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Summary

The first objective of this thesis is to discover potentials for the optimisation
of the performance of polymer electrolyte membrane (PEM) fuel cells by
using new designs for the flow field plates (FFP) based on nature-inspired
chemical engineering. The second objective is to give a detailed understanding
of the processes and effects, mostly heat-related ones, inside a PEM fuel cell.

To have a better understanding of how to develop new flow field designs,
we reviewed the current state of FFP development for PEM fuel cells. We
looked at serpentine, parallel, interdigitated, mesh type or their mixtures,
furthermore, 2D circular and 3D tubular geometries, porous, fractal, and
biomimetic flow fields and how they performed compared to the serpentine
pattern which is in most cases the industry standard right now. The advant-
ages and disadvantages of each design were investigated. A well-optimised
FFP gives uniform gas distribution, low pressure drop for transport, and
sufficient rib area to provide high electronic conductivity while also prevent-
ing water flooding and providing sufficient membrane hydration. The big
challenge is that often the demands are sometimes contradictory. There-
fore, we recommended that future optimisation of FFPs should be based
on the minimisation of entropy production, thus offering the possibility of
multi-criteria optimisation methods.

Using nature-inspired chemical engineering for the development of a new
flow field design to improve the PEM fuel cell performance is, as discussed,
the first objective of this thesis. A tree-like structure approach was chosen.
However, before we implemented them into experiments, we wanted to
understand the pattern itself better. The promise of using them was that
they uniformly distribute reactants across the active area of the PEM fuel
cell. Such a pattern, scaled by the so-called Murray’s law, was recently tested
and showed an increase in performance compared to a standard serpentine
pattern. Therefore, we investigated the impact of width scaling factor and
channel width on the entropy production of the system. The width scaling
factor described the reduction of channel width with changing branching
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generation level. Analytical calculations and 3D CFD simulations were used
to calculate the entropy production due to viscous dissipation, meaning the
heat generated due to frictional losses, along the channels. Results indicated
that an increase in width scaling factor decreased the entropy production and
that the one from Murray’s law did not yield the lowest entropy production.
Furthermore, we showed that the analytic equations delivered a pressure
drop which was within a few percents of the 3D CFD simulation results.
This work opens up new strategies and approaches for the optimisation of
tree-like flow field patterns.

Based on the theoretical work performed on the tree-like patterns, we
designed a new two-layer FFP, which used such a pattern as an inlet and
outlet for the reacting gases and water. The patterns were milled in high-
quality graphite plates by CNC machining. Three different flow field designs,
which differed in their width scaling factors in the inlet and outlet plate,
were tested on the cathode side of the PEM fuel cell and compared against
the standard 1-channel serpentine pattern. Tests included a performance,
electrochemical impedance spectroscopy (EIS) and a three-hour hold test
at 70%, 60% and 50% relative humidity at both the anode and cathode.
The experimental setup consisted of a Biologic FCT-50s PEM fuel cell test
station and a combination of the balticFuelCell qCF FC25/100 V1.1 LC
support frame and the balticFuelCells cellFixture cF25/100 HT Gr.V1.3 fuel
cell housing. We showed that the design with a width scaling factor of 0.917
at the inlet and 0.925 at the outlet plate delivered a peak power density
which was within 11% (a 0.08 W/cm2 difference) of the serpentine pattern
at 70% relative humidity. Other designs showed a reduction of the power
density of up to 37% (a 0.26 W/cm2 difference). Cell voltages during the hold
test experiments were stable when the relative humidity was reduced to 60%
and 50% for all presented designs. It was also found that a reduction in the
viscous dissipation in the flow pattern was not directly linked to an increase in
PEM fuel cell performance. It was argued that water accumulation, together
with a slight increase in single fuel cell resistance, were the main reasons for
the reduced power density compared to the serpentine pattern. To further
improve the PEM fuel cell performance, we recommended reducing the
number of branching generation levels and width scaling factor for both the
inlet and outlet plate but also using gas diffusion layers (GDL) with better
hydrophobic properties.

As initially described in this summary, the second objective of this thesis is
to have a better understanding of the processes within the PEM fuel cell.
We developed a model to calculate the concentration, temperature, heat
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flux and electrical potential profiles in 1D within the PEM fuel cell based
on non-equilibrium thermodynamics (NET) including all available coupling
terms, which are commonly neglected. For this, we divided the PEM fuel
cell into three homogeneous layers, connected by two planar Gibbs interfaces
which acted as cathode and anode. NET allowed for a consistency check
by comparing the difference between the entropy flux through the system
and the calculated total entropy production. We found out that coupling
terms such as Peltier and Soret effects played a significant role in calculating
the profiles. The presented polarisation curves showed a non-linear area at
higher current densities. Contrary to expectations, this non-linearity was
not caused by mass transport limitations, but due to varying membrane
resistance.

The next step was to improve further the presented NET model for a PEM
fuel cell. This was done by changing the algorithm of the model to a multi-
point boundary value problem approach. Furthermore, the equations for
calculating the cathode GDL profiles were extended to include all coupling
terms. Again, a consistency check was performed to see any weaknesses
in the model. For all domains besides the cathode backing, the error was
within 10%. We showed that the commonly neglected Dufour effect/thermal
diffusion and the Peltier/Seebeck coefficient had significant contributions to
the water and heat flux in the system. The Dufour effect, for example, could
introduce a temperature change of up to 9 K at the anode and cathode. By
applying a temperature difference of 5 K to the boundaries of the system, we
were able to show that the system was susceptible to temperature changes
as the heat flux could change up to 44%. Having a 5 K lower temperature at
the cathode side increased the performance between 1 mV and 3 mV at a
current density of 13500 A/m2. Additionally, while having a cooler cathode
side, the temperature and heat flux were more uniform in the PEM fuel cell.
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Chapter 1

Introduction

1.1 Main objectives and motivation

According to the 2030 climate and energy framework of the European
Commission [1], the key targets for 2030 are the reduction of greenhouse gas
emissions by at least 40%, an increase of renewable energy by at least 32%
and an improvement of energy efficiency of at least 32.5%. By reaching these
goals, it will enable the EU to move towards the climate-neutral economy [1].
Therefore, a transition towards renewable energy in the near future is crucial,
not only in the EU but also worldwide, to reach these goals. Norway is an
excellent example of such a future transition. Only zero-emission vehicles
for passenger cars and vans should be sold by 2025. Furthermore, busses
for public transport in cities should use zero-emission drives or biogas by
2025 [2]. One of the energy sources for zero-emission vehicles is the polymer
electrolyte membrane (PEM) fuel cell, which converts hydrogen and oxygen
in contact of a catalyst (Pt - platinum) into energy, with the only by-product
being pure water. However, efficiencies still need to be significantly improved.
Different organisations, e.g. the US Department of Energy (US DOE) or the
New Energy and Industrial Technology Development Organization (NEDO),
set several technological and cost targets for PEM fuel cells which should
be reached in order to achieve the global goals of clean and zero-emission
energy transition and reduction of CO2 emissions. The US DOE, for example,
stated a target cost of US$40/kW with an efficiency of 65% peak power
and a maximum total platinum (Pt) loading of 0.125 mg/cm2 for 500,000
systems per year [3]. High technology targets had also been set by NEDO
[4]. According to NEDO, a cell voltage of 0.85 V at 4.4 A/cm2 and 1.1 V at
0.2 A/cm2 should be reached until 2040. In order to reach such set targets,
the PEM fuel cell needs to be optimised further, but also better understood,
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especially at component level. A discussion of these targets was presented
by Pollet et al. [5].

Fuel cell optimisation can be performed on the component level as well as
on the operating parameters. To identify the full potential of optimisation,
one has to understand all the processes inside the PEM fuel cell, such
as heat effects and media transport through the porous and non-porous
components. Especially the flow field plate (FFP) has a great potential due
to its contribution of around 60% to the overall mass and 40% of the overall
PEM fuel cell cost [6]. A large amount of new flow field (FF) designs and
variations of already known ones have been introduced and studied in great
detail over the last years. Therefore, a review of the current state of the art
of FF designs was conducted to have a practical overview of development
directions. This review can be found in Chapter 2. Optimisation of the FF
is quite complex, as there are several factors to be accounted for, such as
the electric resistance, the water management, the thermal resistance and
the gas distribution. Within all the newly introduced FF designs, one of the
most promising approaches is the use of nature-inspired chemical engineering
to design biomimetic flow field patterns such as lung-, tree- or plant-like
patterns [7–12].

The main inspiration for this thesis came from the work of Kjelstrup et
al. [13]. Results showed that if a tree-like channel structure, based on the
bronchial tree of a human lung, was used in the FFP, a as uniform as possible
gas and water transport in and out of the PEM fuel cell could be achieved.
The improved transport properties could enable the removal of the gas
diffusion layer (GDL), which would lead to an avoidance of mass-transfer
limitations. In combination with the tailoring of the catalyst layer (CL) with
macroporous columns, the performance of a PEM fuel cell should increase.
The optimisation of the CL and FFP was based on the principle of min-
imum entropy production in non-equilibrium thermodynamics. Zlotorowicz
et al. [14] later showed an increase in PEM fuel cell performance by using
micrometer-sized pores in the CL.

Nature has shown us many times, that biological processes are highly op-
timised, e.g. optimal gas delivery in a human lung [15]. Another example is
the geometry of a reindeer’s nose which is optimised to be able to breathe
in cold air with a minimal energy input [16]. Therefore, researchers have
striven to understand biological systems and have used the gained knowledge
within nature-inspired chemical engineering (NICE) to optimise, for example,
chemical reactors [17]. As objectives vary between nature and human-made
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applications or processes [18], it is crucial to fully understand the designs
coming from nature and tweak them according to their intended use, e.g.
for FF design.

We pursued this approach, and so the first objective of this thesis is to
have a better insight into nature-inspired flow field patterns in order to
improve the performance of PEM fuel cells. This can be done either in
theory, with numerical simulations or with experiments. On the one hand,
it is essential to know how specific design decisions impact, for example,
pressure drops in the FFP, as there is a complex interplay between channel
geometry, pressure drop and water removal in PEM fuel cells, as shown in
studies of the serpentine pattern by Choi et al. [19]. On the other hand, new
FF designs need to be experimentally validated and compared to industry
standards.

As discussed, optimising the PEM fuel cell requires a detailed understanding
of the various processes within the PEM fuel cell. For example, heat effects
can change the temperature distribution significantly, which can lead to a
performance in- or decrease [20, 21]. Higher temperatures could eliminate
water problems caused by the flooding of pores, but could also lead to
dehydration of the PEM, which in turn increases the PEM fuel cell resistance.
Therefore, the second objective of this thesis is to model the PEM fuel cell
with non-equilibrium thermodynamics to investigate a variety of profiles and
effects within, such as heat effects or temperature distributions. The focus
was mainly on specific coupling terms, like the Dufour or Peltier heat, which
are often neglected in current research.

The most important components in the PEM fuel cell will be described in the
next section (Section 1.2), to have a better comprehension of the presented
papers in this thesis. An introduction to non-equilibrium thermodynamics
follows (Section 1.3), which will show the derivations of the equations used
in Chapter 5 and 6. Section 1.4 will give a brief summary of nature-inspired
chemical engineering and its applications in research.

1.2 Fuel cell technology

PEM fuel cells use pure hydrogen and either pure oxygen or an oxygen
mixture to create electricity. Water is produced as the only by-product
during the electrochemical reactions. The different components of a single
cell PEM fuel cell can be seen in Fig. 1.1.

Component 1 is the polymer electrolyte membrane (PEM), which is a
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Figure 1.1: Schematic picture of the PEM fuel cell. The layer thickness is given
in parenthesis. For abbreviations, see text. 1-PEM (∼50–150 µm), 2-CL (∼10–20
µm), 3-GDL (∼200–300 µm), 4-cathode FFP (∼1 mm), 5-anode FFP (∼1 mm),
and 6-CCP.

proton exchange membrane (proton conductive material). The most popular
type of PEM is made of perfluorinated polymers, e.g. Nafion. Sulfonic
acid chains (SO−3 H+) are responsible for its proton conductive behaviour
[22]. The properties of such membranes are often heavily dependent on the
water content, which makes humidification a vital process. For example, a
decrease in PEM humidity results in an increase in cell resistance, which
decreases the performance and, in the worst case, can lead to the damaging
of the membrane. Due to this water dependency, PEM membranes are often
restricted to a cell temperature below 100°C. As Fig. 1.1 indicates, water is
moving in the membrane in both directions, dictated by back-diffusion due
to lower water concentrations on the anode side and by electro-osmotic drag
linked to the flux of protons through the membrane.



1.2. Fuel cell technology 5

Component 2 is the catalyst layer (CL). Usually, it contains finely dispersed
graphite particles, which sit on both sides of the membrane. On these
particles, the catalyst is attached, which is commonly Pt. The catalyst layer
acts as a porous electrode where the following electrochemical reactions take
place. On the anode side:

1

2
H2 → H+ + e− (1.1)

On the cathode side:

1

4
O2 + H+ + e− → 1

2
H2O (1.2)

The CL serves two purposes [22]:

1. Deliver and collect the electrons from the PEM fuel cell.

2. Deliver and collect the reactants and products from the electrochemical
reactions.

The CL requires, therefore, high electric conductivity, high gas permeability,
high corrosion resistance, efficient water removal, and good mechanical
properties [22]. All these requirements need to be fulfilled while keeping the
cost of the CL low.

Component 3 is the so-called gas diffusion layer (GDL) or porous transport
layer (PTL), which acts as a diffusion media for the gases. There are two
common groups of GDLs, woven (carbon paper) and non-woven (carbon
cloth). Carbon paper has a lower cost, however, often produces lower power
densities (in W/cm2) in the PEM fuel cell than carbon cloth [23]. Both
types consist of carbon fibres in different shapes and sizes. The properties of
the GDL change, due to its fibrous structure, with the applied compression
on the fuel cell. Higher compression reduces the pore space, which creates
less area for the gases and the liquid water to flow through (lower gas
permeability), but on the other hand, decreases the ohmic resistance due
to higher contact areas within the PTL. To enhance the water removal in
the PEM fuel cell, materials, such as PTFE, are often added to the GDL
to increase its hydrophobicity. Some GDLs also have a microporous layer
(MPL) included, which has a different pore size than the rest of the GDL,
to improve the water management further[24]. A MPL usually consists of
carbon black powder mixed with PTFE [23].
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Component 1, 2 (both anode and cathode) and 3 together are called mem-
brane electrode assembly (MEA) or 5-layer MEA.

Components 4 and 5 are the flow field plates (FFP) for the cathode and
anode, respectively. They act as the gas distribution system in the fuel cell.
The FFP consists of flow channels which can have a variety of different
geometries. The discussion of the advantages and disadvantages of these
geometries can be found in Chapter 2. The FFP needs to have certain
abilities to ensure good PEM fuel cell performance, such as:

• Uniform flow distribution

• Low ohmic resistance

• Proper water management

• Low pressure drop to reduce parasitic losses (impacts efficiency of
auxiliary equipment)

• Good scalability

The problem with these requirements is that often a compromise has to
be made. For example, lowering the pressure drop to increase the overall
efficiency of the PEM fuel cell, including auxiliary equipment (e.g. gas supply
system) can often lead to a worsening of the water management. A higher
pressure drop, on the other hand, causes a better removal of the water
droplets from the channel [25]. The ohmic resistance of the FFP is based on
the material resistance itself and the contact resistance, which is influenced by
the contact area with the GDL. A low channel to land width ratio decreases
the contact resistance due to an increase in the contact area, however, also
decreases the pressure drop [26] and the fuel consumption [27].

Component 6 is the current collector plate (CCP) and is used to connect
the load cables with the PEM fuel cell. The CCP should have low ohmic
resistance.

1.3 Non-equilibrium thermodynamics

This section gives a short introduction to non-equilibrium thermodynamics
(NET) and how to approach the modelling of PEM fuel cells. A more thorough
explanation can be found in the books from Kjelstrup et al. [28, 29]. As
discussed in the previous chapters, to increase the efficiency of PEM fuel
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cells, it is possible to optimise the operating conditions. However, to find
the optimum, a deep understanding of the local mechanisms inside the PEM
fuel cell is crucial. Especially heat effects and changes in temperatures can
have a significant influence on the PEM fuel cell performance [20, 21]. These
heat effects have several contributions, e.g. from the Peltier or Dufour effect.
One way to model these effects is to use NET.

With this method, it is possible to calculate the lost work wlost (given by Eq.
1.3), which is the difference between the actual work w and the ideal work
wideal [29]. wideal is the work of a system for a completely reversible process.

wlost = T0
dSirr
dt

= T0

∫
σdV (1.3)

where T0 is the temperature of the surroundings in K, dSirr
dt is the total

entropy production of the system in W/K, σ is the local entropy production
per m3 in W/(K m3) and V is the volume of the system in m3. Knowing the
lost work, the second law efficiency, which is also called the thermodynamic
efficiency, is calculated as follows:

ηII =
wideal
w

= 1− wlost
w

(1.4)

NET is not only important for calculating the second law efficiency in a
system. By looking at the entropy production, we can also derive the flux-
force relationships used for modelling the processes. The next sections show
how the equations are derived starting with the entropy production. They
will later be utilized for the modelling of PEM fuel cells.

1.3.1 The Fuel Cell Model

The following derivations and equations are based on the work from Kjelstrup
et al. [28]. Our work focuses on the modelling of the process in one dimension
(1D). Therefore equations will be derived for the x-direction. The starting
point is the description of the local entropy production σ, shown by Eq. 1.5,
which gives the general expression for the flux-force relationships.

σ =
∑
i

JiXi ≥ 0 (1.5)

where Ji is flux of transport phenomena i and Xi is the driving force of
transport phenomena i. In a fuel cell, we have transport of heat, mass and
electric charge, therefore Eq. 1.5 can be rewritten as:

σ = J ′q

(
d

dx

1

T

)
+

n∑
j=1

Jj

(
− 1

T

dµj,T
dx

)
+ j

(
− 1

T

dφ

dx

)
(1.6)
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where J ′q is the measurable heat flux in J/(m2 s), T is the temperature in
K, Jj is the mass flux of component j in mol/(m2 s), n is the number of
different components in the system, µj,T is the chemical potential at constant
temperature in J/mol, j is the charge flux, further referred to as current
density (current divided by the surface area) in A/m2, and φ is the electric
potential in V. In the next step, the fluxes are defined. NET assumes that
there is a linear relationship between the fluxes and their according forces:

Ji =

m∑
k=1

LikXk (1.7)

where m is the number of independent fluxes in the system and Lik is the
Onsager conductivity coefficient, which is a phenomenological coefficient.
With the help of Eq. 1.7, the equations for the different fluxes given in Eq.
1.6 can be defined:

J ′q = Lqq
d

dx

(
1

T

)
+

n∑
j=1

Lqµj

(
− 1

T

dµj,T
dx

)
+ Lqφ

(
− 1

T

dφ

dx

)
(1.8)

Jj = Lµjq
d

dx

(
1

T

)
+

n∑
k=1

Lµjµk

(
− 1

T

dµk,T
dx

)
+ Lµjφ

(
− 1

T

dφ

dx

)
(1.9)

j = Lφq
d

dx

(
1

T

)
+

n∑
j=1

Lφµj

(
− 1

T

dµj,T
dx

)
+ Lφφ

(
− 1

T

dφ

dx

)
(1.10)

The Onsager symmetry relations state, that the off-diagonal terms are
symmetric, meaning that Li,k = Lk,i where i 6= k. These Equations (Eq. 1.8
to 1.10) will be modified by introducing familiar transport coefficients. Each
modelled layer will be discussed in detail in the next sections.

Anode and cathode PTL

The anode and cathode PTL are considered to be homogenous layers, and
more than one component is present. To simplify the approach, we introduce
the interdiffusion flux JD, which can be derived by introducing the Gibbs-
Duhem equation (Eq. 1.11). Below, the derivation of the interdiffusion flux
for the anode PTL is shown.

xwdµw,T + xH2dµH2,T = 0 (1.11)

Considering only the mass fluxes in Eq. 1.6, where the components are water
(w) and hydrogen (H2), we can use Eq. 1.11 to express one chemical potential
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by the other.

− Jw
1

T

dµw,T
dx

− JH2

1

T

dµH2,T

dx
= − 1

T

(
Jw
dµw,T
dx

− JH2

xw
xH2

dµw,T
dx

)
(1.12)

After some rearrangements, we receive the following expression for the mass
fluxes which uses the interdiffusion flux JD instead of Jw and JH2 :(

Jw
xw
− JH2

xH2

)
xw

1

T

dµw,T
dx

= JD
1

T

dµw,T
dx

(1.13)

In the cathode PTL, we have oxygen (O2), nitrogen (N2) and water. As we
assume that nitrogen is inert, we neglect it in the following equations. For
the cathode PTL, the interdiffusion flux JD is as follows:

JD =

(
Jw
xw
− JO2

xO2

)
xw (1.14)

By using JD, we can reduce the number of components j to 1 in Eq. 1.9,
thus reducing the number of Onsager conductivity coefficients. As the next
step, we eliminate the electric potential gradient in the flux equations by
inserting Eq. 1.10 into Eq. 1.8 and 1.9. With this, we introduce a new set of
flux equations:

J ′q = lqq

(
d

dx

1

T

)
− lqµ

1

T

dµj,T
dx

+
Lqφ
Lφφ

j (1.15)

JD = lµq
d

dx

(
1

T

)
− lµµ

1

T

dµw,T
dx

+
Lµφ
Lφφ

j (1.16)

j = Lφq
d

dx

(
1

T

)
− Lφµ

1

T

dµw,T
dx

− Lφφ
1

T

dφ

dx
(1.17)

where, for better readability, we write lµwµw as lµµ.

The newly introduced coefficients lik can be linked to the phenomenological
coefficients:

lik = Lik −
LφkLiφ
Lφφ

(1.18)

Now, the coefficients lik and Lik need to be related to parameters and
properties which are well known from theory and experiments, such as the
transference or Peltier coefficient or the heat of transfer:

tD ≡
(
JD
j/F

)
dµT =0,dT=0

= F
Lµφ
Lφφ

(1.19)
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where tD is the transference coefficient and F is the Faraday constant (96485
C/mol).

π ≡
(
J ′q
j/F

)
dµT =0,dT=0

= F
Lqφ
Lφφ

(1.20)

where π is the Peltier coefficient in J.

q∗ ≡
(
J ′q
JD

)
j=0,dT=0

=
lqµ
lµµ

(1.21)

where q∗ is the heat of transfer in J/mol.

Eq. 1.19 to 1.21 are then introduced into Eq. 1.15 to 1.17. The main transport
coefficients (Eq. 1.22 to 1.24) can then be identified as:

λ =
lqq
T 2
− (q∗)2 lµµ

T 2
(1.22)

where λ is the thermal conductivity of the homogenous phase in W/(K m).

Dij = lµµ
R

xw
(1.23)

where Dij is the concentration corrected diffusivity coefficient (binary dif-
fusivity of the two components multiplied by the total concentration in the
homogenous phase, which is assumed to be constant) of component i in
component j in mol/(m s) and R is the gas constant in J/(K mol). In the
anode PTL it is DwH2 and in the cathode PTL it is DwO2 .

r =
T

Lφφ
(1.24)

where r is the electrical resistance of the homogenous phase in Ohm m.

It is often better to calculate the concentration- or molar fraction profiles
of a component, instead of the chemical potential profile, as it is easier
to interpret the results of the PEM fuel cell model. Therefore, we can
additionally introduce the equation for the chemical potential of water (Eq.
1.25) into Eq. 1.16.

µw,T = µ0
w,T +RT ln

(
xw
x∗w

)
(1.25)

where µ0
T is the chemical potential at constant temperature and standard

conditions in J/mol, and x∗w is the molar fraction at saturation. The last
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steps result in the final equations, which can be used for the modelling of
the homogeneous anode and cathode PTL layers:

J ′q = −λdT
dx

+ q∗
(
JD − tD

j

F

)
+ π

j

F
(1.26)

JD = −q
∗Dijxw
RT 2

dT

dx
−Dij

dxw
dx

+ tD
j

F
(1.27)

j = − π

TFr

dT

dx
− tDRT

Fxwr

dxw
dx
− 1

r

dφ

dx
(1.28)

Proton exchange membrane

The same procedure as for the anode or cathode PTL is applied to derive the
equations for the membrane. Parameters and variables used in this section
are corresponding to the membrane layer of the model. There are three
major differences:

1. The only moving component in the membrane is water. Therefore, JD
is not required, and only Jw is used instead. The membrane gives the
frame of reference.

2. In the membrane, the solution is in the liquid state and it is not an
ideal solution.

3. For calculations of membrane properties, the consensus is to use the
water activity aw instead of xw (see, for example, Weber and Newman
[30] or Springer et al. [31]). Therefore, the equations have to be slightly
modified, which is discussed in this section.

Based on points 2 and 3 above, we introduce the water activity aw = pw/p
∗
w

and the water content λ = cwM/ρ in mol water per mole membrane ionic
side, where pw is the partial pressure of the liquid water in the membrane in
atm, p∗w is the standard pressure in atm, cw is the concentration of liquid
water mol/m3, M is the molar mass of the polymer in the membrane in
kg/mol, and ρ is the membrane dry density in kg/m3.

Eq. 1.26 stays the same, but Eq. 1.27 and 1.28 need to be adjusted. The
equation for the water content λ is inserted into Eq. 1.27, followed by using
the expression dλ/dx = (dλ/daw) (daw/dx):

Jw = −q
∗Dwλρ

RT 2M

dT

dx
− Dwρ

M

dλ

daw

daw
dx

+ twj/F (1.29)
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where Dw is the self-diffusion coefficient of water in m2/s. dλ/daw can be
calculated by using experimental expressions such as the one from Springer
et al. [31] or Weber and Newman [30]. To receive the third flux equation for
the membrane, the charge flux (Eq. 1.30), we use µw,T = µ0

w,T +RT ln aw
instead of Eq. 1.25 to modify Eq. 1.17.

j = − π

TFr

dT

dx
− twRT

Fawr

daw
dx
− 1

r

dφ

dx
(1.30)

Anode and cathode

The anode and the cathode are seen as surfaces in Gibbs’ sense. They are
not homogenous phases. This changes the approach of deriving the equations
for the modelling. The thermodynamic properties of the surface are defined
by using the Gibbs excess properties, as described by Bedeaux et al. [32]
and Albano and Bedeaux [33]. The main point in this approach is that the
surface is seen as a discrete phase. This allows calculating the differences
between the left and right side of the surface, removing the need for solving
a differential equation. Across the surfaces, both on the anode and cathode,
we assume water equilibrium, meaning that the chemical potential difference
between both sides is zero. As shown in [28], the general equations for the
electrodes are as follows:

∆i,sT = − 1

λs,i

[
J ′ iq − q∗,i

(
J i
w − tiw

j

F

)
− πi j

F

]
(1.31)

∆s,oT = − 1

λs,o

[
J ′ oq − q∗,o

(
Jo
w − tow

j

F

)
− πo j

F

]
(1.32)

∆i,oφ = −η − ∆nG
s

F
− πi

T s,iF
∆i,sT −

πo

T s,oF
∆s,oT − rsj (1.33)

where η is the electrode overpotential in V and ∆nG
s is the Gibbs free energy

of either the anode or cathode in J/mol. The super- or subscripts i mean the
input of the surface, o the output and s the surface itself. Subscripts used
for ∆ describe that the value of the first subscript is subtracted from the
value of the second subscript. The jump of the heat flux can be calculated
by using the energy balance of the surface. For the anode, this is defined as:

J ′ iq + jφi +

N i∑
k=1

J i
kH

i
k = J ′ oq + jφo +

No∑
k=1

Jo
kH

o
k (1.34)

where N i and No are the number of components on the inlet and outlet side,
respectively, of the surface and Hk is the molar enthalpy of component k on
either the inlet or outlet side, respectively, of the surface in J/mol.
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1.4 Nature-inspired chemical engineering

Nature-inspired chemical engineering (NICE) is the use of biological or nature-
inspired tools or systems to improve different processes. This approach looks
at how nature optimised specific features, for example, in animals or plants.
Kjelstrup and Magnanelli gave an extensive overview of how NICE can be
used for the optimisation in the process industry [34]. The special issue
edited by Coppens et al. [35] provides several papers on the topic of NICE.

It is important to note, that NICE does not mean mimicking or imitating
natural features. Designs originated in nature are not blindly taken but
carefully and scientifically analysed, and the gathered information is then
used for human-made processes and applications [36]. One reason for this is
that objectives often differ between nature and human-made applications.
Therefore, an optimum in nature is not automatically the best case [18],
which can be seen in Chapter 3.

If this approach is connected with the previously introduced NET, one can
conclude that natural systems often minimise their entropy production by
having a uniform entropy production distribution. An example of this is the
human lung, as shown by Gheorghiu et al. [15]. The human lung is built like
a self-similar fractal system, where the dimensions at the bronchial level are
scaled in a way to achieve constant pressure drop along the flow channels.
This leads to minimum entropy production and a uniform entropy production
distribution. Furthermore, a uniform flow distribution is achieved.

Another example is the reindeer nose, which is optimised to allow the reindeer
to breathe in cold air with the lowest amount of energy needs. Magnanelli et
al. [17] showed that using the information of the geometry of the reindeer’s
nose can be used to improve the performance of chemical reactors by adapting
the geometry of the reactor. The new geometry led to reduction of entropy
production of around 16%.

1.5 Thesis outline

This thesis is organised as a collection of papers, where each chapter from
Chapter 2 to 6 represents one of them. The content of the different chapters
is summarised as follows:

Chapter 2 gives an overview of the current state of the design and optimisation
of FFPs in PEM fuel cells. Well established FF designs are reviewed and
compared to newly developed ones. We look at the different approaches for
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optimisation for each design and identify the advantages and disadvantages.
Furthermore, we provide an outlook on how the development of new designs
and the improvement of already used ones should continue.

In Chapter 3 and 4, the focus is on the first objective of this thesis, namely
the improvement of flow fields for the use in PEM fuel cells. First, we discuss
a numerical framework on how to analyse biomimetic flow patterns such
as tree-like structures in Chapter 3. The scaling of the tree-like pattern is
described. A set of equations is developed to calculate the viscous dissipation
and entropy production in the flow channels and compare the results for
different width scaling factors. Here, the viscous dissipation is the generation
of heat due to frictional losses in a flow system. The width scaling factor
describes the reduction of channel width with the change of branching
generation level. Computational fluid dynamics (CFD) simulations are done
in OpenFOAM to support the results from the analytic equations and provide
further insight into the viscous dissipation in 3D. Additionally, the uniformity
of the flow is investigated, and Peclet numbers at the outlets of the tree-like
patterns are analysed to see if this can be used for the optimisation of the
patterns.

Based on the work presented in Chapter 3, we present new designs for flow
field plates in Chapter 4, which are machined in high-quality graphite plates
by CNC milling. The objective is to identify how the scaling factor of such
tree-like patterns on the cathode flow field impacts the performance of PEM
fuel cells. Performance, electrochemical impedance spectroscopy and hold test
experiments at 70%, 60% and 50% relative humidity are conducted to study
the different new designs. Results are compared to an industry-standard
serpentine pattern, and we give recommendations for future improvements
of these presented designs.

Chapter 5 discusses the approach on how to model the fuel cell with NET.
General assumptions and equations are described. A consistency check
based on the difference between entropy balance and the calculated entropy
production is implemented to discover weaknesses in the assumptions and
models. The concentration, temperature, heat flux and potential profiles are
calculated and plotted for varying current densities. Based on these results,
we analyse the contributions to the heat and water flux in the different layers
and investigate the importance of the exchange current density (j0).

In Chapter 6 we present an improved model and code based on the work
carried out in Chapter 5. The new approach uses a multi-point boundary
value problem algorithm, which increases the stability of the code. As the
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main objective, we investigate heat effects inside the PEM fuel cell while
looking in detail at the various contributions to them. Furthermore, we
analyse how changing the temperature at the boundaries impacts the system
and if this can be used to improve the performance of a PEM fuel cell.

At the end of the thesis, in Chapter 7, a summary of the presented work and
an outlook to the future development on the models and presented designs
are given.
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Papers 1-5 listed in this section are included as Chapters 2-6 in the thesis.
Papers 1,2,4, and 5 have been published in international peer-reviewed
journals. Paper 3 has been submitted for publication.
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Abstract

Flow field designs for the bipolar plates of the proton exchange membrane
fuel cell are reviewed; including the serpentine, parallel, interdigitated, mesh
type or their mixtures, furthermore 2D circular and 3D tubular geometries,
porous, fractal, and biomimetic flow fields. The advantages/disadvantages and
tendencies from field optimizations are discussed. The performance of each
flow field design is compared to the conventional serpentine flow field. Good
flow field plates give uniform gas distributions, low pressure drop for transport,
and sufficient rib area to provide high electronic conductivity. A good field
should also prevent water condensation, remove water efficiently, and provide
sufficiently high moisture content in the membrane. The demands on design
are sometimes contradictory. Future work should aim for a flow field geometry
and topology that produces uniform gas delivery at a low pressure drop, and
at the same time has an optimal channel shape for better water removal. It is
concluded that for an area-filling gas distributor, the developments should aim
to find a flow field in accordance with minimum entropy production, making an
emphasis on multi-criteria optimization methods.

2.1 Introduction

The rising demands for energy have led to over-consumption of available fossil
fuel sources, air pollution, and climate warming. Currently, the necessity
for renewable green energy has driven the development toward new energy
technologies like solar, wind, tide, geothermal energy, and fuel cells (FC). The
proton exchange membrane fuel cell (PEMFC) converts chemical energy into
electrical energy and water. The heart of the PEMFC is the Membrane Elec-
trode Assembly (MEA). This is composed of a proton conducting polymeric
membrane (PEM) sandwiched between anode and cathode catalyst layers
(CL) as well as gas diffusion layers (GDL), see Figure 2.1. The following
electrochemical reactions occur in the anode, in the membrane and in the
cathode layers:

Anode :
1

2
H2 → H+(a) + e− (2.1)

Membrane: H+(a) + twH2O(a)→ H+(c) + twH2O(c) (2.2)

Cathode :
1

4
O2 + H+ + e− → 1

2
H2O (2.3)

The very first FC was designed in 1842 by W.R. Grove and named by him
as gaseous voltaic battery [37]. The term ”fuel cell” was coined later, in 1889,
by the chemists L. Mond and C. Langer. A breakthrough in FC development
are connected with the introduction of a sulphonated polystyrene (SP) ion-
exchange membrane as the electrolyte by W. T. Grubb in 1955, and by
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Figure 2.1: Schematic picture of the PEMFC. The layer thickness is given in
parenthesis. For abbreviations, see text. 1-PEM (∼50–150 µm), 2-CL (∼10–20 µm),
3-GDL (∼200–300 µm), 4-cathode FFP (∼1 mm), 5-anode FFP (∼1 mm), and
6-CCP.

platinum deposition onto the membrane by L. Niedrach in 1958. In 1966 the
SP membrane was replaced by Nafion ionomer that is in use nowadays.

The MEA itself is sandwiched between two flow field plates in a single cell
or between two bipolar plates in a PEMFC stack. The flow field plate (FFP)
is an important component of the cell as it supplies fuel (hydrogen, H2),
and oxidant (air, O2) to the MEA, removes water, and collects electrons
produced. It also provides mechanical support for the MEA (Figure 2.1).
The FFP has several roles, for example, it separates gases between the half
cells and neighboring cells in a stack; it provides an electronic conducting
medium between the anode and cathode; it possesses a specific flow field
design containing channels allowing even distribution of the reaction gases;
it provides a solid structure for the MEA, and it facilitates water and heat
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management [6].

The FFPs are fabricated from porous/non-porous graphite, coated/non-
coated metal, polymer-carbon or polymer-metal composites [6, 38]. The FFP
material must be physically durable, electronically and thermally conductive,
chemically inert, gas impermeable, easy to manufacture, and have low-cost
[25]. The graphite plates are brittle and must be manufactured rather thick
to meet the durability requirements, which in turn increases their weight and
cost. Metal plates can be machined very thin, but many metals are subject
to corrosion when exposed to oxygen and water at high temperatures. Also,
graphite is unstable and spontaneously exfoliated with respect to chemical
oxidation [39].

Power losses in the FC depend greatly on the current density and the gas
transport to the electrodes [13, 14]. Losses are evaluated from the polarization
curve. This is also used when someone speaks of the FC efficiency. It can
be distinguished between direct and indirect losses. The direct losses are
connected to the electric circuit and consist of resistance losses due to the
chemical reaction (overpotentials) and ohmic resistances in the circuit. The
indirect ones are connected with changes in concentration at the catalytic
site, due to rate-limiting diffusion of reactants to the catalyst. Liquid water
clogging the pores, will contribute to diffusional losses. Mass transport
limitations can seriously affect the PEMFC performance [40–43]. The main
role of the FFP is to prevent this type of loss, while keeping the electric and
thermal conductivity high. A poor flow-field design can lead to non-uniform
reactant distribution in the cell, water condensation in the cathode FFP and
clogging of channels with water films and/or drops [44, 45]. The clogging
develops gradually via the (i) single-phase flow with stray water droplets,
followed by (ii) droplet flow with stable droplets, (iii) film flow with continual
films of the walls and stable droplets, and finally (iv) slug flow with high
water accumulation [46].

The PEMFC performance can also be hampered by a high local operating
temperature, water management, and need for high density of catalyst. The
main challenge in the development of PEMFC for automotive applications
is to reduce the overall costs of the FC stack [42, 47]. In their latest report,
the US Department of Energy (April 25, 2018) announced a target price of
US$40/kW for 500,000 systems per year, including 80 kW automobiles and
160 kW trucks [3]. The FFP comprises > 60% of the weight and 30% of the
total cost of the FC stack [5, 26, 48]. A good design of the FFP can thus
improve the overall PEMFC stack performance in terms of costs as much as
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50% [49].

The Japanese NEDO’s Technology Development Roadmap 2017 [4] has as
goal for 2040 to achieve a cell voltage of 0.85 V at 4.4 A/cm2 and 1.1 V at
0.2 A/cm2. According to Suzuki et al. [50] these targets are within reach if
all parts of the FC can be optimized beyond the state-of-the-art. Especially
materials innovations are needed because the target operating temperature
is 120◦C.

Performance targets set within Europe differ from application to application
(for example for use in electric cars, in trains, etc.) [51]. There is a big focus
on parameters like catalyst loading, system costs, durability and general cell
volumetric power, and less focus on the performance curve alone as described
in [4]. The system’s cost goal for 2030 is set at e40/kW for light electric
vehicles, given a power density of minimum 2 W/cm2.

China has likewise created a Roadmap for Energy Saving and New Energy
Vehicles [52]. The stated goal is focused more on the cost of FC stacks in
vehicles, than on the performance in terms of power density. The power
density goal of a stack is set at 4 kW/L for 2030, which is much lower
than the one from the NEDO’s Technology Development Roadmap 2017
(6 kW/L). The cost goal however is below the one set in the current DOE
target (around US$22/kW in 2030).

A comparison between what is available on the market and the progress
beyond the state of the art in research is given by Gittleman et al. [53] and
Wang et al. [54].

There is now consensus in the literature that the following properties are
important for good FC performance [55–62]. The flow field must:

1. Uniformly deliver well-dispersed gases to the whole catalytic layers at
the cathode and the anode;

2. Have sufficient rib area to electronic conductivity;

3. Ensure transport of oxygen gas with a small pressure drop across the
FFP;

4. Provide simple and effective liquid water removal to prevent water
flooding;

5. Supply oxygen to the catalytic layer at a speed sufficient to meet
demands of the cathode.
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In this review, the most central flow field designs that have been proposed
in the literature, will be discussed with respect to their performance on
points 1-5. The most important criterion is that of uniformity in the gas
distribution to and inside the GDL and in the catalytic layers. If this can be
achieved with a small pressure drop, also the energy dissipation in the flow
field becomes favorable. The designs are in the end compared with respect to
these criteria in Table 2.1. The review is limited to flow field plate patterns
only. Materials, design, and optimum combinations of the MEA and flow
field plate are separate important problems and issues for other reviews.
The geometry of the bipolar plates is essential in yet another context. They
may allow for weight reductions through thickness variations. This counts in
disfavor of graphite as a FFP, as this material must be thick to avoid gas
leakage and damage of the plate which must be pressed to GDL in a stack.
Song et al. gives an overview about materials which can be used to create
thin FFPs [63].

The present review focuses on low temperature PEMFCs. For studies on
the flow field pattern in high temperature PEMFCs, it can be referred to
Taccani and Zuliani [64]. Hamilton and Pollet [6] and Asri et al. [65] gave
a good overview of the different materials and coatings being used in fuel
cells, including material suitability, and performance analysis.

2.2 Conventional designs and their modifications

The four most common FFP designs are schematically shown in Figure 2.2.
They include serpentine, parallel, pin-type, and interdigitated flow fields that
are referred as conventional designs. Their advantages and disadvantages
have been thoroughly studied [48]. Great efforts have been devoted to design
and explore flow fields that solve the flooding, current distribution, and
pressure drop problems [19, 66]. Besides these conventional FFPs, there are
mixed designs, circular, tubular (3D), cascade (or pyramid), fractal, and
biomimetic flow fields [25, 67]. It has been shown that variations in the
FFP design cause differences in peak power density; up to 300% difference
between equivalent systems [68]. The serpentine flow field is still regarded as
the most popular choice, because of its performance, robustness, reliability,
and an acceptable pressure drop [69–71]. For this reason, all the other flow
fields shall be compared with the serpentine pattern.

2.2.1 Serpentine design

The traditional serpentine design (Figures 2.2a, c) has a single continuous
channel covering the whole area of the FFP. A single inlet is connected to a



2.2. Conventional designs and their modifications 23

Table 2.1: Advantages and disadvantages of various designs tested in the proton
exchange membrane FC.
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Figure 2.2: Schematic pictures of conventional FFP designs: 1-channel serpentine
(a), 5-channel serpentine (b), parallel (d), pin-type (e), interdigitated (f), and a
photo of the 1-channel serpentine with 50 x 50 mm FFP (c); the inlet channels are
marked in white the outlet ones are in gray.

single outlet. The reactant gases move everywhere from the FFP through
porous GDL via under-rib paths. The serpentine design has emerged as an
industry standard because of its robust performance and ability to reproduce
results [72]. It is used as a reference design, to assess any improved or new
designs of FFP. Though water accumulates in the downstream channels, and
there are short bends [71, 73, 74], the serpentine topology reduces the risk of
flooding in the channel because liquid water can be pushed out. A gas exposed
to a relatively high-pressure drop will accomplish this [25, 49]. The column
for the serpentine design in Table 2.1 has therefore a plus for water removal.
The serpentine flow field is suitable for both small and large active membrane
areas [49, 75–78]. This is because it provides good under-rib convection in
the GDL due to the relatively high local pressure drop between consecutive
channels [49, 75–79]. It also provides a stable performance due to its good
mass transfer and reactant distribution capabilities across the flow channels
[19, 57]. Furthermore, it gives a relatively smooth temperature distribution.
The disadvantages of the serpentine designs are a high resistivity to flow
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due to the long narrow channel and presence of short bended channel paths
[71, 72, 80, 81]. At low current densities, water can be accumulated below
the ribs of the FFP, while at higher current densities this can also happen in
the channels (Figures 2.2a, b). Serpentine flow channels for the reactant gas
streams and coolant flows produce a low-temperature region near the channel
inlet, and a high-temperature region near the outlet [74]. The problem of
high-pressure drops has been partially solved using a smaller-sized PEMFC
and by optimization of the channel and base dimensions (see below) [49, 75–
78]. There is often a non-uniform reactant distribution in the GDL due to
reactant depletion along the channel [49, 75–78]. A partial solution to these
disadvantages was obtained by multi-path serpentine geometries (Figure
2.2b) and smaller sized PEMFC. For instance, for commercial FFPs with
dimensions 50 x 50 mm, the design is based on five parallel channels of width
W = 1 mm and depth D = 1 mm each, see Figure 2.2b. In this design the gas
moved in a serpentine manner through 5 parallel paths from the inlet to the
outlet at the corners of the FFP (round holes in FFP) making 4-5 turns only.
In comparison to the single channel serpentine, this design has channels with
4-5 times shorter lengths and therefore, smaller pressure-drop governing the
flow; better water removal from the channels; more uniform gas distribution
and, in that way, higher performance. Location of the inlet/outlet and the
type of their connection to the parallel channels also influences the FC
performance [82].

The disadvantages of such designs remain similar to those for the single
channel serpentine [25, 49, 75–79]:

1. Non-uniform reactant distribution in the GDL due to reactant depletion
in the short bends and along the channels;

2. A relatively high pressure drop across long length, parallel channels,
and in the short bends when the flow gets rotated at 180◦.

During the last 15 years there have been many attempts to improve the
FFP design and obtain more uniform distributions of reactants and better
water removal at reasonable low pressure drops. The relative efficiency of the
single-and multi-channel serpentine geometry depends upon their detailed
shape and the flow regime. The shape is determined by the W and D
of the channels and the distance between them (rib or base, B). In the
single-serpentine design sub-rib convection presents under all ribs because
of the pressure difference between them. Therefore, the sub-rib convection
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significantly influences the FC performance especially when the O2 supply
or membrane moisture content is limited, and the influence almost does not
depend on the aspect ratio (AR = D/W ) [83]. In the multi-pass serpentine
FFP the sub-rib convection between the parallel channels is lower due to
small pressure differences. At operating voltages < 0.7 V, the reduced channel
AR < 1 increased the reactant inlet flow velocity, enhanced liquid water
removal, and promoted O2-transport to the GDL. For both designs, the
cathode pressure drops increase as the channel AR decreases. They also
found that the low external and internal heat transfer coefficients increased
the temperature inside the PEMFC and led to too strong sub-rib convection.
The combination of high temperature and sub-rib convection may cause
PEM dry-out and rapid decrease in the PEMFC performance [83].

Different numbers of the parallel channels in the serpentine design have been
studied. For commercial FFPs, with 200 cm2 reactive area, the 26-channel
serpentine flow field gave the best performance and the lowest ”pumping
power” because the channels became reasonably short and the bends were
longer compared to the single channel design [84]. The multi-path geometry
decreased the risks of water accumulation and decreased the pressure drop.
Two types of interconnections of the 26 channels of W x D = 0.9 mm x 0.55
mm, and B = 0.9 mm have been studied. It was shown that the shorter path
resulted in a more uniform temperature and current distribution and less
condensed liquid water accumulation than in the longer path. The 13-channel
serpentine FFP geometry has as advantage of its overall performance in
comparison with the 26-channel, 6-and 3-channel, due to smaller differences
in PEM hydration. The membrane water content and its uniformity are key
factors for a low ohmic membrane resistance [84].

Serpentine geometry with tapered, constricted, stepped, and asymmetric
channels exhibited [49]: (i) improved performance under low cell voltage, (ii)
improved mass transport, and (iii) improved water removal. However, these
geometries exhibit high pressure drops and are vulnerable for flooding in the
downstream channels and short bends [71, 73, 74].

The mixed serpentine designs like split with mirror or double-mirror locations
were aimed at an intensification of mixing of the reactants at every turn
of the channels. The advantages are [49, 85] as follows: (i) high uniform
reactant distribution, and (ii) lower pressure drop in comparison to the
single channel serpentine. The disadvantages are the same as for single and
multiple-path serpentine geometries. The mirror-serpentine designs have
been recommended for large active MEA areas, because the flow field can be
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Figure 2.3: 3-channel serpentine FFP with waved channels (a). A cross-sectional
view is shown in (b) [sketched after [86]].

split into smaller independent flow-field cells with their own inlets and outlets.
That lead to: (i) a decrease in the pressure drop, and (ii) a more uniform
reactant distribution in comparison to the non-split serpentine design over
the entire MEA area.

Waved channels for the serpentine design (Figures 2.3a, b) were found to be
better for reactant transport and water removal because they allow a variation
in the local flow along the waved walls [86]. The 3D CFD computations
revealed that slopes of 30 and 45◦ were more efficient than slopes 0 and 15◦.
The finding was confirmed experimentally. Since the slope 45◦ exhibited a
higher hydraulic resistivity, the value 30◦ was recommended for the cathode
FFP. A summary of results on the serpentine flow fields is shown in the
first column of Table 2.1. The minuses are due to liquid water that tends to
accumulate in the short bends of the serpentine channels, and the relatively
high and variable pressure drop that can cause uneven gas diffusion from the
FFP into the GDL. The design is favorable with respect to water removal.

2.2.2 Parallel design

The parallel design, first patented by Pollegri and Spaziante [87], has multiple
parallel paths from the inlet to the outlet without bends (Figure 2.2d) in
order to decrease the hydraulic resistivity of the flow-field. It was found
that this geometry reduced the pressure needed to maintain a constant flow
rate at the inlet [88, 89]. This feature can be beneficial for the entropy
production rate, but low pressure at the outlet side may not be able to
push out the condensed water. Therefore, water droplets appeared, grew and
finally blocked the flow-field channels. This led to a non-uniform distribution
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Figure 2.4: Examples of modifications of the parallel design: one multi-path
inlet/outlet (a), several multi-paths (b) and inlets/outlets of a constant width with
a gradually decreasing inlet channel (c).

of reactant gases and temperatures, which again reduced the life of the
system and the overall performance. Parallel designs usually demonstrate the
lowest overall performance among the conventional designs [49, 78, 90–93].
Results for these designs are summarized in Table 2.1, column two. Some
modifications of the parallel design are shown in Figures 2.4a-c. Several
variations including one multi-path (Figure 2.4a), two narrow and two multi-
tube (Figure 2.4b) inlets and outlets with different widths of the transverse
and longitudinal channels have recently been proposed [94]. The increased
width of the outlet channels created a larger pressure drop at the distal
ends of the channels, pushing out water. CFD simulations showed that the
proposed designs yielded a more uniform flow distribution, as well as gradual
pressure reduction from the inlets to outlets, both increase the PEMFC
performance. The single inlet/outlet design generated more uniform reactant
distribution than the double inlet/outlet designs.

The parallel design with gradually decreasing inlet channel width (Figure
2.4c) gives high flow rates through the secondary channels in the mid portion
of the FFP. Thus, in this design ∼60-70% of the flow passed through the
initial 80% of total flow-field area [95]. The smoother branching angles of
the secondary channels produced lower hydraulic resistivity and therefore
smaller energy dissipation. The central location of the outlet provided a
better flow distribution compared to conventional parallel channel flow field.

So-called Z-shape designs with the parallel channels located in the Z-shape
(Figure 2.4b) have some advantages over the parallel ones (cf. Table 2.1): (i)
lower pressure drops, (ii) uniform distribution of single-phase and two-phase
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Figure 2.5: Sketches of mesh-type design modifications: with additional areas
helping the gas coalesce with water droplets, from [49] (a), with gradually increas-
ing/decreasing, from [100] (b) and optimized, from [98] (c) channel widths, and
intersectant geometry, from [90] (d).

flow and absence of plugs, (iii) lower parasitic power for the air supply
system; and (iv) higher overall efficiency [96].

2.2.3 Mesh-type design

Mesh-type (pin- or grid-type) designs are composed by two orthogonal sets of
parallel channels (Figure 2.2e) allowing two-directional flows [61, 78, 97, 98].
Such designs provide a much lower pressure drop than the serpentine design,
since the water accumulation at the cathode FFP becomes lower than
in the parallel designs, meaning that the number of droplets blocking an
individual channel are reduced [25]. The main advantage of the mesh-type
design in comparison to the serpentine and other conventional designs, is the
low pressure drop, due to a relatively low hydrodynamic resistivity of the
interconnected channels. The disadvantage is an uneven flow distribution
and appearance of stagnant areas (see Table 2.1). The disadvantages can
be related to the presence of a variety of different routes for flow from the
inlet to the outlet. The routes located close to the diagonal of the FFP
have the lowest resistivity and, thus, the highest flow rate. This altogether
leads to [49, 61, 78, 97, 98] (i) inhomogeneous reactant distribution when
the corners far from the inlet and outlet remain almost without reactant,
(ii) inhomogeneous condensed water removal, (iii) inhomogeneous current
density distribution, (iv) low PEMFC power efficiency (power density values
are much lower than in the serpentine designs for the same flow regimes [99]).
A prolonged PEMFC operation with mesh-type FFP at high flow rates can
lead to complete flooding of the FFP. To overcome the problem, the designs
have been modified with additional areas outside the active area, to help the
gas coalesce with water droplets (Figure 2.5a) [49]. Using smoothly varying
channel widths (Figure 2.5b) [25, 100], and gradually decreasing channel
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widths (Figure 2.5c) [98] the problem was overcome. Assuming Poiseuille flow
with uniform reactant consumption in each node of the mesh, the optimal
widths of the nodes for the minimal flow variations in the nodes over all
the system were computed. It was shown this geometry could increase the
PEMFC performance by ∼10%.

Recently a non-rectangular intersectant geometry (Figure 2.5d) has been
tested based on a theoretical model and on the experimental setup for a
metallic FFP [101, 102]. The optimal dimensions and porosity per unit length
were determined as 0.6 x 0.3 mm and 0.5, respectively. The intersectant
design at the optimal operating parameters, 300 ml/min for the hydrogen
flow, 500 ml/min for the air flow, and at operating temperature of 80◦C,
exhibited better performance than the standard single channel serpentine
design (see Table 2.1).

2.2.4 Interdigitated designs

Interdigitated flow-field geometries do not have a continuous path from the
inlet to the outlet, so the channels have dead-ends (Figure 2.2f) [103]. Such
designs are aimed at forcing gas flow delivery through the GDL to the reaction
sites in the MEA and remove water more efficiently [25]. It was shown that
generally, interdigitated designs performed better than parallel designs, but
worse than serpentine ones [68, 103]. The corresponding differences depended
on flow conditions [104]. Interdigitated designs seem to be able to manage
water removal better than parallel designs, without the excessively large
pressure drops proper to serpentine designs [67].

The advantages of the interdigitated design [49, 75, 77, 78, 90, 92] are as
follows: (i) efficient water removal due to forced under-rib convection in
the GDL (high pressure drop), and (ii) high performance at high current
densities when water production is significant. The disadvantages are: (i) this
type of FFP has the highest resistivity and pressure drop among all designs
due to disconnected channels, (ii) the PEMFC performance is strongly
determined by GDL properties, (iii) possible long-term damage to the GDL
and MEA from excessive convective forces (see Table 2.1). Some modified
interdigitated designs with varying (both decreasing and increasing) widths
of the parallel channels from central to lateral ones with two (Figures 2.6a,
b) and three (Figure 2.6c) inlets and different number of parallel channels
may be beneficial, due to their reduced pressure drop and improved current
distribution compared to conventional interdigitated design (Figure 2.2f).
Variation of the widths, depths and rib width values within wide ranges,
reveals designs with lowest pressure drops and highest performance [105].
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Figure 2.6: Sketches of modifications of interdigitated designs: with two inlets (a)
and perimeter channels (b), with three inlets (c) from [105], non-fractal lung-type
(d) and leaf-type (e) from [81], switched parallel-interdigitated type (f) from [106].

Two interdigitated designs (Figures 2.6d, e) are biologically inspired. They
mimic the lung (Figure 2.6d) and the plant leaf flow conduction systems
(Figure 2.6e) [81]. 3D numerical computations revealed that both designs
can produce up to 30% more in peak power density in comparison with con-
ventional interdigitated (Figure 2.2f) and single-channel serpentine (Figure
2.2a) designs, with the same dimensions of the channels and bases. It was
shown by CFD simulations and experiments at operating temperatures T
= 65-75◦C, 2 atm back-pressure, and 100% relative humidity (RH), that
the leaf design (Figure 2.6e) performed better than the lung-type design
(Figure 2.6d). A comparative experimental study of different combinations
of 5-channel serpentine, lung-based (Figure 2.6d), and leaf-based (Figure
2.6e) designs showed that the lung-based structure displayed the lowest
performance under all tested operating conditions [77].

The synthetic design (Figure 2.6f) can be switched from classical parallel to
interdigitated and vice versa by closing/opening of the taps (T) [106]. It was
shown by experiments that the parallel flow field regime produced higher
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system power and lower water at lower current densities. At high current
densities, when water production was significant, the interdigitated design
was more efficient for water removal and higher performance of the FC.

In principle, one could use different designs for the anode and cathode FFPs.
Combinations of serpentine (S) and interdigitated (I) FFP designs S-S, S-I,
and I-S for the anode and cathode, respectively, have been tested [78]. It
was found that the best performance could be achieved when the serpentine
FFP was used at the anode and the interdigitated FFP at the cathode. The
highest reactant uniformity in the catalyst layer (CL) was observed in the
S-S and S-I configurations.

2.3 Improvement of the channel geometries

2.3.1 Variations in dimensions of the channels and ribs

High impact of the 3D-nature of gas and water channels in the FFP system
on the FC efficiency has been confirmed by experiments and numerical
simulations. In the 3-channel serpentine FFP the decrease in the channel
depth from D = 1.0-0.3 mm linearly increased the FC performance due to
lower water accumulation in the channels confirmed by experiments on a
transparent FFP [107]. The decreased channel depth leads to an increase in
the linear velocity of the reactants and products at the same flow rate that,
in turn, improves water removal.

The ratios between W , L, and B have also a great effect on the reactants flows,
pressure drop, water removal, mechanical stiffness, temperature distribution,
as well as on the electrical conductivity [108, 109]. It is recalled that the
flow channels are used for water and heat removal, reactants delivery and
distribution to/in GDL and CL. The space between the flow channels is
used for heat/mass transfer, electric current collection, and transmission.
Different strategies to improve the water/heat management and PEMFC
efficiency by changing the channel path length, rib width B, and rib/channel
width ratio B/W have been proposed [61, 84, 110].

An experimental study of the flow interactions in the adjacent micro-channels,
revealed that under-rib convection has an essential effect on the PEMFC
performance arising from the local electricity collection under either the
inlet channel or the rib areas [111]. The rib areas possessed the highest
current density when sufficient pressure differences were applied to the FFP.
The inlet channel always exhibited a higher current density than the outlet
channel, possibly due to its higher gas concentration. The existence of an
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optimal pressure drop in the flow field was documented, when the current
density under the inlet channel and the rib areas reached its maximum. The
3D CFD computational results showed that significant temperature gradients
exist within the PEMFC, with temperature differences of several degrees
within the MEA [112]. This was explained by charge transport under the
collector plates. A major impact on the current distribution as well as the
predicted limiting currents was also seen. The 6- and 10-channel serpentine
flow fields with different combinations of the channel dimensions W = 0.5
and 0.9 mm, D = 0.5 and 1 mm, B = 0.5 and 0.8 mm have been studied
with isothermal two-phase 3D models [113]. It was shown that the PEMFC
performance can be increased by using narrower channels and smaller cross
sections [113, 114]. At low current densities when water starts to accumulate
in the GDL at under-rib regions, the under-rib convection plays a more
important role for water removal, than the pressure drop does. At high
currents, water starts to accumulate in the channels and the pressure drop
becomes more important for water removal and promotion of the oxygen
transport to the catalyst layer.

Some of the proposed designs have led to a higher pressure drop [115], lower
PEM hydration and conductivity, ineffective heat and water management
[84]. The general conclusion is that wider ribs and shorter and narrower
channels improve the reactant distribution in the GDL [61, 84]. Nevertheless,
the influence of the L/W ratios on the flow parameters and FC performance
revealed some contradictions [26, 61, 84]. For instance, the ratio L/W > 1
is favorable for:

• Mechanical support of flow field for PEM and GDL;

• High membrane water content;

• Good electrical conductivity;

• Fast heat transfer from the membrane;

• Uniform current distribution in MEA;

• Uniform temperature distribution in MEA;

• Better PEMFC performance at high current densities;

while the ratio L/W < 1 is favorable for:
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• Lower pressure drop across the flow fields;

• Larger contact area between the reactants and the GDL;

• Better water removal from the GDL;

• Lower total cell voltage losses.

Additionally, the width/rib (W/B) ratio influences the same main features
of the PEMFC efficiency and make the problem of the FFP optimization
even more ambiguous. In [116], the importance of the width of the ribs was
demonstrated, and the best performance of the PEMFC was detected for
W/B = 0.25/0.25 mm value within the limits B = 0.25-1 mm. FFPs with
shallow channels exhibited higher performance than the deep ones. The
reason for this was that shallower channels have a higher-pressure difference
between adjacent channels than deeper channels, leading to an increase in O2

transport due to higher under-rib convection [117]. The forced gas delivery
led to better performance when the FFP had tapered channels [118].

For some channel designs, the reactants were removed too quickly from the
CL, leading to appearance of dead zones with low energy production [78].
In conclusion it can be said that multi-criteria optimization approaches are
important for design improvements. Some designs for optimal pressure drop
and cooling efficiency have been discussed in Alizadeh et al. [119].

Similar conclusions have been derived in the experimental study of 44 cm2

graphite cathode plates with four single serpentine geometries of 1 mm
channel depth and various widths of 0.5, 1, 1.5, and 2 mm [120]. The number
or the parallel paths were 43, 31, 27, and 23, accordingly. It was found that
the cell performance always increased with a decrease in the rib width and
an increase in the inlet flow rates in the channels when the provided pumping
power was not taken into consideration. However, when pumping power
was accounted for, the net power density reached a maximum at different
combinations of rib widths and reactant flow rates depending on the cell
voltage.

Numerical simulations revealed that a maximum current density j = 1.04
A/cm2 could be achieved at B/W = 0.25/0.25, but the anode/cathode
pressure drop in this case became very high (∼15/92 Pa (anode/cathode)
for 25 mm channel length) [26]. A low pressure drop along anode/cathode
channel ∆p ∼2/6 Pa was reached at B/W = 0.25/2.0, but in this case the
current density was only 0.79 A/cm2 and the ohmic resistance was very high.
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Therefore, an intermediate value B/W = 1.0/1.0 mm was proposed as an
optimal one, giving the current density 0.9 A/cm2, and the anode/cathode
pressure drop of ∆p ∼3/11 Pa [26]. The ohmic losses from the interfacial
contact between the FFP and GDL increased monotonously with the B/W
ratio, while the loss due to diffusion in the GDL remained negligible. The
impact of the FFP on the polarization curve rapidly decreases at B/W <
0.2 and slowly decreases at B/W > 0.2. As a result, the total voltage loss is
at its minimum at 0.4 < B/W < 0.6.

2.3.2 Variations in cross-sectional shape

Variations in the geometry of the serpentine design and the shape of the
channels have been studied theoretically and experimentally. Circular [108,
121], annular [122], semi-circle [27], trapezoidal [123], and triangle [124]
cross-sectional shapes of the channel have been proposed and tested.

Numerical computations on the FFP with dimensions 40 x 40 mm with
20 channels of the same W = 1.5 mm and square, triangle, and semicircle
cross-sections in a serpentine design have been carried out [27]. It was
shown for the same inlet flow rates, that the pressure drop was lower in
the rectangular shape and higher in the semi-circle channels. Hydrogen
consumption was 84.8% in the rectangular, 92.5% in triangular, and 92.9% in
the semi-circular channels, i.e., the latter was more efficient. O2-consumption
was maximal at D = 1.5 mm, i.e., in the quadratic cross-sections. Therefore,
simultaneous demands for minimum pressure drop and high H2-consumption
are contradictory. A two-criterion optimization approach could determine
optimal WxD dimensions and cross-section shape. The problem formulation
in Kumar and Reddy [27] is incorrect because the chosen cross-sections
(square WxD = 1 x 1 mm, equilateral triangle W = 1 mm, and semicircle
D = 0.5 mm) possess different hydraulic resistivity and lateral surfaces for
the mass and heat exchange.

The rectangular and triangular shapes of the same width and cross-sectional
area were compared in experiments [124]. Both cathode and anode FFPs
had the 5-channel serpentine design with four short bends (Figure 2.2c), and
the anode plate was turned at an angle of π/2 cathode plate. It was found
that the condensed water was mostly trapped in the two corners adjacent
to the GDL; therefore, the channels with triangular geometry retain less
water than rectangular channels. When the GDL with lower in-plane gas
permeability was used, a smaller amount of the retained water was detected.

With a 3D non-isothermal model of the flow-field, using a genetic algorithm
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to study the optimization of channel configuration, it was found that the
trapezoidal shape was better than the square shape 1 x 1 mm with the same
cross sectional area [125]. The optimal dimensions (W = 1.3 mm, D = 1.1,
and bottom width 0.89) increased the productivity of the PEMFC by 10.92%
at an operating cell voltage of 0.4 V.

2.3.3 Additional improvement measures

The channels could also be modified by an additional slant up or down related
to the plane of the FFP. The down-slanted (at the angle of 20◦) parallel
channels in the 5-channel serpentine design of the anode FFP increased
the PEMFC performance [126]. The down-slanted channels increased water
back diffusion from the cathode to anode, decreased the concentration of
condensed water in the anode GDL and CL, leading to PEM hydration and
higher PEMFC performance especially in the medium current region. The
same modifications of the cathode FFP led to intense water draining from
the cathode side leading to PEM dehydration and reduction in the PEMFC
performance. The up slanted anode or/and cathode channels induced flooding
and low performance. Similar results have been obtained on the 35◦ slanted
channels [110].

2.4 Mixed and non-planar designs

There are many experimental and theoretical studies of different modific-
ations of conventional designs, including different numbers [71, 127], and
dimensions [27, 128–130] of inlets, outlets, and channels, smoothed corners,
and other improvements. Mixed designs are based upon combinations of two
or more of the convenient designs like parallel-serpentine, mirror-serpentine,
serially linked serpentine [49], spiral-serpentine [131], split-serpentine [72],
and others. Some of them managed to enhance under-rib convection, improve
water removal, and FC performance noticeably [72]. Several tubular designs
presented by the usual sandwich-type FC composition (Figure 2.1) rolled
into a cylindrical [122, 132] or conical shapes have also been proposed [121].
The cone geometry was estimated as more efficient in comparison to the
cylindrical one with the same design (serpentine or parallel) of the flow-field.

2.5 Circular geometry of FFP

Other less common approaches include radial (Figures 2.7a-c) [133, 134]
and spiral (Figure 2.7d) [135] designs for circular FFPs and PEMFCs. A
radial flow-field design was developed for a circular, tablet-type PEMFC.
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The reactants enter the flow-field through a tube in the middle of the circular
region (Figures 2.7a-c) and move through the radial channels to the perimeter.
In some of these designs (Figures 2.7a, b) [136], radial channels are linked
by circular ones that are used to keep the pressure drop even across the
channel length. The number of the radial channels could be different. A
numerical analysis of three radial flow configurations with 4, 8, and 12 radial
channels revealed that the 4-channel model had the best performance, i.e.,
the highest current density production at the lowest pressure drop along
the channel length [133]. The best gas velocity range 0.03 m/s < v < 0.04
m/s allowed fast flow without any stagnation and flooding at reasonable
low pressure drops. In other designs, the inlet and outlet channels are not
connected (Figure 2.7c). This mixed radial interdigitated design provides
additional smoothing of the reactant- and temperature distributions, due to
intensified mixing in the space between the two systems of the interdigitated
inlet and outlet channels. The short paths of the radial designs provide
very low resistance and, thus, pressure drop. Due to the same reason, the
water removal is better, and a higher mass-transport, current density, and
better performance can be obtained [49, 133, 134]. A better performance
was achieved even when the pressure drop was kept twice as low as that in
the square FC with the serpentine FFP [134], leading to the assessments in
Table 2.1.

The radial flow-field design is still under development and not well-document-
ed by experiments. There are disadvantages connected with the presence of
the distributed system of outlets at the perimeter. This increases system
complexity especially when the PEMFC is integrated into a full stack.
That may also produce instability, if one or several outlets become clogged
by condensed water [134]. In dry air with radial flow-fields, the PEM is
susceptible to drying. The problem can be solved by humidification of in the
environment. Large ohmic losses are also among the disadvantages of the
radial design.

Spiral flow field geometry has also been developed for the circular region [135,
137], but the relatively long spiral channels need higher pressure than the
parallel or synthetic designs do. An improved design with multiple concentric
spirals (Figure 2.7d) decreases the hydraulic resistivity of the channels
by decreasing their lengths. CFD computations on spiral designs with 1-8
channels, showed that the model with 4 spirals exhibited more uniform
distributions of reactants and current density, larger power generated, and
relatively small pressure drops [135]. The model with 8 spirals demonstrated
the worst performance.
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Figure 2.7: Sketches of radial designs: with 16-48-72 (a) and 18-24-32 (b) radial
and 2 circular channels, with 20 pairs of radial interdigitated channels (c), from
[134], and 3-channel spiral design (d), from [135].
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2.6 Porous type FFP

The porous materials provide better drainage of the condensed water that is
advantageous at high current densities [138, 139], and more uniform reactant
gas distribution compared to the FFPs with channels [88]. The foams, meshes
and fibrous porous materials have been tested as candidates for the FFP
[131, 140].

Metal meshes and foams are easy to manufacture; they provide a uniform
flow distribution over the MEA and even distribution of the current density,
but they are vulnerable for corrosion and need special anti-corrosion and
hydrophobic coating that is not such stable and durable like titanium and
graphite [25]. Unlike the foams, meshed materials have a regular porous
structure with single or dual porosity and are easier for manufacturing, while
in the foams identical porosity properties are difficult for reproduction. Due
to their plane construction the meshes have a better controllable contact area
with GDL than the foams. Meshed FFP demonstrated good performance at
limited current ranges. Smaller pores lead to more uniform reactant distri-
butions but higher hydraulic resistivity and water accumulation. Therefore,
the optimal design satisfying the main performance criteria for the FCs
(see section 2.1) is difficult for elaboration due to numerous disadvantages
[49, 78, 141, 142]. The flow resistance could be decreased by optimizing the
porosity of materials. Thus, the highly porous material with ∼85% porosity
and double peak in the pore diameter distribution with maxima at d ∼150
and ∼30 µm exhibited the smallest gas diffusion resistance at a high current
density operation among other materials [139].

2.7 Fractal type design

The first multichannel fractal design of the PEM and direct methanol FCs
was proposed in 2004 [80] (Figures 2.8a, b). It was based on a combination
of fractal distributing and parallel delivering channels. A combination of
fractal distributing and serpentine delivering channels has also been tested
[143]. By a fractal approach, it is meant that the diameters and lengths of
the channels of the consecutive generations are related by the scaling laws

dj+1

dj
= a,

Lj+1

Lj
= b (2.4)

where a and b are constants for self-similar scaling. The algorithm that
generates the structure is designed to fill in a given area of rectangular
shape (Figures 2.8a, b), Z-shape or other shapes. The diameter ratios in the
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junctions were not determined in Tüber et al. [80]. Under some operating
conditions with low water condensation, the PEMFC with fractal structure
FFP (Figures 2.8a, b) exhibited better performance than the serpentine
(Figure 2.2a) and parallel (Figure 2.2d) designs, mainly due to the lower
hydraulic resistivity of the fractal structure [80, 144]. Anyway, the fractal
system was found to be vulnerable for blockage of the channels by water,
leading to non-uniform reactant distribution. Therefore, the PEMFC per-
formance with fractal channels was higher than the conventional parallel
design, but lower than the conventional serpentine design [80], cf. Table 2.1.
A uniform gas delivery to the MEA active area could be achieved with a
binary tree fractal with branching angle α = π (Figure 2.8c). Rectangle
channels in such designs can easily be engraved in a graphite plate. Designs
with different number of generations with N = 16-64 outlets, have been
studied theoretically and experimentally [11, 146, 147].

The dimensions of the channels were computed based on the optimization
approach

Ẇ → min, V = const (2.5)

where Ẇ is the viscous dissipation and V is the volume. Such design corres-
ponds to minimum entropy production at isothermal conditions [13, 148].
Due to asymmetry of the streamlines at the branching and rather short
lengths of the tubes, the resulting flow in the multiple outlets will not be
uniform. The flow non-uniformity has been estimated by the parameters:

q =

√√√√ 1

N − 1

N∑
n=1

(
Qj
Qavr

− 1

)2

and θ =
Qmax
Qmin

(2.6)

where Qj are flow rates in the n=1,...,N outlets, Qmax, Qmin, Qavr are the
maximum, minimum and average values of the flow rate.

In the model with N = 16 outlets, presented in Figure 2.8c, q increased
from 0.001 to 0.055 and θ increased from 1.003 to 1.014 when the Reynolds
(Re) number increased from Re = 150 to 650 [147]. In the model with
N = 64 outlets, q increased from 0.0002 to 0.0013 and θ increased from
1.002 to 1.007. Therefore, the model with N = 64 outlets produced a
more uniform flow distribution at the lowest pressure drop and energy
dissipation. The fractal system with 256 outlets was found to have the
highest uniformity of the flow and consequently the current distribution
[147], but the overall PEMFC performance was lower than in the convenient
parallel design [78, 85, 146, 149].
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Figure 2.8: Sketches of the fractal type designs for FFP: open channels
fractal+parallel with sharp (a) and smoothed (b) angles from [80], and closed
channels fractal tree with sharp (c) and smoothed (d) branching angles, from [145].
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The angles in the bifurcations can be smoothed, and in that way a more
efficient fluid distribution system (Figure 2.8d) can be obtained. It was
shown by Lattice Boltzmann simulations that the optimized distributor has
between 15.9 and 25.1% lower pressure drop than one with sharp angles
(Figure 2.8c) [150]. The fractal-type flow fields composed by n parallel plates
with a network of interconnecting channels are called ”pyramidal” [146, 151].
In the case n = 3 the FFP is presented by three parallel plates with one
tubular inlet, planar tree-like fractal system and tubular outlets. Similar 3D
binary trees with sharp and smoothed branching angles have been tested
[145]. Such structures are not good for PEMFCs because the thickness of
the graphite layers increases both weight and cost of the FC.

At higher Re numbers the non-uniformity increased, and when Re increased
from 1,020 to 2,247, q increased from 0.050 to 0.069 and θ increased from
1.170 to 1.252 [146]. However, the disadvantages of the fractal design are
as follows: (i) vulnerability for blocking one or two outlets by liquid water.
This makes the gas flow and generated current non-uniform; (ii) large widths
of the first generations of the channels are unfavorable for the under-rib
convection (see Variations in dimensions of the channels and ribs), and this
decreases the FC performance; and (iii) manufacturability problems are
essential for the smallest channels.

2.8 Bio-mimetic designs for FFP

During the last decade, novel types of FFP designs, inspired by nature
and mimicking the structure of biological transport networks, have been
elaborated [9, 25, 80, 81, 98, 147, 152]. The idea has been that the FFP
in PEMFC should mimic the transport function that can be seen in blood
vessels, bronchial airways, and fluid conducting vessels in plants. These
biological structures deliver fluids, gases or their mixtures to porous structures
(tissues, lungs, wood, or GDL), and uniformly distribute them over a given
volume. Over time on Earth, optimal structures and systems in plants and
animals have evolved, including fluid delivery systems that are constructed
as branched networks; each conducting element with diameter do is split
into k daughter elements with diameters d1,....,dk satisfying the relationship:

dγ0 = dγ1 + dγ2 + . . .+ dγk (2.7)

Murray derived the relationship (Eq. 2.7) from the optimization problem
(Eq. 2.5) in the case of binary trees k = 2 and obtained γ = 3 [153]. This
relationship is widely used as the most popular biomimetic optimization rule
[154–156]. According to (Eq. 2.7), in a symmetrical branching, the fractal
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scaling coefficient a = k−1/γ ; and for binary trees a ≈ 0.8. The branching
angles ϕ1, ϕ2 in an optimal bifurcation are also related to the diameters
[157].

Numerous statistics on the geometric construction of natural transport
networks have shown that they comply with principles of minimum work,
minimum energy dissipation or minimum entropy production. For asymmetric
bifurcations (Eq. 2.5), gives the values that correspond perfectly to the
geometry of the respiratory systems [158]. Fractal-type geometries (Figures
2.8a, b) have therefore been designed using the Murray’s scaling factor a
= 0.8 [25]. It was shown that the pressure drop needed for gas delivery
and distribution over the GDL surface was negligibly small in comparison
to the conventional designs. Murray’s law-based design has been used for
power-law fluid flows in microfluidic fractal systems with Y-junctions of tubes
with rectangular cross-sections and constant depth. A similar approach was
proposed to deal with suspensions of micro- and nanoparticles in rigid and
compliant ducts [159–161]. An improved intersectant design (Figure 2.5d)
with the cross-sectional angles computed according to Murray’s formula (Eq.
2.7) was studied by CFD and validated experimentally [101]. The design
showed better performance, more uniform distribution of reactants and better
water removal. Therefore, the biomimetic design based on the Murray’s rules
for dimensions and branching angles of the channels in the FFP, can be
successfully used for performance improvement of the PEMFC.

2.8.1 Constructual theory-based designs

The constructal law was formulated by Bejan as a self-standing physical law
that explained existing designs in natural transport systems as a result of
evolutionary optimization. According to the law, evolution has aimed for
minimum entropy production, which under certain conditions is equivalent
to minimum flow resistance, minimum weight, or uniform maximum stresses
at constant volume [154].

The constructal law was used for shape-optimization of the traditional
serpentine design [49], (see section Variations in Dimensions of the Channels
and Ribs, Figure 2.3d). A non-planar layered design of channels with scaled
width a1 = wj+1/wj , base a2 = bj+1/bj , and length a3 = Lj+1/Lj was
studied for constant PEMFC membrane area of the PEMFC and constant
width and base of the inlet channel [151]. Flow in channels of rectangular
cross-section was considered, and the target design was determined from the
condition of minimum hydraulic resistance. The optimal scaling coefficients
were computed for different number of channels in the branching, and inlet
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velocity in the parent channel. The computed values a1 = 0.8151-0.8422 and
a2 = 0.7892-0.7936 were surprisingly close to Murray’s scaling factor for
binary trees of tubes with circular cross-sections. It was shown for different
inlet velocities v0 = 10, 20, 30, 40, and 50 m/s, that the tree network system
provided 12, 26, 51, 114, and 485% higher maximum net power densities,
respectively, in comparison to the conventional FFP designs.

2.8.2 Lung-shaped designs

The fractal structure of human bronchi and lower airways provides uniform
distribution of O2 to and CO2 from a given volume. It has been shown that
they conform with Murray’s law [15]. The structure provides also a good
balance between the convection and diffusion driven flows in the larger and
smaller airways [162]. An interdigitated design resembling the respiratory
system with main bronchi branched into the secondary airways (Figure
2.6d), but without the fractal scaling, was proposed and compared to the
serpentine, interdigitated and leaf-inspired (Figure 2.6e) designs [81], see
section 2.2.4. Relative to the studied configurations, this design displayed
the lowest performance under all tested operating conditions [77]. A multi-
plate layered design for the FFP inspired by the lung geometry was recently
developed [7]. The larger branches of the fractal tree were scaled according to
(Eq. 2.7), with ϕ1 = ϕ2 = π/2. The flow field plate was then 3D printed via
Direct Metal Laser Sintering. The size of the outlet channels was based on
the Peclet number Pe = 1, considered as a necessary and sufficient condition
for efficient convective and diffusive transport [162]. The advantages of the
3D lung-inspired design compared to the serpentine design [7] were: (i)
low pressure drop (minimum entropy production); (ii) uniform reactant
distribution for both low and high temperatures; (iii) high electrocatalyst
stability; (iv) easy scalability. The disadvantage was that the design is more
vulnerable for flooding than serpentine design [10].

2.8.3 Plant leaf-based designs

The plant leaf-type designs are mostly based upon leaf-like patterns with
bifurcations and trifurcations of the secondary channels going from the
parent channel at some branching angles proper to plant leaves. Since the
structure has to fill in a square, rectangle or circular area, the angles follow
the geometry of the MEA. Patterns resembling the pinnate venation of plant
leaves with one or two (Figure 2.9a) consequent branches at two different
angles have been modeled using CFD [11]. This structure resembles two flow
fields of the parallel type with a common straight inlet tube. By changing
the branching angle from π/2 to an acute angle, the viscous dissipation
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in the system decreases. When the branching angles are combined with
Murray’s law for the diameters, Equation 2.7, and branching angles [157],
the energy dissipation is minimal [155, 157]. In the design presented in
Figure 2.9a, the first and second branching angles have been taken as α
= 37, 74◦. These are the most frequently found in leaf venations [11]. The
resulting current density values were in some cases 10 orders of magnitude
larger than the ones detected in a serpentine flow field at the same flow
conditions (6,900 A/m2 at the entrance and 2,200 A/m2 at the exit), but the
gas and current density distributions were highly non-uniform. A leaf-like
structure of channels (Figure 2.9a) [9] was designed, paying attention to
mechanical properties of graphite. Since the material is very hard, but fragile,
the diameters of the channels cannot be too wide because one must avoid
weakening of the FFP. The 3D CFD simulations showed that such a design
provided more uniform mass- and velocity-distributions along the channels
than those in the conventional parallel and serpentine designs. The power
density was also higher than in the parallel and serpentine FFP, up to 56 and
26%, respectively [9]. The leaf-based design was reported to need ∼15% less
material in comparison to conventional designs, namely with masses of 3.50
g for leaf-based, 3.83 g for parallel, and 4.06 g for serpentine designs. Three
branching angles (30, 45, and 60◦) were tested and the angle 45◦ provided
the most uniform reactant distribution. When the angle was 30◦, the fluid
flow between lands was blocked, and most of the flow moved throughout the
sides of the cell. When the angle was 60◦, most of the flow passed between
lands and a very small portion was transferred across the sides or penetrated
into the GDL.

A leaf-inspired square-filling FFP design with two inlets and interdigitated
parallel channels of constant width and depth was studied in Kloess et al.
[81], see section 2.2.4. Similar structures, resembling parallel channels of
constant dimensions and decreasing width of the inlet channels (Figures 2.9b,
c) were studied [77]. The width of the tapered parent channel was computed
from Murray’s law for the hydraulic diameters Dh = 2WD/(W +D) of the
rectangle channels with dimensions WxD (k = 3). Experiments on different
combinations of designs L1 (Figure 2.9b), L2 (Figure 2.9c), lung inspired LI
and 5-channel serpentine S on a direct methanol FC (DMFC) at 70◦C as
anode and cathode FFPs demonstrated that: (i) the S-L2 configuration had
the highest performance (peak power density for the S-L2 888 W/m2 while
S-S configuration produced only 824 W/m2); (ii) the L1, L2, and LI designs
showed their highest performance when used on the cathode side; and (iii)
the performance depended upon the reactants flow rates and was the highest
for Q = 3.9 ml/min methanol and Q = 1.2 ml/min O2 flow rates.
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Figure 2.9: Sketches of leaf-inspired FFP designs: pinnate venation with two
branching angles (a) (from [11]), parallel with two (b) and three (c) tapered
channels, and with gradually decreased widths of the side branching channels (d)
(from [77]).
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The variation of the L1 design with gradually decreasing widths of the
parallel channels according to Murray’s law at each consecutive branching,
had much lower pressure drop and better performance than a standard
parallel design [25, 163]. Anyway, the flooding detected in the bioinspired
FFPs was worse than in triple-serpentine designs. The design in Figure 2.9b
resembles the multi-serpentine FFP with only one turn in each corner of the
square FFP. The inlet and outlet for the gases are located at opposite corners
of the FFP. The design presented in Figure 2.9c had a lower pressure drop,
better current density distribution and higher power density output than the
corresponding interdigitated designs. It also exhibited better performance
at high temperatures [77], although poor water removal and flooding of the
outlet channels was observed. The oblique margins of the FFP with parallel
design provide better removal of liquid water and prevent flooding, even
with channels of constant dimensions and without side margins. The design
in Figure 2.9c with the diameters of channels corresponding to Murray’s
law (Eq. 2.7), could also be completed by periodic semi-cylindrical obstacles
at the bottom of the daughter channels in order to increase the diffusion
into the GDL and reduce the concentration overpotentials, especially at
high current densities (see also Figure 2.3). Experimental measurements
confirmed that the waved-type bottom had a better performance (by 42.1%
at 0.4 V operating voltage) compared to the serpentine design [85]. When
additional parallel channels were added to the leaf-based design in Figure
2.9c, the obtained biomimetic mesh-type flow field exhibited more uniform
gas distribution, a higher gas consumption ratio, generated less ohmic heat,
but had a larger amount of condensed water near the outlet of the system
[12].

Two leaf-based designs correspond to the plant leaves with a palmate venation
system that at the inlet of the transport system (i.e., from the leaf petiole)
divides into 3, 5, 7, or more main channels which have branches of the
2nd and 3rd order. A counter-flow system of channels is located along the
perimeter of the MEA and can be connected or interdigitated to the inflow
system of channels. It was demonstrated that such designs provide further
uniform gas distribution across the GDL and higher PEMFC performance
in comparison to the conventional serpentine FFP design, due to a more
uniform pressure and velocity distribution within the flow channels. This
allows a more homogeneous diffusion of reactants onto the MEA active area
[9, 12, 78, 81, 152]. It was detected, that interdigitated designs with >2
generations, need a relatively high pressure drop between adjacent branches
to ensure better uniformity of the gas distributions without ’dead zones’
between the branches. The design gave the worst performance when it was
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used for both anode and cathode FFPs [78].

When the dimensions of the channels in the branches corresponded to
Murray’s law (Eq. 2.7), the PEMFC performance was ∼20-25% higher than
the two serpentine and interdigitated designs due to the higher reactant
transport through the FFP [152]. The difference between experimental
and theoretical results was <10% for most of the current densities. The bio-
inspired flow field geometries provide therefore a more uniform concentration,
pressure and velocity distribution into the CL, and therefore higher power
densities than the conventional flow fields. The interdigitated FFP designs
were able to manage liquid water more efficiently due to the use of under-rib
convection [152]. Nevertheless, the reactant distribution in this design was
less uniform than in the fractal-type FFP.

2.9 Discussion

Since the first FCs were designed to enhance conditions for reactions (Eq. 2.1-
2.3), all their components including material parameters, geometry, design of
FFP and cooling systems, have been subject to continuous modifications, all
aiming at better performance at lower weight and cost. The first serpentine
(Figure 2.2a) design of the FFP remains the ’golden standard’ for comparative
studies of new design proposals. It produces, however, highly non-uniform
reactant distributions partially smoothed by GDL. It needs a high pressure
drop, transporting the flow through the long channel with high hydraulic
resistivity, but is not so vulnerable for water flooding, due to the high pressure
drop which is washing out the condensed water. Different conventional
designs like parallel, interdigitated, and pin-type (Figures 2.2d, e) possess
significantly lower hydraulic resistivity and, thus, smaller entropy production,
but do not provide a uniform reactant distribution and demonstrate bad
water removal abilities (Table 2.1).

During the last decade considerable efforts have been applied to modify the
existing FFP, and elaborate novel FFP designs in order to improve the FC
efficiency. Based on the presented literature review, the following tendencies
can be reported:

• Mixed convenient designs (serpentine-parallel, pin-parallel, parallel-
interdigitated, etc.) for better performance; especially the 5-channel
parallel-serpentine one remains the most popular ones among those
accepted for commercial FCs;
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• Multiplication of convenient designs (serial-serpentine, mirror-serpen-
tine, split-serpentine, spiral-serpentine, etc.) produce more uniform
gas delivery and lower hydraulic resistivity;

• Modifications of the width/length-, width/depth-, and width/base-
ratios of the open channels can be used for better under-rib forced
convection, reactant mixing, distribution and liquid water removal;

• Cross-sectional shape optimization (trapezoidal, triangle, semi-circular,
etc.) may hamper water accumulation at the walls. Waved bottoms of
the channels give better water removal;

• Channel tapering may lead to uniformity of the hydraulic resistance of
the consecutive channels;

• Smoothing of the sharp corners is favorable for lower hydraulic res-
istivity and viscous dissipation; Additional pathways/loops are useful
for alternative flow directions in the case of water accumulation and
occlusion of the main channel(s);

• Z-shape arrangement of the parallel channels provides efficient water
removal into the vacant areas;

• Different 2D (rectangle, circular) and 3D tubular (cylindrical, conic)
geometries for the non-planar FCs;

• Fractal trees with open sides connected to the GDL are favorable for
lower hydraulic resistance and more uniform flow distribution;

• Fractal trees with closed sides of the channels provide perfect uniform
reactant delivery to the GDL through the open outlets only;

• Biomimetic designs based on the nature-inspired geometries (lung-
types, plant leaf-types) including Murray’s law (Eq. 2.7) and optimal
branching angles, are promising for lower hydraulic resistance and
uniform flow distribution.

The proposed design modifications have been tested by different means:
experimental, semi-analytical, numerical, and CFD computations, and the
benefits of the novel designs have been reported as increases in some integral
parameters and the overall FC efficiency. Unfortunately, there is no consensus
on the set of parameters determining the most successful design of the FFP,
as one can see in Table 2.1. Moreover, the same ratios W/D, W/L, W/B
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could be beneficial for some of the accepted demands for good FC efficiency,
like uniform current density and temperature distribution in the MEA, low
pressure drop across the flow field, low FC voltage losses, good water removal
(see section 2.1), but non-beneficial to others (see section 2.3.1). This implies
that design modifications can lead to an increase in the FC efficiency, but
that the optimal design in the meaning of Eq. 2.5 has not been reached yet.
Very probably, a multi-criteria optimization approach must be used to reach
such a state; an optimal design with a reasonably low pressure drop at high
contact area, high membrane water content, high water removal from GDL
as well as other contradictory demands (see section 2.3.1).

Combinations of beneficial designs like 5-channel serpentine (Figure 2.2b) or
leaf-based (Figure 2.9c) plus local improvements with cross-sectional shapes
(trapezoidal [125]), or waved bottoms with smooth obstacles (Figure 2.3
[77, 79]), have proven to be promising for PEMFC applications. Such waved
channel systems have demonstrated a high efficiency for cooling systems of
FC stacks [164]. Even though improvements in each type of design have been
reported (the data on rise in % in FC efficiency is given in this review), a
combination of successful designs does not imply any cumulative effect on
the efficiency and must be studied separately.

The open channel fractal-type (Figures 2.8a, b and others) and leaf-type
(Figures 2.9a-d and others) designs for the FFP are all designs that improve
flow uniformity. When the dimensions of the side branches and branching
angles are computed from Murray’s rules [153, 157], a noticeable decrease in
the hydraulic resistivity, pressure drop and viscous dissipation can be found.
Since Murray’s law (Eq. 2.7) follows from the optimization formulation (Eq.
2.5), the obtained fractal trees possess minimal energy dissipation at a given
fixed volume of the tree. For the FFPs with constant channel depth this
means that a fixed cumulative surface area of the FFP, in contact with the
GDL, collects current. Since the formulation (Eq. 2.5) also applies to a tree
with fixed energy dissipation and minimum volume, the design also provides
a FFP with minimum ohmic resistance.

The fractal-type design with closed channels (Figures 2.8c, d and others)
is the only construction that provides a perfect uniform gas delivery to
GDL and distributed water removal system with equal cumulative hydraulic
resistivity of all water pathways from the open outlets to the inlet [165]. The
open channel design of the cathode FFP serves to transport both oxygen and
water. This has to take place in different pathways, however. With closed
channels, one may develop separate flow fields for gas delivery and water
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collection, each pathway optimized for its purpose. Additional improvements
of fractal designs can be achieved, by introduction of the solutions confirmed
for non-fractal geometries. These include:

• Shape optimization of channels for less water condensation and better
water removal (like trapezoidal cross-sections and waved walls);

• Variation in the number of generations in the fractal tree according
to optimal rib/land ratio for under-rib convection and Peclet number
Pe ∼1 at the flow outlets to the GDL;

• Smoothing of the bifurcation angles for lower energy expenses;

• Design of additional pathways as side connections between the channels,
as reserve pathways for gas flows in the case of rapid occlusion of the
main pathway(s) by condensed water;

• Optimal scaling of the channel widths in the generations according
to minimum energy dissipation from viscous, thermal, chemical, and
ohmic sources.

In addition, one may use different optimization criteria for gas delivery
and water removal channels on the anode and cathode sides, to achieve
optimization of single-phase and multi-phase flows, respectively, to increase
the FC efficiency.

2.10 Conclusions

1. From this detailed literature review, it can be concluded that the most
efficient design for the FFPs of a FC has not yet been found, in spite
of great efforts to modify serpentine and other conventional designs,
mixing them or developing entirely new designs.

2. Demands deemed as necessary for best FC performance are sometimes
contradictory, say with respect to channel widths and lengths, distances
between them and direct contact with GDL (lands). Therefore, a whole
list of criteria for FC optimization must be considered, making it into
a multi-criteria optimization problem. Rather than optimizing a single
hydraulic resistance, a pressure drop, or a uniform distribution, one
should develop multi-optimization strategies.
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3. As objective function for multi-criteria FFP design optimization, the
entropy production or energy dissipation serves as a good objective
function, because it includes all sources of the energy dissipation in
the complex multi-physics system. Its applicability to describe best
engineered performance in transport systems like lungs, blood vessels
and conducting systems of plant leaves, has been reported.
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Abstract

Common for tree-shaped space-filling flow-field plates in polymer electrolyte fuel
cells is their ability to distribute reactants uniformly across the membrane area,
thereby avoiding excess concentration polarization or entropy production at the
electrodes. Such a flow field, as predicted by Murray’s law, was recently shown
experimentally to perform better than serpentine or parallel flow fields. We
document that a tree-shaped flow field can also perform better than Murray’s
law, as measured with the system’s entropy production. The width and width
scaling parameters of tree-shaped flow-field channels were varied, and the
resulting Peclet number at the channel outlets was computed. We show using
3D hydrodynamic calculations that pressure drops and channel flows can be
accounted for within a few percent, for most of the investigated geometries, by
a quasi-1D model. The model gives lower energy dissipation than of Murray’s
law. The results open up for new strategies for fuel delivery to fuel cells and
other catalytic systems.

3.1 Introduction

Since the start of polymer electrolyte membrane fuel cell (PEMFC) research
[166], serpentine flow fields have been commonly used to supply reactants
(oxygen and hydrogen) to the cell’s catalytic layers in the membrane electrode
assembly (MEA). The serpentine field is in use [6, 85, 167] also in industry,
but it has become increasingly clear that other flow fields perform better, in
terms of a better polarization curve and lower operational costs [168, 169].
The distance from the polarization curve to the value of the reversible
potential of the cell expresses the energy dissipated as heat or the entropy
production times the temperature of the fuel cell [170]. The losses, which
vary with the current density, are much larger at the electrodes and in the
membrane, than in the porous transport layers (PTLs) [28]. However, the
losses in the PTLs will have an impact on the cell’s overpotentials via the
gas concentration at the catalyst. A flow field, that can deliver reactants at
uniform conditions to the cell’s active membrane area is therefore beneficial.
An optimal field can thus be characterized by a uniform entropy production.
Among numerous replacement proposals, it has been argued that bio-inspired
fractal-type flow fields would be beneficial, because they are developed for
energy-efficient biofluid delivery, meaning uniform delivery of fluids to animal
and plant tissues [155, 171]. Recent experimental evidence confirms their
superiority in this respect for the PEMFC. Trogadas et al. [7] used a 3D lung-
inspired tree perpendicular to the PEMFC membrane, which supplied the
active area with a uniform gas mixture from above. The flow field was better
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than a serpentine flow field in terms of its polarization curve. The property
of equipartition of entropy production has been connected with minimum
energy dissipation in various process equipment (for an overview, see [29]).
This altogether has led us to speculate that fractal-like (or self-similar)
patterns with constant scaling parameters could be beneficial as distributors
of gases in the PEMFC [13]. Perfect equipartition can be obtained using
scaling parameters obtained with the method of Gheorghiu et al. [15] and
Trogadas et al. [7], but in reality, there are often boundary- or material
conditions that do not allow us to reach the ideal limit. Additional constraints
or variables are therefore interesting. We shall study such here, comparing
the outcome all the time to the performance of Murray’s law for volume
or area-filling conditions [172], see Appendix A. This condition is also close
to the practical condition facing a fuel cell designer. Murray [172] used a
volume-filling condition as constraint for flow in tree-shaped structures, and
obtained as an outcome of the optimization his famous scaling law, saying
that the diameters of the branches from one generation to the next were
scaling as Equation 3.1 shows.

d3
0 =

n∑
j=1

d3
j (3.1)

where d0 is the diameter of the parent branch, dj are the diameters of the n
daughter branches belonging to the next generation level.

Equation 3.1 characterises the fluid delivery system for which the total
entropy production by viscous dissipation is minimum, given the total
volume available to flow [172]. An optimization problem with minimum total
volume at a given entropy production, has, however, the exact same solution.
Both formulations are beneficial to use in flow-field plate design. Minimum
total volume at constant channel depth means maximum gas-land contact
area and, therefore, smaller total electric resistance of current collectors
(smaller Ohmic losses). In this sense, it is logical to start considering the
flow field alone.

Gheorghiu et al. [15] studied airflows in the bronchial tree of humans and
used as constraint that the volume flow through each generation of branches
was constant. They found that minimum entropy production corresponded to
a constant pressure drop across each branch. In their case; minimum entropy
production could be understood as equipartition of entropy production
(uniformly distributed entropy production).

The geometric design principle of Murray [172] was seen a manifestation of
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equipartition of entropy production [15]. The constraints used by Gheorghiu
et al. and Murray were not the same, however. In the first case, no restriction
was placed on geometry, while in Murray’s case the volume-filling geometry
compatible with minimum work was of primary interest.

From studies of Nature, we know, however, that a decrease in the entropy
production in one a part of a complex system will be beneficial for the
overall efficiency. This was confirmed by an enormously high number of
studies of fluid delivery systems in Nature (in plants, animals, sponges, fungi,
etc.). They were shown to have minimum energy loss (entropy generation),
independent of other functions [155, 171]. Therefore, we shall assume that an
approach to minimize the viscous dissipation in the flow field could also be
beneficial for PEMFC, in spite of non-constant temperatures across the cell
and other types of dissipation. This hypothesis needs, of course, to be checked
by experiments and/ or more detailed multiphysics CFD computations, but
a successful starting geometry could well come from the simplest base.

There are presently few quantitative reports on bio-inspired designs [7, 13, 25],
and the present work attempts to change this situation, contributing to
analytic and numerical studies of biomimetic designs of the flow fields
in PEMFC. The problem is challenging, as the transport of oxygen can
be severely hindered by water formation in the catalytic layers and water
clogging in the porous transport layer (PTL). In addition, the heat production
at the cathode can shift the ratio of water vapor to liquid [28].

But in this context, a tree-like structure for supply of gases may offer
advantages. Trogadas et al. [7] used a 3D lung-inspired tree perpendicular to
the PEMFC membrane, supplying the active area with the same gas mixture
from above. We shall use a ”flat” tree, or a quasi-3D tree that is parallel to
the membrane, see Figure 3.1 as in the original proposal of Kjelstrup et al.
[13]. The inlet is set at the symmetry line of the area close to its perimeter
(Branch 0.1 in Figure 3.1), while the outlets are (only) at the ends of all the
branches of the last generation (here 4 generations are shown). Both types
of trees will, by construction, deliver gas at (nearly) uniform conditions to
the membrane active area. The ”flat” tree may also be embedded into the
end-plates of the cell, and possibly help us avoid the PTL all together. There
is a possibility to construct parallel outlet channels for water, with a similar
structure operating in the reverse direction.

These potential options have motivated this first study of a flat tree-like flow
field. We are concerned with a gas inlet distributor where hydrodynamic
flows take place in a plane, with a certain channel depth and width. The
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Peclet number will be used to assess how far we are from the diffusional
regime. The model applies so far to the anode side of the PEMFC, where
hydrogen and water vapour flow in the same direction, and where there is
negligible water condensation. In order to use it for the cathode, we need
to introduce two-phase flow of water and gas with the possibility for water
clogging the pores in an outlet system with the same shape. This problem
will be postponed, however. The paper is organized as follows. We describe
first (Section 3.2) the quasi 3-dimensional (3D) tree-shaped flow field pattern,
with a finite number of branches, to set a practical stage for the investigation.
Afterwards we define the equations which describe the system in use. The
3D system describing the flow in the fractal flow-field is solved numerically,
while a simplified 1D representation of the same is solved analytically. The
flow fields are studied under flow and boundary conditions typical for PEM
fuel cells. The impact of geometry is pointed out. In our study, we find that
there are other geometries than those given by Murray, that have a smaller
energy dissipation. We proceed to explain the benefits / disadvantages of
various case studies, followed by a discussion of results. We believe that our
systematic use of the entropy production as a tool to observe the performance
of a flow field, is new in the context of fuel cells.

3.2 System

The flow field of a fuel cell should preferably deliver gas at uniform conditions
all over the 2D catalytic layer. This motivated our choice of a tree-like
structure where each branch always splits into 2 sub-branches. The cross-
section of the branch is rectangular or squared. Such patterns, which are in
the focus here, can be characterized by geometric series. The system can be
designed to fill the space available, be it a certain volume or, in the quasi-3D
case, an area.

The uniform supply of a fluid to the catalyst is the first essential requirement
of an optimal PEMFC [13]. A working quasi-3D flow field needs inlet- and
outlet-patterns. Only one pattern leads to dead-end flow channels. However,
we shall now look at the inlet pattern only for the sake of simplification,
where only the branches in the last generation are connected with the gas
diffusion layer. The situation shares similarities with an interdigitated flow
field design, where the flow needs to go through the gas diffusion layer before
the gases and water are able to leave the fuel cell.

The outlet pattern can be machined onto a new plate, making it a 2-layer
flow field plate. Machining can be done with conventional milling methods
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Figure 3.1: Top: Schematic picture of the tree-shaped flow field in a layer parallel
to the membrane. The picture shows the numbering of branches i and generation
levels j from the inlet 0 to the outlet. When the gas outlet is restricted to the ends
of the branched tree, gas is delivered at similar conditions. Bottom: Self similar
fractal-like pattern with k-parameter 2 (left) and 3 (right).
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since we propose to use a 2D channel structure with constant channel depth.
Constant depth allows an easy milling process and reduces pressure loss
effects from an otherwise stepwise decrease of channel depth. Any 3D printing
will, therefore, not be needed. The branches of the last generation of the inlet
pattern will be on the second plate, where the outlet pattern eventually will
be encarved. One advantage of this type of flow field plate is the modularity,
meaning that the outlet pattern can be easily changed independently of the
inlet pattern. The first generation of both inlet and outlet patterns will need
to be connected with the fuel inlet and gas outlet of the fuel cell, and this
can be done by a straight channel.

Take the symbol l0 for the length of the first branch which is not yet split
(level 0). When Nj is the sum of the number of branches at level j, the ratio
Nj/Nj+1 is therefore 1/2. The parameter jf is defined as the generation level
number of the last generation. In the first step we are looking at a self-similar
system, meaning that the length, lj,i, and width wj,i, of each branch i at
generation level j is scaled down by the same factor, k and respectively a.
Widths and lengths have the unit m.

The numbering of branches was illustrated in Fig. 3.1. We show in Appendix
1 how the length scaling parameter can be derived for volume-filling or
area-filling conditions. The branch length will scale as:

lj,i =
1

2j/k
l0 (3.2)

with k = 3 for volume-filling constraints, and k = 2 for area-filling constraints.
The width scales according to a geometric series, cf. Equation 3.3.

wj,i = ajw0 (3.3)

where a is the dimensionless diameter scaling parameter and w0 is the width
in the first branch of generation level 0. Another and quite common way
to scale the diameter or width in biological flow systems is to use Murray’s
Law [172] (Equation 3.4):

dj,i =
1

2j/3
d0 (3.4)

where d0 is the diameter of the first branch (generation level 0) in m and
dj,i is the diameter of the branch at generation level j in m. The flow rate
Qj,i of each branch can be calculated with following equation:

Qj,i =
1

2j
Q0 (3.5)
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Table 3.1: Lengths chosen to give a pattern that fills a 25 cm2 active fuel cell
membrane area.

Generation level j Length [mm]

0 24
1 12
2 12
3 6
4 6

where Q0 is the flow rate in the first branch of generation level 0 in m3 s−1.

For the case of a rectangular-shaped (quasi-3D) flow channel, we chose to
replace d0 and dj,i with w0 and wj,i. From Equation 3.4, we calculated a
value for a, which is 0.51/3 ≈ 0.79. This value will be used for all calculations
where we refer to Murray’s law. The k−value has an impact on how the
pattern fills out the free space in the plane. We shall study values where
2 < k < 3 in connection with Murray’s law for width-scaling cases. The
endpoint values have clear geometric interpretations. The shape of other
fractal-like patterns will also be investigated; changing the k-parameter from
2 up to 3.

Figure 3.1 (bottom two figures) shows the space-filling ability of such a tree
as a function of the k-parameter (the width was not scaled in this figure).
The number of generations in the tree was set to 9 for visual purposes, which
means that jf = 8. Values below k=2 created patterns that did not fill the
space. Values of k > 2.2 create cross-overs. This means that the pattern
will turn out to be problematic in a manufacturing process, that uses 3D
techniques like 3D printing. The analysis (Fig. 3.1) of the length scaling
parameter k demonstrated the biggest disadvantage of this way to scale the
pattern: This always results in a rectangular area. The PEMFC area, to
be investigated, was however a square. Therefore, we set the branch length
at a predefined value, constant for all cases, when we asked for the space
filling pattern. The only parameter to be scaled was then the width of the
rectangular channel. Table 3.1 shows the length of the different generation
levels which were used in the calculations (jf set to 4), chosen in such a way
that we obtain an area-filling pattern for a 25 cm2 active fuel cell membrane
area.
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3.3 Theory

The ”flat” tree flow-field will be modelled in several ways. In the most precise
manner, we consider all three dimensions of each channel, and compute the
flow field in the full network of branches. The entropy production due to
viscous dissipation at isothermal conditions in the 3D case is:(

dSirr
dt

)
j,i

=

∫
Vj,i

− 1

T
Π : ∇vdV (3.6)

Here
(
dSirr
dt

)
j,i

is the entropy production of branch i at generation level

j in J s−1 K−1, Π is the viscous stress tensor in Pa, Vi,j is the volume of
branch i at generation level j in m3, and v is the barycentric velocity in
m/s. The total entropy production is the sum of the entropy production of
all branches:

dSirr
dt

=
∑
j,i

(
dSirr
dt

)
j,i

(3.7)

For the 1D tree, the expression for the entropy production simplifies. For
one branch, the driving force is minus the pressure drop across the branch
divided by the temperature. This gives:(

dSirr
dt

)
j,i

= −Qj,i
∆pj,i
T

(3.8)

Here Qj,i is the volume flow rate in m3 s−1 in the branch i at level j , ∆pj,i
the pressure drop across the branch i at level j from the outlet to inlet in
Pa and T the temperature of the system in K. The entropy production of
one generation level is calculated with

(
dSirr
dt

)
j

= −
Nj∑
i=1

Qj,i
∆pj,i
T

(3.9)

where ∆pj,i is the pressure drop in the branch i at level j in Pa and Nj

is the number of branches at generation level j, which is 2j . The total
entropy production (TEP) is then simply the sum of the values obtained
from Equation 3.9 over all generation levels in the fractal-like pattern.

dSirr
dt

=

jf∑
j=0

(
dSirr
dt

)
j

(3.10)
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Here jf is the maximum number of generation levels in the tree-shaped
pattern. To compare different geometries, the specific entropy production
dS∗

irr
dt in J m−1 s−1 K−1 is introduced:(

dS∗irr
dt

)
j,i

=

(
dSirr
dt

)
j,i

w−1
j,i (3.11)

The total specific entropy production (TSEP) is then again the sum of the
specific entropy production of each branch in the flow system:

dS∗irr
dt

=
∑
j,i

(
dS∗irr
dt

)
j,i

(3.12)

We introduce the assumption of Poiseuille flow for cylindrical flow channels
[7, 15] and obtain:

∆pj,i = −128µlj,i
πd4

j,i

Qj,i (3.13)

where µ is the dynamic viscosity of the fluid in Pa·s. We shall compare two
expressions for the diameter in Equation 3.13. In the first case (Case Dh)
we used the common hydraulic diameter (dj,i = Dj,i) [173]:

Dj,i =
2wj,ihj,i
wj,i + hj,i

(3.14)

In the second case (Case Equivalent A) we used the diameter of a cylindrical
cross-section, which gives the same area as the rectangular or squared channel,
leading to:

dj,i =

√
4

π
wj,ihj,i (3.15)

In addition to the use of Hagen-Poiseuille flow for the cylindrical flow channel,
combined with with the first two cases, we also used the analytical solution
of Hagen-Poiseuille flow for a rectangular channel [173] (Case Rectangular):

∆pj,i =−Qj,i
12µlj,i
h3
j,iwj,i[

1−
∞∑
n=0

192

(2n+ 1)5π5

hj,i
wj,i

tanh

(
2n+ 1

2

πwj,i
hj,i

)]−1 (3.16)

The total pressure drop along the tree branches, ∆p, is the sum of the
pressure drops across the generations j. See Figure 3.1 for branch notation.

∆p =

jf∑
j=0

∆pj,i (3.17)
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3.4 Methods

3.4.1 Case studies

Table 3.2 shows a summary of the conducted studies on the chosen tree-
shaped pattern. To start, we studied the variation in the entropy production
with flow rate, and the impact of the pressure drop calculation method
(Study 1 in Table 3.2), followed by an analysis of Murray’s Law and the
impact of it on the entropy production (Study 2). We studied the impact of
geometry and scaling properties on the TEP (Eq. 3.9) and TSEP (Eq. 3.12)
to answer the question: Is Murray’s Law is the most efficient way to scale
the pattern in terms of entropy production?

All three cases described in section 3.3 were used and compared to each
other (Study 3). It was of interest to see how the pressure varied along the
branches for different scaling parameters. The 1D calculations of the pressure
drop in the tree-shaped pattern (with Equations given in section 3.3) do not
include entrance length effects or the flow retardation at the T-junctions,
thus promoting the 3D calculations. (Studies 4, 5, 6).

Due to branching, the flow inside the channels can become asymmetric (see
[146, 147]), and this may cause an undesirable nonuniform flow distribution
over the PEMFC. Therefore we computed the outlet flow rate from the last
generation and compared them to each other, in order to see if we were able
to reproduce the results of Ramos et al. [147], and to prove that tree-shaped
patterns deliver the fuels uniformly (Study 4).

To answer how well the simple 1D method can capture a more advanced result,
we performed 3D simulations. We examined the pressure drop prediction of
the 1D model and evaluated its impact on the entropy production (Study 5
and 6). Finally (Study 7) we computed the Peclet number (cf. Equation 3.18)
at the outlet of the last branch. The Peclet number defines the ratio between
convective and diffusive flow. A Peclet number lower than one means that
diffusion dominates the flow. We have:

Pe =
Lv

D
(3.18)

where L is the characteristic length in m, v is the flow velocity in m/s and D
is the diffusion coefficient of gas relative to the wall in m/s2. A Peclet number
of smaller than 1 in the last branch helps provide uniform distribution of
the fluids to the catalyst [162].
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Table 3.2: List of conducted case studies.

Study Investigation Variables Method

1
Q0 & ∆p calculation
method dependency

on TEP & TSEP

Q0, ∆p calculation
method, w0

1D

2
Murray’s Law and
entropy production

a, w0 1D

3 1D ∆p
a, ∆p calculation

method
1D

4 Flow rate distribution a, w0 3D
5 3D TEP & TSEP a, w0, Q0 3D

6
a, Comparison of

1D & 3D ∆p
a, ∆p calculation
method, 3D ∆p

3D, 1D

7 Peclet number L, w0, a, Q0 1D

3.4.2 Computational methods

1D-calculations

The 1D calculations were done using equations 3.6 to 3.17 in section 3.3.
The equations were solved in MATLAB R2019a for various w0 and scaling
parameters a. We used pure oxygen as a flow medium. The temperature was
set at 353 K, a common temperature in fuel cell experiments. The system was
assumed to be isothermal working at a constant flow rate condition [7]. The
flow rates, which can be seen in Table 3.3, were calculated using Faraday’s
law. The fuel cell active area was 25 cm2, the density of oxygen was 1.09
kg/m3, the stoichiometric coefficient was 3, and a molar mass of 36 g/mol.
The flow pattern outlet has atmospheric pressure and the inlet pressure is
then calculated with the pressure drop along the branches. The viscosity of
oxygen at the given operating conditions was calculated with Sutherland’s
formula and resulted in 2.1× 10−5 Pas. To investigate the impact of the
channel width, the channel depth was kept constant at 1 mm.

3D-calculations

The 3D calculations were done using OpenFoam 4.1. The simpleFoam solver
was used to solve Navier-Stoke’s equation for isothermal, incompressible,
single-phase and steady-state flow. Meshes of the tree-shaped patterns were
created in Ansys Workbench with a fully hexahedral mesh. Models for five
different widths (1, 1.5, 2, 2.5 and 5 mm) and 3 different width scaling
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Table 3.3: Flow rates at inlet of branch in generation 0 used in the computations.

Current density [A/m2] Flow rate [m3/s]

10000 5.7104× 10−6

5000 2.8552× 10−6

1000 5.7104× 10−7

100 5.7104× 10−8

parameters (0.79, which was scaling according to Murray’s law, 0.9 and 1)
were created and computed for the same 4 flow rates (Table 3.3) which were
used in the 1D calculations. The same viscosity and temperature as in the
1D studies were used. To reduce computational time, the tree-shaped pattern
was split in half, with the symmetry plane being at the axisymmetric line of
generation 0. Afterwards the pressure drop was evaluated and the specific
entropy production computed in ParaView-5.6.0. The entropy production
was computed from equation 3.6.

3.5 Results and discussion

3.5.1 TEP dependence on flow rate and total pressure dif-
ference

The results for TEP and TSEP (Study 1) are shown in Figure 3.2 as a
function of channel width, for the flow rates corresponded to the current
density of 104 and 100 A/m2, and the three ways to compute the pressure
drop. The value of a was kept constant (0.79). The pressure drop was
calculated using the hydraulic diameter (full line), the analytic solution of
Hagen-Poiseuille flow for a rectangular channel (broken line) and the same
for an equivalent cross-sectional area (dotted line). We saw an expected
impact of the flow rate. An increase or decrease in the rate led to an increase
or respectively decrease in the TEP and TSEP. The variation between the
flows was large, four orders of magnitude for the values chosen, since the
entropy production is scaled with the flow to the power of 2. Figure 3.2 shows
furthermore the change of TEP and TSEP with different ways to compute
the pressure drop. Generally speaking, the use of the hydraulic diameter
gave the highest entropy production (pressure drop values), whereas the
method which uses a diameter calculated from the equivalent cross-sectional
area gave the lowest values. The difference between the choice of areas was
not large, however, considering the variation in the gas flow rates.
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Figure 3.2: TEP as a function of channel width for a =0.79, at a flow rate
equivalent to current densities of 10000 A/m2 (upper region in graph) and 100
A/m2 (lower region in graph). The pressure drop was calculated with the three
different cases, namely Case Dh (full line), Case Equivalent A (dotted line) and
Case Rectangular (broken line).

The width of the channels (Figure 3.2 showed the channel width of generation
0 in mm) had a big impact on TEP (and TSEP), especially at the initial
increase of w0. The higher the w0 was, the lower was the decrease in entropy
production. This could be explained by a much lower pressure drop at higher
channel widths (at constant channel depth). The results will be compared
to full hydrodynamic 3D simulations below.

3.5.2 Murray’s Law and entropy production

The impact of the width scaling parameter a on TEP and TSEP (Study 2)
is shown in Figure 3.3. The figure shows the TEP and TSEP as a function
of the width of generation 0 for different values of a, at a flow rate which
corresponds to 10000 A/m2, where the pressure drop was calculated with the
hydraulic diameter Dh. We saw that the value of a obtained from Murray’s
Law (a =0.79), did not give the lowest total entropy production (total specific
entropy production), independent of the way we computed the pressure drop
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Figure 3.3: TEP and TSEP as a function of channel width for different values of
a. The flow rate was equivalent to a current density of 10000 A/m2. The pressure
drop was calculated with Case Dh.

and the flow rate. An increase in a led to a decrease of the entropy production
values. This was caused by the faster decline in pressure drop with a higher
a, see Figure 3.4 (Study 3). If a >0.79 (Figure 3.4 bottom left) the pressure
along the branches became a convex function, whereas if a <0.79 (Figure
3.4 top left) the pressure dropped in a concave way. Using Murray’s Law led
(Figure 3.4 top right) to a close-to-linear pressure variation. The same effects
could also be found for a variation in w0. Gheorghiu et al. [15] described, that
if the pattern is scaled with Murray’s Law, a constant pressure drop leads
to the minimum total entropy production. This was no longer the case here
because we were setting the lengths manually to obtain a square area-filling
pattern, contrary to the work of Gheorghiu et al. where the lengths were
scaled with the assumption of a volume filling pattern (k =3).

3.5.3 Flow rate distribution

As a consistency check, the overall outlet flow rate (summed flow rates at
each branch outlet in the fourth generation) was compared to the set inlet
flow rate (Study 4). The deviation was maximum 0.45% and minimum 0.19%.
The differences were caused by numerical errors and we assumed that the
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Figure 3.4: Pressure along the branches of different generation levels at a flow
rates equivalent to current densities of 10000 A/m2 (black lines), 5000 A/m2 (red
lines) and 1000 A/m2 (green lines) for a =0.7 (top left), a =0.79 (top right) and
a =1.1 (bottom left) and w0=1 mm, where the pressure drop was calculated Case
Dh (full line), Case Equivalent A (dotted line) and Case Rectangular (broken line).

results are therefore acceptable. The results for the analysis of the outlet
flow rates can be found in Table 3.4. Furthermore, Figure 3.5 shows the
asymmetric effects caused by the branching in the tree-shaped pattern. As
it can be seen, the difference was in most cases negligible, except for the
cases with w0 =5 mm, a =0.9 and a = 1. For the case of a = 0.9, differences
up to 2.5% could be seen, but only at flow rates equivalent to 104 A/m2.
The explanation could be the asymmetry in the system: The branches did
not have enough time to fully develop the hydrodynamic flow, leading to an
asymmetric flow. For the case of a =1, variations up to 8% could be seen
even at lower flow rates, making this geometry less suitable for the use in fuel
cells due to non-uniform fuel distribution. Also Fan et al. [146] documented
non-uniform flow rates, and proposed that a good flow distribution could be
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Figure 3.5: Flow velocity distribution in the geometry with w0 =1 mm, a =0.79,
at a flow rate equivalent to 10000 A/m2.

achieved at certain flow rates. In their study however, only one geometry
was analysed. Ramos et al. [147] also worked on this type of investigation
with similar results.

3.5.4 TEP and TSEP from 3D calculations

The results of the TEP and TSEP computations are shown in Figure 3.6
(Study 5). The same conclusion could be drawn from this, as we did in the
1D calculations. An increase in a and w0 led to a lower TEP and TSEP.
Scaling the width according to Murray’s Law did not give the minimum
entropy production. A quantitative comparison between the 3D and 1D
results showed, that the entropy production values, both TEP and TSEP,
were in the same order of magnitude. The maximum difference between the
1D and 3D calculations was dependent on the pressure drop calculation
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Table 3.4: Maximum differences in % between the highest flow rate at the outlet
of the branches in the fourth generation and the actual flow rate at those outlets.
Numerical errors in the numbers were within 0.5%.

10000
A/m2

5000
A/m2

1000
A/m2

100
A/m2

w0 =1 mm, a =0.79 0.02 0.03 0.04 0.08
w0 =1 mm, a =0.9 0.11 0.20 0.27 0.53
w0 =1 mm, a =1 0.23 0.36 0.62 0.84
w0 =1.5 mm, a =0.79 0.03 0.01 0.01 0.01
w0 =1.5 mm, a =0.9 0.16 0.09 0.14 0.36
w0 =1.5 mm, a =1 0.37 0.14 0.17 0.46
w0 =2 mm, a =0.79 0.24 0.17 0.31 0.59
w0 =2 mm, a =0.9 0.29 0.03 0.04 0.09
w0 =2 mm, a =1 0.77 0.10 0.04 0.09
w0 =2.5 mm, a =0.79 0.20 0.02 0.03 0.06
w0 =2.5 mm, a =0.9 0.61 0.06 0.07 0.14
w0 =2.5 mm, a =1 0.75 0.11 0.18 0.34
w0 =5 mm, a =0.79 0.28 0.14 0.40 0.53
w0 =5 mm, a =0.9 2.54 0.41 0.70 0.90
w0 =5 mm, a =1 3.78 3.82 7.77 8.53

method. For the most suitable one, we had a maximum deviation of around
10%, whereas the worst one gave differences up to 61%. This emphasized the
importance of the selection of the pressure drop calculation method. Also,
the same trends could be observed.

3.5.5 1D- and 3D pressure drop calculations compared

The pressure, plotted along the center of the flow channels, for the 1 mm
and 2.5 mm geometries at different width scaling parameters and a flow
rate equivalent to 104 A/m2 is presented in Figure 3.7. Here the 3D results
are compared to the ones from the 1D calculations (Study 6). Again there
was a lower entropy production at higher a values than the one given by
Murray’s law, which could be explained by looking at the pressure drop
(Figure 3.7). The pressure drop was nearly linear with a =0.79, whereas
there was a non-linear pressure drop with higher scaling parameters, leading
to a higher gradient. In this sense, we reproduced the results of Gheorghiu
et al. [15].

The pressure peaks appear only in the 3D simulations, which have a continu-
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Figure 3.6: TEP and TSEP as a function of channel width for all simulated
geometries for flow rates equivalent to current densities of 10000 and 1000 A/m2 for
a =0.79 (solid lines), a =0.90 (dashed lines) and a =1.00 (dotted lines). The two
sets of three lines at the top are the TEP and respectively TSEP for 10000 A/m2,
whereas the lower two sets of three lines are the TSEP and respectively TEP for
100 A/m2.

ously connected flow channel. The peaks are due to the branching. In the
bifurcations, flow is hampered and that increases their hydraulic resistance
and, therefore, produces higher pressure drops to maintain the constant flow
rate. 1D calculations based upon analytic equations do not produce such
peaks. Figure 3.7 gives a comparison of this branching effect on the pressure
drop. The pressure peaks may be computed from the 1D model if the known
approximate hydraulic formulas for the inlet flows, and flows in curved or
T-shaped geometries, are used. Since CFD computations are quite fast and
reliable, we have not reproduced the distributions with pressure peaks in
the 1D models with approximate formulas.

However, except for the first 2 branches, there was only a negligible pressure
drop added to the system from this branching. Even though, Ramos et al.
[147] used a slightly different geometry than here, the pressure drop values
computed in the 3D simulations were of the same order of magnitude.
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The use of the hydraulic diameter overestimated the pressure drop in all
simulated geometries. For the w0 =1 mm geometry, the pressure drop in
generation 0 and 1 could be well estimated with the analytic solution of
Hagen-Poiseuille for rectangular channels. However, the results started to
deviate at higher generation levels. For the other geometries (e.g. Figure
3.7 bottom), the most accurate way to estimate the pressure drop in higher
generation levels was the method of equivalent cross-sectional area. However,
the interesting part is, that even though the pressure drop of the branches
itself deviated from the method using the analytic solution, the overall
pressure drop of the complete pattern (pressure at x =0) was quite accurate
up to a width of the generation 0 of 2 mm. It seemed that the more rectangular
a channel got, the more difficult it was to estimate the pressure drop in the
channels with 1D calculations.

3.5.6 Peclet number

As discussed in 3.4.1, the Peclet number (Equation 3.18) could be used
as some form of design criterion for the channel geometries (Study 7).
Trogadas et al. [7] approached this problem by looking at the number of
generation levels needed to achieve a Peclet number lower than one, using
the thickness of the PTL as characteristic length. In our case, we have a
different approach. We were looking at two different characteristic lengths.
One was the hydraulic diameter of a rectangular channel, the other one
was the width of the last branch. By doing so we were able to find the
Peclet number directly at the outlet of the flow pattern, independent of the
thickness of the PTL. It was then possible to conclude on the status of the
flow at the end of the tree-shaped pattern. The Peclet number at the last
branch (here generation 4) was calculated for both mentioned characteristic
lengths, varying width between 1 to 5 mm, a width scaling parameter a
of 0.79, 0.9 and 1, and a current density between 10 A/m2 and 104 A/m2.
We chose a diffusivity coefficient of 3.5× 10−5 ms−2 for oxygen in water
vapour according to Trogadas et al. [7] The results can be seen in Figure
3.8. The graphs illustrate the following points: Both characteristic lengths
give nearly the same results. At the last branch, the surface plot showing
the Peclet number showed non-linear behavior, but neither the width of the
channel nor the width scaling parameter had any significant influence on the
Peclet number. The biggest impact came from the flow rate. For the case
where the Peclet number was calculated with the width of the last branch as
characteristic length, the Peclet number was influenced by neither the width
scaling parameter nor the width itself. This was due to the fact that the
widths in Eq. 3.18 cancelled each other out (if L = w4,i). It only depended
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Figure 3.7: Pressure plotted along the centerline of the channels for different
a parameters, at a flow rate equivalent to a current density of 10000 A/m2, the
pressure drop calculated with the three different cases and for the geometry with
w0 =1 mm (top) and w0 =2.5 mm (bottom).
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Figure 3.8: Peclet number plotted over different flow rates equivalent to a certain
current density in A/m2 and channel width of generation 0 for different width scaling
parameter a. Top: Calculated with the hydraulic diameter Dh as characteristic
length L. Bottom: Calculated with w0 as characteristic length L.
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on the depth of the channel, which was constant in our case.

This means that it will be difficult to use the Peclet number as a design
criterion for the dimension/shape of the flow pattern. The huge influence
of the flow rate, within a typical regime of flow variation, prevented this.
It was still possible to use the Peclet number of a given channel width and
width-scaling parameter to find a current density range, where the Peclet
number was smaller than 1. This will then enable us to obtain a diffusion
dominated flow at the last branches. An increased number of generations
will make the condition more likely.

3.6 Discussion

We know already from the experiments of Trogadas et al. [7] that the tree-
shaped field gives a better PEMFC performance than serpentine fields. The
present flow field gave also uniform distribution of reactants, but at an
entropy production that was lower than the one in the field predicted by
Murray. The entropy production was reduced from branch to branch. The
work was pointing at further improvements, in terms of geometric choices,
and possibilities to keep the Peclet number at a reasonably low value.

We have seen that much of the 3D behaviour could be captured in a simpler
quasi-1D model. This has the interesting aspect, that a model of the total
cell obtains a good quasi 1D representation. A simplified, but realistic fuel
cell model can, therefore, be obtained, by combining the present 1D tree
calculation with 1D calculations, see e.g. [28, 174]. This allows for simple
tests of, say, the impact of boundary conditions. The value of the flow rate
is more important for the concrete result than any approximation used to
compute the hydraulic diameter. The pattern used by Trogadas et al. [7]
was similar to ours; as it was also inspired by a natural design (the lung).
While their design was a 3D design, perpendicular to the MEA ours had
the flow-field tree in-plane with the MEA. Our design can be machined
with conventional milling techniques, where the outlet branches are located
on a different layer. This may facilitate production and lead to decreased
production costs for the flow field plates.

A quasi-3D pattern allows for an easy adjustment of the area filling property,
through an increase of the generation levels. The pressure drop, as shown in
Figure 3.4, will not increase significantly when the generation level increases,
due to the ever-decreasing gradient when a > 0.79. This creates room for
the adjustment of generation levels and area filling properties. The pattern
of Trogadas et al. [7] does not have this flexibility.
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The computed pressure drop across our flow field could be compared to
measured results for the conventional serpentine or parallel patterns. In
order to do so, we used the results from 3D simulations of Su et al. [175].
With similar operating conditions as ours, we found that our tree-shaped
field had a lower pressure drop than the serpentine field. Depending on the
chosen width scaling parameter a, the difference could be as big as one order
of magnitude. It has to be noted, however, that the pressure drop across the
tree-shaped pattern will slightly increase if a more space-filling pattern is
used. On the other hand, the pressure drop was bigger than the one across
simulated parallel pattern (up to 1 order of magnitude). To see the full impact
on the performance of our flow field on the fuel cell, experiments need to be
conducted, and compared to industry-standard flow field patterns. Another
point of interest in connection with the tree-shaped pattern is the use of
different branching rules. For example, different branching angles or number
of branches per generation level (e.g. 4 instead of 2, to create some form
of ”H” branching) can be introduced. Effects on the uniformity of fuel and
entropy production need to be investigated and compared with the presented
flow field. The fractal FFP has been designed for uniform distribution of
reactant gases over the PEM, with a constant density of outlet channels.
This implies that the TEP in a FC can be lowered by optimizing the flow
field alone. The entropy production of other origins can be considered as a
separate optimization problem. This separation of problems was performed
already in the original article of Kjelstrup et al. [13], which also Cho et
al. [10] draw inspiration from. The optimal catalytic layer did not depend
(much) on the flow field geometry, at least when the water accumulation
had no impact on the hydraulic resistivity. According to Cho et al. [10] the
multilayer 3D FFP may lead to high water accumulation. Thick 3D FFPs
are not beneficial for FC because of their high mass and cost. The present
fractal flow field can be milled into the flow field plate of standard thickness
and hopefully give an essentially lighter and cheaper alternative.

In the complete fuel cell system, there are many other different sources of
entropy production. These sources and values for different current densities
can be found in the paper of Sauermoser et al. [174] which describes the 1D
modelling of a PEMFC with non-equilibrium thermodynamics. A general
aspect of the above study should finally be pointed out. The flow field
evaluated here is by no means restricted to the PEMFC. Also, other fuel cells
may benefit from a similar structure. Supply systems like this are common
in nature, and may thus have more applications also in technology, say in
catalysis.
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3.7 Conclusion and perspectives

We have documented a tree-shaped flow field based on Murray’s law’s
constraints, but with different geometric variables, for the supply of gases to
a PEMFC membrane. The gases were delivered at the membrane at uniform
conditions, but with smaller entropy production than Murray’s tree. Entropy
production was based on viscous dissipation only. A quasi-1D model was
used and found to represent a 3D model within a maximum deviation of
10% for the most suitable pressure drop calculation method and most flow
magnitudes relevant to the PEMFC. This applied when the channel cross-
section was rectangular, not circular. Flow channels which had a high width
to depth ratio, produce a small asymmetric behaviour, which explained the
deviations.

We have thus established a basis for a 1D analysis of the whole single
cell PEMFC, to be expanded to non-isothermal conditions in the future.
3D computations are time-consuming and can only be conducted for a
restricted number of geometries. The 1D results give an opportunity for fast
quantitative estimations on different fractal-type geometries.

The main difference between this design and that of Trogadas et al. is that
Trogadas et al. used a 3D structure, whereas we propose a two-layer flow
field plate with 2D patterns of constant channel depth. We hope that the
new design may help reduce the weight and costs of the flow field plate.
Experimental proof beyond that offered by Trogadas et al. [7] remains to be
obtained. Additional sources of entropy production from thermal, electrical
and chemical sources, are there. Preliminary studies indicate that the present
design allows us to optimize these sources independently of the flow field
optimization. [174]
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3.A Filling properties of self-similar networks

West et al. [176] required that the spherical volume around one branch was
equal to the sum of the volumes of all spheres around the sub-branches.
This is expressed in equation 3.A.1. The conditions follow from the need to
accommodate the entire volume flow in the network [176]. Each sphere has
as diameter the length of the corresponding branch.

Nj∑
i=1

Vspherical,i,j =

Nj+1∑
i=1

Vspherical,i,j+1 = Vspherical (3.A.1)

Here Vspherical,i,j is the spherical volume around one branch i at level j and
Vspherical is a volume around the branch at level 0, which is constant.
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Rearrangements lead to Equation 3.A.3:(
li,j+1
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)3

=
Nj

Nj+1
(3.A.3)

Due to the premise used here, that each branch splits into two branches, the
ratio between Nj and Nj+1 equals 1/2. After reformulating Equation 3.A.3,
the length scales as follows:

li,j =

(
1

2

)j/3
l0 =

1

2j/3
l0 (3.A.4)

Equation 3.A.4 is similar to Equation 3.2, apart from the length scaling
parameter k of 3. It is easy to show that the relation changes when the
constraint changes. For constant occupation in terms of areas we obtain

li,j =

(
1

2

)j/3
l0 =

1

2j/2
l0 (3.A.5)

Any value for k between constraints given by the 3 or 2-dimensions, imply
a particular space-filling structure. When k = 2, the flow field is optimized
to deliver the media to a (quasi-) two-dimensional area. For k = 3 it is
optimised for a 3-dimensional one.



Chapter 4

Scaling factors for
channel width variations in
tree-like flow field patterns
for polymer electrolyte
membrane fuel cells -
An experimental study

Marco Sauermoser1, Bruno G. Pollet2, Signe Kjelstrup1

and Natalya Kizilova3,1

1. PoreLab, Department of Chemistry,
Norwegian University of Science and Technology, NTNU,

NO-7491 Trondheim, Norway

2. Department of Energy and Process Engineering,
Norwegian University of Science and Technology, NTNU,

NO-7491 Trondheim, Norway

3. Warsaw University of Technology,
Institute of Aviation and Applied Mechanics,

PL-00-665 Warsaw, Poland

This chapter was submitted to
J. Power Sources Advances



80 Experimental analysis of scaling factors

Abstract

Numerical simulations have shown that the width scaling parameters of tree-like
patterns in flow field (FF) plates used in polymer electrolyte membrane fuel
cells (PEMFC) reduces the viscous dissipation in the FF channels. In this study,
experimental investigations were conducted on a 2-layer FF plate possessing
a tree-like FF pattern which was CNC milled on high-quality graphite. Three
FF designs of different width scaling parameters were employed. I-V curves,
power curves and impedance spectra were generated at 70%, 60% and 50%
relative humidity (25 cm2 active area), and compared to those obtained from a
conventional 1-channel serpentine FF. It was found that the FF design, with a
width scaling factor of 0.917 in the inlet and 0.925 in the outlet pattern, exhibited
the best peak power out of the three designs (11% - 0.08 W/cm2 difference to
serpentine FF). Results showed that reducing the viscous dissipation in the
flow pattern was not directly linked to a PEMFC performance increase. It was
found that water accumulation, together with a slight increase in single PEMFC
resistance, were the main reasons for the reduced power density. As further
improvements, a reduction of the number of branching generation levels and
width scaling factor were recommended.

4.1 Introduction

Polymer electrolyte membrane fuel cell (PEMFC) systems already contribute
to the rapidly growing transition from a fossil fuel-based to a green and
renewable energy-based society. A PEMFC is an electrochemical device that
uses oxygen and hydrogen in the presence of a catalyst to produce power
and water only. A PEMFC stack consists of a series of single cells in which
membrane electrode assemblies (MEA) are sandwiched between flow field
plates or bipolar plates. A MEA contains the proton exchange membrane,
the catalyst layers (electrodes) and the gas diffusion layers (GDL). However,
the cost and efficiency of PEMFC systems still need to be greatly improved
for full commercial deployment. Several bodies of authority and organisations
have released technological targets for fuel cell stacks and systems [3, 4, 51]. A
discussion of these targets has been presented by Pollet et al. [5]. One of these
targets is, for example, US Department of Energy’s cost target of US$40/kW
with an efficiency of 65% at peak power and with 12.5 g of platinum (Pt) for
500,000 systems per year, including 80 kW automobiles and 160 kW trucks
[3]. The Japanese NEDO’s Technology Development Roadmap 2017 has also
set high technological targets for PEMFC performance [4]. For example, cell
voltages of 0.85 V at 4.4 A/cm2 and 1.1 V at 0.2 A/cm2 by 2040 are targeted.
Such cell voltages can only be reached when all components are optimised in
the PEMFC stack, and therefore innovative solutions for current problems
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need to be proposed and implemented. In Europe, the performance targets
focus more on the reduction of the catalyst loading, the system cost and the
improvement on durability and general cell volumetric power [51].

In this context, one important target is the optimisation of the flow field
plate (FFP), with the important role to (i) evenly distribute the gas at
the surface of the electrodes’ catalytic layers, (ii) provide good electronic
conductivity and (iii) a rigid structural integrity on the MEA. The FFP
usually has a specially designed flow field design made of channels to supply
the oxygen and hydrogen on both sides of the MEA [6]. It contributes ∼60%
of the overall mass and represents ∼30% of the overall cost of a PEMFC [48].
There are many different ways to design an efficient FFP, however, there is
always a compromise in the design, such as having a low pressure drop and
at the same time reducing the capabilities of transporting water out of the
flow field (see [177] for a recent review). Among the most promising ones
are the tree-like or biomimetic flow field patterns, which offer an uniform
flow distribution and a desirable change from convective to diffusional flow
over the length of the channels; accomplished by the step-wise decrease in
channel size [165]. Kjelstrup et al. [13] showed that the reactants need to be
distributed uniformly to minimise the entropy production in the PEM fuel
cell. If the reactants are not supplied uniformly, it could cause severe and
permanent damage to the PEM fuel cell catalyst layer due to fuel starvation
[178]. Another advantage of the uniform distribution is that the catalyst
utilisation is maximised [7].

Already in 2002, Morgan Fuel Cell Ltd (no longer trading) developed and
patented a high-performance flow field pattern called BiomimeticTM. This
pattern was inspired by animal lungs and plant tissues [179]. Since then,
several various approaches have emerged using this type of patterns. Ozden
et al. [77] studied different configurations such as variations of leaf- or lung-
based designs for the use in direct methanol fuel cells (DMFC). However,
these designs turned out to yield the lowest performance when compared
to other flow field designs at all operating fuel cell conditions. Behrou et
al. proposed a topology optimization approach for the biomimetic leaf-type
FFP based upon maximisation of both output power and homogeneity of the
current density distribution [180]. Trogadas et al. presented a lung-inspired
flow field pattern, which was 3D printed [7]. They compared different designs
with three, four or five branching generation levels of H-formed branches and
found that the one with four generations delivered the highest performance.
To lower the cost of production, Bethapudi et al. [8] proposed a novel flow field
design manufacturing process, adopting a layer-wise printed circuit board
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(PCB) structure approach. Experiments showed a more stable operation
than standard serpentine flow fields with an increase in performance while
running the PEMFC with air and at low relative humidity (RH). The design
with four generations of H-formed branches was implemented.

To date, there have been a few numerical investigations on other biomimetic
patterns. Gheorghiu et al. [15] showed that the human lung conforms with
Murray’s Law and distributes oxygen and carbon dioxide uniformly. Duhn
et al. elaborated a complex shape inlet and outlet channels for the parallel
FFP for solid oxide fuel cells (SOFC) which provided high uniform reactant
distribution between the parallel channels [181]. Hou et al. [162] investigated
how the flow changed from convective to diffusional flow. When it comes to
the design of a lung-like or tree-like pattern, the scaling was mostly set to
conform with Murray’s Law [7, 8].

Sauermoser et al. [165] recently showed that a change in the width scaling
factor (the rate of reduction of the channel width with changing branching
generations) away from that of Murray’s could have a significant impact
on the viscous dissipation. Viscous dissipation is the heat generated due to
frictional losses in a flow system. An increase in the width scaling factor
showed a reduction in pressure drop along the channels, thus reducing the
viscous dissipation. This, in turns, decreased the overall entropy production,
which should be beneficial for the PEMFC performance. Therefore, in this
work, we investigated the effect of varying this scaling factor experimentally,
by changing the flow field channel width, and how it impacted the PEMFC
performance. To do this, we ran experiments using pure oxygen, to eliminate
issues with fuel/gas starvation effects or gradients under partial pressure
conditions. The other objective of this study was to design a flow field, which
could be simply machined using traditional CNC milling techniques, captur-
ing still the essential advantage of the tree-like flow field; the homogenous
distribution of reactants and products at small viscous dissipation.

In the first section, a brief summary of the theory around the width scaling
factors for tree-like flow field patterns (while keeping the cell active area
constant) is given, followed by an in-depth description of the newly designed
flow fields. In the following section, the experimental setup is described
in which different tests are shown. Next, we present the results of the
experimental tests performed with the newly designed flow field patterns.
The findings are compared to those obtained using an industry-standard
single-channel serpentine pattern. We also discuss the impact of the scaling
factor on the PEMFC performance. In conclusion, we provide an outlook on
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future developments of FF designs which could lead to improved PEMFC
performance.

4.2 Theory

Tree-like patterns can be characterised by the following parameters, when
the channel depths are constant:

1. The width of the channel in the first generation, w0

2. The depth of the channel, d

3. The maximum number of generations, jmax

4. The width scaling parameter, a

In the tree-like pattern, we start to number channels at branching generation
level j = 0. In addition to the points above, one needs to describe how the
length of the channels changes. There are two possibilities for this: a) Either
the lengths are scaled, like the channel width, or b) manually set to a certain
value. In our case, we used the latter option, to allow us to serve a square
area with feed points. By scaling the length, only a rectangular area could
be uniformly filled [165]. The channel width was therefore scaled using the
following equation for the inlet (i) and outlet plates (o) (see next section):

wj,i = w0,ia
j
i (4.1)

wj,o = w0,oa
j
o (4.2)

where wj,i and wj,o are the channel widths at generation j for the inlet and
the outlet plate, respectively, and w0,i and w0,o are the channel widths of
generation 0 for the inlet and outlet plate, respectively. As already described
in the Introduction, our previous work has shown [165], that the entropy
production from viscous dissipation (see Eq. 4.3) reduces when the width
scaling parameter a is increased. In a 1D-system, as used in this section,
the viscous dissipation is calculated based upon the pressure drop along the
channels, as seen in Eq. 4.3.

dSirr
dt

= −
jmax∑
j=0

Nj∑
i=1

Qj,i
∆pj,i
T

, (4.3)

where dSirr
dt is the total entropy production of the system in J s−1 K−1, i is

the i-th branch of branching generation level j, Nj is the maximum number
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Table 4.1: Parameters of three tree-like flow fields, for the inlet (i) and outlet plates
(o). Listed are the width of generation 0, channel depth and generation numbers
of the inlet (ai, w0,i, di, jmax,i) and the outlet (ao, w0,o, do, jmax,o). Widths and
depths are given in mm.

Design ai ao
w0,i

di

w0,o

do
jmax,i jmax,o

1 0.917 0.925 1 0.8 8 6
2 0.917 1 1 0.8 8 6
3 1 1 1 0.8 8 6

of branches at branching generation level j, Qj,i is the volumetric flow rate
of branch i in branching generation level j in m2/s, ∆pj,i is the pressure drop
along branch i in branching generation level j in Pa and T is the uniform
temperature of the system. An increase in a leads to larger channels and a
lower overall pressure drop along the channels. This decreases the overall
entropy production of the system.

In order to avoid having unfeasible or non-machinable patterns, a should
be capped at one. Otherwise, the channel width would increase at each
branching generation level j. The reason for this is that branches will overlap
at a certain point. For the patterns presented below, Equation 4.1 and
4.2 was used to calculate the channel widths in the inlet and outlet plate,
respectively. As mentioned already, the lengths were set manually.

4.3 Experimental

4.3.1 Tree-like flow field plates

Tree-like flow field patterns were CNC milled in Schunk FU4369 graphite
plates by HySA Systems Competence Centre, University of the Western
Cape, South Africa. As previously mentioned, the scope of this study was
to design a FFP, machinable with conventional CNC milling techniques.
The flow field had, therefore, an inlet and an outlet plate clamped together
by the fuel cell support frame. Three different designs were machined with
width-scaling parameters for the patterns in the inlet and outlet plates
as shown in Table 4.1. The table also shows other important parameters,
such as the channel width and depth. The sealing of the two FF plates was
accomplished by compressing them together with the help of the fuel cell
support frame, which also acted as the seal to the environment. The channel
lengths were manually set with the aim to achieve a good coverage of the 25
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cm2 active cell area, cf. Section 4.2. The length of generation 1 and 2 was set
at 12 mm. After this, the length was set for branching generation level 3 and
4 at 6 mm. This trend, namely reducing the length of the channels by 50%
every second branching generation level, was kept until the last generation.
The length was always measured from one midpoint of the intersections of
two branching generation levels to the next one. For branching generation
level 0, the length could only be 23.95 mm, because it needed to be connected
to the inlet or outlet hole of the flow field plate, determined by the fuel cell
housing. The thickness of the inlet plate was 3 mm and of the outlet plate 2
mm.

The scaling parameters at the inlet and outlet plate (0.917 and 0.925) were
given by limitations of the CNC milling. The smallest cutter was able to mill
0.5 mm. Therefore the scaling parameter was adjusted so that the branch in
the last generation had a channel width of 0.5 mm. The maximum number
of branching generations jmax also contained generation 0. Therefore the
absolute number of branching generations was jmax+1. From the overall nine
branching generations of the inlet plate, the last one made the connection to
the outlet plate. With this, the connection to the inner layers of the PEMFC’s
gas diffusion layer (GDL) and membrane electrode assembly (MEA) was
obtained. Small rectangular holes connected the two plates with the same
width as the branch of the last branching generation of the inlet plate and
the width of the previous branching generation. For Design 1 and 2, this
means 0.5 mm x 0.55 mm, and for Design 3, 1 mm x 1 mm. Figure 4.1a
shows Design 3 assembled in the balticFuelCells housing, while Figure 4.2
shows drawings of the inlet (Fig. 4.2a) and outlet (Fig. 4.2b) plate of Design
3. In addition, Figure 4.1b displays a rendered model of the assembled flow
field plate of Design 1, to see how the inlet and outlet plate are aligned. The
ears included at the inlet plate (Fig. 4.2a) are used to connect the plate to
the fuel cell housing.

4.3.2 Setup

A Biologic FCT-50s test station was used in combination with a balticFuel-
Cells qCF FC25/100 V1.1 LC support frame and a balticFuelCells cellFixture
cF25/100 HT Gr. V1.3 fuel cell housing. The single cell PEMFC had an
active area of 25 cm2. The setup was controlled with the software delivered
with the FCT-50s. LabVIEW 2019 was used to read the measurements of two
thermocouples, which measured the temperatures at the anode and cathode
flow fields. The temperature of the fuel cell housing was controlled with a
Grant LT Ecocool 100 thermostatic bath, which was connected to the anode



86 Experimental analysis of scaling factors

Figure 4.1: Design 3 assembled in the balticFuelCell housing after experiments
(a) and render of the assembled flow field plate (Design 1) (b).
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(a)

(b)

Figure 4.2: Drawings of the inlet (a) and outlet (b) plates of Design 3.
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Table 4.2: Accuracy and resolution information of equipment used in the experi-
ments.

Equipment Manufacturer Accuracy Resolution

FCT-50s Biologic
Current: 0.5%

Voltage: <0.1%
Frequency: 1%

Current: 4 mA
Voltage: 76 µV

VPPM-6 FESTO Pressure: 2% -

NI 9211
National

Instruments
Temperature:

0.07 °C -

NI USB-6215
National

Instruments
Voltage: 2690 µV Voltage: 91.6 µV

LT ecocool 100 Grant
Temperature

stability:
± 0.05 °C

-

and cathode side of the qCF FC25/100 fuel cell support frame. The relative
humidity (RH) was calculated based on the cell and humidifier temperature,
and the gas properties within the Biologic test station software’s integrated
humidity calculator. The compression of the single-cell was regulated with
air, where the pressure was controlled by a FESTO VPPM-6 electrical pres-
sure regulating valve, which was connected to a National Instruments NI
USB-6215 for voltage input. This was connected to the LabVIEW software,
where the compression was set and measured. A set of two 1 m long 16 mm2

copper cables were used as load cables. The cell voltage of the PEMFC was
measured with a set of two additional high-ohmic sense cables, which were in
direct contact with the FFP. Cell temperatures were measured with K-type
thermocouples at the anode and cathode flow field plates. The thermocouples
were connected to a National instrument Ni 9211. Table 4.2 gives an overview
of the accuracies and resolutions of the equipment used in the experiments.
The reference flow field plate, which was made by balticFuelCells, had a
1-channel serpentine flow field pattern with a channel width and depth of
0.8 mm and a land width of 0.96 mm, milled in graphite with a density of
≥1.85 g/cm3 and a specific resistance of <12 µΩm (through-plane). The
reference flow field was always used on the anode side, also in the tests of
Designs 1-3. The Designs 1-3 were thus tested as cathode flow fields only.

The 5-layer MEA consisted of the following parts: The anode and cathode
side consisted of a Sigracet S28BC GDL, a cathode and anode with Pt
on advanced carbon with a loading of 0.3 mg Pt/cm2 and 0.1 mg Pt/cm2
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respectively, and a Nafion 212® membrane with a thickness of 50.8 µm. The
MEA was purchased completely assembled (hot pressed) from balticFuelCells.
Each experiment used the same 5-layer MEA.

Pure oxygen (99.999%) and hydrogen (99.999%) were purchased from Linde
and used as PEMFC gases. Using pure oxygen reduces the effects of con-
centration gradients inside the GDL and facilitates the interpretation of
the width scaling analysis. This helped us avoid the effects of concentra-
tion gradients of the gases inside the gas diffusion layer and facilitates the
interpretation. For all experiments using the four types of FF designs, an
overpressure of 0.5 bar was set and kept constant.

Each newly assembled PEMFC single cell was subjected to the same break-in
procedure, which took overall 20 hours. The single cell temperature was kept
constant at 80°C, the gas lines for both the anode and cathode were heated
at 83°C. At first, the humidifier temperature was set to 75°C, which was
then reduced to 72°C after 10 hours. The current was slowly ramped up to
35 A, held for 11 hours and then reduced to 30 A for the rest of the break-in
procedure, to avoid a cell voltage drop below 0.4 V. The fuel cell was run in
stoichiometric mode with a stoichiometric factor of 2 for hydrogen and 6 for
pure oxygen. A minimum flow of 200 ml/min for hydrogen and 300 ml/min
for oxygen was set.

Each of the following experiments was carried out without a shut-down of the
PEMFC. The order of the tests was as follows: Directly after the break-in,
the performance test at 70% RH was started. After that, electrochemical
impedance spectroscopy (EIS) test was performed, followed by the 3-hour
hold test. The RH was changed, and then the next performance test was
started, with the other two tests following. The same order was then kept
for the last RH.

4.3.3 Performance test

The performance test procedure followed the European guidelines [182] for
testing of automotive MEAs and PEMFCs (see Table 4.A.1). The perform-
ances of the three new FF designs were measured, and the corresponding
I-V and power curves at the three different relative humidities (70%, 60%
and 50%) were generated. The cell temperature was kept constant at approx-
imately 80°C. The humidifier temperatures were set at 72°C, 68°C and 64°C.
The temperature of the heated gas lines, both for the oxygen and hydrogen,
was set at 83°C for all RH settings. Stoichiometric flow settings were used,
with a stoichiometric factor of 2 for hydrogen and 6 for oxygen. Gas flow
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Figure 4.3: Modified Randles circuit from Dhirde et al. [183] used for the circuit
fitting where Ri is an ohmic resistor, Qi is a constant phase element and Wd1 is a
Warburg convective diffusion element.

rates had a minimum value of 200 ml/min for hydrogen and 300 ml/min for
oxygen. If the cell voltage had not equilibrated itself, the current was kept
constant, until it stayed the same within a certain tolerance for 30 seconds.
The cell voltage measurements were then averaged over the last 30 seconds
of each current step.

4.3.4 Electrochemical impedance spectroscopy test

Three different currents, 7.5 A, 15 A and 22.5 A, were used during the EIS
procedure for each RH and flow field pattern employed. An amplitude around
the mentioned base values of ± 5% was set. The frequency was decreased
from 10 kHz to 0.1 Hz. A minimum flow of 84 ml/min for hydrogen and 126
ml/min for oxygen, with a stoichiometric factor of 2 for hydrogen and 6 for
oxygen was used. The cell temperature was set at 80°C, the line temperature
at 83°C and the humidifier temperature between 72°C and 64°C, according
to the RH (see Section 4.3.3). Before each of the three currents was tested,
the fuel cell was equilibrated for 2 min. The data was then analysed with the
EC lab, followed by a circuit fitting procedure performed in MATLAB 2019.

Circuit fitting

Circuit fitting was performed in MATLAB with the help of the open-source
code from Dellis [184]. To allow for a better comparison of the fitted para-
meters, upper and lower boundaries were set within the MATLAB code. A
modified Randles circuit (see Fig. 4.3), taken from Dhirde et al. [183] was
used for the curve fitting. R1 represents the ohmic resistance of the fuel
cell in Ohm (Ω). The first parallel loop describes the process at the anode,
whereas the second one describes the equivalent at the cathode. A constant
phase element (CPE) was used in the curve fitting because the semi-circles
were depressed at high frequencies [185]. The CPE uses two parameters,
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namely a time constant Q in F cm2 sα−1 and an exponent of phase angle
α. The R2 and R3 are charge transfer resistances at the anode and cathode,
respectively, in Ω. Additionally, a Warburg (W) convective diffusion element
was used, where we had a diffusion resistance Rd in Ω and a time constant
τd in s.

Because we have several elements with two parameters in the circuit, a
pseudo capacitance Cp and a diffusion impedance Zd was calculated with
the equations below (Eq. 4.4 and 4.5). This allowed for an easier comparison
of the values between the different EIS tests.

Cpi =
(QiRi+1)1/αi

Ri+1
(4.4)

Zd = Rd
tanh

√
τdjω√

τdjω
(4.5)

where i can be either 1 or 2, depending on the parallel loop, ω is the angular
frequency in 1/s, and j is the imaginary unit. After calculating Zd, the
absolute value |Zd| was taken for comparison.

4.3.5 Hold test

During the hold test, which was started right after the EIS test, a current of
20 A was applied and held for 3 hours. The cell temperature was kept at 80°C,
the line temperature at 83°C and the humidifier temperature between 72°C
and 64°C, depending upon the RH (see Section 4.3.3). The same settings
regarding gas flow rates as in the EIS test procedure were used.

4.4 Results and discussion

The results of the three tests carried out on the four flow field plates setups
will be are reported in the same order as described above.

4.4.1 Performance tests

Figure 4.4 shows the results of the performance tests for all four flow fields
and three RH values. The standard deviation was on average ± 0.3 mV,
with a maximum of 4 mV, which occurred at the last current step of Design
3. It can be observed from the I-V and power curves that the serpentine
pattern had the best performance, independent of RH. Additionally, higher
current densities could be reached with the serpentine pattern than Design
1 to 3. The tree-like flow field plate designs, however, were in the best case,
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able to achieve a maximum power density, only 11% (0.08 W/cm2) lower
than the reference one. In the worst case, a reduction of 37% (0.26 W/cm2)
was observed. Between 0 A/cm2 and 0.6 A/cm2, all tree-like patterns had
a higher cell voltage which was stable throughout all current steps in this
range.

Among the new flow field designs, Design 1 had the best performance,
especially at 70% RH. The pattern with no width scaling (ai=ao=1) was
clearly worse. The performance tests for Design 3 for all three RH values
were interrupted at 1.2 A/m2, because the cell voltage did not reach a
steady-state.

4.4.2 Electrochemical impedance spectrum tests

Figures 4.5 and 4.6 shows the results of the EIS tests for all FF setups and
RH values, in the form of Nyquist plots. Data appeared to be regular with
only a few outliers. At first glance, an immediate difference could be seen
between the results of the serpentine FFP (Fig. 4.5a) and the three new
designs (4.5b, 4.6a and 4.6b). Tree-like FFs have a distinct second semi-circle
at lower frequencies at all currents and RH values. The serpentine FF (Fig.
4.5a) has only a very small one at high currents (22.5 A). When looking
at the first semi-circle, at higher frequencies, it can be observed that the
size (radius) of it, is relatively constant at 7.5 A for all FF designs. The
same applies to 15 A. At 22.5 A, however, a significant increase in radius for
both Design 2 (Fig. 4.6a) and 3 (Fig. 4.6b) at all RH values is observed. For
Design 1 (Fig. 4.5b), only the test at 70% RH exhibits a comparable size.

This could help explain the performance drop at lower RH settings during
the performance tests. When changing the relative humidity, the shape of the
EIS curves did not significantly change for the serpentine pattern. However,
for the tree-like patterns, in some cases, large deviations were observed
compared to the serpentine pattern. Another point is that the intersection of
the measurements with the real axis, occurs at a higher value for Designs 1
and 3, compared to the serpentine pattern. The intersection gives an estimate
of the cell resistance. This is further discussed in the next section.

Circuit fitting

Figures 4.7a to 4.7f shows the result of the circuit fitting for all four FF
design setups and three RH settings. On average, a R2 value of 0.986 was
achieved with the curve fitting.

As already mentioned above, the Nyquist plots for Designs 1 (Fig. 4.5b) and
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Figure 4.4: I-V curves (a) and power curves (b) for all four flow field plate setups
at 70%, 60%, and 50% RH.
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Figure 4.5: Nyquist plots of the EIS tests for serpentine pattern (a) and Design 1
(b) at 7.5 A, 15 A, and 22.5 A and 50%, 60%, and 70% RH.

Figure 4.6: Nyquist plots of the EIS tests for Design 2 (a) and Design 3 (b) at 7.5
A, 15 A, and 22.5 A and 50%, 60%, and 70% RH.
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3 (Fig. 4.6b) showed an intersection with the real axis at a higher value than
the serpentine pattern (Fig. 4.5a) did. The same variation was observed in
the fitted parameter R1 (Fig. 4.7a) i.e. the ohmic resistance of the PEMFC.
The pattern with a scaling factor of 1 for both inlet and outlet plate (Design
3), had wider channels, and therefore an increased channel/width ratio
compared to Design 1. This results in a slightly higher resistance of the flow
field plate and to a smaller contact area with the GDL leading to a higher
contact resistance.

Design 2, however, showed ohmic resistances similar to the serpentine pattern.
This variation was counter-intuitive, because of the scaling factor of 1 at the
outlet, instead of 0.925 in Design 1. This was not a curve-fitting issue, as
evident from the Nyquist plot. One reason for this behaviour could be that
the two plates of the tree-like flow field plate (inlet and outlet plate) had a
better contact (lower contact resistance) in Design 2 than 1. It is known that
the contact resistance depends upon the machining tolerances of the surface.
The ohmic resistances of the patterns are further discussed in Section 4.4.5.
Because the intersections of all curves with the real axis are situated near
the same position, we can assume that the membrane was hydrated properly,
even at lower relative humidity values. Problems that are allocated to water
must therefore be connected to water removal from the catalyst layer.

R2 is the charge transfer resistance at the anode (Fig. 4.7b). Results show
that the new FF designs showed on average an increase between 70% (Design
1) and 200% (Design 2). This was not expected, as the same flow field
plate, which had a serpentine pattern, was used for the anode during the
experiments of all four setups. This finding suggests that the cathode flow
fields had a detrimental effect on the anode.

R3 (Fig. 4.7c), which is the charge transfer resistance at the cathode, on
the other hand, behaved differently. Design 1 showed a similar R3, to that
of the serpentine FFP on the cathode. On average, Design 2 had a 10%
lower R3, whereas Design 3 had a 44% higher R3. Both, however, exhibited
a large increase in R3 at 22.5 A. This could be indicative of water flooding
in the catalyst layer, according to Fouquet et al. [185], especially because
the resistance should decrease with an increase in current due to the fact
that as the overpotential increases at higher current densities, the charge
transfer resistance decreases [186]. Another reason for the variation in R3 are
uncertainties in the curve fit. Therefore, it is interesting to look at the pseudo
capacitance Cp1 (Fig. 4.7e) and Cp2 (Fig. 4.7f), because it incorporates Qi,
αi and Ri+1 in the parallel loops. The values for Cp1 (Fig. 4.7e) of Designs
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1 and 2 are found to be similar to the one from the serpentine pattern.
Design 3 shows values which are several orders of magnitude higher at 22.5
A, which is in agreement with the poor performance of the FF for this design.
The Cp2 -values (Fig. 4.7f) are generally a little higher for the tree-like FF
compared to the serpentine reference, again in good agreement with the
lower performance of these.

The absolute Warburg diffusion impedance |Zd|, gives an estimate of the
mass transport resistances in the PEMFC. At high frequencies, the oxygen
molecules do not need to move far, thus decreasing the impedance [186].
Therefore, we primarily looked at the results at 0.1 Hz, the lowest tested
frequency (Fig. 4.7d). It was observed that the tree-like pattern had an order
of magnitude higher Warburg impedance compared to the reference one.
According to Fouquet et al. [185], the Warburg diffusion resistance changes
significantly, when flooding occurs in the catalyst layer. This leads to an
increase in |Zd|, and agrees with our observations.

Direct comparison with EIS data from Trogadas et al. [7] or Bethapudi et
al. [8] is rather difficult due to the different operating parameters. However,
results from Bethapudi et al. [8] showed that the biomimetic patterns ex-
hibited no distinct second semi-circle, with lower charge and mass transfer
resistances. This was contributed to the uniform reactant and water distri-
bution. In contrast, the serpentine pattern had one starting at 600 mA/cm2,
indicating no substantial mass transfer limitations, even though air was used
on the cathode. Again, this shows that our designs, despite the uniform
reactant distribution of tree-like patterns, had restrictions regarding fuel
transport to the catalyst. These restrictions are assumed to be caused by
water flooding, as discussed above.

4.4.3 Hold tests

The objective of the hold test was to study the long-term performance
of the new FFP designs. Results are shown in Fig. 4.8 for the serpentine
pattern (black), Design 1 (red), Design 2 (green) and Design 3 (blue) at
70% (Fig. 4.8a), 60% (Fig. 4.8b), and 50% (Fig. 4.8c) RH. The tests were
immediately performed after the EIS test. Generally said, and as expected,
an improvement of cell voltage stability with a decrease of RH, was observed.
At 70% RH, all four flow field plate setups showed cell voltage drops and
unstable behaviours. Especially Design 2 had voltage drops of more than
0.2 V. Another interesting fact was that Design 2 had a sudden drop in cell
voltage either at the start or at the end of the test. Design 3 showed no
significant cell voltage drops. However, the cell voltage constantly decreased
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Figure 4.7: Results of the circuit fitting using the modified Randles circuit for the
serpentine pattern (black), Design 1 (blue), Design 2 (red), and Design 3 (green) at
70% (solid line), 60% (dashed line), and 50% (dotted line) relative humidity. R1

(a) is the ohmic resistance of the cell, R2 (b) is the charge transfer resistance of
the anode, R3 (c) is the charge transfer resistance of the cathode, |Zd| (d) is the
absolute Warburg diffusion impedance calculated with Eq. 4.5 at 0.1 Hz, Cp

1 (e) and
Cp

2 (f) are the pseudo capacitances of the anode and cathode respectively calculated
with Eq. 4.4.
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over the course of the 3-hour experiment at all three RH settings. Design 1
was the most stable tree-like pattern, at 50% even better than the serpentine
FF.

This is a promising new result, with respect to the future development of
this particular type of flow field.

4.4.4 Influence of relative humidity

As documented in Section 4.4.1, it can be observed that the tree-like FFs in
the best case (Design 1, 70% RH) may come within 11% to the performance
of the serpentine flow field. The promise of the presented tree-like FFPs is
their uniform flow distribution [165]. Supplying fuels in a uniform way helps
avoiding local concentration gradients and, therefore, additional overpotential
losses. Even though the gases were evenly distributed, and pure oxygen was
used on the cathode side, to reduce mass transfer limitations caused by low
oxygen partial pressures, the Warburg diffusion impedance (Fig. 4.7d) of the
tree-like designs was one order of magnitude higher than with the serpentine
flow field. Therefore, a resistance against the gas transport to the catalyst
layer must have been created, for example by a water blockage of pores
inside the GDL [187]. Such blocks are known to decrease the reaction rate at
the electrodes [188]. Cho et al. [10] showed already that lung-like flow fields,
which are similar to the presented designs, have problems with the water
removal in the small branches of the pattern due to limited convection.

The hold tests at 50% and 60% RH (Fig. 4.8b and c) did not show any sharp
cell voltage drops, meaning that the water accumulation was very steady
over time as no sudden blockage of channels and the followed drop of cell
voltage occurred. The general weakness of tree-like patterns is said to be
their water management [7], caused by the low flow rate in the branches at
high generation numbers. The higher pressure drop in Design 1 compared
to Design 2 (∼6% higher) and 3 (∼9% higher), seems beneficial for the
water transport out of the PEMFC, reflecting its better performance at all
RH values. The pressure drops were calculated with the hydraulic diameter
approach as discussed in [165].

It could also be seen that changing the RH, had no significant impact on the
results of the performance (Fig. 4.4) and EIS (Fig. 4.5 and 4.6) test performed
with the serpentine flow field. As the intersection with the real axis of the
Nyquist plot does not change with RH, proper membrane hydration can be
therefore assumed. This can also be said about presented tree-like flow fields.
However, the higher charge transfer resistances (Fig. 4.7b and c), pseudo
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Figure 4.8: Results of hold tests for the serpentine pattern (black), Design 1 (red),
Design 2 (green) and Design 3 (blue) at 70% (a), 60% (b), and 50% (c) RH.
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Table 4.3: Resistance values for the serpentine pattern (Serp.), the three presented
designs (D1, D2, and D3) and the serpentine pattern if the same material as for
Design 1 to 3 would be used (Serp.*).

Serp. D1 D2 D3 Serp.*

R11[mΩ] 0.027 0.429 0.434 0.473 0.432

capacitances (Fig. 4.7e and f) and Warburg diffusion impedances (Fig. 4.7d)
indicate problems, most probably caused by poor water management [185].
Even though a reduction in RH reduces the amount of water transported
into the PEMFC, charge transfer resistances increased, and the Warburg
diffusion impedance stayed approximately the same. An explanation for
this could be that the tests of each design were started at the highest RH.
Therefore, water was able to accumulate and stayed inside the cell even
during the tests at lower relative humidities, thus further showing that the
tree-like designs had problems with water removal.

4.4.5 Comparison of ohmic resistance of the FFPs

In order to evaluate the impact of the resistance of the FFPs alone, simula-
tions on the plates were performed, using COMSOL 5.5. For this, the 3D
model created in SOLIDWORKS 2019 were used and meshed by applying
the physics-controlled mesh algorithm. The EC physics module was used for
the simulations. The ground was set at the face of the FFP which touches
the GDL in the PEMFC, and the terminal was set at the opposite surface.
Results were computed for currents between 0 A and 30 A to verify for
consistency. Because the serpentine FFP, supplied by balticFuelCells, con-
sisted of a different material than the tree-like designs, a fifth simulation was
created. Here, the serpentine FFP had the same material than the presented
designs. The resistance was calculated by creating a global evaluation of
the resistance R11, which is directly provided by COMSOL 5.5, see Table
4.3. Simulation results showed coherent values for different current densities.
Due to the lower specific resistance (12 µΩm) of the serpentine FFP, the
calculated ohmic resistance is much lower than the tree-like designs, which
were machined into Schunk FU4369 graphite (190 µΩm). The resistance
of the FFP increased with an increase in scaling factor ai and ao, due to
the increase in channel width and therefore a reduction in the contact area.
However, if the serpentine pattern used the same material than the tree-like
designs, it was observed that Design 1 exhibited a smaller resistance, even
though the design had two patterns and two plates (inlet and outlet pat-
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tern). If the scaling factor would decrease even further, the resistance would
decrease too.

By comparing these results with R1 from the circuit fitting (Fig. 4.7a), it
was also observed that the ohmic resistance R11 (Table 4.3) of the flow field
plate was only a small part of R1. Therefore it may be deduced that other
resistances in the fuel cell decreased in Design 2 as compared to 1 and 3,
due to e.g. better hydration of the membrane (higher water content inside
the fuel cell) or a better contact between the inlet or outlet plate. However,
the difference in R1 should not account for the large disparity between the
performances of the different designs.

4.4.6 Comparison to numerical analysis

The next point for discussion is the comparison between the numerical
analysis of the width scaling factors of such tree-like FFPs [165]. It was
shown earlier that an increase in width scaling factor, in our case ai and
ao, decreases the viscous dissipation, increasing thereby the efficiency of the
FFP. In the study presented in [165], only hydrodynamic pressure losses were
included. The experiments showed that a decrease in viscous dissipation in
the flow channels of the flow field does not automatically increase the fuel cell
performance. This topic is much more complex, as a higher pressure drop also
helps with the removal of water [25]. This was observed in the experiments,
as Design 1 had the highest performance among the tree-like designs. It
is well known, and also shown here, that there is an essential dissipation
also by electronic or thermal resistances. This trade-off situation can be
handled by Pareto optimisation and should be added to future numerical
analyses of these patterns. Wechsatol et al. [189], for example, showed that
the pure ’hydraulic’ and ’thermal’ flow field designs based upon minimum
viscous or thermal dissipation accordingly, produce different optimal patterns
for the scaling factors ai and ao in the fractal-like systems. The approach
based upon minimum entropy production (similar to Eq. 4.3) due to viscous,
thermal, electronic dissipation in the FFP and PEMFC allows more accurate
minimization of all types of loss in the system.

4.4.7 Influence of channel/land ratio

Another point for discussion is the ratio between channels and land on the
flow field. For serpentine patterns, it had been shown that a channel:land
ratio around 1 or above shows improved PEMFC performance [27]. Due to
the increased pressure drop when this ratio is increased above 1, an optimum
can be found, if the total efficiency (including the PEMFC and auxiliary
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equipment like pumps) is investigated [26]. For the case of the presented
tree-like patterns, a different trend was observed. Design 1 had a lower
channel:land ratio at the outlet plate than Design 3 but had a higher power
output. Therefore, similar conclusions regarding this ratio known from the
serpentine pattern, should not be applied for the tree-like patterns.

4.4.8 Influence of branching generation numbers

The number of branching generation levels also has an impact on the PEMFC
performance as shown by Trogadas et al. [7]. We used a different approach
in counting the branching generation levels, however, if the same one as
Trogadas et al. was used, we would be between four and five branching
generation levels. Therefore, future work could include the design of a
pattern with a maximum of eight generations, which should be the optimum
according to Trogadas et al. [7].

4.5 Conclusions

The PEMFC performance of three tree-like flow fields at the cathode side,
with different design rules for channel width, was investigated. The flow field
plates consisted of two CNC machined graphite plates; one served as the
oxygen inlet distributor, the other one as water outlet collector, allowing for
a uniform oxygen distribution over the 25 cm2 area MEA.

With j = 9 generations of branches, a channel length reduction of 50% every
second branching generation, and a width scaling factor ai equal to 0.917
and ao equal to 0.925, a power density within 11% of the value of a standard
serpentine flow field at a RH of 70% was obtained. Results of the hold tests
indicated stable cell voltages without any major drops for Design 1 and 3.
Water accumulation seemed steady, as no sudden cell voltage drops occurred
in the hold tests at lower RH.

More importantly, experiments and calculations documented that it could be
possible to increase the PEMFC performance beyond the observed values, by
using a GDL with better water management properties and through optimisa-
tion of the cell’s ohmic resistance of flow field materials. Another possibility
to increase the performance is to reduce the width scaling parameter ai and
ao further. However, machining possibilities need to be found, which are
able to machine smaller width scaling factors, a, than the presented ones. A
reduction in branching generation levels might also lead to an increase in
PEMFC performance.
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We further showed that numerical analyses of tree-like patterns need to also
account for thermal effects and electric resistance. Lowering the pressure
drop (viscous dissipation) alone does not automatically yield higher PEMFC
performance. This was seen in the experiments as an increase in width scaling
parameter ai and ao did not cause the PEMFC to perform better. Therefore
Pareto frontiers should be used in future numerical optimisations.

In the absence of oxygen concentration gradients, impedance spectroscopic
data further suggested that the present tree-like flow field has a rate-limiting
step in cathode reaction, not present with serpentine flow fields and due to
an added resistance for water removal from the electrode due to possible
water accumulation. It may also be possible to reduce this resistance by a
better tailoring better of the water removal of the whole system.
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4.A Appendix

Table 4.A.1 shows the current steps done during the performance tests. This
was taken from Tsotridis et al. [182].
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Table 4.A.1: This table shows the different set points during the performance
tests and their according dwell and data acquisition times.

Set point
no.

Current
[A]

Current Density
[A/cm2]

Dwell time
[s]

Data acquisition time
[s]

1 0 0.00 60 30
2 0.5 0.02 60 30
3 1 0.04 60 30
4 1.5 0.06 60 30
5 2 0.08 60 30
6 2.5 0.10 60 30
7 5 0.20 ≥120 30
8 7.5 0.30 ≥120 30
9 10 0.40 ≥120 30
10 15 0.60 ≥120 30
11 20 0.80 ≥120 30
12 25 1.00 ≥120 30
13 30 1.20 ≥120 30
14 35 1.40 ≥120 30
15 40 1.60 ≥120 30
16 45 1.80 ≥120 30
17 40 1.60 ≥120 30
18 35 1.40 ≥120 30
19 30 1.20 ≥120 30
20 25 1.00 ≥120 30
21 20 0.80 ≥120 30
22 15 0.60 ≥120 30
23 10 0.40 ≥120 30
24 7.5 0.30 ≥120 30
25 5 0.20 ≥120 30
26 2.5 0.10 60 30
27 2 0.08 60 30
28 1.5 0.06 60 30
29 1 0.04 60 30
30 0.5 0.02 60 30
31 0 0.00 60 30
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Abstract

We describe a method to find profiles for the electric potential, the concentration
and the temperature across a heterogeneous cell, using the fuel cell as an example.
The cell is divided into five layers: the electrolyte and the electrodes are treated
as homogeneous layers, while the electrode interface regions are treated as planar
Gibbs interfaces. The five sets of equations, one for each layer, are solved to give
the three profiles. The model is checked for thermodynamic consistency. This
reveals e.g. that water is not in equilibrium at the interfaces at high current
densities. Also, interface transport properties, like Peltier and Soret effects, are
essential for the profiles. The polarization curve at high current densities can be
explained, not by diffusion limitations, but by a varying membrane resistance
for current densities below 7500 A/m2. The heat fluxes out of the cell vary
largely with the boundary conditions that are imposed.

5.1 Introduction

All physical models must obey the balance equations for mass, momentum
and energy. In addition, there are constitutive equations of transport. These
have often been a matter of choice, however. Any choice, in order to be
thermodynamically consistent, must conform with the entropy balance. This
applies to the single control volume, or to the system as a whole. In the
description of electrochemical systems with porous electrodes, there is an
added difficulty in how to define the variables on a coarse-grained level.
Electrochemical systems are heterogeneous. How can we then integrate
across their nano- or microporous layers and obtain macro-scale variable
profiles? The present work will address a way to define constitutive equations
for the membrane-electrode assembly (MEA) of the proton exchange fuel cell
and its gas diffusion layers (GDL), in the following called porous transport
layer (PTL). The procedure was defined already in the 1970’ies, see [28]
and references therein. We shall see how it can benefit transport in porous
media. The systematic method enables us to compute simultaneously the
temperature-, concentration-, and electric potential profiles, and study their
impact on one another in a consistent way. Following the prescription of
the theory, non-equilibrium thermodynamics for heterogeneous systems
[28, 148, 190], we divide the MEA plus PTL into three quasi-homogeneous
(bulk) phases and two interface regions between them. One set of constitutive
equations are prescribed for each layer, using the entropy production of the
layer. The equations cannot be chosen. The method is illustrated with the
proton exchange membrane fuel cell. We want e.g. to examine the thermal
signature of the fuel cell. It is then not enough to compute the total heat
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effect from the overall entropy change of the cell; we also need the local
Peltier and Dufour coefficients to compute the local heat effects.

The theory of non-equilibrium thermodynamics, which include these effects,
is well established for homogeneous systems, and has since long been used to
describe diffusion, thermal diffusion, and concentration distributions across
membranes. It is not standardly used to describe electrochemical systems
(batteries and fuel cells), however. This has motivated this work. An extension
of the theory to heterogeneous systems is available [28], so the aim is now to
highlight the advantages of the method through an important application.
We shall report on results from a one-dimensional model of a proton exchange
fuel cell (PEMFC). We shall determine simultaneous sets of cell profiles
for the electric potential, gas and water-concentrations, temperature, and
entropy production using the constitutive equations under various boundary
conditions The study extends earlier work [28, 148, 190, 191] adding e.g.
details on all fluxes of the cell under various non-isothermal conditions.

5.2 System description

A PEMFC is sketched in Fig. 5.1. The MEA is sandwiched between two
PTL, all held together by flow field plates. We assume now that the flow
fields on both sides supply the reacting gases (hydrogen and oxygen) to the
MEA, while water returns via a separate or same channel (depending on
the type of flow pattern) on the cathode side. Several issues are known to
be critical for good cell performance. The hydrogen gas need be humidified
to avoid membrane dry-out, since each proton is transported, accompanied
by 1-2 water molecules (electro-osmotic drag). A clamping pressure need
be defined to have certain contact layer resistances and porosities of the
PTL. We consider a one-dimensional transport problem across the layers
pictured in Fig. 5.1, with positive fluxes from left to right. The homogeneous
phases are considered to be continuous, with a row of control volumes (CVs)
after each other, in regions CV1, CV2 and CV3. The electrode interfaces are
described in a discrete manner, each interface is represented by a single CV.
We deal with possible dual porosity of the electrode region and agglomerated
catalyst particles, by creating average variables of the region in terms of
Gibbs excess properties [28, 148]. The electrode layers have a finite thickness.
The averaging procedure projects all densities of mass, energy or entropy, on
to the single control volume, see Fig. 5.2, in essence, an area. The electrode
regions are relatively thin, compared to the membrane. We have showed
elsewhere [28] how to derive the excess entropy production of such layers or
interfaces, giving a basis for descriptions of non-isothermal electrochemical
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Figure 5.1: Cross-section of the fuel cell core, schematically. The flow fields supply
reactants to any membrane location with uniform composition. The gases have
access to the nanoporous catalyst (marked by black vertical lines) via nano- and
micro-porous layers. CV1, CV2 and CV3 indicate the continuous phases. Each
electrocatalytic layer is covered by one CV.

cells. The electrode surface in the description sketched in Fig. 5.2 is an
independent thermodynamic system with its own temperature and excess
densities, say of platinum. The discrete nature of the interface means that we
integrate all gradients over the layer thickness, to a discrete formulation in
terms of differences. The constitutive equations obtain a discrete form. This
way to treat the electrode layer is at variance with successful continuous
models of Bernardi and Verbrugge [192], Broka and Ekdunge [193] and
Weber and Newman [194]. The present way differ from the conventional way,
not only by coarse-graining the electrode layer into one CV, but also by the
type of constitutive equations that are used. We describe below how these
follow from the entropy production.

5.3 Theory

5.3.1 The entropy balance

The analysis starts by writing mass-, energy- and entropy balances for each
CV, on a continuous or discrete form, depending on the type of CV (not
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Figure 5.2: Example of construction of surface excess densities (right figure) for
the catalytic layer 4 or 6 (left figure). The average density in the interface, say of Pt
or Nafion ionomer, is computed from the hatched area under the density variation
curve on the right-hand side. The densities of layer 4 become singularities in the
description of the layer. Layers 3 and 5 are considered to be homogeneous. The flow
field plate and the current collectors are not considered here.

shown here). In the stationary state, the total entropy produced per m3

control volume, dSirr/dt , is equal to the net entropy flow to the surroundings.
For a cross-sectional area of Ω = 1 m2, we have

dSirr/dt =

∫
σdV = Ω

(
Jout
s − J in

s

)
> 0 (5.1)

Here σ is the local entropy production in W/(K.m3) and Jout
s and J in

s are
the entropy fluxes out of and into the cell. The total entropy production
is the integral of the local value over the cell length (x) at constant cross-
sectional area. We can find dSirr/dt in two ways: 1) from the right-hand side
of the equation, and 2) from the integral. When two numbers are the same,
the model is consistent. The entropy production is a product sum of the
independent fluxes and forces in the control volume (see refs. [28, 148, 190]).
Once the entropy production is derived from the Gibbs equation and the
balance equations, the constitutive equations are given (Eqs. 5.2-5.3). The
direct link can be used to check if a model is consistent.

5.3.2 Constitutive equations on continuous form

The entropy production of a CV in the polymer membrane gives a flux-force
matrix on continuous form. The forces are linear in the fluxes, and the matrix
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is originally symmetric. By reshuffling, and introducing transport coefficients
[28], we obtain:

[a]
dT

dx
= − 1

λm
J ′q +

q∗,m

λm

(
Jw − tmw

j

F

)
+
πm

λm

j

F

[b]
dcw
dx

= − q∗,m

Dm
wT

dT

dx
− 1

Dm
w

[
Jw − tmw

j

F

]
[c]

dφ

dx
= − π

m

TF

dT

dx
− tmw
F

dµw
dx
− rmj

(5.2)

Superscripts m and w refer to membrane or water property, respectively.
As usual, T is the temperature in K, c is the concentration in mol/m3, φ
is the electric potential in V, λ is the thermal conductivity, q∗ is the heat
of transfer, J is the water flux in mol/s.m2 , t is the transference number
(electro-osmotic drag coefficient), F is Faraday’s constant (96500 C/mol),
π is the Peltier coefficient, j is the electric current density in A/m2, µ is
the chemical potential and r is the electric resistance. For more specific
definitions of all properties, and a discussion of their measurement, see
[28, 148, 190].

From Eq. 5.2a, we see that a heat flux across the membrane includes several
terms, not only the Fourier term. The water flux is likewise a function not
only of j, but also of the temperature gradient. Any net flux of water as
well as of the proton flux carries heat in the form of heat of transfer and
Peltier heat. The coupled set of constitutive equations have the same formal
structure for each volume element, see [28, 148, 190] for details. For the
anode and cathode PTL, there are similar matrices with three flux-force
relations.

5.3.3 Constitutive equations for the interfaces

The entropy production of the interface has five terms, two for transport of
heat and water into the surface, two for transport of heat and water out of
the surface, and one term for the electric potential drop across the surface.
This gives five constitutive equations, cf. Eq. 5.3 [28, 148, 190]. A similar set
can be written for the cathode. Symbols have the same meaning as before.
The double superscripts indicate (first) the phase and (second) the adjacent
phase. For instance s,m means the surface (subsystem) next to the membrane.
Two subscripts, like a,s indicate from phase a to interface s. The full set in
Eq. 5.3 is necessary when we want to introduce assumptions. The heat of
transfer, for instance may have a small impact on the temperature gradient,
but should not be taken out to preserve the symmetry, because it has a
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large impact on the heat flux. Otherwise, the model becomes inconsistent.
Surface resistances are in general large and cannot be neglected [195]. The
gain by going to this level of complication, must be recovered in the outcome:
A set of simultaneous variable profiles, consistent with the second law of
thermodynamics.

[a] ∆a,sT = − 1

λs,a

(
J ′aq − q∗,aw

(
Jw − tw

j

F

)
− πa j

F

)
[b] ∆a,sµw,T = −q∗,aw

∆T

T 2
−Rs,a

ww

(
Jw − tw
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F

)
[c] ∆s,mT = − 1

λs,m

(
J ′aq − q∗,mw

(
Jw − tw
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)
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T a
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− πm
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∆s,aT

F
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1

F
∆a,mµw,T − rs,aj

(5.3)

The set of equations reflect that the discrete formulation allows accumulation
of mass or energy in the surface. The flux into the surface may differ from
the flux out of the surface. In the present 1-D model, the fluxes of water and
electric charge are constant in the numerical solution procedure. The energy
flux is also constant in the steady state, but the heat fluxes are not. The
jumps in the heat fluxes at the interface reflect the ability of the system to
do electric work, as well as how the energy is dissipated.

5.4 Numerical solution procedure

Five sets of profiles for temperature, composition and potential were determ-
ined at stationary state; including three sets for the homogeneous phases,
and two interface sets. All computations were done in MATLAB R2018b.
The differential equations in the anode and cathode PTL and the mem-
brane were solved by integrating from left to right with the build-in solvers
ode45 and ode15s, respectively. The heat flux and water flux in the system
were first unknown. So in the first step, the water flux which gave a water
activity of 1 at the right side of the membrane, was found using fsolve.
The heat flux was then found again using fsolve, trying to minimize the
residual (res = Tactual − Tset) at the right side of the cathode PTL. Using
this procedure, it was possible to fully control the temperatures at both sides
of the fuel cell. The heat flux was adjusted accordingly. The equations for
the electrode surfaces, which were modelled as discrete layers, were solved
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analytically. The temperature on the right side was found by an iterative
process (fsolve), solving the energy balance of the surface.

Another iterative process was needed to find the water concentration on the
right-hand side of the cathode surface. The fsolve-routine was again used to
find the water molar fraction on the right-hand side of the cathode. This
resulted in the set water molar fraction on the right side of the cathode
PTL after integrating through the whole layer. To decrease computational
time, the results of each iterative process were stored, retrieved for the next
set current density and used as new starting value for fsolve. The sets of
equations were first solved for a base case with transport properties from
the literature [28, 148] see Table 5.1. Two essential assumptions were used:
Firstly, we assumed equilibrium for water at both membrane interfaces.
Secondly, we assumed that the water activity on the right-hand side of the
membrane was 1. This model had a solution for current densities up to
7500 A/m2. At higher values no solution was found. Numerical solutions
were computed for current densities varying in steps of 50 from 50 to 7500
A/m2. The contributions to the entropy balance were computed for each
case. Boundary conditions were chosen as follows: The external temperatures
were kept at 340 K in the base case. The pressure at the boundaries was 1
bar. The gases at both inlets (anode and cathode PTL) were always fully
saturated with water. The heat and water fluxes were calculated as described
in the beginning of this section. The electric potential on the left side of the
anode was set to 0 V. An overview of the case studies is given in Table 5.2.
We considered a base case followed by a sensitivity analysises of different
parameters to see their effect on the various profiles of the fuel cell.

5.5 Results and discussion

The cell performance in terms of various profiles is shown with input from
Tables 5.1 and 5.2, in Figs. 5.3-5.9. We present and discuss the base case
and conclude that this model is not sufficient at high current densities; it is
not thermodynamically consistent. We study the sensitivity of the model for
lower current densities, including state-of-the art experimental data. The
model can predict local values of the heat flux.

5.5.1 The base case

The simultaneous solution of the model with the basic set of variables
(Table 5.1) were documented in part already [28, 148]. The solutions were
obtained with the assumption of equilibrium for water at both membrane
- electrode interfaces. The results are shown in Figs. 5.3, 5.5. Figure 5.3
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Table 5.1: Transport properties for the reference case were taken from [28].

Parameter Unit Value

ra = rc ohm m 10−4

rs,a = rs,c ohm m2 7.2 x 10−6

λm W/Km 0.2
λa = λc W/Km 1
λs,a = λa,c W/Km2 1000
DwH = DON m2/s 5 x 10−5

Dm m2/s 1.5 x 10−10

j0 A/m2 2.5 x 10−3

q∗,i J/mol −TSi

tmw = ta,rw = tc,lw mol w/mol H+ 1.2

ta,PTL
w = ta,lw mol w/mol H+ 0

tc,rw = tc,PTL
w mol w/mol H+ 1.7

shows that the water concentration decreases from the start of the anode
backing down to the membrane. This is expected because water is taken
away by electro-osmosis in the membrane; the electro-osmotic drag will
often dry the membrane at this location. On the cathode side, however, the
water concentration is high. This is where water is produced, and water is
transported out of the cell. Water is mostly pulled into the anode, but can
be transported out of the anode if the current density becomes very low,
500 A/m2. This is explained in more detail in connection with Fig. 5.6. The
electric potential profiles in Figure 5.3 (bottom) give the power that can
be extracted from the cell (the potential difference between the terminals
times the current) and therefore also the work that is lost within the cell.
The drop in potential on the anode side is due to disappearance of hydrogen.
Work is needed to convert hydrogen gas (at high entropy) into protons in
the membrane (with low entropy). This is a reversible process, meaning
that the drop changes direction, when the electric current is reversed. All
three potential profiles across the membrane express reductions in the work
output, increasing with the current density. A small part of the reduction
(<40 mV) is due to uphill movement of water, cf. Eq. 5.2. The remaining
loss is due to resistance loss which varies with membrane water content.
The potential rise on the cathode side is the combined effect of the positive
Nernst potential minus the overpotential. For the highest computed current
density, 7500 A/m2, we notice that the terminal point on the right-hand
side of the PTL becomes negative. This result is contrary to the purpose of
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Figure 5.3: On the top, we see the mole fraction profile of water in hydrogen
and air, followed by the membrane liquid water activity and the water profile in
the cathode. On the bottom is the electric potential profile through the PEMFC.
Profiles are shown at current densities (in A/m2): 500 (dashed), 5000 (dotted) and
7500 (solid). The profiles are continuous in the PTL and the membrane. The electric
potential jumps at the electrode interfaces.
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Table 5.2: Overview of simulations.

Case /
property

Current densities
[A/m2]

Sensitivity
study

Quantity of interest

Base case 500, 5000, 7500 -

Molar fraction-,
temperature-,

electric potential-,
and heat flux

profiles

Water molar
fraction profile

50-7500
in steps of 50

Water
flux, Jw

Water activity
and molar fraction

profile

Temperature
profile

50-7500
in steps of 50

Heat
production

Peltier heat, heat
of transfer, measurable

heat contribution

Polarization
curve

50-7500
in steps of 50

-
Potential drop at

membrane,
cathode and total

Overpotential
50-7500

in steps of 50

Exchange
current

density, j0

Heat production,
potential profile,

polarization curve

the fuel cell, and a clear sign that the model becomes insufficient.

The temperature and heat flux profiles that accompany the results in Fig. 5.3
are shown in Fig. 5.5. Details are given in Fig. 5.7. We see, as expected, that
the highest temperature is always at the cathode. There is a discontinuity in
the heat flux at the electrode interfaces. This is clear from the energy balance
and can be associated with the electrochemical reaction. The temperatures
at the terminal points are the same, 340 K (cf. Figure 5.5). This choice
has a large impact of the local heat fluxes. In the present case, most of
the heat escapes the cell on the anode side (there is a negative heat flux
at this location). We explain this by the enthalpy of evaporation at the
cathode, which is a heat sink, and the heat is given off at condensation on
the anode. The heat fluxes out of the cell increase, as expected, with the
current density. They have contributions from irreversible and reversible
processes; i.e. Fourier type heat conduction, heats of transfer, and Peltier
heats.
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Figure 5.4: The difference between the entropy production calculated from integral
over the flux-force products and the entropy balance for various current densities.
The deviation in percent is shown for the PTLs (solid unbroken), the membrane
(dash-dotted green), the anode (dashed red), the cathode (dotted blue) and the
total cell (solid black).

5.5.2 Consistency control

The entropy production was computed and compared to the net entropy
flux of each control volume. The results are pictured in Fig. 5.4. For the
case in question, the two computations differed by 17% for the total cell
for the highest current density. At low current densities the error decreased.
The model is a valid thermodynamic model, only when the agreement is
perfect. Clearly the assumptions we use, most prominently the assumption
of equilibrium for water at the interfaces, is not correct. Rangel and Koper
confirms this [195].

This way to actively use a consistency criterion to check on the validity of
the model has only seldom been used before [148, 191]. The constitutive
equations and the form of the balance equations are normally a choice of
the modeler, but non-equilibrium thermodynamics theory directs the choice.
The heat flux, can for instance, not be modeled by Fourier’s law alone.
Non-equilibrium thermodynamics prescribes a coupling of heat and charge
transport (Peltier effect) and heat and mass transport (Dufour effect, heat of
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transfer). The need for these terms can be tested using the entropy balance.
It is essential to invoke not only Peltier effects, but also heats of transfer,
since the terms are large.

5.5.3 Sensitivity analysis

The profiles can be understood in terms of the theoretical expressions for
each layer. It is useful to distinguish between small and large terms. The
computations were run, changing the current density in steps of 50 A/m2,
from 50 to 7500 A/m2, keeping the boundary values for temperature and
humidity on both sides constant (Tables 5.1 and 5.2). The aim was to quantify
the contribution of each term contributing to the governing equations, and
find the most important phenomena in the various regimes of the fuel cell.
This ultimately helps find optimal cell properties. The gradients/differences
in our differential equations are intercorrelated. We are interested in how
the gradients of one variable is influenced by other gradients.

Concentration profile of water

It is of prior importance to control the water transport in the cell. The
molar fractions of the water vapor in the bulk phases were shown in Fig.
5.3. In the anode PTL, where we have a mixture of hydrogen gas and water
vapour at 1 bar, there is saturated vapour at the entrance. This defines the
water mole fraction at this position, once the temperature is given. The mole
fraction profile for water in the membrane was determined, and the Springer
correlation was used to find the water activity from the water content (Figure
5.3 top) , see ref. [148], resulting in a non-linear profile for the water activity.

Figure 5.6 explains the water transport in the membrane. Two counteracting
phenomena take place, back-diffusion (negative contribution) and electro-
osmotic drag (positive contribution), cf. Eq. 5.3. The thermal diffusion term
is almost four orders of magnitude smaller than either of the two mentioned.
When the electro-osmotic drag is larger than the back-diffusion term, as is
mostly the case in Fig. 5.6, a water activity of unity can be maintained at
the cathode side of the membrane. The difference between the upper (dotted
black) and lower (dash-dotted red) lines is almost constant (solid blue). At
low current densities, the water flux (dash-dotted red) becomes negative,
meaning that water is transported out of the cell. The vapor at the entrance
becomes super-saturated when the water flux is negative, as shown in Fig.
5.6 (top), this allows for the negative flux. In the cathode PTL, water is
always transported out of the cell. We neglected all coupling effects in the
model, so the gradient can be understood alone from inter-diffusion of water
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Figure 5.5: The temperature (top) and the heat flux profiles (bottom) through the
PEMFC at various current densities (in A/m2) 500 (dashed black), 5000 (dotted
red) and 7500 (solid blue).
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vapour and air.

Temperature profiles

The profiles across the membrane in Fig. 5.5, sandwiched between electrode
layers at positions around 0.2 and 0.3 mm, are curving. This is due to
Joule heat. We also see a discontinuity in the temperature at the electrode
interfaces, which can be traced back to Peltier heats and heats of transfer.

Thermal management of the fuel cell is of central importance to cell operation.
The factors that have an impact on the temperature profile are therefore of
interest. According to theory, there is not only a Fourier type contribution to
the heat flux, there are also terms related to electric current (Peltier effect)
and mass flux (Dufour effect). The discrepancy between the present and
earlier models [194, 196, 197] is due e.g. to the value used for the Peltier
coefficient. We compare the three contributions to the heat flux in Fig. 5.7.

We have assumed that the vapour present in the anode PTL condenses to a
liquid state in the membrane, and oppositely that all liquid water produced
at the cathode evaporates. These effects explain the asymmetry in the heat
profile. The need for heat for evaporation, on the cathode side, explain the
relatively small heat flux our of the cathode. A relatively high membrane
thermal conductivity may funnel heat transport to the anode, inside the cell.
To see the contributions from the Peltier heat, and the heat transported
reversibly with water, we compare these terms to the measurable heat flux
in Fig. 5.7. Dashed blue curves are heat transferred reversibly with water,
solid red curves are Peltier effects, and the yellow broken line is the total
measurable heat flux. The dotted yellow curve gives the combination that
determines the temperature gradient.

In the anode PTL, the sum of the three contributions is negative for any
current density, resulting in a positive temperature gradient. The slope
increases as the current density increases. The contribution of the Peltier
heat and the heat of transfer give negative contributions to the measurable
heat flux, keeping the temperature profile low. The reversible terms become
less significant at higher current densities, meaning that irreversible sources
like the Joule heat and the overpotential takes over. In the cathode, likewise,
the two reversible contributions have opposite sign, making a smaller total
effect, and a small positive heat flux. The straight lines are the signature of
terms that are proportional to the current density, i.e. the Peltier term and
the Dufour term (the water flux is proportional to the current density).
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Figure 5.6: The water activity at the anode entrance (dotted blue) and exit (solid
red) as a function of current density (top), and the water flux and its contributions
(bottom). The dotted black line is the electro-osmotic drag, the dash-dotted red
line is the computed net water flux, and the dashed yellow line is the back-diffusion.
The solid blue line is the difference is the effective water flux in the cell.
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Electric potential profile

The common way to characterize the fuel cell performance is through its
polarization curve (the performance or IV curve). The cell voltage is measured
and plotted for a certain current density. After performing the computations
with different current density values, incrementally increasing it in steps of
50 A/m2, we used to construct this curve (Figure 5.8).

We can distinguish between the three well known regimes in the polarization
curve: an initial drop, a linear part and the final drop for high current
densities. All regimes reflect the properties of the model. The voltage becomes
negative for high current densities, a sign that the model becomes too simple.
Nevertheless, the simple model can be used to point at improvements.

The first regime is due to the activation overpotential at the cathode. This
gives a dominating loss, reflected in a non-linear curve at low current densities.
It is immediately clear that the formula chosen to compute the overpotential
at the cathode has a large impact, see Fig. 5.8 (bottom). Here the Tafel
formula was used, following [28] [148].

ηc =
2RT

F
ln
j

j0
(5.4)

The exchange current density from experiments was given in Table 5.1. By
increasing this by a factor 10, the reference polarization curve (black) in
Fig. 5.9 (bottom) is lifted by more than 0.1 V (dashed red). State-of-the
art values with the Butler-Volmer equation as an alternative, will improve
conditions more. We note that a smaller overpotential gives a smaller heat
flow out of the cell on the cathode as well as the anode side. It can also be
seen that a decrease in the overpotential, significantly decreases the heat
fluxes going out of the system (Figure 5.9 top). At an exponent of 1, we
even see that the heat flux at the cathode becomes negative, meaning that
the heat used for evaporation is sufficient to change the sign of the heat flux
there.

At medium current densities, the curve is linear, and the losses that are
connected to a constant ohmic resistance. The third region of the curve is
commonly connected to mass transfer limitations in the PTLs. However, in
our case we are using a current density, giving a sufficient partial pressure of
the reactants. Mass transfer is not causing any significant entropy production,
cf. Fig. 5.4. Figure 5.8 (bottom) shows that the origin of the non-linear
decrease in the polarization curve at high current densities, is due to the
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Figure 5.7: Heat flux contributions in the anode PTL (top) and cathode PTL
(bottom), showing the heat transferred reversibly with water (dashed blue), the
Peltier effects (solid red), the measurable heat (dashed-dotted black) and the total
heat flux (dotted yellow).
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Figure 5.8: The polarization curve (top) and the main contributions to the curve
(bottom).
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membrane. The electric potential profile varies in a non-linear way across
the membrane. Figure 5.3 (bottom) shows that the negative concavity in the
membrane is reflected in the polarization curve in Figure 5.8. The electrical
resistivity of the membrane is a non-linear function of its water content,
which is a function of the water activity [148]. At high current densities,
the electro-osmotic drag becomes very important. Back-diffusion does not
compensate for the drag, and the water content increases linearly from left
to right in the membrane (Fig. 5.3). The non-linear profile of water activity
in the membrane follows directly from the correlation between water content
and and water activity. In particular, the term containing the derivative of
the water content with respect to water activity, dλ/daw, in combination with
a minimum in the activity function located around aw=0.35 have an impact.
This variation in water activity across the membrane is often neglected in
the literature (it is often assumed to be constant). However, the variation in
water content has, as we have seen, a big impact on the potential profile. In
work to come, we will update the model with experimental results.

5.6 Conclusions

We have presented a general method of analysis suited for electrochemical
systems which are composed of layered, porous materials. The method starts
with the entropy production of the layer, as defined by non-equilibrium
thermodynamics theory. Dynamic boundary conditions are formulated for
interacting heat, mass and charge transport in the relatively thin porous
electrodes, while the electrolyte and electrode backings are described as
continuous media. The method gives a systematic approach to deal with
the difficult electrode region, as the model can be tested for thermodynamic
consistency.

We have shown for the case of 1D-transport across a fuel cell how the
theoretical formulation can be used to systematically improve the physical
model by clarifying the role of the assumptions used. For instance, we have
seen that the common assumption of equilibrium for water at the electrodes
can not be applied, and that the origin of the non-linear region of the
polarization curve at high current densities, is the membrane, not the PTLs.

In reality, the transport problems in the fuel cell are at least 2D. Knowledge
of how all processes interact can help design. The central problem of water
management gives one example: How can we supply sufficient water to the
anode to keep the membrane from drying? How can we help the water
produced at the cathode to leave the catalyst in a manner not detrimental
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Figure 5.9: Heat flux values across the cell (top) and polarization curve (bottom),
showing the base case with j0 = 2.5 x 10−3 (solid black), the case where the exponent
was changed to -2 (dashed red) and to +1 (dotted blue).
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to the overall cell performance. Which heat control will help in this context?
With the advent of more detailed experimental results on heat and water
fluxes [197, 198], the simple 1D model in this article, can be controlled. With
more sophisticated steps included, the model may become a tool for design
of auxiliary systems. We have described the construction of a model where
all interacting fluxes are included, making a basis for introduction of new
experimental results. The method is general and might well be applied for
modelling of thermal effects in batteries, say in the Li-ion battery.
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Abstract

We show that the coupling effects in non-equilibrium thermodynamics for heat-
, mass- and charge-transport in the polymer electrolyte membrane fuel cell
(PEMFC) all give significant contributions to local heat effects. The set of
equations was solved by modifying an open-source 1D fuel cell algorithm. The
entropy balance was used to check for model consistency. The balance was
obeyed within 10% error in all PEMFC layers, except for the cathode backing.
The Dufour effect/thermal diffusion and the Peltier/Seebeck coefficient are
commonly neglected. Here they are included systematically. The model was
used to compute heat fluxes out of the cell. A temperature difference of 5 K
between the left and right boundary of the system could change the heat fluxes
up to 44%. The Dufour effect, for instance, increases the temperature of both
anode and cathode, up to 9 K. The possibility to accurately predict local heat
effects can be important for the design of fuel cell stacks, where intermediate
cooling is central. This work is based on Paper 1484 presented at the Atlanta,
Georgia, Meeting of the Society, October 13-17, 2019.

6.1 Introduction

Electrochemical systems like fuel cells and batteries are becoming increasingly
more important to realize a transition to renewable energy systems [199,
200]. Activities to increase system efficiencies are high, and also central
for economic competitiveness. A critical issue, say, for fuel cell stacks and
lithium batteries alike, is the local heat production inside the cell. This
plays an essential role for safety issues [201], durability [202] and auxiliary
equipment design (e.g. cooling equipment [203]) and therefore also system
efficiency. Sufficiently detailed physical models are required to predict the cell
behaviour. This paper addresses the issue of local heat production, sources
and sinks, in polymer electrolyte membrane fuel cells (PEMFC) in a more
complete way than before. A preliminary version of the work was already
presented [174]. For a similar analysis of the lithium battery, we refer to
[204].

The now dominant ways to model coarse-grained PEMFCs were developed
during the last century [192–194]. In particular, there was an effort to define
variables for a porous electrode. All physical models must obey the balance
equations for mass, momentum and energy. In addition, there are constitutive
equations of transport. These have often been a matter of choice, however. In
order to be thermodynamically consistent, any choice must conform, not only
with the conservation laws but also with the entropy balance. This applies
to a control volume, and to the system as a whole. The only theory that
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addresses the entropy balance directly is non-equilibrium thermodynamics
[28]. The extension of this general theory to heterogeneous systems was
made in the 1970s, see [28] and references therein. It is capable of dealing
with porous electrodes [148, 190, 193]. The cell is then divided into separate
layers, each layer treated as an autonomous subsystem, with an entropy
production, σ, assigned to it. Siemer et al. [205] and Huerta et al. [206]
applied non-equilibrium thermodynamics to solid oxide fuel cells as well as
PEMFCs.

The theory teaches us about the interaction (coupling) of the various phe-
nomena in a cell layer, such as the electro-osmotic effect, the Soret/Dufour,
and Seebeck/Peltier effects in addition to Fourier’s, Fick’s, and Ohm’s law.
When we want, e.g., to examine the thermal signature of the PEMFC, it is
then not enough to only compute the reversible heat effect from the overall
entropy change of the cell [207]. Also, the Peltier, Dufour, or their reciprocal
Seebeck and Soret-coefficients are needed to compute the local heat effects.
These terms have not, or only partially, been taken into account in earlier
models [208, 209]. They are needed when the local variation in temperature,
composition and dissipation matters.

The purpose of this work is thus to document in particular how the heat
effects in the PEMFC can be modelled and understood using non-equilibrium
thermodynamics, extending earlier work [28, 148, 174, 191]. The method
will be used to document:

1. A set of simultaneous solutions for profiles of essential variables such
as the electric potential, water concentration, and temperature, in
addition to water- and heat flux-values across the cell

2. The effect of coupling terms, in particular, the commonly neglected
Soret/Dufour and Seebeck/Peltier effects

3. The impact of these effects on the heat and water fluxes in and out of
the cell

4. If the model obeys the entropy balance locally as well as globally

5. Properties important to cell design

We will recapitulate the constitutive equations that can be used to solve
the profiles mentioned [28]. The system, with its subsystems and excess
variables, is first described. The theory for homogeneous layers and porous
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electrodes is recapitulated afterwards. The case studies include a Base Case
computed using typical data from the literature. The model is implemented
in an open-source 1D fuel cell code [210]. The modifications introduced by us
are described in the solution procedure. A result presentation and discussion
follows.

We shall conclude like Bvumbe et al. [207], that it is crucial to model
individual and local contributions to flux equations to gain a deeper, more
fundamental understanding of the processes in the fuel cell and how they
interact.

6.2 System

The PEMFC is sketched in Fig. 6.1. The membrane electrode assembly
(MEA) is sandwiched between two porous transport layers (PTL), all held
together by flow field plates (FFP). The current collector plate and the FFP
are labelled 1 and 2, respectively. The porous transport layers are denoted
by 3, the membrane by 5, while the electrocatalytic layers on the anode
and cathode are labelled 4 and 6, respectively. Several issues are known
to be critical for good cell performance cf. [22]. The fuel gases need to be
humidified to avoid membrane dry-out because each proton transported
carry along 1-2 water molecules (electro-osmotic drag coefficient) across the
membrane. We assume that water exits via the same or a separate flow field
and consider one-dimensional transport perpendicular to the layers pictured
in Fig. 6.1. There are adiabatic boundaries in the other dimensions. The
positive direction of the fluxes is from left to right.

6.2.1 Layer definitions

The reacting gases can enter on both sides via the flow field, and have access
to the nanoporous catalyst via nano- and micro-porous layers as described in
Fig. 6.1. In spite of knowledge of the finer micro-structure indicated in this
figure, we describe three of the fuel cell layers as continuous, homogeneous
phases, while the electrode layers will be treated discretely.

The continuous regions, with a row of control volumes (CV) after each other,
are indicated in Fig. 6.2 (left) by CV1, CV2 and CV3. In Fig. 6.1, they are
represented by layers 3 (CV1 and CV3) and 5 (CV2). The electrocatalytic
layers, each covered by one CV, are indicated in this figure by black vertical
bars. The electrode interfaces are thus described in a discrete manner. A
single CV represents the anode and the cathode catalytic layers. We are then
dealing with a possible dual-porosity of the electrode region and agglomerated
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Figure 6.1: Cross-section of the fuel cell core, schematically. The gases in the flow
fields (2) have access to the nanoporous catalyst (4 and 6) on both sides of the
membrane (5) via the micro-porous layers (3) or porous transport layers (PTL).

catalyst particles, through the use of average variables in the region. The
variables are created as Gibbs excess properties [28]. The electrode layers
have a finite thickness, but this is integrated out. This averaging procedure
projects all densities of mass, energy or entropy, on to a single control
volume, see right-hand side of Fig. 6.2, in essence, an area. We can do this
since the electrode regions are relatively thin compared to the membrane.
The electrode surface in the description sketched in Fig. 6.2, is with this
procedure regarded as an independent thermodynamic system with, say,
its own temperature and excess density, say of platinum. The constitutive
equations obtain a discrete form on this basis.

This way to treat the electrode layer is at variance with successful continuum
models of Bernardi and Verbrugge [192], Broka and Ekdunge [193], and
Weber and Newman [194]. It is at variance but should describe the same
physical phenomena. The presented way differs from the conventional way,
not only by the coarse-graining procedure for the electrode layer but also
by the type of constitutive equations that are used. It also offers precise
access to the entropy production of the layer(s). We describe below how
these equations follow from the entropy production.

6.3 Theory

We need the entropy production to be able to define constitutive equations
and give below appropriate expressions for all relevant CVs and the electrode
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Figure 6.2: PEMFC layer structure (left), with an example of how to construct
a surface excess density for the catalytic layer (right). The regions CV1, CV2
and CV3 indicate the continuous phases, of layers 3 and 5 in Fig. 6.1, while the
electrocatalytic layers (4 and 6 in Fig. 6.1) are covered by one CV (black vertical
bar). The average density in the interface, say of Pt or Nafion ionomer, is computed
from the hatched area under the density variation curve on the right-hand side. The
densities of layers 4 and 6 become singularities in the description of these layers.
The flow fields and the current collectors are not considered here.

surfaces of Fig. 6.2. We are seeking a simultaneous solution of the constitutive
equations and the corresponding conservation equations, for all five layers.

6.3.1 The entropy balance

The entropy production is standardly obtained in non-equilibrium thermo-
dynamics by introducing mass- and energy-balances (see below) into Gibbs
equation [28].

For a control volume in a homogeneous phase, the entropy produced per m3

is denoted σ. The total entropy production of the CV, dSirr/dt, in W/K can
be obtained in two ways. We can integrate σ across the CV, V . Alternatively,
if we consider the system as a black box, we can find the total entropy
production as the net entropy flow to the surroundings. For a 1D-system
with a cross-sectional area Ω = 1 m2, we integrate along the x−axis. At
steady state, the first and second procedures give as entropy balance:

dSirr
dt

=

∫
σdV = Ω

∫
σdx = Ω

(
Jout
s − J in

s

)
> 0 (6.1)

Here Jout
s and J in

s are the entropy fluxes out of and into the (sub-)system,
respectively. We can find the entropy production from the right-hand side of
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the equation or from the integral. We can do this for a single layer or the
whole cell. When the two numbers are the same, the thermodynamic model
in use is consistent. We shall systematically use the entropy balance in this
manner to check for consistency of the models we examine. The value will
be computed in two ways, and the results will be compared.

The corresponding formula for the porous electrode, treated as a Gibbs
surface layer, concerns the excess entropy production. The discrete form of
the entropy balance at the surface is here

dSs
irr

dt
= Ωσs = Ω

(
J s,out − J s,in

)
> 0 (6.2)

Superscript s refers to the surface position. The σs has the unit W/K m2

in the discrete description. Once the entropy production is derived, the
constitutive equations follow, cf. (Eqs.6.7 to 6.20).

6.3.2 Conservation of mass and energy

The present analysis deals with an adiabatic 1D-fuel cell in steady state.
The conservation equations for mass are, therefore, all related to the electric
current density j.

JH2 = j/2F (6.3)

JO2 = −j/4F (6.4)

Jc
w = Ja

w + j/2F (6.5)

The symbol J will always be used for a flux in mol/(m2s), while j is the
electric current density as measured in the external circuit in A/m2 and F
is Faraday’s constant in C/mol. Subscripts indicate components, hydrogen,
oxygen, or water (w). Superscripts denote the homogeneous phase we are in,
where a indicates the anode PTL, m the membrane and c the cathode PTL.

As we move from left to right across the cell, there is energy conversion by
cell internal energy (enthalpy) and entropy into electric energy. The energy
flux along the x−axis, Ju, is constant in the steady-state. For the three
homogeneous phases, it takes the form [28, 148]:

Ju = J ′aq + JH2HH2 + Ja
wH

a
w + jφa (6.6a)

= J ′mq + Jm
wH

m
w + jφm (6.6b)

= J ′cq + JO2HO2 + Jc
wH

c
w + jφc (6.6c)

Subscript q refers to heat, and J ′q is the measurable heat flux, while Hi

is the enthalpy of component i. The potential, generated by the fuel cell
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reaction, between the terminals is φcell = φc,rb−φa,lb, where rb and lb are the
right and left system boundaries. The potential drop on the left-hand side
(anode) is φm,a − φa,m, while at the drop on the right-hand side (cathode) is
φc,m−φm,c. Superscripts indicate first the phase we are in (first symbol), and
next, the neighbouring phase. The enthalpy, as well as the electric potential,
are not absolute and needs a reference.

6.3.3 Constitutive equations for homogeneous phases

The entropy production in any control volume is the product sum of the
independent fluxes and forces [28, 190]. The entropy production of a CV in
the continous form, say, for the polymer membrane is:

σ = J ′q∇
1

T
− Jw

1

T
∇µw,T − j

1

T
∇φ (6.7)

Each term represents dissipation of energy as heat into the surroundings.
However, each term is linked to the other terms by linear flux-force relation-
ships. For instance, the electric potential gradient is a function not only of
the current density like in Ohm’s law but also of the gradient in the inverse
temperature and of the chemical potential. The proportionality coefficients
are the so-called Onsager coefficients, and these can be directly related to
commonly used transport coefficients. We have skipped this derivation, as it
can be found in the literature [28, 148]. Only the matrix of Onsager coeffi-
cients is symmetric. After introducing the common coefficients, we obtain,
e.g., for the membrane:

dT

dx
= − 1

λm
J ′q +

q∗,m

λm

(
Jw − tmw

j

F

)
+
πm

λm

j

F
(6.8)

dxw
dx

= −q
∗,mxw
RT 2

dT

dx
− 1

cDm
w

[
Jw − tmw

j

F

]
(6.9)

dφ

dx
= − π

m

TF

dT

dx
− tmwRT

Fxw

dxw
dx
− rmj (6.10)

As usual, T is the absolute temperature in K, xw is the water molar fraction,
c is the total concentration in mol/m3, φ is the electric potential in V, λm is
the membrane thermal conductivity in W/m K, q∗,m is the heat of transfer
of water in the membrane in J/mol, Dm

w is the diffusivity coefficient of water
in the membrane in m2/s, tw is the transference coefficient of water (the
electro-osmotic drag coefficient), πm is the membrane Peltier heat in J, and
rm is the membrane electric resistance in Ohm m. To convert the chemical
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potential gradient in Eq. 6.7 into the concentration gradient in Eq. 6.9, we
used the following thermodynamic expression:

µw,T = µ0
w,T +RT ln

(
xw
x∗w

)
(6.11)

where µ0
w,T is the chemical potential at constant temperature and standard

conditions, and x∗w is the water molar fraction at saturation.

The terms that are usually encountered in fuel cell modelling are the terms
related to thermal conductivity (Fourier’s law), diffusion (Fick’s law), electric
resistance (Ohm’s law) and the electro-osmotic effect, represented by the
water transference coefficient

tiw =

(
J i
w

j/F

)
∆µw=0

(6.12)

This work has a focus on Seebeck/Peltier and Soret/Dufour effects. The
Peltier coefficient of a conductor i expresses the heat reversibly carried by
the electric current and is defined by

πi =

(
J ′,iq
j/F

)
dT=0

(6.13)

The Dufour effect expresses the heat, reversibly carried by mass fluxes (in
the absence of electric current), and can be expressed by the heat of transfer.
The heat of transfer is defined by

q∗,i =

(
J ′,iq
Jw

)
j=0,dT=0

(6.14)

The only component free to diffuse is water. The Dufour effect can also be
related to the thermal diffusion coefficient. For further details, see [28, 148].
While the Peltier effect is sometimes estimated [194], the Dufour effect has
not been included in a systematic analysis as far as we know. It is the purpose
of this paper to show that neither of these effects can be neglected. We see
from Eq. 6.8 that a temperature gradient arises for several reasons. There is
not only a term due to the measurable heat flux but also terms containing
the Dufour and Peltier effects. Any net flux of water will carry heat in the
form of a heat of transfer, while proton transfer is accompanied by Peltier
heat.
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The water concentration gradient in Eq. 6.9 is likewise a function of the
electric current density, j, and of water flux, Jw, but also of the temperature
gradient. The electric work, described by Eq. 6.10, include work done first
to move heat against a temperature gradient, and second to move water
against its chemical potential gradient. Finally, there is an ohmic potential
drop. The work to move water against its chemical potential gradient has
been neglected in the literature so far.

We have here given the set for the membrane. Similar coupled sets of
constitutive equations apply to the anode and cathode PTL, see [28]. Here,
we use JD, the interdiffusion flux, instead of Jw, because more then one
component is present in the PTLs.

JD =

(
Jw
xw
− Ji
xi

)
xw (6.15)

where i is either hydrogen in the anode PTL or oxygen in the cathode PTL.

6.3.4 Constitutive equations for the electrode surfaces

For the electrode surfaces, the entropy production has in the outset five
terms, two for the transport of heat into and out of the surface, one for the
transport of water across the surface, one term for the chemical reaction
supplied by the gas flux, and one for the electric potential drop across the
surface. For the anode side, we obtain:

σs =J ′a,mq

(
1

T s
− 1

T a,m

)
+ J ′m,aq

(
1

Tm,a
− 1

T s

)
+ Jm,a

w

(
−µ

m,a
w − µa,m

w

Tm,a

)
− j

[
φm,a − φa,m

T s
+

∆nG
s/F

T s

] (6.16)

The entropy production for the cathode surface is similar. All symbols will
then refer accordingly to the cathode.

It is common in literature to assume water equilibrium across the surfaces
[211]:

∆a,mµw = 0 and ∆m,cµw = 0 (6.17)

The assumption will be discussed below. Equation 6.17 removes the water
term in the entropy production. We have also assumed equilibrium for
adsorption of hydrogen (oxygen) at the anode (cathode) surface. When these
conditions are combined with the above, we obtain an entropy production
with three terms, and three constitutive equations (Eq. 6.18, 6.19 and 6.20),
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for details, see [28, 148, 190]. Two subscripts separated by a comma, as in
a,s, mean from phase a to phase s, where a is the anode PTL and m is the
membrane and s is the electrode surface. The constitutive equations for the
anode become:

∆a,sT = − 1

λs,a

[
J ′a,mq − q∗,a

(
Ja,m
w − taw

j

F

)
− πa j

F

]
(6.18)

∆s,mT = − 1

λs,m

[
J ′m,cq − q∗,m

(
Jm,c
w − tmw

j

F

)
+ πm j

F

]
(6.19)

∆a,mφeff = − πa

T a,m

∆a,sT

F
− πm

Tm,a

∆s,mT

F
− rs,aj (6.20)

∆a,mφeff is the effective electric potential at the anode, ∆a,mφeff = ∆a,mφ+
∆nG

s/F . When σs = 0 (open-circuit potential) all terms are zero. From the
last term on the right-hand side in Eq. 6.16, we obtain the Nernst equation.
The contributions to the equations are of the same type as described for the
membrane. It is an advantage to know the full set of equations, Eqs. 6.16-6.20,
when we want to introduce further assumptions. Surface resistances are, in
general, substantial and cannot be neglected [195]. The gain by going to this
level of complication in the description must be recovered in the outcome.
The outcome here is a set of simultaneous variable profiles, consistent with
the second law of thermodynamics.

The heat flux into a surface may differ from the heat flux out of the surface,
e.g., due to changes in latent heat (see the energy balances in Eq. 6.6). In the
present 1-D model, the fluxes of water and electric charge (protons) in the
membrane are constant. The energy flux is also constant in the steady-state.
This simplifies the numerical solution procedure of the equations presented.

6.4 Case studies

In order to answer the questions raised, we implemented the model described,
as shown above. We present that as a Base Case below. In Study 1, we
gave the contributions from the Soret/Dufour and Seebeck/Peltier effects to
the heat and water fluxes, and the electrode temperature jumps. In Study
2, we described the effect of asymmetric temperature boundary conditions.
Experimental data and estimated transport properties, used to solve the
equations, are given in Table 6.1. The transport coefficients used in our model
are effective coefficients. For the surface, they refer to the whole surface
area and are excess properties. For the homogenous layers/the continuous
description, we use local coefficients. For instance, the electric resistance is a
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Table 6.1: Transport coefficient values used for the Base Case and further studies
in this investigation.

Parameter Unit Value

rm ohm m calculated [31]
ra = rc ohm m 2.1× 10−4 [212]
rs,a = rs,c ohm m2 7.2× 10−6 [28]
λm W/Km calculated [213]
λa = λc W/Km 0.38 [212]
λs,a=λs,m=λs,c W/Km2 1000 [28]
Da
wH2

, Dc
wO2

, Dm
w m2/s calculated [31, 214]

la=lc m 235× 10−6 [212]
lm m 50.8× 10−6 [215]
j0 A/m2 calculated [216]
q∗,m J/mol -TSw [28, 217]
tmw mol w/mol H+ 1.2 [28]
taw= tcw mol w/mol H+ 0 [28]

function of temperature and water content in the membrane, but a constant
at the surface or PTL.

6.4.1 Base Case

The Base Case presents all relevant profiles with equilibrium and transport
properties as defined in Table 6.1, and below.

6.4.2 Study 1. Peltier and Dufour effects

Coupling terms, like the Soret/Dufour and Seebeck/Peltier effect, in the Base
Case were computed, to study the impact of these effects on temperature
jumps, heat and water fluxes, as a function of current density.

6.4.3 Study 2. Thermal boundary conditions

In the second study, we investigated the influence of different boundary
temperatures compared to the Base Case. The temperatures at both sides
varied, as shown in Table 6.3. The main questions were: How does the
PEMFC respond to temperatures change on the boundaries? What are the
practical implications of the findings?
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6.5 Solution procedures

All computations were performed in MATLAB R2019a. The code was based
on the published open-source code of Vetter and Schumacher [210]. This
utilised the bvp4c solver to solve a multi-point boundary value problem. The
differences between our implementation and the code [210] were:

1. Equations presented in the theory replaced the differential equations
of Vetter and Schumacher [210].

2. The parameter sweep was done by changing the current density instead
of the voltage.

3. Three domains were used for the multi-point boundary value problem
instead of five. The domains were the anode PTL, the membrane and
the cathode PTL.

4. The equations for the electrodes were solved in the boundary condition
function. This was needed in the bvp4c solver and then included in the
boundary conditions. With this, it was possible to model the electrodes
as surfaces without a spatial discretisation, which is an advantage in
our set-up.

5. The Butler-Volmer equation (Eq. 6.21) was solved iteratively with
MATLAB’s build-in fzero algorithm.

Fig. 6.3 shows the schematic of the numerical solving process of this model.
First the boundary conditions and parameters were set. Based on the first
current density value, the initial guess was computed. Inside the bvp4c solver,
each layer was solved and the boundary conditions between the anode PTL
and membrane and the membrane and cathode PTL were computed from the
jumps on the electrode surfaces. If the solution converged, the next current
density step was chosen and the process of solving the differential equations
started again. In the end the solution of all current density steps is extracted
and contributions to heat and water flux and to the temperature jumps
at the electrodes are calculated. As convergence criteria we set a relative
error tolerance of 10−4 and an absolute error tolerance of 10−6 in the bvp4c
solver, which was the reference value in the open-source code from Vetter
and Schumacher [210]. The Butler-Volmer equation, used for both electrodes,
included a correction from the partial fuel pressure at the electrodes [22]:

j = j0

[
exp

(
αnFη

RT

)
− exp

(
−(1− α)nFη

RT

)]
(6.21)
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Figure 6.3: Schematic of the numerical solving process of the model.
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Here η is the overpotential in V, α is the charge transfer coefficient of the
electrode, n is the number of electrons involved in the cell reaction, which
was n = 2 in our case. α was set to 0.5. The exchange current density j0 of
Eq. 6.21 was adjusted to depend on the ratio of the actual and standard
gas pressure at the electrode [216]. j0 got replaced by either j0,O2 or j0,H2

depending on the electrode.

j0,O2 = EPSAcj′0,O2

(
pO2

p0

)0.001678T

(6.22)

j0,H2 = EPSAaj′0,H2

(
pH2

p0

)0.5

(6.23)

Here j0,O2 and j0,H2 are the revised equilibrium exchange current densities for
oxygen (cathode) and hydrogen (anode) respectively in A/m2, EPSA is the
electrochemical Pt surface area of the cathode or anode in the unit of cm2 Pt
surface per cm2 electrode geometric area (cm2/cm2), j′0,O2

and j′0,H2
are the

intrinsic exchange current densities in A/m2 of the cathode and anode, pO2

and pH2 are partial pressures of oxygen and hydrogen, respectively, p0 is the
standard pressure in bar, and T is the temperature at the cathode surface.
The values for the intrinsic exchange current densities, j′0,O2

=3× 10−5 A/m2

and j′0,H2
= 10 A/m2, were taken from [22].

The EPSA was calculated with the following equations [216]:

EPSAc = 0.02396T ′2 − 5.958 ∗ T ′ + 429.3; (6.24)

EPSAa = 0.0009915 ∗ T ′2 − 0.5201 ∗ T ′ + 55.94; (6.25)

where T ′ is the temperature at the anode or cathode in degrees Celsius.

The boundary conditions of the cell domains are given in Table 6.2 and
6.3, where a denotes the anode PTL, m the membrane, c the cathode PTL,
lb the left and rb the right boundary of the PEMFC. The temperature T
and water molar fraction xw had a fixed value on both the left and right
boundary of the fuel cell. xw on the outer boundaries was calculated based
from saturation pressure at a given temperature and the set relative humidity
[218]. The potential φ and entropy production σ were set to zero on the
left inlet. The electrode reactions at the interfaces between the different
domains, give jumps in the boundary conditions there. We added a term
for each variable, calculated from Eqs. 6.18 and 6.20. Using Eq. 6.17 we
obtained the water activity at the entrance of the membrane, aentrance

w and
the water activity at the entrance of the cathode PTL (left side of cathode
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Table 6.2: Boundary conditions of the different domains in the boundary value
problem. The superscript’s first letter describes the homogeneous layer and the
second letter describes the position. This can either be on the left or right side of
the layer, indicated by the second letter of the superscript, which denounces the
neighbouring phase. Superscripts lb and rb stand for left and right boundary at the
inlets of the fuel cell.

Inlet left | a PTL a PTL | m

T T a,lb = T lb Tm,a = T a,m + ∆a,mT

J ′m,aq = J ′a,mq + ∆a,mJ
′
q

xw xa,lb
w = xlb

w Jm,a
w = Ja,m

w + ∆a,mJw
φ φa,lb = 0 φm,a = φa,m + ∆a,mφ
σ σa,lb = 0 σm,a = σa,m + ∆a,mσ
aw am,a

w = aentrance
w

m | c PTL c PTL | Inlet right

T
T c,m = Tm,c + ∆m,cT

J ′c,mq = J ′m,cq + ∆m,cJ
′
q

T c,rb = T rb

xw
xc,m
w = xentrance

w

Jc,m
w = Jm,c

w + ∆m,cJw
xc,rb
w = xrb

w

φ φc,m = φm,c + ∆m,cφ
σ σc,m = σm,c + ∆m,cσ
aw

PTL), xentrance
w in Eq. 6.26 and 6.27. Eq. 6.26 and 6.27 were then used as

boundary conditions, see Table 6.2.

ln aentrance
w =

µm,a
w −Hm,a

w

RTm,a
+ S0,m

w +
cm
p,w

R
ln

(
298

Tm,a

)
(6.26)

where µm,a
w is the chemical potential at the left side of the membrane, which

is, due to the equilibrium assumption, µm,a
w = µa,m

w = Ha,m
w −T a,mSa,m

w , Hm,a
w

is the enthalpy of liquid water on the left side in the membrane, S0,m
w is the

standard entropy of liquid water and cm
p,w is the specific heat capacity of

liquid water in the membrane.

lnxentrance
w =

µc,m
w −Hc,m

w

RT c,m
+ S0,c

w +
cc
p,w

R
ln

(
298

T c,m

)
(6.27)

where µc,m
w is the chemical potential at the left side of the cathode PTL,

which is, due to the equilibrium assumption, µc,m
w = µm,c

w = Hm,c
w −Tm,cSm,c

w ,
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Table 6.3: Temperatures used in the calculations at the fuel cell boundaries where
T lb and T rb are the temperatures at the left and right boundaries of the system
(inlets) in K used in Study 2.

Case T lb T rb

1 350 350
2 335 340
3 340 335
4 340 345
5 345 340

Hc,m
w is the enthalpy of vapour water on the left side in the cathode PTL, S0,c

w

is the standard entropy of vapour water and cc
p,w is the specific heat capacity

of vapour water in the cathode PTL. Schroeder’s paradox describes that the
membrane water content λw depends on the state of the neighbouring phase
in equilibrium with the membrane. With water vapour in contact with the
membrane, as was the case here, the water activity cannot go above 1, and
the water content upper limit is (approximately) 14 molecules per membrane
ionic site. Therefore we used the data of Weber and Newman [30]. A curve
fit was done on the data from Weber and Newman, resulting in Eq 6.28.

λw = 1.07e− 14e34.2aw + 1.4e1.96aw (6.28)

The numerical solutions were found for current densities between 0 and 14000
A/m2. These current densities cover the normal range of cell operation. The
electric current density was constant through the cell, while the measurable
heat flux and the water flux were jumping at the interfaces, due to phase
transitions of water and due to the production of water. These fluxes and
the resulting profiles were calculated as described below.

The Base Case and Study 1 used boundary temperatures of 340 K and a
relative humidity of 70% at both sides of the fuel cell and a constant pressure
of 1.013 bar.

The contributions to the water and heat fluxes and the temperature jumps at
the electrodes were calculated, using the results of the integration across the
whole cell for all current densities. The temperature boundary conditions in
Study 2 are given in Table 6.3. Again a pressure of 1.013 bar and a relative
humidity of 70% was used.
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6.6 Results and discussion

6.6.1 Base Case

The results of the Base Case are plotted in Figures 6.4, 6.5 and 6.6, and
discussed in the following.

The polarisation curve

The reference (Base Case) polarisation curve is plotted as a solid black line
in Fig. 6.4 (top). Additionally, the power density curves for the different
temperatures are shown in Fig. 6.4 (bottom) The curve reproduced results
well known from the literature with similar conditions cf. Rahgoshay et al.
(boundary temperatures of 350 K and a pressure of 1.5 bar) [219]. Yuan et
al. [220] showed also similar results over the mid-range of current densities;
however, a higher relative humidity was used (100%). We saw the initial
drop due to the cathode overpotential from the reversible limit value 1.185
V to approximately 0.85 V at 100 A/m2. Even though air was used on the
cathode side and the Butler-Volmer equation was utilised with a partial
pressure correction, the voltage drop at high current densities was still linear
in the current density. The result did not change by reducing the diffusion
coefficient a factor of 10. The other lines, shown in Fig. 6.4, refer to Studies
1 and 2 and are discussed below.

Temperature- and heat flux profile

Generally, we reported higher temperatures/temperature jumps in the fuel
cell than known from other authors [194, 210, 219]. Qualitatively, a general
rise of a few degrees above the boundary value has been reported. Using
our equations, we can identify the cause of the profiles. We first noted that
the heat flux, as pictured in Fig. 6.5d, was pointing out of the fuel cell at
typical current densities, on both the anode and the cathode side. This is
consistent with the fact that fuel cells, especially fuel cell stacks, need to be
cooled during operation [22].

The temperature profile, pictured in Fig. 6.5a, showed two interesting facts,
a very high temperature at the cathode (349 K as compared to 340 K at
the boundaries, and significant temperature jumps at both electrodes, up to
3 and 2 K above the PTL on the anode and cathode side, respectively, at
around 8000 A/m2). The temperature profile had its highest point at the
cathode (membrane side). At lower current densities the higher temperature
was on the PTL side of the cathode, whereas at higher current densities
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Figure 6.4: IV curves (top) and power density curves (bottom) at 1.013 bar and
70% relative humidity at different temperatures at the outer boundaries of the cell.
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Figure 6.5: Profiles of Base Case at 340 K and 70% relative humidity at both
outer boundaries at 1.013 bar constant pressure.(a) Temperature profile in K, (b)
water molar fraction and activity profile, (c) potential profile in V, (d) measurable
heat flux profile in J/(m2s), (e) entropy production profile in W/(m2K) and (f)
water flux profile in mol/(m2s).
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the higher temperature was on the membrane side of the cathode. Rowe
and Li showed a similar profile, where the highest temperature was at
the membrane/cathode interface [221]. However, no jumps at the electrode
interfaces were implemented by them.

This could be explained by looking at the heat flux in the membrane, see
Fig. 6.5d. At lower current densities, we had a positive heat flux into the
membrane, which decreased and became negative at higher current densities.
The heat flux had a significant influence on the temperature jump at the
anode, which will be discussed further below in connection with Study 1.
We shall see the explanation that the coupling terms could lead to higher
temperatures and higher jumps.

The obvious reason for the jumps across the electrode surfaces was the energy
released by water condensation when water goes from gaseous state in the
anode PTL to liquid state in the membrane. This was reflected in the change
in enthalpy in the energy balance, e.g., of the anode, cf. Eq. 6.6a and b. Due
to the phase transition, this term played a vital role in the energy balance,

J ′aq − J ′mq + jφa − jφm + JH2HH2 + Ja
wH

a
w − Jm

wH
m
w = 0 (6.29)

Vie et al. [222] observed a difference of max. 3-4 K between the left and
right side of the PTLs for a wide range of current densities with a cell
temperature of around 338 K at open cell voltage, but at higher pressure
(4.5 bar). Results of our model showed smaller temperature differences in
the anode PTL and higher ones in the cathode PTL. Our observation differs
from Vie et al.’s. This could be linked to different operating conditions such
as overall temperature, pressure etc. Furthermore, in a 1D model, heat can
only leave in the x-direction, while in reality, heat also leaks to the other
sides. The measurements will, therefore, give smaller differences.

Water and water flux profile

The water concentration profile and water flux at the anode and cathode sides
as well as in the membrane were well studied in the literature. The results
for the cathode PTL fitted well with the ones from Vetter and Schumacher
[210]. In the anode PTL, we observed the opposite gradient in the water
molar fraction profile for very high current densities. However, the model
only accounts for water vapour. The gradient in the water mole fraction
varied largely with the current density, see Fig. 6.5b. Water was always
transported out of the cathode region, in agreement with the production of
water (Eq. 6.5).
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The water activity in the membrane did not exceed unity in the model, even
at the highest current density, in agreement with the Weber and Newman
water isotherm [30] and Schroeder’s paradox. We saw at higher current
densities that the membrane became more and more saturated with water.

Water was transported from the anode to the cathode for most current
densities. At j = 11000 A/m2 there was, however, a sign change in the
gradient of the mole fraction (cf. Fig. 6.5b), reflecting a change in the
direction of the membrane water flux, see Fig. 6.5f. This information was not
visible from Fig. 6.5b alone. It followed from the expression for the water
flux. Weber and Newman [194] already showed that high current densities
(low voltage in their case) resulted in a negative water vapour flux in the
anode PTL. The highest molar fraction was, however, always at the cathode,
fitting well with the fact that water was produced there. The profiles in
the membrane were non-linear, for various reasons; coupling effects or the
dependence of the resistance on temperature.

These points will be further discussed below, where we present the different
contributions to the water flux.

Electric potential and entropy production profile

The electric potential profile is shown as a function of current density in
Fig. 6.5c. We set the start value to zero on the left side of the anode PTL,
and the decline to the anode surface was negligible, even at high current
densities, reflecting the small resistance. The anode potential drop at j ≈ 0
was mainly due to the pressure of the hydrogen gas being different from
1.013 bar. This drop is explained by the entropy of hydrogen at the reaction
site. There is also a small anode overpotential, calculated with Eq. 6.21.

Across the membrane, the curves show a decreasing negative slope, due
to the membrane resistance and the water saturation. The figure shows a
detrimental voltage drop at high current densities despite the resulting high
water saturation, Fig. 6.5b. The increase in the potential on the cathode side
gives the essential conversion of chemical to electric energy. It is essentially
the overpotential (Eq. 6.21), the partial pressure of oxygen, that lowers the
potential, increasingly more as the current density increases. Most of these
features are well-known from the literature, see e.g. [22, 193], apart from the
details given for the anode surface, see for instance [210].

The accumulated entropy production reflected to a large degree the potential
profile. It grew where the other was reduced. The highest entropy production
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Figure 6.6: Overall relative entropy error of different parts of the system at varying
current densities for the Base Case.

was at the cathode. Therefore to minimise the overall entropy production in
the system, and make the fuel cell more efficient, one should start to improve
the cathode.

The entropy balance and the error in the entropy production, cf. Fig. 6.6, was
used to systematically identify errors in the code, during the making of the
model program. For instance, a wrong enthalpy value caused an unphysical
singularity in the results of a single modelling domain, and could easily be
excluded.

The error in the entropy production (Fig. 6.6 was calculated with the help
of Eq. 6.1 and 6.2). Fig. 6.6 gives an estimate of how good the assumptions
and models are. The error was in general low and decreased with an increase
in current density. This showed that there were no major flaws among our
assumptions. In particular, the models for the anode and cathode surfaces
seems reasonable. The cathode PTL, however, had an ever-increasing error,
with a maximum of around 95%. This meant that some assumptions made
for the cathode PTL were not reasonable. We suspect that they relate to the
water model. Most importantly, we can use the entropy balance to elucidate



150 The impact of Peltier and Dufour coefficients

the assumptions of water equilibrium across the electrode surfaces, cf. Eq.
6.17. Since the entropy balance is obeyed on both the anode and cathode
surfaces (low relative entropy error), the assumption is justified, or the results
are consistent with our model.

6.6.2 Study 1

In Study 1 we investigated the contributions to the heat and water flux, such
as Soret/Dufour and Seebeck/Peltier effects, in the homogeneous phases and
the temperature jumps at the electrodes to see the importance of coupling
effects based on the results from the Base Case.

Contributions to the heat flux in the homogeneous phases

The contributions to the measurable heat flux from the Fourier, Peltier and
Dufour effects were of interest. The various contributions were computed
from the equations shown below, at a temperature of 340 K and 70% relative
humidity. Equation 6.30 to 6.32 give the contributions in the different
homogenous layers to the overall heat flux J ′q were calculated.

J ′aq = −λadT

dx
+ q∗,a

(
JD − taw

j

F

)
+ πa j

F
(6.30)

J ′mq = −λmdT

dx
+ q∗,m

(
Jw − tmw

j

F

)
+ πm j

F
(6.31)

J ′cq = −λcdT

dx
+ q∗,c

(
JD − tcw

j

F

)
+ πc j

F
(6.32)

The first term on the right hand side in Equations 6.30 to 6.32 described
the Fourier heat contributions to the measurable heat flux J ′q. The second
term describes the Dufour contribution, and the last part is the Peltier heat.
Results were computed for a location in the middle of a layer. The results
were plotted as a function of current density in Fig. 6.7a for the anode PTL,
Fig. 6.7b for the membrane and Fig. 6.7c for the cathode PTL. The graphs
give a detailed background of the previous figures (cf. Fig. 6.5). The heat
flux in each homogeneous phase varied significantly with the current density.

The figures (Fig. 6.7) show that there is no reason to neglect any of the
contributions to the overall flux, a priori. The measurable heat flux value is
shown by the solid line. We saw that the various effects differ in sign, but in
all cases, we obtained a net transport of heat out of the fuel cell, as expected.

In the anode PTL, the heat flux out of the cell was mainly due to Fourier and
Dufour effects. In the membrane, the heat flux changed sign. It started with
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Figure 6.7: Contributions in J/(m2s) to the overall heat flux J ′q in the anode PTL
(a), membrane (b) and cathode PTL (c) for different current densities. Contributions
in mol/(m2s) to the overall water flux Jw in the anode PTL (d), membrane (e) and
cathode PTL (f) for various current densities.
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a small positive value, caused by the Peltier term. At around 9700 A/m2,
it became negative. The cathode surface temperature gave then rise to a
Fourier term, which again led to a heat loss from the cell also out through
the anode PTL. The Peltier heat (or the corresponding entropy flux) was a
significant contribution to this in both PTLs.

In the cathode PTL we had a low measurable heat flux, lower than that
reported by Vetter and Schumacher [210]. This is probably because we have
included the counteracting Dufour-effect, while this was not taken along by
Vetter and Schumacher [210]. The last issue applies to all results shown in
Figs. 6.7a-c. The Dufour effect is connected to the entropy of water, which
is large [217]. These results fit well with the computations form Huerta et al.
[206], who showed that the Peltier heat has a significant contribution to the
heat fluxes in the solid oxide fuel cell.

Contributions to the temperature jumps at the electrode surfaces

In order to compare the different contributions to the temperature jumps at
the anode and cathode surfaces, we consider their analytic expressions:

∆a,mT =− 1

λs,a

(
J ′a,mq + J ′m,aq

)
+

1

λs,a

(
q∗,a

(
Ja,m
w − taw

j

F

)
+ q∗,m

(
Jm,a
w − tmw

j

F

))
− j

λs,aF
(πa + πm)

(6.33)

∆m,cT =− 1

λs,c

(
J ′m,cq + J ′c,mq

)
+

1

λs,c

(
q∗,m

(
Jm,c
w − tmw

j

F

)
+ q∗,c

(
Jc,m
w − tcw

j

F

))
− j

λs,cF
(πm + πc)

(6.34)

The temperature jumps in the anode and cathode surfaces are plotted in Fig.
6.8. We identified three terms on the right-hand side in Eq. 6.33 and 6.34:

1. Contributions due to the effective heat flux J ′q.

2. Contributions due to the coupling between heat and mass (Dufour
effect).

3. Contributions due to the coupling between heat and charge (Peltier
effect).
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For both the anode and cathode, the temperature change coming from the
Peltier effect was sizable. Furthermore, the temperature jump caused by the
Dufour effect, the coupling between the heat and mass flux, was significant.
The minimum in the curve could be traced to the variation in the water flux
and electro-osmotic drag term twj/F . The combination of the two terms
showed a corresponding maximum in Fig. 6.8 top and bottom. This shows
the importance of coupling terms in the set of equations again. For both
electrodes, we saw a change in the gradient of the temperature jump and
even a sign change in the cathode. This was mainly caused by the sudden
change of the contribution from the Dufour effect. The sign change was the
reason why the cathode PTL side was the warmer side at low current density
at the cathode, as described in the Base Case results discussion above.

Contributions to the water flux in the homogeneous phases

Zaffou et al. [223] has pointed out that thermal diffusion needs to be recon-
sidered in the modelling of fuel cells. Additionally, Kim and Mench [224]
measured the thermo-osmotic water flux in the membrane, showing its im-
portance. Our results confirm these finding and show why. The contributions
to the overall water flux in the anode PTL, membrane and cathode PTL are
described by Eq. 6.35 to 6.37.

Ja
w = JH2

xw
1− xw

−Da
wH2

q∗,axw
RT 2

dT

dx
−Da

wH2

dxw
dx

+ taw
j

F
(6.35)

Jm
w = −q

∗,mDm
wλwρ

RMT 2

dT

dx
− Dm

w ρ

M

dλw
dx

+ tmw
j

F
(6.36)

Jc
w = JO2

xw
0.21 (1− xw)

−Dc
wO2

q∗,cxw
RT 2

dT

dx
−Dc

wO2

dxw
dx

+ tcw
j

F
(6.37)

Here, Jm
w is the overall water flux in mol/(m2s), λw is the water content in

the membrane in mole water per mole membrane ionic site, M is the molar
mass of the polymer in the membrane in kg/mol and ρ is the membrane
dry density in kg/m3. The first term on the right-hand side, only available
in the water flux equation for the anode and cathode PTL, describes the
influence of the hydrogen and oxygen flux, introduced by the interdiffusion
flux JD. The second term describes the coupling between mass and heat
(thermal diffusion), the third one is the main term given by Fick’s law, and
the fourth term is the electro-osmotic drag. Fig. 6.7d to f show how each of
the contributions changed with the current density.

In the anode (Fig. 6.7d) and cathode PTL (Fig. 6.7e), we saw two coun-
teracting effects again, but this time the effects were Fick’s diffusion and
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Figure 6.8: Contributions in K to the temperature jump at the anode (top) and
cathode (bottom) surface layer for different current densities.
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thermal diffusion. This is commonly not discussed in the literature. The role
played by oxygen in the cathode was significant. The competition between
the diffusion of water and oxygen as given by Eq. 6.15 led to the profile in
Fig. 6.5f. For both PTLs, the electro-osmotic drag contribution was zero due
to taw and tcw being zero (see Table 6.1).

Temperature gradients can have a significant impact on the water manage-
ment in the PEMFC. One reason is directly linked to the thermal diffusion in
the system. Higher temperature gradients will increase the thermal diffusion.
As it is shown in Fig. 6.7f, the contribution of the thermal diffusion decreases
the overall water flux in the cathode PTL. If the temperature difference in
the cathode PTL would be reduced, the thermal diffusion will reduce too.
Therefore, the overall water flux increases, which should help with removal
of water. On the other hand, higher temperatures are beneficial to the water
management, because more water is evaporating, decreasing the risk of pore
blockage and liquid water accumulation. By combining these two points, the
best case should be a high, uniform temperature in the cathode PTL.

The biggest contribution to the water flux in the membrane came from the
mass-charge coupling term (electro-osmosis). Most of the water transport
took place due to charge transfer. At a certain current density, the accumula-
tion of water at the cathode became so high, that back-diffusion set in. This
balance of phenomena in the membrane is well documented in the literature
[225]. The mass-heat coupling term (thermal diffusion) was smaller. We saw
that water moved due to thermal osmosis from the cold to the hot side, as
described by Kim and Mench [224], and increased nearly linearly with an
increase in current density.

6.6.3 Study 2

In this section, we report results for varying boundary conditions and compare
them to the Base Case. We first increased the temperature on both sides
from 340 K to 350 K at 70% relative humidity. In the next step, we applied
the temperature differences, as given in Table 6.3.

The results are reported in Tables 6.4 to 6.6. The first observation is
that the cell potential decreased with decreasing temperature, cf. also Fig.
6.4 and Table 6.5. This is as expected from the thermodynamic relation
F (dE/dT )p = ∆S. Nevertheless, several experiments have shown [20, 21],
that a higher temperature in practice leads to a better performance in term
of power output. This may be due to operational conditions, for instance,
easier water management. Jang et al. [226], however, reported, fuel cell stack
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performance increased only till a certain cell temperature. After this, the
hydration of the cell decreased, resulting in a performance drop.

All temperature profiles with 350 K at both boundaries gave the same
qualitative behaviour, as the Base Case for 340 K (see Table 6.4). The
temperature jumps at the electrodes differed only somewhat in magnitude.
Nevertheless, interesting details were seen: At the maximum current density,
the PTL temperature at the anode was higher, by up to 3 K, than the
PTL side temperature of the cathode. Such behaviour has been reported
in the literature [222], however the cell temperature was lower (338 K).
Also interesting was the negative water flux at the anode, which had a
larger absolute value at 340 than at 350 K (comparing the values -0.04
and -0.08 mol/m2s at 14000 A/m2). Water could obviously leave the cell
also by back-diffusion to the anode, if the cathode source term became
large enough. Another important observation was that at the maximum
current density of 14000 A/m2, the PTL side of the anode was warmer
than the membrane side, which was the opposite to the Base Case but in
agreement with observations from Vie et al. [222]. The reason for this is the
significant impact of the Dufour effect, which led to the sign change of the
temperature jump. The water flux, which influences the Dufour effect, had
a higher negative magnitude, therefore further reducing the temperature
jump. By imposing a temperature difference of 5 K between the boundaries
(see Table 6.3 for temperature values), we observed dramatic changes in
various locations. When the cathode PTL side was cooled, the temperature
jumps became bigger on both electrodes for typical values of the current
density (see Table 6.4). We were clearly extracting heat from the cell in the
direction of the cathode, and we lowered the temperature peaks. The cooler
cathode side introduced an increase in the heat flux out of the cathode and a
reduction in the heat flux out of the anode. The results were a more uniform
distribution in the cell, smaller entropy production (-0.8% for Case 3 and
-1.8% for Case 5). In essence, such knowledge could be used to design and
optimise auxiliary cooling systems.

Comparing the results in the IV- and power density curves (Fig. 6.4), with
the help of Table 6.5, we can draw the following conclusions: Having a lower
temperature at the cathode side gave a better performance than having a
decrease on the anode side. Case 4 and 5 had, generally speaking, already a
performance increase compared to Case 1 because the temperatures in the
system were usually smaller (as discussed at the beginning of this section).
Looking at Case 4, the voltage output of the fuel cell increased approximately
12 mV, whereas in Case 5 it increased around 13 mV. Case 2 and 3 increased
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Table 6.4: Temperature jumps at the anode and cathode in K as well as absolute
temperatures at the membrane side of the anode and cathode at 1000 and 13500
A/m2 for the Base Case and Case 1 to 5 in Study 2.

1000 A/m2

∆a,mT
[K]

Tm,a

[K]
∆m,cT

[K]
Tm,c

[K]

B 0.25 340.10 0.53 340.09
C1 0.32 350.19 0.58 350.18
C2 2.41 342.55 2.70 342.68
C3 -1.87 342.68 -1.60 342.54
C4 2.34 337.51 2.63 337.65
C5 -1.85 337.65 -1.58 337.50

13500 A/m2

∆a,mT
[K]

Tm,a

[K]
∆m,cT

[K]
Tm,c

[K]

B 0.82 346.47 -2.35 348.49
C1 -0.49 358.74 -4.21 361.55
C2 3.59 349.88 0.35 352.10
C3 -2.07 349.14 -5.38 351.20
C4 3.66 343.92 0.61 345.90
C5 -1.99 343.43 -5.08 345.31

the heat in the system, leading to a decrease in cell performance. However,
we saw again that a cooler cathode is beneficial (3 mV difference), even more
than in Case 4 and 5. To further see the effect of having different temperatures,
according to Table 6.3, at the system boundaries, the contributions to the
heat fluxes, namely the Dufour effect, the Peltier effect, and the Fourier
heat, in the different parts of the system were analysed in the Base Case
and Study 2 to 5.

Table 6.6 gives a summary of the changes in the various contributions in
different layers of the fuel cell at 13500 A/m2. This table provides the change
in the measurable heat flux J ′q (see fourth table quadrant) at three locations
(Anode PTL, Membrane, Cathode PTL), and the change in the contributions
from the Peltier term (first table quadrant), Fourier type term (second table
quadrant) and Dufour term (third table quadrant). The changes are reported
as % difference of the Base Case value. When the temperature difference was
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Table 6.5: Potential jumps at the anode and cathode as well as cell potential at
1000 and 13500 A/m2 for the Base Case and Case 1 to 5 in Study 2 in V.

1000 A/m2

∆a,mφ
[V]

∆m,cφ
[V]

φcell

[V]

B -0.287 1.018 0.707
C1 -0.304 0.994 0.670
C2 -0.288 1.008 0.701
C3 -0.294 1.017 0.696
C4 -0.281 1.019 0.718
C5 -0.286 1.028 0.714

13500 A/m2

∆a,mφ
[V]

∆m,cφ
[V]

φcell

[V]

B -0.471 0.811 0.254
C1 -0.516 0.764 0.182
C2 -0.474 0.786 0.236
C3 -0.485 0.812 0.239
C4 -0.460 0.810 0.266
C5 -0.470 0.829 0.267

5 K between the left and right-hand side, the contribution of the Peltier heat
(Table 6.6 first three columns in the upper table) changes between -2.3%
and 2.3%. Case 4 and 5 had an overall reduction of the Peltier effect, due to
the generally lower temperatures in the homogenous layer. For Case 2 and 3,
it was the opposite. This change was quite small since the Peltier coefficient
π only depends on the absolute temperature, which was, compared to the
magnitude of the temperature gradient change, insignificant. The Fourier
and Dufour contributions differed more significantly with values between 12
and -7% for the first and 31 and -65% for the latter one.

The Fourier heat contribution (Table 6.6 last three columns in the upper
table) saw more significant changes compared to the Peltier heat effect,
due to its dependence on the temperature gradient instead of the absolute
temperature. Between Case 2 and 3 and Case 4 and 5 we observed a difference
in sign in the anode PTL and membrane. Case 2 and 3 had higher temperature
gradients in those two homogeneous layers, therefore increasing the relative
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Table 6.6: Relative change of the overall heat flux J ′q and its contributions in %
for the anode PTL, membrane and cathode PTL at 13500 A/m2 with respect to
the Base Case.

Peltier
a PTL

Peltier
m

Peltier
c PTL

Fourier
a PTL

Fourier
m

Fourier
c PTL

∆ B/C2 [%] 0.1 1 2.1 9.9 11.7 -1.3
∆ B/C3 [%] 2.3 0.8 -0.1 8.5 1.5 -0.8
∆ B/C4 [%] -2.3 -0.7 0.1 -7.4 -1.5 0.9
∆ B/C5 [%] 0 -0.9 -2.1 -4.4 -6.9 -1.1

Dufour
a PTL

Dufour
m

Dufour
c PTL

J ′q
a PTL

J ′q
m

J ′q
c PTL

∆ B/C2 [%] -8.0 -0.4 8.6 13.2 32.4 -28.2
∆ B/C3 [%] 30.9 8.5 -15.5 -10.5 -19.7 17.5
∆ B/C4 [%] -64.9 -9.9 11.8 8.8 13.7 -26.3
∆ B/C5 [%] 16.1 3.3 -14.6 -15.3 -44.4 16.7

contribution from the Fourier heat effect. For the other two cases, it was the
opposite. In the cathode PTL, the temperature gradient was smaller in Case
2 and 4 (where we had a cooler anode) and larger in Case 3 and 5 compared
to the Base Case, leading to a reduction and respectively increase in Fourier
heat.

The Dufour effect contributions (Table 6.6 first three columns in the lower
table) changes in different ways. When the anode side was colder than the
cathode side, the contribution decreased in the anode PTL and membrane,
whereas for Case 3 and 5 we had the opposite. These observations could be
linked to the change in the water flux in these homogenous layers because
the heat of transfer coefficient changed only marginal with an increase or
decrease of the temperature (5 K temperature difference change q∗ for around
1,7%). Having a cooler anode led to a lower water flux directly decreasing
the Dufour effect. The same reasoning was also found in the cathode PTL;
however, a cooler anode increased the water flux on the cathode side.

As already discussed, imposing a temperature difference at the boundaries
of 5 K changed the overall heat flux J ′q significantly (Table 6.6 last three
columns in the lower table). Having a cooler anode (Case 2 and 4), increased
the heat flux in the anode PTL and membrane and decreased it in the cathode
PTL, advanced the asymmetry of it in the fuel cell. A cooler cathode, on the
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other hand, achieved the adverse effect and led to a more symmetric heat
flux. It also lowered the entropy production in the system.

This detailed comparison of the changes in the contributions to the overall
heat fluxes in the fuel cell had not been computed before for the best of our
knowledge.

6.6.4 Practical implications

The 1D model presented here, exchanges heat and mass only at the endpoints
of the x−axis. The other boundaries are adiabatic. This is not so in reality.
The temperature profiles, obtained here, could, therefore, be regarded as
maximum values when compared to experiments. The model was, neverthe-
less, an efficient tool for estimation of fluxes in a qualitative and quantitative
way, in and out of the cell. Certain FFP patterns exist which can be easily
connected to the cell model. These are the bio-inspired tree or fractal-like
patterns [7, 10] with uniform flow distribution [165]. These patterns can
be subdivided into several subcells with one outlet branch. Therefore they
can be connected to our 1D model, for a complete fuel cell system analysis.
Thereby, we obtain an efficient cell model, which can be solved with a signi-
ficant reduction in computation time, but which nevertheless captures the
essence of the processes, and can be used for predictions, i.e. of local heat
and water fluxes, as discussed in Study 1 and 2.

The entropy balance was actively used in the development of the present
model to check for model consistency, such as the investigation of the
water equilibrium assumption at the electrode surfaces. This is not yet
standard procedure but can be recommended especially for validation of
thermodynamic properties. A deviation, even a singularity, could immediately
be seen in the entropy production error if enthalpy values were wrong.

One of the interesting observations of this model, that may have a practical
bearing on PEMFC stack design, is the observation that cathode cooling
leads to a higher power density.

6.7 Conclusion

We have presented a non-equilibrium thermodynamic 1D-model of a PEM fuel
cell, using a state-of-the-art, open-source code [210] as a starting point. The
entropy balance was actively used to check for model consistency. The model
added detailed information about coupling effects, such as the Soret/Dufour
and Seebeck/Peltier effect, and supplemented in this manner to conventional
analyses of the fuel cell.
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We have shown that the Dufour effects in the homogeneous layers had the
same magnitude, but an opposite sign of the Fourier type contribution to the
heat flux. Therefore it must not be neglected. The Peltier effects were also
substantial. Coupling terms, additionally, had significant contributions to
the effective water flux. By imposing a temperature difference of 5 K between
inlets/outlets of the cell, we could significantly alter the magnitude of the
heat flux, J ′q (up to 44%). Changes in contributions to the overall heat flux
J ′q differed between the anode PTL, membrane and the cathode PTL due to
different temperature gradients and water fluxes. An important finding in
Study 2 was that a cooler cathode is beneficial to the overall performance
of the fuel cell for most current densities and in addition, provided a more
uniform heat flux distribution in homogenous layers of the fuel cell. This
has to be investigated further in experiments. The presented model included
the possibility for phase transition of water only at the electrode surfaces.
Future work should allow for condensation/ evaporation also in the PTLs
and create an interface with flow field models.
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Chapter 7

Conclusions and future work

The last chapter of this thesis is a global summary of all the conclusions
made in the presented chapters. Future steps in the development of the
tree-like flow field plates and the NET model of the PEM fuel cell are also
described.

7.1 Conclusions

Even though over the years, there has been a focus on developing new
flow field designs and on modifying existing ones for PEM fuel cells, the
most efficient and optimised flow field pattern has not been found yet.
One of the reasons is that the optimisation criteria for such flow fields are
relatively complex. Therefore, research efforts should focus on multi-criteria
optimisation. One recommendation by us was to use the entropy production
approach as (i) it serves as a good objective function for such optimisations,
and (ii) it is possible to include all sources of energy dissipation in a multi-
physics environment. Moreover, the use of nature-inspired flow field designs
is promising and should be combined with the minimum entropy production
approach.

One of these nature-inspired flow field designs was the presented tree-like
flow field. We showed in Chapter 3 that they provided a uniform distribution
of reactants over the active area of the MEA. In this study, the impact
of the width scaling factor and channel width on the entropy production
was investigated. Scaling factors which were higher than the one given by
Murray’s law led to lower viscous dissipation due to a reduction in pressure
drop along the channels. For that reason, we experimentally analysed the
impact of the width scaling factor. Flow field plates consisting of two plates
with similar tree-like FF designs, one for the inlet and one for the outlet
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pattern, machined in graphite with CNC milling, were compared in various
electrochemical tests against serpentine patterns as discussed in Chapter 4.
Results showed that the flow field design with a width scaling factor of 0.917
for the inlet and 0.925 for the outlet pattern had a performance which was
within 11% (a 0.08 W/cm2 difference) of the one from the serpentine pattern
at a relative humidity of 70%. Increasing the width scaling factor led to a
reduction in power density. We argued that the main problems, as clearly
indicated by the experiments, originated from water accumulation and the
increased resistance of the flow field plates of the new designs compared
to the serpentine pattern. Moreover, we found the opposite effect when
increasing the width scaling factor, compared to the theoretical analysis
in Chapter 3. Therefore, we proposed to use a multi-criteria optimisation,
including effects such as electrical or thermal resistances, in addition to the
viscous dissipation, for further optimisation of the tree-like flow fields.

The presented NET fuel cell model was useful in indicating that coupling
terms such as the Peltier or Dufour effects were detrimental in the modelling
process, as those had significant contributions to heat and water fluxes inside
the PEM fuel cell. A systematic approach on how to model the PEM fuel
cell electrodes as planar Gibbs surfaces was described. The presented models
were in 1D. At the same time, processes are at least in 2D in reality. We
assumed adiabatic boundaries to the other dimensions. Therefore, fluxes
might be higher in 1D than in 2D. However, the presented tree-like flow field
plates provided a uniform distribution of the reactant gases. Due to this
uniformity, it is possible to link the 1D NET model to the outlet branches
since the amount of gasses entering the gas diffusion layer can be precisely
calculated.

The consistency check based upon the difference between the entropy balance
and entropy production was a useful tool in analysing weaknesses in the
made assumptions and the model itself. We concluded that a weakness of the
model in Chapter 5 was the assumption of water equilibrium at the PEM
fuel cell electrodes. Another one originated from the non-linear part in the
polarisation curve, not solely caused by mass-transfer limitations but due to
the varying membrane resistance. Results in Chapter 6, however, revealed
that the water equilibrium assumption at the electrodes was justified due to
the low relative error in entropy production.

The model presented in Chapter 6 was an improvement to the previous
one, not only in terms of stability and speed. We showed that the system
was susceptible to the temperatures at the system boundaries. Heat fluxes
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changed up to 44% if a difference of 5 K was applied between the left and
right boundary. An important observation was that a cooler cathode could
be beneficial to the overall performance of the fuel cell, and a more uniform
heat flux could be observed.

7.2 Future work

Using nature-inspired flow field designs, such as tree-like structures, seems a
promising way to increase PEM fuel cell performance. A tool for optimisation
can be the minimisation of entropy production. As we have demonstrated,
the width scaling factors can have a significant impact on the performance
of such a pattern, and Murray’s law should not be automatically used for
the scaling. In future investigations, the entropy production needs to include
additional terms such as thermal and electrical dissipations in addition to
the viscous dissipation to correctly predict improvement opportunities for
use in PEM fuel cells. One way to accomplish this is by utilising the so-called
Pareto frontiers. This tool allows a multiobjective optimisation, showing the
best trade-off between the different objectives [227].

The tree-like flow field design, as shown in this thesis, needs to be improved
further to be competitive. One way to do this, is to modify the presented
designs by either reducing the number of branching generations or the
width scaling factor of the inlet and outlet pattern. Another possibility for
improvement is to use a different MEA in the PEM fuel cell to counteract
the water removal problems, for example, by using a GDL with better
hydrophobic properties.

As the next step, in terms of improving the NET model for the PEM fuel
cell, liquid water needs to be included in the modelling process. Doing so can
enable a better prediction of water problems within the PEM fuel cell which
then can be linked to the optimisation of the tree-like FFP. Another step
could be to change the model domain from 1- to 2- or 3-D. However, this
will also increase the complexity and computational costs of the model. If a
FFP like the presented tree-like pattern (Chapter 3 and 4) is used, the FFP
can be subdivided into smaller representative elementary volumes (REV),
as gas distribution is uniform. The REV needs to include one branch of
the inlet and one of the outlet pattern. This should help in reducing the
computational time because only a small part of the active area of the PEM
fuel cell needs to be simulated. As the NET model is derived from a general
set of equations, as shown in Chapter 1, it can also be used to analyse other
electrochemical systems, such as batteries and supercapacitors.
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α Branching angle [-]

α Charge transfer coefficient of the electrode [-]

α Phase angle [-]

αi Phase angle of element i [-]

∆p Total pressure drop [Pa]

∆pj,i Pressure drop in branch i at generation level j [Pa]

∆nG
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λs,c Thermal conductivity of the cathode on the cathode PTL side [W/(K
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dSirr
dt

)
j

Total entropy production of all branches at generation level j
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µc,m
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πi Peltier coefficient on the inlet side of the surface [J]
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πm Peltier coefficient in the membrane [J]
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a Width scaling factor [-]
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aentrance
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B Rib width [m]

b Self-similar scaling factor [-]



List of symbols 171

bj Rib width at generation level j [m]
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cc
p,w Specific heat capacity of vapour water [J/(K mol)]

cm
p,w Specific heat capacity of liquid water [J/(K mol)]

D Channel depth [m]

D Diffusivity coefficient of gas [m2/s]
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k Molar flux of component k on the inlet side of the surface [mol/(m2s)]

Jo
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J ′a,mq Measurable heat flux in the anode PTL on the membrane side
[J/(m2s)]

J ′aq Measurable heat flux in the anode PTL [J/(m2s)]

J ′c,mq Measurable heat flux in the cathode PTL on the membrane side
[J/(m2s)]

J ′cq Measurable heat flux in the cathode PTL [J/(m2s)]

J ′iq Measurable heat flux on the inlet side of the surface [J/(m2s)]

J ′m,aq Measurable heat flux in the membrane on the anode PTL side
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J ′mq Measurable heat flux in the membrane [J/(m2s)]

J ′oq Measurable heat flux on the outlet side of the surface [J/(m2s)]

J ′q Measurable heat flux[J/(m2s)]

J in
s Entropy flux into the (sub-)system [W/(K m2)]
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w Water flux in the anode PTL on the membrane side [mol/(m2s)]
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w Water flux in the anode PTL [mol/(m2s)]

Jc,m
w Water flux in the cathode PTL on the membrane side [mol/(m2s)]

Jc
w Water flux in the cathode PTL [mol/(m2s)]

J i
w Water flux on the inlet side of the surface [mol/(m2s)]

Jm,a
w Water flux in the membrane on the anode PTL side [mol/(m2s)]
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Jm,c
w Water flux in the membrane on the cathode PTL side [mol/(m2s)]

Jm
w Water flux in the membrane [mol/(m2s)]
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w Water flux on the outlet side of the surface [mol/(m2s)]
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k Length scaling factor [-]
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L Channel length [m]

L Characteristic length [m]

la Anode PTL length [m]

lc Cathode PTL length [m]

lm Membrane length [m]

l0 Channel length at generation level 0 [m]

Lj Channel length at generation level j [m]

Lj Length at generation level j [m]

lij Transport coefficient between phenomena i and j

Lik Onsager conductivity coefficient between phenomena i and k

lj,i Channel length of branch i at generation level j [m]

M Molar mass of the polymer in the membrane [kg/mol]
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m Number of independent fluxes in the system [-]

N Number of outlets [-]

n Number of daughter branches [-]

n Number of electrons involved in the cell reaction [-]

N i Number of components on the inlet side of the surface [-]

No Number of components on the outlet side of the surface [-]

Nj Number of branches at generation level j [-]

p Pressure [Pa]

p0 Standard pressure [bar]

pw Partial pressure of water [atm]

p∗w Standard pressure of water [atm]

pH2 Partial pressure of hydrogen [bar]

pO2 Partial pressure of oxygen [bar]

Pe Peclet number [-]

Q Volumetric flow rate [m3/s]

q Flow non-uniformity [-]

q∗ Heat of transfer [J/mol]

q∗,a Heat of transfer in the anode PTL [J/mol]

q∗,c Heat of transfer in the cathode PTL [J/mol]

q∗,i Heat of transfer in the homogenous layer i [J/mol]

q∗,m Heat of transfer in the membrane [J/mol]

Q0 Volumetric flow rate at generation level 0 [m3/s]

Qi Time constant of element i [F cm2 sα−1]

Qj Volumetric flow rate at generation level j [m3/s]

Qavr Average volumetric flow rate [m3/s]
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Qj,i Volumetric flow rate in branch i at generation level j [m3/s]

Qmax Maximum volumetric flow rate [m3/s]

Qmin Minimum volumetric flow rate [m3/s]

R Gas constant [J/(K mol)]

r Electric resistance [Ohm m]

ra Electric resistance of the anode PTL [Ohm m]

rc Electric resistance of the cathode PTL [Ohm m]

rm Electric resistance of the membrane [Ohm m]

rs,a Electric resistance of the anode on the anode PTL side [Ohm m2]

rs,c Electric resistance of the cathode on the cathode PTL side [Ohm m2]

rs Electric resistance of the surface [Ohm m2]

R1 Ohmic resistance [Ohm]

R2 Charge transfer resistance on the anode [Ohm]

R3 Charge transfer resistance on the cathode [Ohm]

Rd Diffusion resistance [Ohm]

R11 Ohmic resistance of a flow field plate [Ohm]

Re Reynolds number [-]

Si Molar entropy of water in the homogeneous layer i [J/(K mol)]

S0,c
w Standard entropy of vapour water [J/(K mol)]

S0,m
w Standard entropy of liquid water [J/(K mol)]

Sa,m
w Molar entropy of water in the anode PTL on the membrane side

[J/(K mol)]

Sm,c
w Molar entropy of water in the membrane on the cathode PTL side

[J/(K mol)]

T Temperature [K]
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T a,lb Temperature in the anode PTL on the left system boundary side [K]

T a,m Temperature in the anode PTL on the membrane side [K]

T c,m Temperature in the cathode PTL on the membrane side [K]

T c,rb Temperature in the cathode PTL on the right system boundary side
[K]

T lb Temperature at the left system boundary [K]

Tm,a Temperature in the membrane on the anode PTL side [K]

Tm,c Temperature in the membrane on the cathode PTL side [K]

T rb Temperature at the right system boundary [K]

T s Temperature at the surface [K]

T ′ Temperature [◦C]

T0 Temperature of the surroundings [K]

tw Transference coefficient of water [-]

ta,lw Transference coefficient of water at the anode left-hand side [-]

ta,PTL
w Transference coefficient of water on the PTL side of the anode [-]

ta,rw Transference coefficient of water at the anode right-hand side [-]

taw Transference coefficient of water in the anode PTL [-]

tc,lw Transference coefficient of water at the cathode left-hand side [-]

tc,PTL
w Transference coefficient of water on the PTL side of the cathode [-]

tc,rw Transference coefficient of water at the cathode right-hand side [-]

tcw Transference coefficient of water in the cathode PTL [-]

tiw Transference coefficient of water on the inlet side of the surface [-]

tmw Transference coefficient of water in the membrane [-]

tow Transference coefficient of water on the outlet side of the surface [-]

V Volume [m3]
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v Gas velocity [m/s]

v0 Inlet gas velocity [m/s]

Vj,i Volume of branch i at generation level j [m3]

Vspherical,i,j Spherical volume around branch i at generation level j [m3]

W Channel width [m]

w Work [W]

w0 Channel width at generation level 0 [m]

wj Channel width at generation level j [m]

w0,i Channel width at generation level 0 on the inlet plate [m]

w0,o Channel width at generation level 0 on the outlet plate [m]

wideal Ideal work [W]

wj,i Channel width at generation level j on the inlet plate [m]

wj,o Channel width at generation level j on the outlet plate [m]

wj,i Channel width of branch i at generation level j [m]

wlost Lost work [W]

x Through-plane coordinate [m]

Xi Driving force of transport phenomena i

xi Molar fraction of component i [-]

xw Molar fraction of water [-]

x∗w Molar fraction of water at saturation [-]

xa,lb
w Molar fraction of water in the anode PTL on the left system boundary

side [-]

xc,m
w Molar fraction of water in the cathode PTL on membrane side [-]

xc,rb
w Molar fraction of water in the cathode PTL on the right system

boundary side [-]
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xentrance
w Molar fraction of water in the cathode PTL on the membrane side

[-]

xlb
w Molar fraction of water at the left system boundary [-]

xrb
w Molar fraction of water at the right system boundary [-]

Zd Warburg diffusion impedance [Ohm]
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[80] K. Tüber, A. Oedegaard, M. Hermann, and C. Hebling, “Investigation
of fractal flow-fields in portable proton exchange membrane and direct
methanol fuel cells,” Journal of Power Sources, vol. 131, no. 1, pp. 175–
181, 2004.

[81] J. P. Kloess, X. Wang, J. Liu, Z. Shi, and L. Guessous, “Investigation of
bio-inspired flow channel designs for bipolar plates in proton exchange
membrane fuel cells,” Journal of Power Sources, vol. 188, no. 1, pp. 132–
140, 2009.

[82] P. Martins Belchor, M. M. Camargo Forte, and D. E. Ortiz Suman
Carpenter, “Parallel serpentine-baffle flow field design for water man-
agement in a proton exchange membrane fuel cell,” International
Journal of Hydrogen Energy, vol. 37, no. 16, pp. 11904–11911, 2012.

[83] X.-D. Wang, Y.-Y. Duan, W.-M. Yan, D.-J. Lee, A. Su, and P.-H. Chi,
“Channel aspect ratio effect for serpentine proton exchange membrane
fuel cell: Role of sub-rib convection,” Journal of Power Sources, vol. 193,
no. 2, pp. 684–690, 2009.

[84] S. Shimpalee, S. Greenway, and J. W. Van Zee, “The impact of channel
path length on PEMFC flow-field design,” Journal of Power Sources,
vol. 160, no. 1, pp. 398–406, 2006.



190 Bibliography
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[187] M. Pérez-Page and V. Pérez-Herranz, “Study of the electrochemical
behaviour of a 300 W PEM fuel cell stack by Electrochemical Imped-
ance Spectroscopy,” International Journal of Hydrogen Energy, vol. 39,
no. 8, pp. 4009–4015, 2014.

[188] A. Jayakumar, S. P. Sethu, M. Ramos, J. Robertson, and A. Al-Jumaily,
“A technical review on gas diffusion, mechanism and medium of PEM
fuel cell,” Ionics, vol. 21, no. 1, pp. 1–18, 2015.

[189] W. Wechsatol, S. Lorente, and A. Bejan, “Tree-shaped flow struc-
tures: are both thermal-resistance and flow-resistance minimisations
necessary?,” International Journal of Exergy, vol. 1, no. 1, pp. 2–17,
2004.

https://www.mathworks.com/matlabcentral/fileexchange/19460-zfit
https://www.mathworks.com/matlabcentral/fileexchange/19460-zfit


Bibliography 201

[190] S. Kjelstrup and D. Bedeaux, “Thermodynamics of Electrochemical
Systems,” in Springer Handbook of Electrochemical Energy (C. Breit-
kopf and K. Swider-Lyons, eds.), Springer Handbooks, ch. 4, pp. 69–93,
Berlin, Heidelberg, Germany: Springer, 2017.

[191] J. C. Garcia Navarro, “Modeling a Proton Exchange Membrane Fuel
Cell using Non-Equilibrium Thermodynamics: A Second Law analysis
of assumptions and parameters,” Master’s thesis, Faculty of Applied
Science, TU Delft, Delft, Netherlands, 2014.

[192] D. M. Bernardi and M. W. Verbrugge, “Mathematical model of a gas
diffusion electrode bonded to a polymer electrolyte,” AIChE Journal,
vol. 37, no. 8, pp. 1151–1163, 1991.

[193] K. Broka and P. Ekdunge, “Modelling the pem fuel cell cathode,”
Journal of Applied Electrochemistry, vol. 27, no. 3, pp. 281–289, 1997.

[194] A. Z. Weber and J. Newman, “Coupled Thermal and Water Manage-
ment in Polymer Electrolyte Fuel Cells,” Journal of The Electrochem-
ical Society, vol. 153, no. 12, pp. A2205–A2214, 2006.

[195] A. L. Rangel-Cárdenas and G. J. M. Koper, “Transport in Proton
Exchange Membranes for Fuel Cell Applications-A Systematic Non-
Equilibrium Approach,” Materials, vol. 10, no. 6, p. 576, 2017.

[196] M. J. Lampinen and M. Fomino, “Analysis of free energy and entropy
changes for half-cell reactions,” Journal of The Electrochemical Society,
vol. 140, no. 12, pp. 3537–3546, 1993.

[197] J. Ramousse, O. Lottin, S. Didierjean, and D. Maillet, “Heat sources
in proton exchange membrane (pem) fuel cells,” Journal of Power
Sources, vol. 192, no. 2, pp. 435 – 441, 2009.

[198] M. Cochet, A. Forner-Cuenca, V. Manzi, M. Siegwart, D. Scheuble,
and P. Boillat, “Novel concept for evaporative cooling of fuel cells: an
experimental study based on neutron imaging,” Fuel Cells, vol. 18,
no. 5, pp. 619–626, 2018.
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