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Abstract

Fuel cells are gaining increasing research interest as an alternative clean and sus-
tainable energy source to replace fossil fuels. In the automotive industry, proton
exchange membrane (PEM) fuel cells are prevailing due to the high power density
and low working temperatures. One of the components of the fuel cell that signifi-
cantly affects its performance is the Gas Diffusion Layer (GDL), due to the various
phenomena that take place there.

In this diploma thesis, the GDL of a PEM fuel cell is modeled and optimized with
regards to its porosity. Nowadays, research is focusing on innovative ways to control
the porosity distribution of the GDL. Porosity currently used in the GDL is con-
stant. It is important, therefore, to numerically study whether a varying porosity
distribution has a significant positive effect on the fuel cell performance.

The CFD model that is used for the PEM fuel cell is selected from the literature,
after an appropriate survey. It consists of modified Navier-Stokes equations to also
account for the various electrical, thermal and chemical phenomena, an extra equa-
tion accounting for the two-phase flow that takes place, and an equation for the



conservation of chemical species. The model is developed and simulated in the
OpenFOAM environment.

On the other hand, the optimization is performed using the evolutionary algorithm
based optimization software EASY of NTUA. The porosity distribution that is used
is linear in all three directions to be realistically manufacturable even with porosity
controlling manufacturing. It is shown that porosity non-constant distributions are
indeed favorable and the porosity along all three directions has an impact on perfor-
mance. The preferred distributions however depend significantly on the operating
conditions.

Major part in this diploma thesis was carried out in the premises of Toyota Motor
Europe in Brussels, Belgium, during a 6 month long internship.
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Iepirndn

O xudéheg xawoiuou anoxtoly aUEAVOUEVO EQEUVNTIXG EVOLUPEQOY WG EVUAAAXTIXN
Ty xodapnc xou BLOoUNG EVERYELIC YLOL VAL VTIXATUC THOOUY TOL OQUXTE XO)GLUAL.
Yy autoxwvnToBounyavio, emxpatoly ol xuhéheg xauoiuou ueuPedvng avtohhoryric
npwtoviev (Proton Exchange Membrane, PEM) A6y ™G LPNATC TUNVOTNTOG Lo VOG
xou TV younhov depuoxpaciov hettovpylag. ‘Eva and ta cuotatind otouyela tng
©UPENNE xowaipou Tou €yel eEaPETIXT ETEEOT| OTNV am6d0oT elvor To LTpnua Aldyuong
Acpiov (Gas Diffusion Layer, GDL) Aéyo twv noxihwy @otvouévewy mtou AauBdvouy
Yo exeL.

Ye autrv T Simhwpatiny epyaota, To GDL yiag xudéing xausiuouv PEM povtelomolel-
Tow X0 BEATIOTOTOLELTAL (G TIPOS TO TOPWOES Tov. 1lpbdopateg Epeuveg EyOuy UEAETOEL
XOUVOTOUOUS TEOTOUG Yo ToV EAEYYO NG xatavourc mopwdoug tou GDL xotd tnv
xataoxevy. To mopndeg mou yenowwonoteitar orjucpa oto GDL eivon otadepsd. Eivou
OTNUOVTIXG, ETOUEVKCS, Vo PEAETNIEL ciprdunTind € uior Un-otadepr| XaTovour Tophooug
Yo elye euvoixt| enidpaon oty anédoorn TN xLEANS xauciuou.
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To padnuoatind yovtého avdhuong uiog dedouévng xuérne xovoipou PEM emiéye-
T omo 1N Pihoypagla.  Amotehelton amd Tic edlowoelg Navier-Stokes mou €youv
Tponornoiniel MoTe vor Angdoly uTddn Tar Bdpopa NAEXTEWXE, VERUIXE o Y MUX Qouvo-
ueva, wa emmiéov e€iowon mou avTtioToyel oTn dupacixr) por) Tou AAUBAVEL YR ot
wa emmhéov e€lowon yia TN BlThENoT TWV YUY oTotyelwy. To povtélo avantio-
OETOL X0l TEOCOUOWWVETL o€ TEpY3dAiov OpenFOAM.

H (ektiotomoinon mpoyUotoTOlElTAL, OTN CUVEYEL, YENOWOTOWWVTAS TO AOYLOUIXO
EASY tou EMII 7o onolo BaciCeton o e&ehixtixoie ahyoplduoue. H xatavour nopw-
00UC TIOU YENOLLOTOLELTAL EIVOL YOOUULXY| XL OTIC TEELS XUTEVYUVOES OOTE var ebvan
PEAMOTING HATACKEVAOLUT] OXOUT] XU UE EAEYYO TOU TOPMOOUS XATE TNV HATUCKEVY).
ArnodewvieTtar 6Tl 0L XATOVOPES TOPMOOUC Vol TEGYUATL EUVOIXES 0L TO TOPWOES Xl
OTIC TEELC XaTteudUvoElg emneedlel TNV anddoot). 2oTOC0, Ol TEOTIMUEVES XATAVOUES
eCoPTOVTOL ONUAVTIXG amd TIC cUVITXES AetToupYlag.

To peyohiTtepo TURAHA AUTAS TNG OTALUTIXAS Epyaciog TeoyUaTOTOMINXE OTIC EYXATACTE-
oeic ¢ Toyota Motor Europe otic Bpugéheg Tou Behylou xotd tn Sidpxeta e€opun-
viafog TEoX TN doUNoTS.
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Chapter 1

Introduction

1.1 Fuel Cells

The fossil fuels, e.g coal, oil, and natural gas, are the major energy sources, but are
considered very dangerous from an environmental point of view. At the same time,
the fear is often expressed that the rapid usage resulting in disappearance of fossil
fuels will terminate the progress of increasing demands in many fields, including
transportation. With the increasing interest of clean and sustainable energy to
overcome the fears, fuel cells are attracting more and more attention from research.

A fuel cell is an electrochemical cell that converts the chemical energy of a fuel
(often hydrogen) and an oxidizing agent (often oxygen) into electricity through a
pair of reduction-oxidation reactions, meaning that a transfer of electrons takes
place between the fuel and the oxidizing agent. All types of fuel cells consist of an
anode, a cathode, and an electrolyte. At the anode a catalyst oxidizes the fuel that
is supplied, usually hydrogen, turning the fuel into positively charged ions (most
commonly a hydrogen proton) and a negatively charged electron. The electrolyte
is a substance specifically designed so that ions can pass through it, but electrons
cannot. The electrons travel through an external circuit creating the electric current.
The ions travel through the electrolyte to the cathode. Once reaching the cathode,
the ions are reunited with the electrons and the two react with a third supplied
chemical, usually oxygen, to create water or carbon dioxide. Figure shows a
basic schematic of this entire process.

The anode and the cathode of a fuel cell generally consist of two separate compo-
nents. The first component is the gas diffusion layer (GDL) which is the porous
medium of the fuel cell. It serves in distributing the fluid flow evenly to the catalyst
and also transferring heat and electrical charge. It also helps in removing excess



liquid water if present due to its hydrophobic design. The second component is the
catalyst layer (CL) as described earlier. The anode catalyst is, often, fine platinum
powder while the cathode catalyst is, often, nickel.
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Figure 1.1: Schematic of the basic processes that occur in all types of fuel cells [2]).

The voltage output of the fuel cell for a certain current density or load is often a
measure of its general performance. A polarization or I-V curve expresses the fuel
cell voltage output with regards to the current density. Figure shows a typical
[-V curve with all the voltage losses that occur. These losses can be categorized into
three different types :

e Activation losses 7, due to reaction kinetics

e Ohmic losses 1,n.,, due to electrical resistance in the electrolyte and the other
components

e Concentration losses 7.., due to mass transport limitations

Lastly, to deliver the desired amount of energy, the fuel cells can be combined in
series to yield higher voltage, and in parallel to allow a higher current to be supplied.
Such a design is called a fuel cell stack. The cell surface area can also be increased,
to allow higher current from each cell. The energy efficiency of a fuel cell is generally
between 40 and 60%.
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Figure 1.2: Typical I-V curve.

1.2 Fuel Cell Types

Even though all fuel cells work in the same general manner, they are divided in
different types. The electrolyte substance is most commonly what defines the fuel
cell type.

In proton exchange membrane (PEM) fuel cells [I] (previously called polymer
electrolyte membrane fuel cells), a proton-conducting polymer membrane (typically
naflon) contains the electrolyte solution that separates the anode and cathode sides.
The fuel used in PEM fuel cells is hydrogen and the operating temperature is typ-
ically around 100 °C. The low working temperatures along with the high power
density these fuel cells provide, make them the most extensively used type of fuel
cell and, nowadays, the main type of fuel cell in the automotive industry. PEM fuel
cells also use bi-polar plates (BPPs), metal constructions which encompass both the
anode and cathode, which help conduct electrical current from cell to cell, remove
heat from the active area and prevent leakage of gases and coolant.

Phosphoric acid (PA) fuel cells [2] are a type of fuel cell that uses liquid phos-
phoric acid as an electrolyte and were the first fuel cells to be commercialized. These
cells commonly work in temperatures of 150 to 200 °C. PA fuel cells have been used
as stationary power generators and nowadays are finding application in large vehicles
such as buses. A key disadvantage of these cells is the use of an acidic electrolyte as
it increases the corrosion or oxidation of components exposed to phosphoric acid.

Solid acid (SA) fuel cells [3] are characterized by the use of a solid acid mate-
rial as the electrolyte. At warmer temperatures some solid acids undergo a phase
transition to become highly disordered ”superprotonic” structures, which increases
conductivity by several orders of magnitude. The first developed SA fuel cells used
cesium hydrogen sulfate (C'sHSO,) while current SA fuel cell systems use cesium di-
hydrogen phosphate (C'sHyPO,). Because of their compatibility with several types
of fuel, SA fuel cells can be utilized in remote locations where other types of fuel



cells would be impractical and oftentimes find application in remote oil and gas as
the power system of wellheads.

Solid oxide (SO) fuel cells [4] use a solid material, most commonly a ceramic
material called yttria-stabilized zirconia (YSZ), as the electrolyte. They require
high operating temperatures (800-1000 °C) and can be run on a variety of fuels
including natural gas. SO fuel cells are unique since in those, negatively charged
oxygen ions are transferred from the cathode to the anode contrary to the transfer of
positive ions from anode to cathode in all other fuel cell types. The high operating
temperature is largely due to the physical properties of the YSZ electrolyte as the
ionic conductivity of YSZ is suitable for use only in those temperatures. SO fuel
cells have a wide variety of applications, mainly as auxiliary power units in vehicles
and stationary power generation units.

A few other types of fuel cells are also being researched and developed, their main
difference being the electrolyte substance. However, these types of fuel cells are
either on a developmental stage or they find too limited of an application and thus
are not worth mentioning here.

1.3 PEM Fuel Cells

Typically a PEM fuel cell operates around 100 °C (usually 80 °C for low temperature
PEM fuel cells and approximately 120 °C for high temperature PEM fuel cells). A
sketch of a PEM fuel cell with the various transports and components is shown in

Figure [I.3]

In a PEM fuel cell, hydrogen gas mixed with water stream is supplied at the anode
side and air/water stream at the cathode side through the gas flow channels (GFCs).
The hydrogen is oxidized in the anode catalyst layer (CL) to release electrons and
produce protons. Then, electrons flow through the anode gas diffusion layer (GDL),
bi-polar plate (BPP), external circuit and further to the cathode CL. The produced
protons are transported though the solid membrane to the cathode side. Oxygen is
reduced, meaning that it gains electrons, in the cathode CL and, then, combined
with the electrons and protons to produce water and heat. Reactions at the anode
and cathode sides, respectively, are given by

Hy — 2H" +2¢~ (1.1)

1
5O +2H" +2¢7 = HyO (1.2)
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Figure 1.3: Schematic of the transport processes and components in a PEM fuel cell.

The assembled component consisting of the two layers, gas diffusion and catalyst,
and a sandwiched membrane is named membrane electrode assembly (MEA). The
electrochemical reactions in the cathode attract more attention than the ones in the
anode. This is due to the fact that the formation of liquid water at the cathode, es-
pecially at high loads, is an issue to be managed in PEM fuel cells. This phenomenon
is called flooding and has a negative effect on mass transfer. To avoid flooding at
high current densities, the GDLs are usually treated with polytetrafluoroethylene
(PTFE). This affects the hydrophobicity of the GDL, leading to the water droplets
being forced towards the gas channel [5].

Placing a micro-porous layer (MPL), approximately 30~40 pm, between the gas
diffusion layer and catalyst layer is another method of improving the PEM fuel cell
performance. The placement of an MPL improves the GDL’s liquid water manage-
ment capability, protects the membrane from punching fibers and is also beneficial
in terms of electric and thermal contact of the CL [6].

Porous regions are a main characteristic of a PEM fuel cell as the GDL and CL
are porous. These regions consist of pores and a solid matrix. The pores ensure
transport of reactants and liquid water through the components while the solid
matrix is essential for electrical and heat transport. Regarding the gas diffusion
layer, ideally, it provides a uniform distribution of the reactants to the catalyst layer,
ensures proper and rapid transport of product electrons to the external circuit and
removes liquid water and heat from the catalyst layer [7].

The GDL is made of either carbon fiber paper or carbon cloth. Both types have het-
erogenous structures with pore sizes ranging from a few microns to tens of microns.
Table shows the carbon fiber gas diffusion layer’s and atalyst layer’s physical
properties. The carbon fiber GDL is 0.2~0.5 mm in thickness [§], pores’ size is
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20~50 ym [9] and the carbon fiber diameter is 5~15 ym [§]. The CL has much
smaller pore size than the GDL, this being another reason for applying an micro
porous layer between them.

Parameters GDL CL
Thickness(mm) 0.2~0.5 8]  ~0.01 [§]
Pore size (um) 20~50 [9] 0.04~1.0 [10]

Fiber diameter (um)  5~15 [§] —

Porosity 0.7~0.8 [9]  0.4~0.6 [LT]

Table 1.1: Physical properties of carbon fiber GDL and CL

Currently, the automotive industry is considering innovative ways of controlling the
porosity distribution of the GDL. However, the cost of fabricating and testing a PEM
fuel cell with a complex GDL is considerably high. Moreover, it would be ineffective
to proceed with research on these technologies if the gain in the performance that
can be achieved with complex porosity distributions of the GDL is minimal. For
this reason, computational fluid dynamics (CFD) modeling and simulation can be
used to rapidly gain important insight into the working processes inside a GDL with
complex porosity. Numerical optimization using CFD models can, then, provide
insight into the expected gain in the PEM fuel cell performance.

1.4 Literature Survey

In the past two decades, considerable progress has been achieved in the research fo-
cusing on PEM fuel cells and the GDL. The latest achievements greatly contributed
to better understanding of the phenomena that take place inside the PEM fuel cell
and the GDL as well as to proposing new methodologies for their modeling and op-
timization. In this section, the literature review of the different approaches to PEM
fuel cell and GDL modeling and optimization are presented. The ultimate goal of
the literature review that was carried out was, on one hand, to gain insight into the
different approaches to modeling and optimizing the PEM fuel cell and GDL and,
on the other hand, to find a reliable and suitable software toolbox to serve as the
basis model for the subsequent work of this thesis.

Firstly, the different approaches to model the two-phase flow inside the PEM fuel
cell/GDL are discussed. From there on, various studies related to the specific topics
studied in this thesis are presented and discussed.
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1.4.1 On Two-Phase Flow Modeling in GDLs

In PEM fuel cells, two-phase flow originates from the formation of liquid water by
the oxygen reduction reaction and the phase change process. The gas phase has
multi-components (hydrogen, oxygen, nitrogen and water vapour) while the liquid
phase consists only of water. The formation of liquid water, as previously discussed,
is an issue to be managed as it can lead to the phenomenon of flooding with negative
results on the performance of the PEM fuel cell.

Kone [12] reviews the different approaches to two-phase flow modeling inside the
PEM fuel cell. Most commonly in literature, the multi-fluid and the multiphase
mixture models are used [17] [23] [27]. However, the Volume of Fluid (VoF) model as
well as some more simplified models such as the moisture diffusion and the porosity
correction model are also in use [I8] [19]. The main water phase change mecha-
nisms used in these models are condensation of water vapour to liquid water and
evaporation of liquid water to water vapour.

In the multi-fluid model [I3] of the two-phase flow, a different set of mass and
momentum equations is solved for each phase separately. Usually, the two phases
are coupled through the relative permeability and the phase change terms. The use
of the multi-fluid model is favorable in high saturation conditions, meaning higher
liquid water content in the fuel cell. In these cases the liquid resolution demanded
is higher. It can also resolve complex liquid motion and accounts for the convection
of liquid by the gas. As far as the disadvantages are concerned, it introduces a high
number of variables and the coupling of the phases can be unstable.

In the multiphase mixture model [14], the phases are considered to be mixed and a
single set of mass and momentum equations are solved for the mixture. This assumes
phase equilibrium between the two phases and the mixture variables are evaluated
subsequently. The model is best used when the gas pressure is the dominant one
and in high capillary pressure values. The model reduces the number of variables
and can model the effect of gas pressure on the liquid, but it can be unstable at
higher liquid water saturation values.

The moisture diffusion model [I3] determines the transport of liquid water when
the only driving force is the capillary pressure. It solves one more equation for the
liquid water transport in which a diffusivity of the liquid water term and a source
term due to the phase change of the water are introduced. The moisture diffusion
model performs best in low capillary pressure values and when surface tension is
the dominant force on the liquid. Also, it only introduces one additional equation.
However, the model does not account for the effect of the gas pressure on the liquid.

The porosity correction model [13] is the most simplified one as it does not account
for the motion of the liquid water. It assumes that liquid water fully occupies some
pores of the porous medium. Thus, the porosity at each point is corrected via a
function of the liquid water saturation. This approach is best used in very low



relative humidity, very small pore sizes and low loads of the PEM fuel cell and it
does not require any additional equations. However, its major drawback is the severe
simplification of the phenomenon.

The VoF model [I5] may locate the interface of gas and liquid in the two-phase
flow and advecting the reconstructed interface in a given velocity field. A single
momentum equation is solved and the volume fraction of the two phases is tracked
throughout the domain. The VoF model is well suited for micro-channel flows where
surface tension is a dominant force, however it only deals with the interface of the
two phases and a separate CFD model using the multi-fluid or multiphase mixture
model is needed to compute the two-phase flow.

1.4.2 PEM Fuel Cell/GDL Modeling & Optimization
Studies

The use of CFD to model the processes that take place inside the GDL began about
15 years ago. These models were simplistic and were originally developed for the
sake of validating them and implementing CFD on GDL numerical analysis. The
domain of these models was usually 1-D and higher dimensional analysis was used
rarely. Also, the flow was mostly single-phase and in the cases that two-phase flow
was used, the corresponding models were simplistic.

To comment on some characteristic publications employing and validating CFD
models for the GDL, Sui [16] developed a model for coupled electron and mass
transport in the GDL. The model was quite simplified as it was isothermal and 2-D
and the flow was single-phase. It was used for a parametric study on the effects
of factors such as conductivity, diffusivity and compression on the current density
at the GDL/CL interface. The software in which the model was developed was
CFD-ACE+.

However, as previously mentioned, two-phase models were also used during this
period. [I7] presented a slightly modified approach to the multi-fluid approach to
two-phase flow modeling. The model was used and validated in both single-domain
and multi-domain formulations and it was shown that the multi-domain formulation
has clearly more advantages. However, even though the flow model was two-phase,
the general model was still simplistic as it was isothermal and 1-D. The software the
was used for developing the model was Comsol Multiphysics.

However, developing CFD models for modeling the flow in the PEM fuel cell, and
especially in the GDL, is still ongoing today but with the models being more so-
phisticated. Kone [I8] recently developed a non-isothermal, 3-D, two-phase flow
model following the moisture diffusion approach, modeling the whole PEM fuel cell
in OpenFOAM. The model was developed in order to be compared with an earlier

8



developed single-phase model. The importance of the concentration constant in the
performance of the PEM fuel cell was also shown in this publication.

Regarding studies on optimization of the GDL porosity, there has been significant
work in that field too. The work which was carried out [19] [20] [21] [22] [23]
provides insight into the optimal values of porosity in the GDL as well as into the
advantages of imposing a porosity distribution in the GDL. However, the downside
of the above mentioned work is that the porosity distributions that are usually
optimized are simple linear ones or in cases the porosity is even constant. This
was done because more complex distributions would likely be too complicated to
manufacture. However, recent progress in manufacturing technology of the GDL
can make it possible to manufacture more complex porosity distributions.

A characteristic example of such a work is that of Zhan [19] who studied the effects
of certain linear porosity distributions on the liquid water flux. The porosity was
distributed linearly along the thickness of the GDL and the model (developed in
Visual Basic) was isothermal, 1-D and following the moisture diffusion approach for
the two-phase flow. In this study, it was found that the liquid water flux increases
with increase of contact angle and porosity and decrease of the GDL thickness. It
was also found that when using an MPL, the liquid water flux increases with increase
of the MPL porosity and decrease of the MPL thickness.

Another related work is that of Secanell [20] [21] [22] who used gradient-based opti-
mization to optimize the constant porosity of the cathode and later the anode GDL.
The model of this work was developed on code that was later developed to become
part of the OpenFCST project. OpenFCST is an open-source mathematical model-
ing package for PEM fuel cells developed by the Energy Systems Design Laboratory
at the University of Alberta. The model was isothermal, 2-D and single-phase. The
GDL porosity was optimized to maximize the current density produced at a certain
voltage and, later, also maximize the platinum loading of the CL.

Lastly, Huang [23] developed a non-isothermal, 3-D and two-phase flow model fol-
lowing the multi-fluid approach to optimize linear distributions of the GDL porosity.
Porosity was distributed along the thickness of the GDL and was optimized for dif-
ferent types of gas flow channels (GFCs). It was also shown that a linear distribution
of porosity enhances species transport and current density and decreases losses.

Due to so many phenomena associated with the porous features of the GDL, it would
be useful to take also other publications that do not focus solely on optimizing the
porosity into account. For example, Wang [24] studied the effects of the GDL
compression on transport phenomena and the overall performance of the PEM fuel
cell. His model, developed in OpenFOAM®, was non-isothermal, 3-D and the flow
was single-phase. In [24], it is shown that the compression of the GDL leads to
decreased porosity which is not favorable for the performance. Also, three zones of
different porosity distribution were found in the compressed GDL.

Zhou [25] [26] developed a pore size distribution model to relate micro-structural
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information to water accumulation. The model was developed in OpenFCST and
was non-isothermal, 2-D and the flow was multi-phase following a mixed pore size
distribution and moisture diffusion approach. The MPL was also included and it
was shown that, in dry conditions, the MPL has little effect on the PEM fuel cell
performance while in wet conditions the MPL improves the performance. Also, a
partially hydrophilic MPL might be advantageous.

Niu [27] used a stochastic microstructure for modeling the GDL to study the two-
phase flow in mixed wettability conditions. The model was isothermal, 3-D, the flow
was two-phase with a mixed multiphase mixture approach and VoF approach and
it was developed in OpenFOAM®©. Tt was shown that mixed wettability conditions
are closer to experimental data than purely hydrophobic conditions.

Lastly, it would be important to mention the up-to-date methods of modeling and
thoroughly recreating the detailed porous geometry of the GDL in simulations. An
alternative to CFD would be the Lattice Boltzmann method [28] which is used
more extensively in micro-scale simulations. It is highly suitable for taking the pore
geometry into account and is very effective in dealing with complex boundary con-
ditions and multi-phase and multi-component flows. A characteristic publication
using this method to model the water transport in the GDL would be that of Hao
[29]. Occasionally, along with the Lattice Boltzmann method, the X-ray computed
tomography method is used. This method can accurately reproduce the pore geom-
etry of a GDL and matches perfectly with the micro-scale approach of the Lattice
Boltzmann method. Jinuntuya [30] used this method along with the Lattice Boltz-
mann method to study the effects of the GDL structure on water transportation.

1.4.3 Model and Software Selection

For the needs of this thesis, an appropriate software for the PEM fuel cell/GDL
model had to be selected for further development and expansion. Taking into ac-
count the expertise of the PCopt/NTUA in programming in OpenFOAM and the
contributions the team has made to it, OpenFOAM is chosen to be the environment
for modeling the PEM fuel cell/GDL. Regarding the toolbox selection, it is con-
sidered that the toolbox developed by Kone [I§] is an appropriate one for serving
as a basis and, then, expanded. The model is quite recent, being non-isothermal,
3-D and the flow being two-phase following the moisture diffusion approach. At the
same time, the computational cost of the model is considerably low, being able to
run a simulation in approximately ten minutes on one CPU using the same geome-
try, parameters and number of cells as the author. This factor is of high importance
as the toolbox is to be used as the evaluation software in optimization and for this
reason needs to be as computationally cheap as possible.
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1.5 Scope and Structure of the Thesis

This diploma thesis studies the modeling of the multi-physics phenomena that oc-
cur inside a PEM fuel cell, focusing more on the GDL/MPL component, and the
optimization of the GDL/MPL porosity distribution for maximum performance of
the PEM fuel cell. The phenomena taking place in the fuel cell are simulated by a
multi-physics CFD model.

The contents of this diploma thesis are outlined as follows :

e Chapter 2 : The model of the PEM fuel cell/GDL and its equations and
geometry are presented. The model is validated and results for a reference
case are computed.

e Chapter 3 : A parametric study on the impact of different constant GDL
porosity values is presented and discussed. The model is extended according
to the needs of this study and a first manual optimization of the porosity
distribution is presented and discussed.

e Chapter 4 : The model is coupled with an optimization tool and optimal
designs are generated and discussed.

e Chapter 5 : The work is summarized and conclusions are drawn.
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Chapter 2

Model Description & Assesment

2.1 Geometry & Domains

The 3-D geometry of the PEM fuel cell used is the same as the one used by Kone [I§]
as it uses typical values for the dimensions of a PEM fuel cell. It consists of an anode
and cathode pair of bi-polar plates (BPPs), seven anode and cathode pairs of gas flow
channels (GFCs) accommodated in the bi-polar plates and a membrane electrode
assembly (MEA), meaning an anode and cathode pair of gas diffusion layers (GDLs)
and catalyst layers (CLs) and the membrane. The micro-porous layer (MPL) in the
GDLs is not accounted for. The GFCs have a constant rectangular cross section
from inlet to outlet. The cathode and anode are symmetrical. The mesh consists
of a total of 134552 cells. The geometry as well as the mesh of the PEM fuel
cell are shown in figure while figure shows the anode and cathode GFCs in
detail. Table gives the analytical dimensions of each component as well as the
number of cells in each direction. The x axis denotes the BPP to BPP direction or
the width of the PEM fuel cell, the y axis denotes the channel to channel direction
or the height and the z axis denotes the inlet to outlet direction or the length.
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Membrane electrode assembly

Bipolar plates

lx.

Gas flow channels

Figure 2.1: Geometry and mesh of the PEM fuel cell [18].

Figure 2.2: Detailed geometry of anode and cathode gas flow channels.
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Membrane CL GDL GFC BPP

Width (mm) / # of cells  0.127 /5 0.0037 /2 041 /20 1.5/30 3/45
Height (mm) / # of cells 22 / 44 22 /44 22 /44 2/4 22/44
Length (mm) / # of cells 22 /22  22/22 22/22 22/22 22/22

Table 2.1: Dimensions and number of cells of each component of the PEM fuel cell
[13].

Due to the various phenomena that occur, the PEM fuel cell is broken down into
two domains where different equations are solved. As shown in the 2D schematics
of figure[2.3], the geometry is divided in the fluid domain and the solid domain. The
fluid domain consist of the GDL, the CL and the GFCs in the cathode and anode
respectively. Despite the fact that in the fluid domain, only the GDL and CL are
porous, porosity is applied everywhere in the domain. However, in the GFCs the
porosity value is set to 1, meaning that they are completely empty. In the fluid
domain the liquid water saturation equation and the mass, momentum, energy and
species conservation equations are solved. The solid domain consists of the BPPs
and the membrane. There, only the energy equation is solved due to the heat
transported from the fluid domains. Lastly, the interface between the cathode fluid
domain and the membrane, even though it is not considered a domain in itself, is
where the electrochemical phenomena take place and the electrochemical reaction
equations are solved. These are coupled with the equations in the fluid domain
via the Nernst equation which computes the potential (voltage) produced by the
electrochemical reactions.
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Anode Gas Flow Channels (GFCs)

ABi-polar PlateA‘

(ddg) a1ed Jejod-1g apoyied
(s24D) sjpuueyd mold4 sen apoyied
Solid domain
Solid domain
ujewop pijos

(a) Schematic of all the components of the (b) Schematic of the domain partition.
PEM fuel cell.

Figure 2.3: Schematics (not in scale) of the components of the fuel cell and the
domain partition due to the different equations that need to be solved.

2.2 Assumptions

Before presenting the model equations, the assumptions made have to be presented.
These are the following :

All components are considered homogenous and isotropic
Reactant gases do not permeate the membrane

The electrochemical reactions occur at the interface between the membrane

and the cathode CL
Activation and concentration overpotentials are neglected in the anode
Joule heating is neglected in the BPPs due to high heat conductivity

In the BPPs, electrical potential distribution is constant due to high electrical
conductivity of the material

The gas flow is steady, laminar and incompressible due to low velocities and
steady-state operating conditions

All gases are treated as perfect

16



e The outer walls of the entire cell are adiabatic

e The velocity of the liquid is equal to the velocity of the gas inside the GFCs
where the two-phases also share the same pressure and temperature

e Water vapour is in equilibrium with liquid water at their interface

2.3 Governing Equations

The governing equations of the model are the conservation of mass, momentum,
energy and chemical species, the liquid water transport equation and the cell voltage
equation. The conservation of mass, momentum and energy equations constitute the
modified Navier-Stokes equations.

The conservation of mass concerns the gas mixture, is solved in the fluid domain
and is expressed as

V- (ply) + 5 =0 (2.1)

where p, and Ijg are the density and velocity of the gas mixture respectively. Even
though the flow is incompressible, p, is not constant as it is a function of the mass
fractions of each component of the gas mixture. The gas mixture comprises the
various reactant gases, Oy, Ny and water vapour in the cathode and H, and water
vapour in the anode. S; is the mass source term due to the water phase change from
gas to liquid expressed as [31]

e(1—s)(zwvpy — Dsat)

51=-C RT

M0 (2.2)

where C, is the condensation rate (Table , e is the porosity (Table , s is the
liquid water saturation (Table , xwy is the water vapour mole fraction, p, is the
pressure of the gas mixture, py. is the saturation pressure, R is the universal gas
constant equal to 8.134 —Z— T is the temperature and My, o is the molar mass of

mol K’
H>0 equal to 18.016 -Z.. Porosity ¢ is defined as the volume fraction of the void

mol
space while liquid water saturation s is defined as the volume fraction of the liquid

water.

The conservation of momentum concerns the gas mixture, is solved in the fluid
domain and is expressed as

v (pgﬁgﬁg) — —Vp, + V- (ugvﬁg) + S (2.3)
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where p, is the dynamic viscosity of the gas mixture and Sy, is the momentum source
term which is equal to the Darcy resistance in the porous media and is expressed as

Gy — U (2.4)

where K, is the permeability of the porous medium which is a material property.

The conservation of chemical species is solved in the fluid domain and is ex-
pressed as

V- (pg[jgyi) =V- (pngﬁnyO (2.5)

where y; is the mass fraction of species i and D;ﬁf is the effective diffusivity of the

species i. D;’;f is correlated with the diffusivity of each gas species D, ; (Table
via porosity and liquid water saturation by [32]

(=5 0.11)"?
-0

D;J;f =D (26)

The conservation of energy is solved in both fluid and solid domains, with dif-
ferent expressions in each of them. In the fluid domain, it is expressed as

V- (pmcpm U9T> — V- (ke VT) + SEC (2.7a)

where p;; is the density of the gas-liquid mixture, c,, ., is the specific heat capacity
of the gas-liquid mixture, k,,;, is the thermal conductivity of the gas-liquid mixture
and S£C is the source term due to the water phase change.

In the membrane solid domain, the corresponding equation is expressed as

V- (k’MEMVT) + Sgeac =0 (27b)

where kp;gy is the thermal conductivity of the solid material of the membrane
(Table [2.3) and S5 is the source term due to heat released by the reactions.

Finally, in the BPP solid domain, the equation is expressed as

V- (k?BPPVT) =0 (2.7C)
where kppp is the thermal conductivity of the solid material of the BPP (Table [2.3)).
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Sreac and SEC are expressed as

Si PT O Si,reac
greac _ 1 T (5t - 5 ) (2.8)
E T Suma \ F '

SEC = Sihum s, (2.9)

where [ is the current density produced by the electrons’ flow (Table , OMEA
is the thickness of the MEA, 7 is the total overpotential (voltage loss), S;proq and
Si reac 18 the entropy of each produced and reactant species respectively (Table [2.3)),
n; is the number of electrons of species i, F' is Faraday’s constant equal to 96485~
and hy, g is the specific latent heat of evaporation or condensation of water which
is measured in -2 and empirically determined by [33]

mol

B g =45070 — 41.9(T — 273.15) 4 3.44 - 1073(T — 273.15)+

2.10
+2.54 - 1075(T — 273.15)* — 8.98 - 10~'°(T — 273.15)* (2.10)

Figure gives the graph of h,,r, as a function of T for a range of T' between
273.15-500 Kelvin.

4.4 —
a3l o
42}
a1}
4 I .
3.9} N
3.8}

himfg (J/mol * 10°4)

3.7} B
3.6} T

3360 350 200 450 50¢
T(K)

Figure 2.4: Specific latent heat of evaporation or condensation of water hy,r, as a
function of temperature T (plot corresponding to eq. |2.10

The liquid water transport equation is solved in the fluid domain and reads [31]

V- (plDlVS) -V (pgﬁgs> -+ Sl =0 (211)
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where p; is the density of the liquid water and D; is the diffusivity of the liquid water
expressed as

o Kl apc

D = —
: JUNE

(2.12)

where K is the permeability of the liquid water, y; is the dynamic viscosity of the
liquid water and p. is the capillary pressure.

Lastly, the cell voltage output is computed in the cathode fluid/solid domain
interface and is expressed as

‘/cell = ENernst — Nact — Nohm — Tcon (213>

where Enemnst 1S the Nernst potential and 7get, Nonm and 7., are the activation,
ohmic and concentration overpotentials, respectively. Enernsts Nacts Nohm and Neon
are all field variables and subsequently V,.; is a field variable. To produce a single
value for the voltage output, V. is averaged in the fluid/solid domain interface.

2.4 Constitutive Equations

Regarding the constitutive equations of the model, firstly, the molar fraction x; is
related to the mass fraction y; by

; (2.14)

W
MY B

The local open-circuit potential produced by the electrochemical reaction is given
by the Nernst equation

RT
ENernst = EO + Z_Fan (215)

where Enemns is the cell potential, z is the number of electrons transferred which
equals 2, () is the reaction quotient and FEj is the standard cell potential expressed
as

Ey = —AG = — (AH — TAS) (2.16)
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where AG is the Gibbs free energy, AH is the enthalpy of formation of the reaction
products and AS is the entropy of formation of the reaction products.

The cell activation overpotential is expressed as [34]

RT [ I
Ly 2.1
fact = F " (10) (2.17)

where « is the charge transfer coefficient (Table and [y, is the exchange current
density at the cathode measured also in % and given by [35]

. B (1 1
I, = I} eaxp { I ! (? - 353.15>] (2.18)

where Ig@f is the reference exchange current density (Table and F,. is the
activation energy (Table [2.3)).

The cell ohmic overpotential is expressed as [34]

Tlohm = RQI (219)

where R, is the area specific resistance of the cell defined by

o eff eff ofT 7 T + Re  (2.20)

)
R / MEM dx  dcapr  Occr  Oagpr  dacrL  OBpps
Q pr— —
0 Oecapr Oeccr OescpL Oeacr Oeppps

where MEM, CGDL, CCL, AGDL, ACL, BPPs denote the membrane, cathode
GDL, cathode CL, anode GDL, anode CL and BPPs respectively, d is thickness, R¢
is the contact resistance between the BPP and GDL (Table , o¢l7 is the effective
electrical conductivity calculated as

ol =05,(1—¢) (2.21)
o; is the ionic conductivity written as [37]

11
.= (0.5139\ — 0.32 1268 ( — — — 2.22
o; = (0.5139) — 0.3 6)6:6]9{ 68 (303 Tﬂ (2.22)
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where A is the dimensionless membrane water content defined as [37]

O<axl1
1<a<3

(2.23)

0.043 4 17.18a — 39.85a2 + 3647,
14 + 1.4(a — 1),

with a being the activity of water vapour in the gas mixture calculated as [37]

0 = TwvDy (2.24)
psat

Lastly, psat measured in atm is given by [37]

10 Psar = — 2.1794 + 0.02953(T — 273.15)—

2.25
—9.1837 - 107%(T — 273.15)% + 1.4454 - 10~ "(T — 273.15)* (2.25)

Figure [2.5] shows the graph of the dimensionless membrane water content A as a
function of the activity of water vapour in the gas mixture a. Figure 2.6 shows the
graph of the saturation pressure p,,; as a function of the temperature 7.
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Figure 2.5: Dimensionless membrane
water content A as a function of the ac-
tivity of water vapour in the gas mizrture
a (plot corresponding to eq. (2.2

Figure 2.6: Saturation pressure psqar as
a function of the temperature T' (plot cor-
responding to eq. |2.2

The concentration overpotential is expressed as [36]

l 1.
con = CLTL
g I — 1
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where ¢ is the concentration constant (Table and Iy, is the cathode limiting
current density expressed as [30]

_ n02 FDO2 002

I
r dcapr

(2.27)

c

where ngp, is the number of electrons exchanged by oxygen which equals 4, Dy, is
the diffusivity of oxygen (Table , Co, is the concentration of oxygen and dcapr,
is the thickness of the cathode GDL.

The capillary pressure of liquid water in the porous media is expressed as [35]

Pe = 0cosl <%)é J(s) (2.28)

where o is the surface tension (Table 2.3)), 6 is the liquid water contact angle (Table
and J(s) is the Leverett function defined as [35]

J(s) =1.417(1 — s) — 2.12(1 — 5)> + 1.263(1 — 5)? (2.29)

Figure shows how the contact angle of a liquid water droplet is defined and figure
2.8| gives the Leverett function graph.

0.6
0.5 N\

0.4} g

J(s)

0.3} T

0.2} .

0.1} N

Figure 2.7: Liquid water droplet con- 0 . . . . \
tact angle measurement. ' ' '

S

Figure 2.8: Leverett function graph
with respect to liquid water saturation s

The density of the two-phase mixture p,,;,. is defined by

Pmiz = (1 = 8)pg + spu (2.30)
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The specific heat capacity of the two-phase mixture ¢,, ., is defined by

Cpmia: = (1 - S)Cpg + Scpl (231)

The thermal conductivity of the two-phase mixture k,,;, is defined by

= (1 —s)ky + sk (2.32)

kmix

2.5 Boundary Conditions

The boundaries of the computational domains consist of the outer wall boundaries,
the gas flow channels’ inlets and outlets and the various interfaces between fluid
and solid domains. Figure [2.9] shows a 2D schematic of the outer wall boundaries
as well as the various interfaces. Table [2.2] contains the specific boundary values for
the reference case at I = O.6cmi2 which is to be used in the work to follow in this
chapter.

At the GFCs’ inlets, Dirichlet conditions are applied for velocity, temperature, liquid
water saturation and species mass fractions while Neumann conditions are applied
to pressure. The inlet velocity is a function of the species stoichiometric flow ratio
&, the current density I, the electrode active area Aj;pa and the GFC cross section
area A., and is calculated as

I 1 RT 1
U _§nFAMEA—x o A (2.33)

i

At the GFCs’ outlets, Dirichlet conditions are imposed on pressure while Neumann
conditions on velocity, temperature, liquid water saturation and species mass frac-
tions.

At the solid domain - outer wall boundaries, zero Neumann conditions of tempera-
ture are imposed. At the fluid domain - outer wall boundaries, as well as in all the
fluid - solid interfaces, zero Neumann conditions are imposed on temperature, pres-
sure, liquid water saturation and species mass fractions and zero Dirichlet conditions
on velocity.
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Anode BPP/fluid Cathode BPP/fluid
interface interface

Outer wall
boundary

Solid domain
Solid domain
ulewop pljos

Anode membrane/fluid Cathode membrane/fluid
interface interface

Figure 2.9: 2D schematic of computational domain’s outer wall and interface bound-
aries.

Anode Inlet Anode Outlet Cathode Inlet | Cathode Outlet | Fluid - Solid & Fluid - Outer Wall | Solid - Outer Wall
Ufyer = 0.8844% VoUjsuer =0 Uair = 2.4656™ VolUair =0 U=0
VoDfuer =0 Dfuel = 101325Pa VaDair =0 Pair = 101325Pa V.p=0
Y, = 0.2 Vayn, =0 Yo, = 0.2 Vayo, =0 Vay =0
ymo = 0.8 Vaymo =0 ym,0 = 0.15 Vo =0
yn, = 0.65 Vayn, =0
T = 353K Vv, T =0 T = 353K VvV, T =0 V.T =0 Vv, T =0
s=0.2 Vs =0 s=0.2 Vs =0 Vs =0

Table 2.2: Reference case boundary condition values.

2.6 Reference Case Parameters Values & Operat-
ing Conditions

The reference case parameters and operating conditions are the same as those used
in [I8]. Table displays the values of the various parameters needed for solving
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Table 2.3: Parameter values

the model. Table contains the values of the PEM fuel cell operating condition
parameters at the reference case.

Parameter (Units) Symbol Value
Density of air (k—%) Pair 0.914
Density of fuel ( ) P fuel 0.2404
Density of liquid water (%) o 1000
Density of membrane (%) PMEM 1980
Density of BPP (—93 PBPP 1880
Heat capacity of air #) Cpain 1108.85
Heat capacity of fuel (#) Cp el 2062.74
Heat capacity of liquid water i > Cp, 4190
Heat capacity of GDL (ﬁ CpepL 710
Heat capacity of CL (LK) Cper, 710
Heat capacity of membrane ( TR > Coamm 2000
Heat capacity of BPP (k > Cpppp 875
Thermal conductivity of air (%) Kair 0.02867
Thermal conductivity of fuel K) Efuel 0.08396
Thermal conductivity of liquid water (mﬂK) K 0.6
Thermal conductivity of GDL EK) kapr 1.6
Thermal conductivity of CL (W) ket 8
Thermal conductivity of membrane mﬂK) kyem 0.67
Thermal conductivity of BPP (m 1§) kgpp 10.7
Electronic conductivity of GDL (2) Oecnr 5000
Electronic conductivity of CL (én Oecr, 1000
Electronic conductivity of BPP (E) Ocppp 83000
Dynamic viscosity of air (Pa s) Hair 1.5158 x 107°
Dynamic viscosity of fuel (Pa s) [ fuel 1.5 x 107°
Porosity of GDL €GDL 0.5
Porosity of CL €orL 0.4
Contact resistance (Qm?) Re 2x107°
Cathode charge transfer coefficient Q. 1.0
Cathode activation energy (%) Eoe, 73220
Reference exchange current density (-2) e 0.0139
Concentration constant c 0.25
Condensation rate (%) C, 10
Surface tension (%) o 0.0625
Liquid water contact angle (°) 0 120
Enthalpy of formation of water vapour (%) AHpy,o -241826
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Table 2.3: Parameter values

Parameter (Units) Symbol Value

Standard entropy of hydrogen (m(;]l K) S, 130.68
Standard entropy of oxygen (mjl ) So, 205.152
Standard entropy of nitrogen (mol K) S, 191.609
Standard entropy of water vapour (m;]l K) SH,0 188.835

Table 2.4: Reference case PEM fuel cell operating conditions

Parameter (Units) Symbol Value
Cell current density ( 4 ) I 0.6
Cell temperature (K ) Teenr 353
Cathode fluid pressure (Pa) Dea 101325
Anode fluid pressure (Pa) Dan 101325
Cathode fluid velocity ( ) U, 2.4656
Anode fluid velocity m) Uun 0.8844
O, diffusivity in air mixture < Do, ... | 2.939x107°

Effective O, diffusivity in GDL

3/ \F.o
Mm

=) | Dogry, | 97325107

Effective O, diffusivity in CL ( - DOefoL 7.785x1076
2,
H, diffusivity in fuel mixture (™) | Dp,, . | 1.22x10~*
Effective H, diffusivity in GDL ( 2) DHefoDL 4.031x1075
2,
Effective H, diffusivity in CL (m—> DHngL 1.252x107°
2,
Anode liquid water saturation S 0.2
Cathode liquid water saturation S 0.2
Os mass fraction YO, 0.2
H,O air mass fraction YH,0 0.15
Ny mass fraction YN, 0.65
H, mass fraction YH, 0.2
H,0 fuel mass fraction YH,0 0.8
Stoichiometry ratio in cathode air Eair 2
Stoichiometry ratio in anode fuel Efuel 1.5

2.7 I-V Curve & Overpotentials

By keeping all the reference case parameters constant, varying the current density
up to 1.6cmi2 and running the simulations, the I-V curve is produced. Figure
shows this I-V curve. The curve follows the typical trend and behaves as expected,
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with the cell voltage output decreasing as the current density or load of the PEM
fuel cell decreases.

Figure displays the overpotentials or potential losses for the varying current
densities. The activation overpotential constitutes the largest potential loss at any
current density because of slow reaction rates at the electrodes. The ohmic potential
loss becomes significant at moderate current densities due to resistance to the flow of
electrons and protons. The concentration overpotential, caused by mass transport,
rises at high current densities as the electrodes are rapidly depleted of the reactants
by the electrochemical reactions.

1 0.6

I-V curve —= Activation —=
0.9k Concentration —-
\\ 0.5+ Ohmic
0.8 N —
— ‘\‘\ 2 0.4 _}7—1»——-—7'***_ﬁ4'7_-774_-H
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o 06 - Z o3l
3 . 2 v
o . c
0.5 =
> . g 0.2} oy
0.4 L -
= 01l o
0.3 ™ ' [
T O S
0 02 04 06 038 1 1.2 14 16 0 02 04 06 0.8 1 1.2 14 1.6
Current Density (A/cm?) Current Density (A/cm?)

Figure 2.10: [-V curve in reference  Figure 2.11: Qwverpotentials in refer-
case parameters and varying current den- ence case parameters and varying current
sity. density.
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2.8 Discussion on the Reference Case Results

The post-processing and visualization of the reference case results were achieved
with ParaView, an open-source post-processing utility used with OpenFOAM.

2.8.1 Gas Flow Channels Results

Figure displays the velocity profiles along the anode and cathode gas flow
channels (GFCs), for fuel and air respectively, on the slice midway between the
BPP and GDL. Note that the inlet is on the left of the figures while the outlet is at
the right. The highest velocity is observed at the center lines of the channels at the
cell outlet while the lowest velocity is seen at the walls. These profiles agree with
fully developed laminar flows.

In the same slice, figure illustrates the pressure profiles for the anode fuel and
cathode air. The increase in the fluid velocity from inlet to outlet results in a
decrease in the fluid pressure. However, the pressure drops along the channels are
rather small, around 1 Pa in the anode and 8 Pa in the cathode.

Figure shows the distribution of hydrogen and oxygen mass fractions at the
anode and cathode GFC, respectively. As the reactants are consumed during the
electrochemical reactions, their mass fractions decrease from the cell inlet to the cell
outlet. It can also be seen that the concentration of reactant gases is proportional
to pressure.
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(b) Cathode GFC velocity magnitude

Figure 2.12: Reference case anode and cathode GFC velocity magnitude profile mid-
way between BPP and GDL
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Figure 2.13: Reference case anode and cathode GFC pressure profile midway between
BPP and GDL
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Figure 2.14: Reference case anode and cathode GFC hydrogen and oxygen mass
fraction profiles midway between BPP and GDL
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2.8.2 Gas Diffusion Layer Results

Figure shows the velocity profiles in the cathode and anode gas diffusion layer
(GDL), in a slice mid-height of the whole PEM fuel cell, essentially where the cen-
terline of the middle channel is. The inlet is on the right of the figure while the
outlet on the left. For the cathode, the BPP would be above the image while the
CL would be below and vice-versa for the anode. Moreover, figure [2.15] shows the
stream lines of the flow on that same slice. For both the anode and the cathode, it
can be observed that the flow goes almost parallel from the inlet to outlet with the
flux to the CL being very small compared to the total flow. Also, the flow enters
the GDL very close to the inlet and exits the GDL very close to the outlet, meaning
that the reactants are not evenly distributed to the CL.

Figure displays the velocity profiles in the cathode and anode GDL, in a slice
mid-length of the PEM fuel cell from inlet to outlet. It can be seen from this figure
that the velocity profiles repeat from the channel to channel, meaning that figure
[2.16] is representative of all the channels. It can also be observed that the flow from
channel to channel is present but small.

(a) Anode GDL flow stream lines mid-height

(b) Cathode GDL flow stream lines mid-height

Figure 2.15: Reference case anode and cathode GDL flow stream lines mid-height
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Figure 2.16: Reference case anode and cathode GDL velocity magnitude profile mid-
height
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(b) Cathode GDL velocity magnitude mid-length

Figure 2.17: Reference case anode and cathode GDL welocity magnitude profile mid-
length
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Chapter 3

Variable Porosity & Manual

Optimization

The toolbox selected to model the processes in the PEM fuel cell is insufficient
for the goals of these thesis in one aspect. The porosity value used in the porous
media is spatially constant in each medium. In order to be able to proceed with the
optimization of the porosity distribution in the GDL, the toolbox has to be modified
in order to account for variable porosity in the GDL. This is done by modifying the
OpenFOAM code of the toolbox.

In order to investigate if changing the porosity value has an effect using the specified
model, first of all a parametric study with spatially constant porosity values is done.
After this is confirmed, the code is modified to account for variable porosity. Lastly,
a first simplistic manual optimization of porosity is done to maximize voltage at low
and high load using a simple porosity distribution.

3.1 Parametric Study of Constant Porosity

Before modifying the code to account for variable porosity in the GDL, it is of
significant importance to investigate how the performance behaves under different
values of the spatially constant porosity in the GDL. Thus, a parametric study of the
constant porosity in the cathode GDL was carried out. All properties and parameter
values, except for the cathode GDL porosity, are the same as in the reference case
described in chapter 2.

It is important to note that this parametric study of porosity as well as any sub-

37



sequent work on variable porosity was done only for the cathode GDL and not the
anode GDL as well. This is due to the fact that the phenomena that occur in the
cathode and are handled by porosity attract more design attention. Apart from
distributing the reactants in the CL and transporting electric charge which are done
in both anode and cathode GDLs, the cathode GDL also transports the liquid water
and serves to avoid flooding. For this reason, the parametric study and all subse-
quent work deals with the porosity in the cathode GDL while the porosity in the
anode GDL is always constant.

Figure displays the I-V curve for the various cathode GDL spatially constant
porosity values ranging from 0.1 to 0.9. The current density or load ranges from 0
to 1.6%. It is clear that the cathode GDL porosity value affects the performance
of the PEM fuel cell. For very low porosity values, 0.1 to 0.3, the performance
drops significantly. However, for very high porosity values as well, such as 0.9,
the performance is affected negatively. The optimum region is for porosity values
between 0.5 and 0.6. Note that in the reference case the porosity value is 0.5.

Figures [3.2 and show the overpotentials’ curves for the various porosity
values. These overpotentials provide an explanation for the effect that the porosity
value has on the I-V curve. From figure [3.2] it can be observed that the activation
overpotential is not really affected as the porosity does not affect significantly the
reaction kinetics. The ohmic overpotential shown in figure 3.3]increases as the poros-
ity value increases. This was expected since when porosity increases, conductivity
decreases and resistance increases, leading to an increase in the ohmic overpotential.
On the other hand, the concentration overpotential displayed in figure decreases
as the porosity value increases. This was also expected due to that higher porosity,
meaning more empty space, allows easier transportation of the reactants to the CL
which decreases the concentration overpotential.

So, on one hand it is clear that the porosity value in the model used affects the I-V
curve. On the other hand, the porosity value should balance the trade off between
easier transportation of reactants and liquid water and favorable conductivity of the

GDL. This can also be seen in figures and which display, for loads of O.GCmi2
and 1.26mi2, the voltage output of the cell with regards to the porosity value of the
cathode GDL. The optimal porosity value for the O.Eicmi2 case is 0.3 while for the
1.2mi2 case is 0.5. This means that in the low load case, where liquid water formation
is not particularly prevalent, lower porosity for higher conductivity is favored while
in the high load case, conductivity is sacrificed for better flow of reactants and liquid

water.
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3.2 Model Modifications for Variable Porosity

After confirming that in the model used the porosity value in the cathode GDL
affects the performance, the toolbox is modified to account for variable porosity
in the cathode GDL. To achieve this, the OpenFOAM code of the toolbox was
modified. From an OpenFOAM coding perspective, changing the porosity from a
spatially constant parameter to a spatially variable one did not pose considerable
difficulties. It is, however, important to consider what should change in the equations
of the model by accounting for variable porosity.

Most of the model parameters that porosity affects do not change whether porosity
is a spatially constant or variable parameter. The parameters that are immediately
affected by porosity are the mass source term 5, in equation , the effective dif-
fusivity D;f 7 in equation , the effective electrical conductivity o¢// in equation
and the capillary pressure p. in equation . S, D;f 7 and p, are already
spatially variable as they include the spatially variable liquid water saturation in
their formulas. However, o¢// is not already spatially variable.

There are certain repercussions with changing 0¢// from a spatially constant param-
eter to a spatially variable one. In equation (2.20)), the term

_ dcapL
- eff

O-GCGDL

T

is produced by the more general term

5CGDL dﬁC 6CGDL dl'
€
0 UegéDL 0 Oecent (1 - ECGDL)

It is true that if ecgpr, is constant then 77 = T,. However, that’s not the case
with spatially variable porosity. In that case, the term 75 has to be computed as an
integral. To avoid that, ecgpy, is replaced with the averaged porosity in the cathode
GDL, gcapr, to calculate T5. Thus

- /5CGDL dx /5CGDL dx Scapr
2 p— 8— p— — pu— —
0 Ueé{;DL 0 Oecapr (1 - 5CGDL) Oecepr (1 - e’ZQC'G'DL)

It is also important to note how the porosity is distributed and how it is inputted
in the toolbox. For the subsequent work of this chapter, the porosity distribution
selected to be used is linear from the BPP side to the CL side or, in other words,
along the x direction. This linear profile along the x direction is selected for sev-
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eral reasons. First of all, the work to be done next in this chapter is the manual
optimization so the distribution needs to be as simple as possible. Secondly, it is con-
sidered that porosity distributions more complex than linear would be too complex
to manufacture. Lastly, the x direction is considered to be the direction in which a
porosity distribution would have the greatest effect and thus the linear distribution
is imposed in the x direction for the manual optimization. As far as inputting the
x direction linear profile of porosity in the cathode GDL goes, the porosity value at
the cathode GDL cells closest to the BPP side and the porosity value at the cells
closest to the CL side are imposed. Subsequently, the gradient is computed and the
distribution is created by imposing the appropriate porosity value for every other
cell in the cathode GDL.

3.3 7"Manual” Optimization

As discussed earlier, before proceeding with the full optimization, a first simple
"manual” optimization is carried out. This is done with a linear distribution of
porosity in the cathode GDL along the x direction. The quantity to maximize is the
voltige output at two different current densities of low and high load, O.(Scmi2 and
1.2

cm?”

The parameters that are being controlled for the optimization are the porosity value
in the cathode GDL cells closest to the BPP and the porosity value in the cathode
GDL cells closest to the CL. Seven values for these parameters are selected 0.05, 0.1,
0.3, 0.5, 0.7, 0.9 and 0.95 and thus 7x7 cases are run for each current density. The
values selected cover most of the theoretically possible porosity value range which is
0 to 1. The extreme values are avoided as they would be practically not functional.
Figure displays a schematic of the cathode GDL seen from the BPP side to the
CL side, with a random linear porosity distribution imposed and the various values
of the porosity on each side.
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Figure 3.7: Schematic of the cathode GDL from BPP to CL with a random porosity
distribution and the porosity values on each side.

Figure displays the voltage map for both low and high load cases. Even though
only the 49 cases mentioned were run, the voltage value was interpolated in the
whole space. The porosity value closest to the CL side lies on the x axis while the
porosity value closest to the BPP side lies on the y axis. The blue circle displays
the reference case design while the green region is the optimal one in each case. The
black regions denote cases/regions which did not converge mainly due to physical
reasons as the porosity there is extremely low or high but, also, due to numerical
instabilities.

In the low load case, the voltage range in the whole space is around 5% while in
the high voltage case the voltage range is around 30% meaning that the porosity
distribution affects the performance far more significantly in the high load case. This
is due to the fact, as it can be observed, that in the high load case, low porosity
values in the CL side cause an immediate drop in performance most probably due
to the flooding effect present at high loads. Also, in the low load case, voltage is
favored by lower porosity values in the CL side compared to the high load case while
the optimal region’s porosity values at the BPP side are almost the same in both
cases. The reference case design, in both cases, lies in the optimal region. The
voltage increase from the reference case to the optimized design is 0.4% in the low
load case and 0.1% in the high load case.
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Chapter 4

Optimization

After the "manual” optimization is completed, the full optimization can take place
with more design variables and more complex cathode GDL porosity profiles. The
full optimization is done using EASY, an EA-based optimization software [40]. The
porosity distribution remains linear but is now imposed in all three directions of the
cathode GDL.

4.1 Evolutionary Algorithms

Optimization methods [39] can be split into two main categories, gradient-based or
deterministic methods and stochastic methods. Deterministic optimization methods
use the general definition of the derivative of the objective function, which is required
to be computed. On the other hand, stochastic methods, as the name suggests, are
using randomized search to find the optimal solution. It is clear, therefore, that
in order to use a deterministic method the computation of the derivatives of the
objective function is necessary with respect to the design variables.

Evolutionary algorithms are the main representatives of the stochastic methods.
They are based on principles derived from natural evolution, such as reproduc-
tion,mutation, recombination and selection. Basic characteristic of this method, in
contrast with other stochastic methods, is that it uses a population of candidate so-
lutions (population-based methods) instead of a single solution in every optimization
iteration. The principles of natural evolution, mentioned above, can be translated
into mathematical operators. The evolution of the population takes place after the
repeated application of these operators with the goal of driving a population of
candidate solutions towards better regions of the search space with respect to the
selected objective function.
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The main characteristics of an evolutionary algorithm can be summarized by the
following

e They use populations of individuals (candidate solutions) which evolve simul-
taneously instead of single individuals.

e The evolution of the population is determined by the objective function values
of its individuals.

e Populations must change dynamically by creating new individuals and elimi-
nating other depending on their objective function value.

e During the evolution of the population, hereditary operations are employed.
Features of the parent population should be found in the offspring population
but new features must also appear.

Like every optimization method, evolutionary algorithms have both advantages and
disadvantages in comparison with other methods.

One great disadvantage of an evolutionary algorithm, in its standard form, is that
it requires a, relatively, large number of evaluations to identify the optimal solution.
Therefore, the evaluation software, which is the expensive part of the optimization
procedure, must be used a lot of times. Another disadvantage is that the more
the design variables, the more the evaluations needed to actually find the optimal
solution. Therefore, the computational cost greatly increases with the increase of the
design variables. Nevertheless, there are methods that can reduce the total number
of evaluations thus decreasing the total cost /time of an optimization procedure. Such
a method is a metamodel assisted evolutionary algorithm. Metamodels replicate
costly calls to the CFD evaluation software, by approximating the objective function
at negligible cost, after training them on data collected from candidate solutions
already evaluated, on the CFD tool, during the evolution.

On the other hand, evolutionary algorithms in contrast with deterministic methods
will always find the global optimum of the problem, provided that an infinite number
of evaluations can be performed. Another advantage is that, as already mentioned,
an evolutionary algorithm can be used directly in a new problem without changing
anything on the optimization software to fit the problem requirements. The only
requirement for an EA is an output from the evaluation software with the value(s)
of the objective function(s) for the individual to be evaluated.

Weighting the advantages and disadvantages of each optimization method it was
decided that an EA better fits the requirements of the problem.

4.1.1 EA-Based Optimization
The EA-based optimization can be summarized in the following steps
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. Basic parameters, such as the size of the parent and offspring population, are
selected, depending on the problem. The symbols S9# and S9* correspond to
the parent and offspring population, respectively. Letter g refers to the gener-
ation count. The procedure begins with a random selection of the individuals
of SO

. The X individuals of S9* are evaluated through the use of an evaluation soft-
ware. After the flow fields are computed, a post-processor is used to compute
the objective function of each individual.

. The members of the elite population denoted by S9¢ are renewed by the mem-
bers of S9* that have a better objective function value. This step can be
expressed as

§othe — T, (592 U §9°) (4.1)

where T, is the operator identifying elite members.

There is always a chance that, at this step, no individual of S9* is better than
the ones of S9¢ and, therefore, the population of the elites remains the same.
This is an indication that the EA did not manage to find a better solution in
the last generation.

. The elitism operator, T.s, is used to replace individuals of S9* by individuals
of S9¢. Usually the worst individuals of the offspring population are chosen.
Depending on the value of this operator, the search engine can be more elitistic
or less elitistic. Through this step, getting a new generation (iteration) with
an optimal solution worse than the one of the previous one, is avoided. This
step can be expressed as

S9N = Ty (597 U 5971) (4.2)

. The new parent population S9*1# is created through the use of the operator
T),. Usually this is done through the use of the current offspring and parent
population

SUHLE = T (599 U §9) (4.3)

. The next step is the generation of a new offspring population, S9+'*. To ac-
complish this, individuals of S97%# and S971¢ are randomly selected. For each
combination of parents selected, some operators, such as the mutation opera-
tor (T,,) and crossover operator (7,.), are used to produce the final offspring
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population of the new generation.

SITEA = T, T, (§97H+ Uy §971°) (4.4)

7. Convergence criteria for a single objective optimization, such as the optimal
value remaining the same for N generations, are checked and, if satisfied, the
algorithm stops. If not, a new generation begins by repeating steps 2 to 6.

4.1.2 EASY

The optimization software EASY (Evolutionary Algorithm SYstem) [40] is used for
the optimization. EASY is a general purpose optimization platform developed by
the PCopt/NTUA. It can be used for single-objective (SOO) and multi-objective
(MOO), constrained or unconstrained optimization problems. EASY offers a variety
of options, such as hybrid optimization (using both stochastic and gradient-based
optimization techniques), metamodel assisted evolutionary algorithms etc.

For carrying out EA-based optimization in EASY, the sole necessities are the eval-
uation software, a pre-processor for providing each candidate solution’s design vari-
ables’ values to the evaluation software and a post-processor for providing the
value(s) of the objective function(s) and the values of any constraints to EASY.
For every candidate solution, EASY provides a file named task.dat with the num-
ber and values of the design variables. This file is pre-processed and inputted in the
evaluation software. The evaluation software is run and the results, after being post-
processed, are returned to EASY via the files task.res and task.cns containing the
value(s) of the objective function(s) and the values of any constraints respectively.

4.2 3D Linear Porosity Distributions

In the "manual” design which was performed in the previous chapter, a linear poros-
ity distribution along the x direction in the cathode GDL with two design variables
was used. In the new optimization run, the linear character of the distribution
is meant to be preserved, however it is to be imposed in all three directions and
also having points where the gradient changes. The linear distribution is preserved
because, as discussed earlier, more complex distributions could probably be non-
manufacturable. In the x direction, there are two points of changing gradient, one
half-way between the BPP side and the CL side and one three quarters of the way
in from BPP to CL, where the MPL would be. This is a way to also take the MPL
artificially into account. Thus, in the x direction, there are 4 design variables, the
two porosity values at the CL side and BPP side and the two porosity values at

48



the two gradient changing points. In the z direction, there are again two points
of changing gradient, one one third of the way in from inlet to outlet and one two
thirds of the way in from inlet to outlet. Thus, in the z direction, there are also 4
design variables, the two porosity values at the inlet side and outlet side and the two
porosity values at the two gradient changing points. In the y direction, it is selected
to have a constant porosity value where the ribs of the BPP are and a different
porosity value where the channels are. Thus, there are 2 design variables in the
y direction, the two porosity values at the ribs and channels respectively, totaling
10 design variables. Figure [4.1] showcases these different linear profiles in the three
directions.

Even though the distributions in each direction have been established, it has not
yet been discussed how the porosity value for every cell in the internal field of the
cathode GDL is calculated. There are several mathematical ways of achieving this.
The mathematical formulation that was used goes as follows. Let €., €, and €, be
three independent quantities, each one describing the porosity distribution in each
one direction as described above and shown in figure . Let b be the design variable
vector expressed as

b= {by,b.,b,} (4.5)
by = {b1, by, b3, by} (4.6)
b. = {bs, bg, by, bs} (4.7)
by = {bo, b1} (4.8)

where l;m, b, and Ey are the design variables in the z, z and y directions respectively.

Then, if z;, y; and z; are the coordinates of a cell, the three quantities ¢,, €, and ¢,
are easy to compute and are expressed as

€n = E4(by, T;) (4.9)
Ey = 5y(gya Yi) (4.10)
€, = 5Z(I;Z,zi) 4.11)

Lastly, the porosity € of any cell is calculated as

-,

E(l‘ia Yiy %4, b) = Em(gm7 IZ) : 5y(5y7 yl) : 6z<527 Zz) (412>
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Figure 4.1: Complex linear porosity distributions along the three directions. Red line
represents porosity.

There is a main advantage of this mathematical formulation compared to other
formulations proposed but not used. This is that the porosity value of every internal
cell is guaranteed to be between 0 and 1 as the product of ¢,, ¢, and €,. These
quantities are by definition between 0 and 1 as long as every design variable b;
ranges between 0 and 1. The fact that every porosity value in the internal field of
the cathode GDL is forced to be in this range means that no extra constraints have
to be enforced in the optimization.

A counterexample of a formulation that would impose constraints and would not be
favorable to use could be the following. Let S; be a region where ¢,, ¢, and ¢, all
have constant gradients. Let these gradients be a,;, a,; and a; respectively. If in
all these regions S; the porosity value of the included cells was given by

€ = Qg% + QyiYi + a2 + b (4.13)

where b is a constant, the resulting porosity in all points of changing gradient
throughout the internal field would have to be constrained to range between 0 and
1. It can easily be proven that in such a case, the number of constraints would be
proportional to N3 where N is the number of design variables. Such a big number
of constraints would make the optimization process really difficult.

4.3 Results

The optimization was carried out in EASY with the objective function being the
voltage output of the cell which is to be maximized. Two cases were optimized, as
in the "manual” optimization, at loads of O.GCmi2 and 1.26;%2. The design variables,
which are 10, are as presented in the previous section and all have a minimum value

50



of 0 and a maximum value of 1. The design variables are binary encoded using 10
bits each.

As far as the search engine of EASY, is concerned the setup is the following. One
deme is used with the population being 20 parents (u) and 40 offspring (\), each
offspring being created by 3 parents. The mutation probability is 0.08. 1 elite is kept
and forced as an offspring in each generation. Metamodels are used of the radial
basis function (RBF) type. The minimum database entries required for the training
of the metamodels is 150, 75 of which should be not failed while the patterns used for
the training ranged from 20 to 50. Due to the small cost of the evaluation software,
the evolution is allowed to expand for 1000 evaluations without imposing a limit on
the idle generations.

The convergence history of both cases is shown in figure [£.2l Note that the x
axis displays the number of successful evaluations and does not account for failed
evaluations, thus why it does not reach 1000.

Number of successful evaluations
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(a) Low load case optimization convergence (b) High load case optimization convergence

Figure 4.2: Optimization convergence of both cases. X axis displays number of

successful and not total evaluations.

Figure and display the porosity profiles in the low and high load cases. As
it is not possible to visualize simultaneously the porosity profile in the whole 3D
field, slices are taken along the x direction closest to the BPP and the CL and in
the points of changing gradient.

Several conclusions can be drawn from these profiles. First of all, the average poros-
ity values in the high load case are much higher compared to the low load case.
While the max porosity in the low load case is around 0.4, the max porosity in the
high load case is around 0.85. This can be attributed to the fact that in the high
load case, water removal is much more important than conductivity, so the porosity
has to be higher. Another fact that justifies this point is the distribution along the y
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axis. In the low load case, where conductivity is of higher importance, the porosity
in the rib area, which is the conductive part, is higher than in the channel area. The
opposite is true in the high load case, where porosity is higher in the channel area for
the water to be removed more easily. As for the distribution along the x direction,
in the low load case porosity decreases from BPP to halfway, increase from halfway
to three quarters in (or where the MPL start) and stays almost constant from there
to CL. In the high load case, porosity constantly decreases from BPP to CL which is
what was expected to be the optimal case at all loads. Another observation that was
not expected is that along the z direction, in both cases, porosity is higher near the
inlet and outlet and lower midway. This favors the flow to enter fully near the inlet
and exit fully near the outlet, possibly leading to less evenly distributed reactants
to the CL.
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(b) Low load case porosity distribution halfway

Figure 4.3: Low load case porosity distribution in slices along the x direction. Closest
to BPP and CL and in points where the gradient changes. Continued in next page...
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(d) Low load case porosity distribution closest to CL

Figure 4.3: Low load case porosity distribution in slices along the x direction. Closest
to BPP and CL and in points where the gradient changes.
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(a) High load case porosity distribution closest to BPP

(b) High load case porosity distribution halfway

Figure 4.4: High load case porosity distribution in slices along the x direction. Closest
to BPP and CL and in points where the gradient changes. Continued in next page...
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(c) High load case porosity distribution where the MPL begins

(d) High load case porosity distribution closest to CL

Figure 4.4: High load case porosity distribution in slices along the x direction. Closest
to BPP and CL and in points where the gradient changes.

Lastly, figure displays quantitatively the comparison, for both cases, between
the voltage output of the reference case, the "manual” optimization’s design and
the optimal design. First of all, it can be observed that the total gain in voltage
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from the reference case to the optimal design is below 1%, being 0.5% in the low load
case and 0.7% in the high load case. More interestingly, there is a big improvement
from the "manual” design to the optimal one in the high load case and a far smaller
one in the low load case. This implies that in the low load case, the porosity along
the x direction, from BPP to CL is significantly more important than in the other
two directions. The opposite is true in the high load case where the y and z directions
are more important for porosity than the x direction. Again, this could potentially
have to do with the liquid water management importance in the high load case,
because of the complex nature of the phenomenon.
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2 i S
=~ 0,625, S 0442 —d
g 2
g 0.6245+ % 0.4415!
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0.624 1 0.441 1} - -
0.6235¢ 0.4405 |
0.623 . — 0.44
Reference case Manual Design ~ Optimization “** Reference case Manual Desian _ Optimization
(a) Low load case comparative voltage results (b) High load case comparative voltage re-
sults

Figure 4.5: Comparison of voltage output for both low and high load cases between
the reference case, the "manual” optimization’s design and the optimal design.
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Chapter 5

Overview and Conclusions

5.1 Overview

In this diploma thesis, the GDL component of a PEM fuel cell is studied, modeled
and its porosity distribution is optimized.

A literature review was performed on the various and innovative approaches to
modeling the GDL and especially the two-phase flow that takes place as it has a
significant effect on the performance of the PEM fuel cell. Also, previous studies on
optimizing the porosity of the GDL were reviewed.

An appropriate model of the whole PEM fuel cell and the corresponding OpenFOAM
software toolbox was selected from literature and validated. For a reference case of
certain operating conditions, the flow in the GDL as well as other results of interest
throughout the whole fuel cell were produced and discussed.

The software was, then, adjusted to account for a spatially variable porosity distri-
bution in the internal field of the cathode GDL. The cathode GDL was selected to
be studied without including the anode GDL, as the cathode is of higher importance
to the performance. A ”"manual” optimization was carried out for a low and high
load case with a simple linear porosity distribution along the width (x) direction
of the cathode GDL. This "manual” optimization showed that the reference case of
constant porosity was already in the optimal region.

Lastly, the software was coupled with the EA-based optimization software EASY
and a more complete optimization took place. Linear porosity distribution was
preserved for manufacturability reasons, however porosity was distributed in all
three directions. The appropriate mathematical formulation was presented, the low
and high load cases were optimized and the results were discussed.
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5.2 Conclusions

Based on the studies that were performed in the diploma thesis, the following con-
clusions are drawn :

1. The porosity value or distribution of the cathode GDL should balance a trade
off between conductivity and ease of flow of both the reactants and the liquid
water. The appropriate balance point varies depending on the operating load
of the PEM fuel cell. Low load conditions favor lower porosity values than
high load conditions. For high load conditions, low porosity values lead to non
functionality of the fuel cell, as significant flooding of the cathode is caused.

2. The flow enters the GDL very close to the inlet of the GFCs and exits very
close to the outlet of the GFCs. This behavior is maintained in the optimized
case as well. In the optimized case the porosity is kept low near the GFC’s
inlet and outlet and higher in the middle. This was not expected as it was
believed that the porosity in the middle between GFC inlet and outlet would
be higher in order to lead to more distributed entry of the flow and distribution
of the reactants to the CL.

3. In high load conditions, the optimized porosity distribution strictly decreases
from the BPP side to the CL side as it was expected. This is also the reason
why currently the MPL is used. However, in low load conditions, the porosity
distribution decreases from the BPP side up to the middle between BPP and
CL and, then, increases till the CL side. The BPP side and and CL side
porosity values are almost the same in this case.

4. In low load conditions, applying a porosity distribution in the width (x) di-
rection is more significant than applying a porosity distribution in the other
two directions. However, in high load conditions, the length (z) and height
(y) directions are more significant for porosity than the width direction as the
performance gain is higher when applying a porosity distribution in these two
directions as well.
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Extevng Ilepiindn ota EAANvIxd

Eiooaywy

O xudéhec xawoluou anoxtoly aUEAVOUEVO EQEUVNTIXG EVOLUPEQOY WS EVUAAAXTIXN
Ty xodapeng xon BLOCUNG EVERYELNG YLOL VOl VTIXAUTAC THCOUY To 0QUXTE Xo)GUIAL.
Yy autoxivnoPiopnyavio, emxpatoly o xuhéheg xauotuou ueuPedvng avtohhoryhic
npwtoviwy (Proton Exchange Membrane, PEM) Adyw tne upnifc tuxvétntog toyvog

XL TV YOUNAGY Vepuoxpactiy hettovpylag.

‘Eva ané to cuotatixd otouyela tng

xuP€hne xawacipou Tou €yet eConpeTixt| EMpEOT oTNY ambd0aoT efvar To Ltppa Atdyuong
Aeplou (Gas Diffusion Layer, GDL) Aoy® twv momilwy ¢avopévwy mou hopdvouy
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YW EXEL.

Ye autrv T SimAwpatiny epyaota, To GDL yiag xuérng xausiuouv PEM povtelomotel-
Tow X0 BEATIOTOTIOLELTAL (G TIPOG TO TOPWOES Tov. 1lpbdoputeg Epeuveg EYOUY UEAETYOEL
XOUVOTOUOUS TEOTOUG Yo TOV EAEYYO NG xatavourc mopwdoug tou GDL xotd tnv
xataoxevy. To mopndeg mou yenowwonoteitar orjucpa oto GDL eivon otadepsd. Eivou
ONUOVTIXO, ETOUEVKCS, Var PEAETNIEL ciprdunTind €6V piol Un-otadepr| XaTovour Topooug
Yo elye euvoixt| enidpaon oty anédoor tne xLEANS xavciuou.

Movtérho & E&iocwoeic

To yadnuoatind povtého avdhuong uiog 6edouévng xuérng xovoipou PEM emiéye-
Tou and TN Pihoypagio.  Amotekelton amd Tig e€iowoelc Navier-Stokes mou €youv
Tpononouiel dote va Angdolyv unddm ta didpopa NhexTEIXd, VepUINd xou Y NS Qovo-
weva, Wi emmAéov e€lowon mou avtioTolyel ot Blpaoxr) poY| Tou AauBAveL Yoo ot
wa emmAéov e€iowor yia T BlaThENoT TWV YNUxwy ototyeiwv. To yoviého avantio-
OETOL X0 TOCOUoWwVETHL o€ TEp3dAiov OpenFOAM.

Yo oyfua[l] tapoucidleton 1 yewuetpla tne xupéine xauoiuou PEM nou yenoonotei-
Tt 070 poviéro. To umohoyloTind ywpelo dloupelton o dLO ywela, TO LYEO xaL TO
oteped ywplo. To vypd ywelo mepthopfdver yio TNy dvodo xar Ty xddodo ta Kavdia
Porc Aeplou (Gas Flow Channels, GFCs), 1o Ltpoua Audyvone Kavotpou (GDL) xou
t0 Ytpodua KatahOtn (Catalyst Layer, CL). To oteped ywelo nepthoyfBdvel tig Simo-
Axéc mhdxec (Bi-polar Plates, BPPs) yio tnv dvodo xou tnv xddodo xodde xon tov
n\extpolUTn 1 LeuBedvn (Membrane). Yto uypd yweto hivovta ot e€lowoelc Navier-
Stokes, 1 e&lowon SloTAENoNG TOV YNUXOY GToLElY oL 1) €l0KONE HETUPORUS TOU
LYoV VePoU. XT0 0Teped ywplo emAleTon UoVo 1) e&lowaor dlathenong EVEpYELag AOYw
™G peTapopdc Vepuotnrag. Ot nhextpoynuixés eELOMOELS Xl 0 UTOAOYLONOS TNE TAoNG
emADOVTOL TN SLETLPAVELXL TN UepBpdvng xon Tou LYpoL ywetou tng xadodou. Xto
oxﬁpanapouoto’(loth OLOLAC TAUTAL OL BLAPOPES CUVICTWOES TOU AMOTENOVY TNV XUPERN
xowoluou xou T 600 ywela eniAucone TwV EEIGHOEWY, LYPO Xal OTERED, XM XoL TA
OPLOL ATV,



Membrane electrode assembly

Bipolar plates

>

Gas flow channels

Yynuo 1: Iewpetpia tng kupéAns kavoipov PEM.

’Anode Bi-polar Plate (BPP)
(ddg) :e)d Jejod-1g apoyied

Anode Gas Flow Channels (GFCs)
(sD4D) sypuuey) moj4 sen apoyied

(1) Xxnpatikd twv diapdpwy ouoTwody NS

KUPEANS kavoijov.

Anode BPP/fluid Cathode BPP/fluid
interface interface

Outer wall
boundary

Solid domain
ulewop pijos

Anode membrane/Fluid Cathode membrane/fluid
interface interface

(il) Xxnuatiké twv ywplov enilvong kai Ty

oplwy avtwy.

ExApa 2: Aidotata oxnpatikd TwY OUVIOTWOGY THS KUPEANS KauoToU, Twy Xwplwy

ETAVONS Kal Twy oplwy avtay.



O Baoixég e€lowoelg Tou povtélou elvor

o Awtipnon udlog
V- (pgﬁg> +S5, =0
* Awtipnon opurc
V- (00s0,) = =Vp + V- (1,90,) + Suy
o Awtipnomn YOV oToLyelwy
V- <pgﬁgyi> =V- (PgD;,J;nyi>
o Awtipnom evEpYeLag 6To UYEo ywelo
V- (P OyT) = V - (knia VT) + SEC
Awthipnon evépyelag ot UeufBedvn
V - (ksotiaVT) + S5 =0
Awtfipnon evEPYELIC OTLC OLTOMXES TAAXES
V- (ksoriaVT) =0
e Metagopd uypol vepoy
V- (nD/Vs)—V - (pg(jgs> +S5 =0
o Tdon xuérne xawoiuou

‘/cell = ENernst — Nact — Nohm — Tcon

(4b)

(6)

Ou 6pot Twv e€I0MOEWY xaHDS %o 1) AVIAUCT) QUTOY OE TEPAULTERW EEICWOELS TUPOVOL-

Covton eEXTEVGS 0TO XUPlWS XElpevo.

[o v mepinTtworn avagopde mou emAEyeTon xat avohOETAUL 0TO XUPlWS XeluEvo, To
oxﬁpanapouctdla TNV XUUTUAT TOAWOT ) xoumOAN I-V Tou mpoxinTel eV To oy Aua
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[] mopouctdler Tig xoumdies TV diopdpwy anwheidv tdone. To oyrfua [f] tapouctdlet
™V T OTNTO Xou TI Yeauée poric oto GDL oto péoo tou xevtpwol xavahiol tng
xa0680L xou Belyvel eupavae TV Tdon tne pong va xiveitar evtog tou GDL oyeddv
TopdAANnAa and TNy elcodo tpog TNy €€odo.
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Yynuo 4: Kaumides anwladv tdong
yia TS TaAPapETpous TNS  TEPITTWONS
avagopds.

YyxAue 3: KaumiAn molwons yua g
TapajLéTpous TS TePItTwons avapopds.
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(1) TayxvTnra oto GDL tng katiddov.

(i) I'papués poris oto GDL tng kadddouv.

Yyxnue 5: Tayvtnta kar ypaupés pons oto GDL oto péoo tov kevtpicol kavaAiol
TS kaooou ywa TNy TEPITTwWon avapopds.



Meto3Anto Ilophdeg & AnAY BeAtiotonoinon

Y10 poviého mou emhéydnxe yio TN poviehornolnon e xupérng xavoiuou PEM,
70 Top®deg Tou GDL elvon yweind otadepd. Me oxond va yivelr n Beitiotomoinon
XOTAVOUY|G TOU TOPWOOUS, TO WOVTELOD TRETEL Vo TpoTtomoundel koTe va hopfdvel uogn
Y wewd PeTUPANTO Topwdeg oto GDL. H dwidixacio autr| emAéynxe va mpayuatonoL-
niel yo to GDL g xad6d0u xadidg tar pawvoueva mou Aaudvouy ywoo exel elvor o
ONUOVTIXE Yot TNV am6d00T) TG xUPEANS xawactuou.

Apywnd, vy vor pehetndel ov 1 TYH TOU TOEMBOUC EYEL AVTIXTUTIO GTNV ambd00T TNG
AUPERNE xOWGTHOL, TOREYETOL 1) XUUTUAT TOAWONG UE TIC TUPUUETEOUS TNE TERITTWONG
AVOUPORAG UANS Yo BLEPORES TUIES TOU Ywpetxd 6 Toepol Topnmdoug Tou GDL g xodo-
Sov. H xoumdhn auth nopouaidleton oto oyfua ol To oyAuortal[T] [§xou [P napovcidlouv
TIC aVTIOTOLYEC XOUTOAES TWV DAPOPWY ATWAELWY TAOTC.
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YyApo 71 Kaumidn andleas evep-
yomoinong yia d1dgopes ywpikd otalepés
TiéS Tou mopwodovs touv GDL tng kald-

ExAuna 6: Kaumidn modwons ya 6id-
popes xwpikd otalepé§ TIUéS TOU TOp-
oouvg tou GDL tng katéoou.
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Exhpna 8 Kaumidn wpikng andleas  LyAua 9: Kaunidn andleas ovykértp-
yia Ordgopes ywpikd otalepés Tinés tov  wong yia didgopes ywpikd otalepés TIUES
ropwodovs tou GDL tng katéoou. Tou mopwdovs touv GDL tng katboou.

YN ouvéyela To povtélo Tpomomoleiton amd dmodr 1o Yoo vor AauPdver umodn
Y wetrd LeTaBANTO Topndeg 6Tto GDL g xardodou. Ot edlo®otic Tou povtéhou Topaé-
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VOUV, OTO PEYOAUTEPO TUAUN TOUC, amopdAlayTec xadog dev emnpedlovton and T
YW oTalepdTNTA 1) UETUBANTOTNTA TOU TOPMOOUG.

Téhog, npaypatornoleiton amhry 7 yewpoxivtn” BehtioTonolnon Ue pio yeouuixr| xatovoun
ToU Topwdouc 6to GDL g xadddou xatd ) Siedduvon and T dunohxr| Thdxo (BPP)
npoc to otpwua xotohltn (CL). H mocdtnta yio peyiotonoinon eivar 1 tdon tng
x0Pehng xawotuou oe 500 TEPITTOOELS Yaunhol xat uhnhol goptiov. EmBdiiovton 7
OLUPOPETINEG TYWES TOU TOPWOOUG 0TS 000 TAEUPES OTWE QPUVETOL GTO GYNUATIXO TOU

oy fuartog [10]

GDL

CL side BPP side
il CL. Cathode | ELl porosity
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ExAua 10: Xynuatxé tov GDL tng xadédov ané tn) BPP oto CL pe tn ypappukn
Katavoun mopwdous kal TS O1dpopeS TIUES 0TI OU0 TAEUPES.

Y10 oxrjpcx TOEOUCLALETAL O YAPTNS TNS TAONC Yiat TIC 500 MEQITTWOELS YAUUNAOU X0
uhnrol goptiou. O padpeg meployée elvon TEPLOYEC OTIOU TO HOVTEND OEV GUVEXALVE
elte Moy Quomy eite Aoyw aprduntixady atiov. Hopatneeiton nwe oty TepinTtwon
YN 00U @optiou 1 BEATIOTH TEQLOYT| EYXELTAUL OF UXPOTEPES TUIES TOU TOPMOOUS GTNV
mheupd Tou CL eve otny mepintwon uhniol goptiou ulmAdTepeg TIéS oTNY Theupd
tou CL elvar Bértiotec. ‘Ooov agopd tn BEATIOTN TWT TOU TOPMOOUC OTNV TAELEN
¢ BPP, elvon oyeddv idia xon otic 800 nepintwoeic. H nepintwon avagpopds €yxeiton
EVTOC TV BEATIOTWY TEQLOYMY Xl OTIC U0 TEPLTTWOELS Xou 1) abENon NG TAoNS omod
NV TEPINTWOT avapopds 6To BEATIOTO OYEDLUCUS Elvol TOAD QY| OF AUPOTEQR POETIAL.
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Cathode GDL porosity at CL side Cathode GDL porosity at CL side
(i) Xdptng tdong o€ xaunAd goptio. (il) Xdptng tdong oe vPnAd goptio.

YyxAue 11: Xdptes tdong anAns PeAtiotonoinons oe xapunAé kar vpnAé goptio. O
UTA€ KUKAog mapovord{er TNy mepinTwon avagopds evod n Bétiotn tepioyn tapovoidletal
1€ mpdovo.

BeAtiotoroinon

Téhoc, mparyyatonoleltar 1 TAfeng BeATioTOTONOT UE O TERITAOXES XATAVOUES TTOPE-
00UC YL JEYLOTOTOINOT TNG TAOTS OE YAUNAG xou UYMAS QopTio YENCULOTOUMVTIS TO AO-
yioux6 EASY tou EMII to onolo Bacileta oe e€ehixtinols ahyopituous. H xatavoun
TOPMOOUE TUPONO TIOU TUPUUEVEL YpouuixY), lvon TAEOV TELdIdoToTn Xan ot xdie dido-
TooT) €yel TAOY onueior addory i Tng xhlong. Ot petofBAntéc oyedlaocuol elvar GUVOALX
10, 4 ot dievduvon ané BPP oe CL (2 npéc oue mievpée xou 2 tpée ota onuelo
olhayhc xhioneg), 4 ot diebduvon and elcodo oe €€060 (2 Tée oTIc TAEUPES Xou 2
TWES oTa oruela ahharyrig x)\iong) xou 2 ot Sledduvor amd xaVAAL GE XOVAAL (1 TN
xo)” Opog xdde vevpou tne BPP xou 1 tipih xod” Opog xdide xoavahiot). Ot ypouuixée
xartavopés oe xdie diehduvon nopovctdlovion oto oyfua 12 Eotw &, £, o €, ot
YEUUUIXES QUTEC XUTAVOUES OTLC OlewdUvoele o, ¥ xau z aviiotowya. Tote, To TOPWOES
o€ xde eowTERIXO oNuEio TOU YWElOU UE CUVTETAYUEVES T4, Vs, 2; TROXUTTEL (OC

(i, Yi, 2i) = €a(i) - £y (yi) - €2(21) (7)
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(i) Kazavoun mopddoug (ii) Karavoun mopddoug (iii) Kaztavoun mopd-

otn oGevbuvvon x and otn 6wevBuvon z and ei- dovg otn dievBuvon y and

BPP oe CL ) g, 0060 o€ €€odo 1 €, kavdAr o€ kavdAl 1j €y

Byue 12: Ipapuixés katavopés mopamodous otg tpels dieviivoes. H kokkivn ypapuun

avTIMPOTWTEVEL TO TOPWOES.

Anéd Tic BeATIOTOTOINUEVES XUTAVOUEC TTOU TEOXUTTOLY TopuTnEEiToL 6T, Yo UPNAO
gopTio, 1 péon Twr Tou Topwdoue lvar TOAD LdMAGTERN amd O,TL Yl YouNh6 popTio.
[ younhoé goptio, xatd T Slebduvon y, 1 Ty ToL Topndoug etvor uYnioTeRT X0 Ohog
TV VEPWY OF OyEoT UE TNV TYH %) OUPog TV Xavalidy eve To avtideto oupfaivel
v uPnAd goptio. X Sieduvon X, Yy Younko @optio TO TOPMOES UEWWVETAL ATd
Vv mAgupd e BPP éw¢ 1o péoo tne diedduvorg, auldveton €we o tela Telta Tng
otevuvone omou PoloxeTon TO GTEOUN ULXPOTOPMO0UC (MPL) xou ané exel MEVEL G TO-
Vepd €wg TNy mhevpd tou CL. Xnv Bl dréuduvon, v udnid goptio, 10 TOPWOES
MELOVETOL woTned and tny mhevpd g BPP €wg v mheupd tou CL. Xtn diedduvon
Z, Y10 AUQOTEQY POopTia, TO TOPMOES etval LYNAOTERO XOVTA GTNV ElGOBO Xan oY €000
XU YOUNAOTEQO EVOLAUETU.

Téloc, oto oxﬁpoc Topouctdleton 1 o0yYXEIoN TN TdoNg TNS XUPERNS xawaipou, yio
apPOTERY opTia, GTNY TEP(TTWOT avaopds, oTov anhd ”yelpoxivnto” PehticTonoln-
uévo oyedlaoud xan otov e BéhTioTto oyedooud. o augpotepa goptia, 1 adinon
NG Tdong amd TNV TEPIMTWOoT avapopds oTov BEATIOTO Oy EdLoUO efval uxpdTepn TOU
1%. H ab&nomn g Tdong amd Tov 7 yelpoxivto” oyedlaoud GTOY BEATIOTO OYEDBIICUO
elvor ToA) peyaAtepn Yo uPNAO @optio oe oyéorn Ue To younAd @optio. Autd uno-
voel Twe 1 TYY ToL Topndoug xatd TN dlediuvor X elvol Lo CTUAVTIXT OTO CYEBLUOUO
07O YoUNAG @opTio, EVK 1 TR OTIC dAAeC BUo Blevdivoelg elval To onuavTixy| oTo
oyedlaoud oto LPNAG Yoptio.
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Reference case Manual Design  Optimization " Reference case Manual Desian  Optimization
(1) Xuykprmikd amotedéopata Tdong oto (ii) XYuykprtikd amotedéouata tdong oTo
XapnAé goptio. uynAé goptio.

YyApe 13: Xykpion tdons KupéAns kavoiuov yia xapunAo kar vpnAé goptio peta&d
NS TEPImTWOonS avapopds, tov “yepokivntov” oyediaouol kar tov PféATioTov oyedao-
100,

Y VUTEQACUAT

Me don to anoteréopato ToL ToEouctalovTal OT BITAWUATIXT aUTH EpYasia, TEOXVT-
TOLY Ta OXOAOLVA CUUTEPAOUATA.

1. H tuy Tou mopwdoug 1 tne xatavourc autol oto GDL npénel vo avtiotaduilel
Vv aywyémta Tou GDL xou v euxohio Tng pofc TV avTIBEMVTOY Xol TOU
uypol vepol oto GDL. H Béhtiotn avtiotdiuion e€aptdton and v Ty Tou
qopTiov.

2. Téoo oty mepinTwon avapopds 660 xou GTOV BEATIGTO GYEBLAGUO, 1) POT ELGEQRYE-
T Tou GDL 1ol xovtd otny €lcodo Twv xavolwy xou e&épyeton auTod TohD
%0VTE GTNV E€000 TWY XAVIALDY.

3. Ytov BéATioTo oyedlaoud 1 Ty Tou topndoug Tou GDL yewwveton avotned and
™ BPP 670 CL 670 udniéd goptio eved Bev toylet To (Blo xaw oTo younhod @optio.

4. T yauniod goptio, 1 emPBolr xotavouric Topwmdous 6Tn diedduvon X elvar mo
ONUAVTIX omd TNV ETBOAY| XATAVOURS TORMO0US GTLC GAAES BUOo Sleutivoels. To
avtideTo Loy el yio uPNAG PopTio OTOL oL BLEVVVVOELS Y XKoL Z EIVOL TILO GTUOVTIXES
YL TNV XOTAVOUT| TOPMBOOUS
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