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Abstract: Power supply systems based on air-cooled proton exchange membrane fuel cell (PEMFC)
stacks are becoming more popular as power sources for mobile applications. We try to create a
PEMFC model that allows for predicting the PEMFC operation in various climatic conditions. A total
of two models were developed and used: the membrane electrode assemble (MEA) model and the
PEMFC stack model. The developed MEA model allows to determine the influence of external
factors (temperature) on the PEMFC power density. The data obtained using the developed model
correlate with experimental data at low ambient temperatures (10–30 ◦C). The difference between
the simulation and experimental data is less than 10%. However, the accuracy of the model during
PEMFC operation at high (>30 ◦C) and negative ambient temperatures remains in doubt and requires
improvement. The obtained data were integrated into the air-cooled PEMFC stack model. Data of the
temperature fields distribution will help to manage the processes in the PEMFC stack. The maximum
temperature is slightly above 60 ◦C, which corresponds to the optimal conditions for the operation of
the stack. The temperature gradient across the longitudinal section is very low (<20 ◦C), which is a
positive factor for the chemical reaction. However, the temperature gradient observed across the cross
section of the PEMFC stack is 30 ◦C. The data obtained will help to optimize the mass-dimensional
characteristics of air-cooled proton exchange membrane fuel cell and increase their performance.
The synergetic effect between the MEA model and the PEMFC stack model can be successfully used
in the selection of materials and the development of a thermoregulation system in the PEMFC stack.

Keywords: air-cooled proton exchange membrane fuel cells; modelling; finite element method

1. Introduction

Power supply systems based on air-cooled proton exchange membrane fuel cell
(PEMFC) stacks are becoming more popular as power sources for mobile transport appli-
cations, robotics, and unmanned aerial vehicles (UAVs), etc. [1]. Typically, the power of
such PEMFC stacks is up to a few kW [2]. The PEMFC consists of two parts: bipolar plates
(BP) and membrane electrode assembly (MEA). The MEA includes only one cathode and
one anode. Each of the electrodes is a catalytic layer applied to carbon paper or cloth (gas
diffusion layer (GDL)). Both electrodes are in contact with a proton exchange membrane [3].
Most of the heat generated during PEMFC operation is dissipated into the surrounding
atmosphere via forced air convection along the cooling channels in BP. This type of fuel
cell is also termed an open cathode fuel cell because the reactant air is directly taken from
and removed to the environment.

It is necessary to create a model that takes into account the influence of external
factors (temperature and humidity) on the PEMFC power density to predict the PEMFC
operation in different climatic conditions. Previously, research has been carried out on the
operation of an air-cooled PEMFC using a climatic chamber [4]. The recorded maximum
power density was below 0.2 W/cm2. Another group investigated the effect of increased
external temperature on the power density of a single PEMFC and a stack consisting of five
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PEMFCs [5]. The PEMFCs were operated on humidified H2 at 55 ◦C at the anode, and dry,
ambient air at the cathode. The observed maximum current density for the single PEMFC
and stack was 0.3 A/cm2 and 0.25 A/cm2, respectively. Other research has focused on
modeling mass and heat transfer in air-cooled PEMFC [6–8]. Commercial ANSYS Fluent
software has been used for computational fluid dynamics studies that included the foretold
PEMFC performance. Akbari et al. [9] and Shahsavari et al. [10] developed a single-phase
computational model of an air-cooled PEMFC using COMSOL Multiphysics®. The focus
was put on a better understanding of the prediction of the maximum stack temperature,
the thermal management, and the main temperature gradient.

The influence of external temperatures on the PEMFC start was investigated in the
works of Ju H. et al. [11,12] and Tabe Y. et al. [13]. Ju H. et al. developed a multiphase
transient model for investigating key transport and physical phenomena during the startup
of a PEMFC from subzero temperatures. The proposed PEMFC cold-start model rigorously
considers ice formation in the cathode and their complicated interactions with electro-
chemical reactions, mass, and heat transportation [11,12]. PEMFC cold-start characteristics
was investigated experimentally. Microscopic observations were conducted to clarify the
freezing mechanism; it has been shown that the freezing mechanism can be classified into
two types. The first type freezes due to supercooled water at the interface between the
GDL and the catalyst layer near 0 ◦C. The second type freezes in the cathode catalyst layer
at low temperatures, such as −20 ◦C [13].

The main target of this work was the PEMFC model creation that allows for pre-
dicting the PEMFC operation in various climatic conditions. The MEA model was de-
veloped, which allow to determine the influence of external factors (temperature) on the
PEMFC power density, and the obtained data were integrated into the air-cooled PEMFC
stack model.

2. Materials and Methods

The PEMFC model was developed using COMSOL Multiphysics® (Version: 5.6.0.280)
and SolidWorks Flow Simulation programs. Firstly, the MEA was modelled by the fi-
nite element method in COMSOL Multiphysics®, the obtained data were compared with
experimental data and integrated into the PEMFC stack model in SolidWorks Flow Simula-
tion program.

2.1. MEA Simulation Model

The MEA is represented as a series of 5 adjacent homogeneous interval subdomains.
This includes the 2 gas diffusion layers (GDLs) with deposited catalyst layers (CLs) and
proton exchange membranes (PEM) located between them. The BPs on either end are mod-
eled as MEA boundaries. The MEA model geometry is shown in Figure 1. The simulations
were carried out for an MEA. In this case, the MEA was divided into 2,293,362 nodes and
13,224,400 elements.

The air-cooled PEMFC principle: O2 from the air is combined with H2 to produce
electricity and H2O. A certain amount of waste heat is produced due to overpotentials that
predominantly occur at the PEMFC CLs and inside the PEM. The H2 combustion reaction
is split into two electrochemical half-reactions in PEMFCs [14]:

H2 � 2H+ + 2e−

2H+ +
1
2

O2 + 2e− � H2O

The reversible potential of unit fuel cell is given by the Nernst equation [15]:

∆φ0 = −∆G
2F

+
RT
2F

ln

[(
pH2

Pre f

) (
pO2

Pre f

)1/2
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where ∆G is change in Gibbs free energy due chemical reaction at cathode and anode, F is
the Faraday constant, T is the temperature, R the gas constant, pH2 = χH2P and pO2 = χO2P
are the partial pressures of hydrogen and oxygen, and Pref = 1 atm is the reference pressure.
Oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) in cathode and
anode CLs can be described by Butler–Volmer kinetics. The rate of HOR and ORR in the
CLs is thus locally given by [3]:

i = i0a
(

exp
[

β2F
RT

η

]
− exp

[
− (1− β)2F

RT
η

])
with (positive) activation overpotential

η =

{
∆φ− ∆φ0 in anode catalyst layer (ACL)

∆φ0 − ∆φ in cathode catalyst layer (CCL)

∆φ = φe − φp is the Galvani potential difference between the proton and electron
conducting phases (Table 1). The reversible potential difference ∆φ0 is divided into

∆φ0 =

 − T∆SHOR
2F − RT

2F ln
[

pH2
Pre f

]
in ACL

−∆H−T∆SORR
2F + RT

4F ln
[

pO2
Pre f

]
in CCL

with total reaction entropy ∆S = ∆SHOR + ∆SORR. Positive i corresponds to a source of
positive charge or mass in the continuity equations (Table 2).
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Figure 1. Geometry of the five—layer MEA model.

Transport processes of charge, energy, gas species, and water are described using
coupled second-order partial differential equations (PDEs) (Table 1). Ohm’s law is used
to describe the flux of electrons (je) in the CLs and in the GDLs. The similar equation
is used for the flux of protons (jp) within the electrolyte phase of the catalyst layers and
the PEM. The classical porous-electrode theory of Newman was used and adapted for
this. [16]. Ohm’s law governs how the flow of electrons (je) and protons (jp) is controlled by
a gradient of different phase potentials (φe and φp) that coexist in the catalyst layer.
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Table 1. Governing equations.

Name Flux Continuity
Equation

Ohm’s law for electrons (φe) je = −σe∇φe ∇ je = Se
Ohm’s law for protons (φp) jp = −σp∇φp ∇ jp = Sp

Water transport in ionomer (λ) jλ = −(Dλ/Vm)∇λ + (ξ/F)jp ∇ jλ = Sλ

Fourier heat conduction (T) jT = −k∇T ∇ jT = ST
Darcy’s law (liquid water transport) (s) js = −(κ/µVw)(∂ps/∂s)∇s ∇ js = Ss
Fickean water vapor diffusion (χH2O ) jH2O = −CDH2O∇χH2O ∇ jH2O = SH2O

Fickean hydrogen diffusion (χH2 ) jH2 = −CDH2∇χH2 ∇ jH2 = SH2

Fickean oxygen diffusion (χO2 ) jO2 = −CDO2∇χO2 ∇ jO2 = SO2

Table 2. Source terms.

Source AGDL ACL PEM CCL CGDL

Se 0 -i i 0
Sp i 0 -i
Sλ Sad 0 SF + Sad
ST ST,e ST,e + ST,p + ST,r + ST,ad ST,p ST,e + ST,p + ST,r + ST,ad + ST,ec ST,e + ST,ec
Ss Sec Sec

SH2O 0 −Sad −Sad − Sec −Sec
SH2 0 −SF
SO2 −SF/2 0

The model by Springer et al. [17] was used for the description of water balance in
the PEM. The number of H2O molecules per acid group (λ) in the ionomer allows one to
represent the degree of its humidification. The molar flux of dissolved H2O (jλ) is composed
of the sum of its two components: electro-osmotic drag (jλ~jp~−∇φp) and reverse diffusion
caused by the moisture gradient (jλ~−∇λ).

Fourier’s law allows to describe the heat flux (jT), which is the main method of energy
transfer in the membrane-electrode assembly [18].

We used unsaturated flow theory [19] to describe the transport of liquid water. Liq-
uid water flux is controlled by a gradient of the water saturation of pore space ∇s. This re-
quires the specification of material properties such as the differential relationship between
the saturation and capillary pressure (∂pc/∂s) and the saturation-dependent hydraulic
permeability (k).

The last 3 equations are dedicated to the gas species transport in membrane-electrode
assembly. It is sufficient to consider oxygen on the cathode side, hydrogen only on the an-
ode side, and water vapor in both gas mixtures, if gas crossover across PEM is disregarded.
The simplest transport model for the gases transport is Fick’s law (jx = −CDx∇χx) [20].
The dominant transport mechanism is interred diffusion of the gas species caused by a
uniform gas pressure (P) in a steady state. Thermal diffusion is disregarded. The ideal gas
law is used to calculate the interstitial gas concentration C = P/RT.

Continuity equations for all fluxes are expressed in Table 1. Source term (S) is equating
to the divergence of each flux (j).

A summary of all source term and phase transitions definitions is given in Table 2.
A detailed description of the phase transitions processes associated with hydrogen ox-
idation, oxygen reduction and water formation in the catalyst layers is considered in
one-dimensional PEMFC model taken as a basis [21].

The set of boundary conditions for this model is presented in Table 3.
The set of cell dimensions and operating conditions for this model is presented

in Table 4. It shows the values of thickness, ionomer volume fraction, pore volume
fraction, pore tortuosity, absolute permeability, thermal and electrical conductivity of
the MEA components.
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Table 3. Boundary conditions.

Variable AGDL/AGC ACL/AGDL PEM/ACL CCL/PEM CGDL/CCL CGC/CGDL

φe φe = 0 incessancy n je = 0 n je = 0 incessancy φe = U
φp n jp = 0 incessancy incessancy n jp = 0
λ n jλ = 0 incessancy incessancy n jλ = 0
T T = TA incessancy incessancy incessancy incessancy T = TC
s n js = 0 incessancy s = sC

χH2O χH2O = χA
H2O incessancy n jH2O = 0 n jH2O = 0 incessancy χH2O = χC

H2O
χH2 χH2 = χA

H2
incessancy n jH2 = 0

χO2 n jO2 = 0 incessancy χO2 = χC
O2

Table 4. Cell dimensions and operating conditions.

Description Value

CL thickness 10 µm
GDL thickness 160 µm
PEM thickness 25 µm

Ionomer volume fraction in CL 0.3
Ionomer volume fraction in PEM 1

Pore volume fraction GDL 0.76
Pore volume fraction CL 0.4

Thermal conductivity GDL 1.6 W/m·K [22]
Thermal conductivity CL 0.27 W/m·K [23]

Thermal conductivity PEM 0.3 W/m·K [23]
Pore tortuosity GDL 1.6
Pore tortuosity CL 1.6

Absolute permeability GDL 6.15 × 10−12 m2 [24]
Absolute permeability CL 10−13 m2 [25]

Electrical conductivity GDL 1250 S/m [26]
Electrical conductivity CL 350 S/m [26]

The set of operating conditions of the base case for this model is presented in Table 5.

Table 5. Operating conditions of the base case.

Gas Pressure in Cathode and Anode 1.5 atm.
Relative Humidity in Cathode and Anode GC 100%

Liquid Saturation at GC/CGDL Interface 0.12
Ambient Temperature −50–+50 ◦C

H2 Mole Fraction in Fuel 1.00
O2 Mole Fraction in Oxidant 0.21

2.2. PEM Fuel Cell Hardware Experimental Data

The catalyst inks for MEA were prepared with an ionomer (10 wt% Nafion dispersion)
isopropanol and pure H2O with the use of an ultrasonic bath for 1 h. The catalyst inks
were directly sprayed onto the GDL (Freudenberg H23C3) at 80 ◦C to prepare the MEA.
The membrane was connected to 2 GDL (Freudenberg H23C) and annealed by hot pressing
at 130 ◦C and 80 kg/cm2 for 3.5 min. PEMFC hardware (active geometric area of 4 cm2) was
used to study the MEA. The Pt/C catalysts were used both at the cathode and anode CLs
of MEA. The Pt loading of the cathode and anode CLs were 0.8 mg/cm2 and 0.4 mg/cm2,
respectively. The hydrogen humidity was 100%, oxygen (air), and was used as an oxidizing
agent. Gas pressure in the system: H2—1.5 atm., air—1.5 atm. The MEA electrochemical
characteristics were determined using a P-45-X potentiostat-galvanostat (Elins, Russia).
The MEA was prepared in a potentiostatic mode at a voltage of 0.4 V for several hours
before recording the volt-ampere curve. The study of the MEA power characteristics was
carried out in a potentiostatic step mode in the voltage range of 0.9–0.2 V; the transition to
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the next voltage was carried out only after the establishment of a current stationary value
at a given potential.

2.3. PEMFC Stack Simulation Model

Thermo-fluid simulations of the air-cooled PEMFC stack were performed in the Solid-
Works Flow Simulation program. Flow Simulation simulates the process by discretizing
space and time, in such a way that the geometry of the process is divided into calculated
cells, and the process time into calculated time intervals. The Navier–Stokes equation is
solved for each individual computational cell. The equation is a system of partial differ-
ential equations describing the motion of a viscous Newtonian fluid. The finite element
method is used to solve this system. The more elements the model is broken into, the more
accurate the calculations become, but more computational resources are required to solve
these equations. The grid parameters, boundary conditions, heat-generating elements,
and their heat dissipation power were set for the simulation. The design of the PEMFC
stack consists of the following elements:

− Air-cooled PEMFC stack;
− Number of PEMFC in stack—75 units;
− Fuel cell consists of a MEA and BP;
− Material of BP is titanium;
− BP size—40 × 240 mm;
− BP consists of 2 parts (cathode and anode);
− Anode part of the BP has smooth configuration;
− Cathode part of the BP has a channels configuration—pitch—2 mm; height—2 mm;

width—2 mm;
− 2 end-plates provided at the longitudinal, opposing ends of the PEMFC stack;
− Plurality of tie rods, passing through a peripheral region of each end plate for posi-

tioning the PEMFC stack between the 2 end-plates;
− 2 fans with confuser for supplying an oxidizing agent and cooling a PEMFC stack;
− Fittings for supplying fuel (H2), electrical leads.

The simulations were carried out for a PEMFC stack. In this case, the stack was
divided into 6,818,466 cells:

− Fluid cells—3,352,729 units;
− Solid cells—3,465,737 units;
− Fluid cells contacting solids—2,500,284 units;

The simulations were carried out under the following conditions:

− Cooling and oxidizer agent –air;
− Flow rate of cooling and oxidizer agent—0.008 m3/s;
− Heat emission as a result of H2 oxidation—50% of the nominal stack power;
− Heat transfer coefficient from PEMFC stack to outside –0*;
− Atmospheric pressure—1 atm, 101,325 Pa (in the inlet of the PEMFC stack);
− Ambient temperature—30 ◦C.

*—The heat transfer coefficients from PEMFC stack to outside depend on many factors
(material of the PEMFC stack body, surface roughness, and whether there is additional
temperature control system, etc.). It is very difficult to determine them accurately enough.
Therefore, it was assumed that the heat transfer coefficients from PEMFC stack to outside
is zero in this model.

3. Results and Discussion

Voltammetric and power characteristics obtained using the model and experiment are
shown in Figure 2. The maximum values of the MEA power characteristics at an ambient
temperature of 30 ◦C in the model and experiment were 0.34 W/cm2 and 0.315 W/cm2,
respectively. Figure 2a shows that losses are associated with activation polarization in the
0.9–0.6 V region and consequently associated with the ORR kinetics. The ohmic losses
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region (0.6–0.5 V) is characterized by a linear voltage—flowing current dependence due to
the influence of the electrolyte and electrodes resistance to the ions and electrons transfer.
At high current densities, losses associated with mass transfer dominate, which is mainly
characterized by the gases supply through the porous structures of the GDLs and CLs.
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The imperfection of the model leads to a difference between experimental data and
model data (Figure 2b). The model does not take into account some physical and chemical
processes occurring during the PEMFC operation. These processes can have a significant
impact on the PEMFC power characteristics under certain operating conditions. The dif-
ference is due to the fact that the model does not account the effects of gas and heat
convections, gas species permeation and pressure-driven hydraulic permeation of H2O
through the PEM, thermo-osmosis [21], non-uniformity in material properties (wettabil-
ity and porosity), mechanical deformation, multi-step reaction kinetics, change of Tafel
slope [27] caused by the platinum oxide formation, effects in thin, porous layers [28,29],
or unsteady phenomena, etc.

The influence of electrical resistance, thermal contact resistance [30], formation and
melting of ice have a particularly strong effect on the PEMFC power characteristics at
high and low ambient temperatures, respectively. The difference in power characteristics
between the model and experimental data becomes even greater when the ambient tem-
perature rises above 25 ◦C. This is due to an increase in the resistance of current collectors
when working with the fuel cell hardware and metal BPs in the PEMFC stack. The metals
resistivity increases when heated (due to an increase in the speed of atoms movement in
the conductor material with increasing temperature). In addition, the simulation results
show the possibility of PEMFC operation at negative temperatures, because the model
does not take into account the processes of ice formation and melting. The ice formation
in the MEA leads to the absence of PEM proton conductivity and to the violation of its
integrity under real PEMFC operating conditions. Thus, it is necessary to think over the
heating system or the recuperation of the generated heat, or both, when developing the
PEMFC stack, in order to solve the icing problem.

The obtained data and dependencies were used in the PEMCF stack model (power—
1.5 kW) using the SolidWorks Flow Simulation program (Figure 3). Previously, we used
this model to study the distribution of the oxidizer agent flows and temperature fields
in dependence with location of the cooling and oxidizer supply system in the PEMFC
stack [31]. The PEMFC stack consists of 75 single fuel cells (Figure 3b). The single fuel
cell consists of an MEA and a bipolar plate. The bipolar plate consists of a cathode
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and anode parts, that have symmetrical centers and technological holes for supplying
reagents (Figure 3a). The cathode part is made as a corrugated metal plate with distribution
channels of rectangular cross-sections, through which the cooling and oxidizer agent (air)
is supplied. The distribution channels are as follows: configuration-pitch—2 mm, height—
2 mm, width—2 mm. The anode part is flat. The connection of the cathode and anode
parts is made along the bipolar plate contour at its contact points. The connection of the
MEA and BP is made along the contour using a special sealant, and so this area does not
participate in the electrochemical reaction. The size of a single fuel cell is 40 × 240 mm
and has an electrochemical reaction zone of 69 cm2. The electrochemical reaction zone of
the PEMFC stack was 5175 cm2. Figure 3c show image of the PEMFC stack model with
the mesh.
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The air movement and supply of clean air is carried out by mechanical means. The cool-
ing and oxidizer supply system is made in the form of two fans installed in the PEMFC
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stack body at a distance of 60 mm from the stack exit. When the cooling and oxidizer supply
system is activated, air flows are evenly distributed over the entire inner surface of the
PEMFC stack in BP gas distribution channels. Thus, on the front side of the PEMFC stack,
the cooling and oxidizer agent is taken in and evenly distributed along the distribution
channels, and air comes out from the exit from the PEMFC stack, which already takes part
in the process of obtaining energy from hydrogen.

Figure 4 shows the temperature field’s distribution in PEMFC stack, taking into
account previously obtained data.

Processes 2021, 9, 2117 10 of 16 
 

 

 
Figure 4. The distribution of temperature fields in PEMCF stack model. 

A total of two fans are included in the cooling and oxidizer supply system. It may 
cause swirls and disturbances of the oxidizer flow due to the blades rotation that do not 
always have an optimal design. The PEMFC stack tie rods are opposite its exit and entry, 
which also may contribute swirl and disturbance to the oxidizer flow. Self-humidification 
happens during operation in a stack steady-state work mode. The thermophysical prop-
erties of cooling and oxidizer agent at a calculated temperature range (0 °C –50 °C) are 
nearly independent of humidity [32]. The simulation was carried out for the most severe 
operating PEMFC stack conditions of zero cooling and oxidizer agent humidity. 

Figure 5a,b shows the velocity field in the stack longitudinal section without and with 
streamlines. Streamlines make it possible to see the presence or absence of gas turbulence 
and stagnant zones. The movement of the oxidizer occurs uniformly along the PEMFC 
stack channels, and minor eddies in the area of the pins do not have a significant effect on 
the supply of the oxidizer to the PEMFC stack. 
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A total of two fans are included in the cooling and oxidizer supply system. It may cause
swirls and disturbances of the oxidizer flow due to the blades rotation that do not always
have an optimal design. The PEMFC stack tie rods are opposite its exit and entry, which also
may contribute swirl and disturbance to the oxidizer flow. Self-humidification happens
during operation in a stack steady-state work mode. The thermophysical properties
of cooling and oxidizer agent at a calculated temperature range (0 ◦C –50 ◦C) are nearly
independent of humidity [32]. The simulation was carried out for the most severe operating
PEMFC stack conditions of zero cooling and oxidizer agent humidity.

Figure 5a,b shows the velocity field in the stack longitudinal section without and with
streamlines. Streamlines make it possible to see the presence or absence of gas turbulence
and stagnant zones. The movement of the oxidizer occurs uniformly along the PEMFC
stack channels, and minor eddies in the area of the pins do not have a significant effect on
the supply of the oxidizer to the PEMFC stack.

The temperature fields in the longitudinal and in the cross section of the stack at
the inlet and outlet from the PEMFC stack are shown in Figure 6a–c. It can be seen that
the stack has a maximum temperature at the outlet in the area of the fan’s aerodynamic
shadow. The maximum temperature is 66 ◦C, which corresponds to the optimal conditions
for stack operation. The temperature gradient across the longitudinal section is very
low (<20 ◦C), which is a positive factor for chemical reaction. However, there is a large
difference in the temperature gradient observed across the cross section of the PEMFC
stack. The temperature difference between the inlet and outlet of the stack was 30 ◦C.
The difference is caused by the fan aerodynamic shadow, but this effect can be eliminated by
installing larger diameter fans. If the temperature in the cross section changes significantly,
then the chemical reactions rate will also change in different parts of the fuel cell, because
they are sensitive to temperature changes. Due to the uneven temperature distribution
in the PEMFC stack, its output characteristics can be significantly reduced. If the PEMFC
stack local temperature reaches the membrane destruction temperature (>110 ◦C), then the
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membrane may break through; and in this case, the fuel and the oxidizer may mix and, as a
result, the PEMFC stack will ignite. The data also indicate that the temperature fluctuations
are always present due to the unsteady nature of the flow and modeling of the air as ideal
gas, resulting in convective flow and vortex genesis in the wake region behind the stack.
The particle flow trajectories in the stack longitudinal section (Figure 6d) also reflect the
absence of turbulence in the BP channels and in the area between the PEMFC stack and
the fan.

Processes 2021, 9, 2117 11 of 16 
 

 

 
 

(a) (b) 

Figure 5. (a) The velocity fields of the cooling and oxidizing agent in the longitudinal section of the PEMFC stack without 
streamlines and (b) with streamlines. 

The temperature fields in the longitudinal and in the cross section of the stack at the 
inlet and outlet from the PEMFC stack are shown in Figure 6a–c. It can be seen that the 
stack has a maximum temperature at the outlet in the area of the fan’s aerodynamic 
shadow. The maximum temperature is 66 °C, which corresponds to the optimal conditions 
for stack operation. The temperature gradient across the longitudinal section is very low 
(<20 °C), which is a positive factor for chemical reaction. However, there is a large differ-
ence in the temperature gradient observed across the cross section of the PEMFC stack. 
The temperature difference between the inlet and outlet of the stack was 30 °C. The dif-
ference is caused by the fan aerodynamic shadow, but this effect can be eliminated by 
installing larger diameter fans. If the temperature in the cross section changes signifi-
cantly, then the chemical reactions rate will also change in different parts of the fuel cell, 
because they are sensitive to temperature changes. Due to the uneven temperature distri-
bution in the PEMFC stack, its output characteristics can be significantly reduced. If the 
PEMFC stack local temperature reaches the membrane destruction temperature (>110 °C), 
then the membrane may break through; and in this case, the fuel and the oxidizer may 
mix and, as a result, the PEMFC stack will ignite. The data also indicate that the tempera-
ture fluctuations are always present due to the unsteady nature of the flow and modeling 
of the air as ideal gas, resulting in convective flow and vortex genesis in the wake region 
behind the stack. The particle flow trajectories in the stack longitudinal section (Figure 6d) 
also reflect the absence of turbulence in the BP channels and in the area between the 
PEMFC stack and the fan. 

Figure 5. (a) The velocity fields of the cooling and oxidizing agent in the longitudinal section of the PEMFC stack without
streamlines and (b) with streamlines.

Processes 2021, 9, 2117 12 of 16 
 

 

  
(a) (b) 

 
 

(c) (d) 

Figure 6. The temperature fields in the cross section (a) at the entry and (b) at the exit, (c) in the longitudinal section from 
the PEMFC stack; (d) the particle flow trajectories in the longitudinal section of the PEMFC stack. 

4. Conclusions 
In this paper, we try to create the PEMFC model that allows for predicting the 

PEMFC operation in various climatic conditions. A combined approach was applied using 
several simulation programs: COMSOL Multiphysics® to develop the MEA model and 
SolidWorks Flow Simulation to develop the PEMFC stack model. The developed MEA 
model allowed to determine the influence of external factors (temperature) on the PEMFC 
power density. The data obtained using the developed model correlate with experimental 
data at low ambient temperatures (10–30 °C). However, the accuracy of the model during 
PEMFC operation at high (>30 °C) and negative ambient temperatures remains in doubt 
and requires improvement. The obtained data were integrated into the air-cooled PEMFC 
stack model. The maximum temperature of the PEMFC stack is 66 °C, which corresponds 
to the optimal conditions for the stack operation. The temperature gradient across the 

Figure 6. Cont.



Processes 2021, 9, 2117 11 of 15

Processes 2021, 9, 2117 12 of 16 
 

 

  
(a) (b) 

 
 

(c) (d) 

Figure 6. The temperature fields in the cross section (a) at the entry and (b) at the exit, (c) in the longitudinal section from 
the PEMFC stack; (d) the particle flow trajectories in the longitudinal section of the PEMFC stack. 

4. Conclusions 
In this paper, we try to create the PEMFC model that allows for predicting the 

PEMFC operation in various climatic conditions. A combined approach was applied using 
several simulation programs: COMSOL Multiphysics® to develop the MEA model and 
SolidWorks Flow Simulation to develop the PEMFC stack model. The developed MEA 
model allowed to determine the influence of external factors (temperature) on the PEMFC 
power density. The data obtained using the developed model correlate with experimental 
data at low ambient temperatures (10–30 °C). However, the accuracy of the model during 
PEMFC operation at high (>30 °C) and negative ambient temperatures remains in doubt 
and requires improvement. The obtained data were integrated into the air-cooled PEMFC 
stack model. The maximum temperature of the PEMFC stack is 66 °C, which corresponds 
to the optimal conditions for the stack operation. The temperature gradient across the 

Figure 6. The temperature fields in the cross section (a) at the entry and (b) at the exit, (c) in the longitudinal section from
the PEMFC stack; (d) the particle flow trajectories in the longitudinal section of the PEMFC stack.

4. Conclusions

In this paper, we try to create the PEMFC model that allows for predicting the PEMFC
operation in various climatic conditions. A combined approach was applied using several
simulation programs: COMSOL Multiphysics® to develop the MEA model and SolidWorks
Flow Simulation to develop the PEMFC stack model. The developed MEA model allowed
to determine the influence of external factors (temperature) on the PEMFC power density.
The data obtained using the developed model correlate with experimental data at low
ambient temperatures (10–30 ◦C). However, the accuracy of the model during PEMFC
operation at high (>30 ◦C) and negative ambient temperatures remains in doubt and
requires improvement. The obtained data were integrated into the air-cooled PEMFC
stack model. The maximum temperature of the PEMFC stack is 66 ◦C, which corresponds
to the optimal conditions for the stack operation. The temperature gradient across the
longitudinal section is very low (<20 ◦C), which is a positive factor for the chemical reaction.
However, the temperature gradient observed across the PEMFC stack cross section has a
larger difference. The temperature difference between the inlet and outlet of the PEMFC
stack was 30 ◦C. The difference is caused by the fan aerodynamic shadow, but this effect can
be eliminated by installing larger diameter fans. Data of the temperature field’s distribution
will support the management of the processes in the air-cooled PEMFC stack. The data
received will support the optimization of the mass-dimensional parameters of air-cooled
PEMFC and increase its specific characteristics. The synergetic effect between the MEA
model and the PEMFC stack model can be successfully used in the materials selection and
for the development of a thermoregulation system in the PEMFC stack, taking into account
the use in various climatic conditions. The data can be used in the design of the energy
systems for mobile transport applications, robotics, and unmanned aerial vehicles, etc.
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Nomenclature

a Active surface area density [1/m]
aa Prefactor in ka [m/s]
ad Prefactor in kd [m/s]
alg Liquid-gas interfacial area density prefactor [1/m]
r C Total interstitial gas concentration [mol/m3]
DX Fickean diffusion coefficient of gas X [m2/s]
DX,ref Diffusivity of X at reference conditions [m2/s]
Dλ Diffusion coefficient of dissolved water [m2/s]
F Faraday constant (96,485.333 C/mol)
f Water volume fraction in ionomer [–]
∆G Gibbs free energy difference [J/mol]
∆H Enthalpy of formation of liquid water [J/mol]
Had Water ab-/desorption enthalpy [J/mol]
Hec Evaporation/condensation enthalpy [J/mol]
I Cell current density [A/m2]
i Electrochemical reaction rate [A/m3]
i0 Exchange current density [A/m2]
je Electronic flux [A/m2]
jp Protonic flux [A/m2]
jT Heat flux [W/m2]
jλ Flux of dissolved water [mol/m2s]
jX Flux of gas X [mol/m2s]
js Liquid water flux [mol/m2s]
k Thermal conductivity [W/mK]
ka Water absorption transfer coefficient [m/s]
kc Water condensation transfer coefficient [m/s]
kd Water desorption transfer coefficient [m/s]
ke Water evaporation transfer coefficient [m/s]
L Layer thickness [m]
Mw Molar mass of water [kg/mol]
n Interfacial unit normal vector [–]
P Absolute gas pressure [Pa]
PA Gas pressure in anode gas channel [Pa]
PC Gas pressure in cathode gas channel [Pa]
Pref Reference pressure (1 atm, 101,325 Pa)
Psat Saturation water vapor pressure [Pa]
pc Capillary pressure [Pa]
pX Partial pressure of gas X [Pa]
R Gas constant (8.31446 J/mol K)
RPEM Membrane resistance [Ωm2]
r Equivalent capillary radius [m]
RH Relative gas humidity [–]
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RHA Relative humidity in anode gas channel [–]
RHC Relative humidity in cathode gas channel [–]
s Liquid water saturation [–]
sC Saturation at cathode GDL/GC interface [–]
sim Immobile liquid water saturation [–]
sred Reduced liquid water saturation [–]
SF Substantial reaction rate [mol/m3s]
Se Electron reaction rate [A/m3]
Sp Proton reaction rate [A/m3]
ST Heat source [W/m3]
ST,e Joule heat source of electrons [W/m3]
ST,p Joule heat source of protons [W/m3]
ST,r Reaction heat source [W/m3]
ST,ad Water ab-/desorption heat source [W/m3]
ST,ec Evaporation/condensation heat source [W/m3]
Sλ Dissolved water reaction rate [mol/m3s]
SX Reaction rate of gas X [mol/m3s]
Ss Liquid water reaction rate [mol/m3s]
Sad Water ab-/desorption source [mol/m3s]
Sec Evaporation/condensation source [mol/m3s]
∆S Reaction entropy [J/mol K]
∆SHOR Hydrogen oxidation reaction entropy [J/mol K]
∆SORR Oxygen reduction reaction entropy [J/mol K]
T Absolute temperature [K]
TA Temperature of anode plate and GC [K]
TC Temperature of cathode plate and GC [K]
Tref Reference temperature (80 ◦C, 353.15 K)
T Mean MEA temperature [K]
U Cell voltage [V]
Vm Acid equivalent volume of membrane [m3/mol]
Vw Molar volume of liquid water [m3/mol]
x Through-plane coordinate [m]
xX Mole fraction of gas X [–]
χA

H2O Water vapor mole fraction in anode GC [–]
χC

H2O Water vapor mole fraction in cathode GC [–]
χA

H2
Hydrogen mole fraction in anode GC [–]

χC
O2

Oxygen mole fraction in cathode GC [–]
χsat Saturation water vapor mole fraction [–]
αH2 Mole fraction of hydrogen in dry fuel gas [–]
αO2 Mole fraction of oxygen in dry oxidant gas [–]
β Half-reaction symmetry factor [–]
γ Surface tension of water [N/m]
γc Water condensation rate [1/s]
γe Water evaporation rate [1/s]
εi Ionomer volume fraction [–]
εp Pore space volume fraction (porosity) [–]
η Activation overpotential [V]
θ Effective contact angle [deg]
k Hydraulic permeability [m2]
kabs Absolute (intrinsic) permeability [m2]
λ Ionomer water content [–]
λeq Equilibrium ionomer water content [–]
λ Mean ionomer water content [–]
µ Dynamic viscosity of liquid water [Pa s]
ξ Electro-osmotic drag coefficient [–]
σe Electric conductivity [S/m]
σp Protonic conductivity [S/m]
τ Pore tortuosity [–]
φe Electrode phase potential [V]
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φp Electrolyte phase potential [V]
∆φ Galvani potential difference [V]
∆φ0 Reversible potential difference [V]
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