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� A reduced-order model for PEM fuel cells is developed.

� The model is two orders of magnitude faster than the conventional 1D model.

� The model results agree well with the 1D model.

� The influence of the membrane electrode assembly design is studied.

� CL thickness is the dominant factor at low current density.
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A reduced-order model (ROM) is developed for proton exchange membrane fuel cells

(PEMFCs) considering the non-isothermal two-phase effects, with the goal of enhancing

computational efficiency and thus accelerating fuel cell design development. Using

analytical order reduction and approximation methods, the fluxes and source terms in

conventional 1D conservation equations are reduced to six computing nodes at the in-

terfaces between each cell component. The errors associated with order reduction are

minimized by introducing new approximation methods for the potential distribution, the

transport properties, and the membrane hydration status. The trade-off between model

accuracy and computational efficiency is studied by comparing the simulation results and

computational times of the new model with a full 1D model. The new model is nearly two

orders of magnitude faster without sacrificing too much accuracy (<4% difference)

compared to the 1D model. The new model is then used to analyze the influence of the

membrane electrode assembly (MEA) design on cell performance and internal state dis-

tributions, offering insights into MEA structural optimization. The model can be readily

extended to account for more detailed physico-chemical processes, such as Knudsen

diffusion or the influence of micro-porous layers, and it can be an effective tool for un-

derstanding and designing PEMFCs.
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Nomenclature

Symbols

a Surface area, m2 m�3

A Tafel constant, V K�1

B Concentration constant, V K�1

c Gas concentration, mol m�3

d Size of catalyst layer agglomerates, m

D Diffusion coefficients, m2 s�1

E Potential, V

Er Agglomerate effective factor

f Ionomer water volume fraction

F Faraday constant, C mol�1

g Ionomer water adsorption/desorption rate, cm s�1

h Henry's constant, Pa m3 mol�1

H Enthalpy, kJ mol�1

DH Enthalpy for water formation, kJ mol�1

i Current density, A m�3 or A cm�2

I Output current density, A m�2

j Flux, A m�2, mol m�2 s�1, W m�2

k Thermal conductivity, W K�1

K Hertz-Knudsen mass transport coefficients, m s�1

L Thickness, m

M Molar mass, g mol�1

n Number of segments

P Pressure, Pa

q Cathode half cell reaction constant, s�1

r Resistance, U m2

R Gas constant, J mol�1 K�1

RH Relative humidity

RMSE Root mean square error

s Liquid water saturation

S Source term

DS Entropy change, J mol�1 K�1

T Temperature, K

U Potential, V

V Molar volume, m3 mol�1

x Coordinate, m

X Molar fraction

Greeks

a Symmetry factor

b Thiele modulus

g Phase change rate, s�1

G Transport properties

d Thickness, m

ε Volume fraction

h Overpotential, V

q Coverage ratio

k Liquid water permeability, m2

l Ionomer water content

m Liquid water viscosity, mPa s

x Electro-osmotic drag coefficient

s Electron/proton conductivity, S m�1

t Tortuosity

f Potential, V

f Scalar

Subscripts

0 Reference

1D 1D model

a Adsorption

A Anode

abs Absolute

act Activation

AGC Anode gas channel

agg agglomerate

ave Average

c Condensation

C Cathode

cap Capillary

CL Catalyst layer

CGC Cathode gas channel

d Desorption

e Evaporation

E Electron

eff effective

eq Equilibrium

film Ionomer film

GDL Gas diffusion layer

h Heat

H2 Hydrogen

H2O Water (vapor)

i Species

I Ionomer

l Left boundary

L Limit

lg Liquid gas interface

lumped Lumped

m Membrane

mob mobile

O2 Oxygen

ocv Open circuit voltage

ORR Oxygen reduction reaction

p Pore

P Proton

PtO Platinum oxide

r Right boundary

red Reduced

ref Reference

ROM Reduced order model

w Liquid water

l Ionomer water content

Abbreviations

CL Catalyst layer

ECSA Electrochemical surface area

GC Gas channel

GDL Gas diffusion layer

HOR Hydrogen oxidation reaction

MEA Membrane electrode assembly

MEM Membrane

ODE Ordinary differential equation

ORR Oxygen reduction reaction

PDE Partial differential equation
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PEM Proton exchange membrane

PEMFC Proton exchange membrane fuel cell

RH Relative humidity

RMSE Root mean square error

ROM Reduced order model
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Introduction

Proton exchange membrane (PEM) fuel cells are regarded as

promising energy conversion devices for mobile and station-

ary applications due to their many advantages such as high

efficiency, low emissions, and decoupled power and energy

capacity [1,2]. Despite significant advances in PEM fuel cell

technology over the past few decades, further improvements

in performance, durability, and cost are still required to un-

lock their full commercial potential [1]. Mathematical models

have been extensively used as a complementary tool to ex-

periments for fuel cell development because they can provide

insights into fundamental processes which are not obtainable

from experiments, and can accelerate fuel cell design opti-

mization without the need of creating and testing numerous

fuel cell prototypes. Although various microscopic and

mesoscopic models have been developed for resolving real

microstructures and small-scale processes in fuel cells [3e5],

these models are seldom used to simulate full cell operation

due to the large difference in length scales and associated

heavy computational cost. To model a full cell, macroscopic

models are usually used, which can be classified into three

categories: Physics-based continuum models [6,7], data-

driven models [8,9], and empirical models [6,10].

The physics-based continuum models consider the partial

differential equations (PDEs) or ordinary differential equations

(ODEs)ofvariousscalars foracomputationaldomain,whichcan

be 1D [7], 2D [11e13], or 3D [14,15]. By introducing the conser-

vationequations for certainmechanisms, thecontinuummodel

can includemultiple electrochemical and transportprocessesof

thecell, like transport of reactants,water, heat, local potential in

the electrode and ionomer phase, etc., which enable these

models to capture the behavior of PEMFCsunder awide rangeof

working conditions. Vetter and Schumacher [7] developed an

open-source 1D model for PEMFCs based on macro-

homogeneous modelling approaches. The model considered

multiple influencing factors such as temperature and humidity

and was later used to investigate the scattered material prop-

erties in the literature [16,17]. While most of the continuum

models use effective diffusion coefficients approximated with

tortuosity factors, some studies also tried to employ coefficients

calculated with real electrode geometries to consider the

coupling between effective diffusion and reaction [18,19]. In

addition to the transport of reactants in pores, diffusion in the

thin ionomer film covering the Pt/C particles was also found to

have significant influence on the oxygen transport resistance

[20]. S�anchez-Ramos et al. [20] developed a 1DCLmodelwith an

additional local oxygen transport sub-model to capture the cell

performanceat lowPt loading, anda followingparametric study

[21] showed that thin CLs, high carbon volume fraction, and

open pores are beneficial for cell design with low Pt loading.

Since the Pt/C particles and ionomer in CL can have an
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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agglomerate-type structure [22], some studies also tried to

introduce the coupling between reaction and diffusion inside

the agglomerates to the 1D continuum model. These studies

often consider the agglomerates as spheres covered by thin

ionomer films [23,24] and the secondary pores inside the ag-

glomerates are usually ignored [23] or assumed to be filled with

liquid water [24].

On the other hand, the 2D and 3D models can also include

the land/channel effect [14], concentration gradients through

the channel [25], and in-plane transport phenomena [11],

which may improve their accuracy for large cells with low

stoichiometries. In the study of Ye and Nguyen [14], a 3D

model was established using experimentally measured

capillary pressure curves. The spatial heterogeneous water

saturation distribution can be observed from the simulation

result and was found to have a significant influence on the

overall cell temperature. G€oßling et al. [26] developed a

2D þ 1D PEMFC stack model to study the water management

of fuel cell systems. The simulation results showed that the

membrane (MEM) is better saturatedwhen the reactants are in

a counter-flow configuration, and that the temperature

gradient can have a different effect for cells operating under

different flow configurations. Comparing to 2Dmodels, the 3D

models also allow the use of real flow channel structures and

have been extensively used for studying the transport process

inside the gas channels [27], aswell as the optimization of flow

field geometry [28e31]. In the study of Jabbary et al. [30], a 3D

model is used to simulate the performance of rhombus

designed PEMFCs. Three types of rhombus designs are

compared to a base design, and both were found to have a

positive influence on cell performance. With a 3D CFD

approach, Ashrafi et al. [29] studied different channel geom-

etries, and a flow field with a pin design showed higher cur-

rent density and power compared to three other designs.

However, while being able to achieve higher accuracy, these

models incur relatively heavy computational cost as the

continuum models have several coupled conservation equa-

tions and require a mesh grid for each cell component.

Data-driven methods can describe the nonlinear charac-

teristics of PEMFCs without prior knowledge of any

mechanism-based equations, thus the complexity of these

models can be reduced significantly compared to the contin-

uum models [32]. To date, various data-driven approaches,

such as artificial neural networks [8,9,33] and support vector

machines [33], have been developed for PEMFCs. Since these

models are only based on the common patterns of the input-

output relationship of experimental datasets without

considering any detailed mechanisms, they can be readily

applied to PEMFC stacks without increasing computational

power demand [34]. However, their accuracy is strongly

dependent on the quantity and quality of experimental data,

and their application is also limited to the range of working

conditions where data is provided.
rmal reduced-order model for accelerating PEM fuel cell design
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As shown in Eq. (1) [35], a typical empirical model describes

cell polarization by considering four terms: the reversible

potential, ohmic loss, activation loss, and concentration loss

[6,35].

U¼Uocv � rI�AT ln

�
I

i0

�
þ BT ln

�
1� I

IL

�
(1)

where U is the output voltage, Uocv is the open-circuit voltage,

r is the ohmic resistance, I represents the output current

density, A and B are the activation and concentration con-

stants, T is the operating temperature, and i0 and IL are the

exchange current density and limiting current density,

respectively. This empirical equation includes the three most

significant potential loss sources and can be parameterized to

capture the polarization curves of PEMFCs measured by ex-

periments. However, since this model ignores many impor-

tant factors, likemembrane hydration status, water transport,

etc., once parameterized its accuracy is limited to a certain

range of working conditions [6]. Although the accuracy and

generalization capability of 0D empirical models is low, their

low computational demand is still favored by several types of

applications such as lifetime assessment [36] and large-scale

simulation based on the hierarchical method [37,38].

To improve performance over a wider range of working

conditions, various efforts have been made to introduce more

detailed mechanisms into the 0D empirical model. Das et al.

[10] developed an analytical catalyst layer (CL) electrochemical

sub-model and integrated it into the traditional empirical

model described in Eq. (1), together with O2 transport in floo-

ded/dry electrodes. Based on this analytical CL model, Jiang

et al. [39] further introduced the transport of heat andmass into

the model with homogenized flux rates. This model also tried

to include the phase change ofwater by using a vapor saturated

electrode and transferring all remaining water into liquid form.

Rahman et al. [40] used a similar approach to model gas

transport, but they further introduced non-Fickian transport

resistances determined by limiting current experiments as well

as an ordinary differential equation to describe the water

transport in the membrane, and the proton transport loss was

modelled with another analytical approach based on the

studies of Thompson et al. [41] and Neyerlin et al. [42].With the

above modifications, the included mechanisms in these 0D

models approach those found in 1D continuum models, which

enables them to work under extended ranges of temperature,

back pressure, and humidity conditions, and the mechanistic

equations in these models allow them to use experimentally

measured material properties to avoid complex parameteriza-

tion processes. However, since these models are still based on

several common assumptions including uniformly distributed

scalars, transport properties and source terms in each compo-

nent, their simulation results can severely deviate from a full

1Dmodel of PEMFCs, even if they have the samedescriptions of

the reaction and transportmechanisms andmodel parameters.

To minimize computational cost without sacrificing too

much model accuracy, this study starts from a different

perspective. Using analytical order reduction and approxi-

mation methods, the fluxes and source terms in the conven-

tional 1D conservation equations are reduced to six

computing nodes at the interfaces between each cell
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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component. The errors associated with order reduction are

minimized by introducing new approximation methods for

the potential distribution, transport properties and the

membrane hydration status. The trade-off between model

accuracy and computational efficiency is studied by

comparing the simulation results and computational times of

the new model with a full 1D model. The new model is found

to be nearly two orders of magnitude faster compared to the

1D model, and the discrepancy between the polarization

curves simulated by the twomodels is less than 4% formost of

the working conditions. This reduced order model (ROM) is

then used to analyze the influence of themembrane electrode

assembly (MEA) design on cell performance and internal state

distributions, offering insights into MEA structural optimiza-

tion. The model can be readily extended to account for more

detailed physico-chemical processes, such as Knudsen diffu-

sion, the influence of microporous layer, or degradation. The

gas channels (GC) structure or channel-rib geometry can also

be considered by integrating this model into hierarchical

modelling frameworks. The modelling approach presented in

this paper can therefore be an effective tool for understanding

and designing PEM fuel cells.
Model development

1D PEM fuel cell model

The non-isothermal two-phase PEM fuel cell model developed

by Vetter and Schumacher [7] is adopted as a referencemodel.

The model is based on a macro-homogeneous approach and

implemented in one dimension considering the dominating

through-plane transport processes in a five-layer MEA with

gas channels simplified as boundaries (Fig. 1 (a)). The major

assumptions of this model include: one-dimension through

plane transport, steady-state, ideal gas, isobaric, Fickian

diffusion, convection neglected and homogeneous porous

media. The model consists of eight conservation equations as

follows:

Electron conservation V , ðsEVfEÞþ SE ¼0 (2)

Proton conservation V , ðsPVfPÞþ SP ¼0 (3)

Energy conservation V , ðkVTÞþ ST ¼ 0 (4)

Gaseous species conservation ði ¼ H2; O2; or H2OðgÞÞ

V ,

�
Di

P
RT

VXi

�
þSi ¼ 0

(5)

Liquid water conservation V ,

�
k

mVw

vPcap

vs
Vs

�
þSs ¼0 (6)

Water conservation in the ionomer phase

V ,

�
DlVl� x

F
jP

�
þSl ¼ 0

(7)

where fE, fP, T, Xi, s and l respectively denote the potential in

electrode phase, the potential in electrolyte phase, temper-

ature, the molar fraction of species i, liquid water saturation,
rmal reduced-order model for accelerating PEM fuel cell design
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Fig. 1 e A schematic illustration of the five-layer MEA, the computing nodes, and the flux conservation inside a subdomain:

(a) the five-layer MEA and the six computing nodes at the interfaces between and boundaries of the cell components; (b) the

flux conservation of a scalar in a subdomain.
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and water content in the ionomer; sE and sP respectively are

the electronic and ionic conductivity; k is the thermal con-

ductivity; Di represents the diffusion coefficient of species i, P

is the pressure, R is the ideal gas constant, k is the liquid

water permeability, m is the liquid water viscosity, Vw is the

molar volume of liquid water, Pc is the capillary pressure, Dl

is the water diffusivity in ionomer and x is the electro-

osmotic drag coefficient. The physico-chemical properties,

the source terms, SE, SP, ST, Si, Ss, and Sl, as well as the

boundary conditions are summarized in Tables 1e3. The

property relations and the source term formulations have

been well discussed and justified elsewhere [7] and are

therefore not detailed here.

Model order reduction for transport processes

The 1D fuel cell model is reduced to six computing nodes

located at the boundaries of interfaces between the MEA

layers as shown in Fig. 1 (b). For each layer, the conservation

laws can be reduced to

jfðxÞ¼ jf;l þ
ðxlþd

xl

Sfdx (8)

where j is the scalar flux, the subscript f is the scalar index (¼
fe, fP, T, Xi, s, and l), and d is the thickness of the layer.

Assuming linearly distributed source terms, Eq. (8) can be

rewritten as:

�Gf

fr � fl

d
¼ jf;l þ

�
Sf;r

6
þSf;l

3

�
d (9)

for f ¼ fe, fP, T, XH2, XO2, XH2O, where G is the corresponding

transport coefficient dependent on the states of the two

neighboring computing nodes.

Apart from the diffusion flux (DlVl), water transport in the

ionomer phase can also be affected by the electro-osmotic

drag. Integrating Eq. (8) for the ionomer water transport thus

gives:

2:5
22F

�
ljP
�
ave

� Dl

Vm

lr � ll

d
¼ jl;l þ

�
Sl;r

6
þSl;l

3

�
d (10)
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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Averaged transport properties

The transport properties of protons, liquid water in the GDL,

and water in the ionomer can change nonlinearly and

dramatically across the component layers. However, the dis-

tributions of the scalars themselves are relatively linear

compared to their transport properties. Therefore, these

transport properties can be computed by discretizing the

component layer to n segments and using the linearized sca-

lars, which gives

Glumped ¼ nPn
i¼1

1
Gðflþ2i�1

2n ðfr�flÞÞ
(11)

Considering a trade-off between the simulation accuracy

and computational cost, the number of segments n is set to be

10.

For other transport properties, the gradients are relatively

small, so they are approximated as:

G¼ 2
1
Gl
þ 1

Gr

(12)

Electrochemical model

The electrode kinetics can be described using the Butler-

Volmer equation [10]. At the cathode, due to the slow oxy-

gen reduction reaction kinetics and relatively high proton and

electronic conductivities, the proton/electron flux is approxi-

mately linearly distributed, and the potential gradients are

small in the ionomer and carbon phase. Therefore, the Butler-

Volmer kinetics can be simplified and rearranged to give the

expression of the cathode activation overpotential as follows:

hact;C ¼
RTave

F
sinh�1

�
I

2dCLi0;ave

�
(13)

where Tave and i0,ave are the temperature and exchange cur-

rent density in the cathode CL, which are assumed to be the

arithmetic average of the two neighboring nodes. By neglect-

ing the potential drop in the carbon phase [10], the total

overpotential associated with the cathode CL is the sum of the
rmal reduced-order model for accelerating PEM fuel cell design
rg/10.1016/j.ijhydene.2022.09.044
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Table 1 e Physico-chemical properties (All properties in this table are kept the same as the reference model and are taken
from Ref. [7]).

Physical and transport properties

Molar enthalpy of ionomer water adsorption/desorption, Had, (kJ/mol) 42

Molar enthalpy of water evaporation/condensation, Hec, (kJ/mol) 42

Thermal conductivity for GDL, CL, and membrane, kGDL, kCL, km (W/m K) 1.6, 0.27, 0.3

Diffusion coefficient of species I, for i ¼ H2, O2, H2O(g), Di (cm
2/s)

Di ¼ εp

t2
ð1 � s3ÞDi;ref

� T
Tref

!1:5
Pref
P

Reference diffusion coefficient of species i, for i ¼ H2, O2, H2O(g), Di,ref (cm
2/s) 1.24 (hydrogen in water vapor), 0.28 (oxygen in air),

1.24 (water vapor in hydrogen), 0.36 (water vapor in air)

Gas concentration, C (mol/m3)
c ¼ P

RT
Pore tortuosity, t 1.6

GDL porosity, εp 0.76

Reference temperature, Tref (K) 353.15

Reference pressure, Pref (atm) 1

Water saturation pressure, PSAT (Pa)
ln
�PSAT
1 Pa

�
¼ 23:1963� 3816:44 K

T� 46:13 K

Saturated molar fraction of water vapor, XSAT XSAT ¼ PSAT
P

Water vapor molar fraction at GDL/GC interface, XH2O,A and XH2O,C
8><
>:

XH2O;A ¼ RHAPSATðTAÞ
PA

XH2O;C ¼ RHCPSATðTCÞ
PC

Oxygen molar fraction at CGDL/CGC interface, XO2,c XO2 ;C ¼ 0:21ð1 � XH2O;CÞ
Hydrogen molar fraction at AGDL/AGC interface, XH2,A XH2 ;A ¼ 1� XH2O;A

Condensation/evaporation rates, ge, gc (1/s)
�

ge ¼ Kealgsred
gc ¼ Kcalgð1� sredÞ

Effective liquid-gas interfacial surface area, alg (m
2/m3) 2 � 106

Hertz-Knudsen mass transport coefficients, Ke, Kc (m/s) Ke

Kc

�
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT

2pMw

r
�
�
5� 10�4

6� 10�3

Molar mass of water, Mw (g/mol) 18

Reduced saturation, sred sred ¼ s� sC
1� sC

Liquid water viscosity, m (mPa s)
ln
� m

1 mPa s



¼ � 3:63148 þ 542:05 K

T� 144:15 K
Liquid water permeability, k (m2) k ¼ ð10�6 þs3redÞkabs
Absolute permeability of GDL and CL, kabs (m

2) 6.15 � 10�12, 10�13

Capillary pressure, Pcap (Pa) Pcap
1 Pa

¼ �0:00011 exp½�44:02ðs� 0:496Þ�
þ 278:3 exp½8:103ðs� 0:496Þ� � 191:8

Liquid water saturation at GDL/channel interface, sC 0.12

Water diffusion coefficient in ionomer, Dl (m
2/s)

Dl ¼ ε
1:5
I

3:842l3 � 32:03l2 þ 67:74l

l3 � 2:115l2 þ 33:013lþ 103:39
10�10m

2

s

� exp

"
20kJ=mol

R

 
1

Tref
� 1
T

!#

Electro-osmotic drag coefficient, x
x ¼ 2:5

22
l

Equilibrium ionomer water content, leq leq ¼ 0:043þ 17:81RH� 39:85RH2 þ 36:0RH3

Relative gas humidity, RH
RH ¼ XH2O

XSAT

Ionomer water adsorption/desorption rate, ga, gd (cm/s) ga
gd

�
¼ f exp

h20 kJ=mol
RT

�
�
�
3:53� 10�3 cm=s
1:42� 10�2 cm=s

Volume fraction of water in ionomer, f
f ¼ lVw

lVw þ Vm

Molar volume of liquid water, Vw (cm3/mol) 18/0.978

Molar volume of dry membrane, Vm (cm3/mol) 1020/1.97

Electrochemical properties

Current density, i (A/m3)
i ¼ ai0

�
exp

� F
RT

h
 � exp

�� F
RT

h

��
Surface overpotential, h (V)

h ¼
�
fe � fp � U0 in ACL
U0 � fe þ fp in CCL

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
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Table 1 e (continued )

Physical and transport properties

Reversible potential, U0 (V)

U0 ¼

8>>><
>>>:

�TDSHOR

2F
� RT

2F
ln

 
PH2

Pref

!
in ACL

�DH� TDSORR

2F
þ RT

4F
ln

 
PO2

Pref

!
in CCL

Exchange current density, i0 (A/cm
2)

i0 ¼

8>>>><
>>>>:

i0;ref

 
PO2

Pref

!0:54

� exp

"
67kJ=mol

R

 
1

Tref
� 1
T

!#

0:27 A=cm2 exp

"
16kJ=mol

R

 
1

Tref
� 1
T

!#

Enthalpy of water formation, DH (kJ/mol) �285.83

Half-reaction entropy of hydrogen oxidation reaction (HOR), DSHOR (J/mol K) 0.104

Half-reaction entropy of oxygen reduction reaction (ORR), DSORR (J/mol K) �163.3

Electrical conductivity of GDL and CL, sE (S/m) 1250, 350

Proton conductivity of ionomer, sP (S/m)
sP ¼ ε

1:5
I 116

S
m

maxf0; f � 0:06g1:5

� exp

"
15kJ=mol

R

 
1

Tref
� 1
T

!#
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activation overpotential and the ohmic loss in the ionomer

phase:

hC ¼ hact;C þ IdCL
2sP;C

(14)

At the anode, the changes in the overpotential and proton/

electron flux can be significant because of a relatively low

proton conductivity due to the less hydrated ionomer together

with faster HOR kinetics. Hence, a 1D approach is used and the

overpotential in the anode is described as:

d2
hact

dx2
¼ � i

sP
(15)

with the boundary conditions:

dhact

dx
jx¼xl

¼ 0 (16)

dhact

dx
jx¼xlþd ¼

I
sPF

(17)

Membrane/ionomer water content

Since there is no source term for water in the membrane,

(ljP)ave in the membrane can be approximated as:

�
ljP
�
ave

¼ laveI (18)

Thewater content of themembrane, l, is solved analytically

from Eq. (10) with the boundary condition shown in Eq. (20):

lðxÞ¼
�
ll � 22Fjl;l

2:5I

�
exp

�
2:5I

22FDl

x

�
þ 22Fjl;l

2:5I
(19)

ljx¼xl
¼ ll (20)

Integrating Eq. (19) across the membrane thickness and

dividing it by themembrane thickness gives the averagewater

content in the membrane:

lave ¼ 22FDl

2:5IdPEM

�
ll �22Fjl;l

2:5I

��
exp

�
2:5I

22FDl

dPEM

�
� 1

�
þ 22Fjl;l

2:5I
(21)
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Assuming activation overpotential is constant in the

catalyst layer of the cathode, (ljP)ave in the cathode CL can be

related to the current which is linearly dependent on the co-

ordinate x:

�
ljP
�
ave

¼
�
ll

3
þ lr

6

�
I (22)

By neglecting the potential drop in the carbon phase,

(ljP)ave in the anode CL can be approximated as:

�
ljP
�
ave

¼
Pn
i¼1

jP;i
�
ll þ 2i�1

2n ðlr � llÞ
�

n
(23)

where jP,i is the proton flux at x ¼ (2i - 1)d/n.

Model parameters and numerical procedures

The governing equations are organized into four sub-models,

namely the reactant diffusion model (Eqs. (5), (9), (12)), elec-

trochemical model (Eqs. (2), (3), (9), (11-17)), water transport

model (Eqs. (5-7), (9-12), (18-23)), and thermal model (Eqs. (4),

(9), (12)), and the four sub-models are coupled together with

a segregated approach, as shown in Fig. 2. The CL electro-

chemical model and water transport model are solved

numerically using self-written solvers developed based on the

forward Euler method and Broyden's method respectively,

and the other two sub-models are solved analytically. To

validate the model with experiments, both the 1D model and

the ROM are parameterized to the experimental results of

Ref. [43]. The model parameters, including the cell configura-

tion and fitted parameters, are summarized in Table 4.
Results and discussion

Model accuracy and computational efficiency

The simulated polarization curves of the developed model are

compared with the conventional 1D approach under various

working conditions as listed in Table 5. Since this work is based
rmal reduced-order model for accelerating PEM fuel cell design
rg/10.1016/j.ijhydene.2022.09.044
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Table 2 e Source terms for the conservation equations in each region [7].

Anode GDL Anode CL Membrane Cathode CL Cathode GDL

Se 0 -i e i 0

SP e i 0 -i e

ST sEðVfEÞ2 sEðVfEÞ2 þ sPðVfPÞ2 þ
�
ih � iTDSHOR

2F

�

þHad �

8>><
>>:

ga
LVm

�
leq � l

�
if leq < l

gd
LVm

�
leq � l

�
if leq > l

sPðVfPÞ2 sEðVfEÞ2 þ sPðVfPÞ2 þ
�
ih � iTDSORR

2F

�

þHad �

8>><
>>:

ga
LVm

�
leq � l

�
if leq < l

gd
LVm

�
leq � l

�
if leq > l

þHec �
�
gecðXH2O � XSATÞ if XH2O <XSAT

gccðXH2O � XSATÞ if XH2O >XSAT

sEðVfEÞ2 þ Hec

�
�
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SO2 e e e � i
4F
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2F

e e e
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�
(
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Table 3 e Boundary conditions [7].

Scalars AGC/AGDL AGDL/ACL ACL/MEM MEM/CCL CCL/CGDL CGDL/CGC

fE fE ¼ 0 continuity jE ¼ 0 jE ¼ 0 continuity jE ¼ I

fP e jP ¼ 0 continuity continuity jP ¼ 0 e

T T ¼ TA continuity continuity continuity continuity T ¼ TC

XO2 e e e jO2 ¼ 0 continuity XO2 ¼ XO2,C

XH2 XH2 ¼ XH2,A continuity jH2 ¼ 0 e e e

XH2O XH2O ¼ XH2O,A continuity jH2O ¼ 0 jH2O ¼ 0 continuity XH2O ¼ XH2O,C

s e e e js ¼ 0 continuity s ¼ sc
l e jl ¼ 0 continuity continuity jl ¼ 0 e

Table 4 e Cell configuration and fitted model parameters.

Parameters Symbol Value

Anode Cathode

GDL thickness (mm) LGDL 195 43,44]a 160 7,43]a

CL thickness (mm) LCL 11 [43] 11 [43]

Electrochemical surface

area (m2 m�3)

a 1.75 � 107 [43] 1.75 � 107 [43]

CL pore volume fraction

(�)

εp,CL 0.3 [39] 0.3 [39]

Reaction coefficient of

ORR (A m�2)

i0,ref e 6e-8f

Ionomer volume

fraction in CL (�)

εI,CL 0.4 [39] 0.4 [39]

aIn the experiment of Ref. [43], the anode and cathode GDLs were

SGL 24BCE (235 mm) and TGP H-060 (190 mm), respectively, but the

compression rate was not specified. The thicknesses used in the

models correspond to a moderate compression pressure of 1.4 MPa

[7,44].
f: Fitted.
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on the reduction of the 1D approach and the gas channel is not

included in the model, the stoichiometry, which can be repre-

sented by the flow velocity of air/fuel, is not applicable. For

simplicity, the inlet humidity and pressure are set to be the

same on both the cathode and anode sides, and the first con-

dition is defined as the base condition. Fig. 3(a) and Fig. 3(b)

show the simulated polarization curves and power density,

with lines and markers representing the result of the ROM and

the 1Dmodel, respectively. It can be observed that the ROM can

provide nearly the same simulation results as the 1D model

under awide range ofworking conditions.While having similar

results, our new modelling approach is much faster compared

to the 1D model. The computing time of the models under the

default model parameters of Ref. [7] is listed in Table 6. The

ROM is around two orders of magnitude faster than the 1D

model, and the efficiency of themodel is significantly improved

by using the self-written modelling framework.

The root mean square errors (RMSEs) of the polarization

curve are further used to quantify and compare the errors.

Since the results of the two models share the same voltage

range while the current range is different, the error of simu-

lated voltage under the same current is used, as shown in Eq.

(24).

RMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðI1DðUiÞ � ICNMðUiÞÞ2

n

vuuut
(24)

where I1D(Ui) and IROM(Ui) are the current densities predicted

by the 1D model and ROM under Ui, respectively, and the

number of points n is set to be 23, which corresponds to a
Fig. 2 e The four sub-models of the

Please cite this article as: Pan Y et al., A fast two-phase non-isothe
development, International Journal of Hydrogen Energy, https://doi.o
voltage interval of 0.05 V. Since the current range under

different working conditions can vary significantly, a

normalized RMSE in percentage is also introduced to help the

comparison:

RMSEnor ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
1� ICNMðUiÞ

I1DðUiÞ


2
n

vuuut
(25)

The quantified errors under the seven conditions are also

shown in Table 5. The RMSE and normalized RMSE are below
ROM and the segregated solver.

rmal reduced-order model for accelerating PEM fuel cell design
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Table 5 e Simulated working conditions and error of predictions.

Condition Temperature (K) Pressure (kPa) RH (�) RMSE (A/cm2) Normalized RMSE (%)

1 (Base condition) 353 100 0.9 0.05 3.5

2 333 100 0.9 0.04 3.4

3 358 100 0.9 0.05 3.4

4 353 200 0.9 0.05 3.2

5 353 300 0.9 0.05 3.0

6 353 100 0.8 0.06 4.2

7 353 100 0.7 0.06 5.0

Fig. 3 e Simulation results of ROM and 1D model: (a) polarization curves simulated by ROM and 1D model, where 1e7

represents conditions 1e7, which are specified in Table 5; (b) power density curves simulated by ROM and 1D model; (c)

comparison of polarization curves between simulation and experimental result of Ref. [43]; (d) comparison of power density

curves between simulation and experimental result of Ref. [43].
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0.06 A/cm2 and 5%, respectively, and the largest error can be

found under the least humidified condition.

As shown in Fig. 3(a), the polarization curves of the 1D

model are well captured by the ROM. Compared to other

conditions, the inlet pressure has the least influence on the

overall performance of the cell. By increasing the inlet pres-

sure, the cell tends to have higher voltage under low to

moderate current densities because of the higher reversible

potential and faster reaction kinetics. But an increased inlet
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
development, International Journal of Hydrogen Energy, https://doi.o
pressurewill also slightly lower the limiting current of the cell,

possibly due to the lower diffusion coefficient of water vapor

which can lead to a drier membrane. The same trend is pre-

dicted by both the ROM and the 1D model. On the other hand,

the temperature has a larger impact on the polarization

curves. The current output of the cell decreases significantly

with a lowered temperature, and the error of the ROM under

all three temperatures is kept close to 3%. Similarly,

decreasing the humidity can reduce the current output of the
rmal reduced-order model for accelerating PEM fuel cell design
rg/10.1016/j.ijhydene.2022.09.044
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Table 6 e Computing time of the ROM and the 1D model.

ROM with self-written solvers ROM with MATLAB embedded solvers 1D model

Time per simulation (s) 0.0076 0.457 0.7

CL electrochemical model (s) 0.0011 0.055 e

Mass transport (s) 0.0065 0.402 e
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cell significantly: the limiting current is decreased by more

than 40% by reducing the inlet relative humidity (RH) from 0.9

to 0.7. This feature indicates that the dehydration of the

membrane plays an important role in cell performance,

especially at high current density. Fig. 3(b) plots the power

densities simulated by the twomodels. It can be observed that

the power density profile predicted by the ROM also agrees

well with the 1D approach, especially under conditions one to

five, and a slightly lower peak power density is predicted

under low humidity conditions. The results of the twomodels

are also compared with the experimental data of Ref. [43]

under the base condition in Fig. 3(c) and (d), and the simulated

polarization curves and power density curves of both models

agree excellently with the experiment.

Internal state distributions

The internal state distributions are studied and compared

with the 1D model under the base condition (condition 1) and

four different current outputs representing low (0.5 A/cm2),

moderate (1.5 A/cm2), high (1.95 A/cm2, which is also the

current at peak power) and limiting current densities (2.43 A/

cm2). Fig. 4 shows the simulated potential profiles inside the

cell, which includes the potential in the carbon/electrolyte

phase and the anode proton flux and potential predicted by

the simplified 1D anode electrochemical model. The lines in

the figure represent the result of the ROM analysis and

markers stand for the result of the full 1D model. From

Fig. 4(a), it can be observed that the potential barely changes in

both the anode and cathode carbon phase due to their high

electronic conductivity. The anode carbon phase potential is

close to 0 V and is well captured, and the cathode potential

approximately equals to the voltage output of the cell. The

results of the ROM also agree well with the 1D approach, but a

relatively large error can be seen at the limiting current den-

sity due to the rapid potential drop near the limiting current

shown in Fig. 3(a). The proton conductivity of the ionomer,

however, is several orders of magnitudes smaller compared to

the electronic conductivity of the electrodes. As shown in

Fig. 4(b), a large potential drop through the membrane can be

found from 1.5 A/cm2 to 2.43 A/cm2. As the error inmembrane

potential drop is very close to the error of predicted cell

voltage, it can be inferred that the slightly underestimated

limiting current of the ROM is mostly due to membrane

dehydration. On the anode side, the potential in the electro-

lyte remains nearly constant until approaching the interface

between the anode CL and the membrane. Since both the

potential in the carbon phase and the reversible potential of

HOR are close to 0 V, the electrolyte potential can also be

represented by the anode overpotential of the hydrogen

oxidation reaction, which is shown in Fig. 4(c). The large

gradient of anode overpotential can also lead to a highly
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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unbalanced local HOR current density. As shown in Fig. 4(d),

the rapid rise of proton flux near the anode/membrane

interface is predicted by both the ROM and the 1D model,

which also indicates that water transport due to electro-

osmotic drag in the anode CL can be successfully captured

by the ROM.

As shown in Fig. 4(b), the limiting current is due to the

higher membrane resistance and the membrane proton

conductivity is related to its hydration status, so it can be

expected that water transport can strongly affect the accu-

racy of the ROM, and the results of this sub-model are

shown in Fig. 5, together with the temperature gradient

which can affect the saturated water vapor pressure.

Fig. 5(a) shows the molar fraction of water vapor in the

electrodes. From channel to membrane, the water vapor

pressure tends to increase on the cathode side and decrease

on the anode side. Due to the condensation effect, the water

vapor pressure is limited by the saturated vapor pressure,

which results in a plateau in the cathode CL until limiting

current, which has an elevated temperature gradient, as

shown in Fig. 5(d). The liquid water saturation in the cath-

ode CL is shown in Fig. 5(b). Since water generated under

low current conditions is limited, most of the generated

water is exhausted in the vapor form and only the hydro-

philic pores are saturated with liquid water.

Since the cathode CL has a higher equilibrium ionomer

water content due to the higher water vapor pressure, and the

osmotic drag facilitates the water transport from anode to

cathode, it can be observed in Fig. 5(c) that the ionomer is

significantly more hydrated on the cathode side and the

lowest point of water content exists near the anode/mem-

brane interface. The ROM effectively quantifies the ionomer

water content, leading to an accurate prediction of membrane

resistance until limiting current is reached. However, the

conductivity of themembrane decreases dramatically when it

is nearly dehydrated. At the limiting current, a small error in

membrane water content at the anode/membrane interface

can result in a 40% smaller membrane proton conductivity. It

also results in a 62% larger membrane resistance, corre-

sponding to a 0.25 V voltage drop, which is very close to the

error of the predicted output voltage shown in Figs. 4(a) and

Fig. 5(a). The overestimated membrane resistance can further

lead to a higher heat generation rate and temperature

gradient, which can cause a higher saturated water vapor

pressure. As a result, the water vapor pressure is higher

(Fig. 5(a)) and liquid water saturation is lower (Fig. 5(b)) in the

cathode CL. As the equilibrium ionomer water content leq is

dependent on the local relative humidity (XH2O/Xsat), and the

saturated water vapor pressure Xsat increases significantly

with temperature, the overestimated temperature rise can

further facilitate the prediction of membrane dehydration in

the ROM.
rmal reduced-order model for accelerating PEM fuel cell design
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Fig. 4 e Predicted potential distribution and proton flux under the base condition: (a) potential in carbon phase; (b) potential

in electrolyte phase; (c) proton flux in anode ionomer; (d) anode overpotential of the hydrogen oxidation reaction.
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Another possible factor influencing the limiting current is

the air/fuel starvation, and the molar fractions of oxygen and

hydrogen in the electrodes are shown in Fig. 6. The decreasing

trend of oxygen and hydrogen are both predicted by the ROM

with high accuracy and the concentration of them at the CL

catalyst surface is sufficient to support a stable reversible

potential and fast reaction kinetics. From Fig. 6, it can also be

inferred that oxygen starvation will happen before hydrogen,

and that the limiting current due to oxygen starvation can be

roughly estimated as around 5 A/cm2. However, as the effec-

tive oxygen diffusion coefficient is also influenced by the

liquid water saturation, and the limiting current can also be

restricted by reactant diffusion in the ionomer, this estimated

limiting current can be much higher than that seen in prac-

tice. The high precision of the gas diffusion sub-model also

indicates that the slight error of liquid water saturation has

little impact on the simulated cell performance.

From Figs. 3e6, it can be concluded that the predicted cell

performance and internal status of the ROM agree well with

the 1Dmodel under a wide range of working conditions - until

approaching 95% of the limiting currents. Both the limiting

current itself and the error of the limiting current are not

caused by the exhaustion of oxygen or fuel but by the mem-

brane dehydration and its resulting increased resistance, and

the largest error happens at the anode/membrane interface.
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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In addition, the temperature e ionomer hydration condition

relationship also indicates that the errors of the sub-models

can form a positive feedback loop, and that oversimplified

sub-models without the approximationmethods developed in

this work can lead to large errors compared to the full 1D

model.

Model-based structural design of MEA

The development of PEMFC components with superior

transport and electrochemical properties is a popular field of

study. However, even for commercial PEMFC components

with similar material properties, their geometric properties,

especially the thickness of individual layers, can affect the

overall performance of the cell significantly, and a quantita-

tive analysis is required to determine their contributions and

coupling effects. Here we demonstrate the applicability and

extensibility of our model by using the model for structural

design of the MEA. Oxygen transport in the CL ionomer is one

of the main sources of O2 transport resistance and can be

especially important for ultra-thin CLs [20]. Thus in this sec-

tion, our model is extended to incorporate the agglomerate

sub-model for cathode CL detailed elsewhere [11,23] to ac-

count for this mechanism. The details of the CL sub-model

and the model parameters are summarized in Table 7
rmal reduced-order model for accelerating PEM fuel cell design
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Fig. 5 e Predicted water transport status and internal temperature profile under the base condition: (a) molar fraction of

water vapor; (b) liquid water saturation in cathode CL and GDL; (c) ionomer water content; (d) temperature distribution.

Fig. 6 e Molar fraction of oxygen and fuel: (a) hydrogen molar fraction in anode electrode; (b) oxygen molar fraction in

cathode electrode.
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[11,23]. As shown in Fig. 7, our model results agree well with

the experimental data, with the performance loss due to

increased mass transport resistance of thinner CL success-

fully captured.

Then, a detailed analysis of the thickness of PEMFC layers

is presented with the modified model. The model parameters
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
development, International Journal of Hydrogen Energy, https://doi.o
of the thick CL case are considered as the ‘base case’ and the

investigated ranges of them can be found in Table 8.

First, the overall cell performance under 50% and 200%

thickness of individual layers is investigated and the results

can be found in Fig. 8. It can be observed that among all three

types of layers, the thickness of themembrane has the largest
rmal reduced-order model for accelerating PEM fuel cell design
rg/10.1016/j.ijhydene.2022.09.044
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Table 7 e Equations of the agglomerate sub-model [11,23] and the model parameters.

Equations of the agglomerate sub-model

Thiele modulus
b ¼ dagg

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qC

Deff
O2 ;agg

s

Agglomerate effective factor
Er ¼ 1

b

�
1

tanhð3bÞ �
1
3b

�
Cathode half cell reaction constant

qC ¼ ai0;Cð1� qPtOÞ
4Fð1� εp;CLÞCref

O2

�
exp

�
F
RT

h

�
� exp

�� F
RT

h

��

Cathode catalyst layer current density
I ¼ 4FLCCL

PO2

hO2

"
1

qCErð1� εp;CLÞ þ
ðdagg þ 2daggÞdagg
aaggdaggDO2 ;flim

#�1

Platinum oxide formation vqPtO
vt

¼ 0:0128 s�1ð1� qPtOÞexp
�

F
2RT

hPtO � 10 kJ=mol
RT

qPtO

�

� 0:0128 s�1qPtO exp

�
� F
2RT

hPtO

�
Overpotential of PtO formation, hPtO (V) hPtO ¼ fe � fp � U0;PtO

Added or changed model parameters

Cathode exchange current density, i0,C (A/cm2)
i0;C ¼ i0;ref � exp

h67 kJ=mol
R

 
1

Tref
� 1

T

!#

Reaction coefficient of ORR, i0,ref (A m�2) 0.0208f

Reference concentration, Cref
O2

(mol m�3) 34.06

CCL thickness, LCCL (m) 11 � 10�6 (thick case) [43]3.8 � 10�6 (thin case) [43]

Oxygen diffusion coefficient in ionomer, DO2 ;film (m2 s�1)
DO2 ;film ¼ ð1:9f þ0:11ÞRT exp

h22 kJ=mol
R

 
1

Tref
� 1

T

!#
� 10�14 mol

Pa,m,s
[ 45 ]

Effective oxygen diffusion coefficient in agglomerate,

Deff
O2 ;agg

(m2 s�1)

Deff
O2 ;agg

¼ ε
1:5
I;aggDO2 ;film

Agglomerate surface area, aagg (m
2 m�3) 3.6 � 106f

Ionomer film thickness, dagg (m) 7 � 10�9f

Agglomerate size, dagg (m) 208 � 10�9f

Ionomer fraction in agglomerate, εI,agg (�)
εI;agg ¼ εI;CL � aaggdagg

1� εp;CL

Henry's constant for oxygen, hO2 (Pa m3 mol�1)
hO2 ¼ 1:33� exp

�� 666K
T

�
� 105

Pa,m3

mol
[ 23 ]

Equilibrium potential of PtO formation U0,PtO (V) 0.81 [11]

Proton conductivity of ionomer, sP (S/m)

sP ¼ ð0:5139l�0:326Þexp�1268� 1
303:15

�1 K
T

��
� 1

S
m

[39]

f Fitted.

Fig. 7 e Comparison of simulation and experimental results of different CL thickness from Ref. [43]: (a) polarization curves;

(b) power density curves.
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Fig. 8 e Cell performance under the base case, 20% thickness of individual layers and 200% thickness of individual layers: (a)

polarization curves; (b) power density curves.

Table 8 e Investigated design parameters and their ranges.

Parameter Base case Range

Anode Cathode

GDL thickness (mm) 195 160 20%e200%

CL thickness (mm) 11 11 20%e200%

Membrane thickness (mm) 25 20%e200%
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impact. Both thinner GDLs and a thinner electrolyte mem-

brane provide better cell performance, but the effect of thin

GDLs is limited as water management becomes the dominant

factor instead of the transport of oxygen. On the other hand,

both thinner and thicker CLs influence the cell performance

negatively. Thinner CLs have lower electrochemical surface

area and worse local oxygen transport, leading to the lowest

cell performance. Although thicker CLs increase the electro-

chemical surface area (ECSA) and can slightly improve the

ORR reaction kinetics at lower current density, they lead to

water management problems and higher Ohmic resistance. It

should also be noted that while the cell showed the best

performance with an ultra-thin membrane thickness, thinner

membranes have worse mechanical strength [46] and can

result in significantly increased gas crossover rate in practice

[46,47], which is not considered in this model. Any crossover

of hydrogen reduces the open circuit voltage of the cell [12]

and the crossover of nitrogen can dilute the anode stream [47].

In addition to reducing cell performance, oxygen diffusing

through themembrane can further increase the production of

hydrogen peroxide [12], which is detrimental to both the

membrane and GDL [12,48], thus thinner membrane can also

lead to durability problems, leading to a minimum electrolyte

thickness in practice.

Fig. 9 presents six performance indexes across the range of

layer thicknesses, including voltages at two different current

densities, limiting current, peak power density and volumetric

power density, and power density at 0.75 V. Compared to the

GDL and electrolyte membrane, the thickness of CL has the

largest influence on the voltage at low current density, which

can be improved considerably with a thicker catalyst layer. On
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
development, International Journal of Hydrogen Energy, https://doi.o
the other hand, the influence of the membrane thickness also

becomes significant at a moderate current density of 1.2 A/

cm2, which is shown in Fig. 9(b). Thicker CLs can slightly

improve the voltage at 1.2 A/cm2 before reaching around 120%

of its initial thickness, but the worse water management of

thicker CLs counters the effect of increased ECSA. For the

limiting current, the thickness of all three layers becomes

influential. The CL thickness is still the most important factor

for thinner layers, while the effect of GDL and membrane

thickness are greater for thicker cases. As shown in Fig. 9(d),

the peak power of the cell follows nearly the same trend as the

limiting current density, except for the thinner membrane, as

the limiting current of the thinner membrane case is limited

by the oxygen transport resistance.While thicker GDLs hinder

oxygen transport, they can lockmorewater inside the cathode

CLs which leads to a better hydrated membrane. This coupled

effect causes the peak power density to be optimized at

around 70% of the initial GDL thickness. Fig. 9(e) shows the

peak volumetric power density, which is calculated with an

assumed bipolar plate thickness of 2 mm. The influence of

membrane and CL thickness on it is almost the same as

Fig. 9(d), as their thicknesses are negligible compared to the

plates. The GDL, however, is the thickest part of the MEA, thus

thinner GDLs lead to higher volumetric density even if it re-

duces the maximum power output per MEA surface area. As

the fuel cell operates at a higher efficiency under higher

voltage output, the power at high voltage can also be consid-

ered as an important performance index, and the power

density at 0.75 V is shown in Fig. 9(f). Similar to the impact on

voltage at 1.2 A/cm2, both thin and thick GDLs have negative

effects. The power density at high voltage is significantly
rmal reduced-order model for accelerating PEM fuel cell design
rg/10.1016/j.ijhydene.2022.09.044
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Fig. 9 e Cell performance under different layer thicknesses: (a) voltage at 0.1 A/cm2; (b) voltage at 1.5 A/cm2; (c) limiting

current; (d) maximum power density; (e) maximum volumetric power density; (f) power density at 0.75 A/cm2.
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lower for thinner CLs due to the reduced Pt content and

increased local O2 transport flux, but increasing CL thickness

to more than 120% of its initial value cannot further increase

cell performance.

The changes of internal state induced by the layer thick-

nesses are also analyzed. Fig. 10 shows the internal statuses

under limiting current (at 0 V). Fig. 10(a) shows the minimum

membrane hydration status. The minimum ionomer water

content at limiting current is increased for thinner CLs/

membrane and thicker GDLs, as the oxygen transport limita-

tion becomes the dominant factor of limiting current under

these cases. Since themembrane conductivity follows a linear

relationship with its hydration status, the trend shown in

Fig. 10(b) is opposite to Fig. 10(a). From Fig. 10(c), it can be

observed that both thicker CLs and membranes can reduce

the liquid water inside the cell due to a lowered limiting cur-

rent, but thicker GDLs can significantly increase the liquid

water locked in the cell. It should also be noted that as the gas

in the cathode CLs can become less saturated at limiting

current due to elevated temperature gradient, the liquid water

saturation shown in Fig. 10(c) does not always represent its

maximum value. Fig. 10(d) shows the highest temperature

rise. Although thicker layers can result in a higher heat
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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transfer resistance, thicker membranes and CLs reduce the

limiting current significantly and cause a reduced tempera-

ture gradient. However, since the GDLs has a smaller influence

on the limiting current, thicker GDLs can still lead to a higher

temperature difference inside the cell. Due to the same effect,

thicker CLs and membrane can increase the minimum

hydrogen and oxygen concentration in the catalyst layer at

limiting current, as shown in Fig. 10(e) and (f), respectively.

Fig. 9(g) and (h) show the highest anode and cathode over-

potential, respectively. It can be found that at limiting current,

the highest anode overpotential is around 7% of the cathode

overpotential under the base case. Due to the lowered limiting

current of thicker CLs and membranes, the overpotentials of

electrochemical reactions are also reduced under these two

cases. Since the HOR has a relatively large reaction coefficient

and the hydrogen concentration is higher than oxygen, the

peak anode overpotential is mostly dependent on the ionomer

proton conductivity instead of the H2 concentration, therefore

the increased H2 concentration due to thinner GDLs has little

influence on the anode overpotential. On the other hand, the

ORR has sluggish reaction kinetics and the cathode over-

potential is governed by the O2 concentration. Thicker GDLs

and thinner CLs increases oxygen transport resistance thus
rmal reduced-order model for accelerating PEM fuel cell design
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Fig. 10 e Internal cell states at the limiting current density: (a) minimummembrane water content; (b) maximummembrane

resistance; (c) maximum liquid water saturation; (d) largest temperature rise; (e) lowest hydrogen concentration; (f) lowest

oxygen concentration; (g) peak anode overpotential; (h) peak cathode overpotential.
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can lead to significantly larger cathode overpotential, while

the increased overpotential for thinner membrane is due to

the larger current density. By comparing Fig. 10(b) and (h), it

can be clearly observed that the dominant factor of limiting

current transitions from membrane dehydration to oxygen

transport limitation for thick GDLs, thin membranes, and thin

CLs.
Fig. 11 e Contour map of power density (in W/cm2) under diffe

density; (b) power density at 0.8 V.
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From Figs. 7e10, it can be concluded that both oxygen

transport and membrane humidification can have a large

impact on cell performance, but that the dominant factor can

be different for different component thicknesses. In addition,

although there is already a trend towards thinner MEA layers,

the above discussions show that reducing the layer thick-

nesses may not always improve cell performance, and that
rent CL and membrane thicknesses: (a) maximum power

rmal reduced-order model for accelerating PEM fuel cell design
rg/10.1016/j.ijhydene.2022.09.044

https://doi.org/10.1016/j.ijhydene.2022.09.044


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x18
the cell configuration can be optimized for a given perfor-

mance target. Considering both power capability and cell ef-

ficiency, here we target two performance indexes, namely the

maximum power density and power density at 0.8 V, and

contour maps of them are shown in Fig. 11(a) and Fig. 11(b)

respectively. Both the maximum power density and power

density at 0.8 V increase with a thinner membrane, but the

highest maximum power density happens at around 120% of

initial CL thickness, while the power density can be improved

with thicker CLs. With Fig. 11, the thicknesses of CLs and

membrane can be optimized for given performance indexes.

For instance, if a maximum power density of 1.4 W/cm2 and a

power density of 0.3 W/cm2 are required, the CL thickness

should be within the range of 95%e190% of its initial thick-

ness, and the membrane needs to be thinner than 40% of its

thickness under the base case.
Conclusions

In this paper, a ROMwhich can achieve similar accuracy as the

1D model with significantly lower computational cost is pre-

sented. An order reduction method is developed to reduce the

1D descriptions of conservation equations to six computing

nodes located at the boundaries of the cell components. Then,

the lumped transport properties between the nodes are

computedwith a discretized approximationmethod.Due to the

different reaction kinetics of HOR and ORR, two sub-models,

namely a simplified 1D anode electrochemical model and a

lumped cathode model, are used to describe the CL electro-

chemistry. To avoid large errors induced by water transport, an

analytical approximationmethod is also established to capture

the water content distribution in the membrane.

The accuracy of the developed model is then validated

against the original 1D model and experimental data in the

literature. Comparing to the experimental result of Ref. [43]

under baseline conditions, both the ROM and 1D model pre-

dict the polarization curve of the cell with high precision. The

simulation results of the ROM are also compared with the 1D

model under wide ranges of operating conditions. The com-

parison shows that the accuracy of the ROM is very close to

the 1D model, and that the computing time of the developed

model is around two magnitudes lower than the original 1D

approach. The error of the ROM is kept under 4% for most of

working conditions, but the error tends to increase when the

cell is less humidified. The analysis of internal status also

shows that the ROM can provide similar information of the

scalars at the computing nodes. It is also revealed that the

slight discrepancy between the ROM and the original 1D

model at limiting current is due to the small error of mem-

brane dehydration and the nonlinear relationship between

membrane hydration status and proton conductivity.

To further demonstrate the applicability and extensibility

of the model approach, the base-case model is extended to

incorporate the cathode CL agglomerate sub-model and used

for a parametric study to investigate the influence of cell

component thickness on the cell performance. The model

shows good agreement with the experimental data for

different CL thicknesses. The results of the parametric study

show that the thickness of the CL dominates the voltage drop
Please cite this article as: Pan Y et al., A fast two-phase non-isothe
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at low current density and that the influence of membrane

and GDL thickness also becomes considerable with increasing

load. The analysis of internal status of the cell shows that the

dominant factor of cell performance changes frommembrane

dehydration to oxygen transport for thicker GDLs and thinner

membrane/CLs. The contour maps of power density under

different CL andmembrane thicknesses show that to optimize

the maximum power density and the cell performance at

higher efficiency, the thickness of membrane needs to be

reduced by 60% while the CL thickness needs to be restricted

to 95%e190% of its initial value.
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