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A B S T R A C T

The cold start of polymer electrolyte fuel cells (PEMFC) remains a challenge for their automotive applications,
due to blockage of the electrode pores with frozen or liquid water yielding a lower efficiency or even a failure
of the start-up. One solution is the preheating of the PEMFC with a thermochemical preheater, e.g. a metal
hydride reactor, which releases heat upon hydrogen absorption.

To the authors’ knowledge, this is the first work presenting a 2D transient physical model for the coupled
system of PEMFC and thermochemical preheater. The aims are investigating different cold start strategies and
proposing a strategy to achieve rapid start-ups. Internal heating, i.e. only relying on the waste heat of the
fuel cell, yields high heating rates, which mainly stems from the Ohmic resistance and the overpotential of
the oxygen reduction reaction. According to the simulations, lower cell voltages yield higher heating rates
and are thus beneficial for cold starts, e.g. a start-up from −16 °C with 0.5V fails, while the same start with
0.1V succeeds. However, there is a critical temperature, for which the start-up will fail due to freezing and/or
flooding of the cathode catalyst layer. External heating, i.e. preheating the cell at OCV with the metal hydride
reactor, enables cold starts from lower temperatures, but the heating rate is one order of magnitude lower
compared to the internal heating. The assisted cold start strategy combines an external heating phase and an
internal heating phase to minimize the cold start time, e.g. a start-up from −20 °C can be achieved with the
present model within 23 s.
1. Introduction

Polymer electrolyte fuel cells (PEMFC) have a wide range of appli-
cations as electrical power sources because of their high efficiency and
zero local emission of greenhouse gases. Next to automotive applica-
tions, such as cars, buses and trucks [1], PEMFC’s can also be utilized
in planes [2,3], trains [4] and cargo pedelecs [5].

A common challenge for these mobile applications is the cold start,
when the temperature of the fuel cell is below 0 °C [6]. The water,
which is contained in the cell or produced in the oxygen reduction
reaction (ORR), can freeze inside the pores and hinder the diffusion
of the reactant gases. The water storage capacity of the membrane and
ionomer is lower for sub-zero temperatures [7] and more ORR water is
formed in the pores of the cathode. In addition, the equilibrium vapor
pressure and the evaporation rate of water are lower, too. Thus, less
water is removed from the membrane electrode assembly (MEA) and
the liquid water, which might be in a supercooled state [8,9], can block
the pores, too. This yields a lower efficiency or even a failure of the cold
start.

There are several strategies to mitigate these problems. Firstly,
purging the fuel cell before shut down is important to reduce the
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amount of water in the MEA [10]. New designs of the catalyst layer
(CL) with higher water storage capacities and better water removal, like
the 3D fine-mesh flow field of the Toyota Mirai, are also beneficial for
cold starts [11]. Since it is crucial for cold starts to reach sufficiently
high temperatures, there are approaches to prevent the cell temperature
from dropping below 0 °C by applying thermal insulation [12,13] and
heating the fuel cell during the shut down period [14]. However, this
strategy only prolongs the duration until sub-zero temperatures are
reached inside the cell to hours or days, while the stack volume and
energy consumption are increased.

Instead of this keep warm strategy, the heat at start is a more
common approach. There are several heating strategies, which can be
categorized as internal heating or external heating. The internal heating
method relies on the waste heat of the fuel cell at start-up. For galvano-
static cell control, there are works reporting that a low current density
is favorable, because the cell operates longer before the cold start fails
[15–17]. However, the goal of the present work is not prolonging the
operation time before the failure, but achieving successful cold starts.
Jiao and Li report that a high current density is better for successful
vailable online 10 December 2022
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start-ups [18]. The reason is that both water production rate and the
internal heating rate are proportional to the current density. However,
the heating rate is in addition proportional to the voltage drops inside
the cell, like Ohmic resistance and ORR overpotential. Hence, a high
current density is favorable, because both the internal voltage drops
and the heat generation rate in relation to the water generation rate
are higher. In addition, the cold start time is shorter because of the
higher heat generation rate.

The same authors also conclude that a potentiostatic cold start with
a low cell voltage is even better, because the cell resistance can change
during the cold start and the potentiostatic control with a low voltage
ensures high current densities [18]. This approach with a low cell
voltage is also suggested by other works [19–22] and utilized in the
Toyota Fuel Cell Hybrid Vehicle [23,24].

Next to internal heating, there are also various external heating
strategies utilizing additional reactants or devices to improve the cold
start capability. An antifreeze agent like methanol mitigates ice for-
mation, but also reduces cell performance for temperatures above
0 °C [25]. Heating the cell with hot inlet gases is difficult due to their
ow heat capacity [18]. Electrical heating with wires embedded in the
ipolar plates and MEA allows quicker cold starts [26], but increases
he manufacturing costs. Electrical heating of the heat transfer fluid is
nother viable strategy [27–30]. However, the thermal mass of the
luid is typically larger than that of the stack [27] and requires a lot of
lectrical energy to heat up.

A novel option for increasing the temperature of the heat transfer
luid is a thermochemical preheater, e.g. a metal hydride reactor [31–
3]. The metal hydride powder in the reactor exothermally absorbs
ydrogen and heats the fluid. This reaction is reversible, i.e. the metal
ydride releases the hydrogen and absorbs heat from the fluid, when
he stack temperature increases. The present work investigates cold
tart mechanisms of a PEMFC coupled to such a thermochemical pre-
eater via the heat transfer fluid and tries to minimize the cold start
ime for such a system.

. Mathematical modeling

.1. Assumptions

The present transient, non-isothermal, multi-phase 2D model is built
n the models presented in Ref. [34–36]. Following assumptions are
ade:

1. Liquid and gas phase are ideal solutions
2. Liquid and gas phase are in chemical equilibrium
3. Local thermal equilibrium between solid, liquid and gas phase
4. Each domain is described as macro-homogeneous media with

effective transport properties
5. No gravitational forces

.2. Simulation domain

The 2D simulation domain is schematically shown in Fig. 1 and the
ize of each layer is given in Table 1. While the modeling domain is
wo dimensional, there is also a virtual z-coordinate in this simulation
ramework. The size in 𝑧-direction or ‘‘extrusion factor’’ is 0.5 in the
as channel to account for the channel-land geometry in the bipolar
late. The extrusion factor of the heat transfer fluid, reactor shell and
etal hydride is 0.207 to scale the size and thermal mass of an actual

eactor [33] coupled to a 15 cell stack [37]. The present work considers
nly one cell heated by a properly scaled down metal hydride reactor.

The single PEM fuel cell is operated in counter-flow mode and
hermally coupled with the metal hydride reactor via the heat transfer
luid. While the fluid will be pumped and heated through the separate
etal hydride reactor in a real-world application, the fluid and reactor

re modeled here as 2D rectangular domains placed next to the PEMFC
2

Fig. 1. 2D simulation domain of the PEMFC coupled with a metal hydride reactor (not
to scale).

Table 1
Sizes of the domains.

x-direction y-direction

Domain Size in mm Domain Size in mm

Anode GDL 0.2 Channel 100
Anode MPL 0.05 Gas inlet 50
Anode CL 0.005 Gas outlet 50

PEM 0.018
Cathode CL 0.01
Cathode MPL 0.05 z-direction

Cathode GDL 0.2 Domain Extrusion factor

Heat transfer fluid 27.92 Channel/bipolar plate 0.5
Reactor shell 5.93 Metal hydride reactor 0.207
Metal hydride 5.6 Elsewhere 1

Table 2
Storage terms of the conservation equations for each domain.

Primary variable Storage term 𝜉 Domains

𝑝𝑘=H2 ,O2
𝑐𝑘=H2 ,O2

PEM

𝑥𝑘=H2O,H2 ,O2 ,N2
𝜖

∑

𝛼=𝑙,𝑔
𝜌𝛼,mol𝑥𝛼,𝑘𝑆𝛼 CL, MPL, GDL, channel,

metal hydride

𝑇 𝜌Naf𝐶Naf𝑇 + 𝑐H2OℎH2O PEM

𝑇 𝜌s𝐶𝑝𝑇 + 𝜖
∑

𝛼=g,l,i
𝜌𝛼ℎ𝛼𝑆𝛼 Everywhere except PEM

+𝜖iono𝑐ionoH2O
ℎH2O CL

𝜙ion −𝐶DL(𝜙elec − 𝜙ion) CL

𝜙elec 𝐶DL(𝜙elec − 𝜙ion) CL

𝜃PtOx 𝜃PtOx CL

𝑐f rozH2O
𝑐f rozH2O

PEM

𝑐f rozH2O
𝜖 𝑐f rozH2O

CL, MPL, GDL, channel

𝑐ionoH2O
𝜖iono𝑐ionoH2O

= 𝜖iono𝜆𝜌dry∕EW CL

𝑐absH2
𝑐absH2

Metal hydride

due to the complex geometry of the coolant circulation. Furthermore,
the heat transfer fluid is modeled as a solid without heat convection but
high heat conduction. Nevertheless, the thermal mass of each of the
three metal hydride reactor components is scaled correctly to ensure
realistic dynamics of the temperature evolution.

2.3. Governing equations

The transient processes are modeled with the underlying conserva-
tion equation for a quantity 𝑥.
𝜕𝜉𝑥 = −∇𝛹 + 𝑞 (1)

𝜕𝑡 𝑥 𝑥
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Table 3
Flux terms of the conservation equations for each domain.

Primary variable Flux term 𝛹 Domains

𝑝𝑘=H2 ,O2
𝜓𝑘∇𝑝𝑘 PEM

𝑥𝑘=H2O,H2 ,O2 ,N2
−

∑

𝛼=𝑙,𝑔

𝑘r𝛼
𝜇𝛼
𝜌mol
𝛼 𝑥𝑘𝛼𝐾∇𝑝𝛼 Everywhere except PEM

+𝐷𝑘
𝛼𝜌

mol
𝛼 ∇𝑥𝑘𝛼

𝑇 −𝜎Heat∇𝑇 Everywhere

+𝛹H2O𝑀H2OℎH2O PEM, CL, MPL, GDL, channel

+𝛹H2
𝑀H2

ℎH2
PEM, CL, MPL, GDL, channel, metal hydride

+𝛹O2
𝑀O2

ℎO2
PEM, CL, MPL, GDL, channel

+𝛹N2
𝑀N2

ℎN2
CL, MPL, GDL, channel at anode

𝜙ion −𝜎H+∇𝜙ion PEM, CL

𝜙elec −𝜎e−∇𝜙elec CL, MPL, GDL, channel

𝜃PtOx 0

𝜆 − 𝑛drag

F 𝜎PEMH+ ∇𝜙 −𝐷H2O∇𝜆 PEM

𝑐ionoH2O
− 𝑛drag

F 𝜎CLH+∇𝜙 −𝐷H2O∇𝜆 CL

𝑐f rozH2O
0

𝑐absH2
0

Table 4
Source terms of the conservation equations for each domain.

Primary variable Source term 𝑞 Domains

𝑥gH2O
+(1 − 𝜒)𝑟ORR∕(2F) CL
−2.1𝐴ecs 𝑟POR∕F CL
−𝑟w−i CL
−𝑟w−n CL

𝑥gN2
0

𝑥gO2
−𝑟ORR∕(4F) CL

𝑥gH2
−𝑟HOR∕(2F) CL
−𝑟H2

Metal hydride
𝑝𝑘=H2 ,O2

0
𝑇 𝑞Ohmheat PEM, CL

−𝑊̇elec CL

−𝑟H2
𝛥𝐻abs∕des

H2
Metal hydride

𝜙ion +𝑟HOR CL
−𝑟ORR CL

+2.1𝑛POR 𝐴ecs𝑟POR CL
𝜙elec −𝑟HOR CL

+𝑟ORR CL

−2.1𝑛POR 𝐴ecs𝑟POR CL
𝜃PtOx 𝑟POR CL
𝑐f rozH2O

+𝑟n−i CL
+𝑟w−i CL, MPL, GDL, channel

𝑐ionoH2O
+𝜒𝑟ORR∕(2F) CL
+𝑟w−n CL
−𝑟n−i CL

𝜆 0
𝑐absH2

𝑟H2
Metal hydride

The three terms in the conservation equation, namely the storage
erm 𝜉, flux term 𝛹 and source term 𝑞, are listed in Table 2, 3 and 4 for
ach primary variable together with the indication in which domains
hese terms are evaluated.

.3.1. Species
The mole fraction of species 𝑘 (H2,O2,H2O or N2) in phase 𝛼 (liquid

r gas) is denoted by 𝑥𝑘𝛼 . Due to the gas cross-over through the mem-
rane, hydrogen, oxygen and water are considered in the fluid phases
oth at the anode and cathode, while nitrogen is only modeled at the
athode. The flux of species 𝑘 in phase 𝛼 is the sum of the advective

flux and the diffusive flux [38].

𝜓𝑘 = −
𝑘r𝛼 𝜌mol𝑥𝑘𝐾∇𝑝𝛼 −𝐷𝑘𝜌mol∇𝑥𝑘 (2)
3

𝛼 𝜇𝛼 𝛼 𝛼 𝛼 𝛼 𝛼
𝑘r𝛼 , 𝜇𝛼 , 𝜌
mol
𝛼 , 𝑝𝛼 , 𝐷𝑘

𝛼 are the relative permeability, viscosity, molar den-
sity, pressure and the molecular diffusion coefficient of species 𝑘 in
phase 𝛼 and 𝐾 is the permeability tensor. The diffusive flux in the gas
phase ∇𝑥𝑘g is computed with the Maxwell–Stefan equation via binary
diffusion coefficients [39]. The effective diffusion coefficient of species
𝑘 in the gas phase with saturation 𝑆g is

𝐷𝑘
g = 𝜖

𝜏
(

𝑆g
)1.5

(

1
𝐷𝑘

g
+ 1
𝐷𝑘

K𝑛𝑢𝑑

)−1

(3)

The Knudsen diffusion coefficient for species 𝑘 with molar mass 𝑀𝑘 in
a porous domain with average pore radius 𝑟 is

𝐷𝑘
Knud =

2
3
𝑟
√

8𝑅𝑇
𝜋𝑀𝑘 (4)

Water. There are multiple source and sink terms for the water species
in the fluid phases: oxygen reduction reaction (ORR), platinum oxi-
dation reaction (POR), water sorption to the ionomer, freezing and
desublimation. While the former two terms are explained in detail in
Section 2.3.3 Electrochemistry, the water phase changes are described in
the following.

Since the present model assumes chemical equilibrium between liq-
uid and gas phase, the freezing and melting as well as the sublimation
and desublimation rate (water ↔ ice) is described by one expression

𝑟w−i =
(

𝑆l𝑘
pore
freez + 𝑆g𝑘

pore
desub

)

𝛥𝑔
{

𝑆ice, 𝛥𝑔 < 0
(1 − 𝑆ice), 𝛥𝑔 ≥ 0

(5)

𝛥𝑔 = 𝑔g−𝑔ice = 𝑔l−𝑔ice is the difference of the Gibbs free energy between
non-frozen water and ice. The molar Gibbs free energy is 𝑔 = ℎ − 𝑇 𝑠,
where 𝑔 and 𝑠 are the enthalpy and entropy per mole of water in the
respective phase. Because the phase change rate between water and
ice is finite, liquid water can be present for 𝑇 < 273.15K, i.e. in a
supercooled state. There are also works which explicitly model super-
cooled water via freezing point depression [40] or with a stochastic
model due to absence of freezings seeds [41]. Because of the similar
density of supercooled and frozen water, the reduction of the diffusion
and reaction rates is very similar for both phases. Because supercooled
water can leave the catalyst layer, there is likely a small positive effect
of supercooled water compared to ice for the cold start. However,
this work focuses on optimizing the startup strategy and employs a
conservative freezing model to ensure successful cold starts.

The ice saturation in the pores 𝑆i𝑐𝑒 can range from 0 to 1. 𝑆l and
𝑆g are the saturations of the liquid and gas phase in the void pores not
filled by ice and their sum is always unity.

𝑆 + 𝑆 = 1 (6)
l g
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The rate constant for the vapor ↔ ice phase change is 𝑘poredesub =
1.0 s−1 [40]. Since the molar concentration of the liquid phase is three
orders of magnitude larger compared to the gas phase, the rate constant
for the liquid ↔ ice phase change is set to 𝑘porefreez = 1000 s−1.

The freezing rate of non-frozen water from the ionomer to ice in the
pores is given by [40]

𝑟n−i =

{

𝑘ionofreez

𝜌dry
EW (1 − 𝑆ice)(1 − 𝑆l)(𝜆 − 𝜆sat ), 𝑇 < 273.15K

0, 𝑇 ≥ 273.15K
(7)

𝑘ionofreez = 1×10−2 s−1, 𝜌dry ,EW, 𝜆 and 𝜆sat are the freezing rate con-
stant, dry density of the ionomer, equivalent weight (in kg/mol),
water content and saturation water content before freezing occurs (in
molH2O∕molSO−

3
).

The ionomer can absorb and desorb water from or to the pores
(water ↔ non-frozen ionomer water) [42].

𝑟w−n =
𝜌dry
EW

𝑓H2O
(𝜆eq − 𝜆)exp

{

2416.0
( 1
303.0

− 1
𝑇

)}

{

𝑘abs, 𝜆 < 𝜆eq
𝑘des, 𝜆 ≥ 𝜆eq

(8)

The sorption rate constants are 𝑘abs = 5.7×10−4 s−1, 𝑘des =
22.95×10−4 s−1 and 𝑓H2O

is the volume fraction of water in the ionomer.

2.3.2. Energy
The energy storage term 𝜉𝑇 in the membrane is the sum of the

contributions of the polymer matrix and the absorbed water.

𝜉𝑇 = 𝜌Naf𝐶Naf𝑇 + 𝑐H2OℎH2O (9)

𝜌Naf and 𝐶Naf are the density and heat capacity of Nafion. 𝑐H2O and
ℎH2O are the molar concentration and molar enthalpy of water in the
membrane. The enthalpy of each species is obtained via the NASA
polynomials [43]. The storage term of the energy in all other domains
is the sum of the contributions of the solid matrix, ice and the fluid
phases.

𝜉𝑇 = 𝜌s𝐶𝑝𝑇 + 𝜖

(

𝜌iceℎ
spec
ice 𝑆ice +

(

1 − 𝑆ice
)
∑

𝛼=g,l
𝜌𝛼ℎ

spec
𝛼 𝑆𝛼

)

(10)

𝜌s and 𝐶p are the density and heat capacity of the solid matrix.
𝜖, 𝜌𝛼 , ℎ

spec
𝛼 and 𝑆𝛼 are the porosity, density, specific enthalpy and satu-

ration of the gas, liquid or ice phase.
The energy flux 𝛹𝑇 is the sum of the enthalpy flux and the heat

conduction.

𝛹𝑇 = 𝛹enthalpy + 𝛹heat (11)

Only water contributes to the enthalpy flux in the liquid phase, because
the concentration of the other species in the liquid phase for tempera-
tures ≥ −30 °C is negligible. The sum in the gas phase is taken over all
species: 𝑘 = H2,H2O,O2,N2.

𝛹enthalpy = ℎH2O
l 𝛹H2O

l +
∑

𝑘
ℎ𝑘g𝛹

𝑘
g (12)

ℎ𝑘g is molar enthalpy of species 𝑘 in the gas phase. 𝛹𝑘𝛼 is the flux of
species 𝑘 in phase 𝛼, which is the sum of the diffusive flux and the
advective flux as described in Eq. (2). The heat conduction is

𝛹heat = −𝜎effheat∇𝑇 (13)

The effective heat conductivity 𝜎effheat is a volume weighted average.

(1 − 𝜖)𝜎solidheat + 𝜖
(

𝑆ice𝜎
ice
heat + (1 − 𝑆ice)

(

𝑆g𝜎
gas
heat + 𝑆l𝜎

liq
heat

))

(14)

The heat conductivity of ice is

𝜎iceheat = 2.2 − 0.01 ∗ (𝑇 − 273.15)W∕(K m) (15)

The heat conductivity of the liquid phase is assumed to be only deter-
mined by water, which is calculated via the IAPWS polynomials [44].

𝜎liq = 𝜎liq,H2O (16)
4

heat heat
The heat conductivity of the gas phase is a weighted average of the
components [44,45].

𝜎gasheat =
∑

N2 ,O2 ,H2O
𝑥𝑘g𝜎

𝑘
heat (17)

The heat flux per area from the bipolar plates to the environment with
temperature 𝑇env depends on the heat transfer coefficients 𝛬.

𝛬(𝑇 − 𝑇env) (18)

There are two explicit source terms in the energy balance equation:
the Ohmic (or Joule) heating and the electrical work. The Ohmic heat
due to an ionic current 𝑖 is

𝑞Ohm𝑇 = |𝑖ion∇𝜙ion| (19)

The contribution from the electrical current is neglected due to the high
electrical conductivity compared to the ionic one. The electrochemical
reactions produce electric work 𝑊elec as well as reversible 𝑄rev and
irreversible heat 𝑄irrev.

𝛥𝐻 = 𝑇𝛥𝑆 + 𝛥𝐺
= 𝑄rev +𝑄irrev +𝑊elec

(20)

The enthalpy change at the left-hand side is described by Eq. (1) and
(12); i.e. the divergence of the enthalpy fluxes is the enthalpy change
during the electrochemical reactions. However, the total enthalpy dif-
ference is not equal to the produced heat since electrical work is done,
too. Thus, only the latter term appears as an explicit source term for
the energy in this model.

𝑊̇elec = 𝑖
(

𝜙elec − 𝜙ion
)

(21)

2.3.3. Electrochemistry
The current density of the hydrogen oxidation reaction (HOR) is

described by a Butler–Volmer equation.

𝑖 = 𝑖0𝐴
eff
ecs
𝑝H2

𝑝ref

(

exp
{

−
𝛼f𝑛𝐹𝜂
𝑅𝑇

}

− exp
{𝛼r𝑛𝐹𝜂

𝑅𝑇

})

(22)

𝑖0 = 3×103 A∕m2, 𝐴eff
ecs , 𝛼f ,r = 0.5, 𝑛 = 2 and 𝑝ref = 101 325 Pa are

the exchange current density, effective electrochemical surface area
(ECSA), forward and reverse reaction exchange coefficients, number of
exchanged electrons and the reference pressure. The overpotential is
the difference between the electric potential 𝜙elec, ionic potential 𝜙ion
and the equilibrium voltage 𝐸0.

𝜂 = 𝜙elec − 𝜙ion − 𝐸0 (23)

The ECSA available for the oxygen reduction reaction (ORR) in the
cathode can be reduced by ice or liquid water within the catalyst layer,
which is taken into account by the modified Butler–Volmer equation.

𝑖 = 𝑖0𝐴
eff
ecs

(

1 − 𝑆ice
) (

1 − 𝑆l
)

⎛

⎜

⎜

⎝

𝑝O2

𝑝refO2

⎞

⎟

⎟

⎠

0.7

×
(

exp
{

−
𝛼F𝑛𝐹𝜂
𝑅𝑇

}

− exp
{𝛼R𝑛𝐹𝜂

𝑅𝑇

})

(24)

The exchange current density, the exchange coefficients and the num-
ber of electrons are 𝑖0 = 11.6×10−4 A∕m2, 𝛼F,R = 0.5 and 𝑛 = 2. It is
ssumed that a fraction 𝜒 of the ORR product water is created within
he ionomer and the remaining part (1 − 𝜒) in the fluid phase within

the pores [46].

2.3.4. Metal hydride reactor
The thermochemical preheater contains metal hydride powder,

where exothermic hydrogen absorption and endothermic desorption
can occur. The corresponding sorption rates depend on the pres-

sure, temperature and relative hydrogen loading of the metal hydride
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𝑘
d
i

Fig. 2. Validation of the PEMFC single cell model (solid line) with polarization curves of a 15-cell PEMFC stack (crosses). The cell voltage is shown in blue and the power density
in red. The arrows indicate the change of polarization.
Table 5
Properties of the membrane.

Parameter Expression

Structure

Dry density 𝜌dry in kg/m3 2000
Equivalent weight EW in kg/molSO−

3
1.1

Density of Nafion 𝜌Naf in kg/m3 2160
Heat capacity of Nafion 𝐶Naf in J/kg/K 960

Transport

Permeation coefficients 𝜓𝑘 in mol/(m s Pa) [47] 𝜓H2
=
(

2.2×10−14 𝑓H2O + 2.9×10−15
)

exp
{

2525.7
(

1
303.15

− 1
𝑇

)}

𝜓O2
=
(

1.9×10−14 𝑓H2O + 1.1×10−15
)

exp
{

2646.0
(

1
303.15

− 1
𝑇

)}

Heat conductivity 𝜎Heat in W/(m K) [48] 0.177 + 0.0037 𝜆H2O

Proton conductivity 𝜎PEMH+ in S/m [49] exp
{

1268.0
(

1
303.15

− 1
𝑇

)}

{

(0.5139 − 0.326), 𝜆 < 1.0
(0.5139𝜆 − 0.326), 𝜆 ≥ 1.0

Drag coefficient 𝑛drag 2.5𝜆∕22.0 exp
{

480.0
(

1
303.15

− 1
𝑇

)}

Diffusion coefficient 𝐷H2O in m2/s
(

4.1×10−10
(

𝜆
25.0

)0.15 (
1.0 + tanh

{

𝜆−2.5
1.4

})

)

exp
{

2400.0
(

1
353.15

− 1
𝑇

)}

Water

Volume fraction of water 𝑓H2O
𝜆𝑉H2O ∕ (EW∕𝜌dry + 𝜆𝑉H2O)

Partial volume of water 𝑉H2O
in m3∕mol 𝑀H2O∕𝜌

liq
H2O

Liquid density of water in the ionomer 𝜌liqH2O
in kg/m3 [47] 1160.3 − 0.5371 𝑇
f

l

powder [50].

𝑟H2
= const𝑓 (𝑝)𝑓 (𝑇 )𝑓

(

𝑐absH2
∕𝑐max

H2

)

= 𝑘sorp𝜌MH
mol

⎧

⎪

⎪

⎨

⎪

⎪

⎩

log 𝑝
𝑝eqabs

exp
{

−𝐸act
R𝑇

}

(

1 −
𝑐absH2
𝑐max
H2

)

, 𝑝 > 𝑝abseq

log 𝑝
𝑝eqdes

exp
{

−𝐸act
R𝑇

}

(

𝑐absH2
𝑐max
H2

)

, 𝑝 < 𝑝deseq

0, else

(25)

sorp, 𝜌MH
mol , 𝐸act and 𝑐max

H2
are the sorption rate coefficient, bulk molar

ensity of the metal hydride powder, activation energy and the max-
5

mum concentration of absorbed hydrogen. The equilibrium pressure
or the absorption 𝑝eqabs(𝑇 ) is given by the Van’t Hoff equation [50].

og
𝑝eqabs
𝑝0

= −
|𝐻abs|

R𝑇
+
𝑆abs
R

(26)

𝐻abs and 𝑆abs are the changes of enthalpy and entropy for absorption
of 1 molH2

and 𝑝0 = 105 Pa is the reference pressure. The equilibrium
pressure for the desorption 𝑝eqdes is computed analogously.

2.4. Material properties

The material properties for the membrane are listed in Table 5, for
the catalyst layer in Table 6, for the MPL, GDL and channel in Table 7
and for the metal hydride reactor in Table 8.
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Table 6
Properties of the catalyst layer.

Parameter Expression

Structure

Porosity 𝜖 0.38
Tortuosity 2.5
Permeability in m2 2×10−15

Pore radius 𝑟 in m 20×10−9

Density 𝜌 in kg/m3 2200
Heat capacity 𝐶P in J/kg/K 710
Ionomer phase volume fraction 𝜖iono 0.3

Transport

Heat conductivity 𝜎heat in W/(m K) 4.8
Electron conductivity 𝜎e− in S/m 20
Proton conductivity 𝜎CLH+ in S/m 𝜖1.5iono 0.35 exp

{

4000.0
(

1
303.15

− 1
𝑇

)}

Drag coefficient 𝑛drag 2.5𝜆∕22.0 exp
{

480.0
(

1
303.15

− 1
𝑇

)}

Diffusion coefficient 𝐷H2O in m2/s
(

4.1×10−10
(

𝜆
25.0

)0.15 (
1.0 + tanh

{

𝜆−2.5
1.4

})

)

exp
{

2400.0
(

1
353.15

− 1
𝑇

)}

Electrochemistry

Ohmic heat 𝑆Ohm
T in W/m3

|𝑖ion∇𝜙ion|

Electric power 𝑊̇elec in W/m3 𝑖(𝜙elec − 𝜙ion)
Hydrogen oxidation reaction rate 𝑟HOR in A/m3 𝑖HOR0 𝐴ecs 𝑎H2

(

exp
{

𝛼f 𝑛F𝜂
R𝑇

}

− exp
{

−𝛼r 𝑛F𝜂
R𝑇

})

Oxygen reduction reaction rate 𝑟ORR in A/m3 𝑖ORR0 𝐴ecs 𝑎0.7O2
𝑆g(1 − 𝑆ice)

(

exp
{

𝛼f 𝑛F𝜂
R𝑇

}

− exp
{

−𝛼r 𝑛F𝜂
R𝑇

})

Platinum oxidation reaction rate 𝑟POR in 1/s [34] 0.0128
(

𝑎H2O(1 − 𝜃PtOx)exp
{

− 10000𝜃PtOx
R𝑇

}

exp
{

F𝜂
2R𝑇

}

− 𝜃PtOxexp
{

− F𝜂
2R𝑇

})

Electrochemical active surface area 𝐴eff
ecs in m2/m3 (1 − 𝜃PtOx)𝐴tot

ecs

Total active surface area 𝐴eff
ecs in m2/m3 1.26×107

Exchange current density in A/m2 𝑖HOR0 = 3×103

𝑖ORR0 = 11.6×10−4 exp
{

3332.0
(

1
323.0

− 1
𝑇

)}

Overpotential 𝜂 𝜙elec − 𝜙ion − 𝐸0

Equilibrium voltage in V 𝐸HOR
0 = 0; 𝐸ORR

0 = 1.23 − 9×10−4(𝑇 − 298.15) − R𝑇
𝑛F

log 𝑎−0.7O2
, 𝐸POR

0 = 0.81

Water

Contact angle in ◦ 95

Sorption isotherm 𝜆eq [49]
{

0.043 + 17.81𝑎 − 39.85𝑎2 + 36.0𝑎3 , 𝑆l ≤ 10−6

14.0 + (22.0 − 14.0)
(

1.0 − exp
{

−20𝑆l
})

, 𝑆l > 10−6

Saturation water content 𝜆sat [40]
⎧

⎪

⎨

⎪

⎩

4.837, 𝑇 < 223.15K
1∕(−1.304 + 0.01479𝑇 − 3.594𝑒−5𝑇 2), 223.15K ≥ 𝑇 < 273.15K
> 𝜆eq , 𝑇 ≥ 273.15K

Sorption rates in 1/s 𝑘absg = 5.7×10−4 , 𝑘absl = 22.95×10−4 , 𝑘desg = 5.7×10−4 , 𝑘desl = 22.95×10−4

Ratio of ORR water produced in ionomer 𝜒 10−4

Double layer capacitance 𝐶DL in F/m3 3.4×107
t
c

a
t
c
P

2.5. Solving methods

The previously described equations are solved with the in-house
developed simulation framework called Neopard-X [34–36], which is
based on Dune [51,52] and DuMux [53,54]. The simulation domain
is spatially discretized with the box method, which is a combination
of the finite-element and the finite-volume method [54]. The temporal
discretization is performed with the fully implicit Euler method [54].
The time step size depends on the convergence of Newton’s method for
the solution of the non-linear system [55].

3. Results and discussion

3.1. Validation of single components

3.1.1. PEMFC single cell model
The polarization curves of the single cell model are compared to

experimental data of a 15-cell PEMFC stack [37] for three temperatures
(45, 60 and 80 °C) and two relative humidities (50 and 80%) in Fig. 2.
The temperature is set for the inlet gases and the environment. The heat
transfer coefficient between the bipolar plates and the environment
is 1000W∕(m2K). In both experiment and simulation, the polarization
curves are obtained in the galvanostatic mode: the current is ramped
6

m

Table 7
Properties of the MPL, GDL and channel/bipolar plate.

Parameter MPL GDL Channel/
bipolar plate

Porosity 𝜖 0.25 0.625 1.0
Tortuosity 𝜏 2.5 1.5 1.0
Permeability in ∕m2 3.33e−15 4.7e−13 1.23e−8
Contact angles in ◦ 130 110 112
Pore radius 𝑟 in m 30e-9 2.5e−6 1e-3
Density 𝜌 in kg/m3 2200 368 7950
Heat capacity 𝐶P in J/(kg K) 710.0 2670 255.3
Heat conductivity in W/(m K) 0.45 0.91 75.0
Electrical conductivity in S/m 50 184 1.45e6

from 0A∕m2 to 13 833A∕m2 in 2160 s, held for 240 s and ramped back
o 0A∕m2 in 2160 s. The stoichiometry at the anode is 1.5 and at the
athode 2.0. The outlet pressure on both sides is 1.5 bar.

While the overall agreement of the simulation data is good, there
re deviations of the cell voltage for the highest current density (less
han 5%) indicating that the parametrization regarding the limiting
urrent density could be improved. However, one parameter set of the
EMFC model allows to predict the polarization curves for six different
easurement conditions.
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Fig. 3. Validation of the metal hydride reactor model (solid line) with experimental data (symbols) from heating with 8 bar H2 pressure from - 14 ◦C. Left: measured temperature
of the reactor core (point measurement, red cross) and simulated temperature (maximum: red line, mean: black line). Right: measured temperature of the heat transfer fluid (htf,
inlet: purple triangle, outlet: purple circle, mean: blue cross) and simulated temperature (blue line).
f
d
c
a
t
c
a
a
a
w
f
t

3

t
F

T

3

p

Table 8
Properties of the heat transfer fluid, reactor shell and metal hydride bed of the metal
hydride reactor.

Parameter Expression

Heat transfer fluid

Material Glysantin 50 %
Density 𝜌(0 °Celsius) in kg/m3 1084 [56]
Heat capacity 𝐶P(0 °Celsius) J/(kg K) 3180 [56]
Heat conductivity 𝜎heat (0 °Celsius) W/(m K) 0.4 [56] or 500

Reactor shell

Material Aluminium alloy
AlSi10Mg

Density 𝜌 in kg/m3 2680 [57]
Heat capacity 𝐶P in J/(kg K) 890 [57]
Heat conductivity 𝜎heat in W/(m K) 173 [57]

Metal hydride bed

Material LaNi5
Maximal concentration of absorbed H2 𝑐max

H2
in mol/m3 18578 [58]

Molar density in mol/m3 6881
Bulk density in kg/m3 2972
Heat capacity 𝐶P in J/(kg K) 419 [59]
Heat conductivity 𝜎heat in W/(m K) 9.0
Permeability in m2 1e-12 [60]
Porosity 𝜖 0.646
Sorption rate coefficient 𝑘sorp in 1/s 2.1e4
Activation energy 𝐸act in J/molH2

31 340 [61]
Enthalpy change for absorption 𝐻abs in J/molH2

−31 810 [62]
Entropy change for absorption 𝑆abs in J/(molH2

K) −112.66 [62]
Enthalpy change for desorption 𝐻des in J/molH2

31 640 [62]
Entropy change for desorption 𝑆des in J/(molH2

K) 109.49 [62]

3.1.2. Metal hydride reactor model
The model of the metal hydride reactor is validated and two pa-

rameters are fitted with experimental data from a preheating experi-
ment [33] as described below. The metal hydride reactor is operated
at 8 bar H2 pressure and with circulating heat transfer fluid, but no
oupled thermostat or fuel cell. The initial temperature of the reactor
nd the fluid is −14 °C.

The measured and the modeled temperatures are compared in
ig. 3. The two unknown model parameters can be estimated with
he measured reactor core temperature (left diagram). The sorption
ate constant is determined via the slope of the increasing temperature
n the first 30 s: 𝑘H2

sorp = 2.1×104∕s. The effective heat conductivity
eff
heat of the metal hydride bed is unknown, because of the intruding
luminium rips into the metal hydride bed. These are necessary to
mprove the heat transport inside the metal hydride, which has a low
eat conductivity (𝜎MH

heat = 1W∕(m K), aluminium: 𝜎aluheat = 200W∕(m K)).
7

ue to the complex cylinder-symmetric geometry of the metal hydride 𝑝
Table 9
Parameters for cold start simulations.

Relative humidity 50%
Stoichiometry Anode: 1.5

cathode: 2.0
Outlet pressure Anode: 1.5 bar

cathode: 1.5 bar
Start-up mode Potentiostatic or galvanostatic
Heat transfer coefficient 𝛬 0W∕(m2K)
Initial water content in PEM and CL 𝜆 = 3.5
Initial ice or liquid water in MEA 0mol∕m3

Initial metal hydride loading 𝑐absH2
∕𝑐max

H2
0%

bed and intruding aluminium rips, the effective heat conductivity is
fitted via the slope of the decreasing reactor core temperature after
30 s: 𝜎effheat = 9.0W∕(m K).

The modeled temperature of the heat transfer fluid using the two
itted parameters is compared to the measured temperature in the right
iagram of Fig. 3. The actual fluid circulation is not modeled due to the
omplex geometry of the pipes and pump, instead the fluid is mimicked
s a rectangular solid domain with the same thermal mass. The thermal
ransport due to fluid convection is described in this domain as heat
onduction with a high thermal conductivity. Hence, there is no inlet
nd outlet temperature of the heat transfer fluid in this model, but only
mean temperature of the whole fluid reservoir. The experimental inlet
nd outlet temperature of the fluid are averaged with arbitrarily chosen
eights 2/3 and 1/3 for better comparison with the mean temperature

rom the simulation. The reactor model then correctly describes the
otal temperature change as well as the timescale.

.2. Cold start

This section investigates three different cold start strategies using
he coupled PEMFC and metal hydride reactor model (as depicted in
ig. 1):

• Internal heating: potentiostatic start-up of the PEMFC while the
reactor is idling

• External heating: preheating the shut-off PEMFC (0A∕m2)
• Assisted cold start: combination of external and internal heating

for rapid start-up

he operating conditions for the simulation are listed in Table 9.

.2.1. Internal heating
The metal hydride reactor is set to idle mode by using a hydrogen

ressure in the reactor of 5 kPa, which is below the absorption pressure
abs

eq (−20 °C) = 19.3 kPa. The cell voltage is ramped from 1.05V within
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Fig. 4. Left: internal heating with 0.1V from various start temperatures to 20 °C. Right: cold start from - 16 ◦C with 0.1 V (internal heating, phase 1). Phase 2 (0.55V) starts
when the temperature of the cathode bipolar plate reaches 20 °C (3.12 s, vertical line) to confirm the successful cold start. Saturations and temperature are averaged in the cathode
catalyst layer.
Fig. 5. Various heat sources for internal heating from −16 °C with 0.1V (left, successful cold start) and 0.5V (right, failed cold start).
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.1 s to a low voltage of 0.1V, which reduces the electrical efficiency
nd increases waste heat.

Since flooding is next to freezing a common failure mode for cold
tarts, the target temperature of the cathode bipolar plate is set to 20 °C
nstead of 0 °C. The time to reach this target temperature is depicted in
he left diagram of Fig. 4 for various start temperatures. While a cold
tart from −17 °C and below does not succeed with the present cell and
nternal heating, it is possible for temperatures above −17 °C. The time
o reach 20 °C is less than 3.1 s and the heating rate is above 10K∕s.

To confirm that the internal heating from −16 °C is successful and no
ubsequent flooding occurs, the first internal heating phase is continued
y a second normal operation phase. The voltage is ramped from 0.1V
o 0.55V within 0.1 s at the beginning of the second phase (Fig. 4
ight). While the liquid water saturation in the CCL rises above 60%
ue to high current densities, it slowly decreases again in the second
hase, because the temperature and water evaporation rate increase.
he decrease of liquid water improves the diffusion of oxygen in the
athode and, hence, the current density and power density increase.

The highest heat production in the cell is the Ohmic heating in the
embrane and the catalyst layers (Fig. 5 left) followed by the irre-

ersible heat from the ORR and reversible heat from the combined reac-
ions of HOR and ORR (total enthalpy change: −163.2 J∕(mol K) [63]).
he high current density at 0.1V yields a low water content in the PEM
ear the anode due to the electroosmotic drag and, hence, the ionic
esistance and the Ohmic heating are high. The peak heat production
rom all contributions is 38.3 kW∕m2.

However, the same cold start from −16 °C with a cell voltage of
.5V does not succeed (Fig. 5 right). Since all heat sources are pro-
ortional to the current density (and water production), the total heat

2

8

roduction is smaller (peak: 13.5 kW∕m ). However, the two largest 1
eat sources decrease further. Since the electroosmotic drag in the
embrane is smaller, the ionic resistance and Ohmic heat production

re smaller, too. The irreversible heat from the ORR is proportional to
he overvoltage, which is lower for higher cell voltages.

The cold start from −17 °C with 0.1V fails, too, because too much
ater is produced before the temperatures rises sufficiently (Fig. 6).
hile the MPL remains dry (𝑆l < 7%) due to its hydrophobicity,
ost of the CCL is flooded (𝑆l > 70%). Furthermore, there is also ice
resent at the edges toward the gas inlet and outlet due to the lower
emperature (< 0 °C) and thermal mass of these gas manifolds. The
xygen diffusion in the remaining open pores is then not sufficient for
he oxygen reduction reaction and the cold start fails.

.2.2. External heating
The external heating of the PEMFC at OCV with the metal hydride

eactor (8 bar H2 pressure) is simulated for different start temperatures
Fig. 7). The maximum temperature increase of the fuel cell by the
eactor is ca. 25K. The H2 absorption and, hence, heat generation rate
re mainly limited by the comparatively low effective heat conductivity
f the metal hydride bed. This results in a high metal hydride tempera-
ure and a higher equilibrium absorption pressure 𝑝eqabs yielding a lower
bsorption rate. The average heating rate of the fuel cell by the reactor
s about 0.3K∕s and at least one order of magnitude smaller compared
o the internal heating with a low cell voltage (> 10K∕s). In addition,
he absorption rate is proportional to the fraction of metal hydride,
hich has not absorbed hydrogen

(

1 − 𝑐absH2
∕𝑐max

H2

)

. Thus, the heating
ate converges to zero, when the hydrogen loading of the metal hydride
pproaches 100 %; e.g. the time to reach −5 °C for a start temperature
f −25 °C is 89 s, but starting at −30 °C increases the time to 820 s. The
ydrogen loadings when reaching −5 °C for both cases are 87.5% and

00 %, respectively.



Applied Energy 331 (2023) 120387T. Gießgen and T. Jahnke
Fig. 6. Failed cold start from −17 °C with internal heating (0.1V). From left to right: distribution of liquid water, ice, temperature and O2 mole fraction in the gas phase after
3.2 s (final time step) in the cathode CL and MPL. The scale factor in 𝑦-direction is 1700 and the air inlet is on the left side.
Fig. 7. External heating at OCV from various start temperatures with 8 bar H2 pressure
in the metal hydride reactor. Average temperatures are evaluated in the cathode CL.

3.2.3. Assisted cold start
The assisted cold start combines the internal and external heating

to achieve rapid start-ups for sub-zero temperatures and to extend the
window of successful cold starts to lower initial temperatures. The
criterion for a successful cold start is defined here as reaching 50 %
of the rated electrical power [64,65]. Following multi-phase cold start
strategy is proposed to reach the target power density as quickly as
possible:

• Phase 1 - External heating:
Preheating the PEMFC at OCV until the cathode bipolar plate
reaches −15 °C. This phase is only necessary, if the start temper-
ature is below −16 °C. This critical temperature strongly depends
on the cell and material parameters, e.g. water storage capacity
and cell resistance.

• Phase 2 - Internal heating:
Potentiostatic start-up with a cell voltage of 0.1V. Due to the large
thermal mass of the heat transfer fluid, its circulation is switched
off. This is modeled by setting the heat conductivity of the fluid
to 0.4W∕(m K), which is the actual conductivity value neglecting
convection. The target criterion of this phase is a temperature at
the cathode bipolar plate of 20 °C.

• Phase 3 - Normal operation:
The cell voltage is set to 0.55V, where the highest power density
is achieved under normal operation: 7.6 kW∕m2 (Fig. 2). The
target power density is then 3.8 kW∕m2. The heat transfer fluid
circulation is still switched off, due to the low temperature and
high thermal mass of the fluid. For real-world applications, the
fluid circulation rate should be slowly increased.
9

This assisted cold start strategy enables start-ups from −20 °C in
22.7 s (Fig. 8 top), which is below the goal of 30 s by research programs
from the EU and US [64,65]. The first external heating phase takes
18.1 s until the temperature reaches −15 °C. The metal hydride is then
loaded by ca. 37% and its average temperature differs to the heat
transfer fluid temperatures by up to 42K. This indicates that a further
improvement of the effective heat conductivity in the metal hydride
bed would greatly benefit the preheating capability of the reactor. The
comparatively high current density in the second internal heating phase
yields a high water generation rate. The liquid water saturation in
the CCL reaches a maximum of 67% at the end of the second phase.
The maximum ice saturation is 26%, but decreases below 5% due to
the rapid temperature increase in the CCL. The liquid water and ice
saturation decrease further in the third phase, when the temperature
rises above 20 °C. The increase of open pores in the CCL also increases
the current density and power density. The target power density is
reached 1.7 s after phase 3 started.

The assisted cold start from −30 °C takes 64.2 s (Fig. 8 bottom).
While the durations of the second phase (3 s) and reaching the target
power density in the third phase (1.6 s) are almost the same compared
to the start from −20 °C, the external heating phase is more than three
times longer. This phase takes 59.6 s and the hydrogen loading reaches
70% until the temperature increases by 15K. The hydrogen absorption
rate and temperature of the metal hydride already decrease at this
point and the heating rate of the CCL decreases, too. Thus, assisted cold
starts with lower temperatures are also possible, but the duration of the
external heating phase will increase considerably, as shown in Fig. 7.

The water balance during the assisted cold start from −20 °C is
presented in Fig. 9. When the temperature is still low, the high current
density increases the water amount to 8.4 g∕m2, which is three times
the initial amount (Fig. 9 upper left). The layers with the most water
are then the cathode CL due to the high saturation with liquid water
as well as the cathode GDL and membrane. As the temperature rises,
the liquid water evaporates and leaves the MEA (𝑡 > 29 s, 𝑇 > 30 °C).
When the second phase begins (18.1 s), the water concentration in the
anode catalyst layer decreases significantly due to the electroosmotic
drag in the membrane. The concentration increases again, when the
third phase with the lower current density starts and the water diffuses
back through the membrane. The highest water concentration of all
layers occurs in the CCL at the beginning of phase 3 due to the melting
of previously accumulated ice in addition to the water produced at the
ORR. Due to the large contact angles of water in the MPL and GDL,
the liquid water concentration and, hence, total water concentration in
these layers are one order of magnitude smaller compared to the CCL.

4. Conclusions

This work presents for the first time a physical 2D model for the
cold start of a single PEM fuel cell coupled with a thermochemical
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Fig. 8. Assisted cold start from 𝑇 = −20 °C is successful after 22.7 s (top) and from 𝑇 = −30 °C after 64.2 s (bottom). Left: Average temperature of the metal hydride, heat transfer
fluid and cathode CL and average saturation of liquid water and ice in the CCL. Right: Power density, current density and voltage. The vertical lines mark the phase switches.

Fig. 9. Water balance during assisted cold start from −20 °C (Fig. 8 top). Upper left: amount of water stored in various layers. Others: concentration of water phases in various
layers.
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preheater. The preheater improves the cold start capability by heating
up the heat transfer fluid upon hydrogen absorption in the metal
hydride, which is a reversible reaction. Both the fuel cell and the
preheater model are validated with experimental data and the coupled
system is used to investigate different cold start strategies. The key
findings are:

• Cold starts can not only fail because of freezing, but also flooding
of the cathode catalyst layer when the temperature is already
above 0 °C.

• Internal heating with waste heat due to low cell voltage yields
high heating rates (∼ 12K∕s). A lower cell voltage yields more
heat production, e.g. a cold start from −16 °C fails with 0.5V,
but succeeds with 0.1V. The highest contribution to the heat
production are from the Ohmic heat and the activational heat.
There is a critical temperature, for which cold starts will fail,
due to too much water produced at the ORR. For the present cell
model, this temperature is −17 °C.

• External heating of the PEMFC at OCV with the metal hydride
reactor allows for cold starts at lower temperatures, but the
average heating rate (∼ 0.3K∕s) is much lower compared to the
internal heating. The external heating rate is limited by the low
heat conductivity within the preheater.

• Rapid cold starts from low temperatures (< −16 °C) are possible
for the present cell model by preheating the PEMFC with the
metal hydride reactor up to −15 °C followed by internal heating
with a low cell voltage up to 20 °C. The circulation of the heat
transfer fluid should be switched off during this phase due to the
large thermal mass of the fluid. This strategy enables cold starts
from −20 °C in 22.7 s and from −30 °C in 64.2 s. The criterion for a
successful start-up is reaching 50% of the rated electrical power.

• Another benefit of this cold start strategy next to the reduced
start-up time is that less metal hydride and a smaller reactor are
required. The reason is that the cell temperature has to rise to
a lower value (e.g. −15 °C instead of 0 °C) before the internal
heating phase starts.

bbreviations

BP Bipolar plate
CL Catalyst layer
ECSA Electrochemical surface area
GDL Gas diffusion layer
HTF Heat transfer fluid
HOR Hydrogen oxidation reaction
MH Metal hydride
MPL Micro-porous layer
ORR Oxygen reduction reaction
POR Platinum oxidation reaction
PEMFC Polymer electrolyte membrane fuel cell
Naf Nafion

omenclature

reek symbols

𝛼f ,r Exchange coefficient for
forward or reverse reaction

𝜒 Ratio of ORR water
produced in ionomer

𝜖 Porosity
𝜂 Overpotential
𝛾 Surface tension
𝜆 Water content
11
𝜆eq Equilibrium water content
𝜆sat Saturation water content
𝛬 Heat transfer coefficient
𝜓𝑘 Permeation coefficient of species 𝑘
𝛹𝑘 Flux of quantity 𝑘
𝜌dry Dry density
𝜌mol Molar density
𝜎e− Electron conductivity
𝜎H+ Proton conductivity
𝜎H+ Proton conductivity
𝜎Heat Heat conductivity
𝜃PtOx Surface coverage with platinum oxide
𝜉 Storage term

Latin symbols

𝑎H2
Hydrogen activity

𝑎O2
Oxygen activity

𝐴ecs Electrochemical active surface area
𝑐𝑘 Molar concentration of species 𝑘
𝐶p Heat capacity
𝐷 Diffusion coefficient
𝐸0 Equilibrium voltage
𝐸act Activation energy
EW Equivalent weight
𝑓H2O Volume fraction of water in the ionomer
F Faraday constant
𝑔 Molar Gibbs free energy
ℎ Molar enthalpy
ℎspec Specific enthalpy
𝑖 Current density
𝑘abs,des Absorption or desorption rates

from pores to ionomer
𝑀 Molar mass
𝑛drag Drag coefficient
𝑝𝑘 Partial pressure of species 𝑘
𝑝eqabs,des Equilibrium pressure for H2

absorption or desorption
𝑝ref Reference pressure
𝑞𝑘 Source of species 𝑘
𝑟 Pore radius
𝑟HOR Hydrogen oxidation reaction rate
𝑟ORR Oxygen reduction reaction rate
𝑟POR Platinum oxidation reaction rate
R Gas constant
𝑝 Pressure
𝑠 Molar entropy
𝑆ice Saturation with ice phase
𝑆g Saturation with gas phase in

the void pores not filled by ice
𝑆l Saturation with liquid phase in

the void pores not filled by ice
𝑇 Temperature
𝑉 H2O Partial volume of water in the ionomer
𝑊elec Electric work
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