical characterization

Among the examined electrocatalysts the PtsPdi/C catalyst is better
with mass specific activity 1,=488.5 mA/mgme and E;,=0.93V (Table I).

TABLE | ELECTROCHEMICAL CHARACTERISTICS OF THE PT-PD-BASED

ELECTROCATALYSTS
Catalyst ECSA In I Ew(V)
(20wbmetal loading) | (mPlgne) (MAMGre) (MAICTT)
(085V) 085V)

PC 1367 284 207 089
PIP/C 523 4795 091 09
PtPd/C 58 4885 084 093
PLPdC £33 3966 091 083

PaIC 283 1172 041 083

However, the PtPd catalyst has lower Tafel slope and higher
charge transfer coefficient and if we count in that this catalyst
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has lower platinum content, it is concluded that PtPd presents
higher kinetic current per mass of platinum 1,=410 mA/mgg
than PtsPd; catalyst 339.4 mA/mge 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.

TABLEII ELECTROCHEMICAL CHARACTERISTICSOF THE PT-IR-BASED

ELECTROCATALYSTS
Catays ECSA Im Is Er
(2oWt% metd (Plghe) (MA/Mgre) (MA/omPg) V)
loading) (085V) (085V)

Rr/C 3BH4 52245 156 091
Ptairy/C 3525 37558 106 09
PtlryC 1143 907 0079 073

Ir/C 733 115 0015 055

The Tafel dopes for each respective catalyst as being
reported in Table Il were calculated 65, 74, 126 and 180.5
mV/dec, respectively. Concerning the durability tests, as shown
in Fig. 1 the Ey, 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.
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Fg.1. ORR polaization curvesof P, Ptir and PtPd catdystsin O, saturated 0.1 M HCIO,
agueous solution, anodic scan rate 20 mV/sec, 1600 rpm before and after 5000 cydes

The Ptlr 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 PtsPdi/C,
PdPt/C and Ptlr/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 imegesfor PtIr/C (left) and PAPY/C (right)

In Fig.3 the XRD patterns are depicted. The diffraction pesks are
the same for the two eectrocataysts indicating the formation of
aloy. The diffraction peaks are appeared to the (111), (200), (220)
and (311) 26° which are attributed to face centered cubic structure.

(111) Ptir/C
—— PdPt/C

C(002)

0 20 40 60 80 100
26(degree)

Fg.3. XRD imagesfor PtsPdy/C, PAPYC and PIry/C

IV. CONCLUSION

Herein it is proved that the activity ORR results do not
always agree with durability results. Despite the fact that
PdsPt/C exhibits the highest ORR activity, does not present the
highest durability. However, in the case of Ptlr the activity and
durability are consistent.
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Abstract ~AEMFCs open new possbilities for less
expensive catalyst materials. Thin film model electrodeshave
previously been used in PEMFC and it was shown that Pt
alloys achieved higher specific activitiesthan Pt/C.

In thisstudy, thethin film electrodes are for thefirst time
used in AEMFC. The am is to understand the
electrochemical behavior of thin-film model electrodes in
alkalinemedia. Thefirst step isto establish optimal operating
conditions, and for this purpose experiments with double
MEA havebeen performed. Thisconfiguration allowsamore
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 thesingle 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 potentialy
overcometheseissues, by allowing for lower cost catalysts
to be utilized. In previous studies, in proton exchange
membranefuel cell (PEMFC), thin film electrodes allowed
the electrochemical evaluation of Pt and PtzY [1]. Similar
methodology, should also alow for evaluation of new
catalystsfor 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 aso 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].

I1. EXPERIMENTAL
A MEA Assembly

Two FAA3-50 rectangular shaped membranes were
sprayed with anink composed of Pt/C, anionomer solution
(Fumion ionomer in methanol) and iso-propanol. Theratio
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 mge/cm?. 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 el ectrodes, deposited onto a Carbel CL GDL,
were shaped to get a GDE of 0.95 cm? 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 %
H» in Ar and Oy, 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™.

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

I1l. 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.

x10™

Single MEA Configuration
Double MEA Configuration

Current/A cm™

1 I
0 1 1.2
Potential/V/

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

The double MEA configuration instead gives a clear CO
adsorption. The resulting ECSA of this improved
configuration is equal to 0.87 cm?, which represents 92 %
of the original electrode area. This is lower than the
approximately 5 cm? 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].

Potential/V/

Single MEA configuration
Double MEA configuration .

10° 10° 10 107 1072 107
Current/A cm ™2

Fig. 3. Polarization curves of the single and double MEA configuration.
Measurements done at 30 °C, 100 %RH using 5 % H; in Ar and O, and
a sweep rate of 20 mvs?,

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.
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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

Il. 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.

I1l. 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.
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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?
and 0.055 W cm 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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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.

Il. 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 Nm®
H> 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 20122015, 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 Hz desorption at P>200 bar. The station
(dispensing pressure up to 185 bar) isintended 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 Impaa 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 Nm® H) uses multi-

component AB.-type hydrogen storage aloy manufactured by
HySA Systems and comprises of two cylindrical auminium
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 H» 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 H storage)

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

I1l. 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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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? at 1.8 V terminal cell
voltage (~80 %o efficiency) at 80 °C in the presence of a noble metal
loading of 1.2 mg cm™and degradation rate <5-10 pV/h.

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

. 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.

Il. 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)
Aguivion® membranes and ionomers were developed and
scaled up for this application.

Utilizing a nanosized Irg7Rup30x 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? at 1.8 V terminal cell voltage
(~80% efficiency vs. HHV at cell level) at 90 °C.

Low degradation rate at 3 A cm? 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 cn?
active area MEASs produced by IRD, was assembled and tested.

Cells containing coated components typicaly 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 pV/h/cell when operated at 3 A cm?, 50-55°C.

Short periods of increased current density from 3 A cm? to
4.5 A cm? 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 H, at 3 A cm? at stack
level at 75°C with aloading of 0.3 mg PGM catalyst/W (Fig.1).

Warads a0

At 75 °C:
¥ 1.83V @ 3 A/cm?
1.95V @ 4.5 A/cm?
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Current density / A cm?

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

System efficiency of 72 % vs HHV H, was achieved at 3 A
cm?, 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?, was aso 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. -

Average cell voltage / V

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

I11. 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 catayst, in combination with the Aquivion®
membrane, gave excellent electrolysis performances exceeding
3Acm?at 1.8V terminal cell voltage (~80 % efficiency) at 80
°C in the presence of a noble metal loading of 1.2 mg cm?. A
very small loss of efficiency, corresponding to 30 mV voltage
increase, was recorded at 3 A cm? using a total noble metal
catalyst loading of less than 0.5 mg-cm2. Steady-state durability
tests, carried out for >1000 h at 3 A cm?, showed excellent
stability for the MEA with low noble metal catalyst loading
(cell voltage increase ~5-10 puV/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
Alcm?). 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].

Il. 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 N, 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 m?/g) and a medium surface area CB (250 m?/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 Hi/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 cm? 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 pm) 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/cm? 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.

I1l. RESULTS AND DISCUSSION

Tablel 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 HCIO4 electrolyte in
RDE setup.

TABLE |
LIST OF CATALYSTS AND THEIR CHARACTERIZATION RESULTS
ECSA| Mass
Supports Pt - [m2/g-| activities
Supports | BET Catalysts |content Pt F:;%Cle Pt] @ 0.9v
[m2/g] [wt%)] vs RHE
[A/g-Pt]
Vulcan 102 468
XC72 192 Pt/CB 28.2 2.9
Timeal | g, PUCE5 | 291 | 33 B 2o
super C65
Stable 47 229
Carbon 1 32 Pt/SC1 28.9 5.6
Vulcan TEC10V30E 113 597
XC72 250 (TKV) 28.9 <2
Carbon TEC10E30E 120 584
black | ‘% akg) | 82| <?

It was found necessary to optimize the ionomer to carbon ratio
(1/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 1/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 Su pFnc;th/sg]B ET Catalysts I/C [rfzegs—?t]
\QC'C;‘Z“ 102 puce | o072 | °

Slgé‘pcgé\g 62 PUCE5 | 05 o4
ciﬁﬁ?)'ne . 32 pusct | 037 |
\Q(':c;‘z“ 250 kv |o72 | %
Cb"’};*iok” 700 TKE | o074 | ¥

Figure 1 is showing the 1-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/cm?), followed by TKV, Pt/CB, TKE and Pt/SC1.
However, at low current densities (<0.5 A/cm?), the MEA
performance are highly dependent on the Pt particle size, ECSA,
ORR activities or more specifically intrinsic properties of the
catalysts.

1.2
- -THKE - =THW PtiICE
0,9 MT:EE PHSC
T
= 0,6 .
= .,
Hh{"::‘lu-
0,3 ““x;_ N
0.0 : : : : .
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I [Aem?]
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/cm? (Anode)
and 0.25 mg/cm? (cathode), Gore select membrane (15um)

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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Abstroet — In this study chemical conversion coating has been
investigated as preparative technigque for structured catalysts,
based on aluminum structured carriers. The structured catalysts
have been preparcd by ceria coating of open cell aluminum lfoams
through a surface protective techmique. The resulting coated
carriers were impregnated with a platinum salt precursor
solution, and the resulting catalyvst was tested in waler pas shifi
reaction. The activity tests showed that the textural proprictics of
the structured carriers play a crucial role in the performance of
the catalvsts.,

Index  Terms — Chemical conversion coating, structurcd
catalysts, water gas shift reaction, nanocoating,.

L INTRODUCTION

Hydrogen s by far the most abundant element m the solar
system and is the feedstock in several industrial processes,
moreover 11 has a high energy density and low environmental
impact, For these reasons i s considered the best candidate as
the energy veetor m the future. Hydrogen can be produced from
tossil and renewable sources, however actually the most is
oblamed from lossi sources. Many processes are mvolved in
the production of hydrogen, the syngas obtamed [rom
reforming stages is reacted in two stages of water gas shift,
moreover to obtam high purity hydrogen a further stage of
nethanation  or  preferential  omdation, or  the use of
pemselective membranes 15 needed. The overall process s
therefore eftective but very ieflicient. paricularly when
distnbuted hydrogen production is required, In this case the
use of small compact reactors 5 indeed desmable. Among the
processes mvolved, the water gas shift stage s certamly the
most critical. Water gas sift reaction 15 an exothermic reversible
reaction therelore, m admbatic condiions, the heat of the
reaction induces a themmul gradient on the catalytic bed. The

universally used strategy to overcame these limitations, is the
multi-stage process, with mtermediate cooling. Once again this
conliguration 15 effective but melficient. Our group focused the
attention on the use of structured catalysts with the ntention of
miensifying the water gas shill process, In particular the use of
conductive carmer allows [or a redistnbution of the heat of the
reaction, on the catalytic bed, with kmetie and thenmodynamic
improvements [1]. Structured catalysts are generally prepared
by washcoating, that provides the lomation of a layer of
alumna or silica on the surface of the camer. This kayer makes
compatible the swrface with the acfive components and
provides high specific surface area to the final catalyst, but
unforunately it presents many  disadvantages, such as o
thermal and mechameal resistance and is not catalytically men.
In this paper we show the resulis of a study on the use of
chemical conversion coating as techmigque to prepare structured
catalysts based on metallic camers. Chemical conversion
coatmg 15 used in comosion, because i allows o realiee a
protective layer of oxide on the metallic surtace [2].

Il EXPERIMENTAL

A. Catalysts preparation

Three open cell alummum foams (Table 1), with different
porosity (Fn, 0=5,1040 PPT), were shaped to obtain a cylinder of
13 mm ol diameter and 103 mmol length.

TABLEI
TEXTURAL PROPERTIES OF THE FOAMS

ha::lp! Porosity |PPI| Relnri}:&:llenslr} 5“['1?;:.'::’7“
F40 40 L) 449
Kl 11 111 22
F5 5 10 10
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The foams were [istly degreased with acetone and with a
sodmm hydroxide solution (5 wit %) for | minute, finally etched
with nitric acid solution (35 wit %) for 1 minute. Alter cach
treatment the alummum stmcture was washed with dsulled
water and, al the end of the pre-treatments | it was immersed n
the chemical bath. The bath was composed by CeCLTIHLO, TLOy
35 wt % and water, m a weight ratio VY75, and acidibed with
HCI (pH=3). The treatment was carmed oul at 50°C and repeated
4 times for 2 hours, and the resulting structure was dned at
120°C for 2 hours. The resulting coated foam was then loaded
with  platinum by impregnation  with  a  solution  of
tetrammmmneplatinum (nitrate, dred at 120°C for 2 hours and
calcined at 450°C for 3 hours [2].

B. Characterization technigues

The BET. specific surface arcas were measured with a
Costech  Sorplometer 1040 (Costech  Intemational).  The
mechanical resistance of the coating was evaluated by means of
the ulirasound adherence test with an wlimsonic bath CP104
(EIA Sp.AL) the catalysts were dipped in ethanol al ambient
temperature and submitied to the ulirasound for 30 mmutes. The
XRD diffractograns were obtamed by means of a Brucker D8
Advance, with a Cu Ka radiation source (35 EV: 40 mA} i the
20 mnge 20-80°, (Sip= 737, Sip swe=0.0814; v/Sip 0.5 ¢). The
crystallite dimensions were calculated by applying the Schemer
equation to the peaks of the comesponding diffractograms . The
chemical composition was  evaluated by means ol ARL
QUANTX ED-XRI spectrometer ( Thermo Scientific).

C. Activiry tesis

The catalyvsts were reduced with a stream of 500 Neo/min
containmg 5 vol% of 1 m N, n the temperature range ol 20-
450°C, with an heating rate of WPC/min. The activity tests were
carried out at atmospherc pressure, i the temperature range of
I0A007C, with a reaction mixture of 5 % CO, 15 % L0 and 80
% Na, m a stmnless steel tubular reactor with an intemnal
dameter of 22 mm and 400 mm long, at a WHSY of 24
2o/ 2piceo:™ . The product composition was monitored, on dry
basis, by means of an ABB sysiem equipped wiath the non-
{1iqpcn-i ve indrared analyser Uras 14 for OO, CO, and CH, and a
thermul conductivity detector Caldos 17 for Ha.

L RESULTS AND DISCUSSION
The surface arca measurements highlighted a progressive
increasing of the surtace area of the structured catalysts with
the increase of the PPl of the foam This results were attributed
to the sclected coatmg  lechnology: chemucal conversion
coaling give nse o the fomation of a protective layer on
netallic surfaces, so the maxinmm loadable amount depends on

the surface arca of the metal foam, that mcrease with the
mcrease of the porosity. The ulirasound adherence tests
showed no weight loss of the coating, highlightmg the strength
ol the coatmg. The XRD diffraciograns showed the presence of
cubic cera and metallic platmumon the surface of the catalysts.
The XRI analysis were in agreement with the BET. surface area
results, to the merease of the porosity and of the surlace area,
the loading ol the active conponents mereases .

The activity tests were performed at the same weight hourly
space velocity, calculated with respect the lonely active
components loaded on the [oam, 1o highlight the elleet ol the
structured camer. The activity tests showed the CO conversion
dependence from the porosity of the parent foam: the highest
conversion was oblamed with the catalyst prepared with the 40
PPl foam, on the contrary the worst performance was oblamed
with the catalyst prepared with the 5 PPl foamy at the same
temperature. The time on stream tests, carned out on 40 PPI
dervate catalyst, showed that these catalysts are edremely
stable; m the fwst five hours there happened a lowermg of the
CO conversion of less than 0% followed by a stable
conversion in the following 30 hours. With all the catalysts no
methanation occurred, highlighting a high hydrogen seleetivity,
As previously stressed the activity tests were camed out at the
same space velocity, therefore no dependence on the amount of
active components s expected. The dependence of the activity
from the porosity ol the parent foam was explamed as the
results of difTusion phenomena. In our tests two phenomena are
n competition, the reaction and the diffusion: for the catalysts
obtamed with low porosity loams, such as 5 and 10 PPI, the
dilfuswon 1s prevailing with respeet the reaction, on the contrary
for the catalyst obtained with 40 PPL the reaction i1s prevailing
with respect the diffusion,

IV, CONCLUSION
In this work we have shown that is possible to use chemical
conversion coating as a preparation lechnique for structured
catalysts, on metal camers. Activity Lests have shown a direet
dependence between the performance of the catalvst and the
porosity of the parent camier, highlighting the occurrence of
diffusion phenomena for low porosity foams,
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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%o) 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 CeO,-
SiO,, 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.

Il. EXPERIMENTAL

A series of bimetallic Pt-Ni and Ru-Ni supported on CeO,-SiO,
was prepared by wet impregnation. The silica support was
impregnated with a cerium acetylacetonate solution to yield
30wt% CeO; on SiO,.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, m?-g?') 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‘i; total air
flow-rate: 50 Ncm3-min). 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% C,HsOH, 40% H0,
5% O,, 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 ht), selected to eventually accelerate
catalyst deactivation. The results were compared in terms of
hydrogen yield (Y, Eq. 1)

Y, mOIHZ,uut Eq 1

2 = .
6 - Molc, i oH in
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I1l. RESULTS AND DISCUSSION displayed high specific surface areas, ascribable to the mixed
oxide Ce0,-SiO; [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°  Qeoke*Geatalyst > Gearbonfed -t Conversely, for the
catalysts reaching the worst performances (0.5RulONi and
0.5Pt10Ni), CFR was almost five time higher and the SSA
variation was more marked (>30%).

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 H, 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.

TABLE |
4 RESULTS OF BET ANALYSIS AND CARBON CONTENT MEASUREMENTS,
40
=35 Sample | SSA fresh (m?-g?) | SSA spent (m?g™) ClFR (9°°ke',?°a‘?;yst
5}/ *Qcarbon fed ‘h )
S woos | | ZONi 230 182 3.9-10°
P N | [0.5PUONI [213 145 8.4-10°
3, IPLLONi 1PtIONi  |214 179 2.4-10°°
£ \\ 2Pt10Ni  |226 191 15-10°
1RUlONi F -
15 \3R = _ 1oNi 3Pt10Ni . 227 186 210
Lo W 0.5Rul0Ni|212 142 7.9-10°°
10 — 1RulONi |208 143 5.1-10°
5 === [2RulONi [210 145 5.8-10°
0 3RulONi (218 149 6.3-10°
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% C,HsOH, 40% H,0, 5%
0., 45% Ar, 500°C, 1 atm, 62 h™.

However, the experimental results revealed that Pt choice
instead of Ru as well as the deposition of different metal
contents on the Ni/CeO,-SiO, 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 H, yield compared to the 0.5Pt10ONi catalyst, which,
together with the 0.5RulONi 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/CeO,-SiO; 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 1Rul0Ni catalyst while, for the Pt series, the
2Pt10Ni sample displayed the most promising results in terms
of hydrogen production rates.

Table | 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

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/CeO,-SiO; 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 0.5RulONi 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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Microstructure change of perovskite-type oxides of
(La,Sr)(Co,Fe)03.5 (LSCF) and (La,Sr)MnQs+s (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 SrZrOs; 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, La;«SryMnO3; (LSM), and strontium-
doped lanthanum cobaltite-ferrite, La;.xSrxCoiyFey,O3 (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/Y SZ/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)Os.s (LSCF) and
(La,Sr)MnOs+s (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
quantitatively evaluated from the 3D-reconstructed images after
operation at 1000°C. The cell performance was enhanced
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.
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
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 SrZrOs; (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/Sm;035—CeO; (SDC)/Y203-ZrO,
system was studied in detail. The dissolution of Sm3* into the
Y,03-ZrO; phase resulted in the appreciable reduction in ionic
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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, Sm*" and Gd*", 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. Lao.75Sr0.25CrosMnos0s-5 (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 H: 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 Ilonic 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 lonic 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 H, 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.

Il. MATERIALS AND SYNTHESIS

A. LSCM

LSCM powder is synthetized by Marcilly method, starting from
precursors as lanthanum oxide, La»Os, strontium carbonate,
SrCOs, manganese acetate tetrahydrate, Mn(CH3CO2), - 4H,0,
chromium nitrate nonahydrate, Cr(NOs)s; - 9H20.[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(NOs), - 6H20 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 100um. The electron collector that has
been chosen is a commercial gold paste deposited using a brush.

I11. 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% H. 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 (Mn**—Mn®"), 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 (Ni?* —Ni°) 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(1V)/Mn(l11) reduction at higher temperatures.

Fig.2 (a) LSCM Ha-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--10% Hz and
with signal amplitude of 50mV. A symmetrical cell is analyzed
in a single chamber system using both H, and CH, as fuel at
different temperatures. By impedance spectra and ASR values,
it can be noted that the presence of Ni enhances the
performance using H; as fuel and at high temperature in CH4
atmosphere. Only when CH, 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 (@) 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% CHas in Ar, LSCM (green) and Ni/LSCM (blue) at
740°C and 730°C, 10% CHa4 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 H: 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 CO; capture. We found
that MCFCs do afford an energy efficient capture of CO, (on
the cathode side) even from CO.-poor streams and transport it
to the CO,-richer anode stream from which pure CO; 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 CO:
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.

Il. 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 CO, cathode concentrations,
the hydroxide path cannot be neglected with cathode feeds of
low CO; 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 CO;
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 anaysis 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 asingle 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 datain Aspen Plus.

[1l. SENSITIVITY ANALY SES

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:

e operation conditions, such as the molar fraction of the i
component and the ratio between reactant flow rates;

e functional parameters, such as |, that is the effective length
of diffusion of the gasin the cathode pores;

e physical parameters, such as diffusivity coefficients,
tortuosity and porosity;

e 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 |« 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 |eaves 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.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

Fig. 1. Senditivity analysis at different operation conditions
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Abstract - The challenging decarburization Evuropean target
strongly pushes towards the use of renewable encrgy sources, In
this scenario Ha, that can be stored from the surplus of renewable
power energy, is the energy vector that can be the missing link in
the transformation of the global cncrgy system. To study the effect
of H: on material properties and the performances of components
in H: environment, a new facility, AH lab, has been built with a
cooperation between Rina Consulting — CSM SpA and University
of Calabria. The lab allows to study: materials and components in
H: environment at pressure up to 100 MPa and temperature from
283 to 423K; solid materials at pressure up to 30 MPa and
temperature from 77 to 473K. This paper reports a H: storage
review, together with a description of the laboratory and
preliminary results obtained,

Index Terms — Hydrogen Economy, Hyvdrogen Embrittlement,
Hydrogen Storage, Hydrogen sorption

I. INTRODUCTION

The 2018/2001/EC Directive of the European Parliament [1]
scis the objective of reaching at least 32% of the EU's final
cnergy consumplion (hrough renewable energy sources (RES)
by 2030. The RES drawback is their intermittence that has to be
balanced for eleciric grid stability purposes through long term
and large capacity storage. An allermative o batleries slorage
systems is the transformation of RES energy into Ha that has
highest energy density per unit mass of any fuel, bul being the
lightest and lower density clement, i's hardly stored requiring
more volume for given amount of energy. [2] Current H.
storage methods are: gas compression (cGH:), liquelaction
(IHz), cryo-compressed (CcHz) and  solid state  materials
(S5Ms), which involve the H: interaction with the owerall
material (Chemisorption - Chem) or the material surface
(Physisorplion - Phys). [2.3.4] The storage solution must be
carefully designed and selected to address specific applications
depending on geometiry, space and weight. In this scenario,
nuaterials for Hx components and infrastruciures are a crucial
point to guarantee reliability and safety. To address this point, a
new facility, AH lab, has been built in the South of laly, by

Rina Consulting-CSM  SpA and University of Calabria
collaboration, The lab will be described in the paper together
with preliminary results achicved and a synthetic review of the
main H: storage techniques.

II. HYDROGEN STORAGE SYSTEMS

At the state of the art, Ha can be stored in ¢GHa, 1H:, CeHa
and S5Ms, as reported in Table 1, where pros and cons of cuch
storage method are listed,

TABLE I - ITYDROGEN STORAGE SYSTEMS COMPARISON

. ] pv
Storage) . .. ATl foes r -
method [l.'.ltl'n] [k,lll;J.m NTIK] (MPa] Pros Cons
High efficiency, r"“":::;:;:ﬂ::‘“j“
CGH= | 6 < 40 RT | 70 nire
weliislce technology of fast
echnology filling.
High ligquid Energetically
1 g 0 a0 | o1 density and cxpensive, low
storage temperanire,
elficiency boil-olT
Ccllz 5 -4} 20 | 30 Low boal-off High cosis
2| Highly poraus, SR ey
8Ms+| 4 30 |77 | 10| highuptake, | YT low storage
Phvs : ; temperature
: fully reversible
S5Ms - 15 150 K1 3 High 5.'1Ic!_}'. Abry:urhuu_z
Chem pood reversible nmpLrilies

Important parameters for a storage syslem are gravimelric
{pae: Hz amount adsorbed per unit mass) and volumetric density
(pv: Hz amount adsorbed per unit volume), pressure and
temperature, [3] pu and pv influence the vessel weight and
volume, while pressure and temperature determine the operative
conditions influencing, besides the vessel geomelry, costs and
safely of the full system, CGH: at 70 MPa, the vehicles
industrial standard solution, requires expensive tanks, as result
of materials, geometry and mechanical properties
considerations, and energy expenditure for compression and
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fast flhing. |5] H: stores more H: than ¢GH2, bul requires a
higher energetic expenditwre for cooling and the wessel
insulation, due to the H: boil-off with a lost energy content
estimated as 40% in contrast 1o 10% of ¢GHs. |3] The CcH:
combines the properties of ¢cGH: and 1H: sysiems. S5Ms have
been considered as a long-tenm solution for their good storage
capacitics, [6] bul present low temperature Tor Phys, high
desorption temperature for Chem. complex kinetics and
thermodynamics of the processes.

. AHTEST LAB

A, Lab Description

The AH lab, built in the frame of the “EOMAT™ project
(PONO3PE 00092 1), funded within of [Italian National
Operational Programme "Research and Competitiveness' 2014-
2017, presenis the next test capabilities:

e  Small scale tesis (tensile, toughness, and [atigue) on
materials in H environment, in a pressure range (AP) of
(- 100MPa and temperature range (AT) of 283:423K by a
servo-hydraulic maclhine equipped with an autoclave;

o Full scale tests on componenis in a AP of 0=100MPa,
carried out inside an inert security chamber of 2500 1;

« Tesis on S5Ms in a AP of (=30MPa and AT of 77+473K,
by a High-Pressure-Concentration-Temperalure  prolalype
able to evaluate the material sorption/desorption capacity.

B, Experimental conditions

Slow strain rate 1ests (SSRET)Y have been carried oul on AISI
4145 sieel (according 1o NACE TMI98) in a H: and N:
environment at 80 MPa with a strain rate of 107 s, 1o asscss
the effect of H: on the material ductility. A full scale cyeling
fatigue test has been performed in H: on AISI 4145 cylinder
coniaining an intentionally machined defect at AP ol 5+45MPa.

(" Resulix aned discussions

The SSR curves (Fig, 1) show that the maximum strain belore
failure in the Hz test is aboul hall the strain of the sample in Nz
test and the advanced fracture surfices analyses (shown in the
inset) confirmed the presence of a brittle fracture and secondary
cracks.

nogr— B

o i
e ]

Figure 1: Left) Sample tested in e Right) Sanple tested in Nz

——

The full scale test results did not highlight any crack
propagation at the end of the test (Fig. 2).

S ——

Figure 2: Left) Pressure vs, time in the full scale test and vessel phato, Right)
SEM imuge

IV. CONCLUSION

The SSRTs highlight an evident H: effect on elongation and
surface fracture of the material, while full scale fatigue test gave
confirmation of the good performance of AISI 4145 a lower
AP. The critical points for the H; economy development are the
selection of the suitable storage method and the materials
compatibility with gas. AH lab represents one ol the few
realities able to providing all the tools necessary for the
development and optimization of H: storage methods and
malerials,
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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.

I1. 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 (ltaly). 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/m?), and the lowest value on January (about
110 kWh/m?). 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 [1/h] 9.0
Delivery Pressure [bar] 30
Operating Temperature [K] 353
Operating Current [A] 135
Membrane Cross Section Area
2 100
[cm?]

Anode Working Pressure [bar] 2.00

Cathode Working Pressure [bar] 13.44

Anodic Chamber Volume [m?] 0.001
Cathodic Chamber Volume [m?] 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 Nm?®/h per kg of produced hydrogen.
Table 2 below shows the hydrogen production for each site.

Table 2 — Hydrogen Production
CAPO

PARAMETER SUVER COSEN CIVITA
o ZA
Average Daily Hydrogen
Production [kg/day] 22 L Gt
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.

I1l. 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 Nm®/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 CHy instead of Ha.
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 CH, 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

1. 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
CHa4 or ethane) instead of H.. 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 Hz 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) Hot O™ — H04+2¢ (1)
(MCFC) Hx+CO3™— HxO+COx+2e )
(WGS) H20+CO« Hat COs 3)
(MSR) CHa+ H20— 3H2+CO 4)
(MDR) CHa+ CO>— 2H2+CO (5)

The oxidation of H 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 K, 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 COg,
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 CHa 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., Bacek, S., Bae, J., Ha, K., Jun, K.,
Kinetics modeling for the mixed reforming of methane
over Ni-CeO2/MgAI204 catalyst, Journal of Natural Gas
Chemistry, Volume 20, 2011, pp. 9-17.

Copyright © 2019



Proceedings of EFC2019

European Fuel Cell Technology & Applications Conference - Piero Lunghi Conference

December 9-11, 2019, Naples, Italy

EFC19068

A DUAL-ANION MECHANISM IN MOLTEN CARBONATE FUEL CELLS FORA
DUAL-CHALLENGE: ENERGY PRODUCTION AND CARBON CAPTURE

E. Audasso*, B. Bosio*, D. Bove*, E. Arato*, T. Barckholtz**, G. Kiss**, J. Rosen**, L. Han**, T.
Geary***, R. Blanco Gutierrez, H. Elsen, C. Willman***, K. Hilmi*** and H. Ghezel-Ayagh***
*PERT, DICCA, University of Genova, Via Opera Pia 15, 16145, Genova, Italy
**ExxonMobil Research and Engineering, 1545 Route 22 East, Annandale, NJ 08801
*** FuelCell Energy, 3 Great Pasture Road, Danbury, CT 06810

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
H,O 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?]

Jror: cell total current density, [A cm?]

Rexeernal: SUmM of the specific area resistances that are common
to both ion paths, [Q cm?]

Ri: specific area polarization resistance of the i-th reactant
gas, [Q cm?]

Ra: specific area ohmic resistance, [Q cm?]

V: cell measured voltage, [V]

Il. 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 CO, 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 CO, 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 CO; and O, which decreases the polarization
due to the CO; diffusion. However, more recent tests performed
at low CO; 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.

I11. 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 parald 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
H, and O, 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 eguations 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 eguations 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
alows 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
evauate local variables, such as loca compositions,
polarisations, current density and reactant utilization factors.
This feature is critical for both theoretica 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. Smulated Voltage vs. Experimental Voltage.

The average percentage errors on the Voltage fitting is of
about 3%, with the % error for each point evaluated as:
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V. CONCLUSION

In this work, the authors presented the theoretical analysis of
MCFCs working with a dual-anion reaction mechanism. The
authors devel oped 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 datais 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-JTI1-FCH-2018-1, GA n. 826246). This project is
directed to children and adolescents between 8 and 18 years old. Its
goal isto 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.

Il. 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.

I1l. 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 - In this work, accclerated stress test aged PEMFC
cathodes are analveed with an advanced diagnostic procedure,
designed to study the influence of platinum oxides on performance
losses. It is found that ignoring losses from platinum oxide leads to
# miss-interpretation of voltage Josses — indeed, the so-far
unassigned voltage losses are much more relevant than widely
helieved.

Index Terms - PEMFC, Degradation, Loss-Breakdown,
Platinum oxides (P1Ox),

I INTRODUCTION

The proton exchange membrane fuel cell is a promusing cnergy
conversion device for automwtive applications |1]. State of the art
cathode materials — like the PtCo catalyst or the carbon support — are
prone to lifefime limiting degradation under a wide range of relevant
operation conditions [ 1,.2]. This ageing must be reduced in order (o be
competitive  with  convenlional combustion engines  |2,3]. Car
manufacturers must gain detaled understanding of degradation under
relevant doving conditiens. Only with this msight  hybndization
strategies can be developed in order 1o reach the necessary liletime
targels while using the minimum amount of precious melal,
High-loaded cathodes containing no Pl-alloys (but only P1) suller
majorly rom a loss of electrochemical surface area (FCSA), which is
linked to the cell voltage losses via the Tafel-relation [4.5]. However,
low-loaded cathodes containing Pt-alloys can suffer from additional
mechanisms, such as an increased oxygen transport resistance {Raoz),
spectlic actvity (SA) loss and reduced protonie conductivity m the
ionomeer (Ru-) [3.6].
Although, examples like | 3.6] show that many rescarchers are aware of
the dillerent cathode loss mechamsms and related propertics, one loss
mechanism that 1s  always neglected when  analyeang  cathode
degradation 15 the formation of surlace oxides on the catalysl. Surlace
oxides are [ommed by the oxidation of physisorbed Hz0 which impact
the ORR by “poisoning” part of the active sites |3,7]. Such MOx-losses
grow logarithmically in time |8,9] and can be as high as ~100mV,
depending on the potential and the hold time with which it is grown,
In this work, a new diagnostic procedure is implemented to assign
voltage losses in pelarisation curves to PrOs, high regquency resistance
(HEFR), Roe, ECSA, SA and By, Consequently, tis procedure 1s used
Lo study voltage losses dunng cathode degrmdation, whereby the [ocus

in this contribution hes on analyvzing the PUOx-losses.

1. EXPERIMENTAL

Experimental data was gathered using a 5em® MEA-design based on
the studies of Baker and Caulk | 10]. Prior to the ageing experiments, the
MU As (cathode: PtCo; 0.25mgm/em?®) were activated with an in-house
procedure, containing a current ramp to 1TA/%em® and consecutive air
starves. The cell was considered “conditioned” when the voltage benefit
between ar starves was lower than 2mV,
For the accelerated stress tests (AST) a square wave prohle with an
upper potential limuat (UPLY of 1OV and a lower potential bt (LPL) of
0.6V was used. The hold e at UPL and LPL was varied from 2,55 o
205 in the course of this study. The other operation conditions of the
AST were 90°C, 100% relative humidity @t the cell-inlet, 200kPa cell-
inletl pressure and constant Mows o 5.0nlm Hz (anode) and air (cathode).

‘Ihe cell performance and the related cell properties were determined
with a new diagnostic procedure. Apart from cyclic voltammetry to
derive ECSA, the procedure comprises individual holds at current
densities between 2.0 and 0.0Acm?. Figure 1a shows one exemplary
load point (3) with 1ts condiioning steps (1-2). The outcome of the
procedure applied to a BoL-sample can be seen i Fig, 1b.

1.5

ah 1 i - B i
- LER ] 45 8 a
ot . E 2 ) -
i e, N - S— — "
i et - -
- e -l = =
= — h - e
H g = e
Zns i__ B OH OB TR =
= <8 = LELH EE et -
= = & & s ol =
- S z T 06| —u =
iy | #8 —u, . L
S B 04| ---uew -
= = Ny -
A% L i = 2 |
0 i =y i e i | 4

Tt [min) Cumen dewsaty [Asem'|

Fig. 1: a) Measurement procedure of the routine at an exemplary load point. In
the diagnostic phase, other operation conditions are 30°C, Snlm (air and L13),
100%%rl L, and 20bara,, b) exemplary dataset obtained with the LBD-routine.

In the 19 step (Fig. 1) the cell 15 condinoned at the desived current
density o sel up the right liquid water profiles in the MEA. Under many
operation condiions no higuid water 15 expected o the MEA -
nevertheless, the Tonun—held 1s generally used as a standard scheme,
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In the 2* step ten quick jumps {1s each, see insert in Fig. 1a) 1o
voltages lower than 0.2V are carmed oul. The aim of this sequence is
two-fold. On the one hand, @t these low voltages PLOx 15 completely
reduced. On the other hand, from this sequence the true Ro: can be
estimated; In the first jump, the current density at 0.2V is gathered and
this current density is increased in the next jumps by adding each time
3%. From averaging voltage and cwrent density during these ten jumps
the real limiting current (and therelore the real Roz) for the load pomt
of interest can be estimated — namely the current density at the reversal
poanl. This procedure o determing Roe for the conditioned load point 1s
legiimate because the ime constants of all processes bul the adaption
ol the liguid water profiles are smaller than 20ms [11], whereby the
liquid water adaption requires at least 10s. Oppositely, any stalionary
method (e.g. [6.10]), where hold times of minutes are applicd, would
mepsure Hox at saturation profiles different from those i the
polarization curves and are therefore not suited to derive oxyzen
transport related voltage losses.

In the 3 step the current density of interest is held for Tmins.
Thereby, a voltage loss 15 seen that 1s attributed w the formation of PLOs,
The maximal voltage mn this transient (~1s afier the stan of step 3) 15
considered 1o be PtOs-free!. The average ol the last two minules is
referenced as PIOx-equi voltage. EIS-Spectra between 50H: and 30kHz
are recorded from minute 3 to minute 4.5 and itted wath the help of a
tramsmission line model o denve HFR and Ry [12].

Additionally, the specific activity (SA) 1s derived [rom an estimation
of the PtOx-equi veltage at 0.9V divided by ECSA.

1. RESULTS
The dillerent contmbutors o the performance change due o
degradation are summarized moequation (1), Tmportantly, the explicit
calculation of the first six terms at rhs and the explicit measurement at
Ihs allows the quantification of so-lar unassigned vollage losses Al
{discussed for example in [6])

Al =AUgeg s +AU +AD G + AU, + AU +AU g AL, (1

Figure 2a compares a representative begin ol life (BOL) “PrOs-cqui™
polarization curve with end of test (B0 curves for ASTs of different
hold times. Tn Fig. 2b-d, the voltage differences between Bol. and FoT
15 analyzed by means of equation (1), parametrized with the diagnostic
information descnbed above,

In the most cases, 1L was found that Roz and HFR expenence very little
change — therefore especially ALl 15 neglizible and the AUgqs 15 not that
sigmificant although carbon comrosion can be detected with SEM
measurements,

For the measured Ry values no discermible trend 15 observable for the
different samples and therefore the cell performance can even be
improved by an increased Eo'l proton conductivity,

Considerable voltage losses are ansing from a drop in activity (AUges
and Algy ) Oppositely, voltage gains anse from PLOx. That does not
mean that PtOx enhances activity at EoT but represents the fact that
P causes less voltage losses at EoT compared 1o Bol. The measured
“MOx free” pelanzation curves show differences up o 40 mV between
the Bol. and EoT samples. This finding is intuitive as PHOx formation is
enhanced al lgher hall-cell voltages | 7] and at Eol thas voltage s lower
compared to Bol.

! Clearly, the term “PIOx-lrec™ is somewhal misleading as in the firsl
second of the hold time some surface adsorbates will have fomed. Tlowever, as
losses from POW-formation develop loganthmic in time more PrOx-losses ane to

1V. CONCILUSION

Performance losses after cathode degradation testing caused by P1Ox
formuation are reduced ot EoT. In thas work, this reduction s quantificed
for the Grst tme. With this work, we wanl to raise the awareness, that
PiOx should be addressed (a0 best quantified) dunng  cathode
degradation testing,. Otherwise, wrong conclusions about the other
voltage losses al EoT would be drawn — especially the relevance of the
unassigned voltage losses would be under-estimated.
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Fig. 2: (exemplary presentation) a) Polarization curves at the begin of test
(BT and at the end of different ASTs (EOT) by companson of the caleulated
voltage losses or gamns obtamed from the LBD procedure and the measured
voltage losses between BOT and BOT @ (.04, 0.4 and 1.4 Alem®.
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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/cm?
(850°C, reference fuel). Feeding aerosol-fuel caused no rapid
change on power density value. Moderate