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Research on the Performance Modeling Method
of Proton Exchange Membrane (PEMFC)

Zhenhao Liu, Binbin Sun, Lin Sun, Pengwei Wang and Wentao Li

Abstract—How to shorten the PEMFC development cycle is
one of the key concerns of the PEMFC industry at present.
Among them, developing a high-precision and high-efficiency
PEMFC performance analysis platform is an important method
to accelerate the PEMFC development progress. In this paper,
from the PEMFC reaction mechanism and engineering
development experience, we firstly analyze the mechanism and
mathematical modeling of PEMFC reactor, and establish the
voltage sub-model, cathode runner sub-model, anode runner
sub-model and membrane hydration sub-model. Then, the
performance analysis of the core components of the cathode
system, such as air compressor, intercooler, humidifier and
backpressure valve, was carried out, and a sub-model of each
component was established. Further, the mathematical model of
the anode system including the hydrogen circulation pump and
the pressure regulating valve is studied and established. In
addition, the core components of radiator, cooling water pump
and thermostat are analyzed mechanically, and the PEMFC
hydrothermal management system model is established. Finally,
the established PEMFC model was experimentally verified. The
results show that the constructed mathematical model for
PEMFC performance analysis can accurately simulate the
PEMFC working process and output reasonable numerical
results with the error within 5%.

Index Terms—PEMFC, stack modeling, cathode system
modeling, anode system modeling, hydrothermal management
system modeling

1. INTRODUCTION

l Inder the common vision of global carbon neutrality,
with the proposal of the national "dual carbon" major
strategy, electrification has become an important carrier for

Manuscript received September 30, 2022; revised December 20, 2023.
This work was supported in part by the Major Innovation Projects in
Shandong under Grant 2020CXGC010405 and 2020CXGC010406 , the
Innovation team project of "Qing-Chuang science and technology plan" of
colleges and universities in Shandong Province 2021KJ083, the National
Natural Science Foundation Project of China under Grant 52102465, the
Postdoctoral Science Foundation of China and Shandong under Grant
2020M680091 and 202003042.

Zhenhao Liu is a graduate student of School of Transportation and
Vehicle Engineering, Shandong University of Technology, Zibo, 255000 PR
China. (e-mail: zhenhaoliu625@gmail.com).

Binbin Sun is a professor of School of Transportation and Vehicle
Engineering, Shandong University of Technology, Zibo, 255000 PR China.
(corresponding author to provide phone: 86-13708941464; e-mail:
sunbin_sdut@]126.com).

Lin Sun is a graduate student of School of Transportation and Vehicle
Engineering, Shandong University of Technology, Zibo, 255000 PR China.
(e-mail: s115692335337@163.com).

Pengwei Wang is a professor of School of Transportation and Vehicle
Engineering, Shandong University of Technology, Zibo, 255000 PR China.
(e-mail: wpwk16@163.com).

Wentao Li is a graduate student of School of Transportation and Vehicle
Engineering, Shandong University of Technology, Zibo, 255000 PR China.
(e-mail:liwentao1213@163.com).

the automobile industry to achieve low-carbon goals, and it is
also an important direction for the high-quality development
of my country's automobile industry [1]. The development of
zero-carbon emission PEMFC is currently the high ground of
technological competition in the automotive industry, and it
is also the core measure to implement the national "dual
carbon" strategy [2]. However, the high development cycle
and high development cost are still common problems in the
current PEMFC industry, and it is also one of the important
factors restricting its rapid development [3]. Therefore, how
to shorten the PEMFC development cycle and reduce the
development cost is of great significance to promote the
development of the PEMFC industry [4].

The development of new PEMFC products involves
parameter design and matching selection of core components,
system integration design, design and calibration of control
parameters, etc. [5,6]. If the above-mentioned design is
carried out by the experimental method, it will cause the
problems of long development cycle and high development
cost, which will restrict the development of PEMFC [7].
Therefore, it is important to design and develop a
high-precision and high-efficiency PEMFC performance
analysis platform to support the development process of
parameter matching, integrated design and control of
PEMFC core components to accelerate the development of
PEMEFC [8,9].

Modeling method of PEMFC stack performance analysis
model is mainly an empirical method [10,11]. The modeling
process of this method is relatively simple. It does not need to
consider the internal reaction mechanism of the fuel PEMFC
stack. It only needs to conduct a large number of experiments
on the selected PEMFC, and obtain the external characteristic
curve fitting equation of the PEMFC according to the
experimental data to describe the PEMFC. This method can
usually reflect the performance of the selected PEMFC well,
but cannot describe other types of PEMFCs well [10]. In
addition, the empirical modeling method cannot represent the
internal reaction of the battery, which is not conducive to the
optimization of the internal structure of the PEMFC [11].
Modeling around PEMFC auxiliary systems is limited to a
single cathode, anode or hydrothermal management system,
and there is a lack of integrated modeling of the entire
auxiliary system [12].

The overview describes the development of a
high-precision and high-efficiency PEMFC performance
analysis platform to shorten the PEMFC development cycle.
The first part of this paper focuses on the PEMFC stack
modeling method. The mechanism analysis and modeling
method of the cathode subsystem are discussed in detail in
the second part of the paper. The anode subsystem is
analyzed in the third part of the paper and its mathematical
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model is developed based on it. The PEMFC hydrothermal
management subsystem model is presented in the fourth part.
Finally, the performance verification and simulation analysis
of the developed model are presented in the fifth part.

II. PEMFC STACK MODELING

A. Voltage Model

During the PEMFC reaction, electrons and hydrogen ions
are generated, the former mainly in the anode and cathode,
and the latter mainly in the electrolyte, so that a charge layer
is generated between the cathode and the electrolyte, similar
to the charge layer in a capacitor, and this phenomenon is
called "double charge layer". Because of the capacitive
nature of the "charge layer", the activation and polarization
voltages do not change immediately with the change of
current, as in the case of ohmic voltage, but have a certain
hysteresis for the change of current when the current of the
PEMFC changes abruptly. As shown in Figure 1, the
equivalent circuit of PEMFC with proton exchange
membrane is given.
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Fig. 1 Equivalent circuit diagram of fuel cell

The dynamic characteristics of PEMFC can be expressed
by the following formula

du I u
a _ ~ _ Ta 1
dt C ¢ M

Where, u, represents the total polarization over voltage,
and the value is the sum of the activation over voltage and the
concentration over voltage; 7 it represents the time constant,
I is the current, and C is the capacitance.

V. +V
R — act conc 2
, = @)
T — (/712a — C[ Va\c\ -;I/conc j (3)

table is the
V. the

conc

Where, R, is the equivalent resistance, the V,

ct

activation polarization voltage, and the table is

concentration polarization voltage.

B. Cathode runner model

The cathode channel model describes the changes in the
composition of the air entering the reactor cathode during the
flow, including the mass flow rate and pressure changes of
oxygen, nitrogen and water vapor, etc. Assumptions are made
for the cathode flow channel model, one is that all gases are
considered to be ideal gases. Second, the temperature of the
cathode and the reactor are the same, and the excess heat

generated by the reactor can be dissipated in time. Third, the
cathode water vapor and liquid water are both present on the
cathode side, and the PEMFC obeys the law of mass
conservation, where the sum of all input masses is equal to
the sum of all output masses, and the mass change of each
substance inside the cathode can be expressed by the
following equation:

dn,

0, .ca _

dt - mOZ cain m()z,ca,out - mO:,cons
dn

N, ,ca

dt - mNz,ca,in - WlNZ ,ca,out (4)
dn

w,ea _ _

dt - mv,ca,in mv,ca,out + mv,ca,gen + mv,nember ml,ca,out

Where, no ., ny, . 7 represent the mass of oxygen,

w,ca 2

nitrogen and water at the cathode, respectively (kg); m

0,,ca,in ?

m represent the mass flow of oxygen, nitrogen and water

v,ca,in

vapor at the cathode inlet (kg-s™) My o » Tespectively;

m represent the oxygen, nitrogen and water vapor at

v,ca,out ?

the my_,,, cathode outlet , respectively. Water vapor mass

flow (kg's'); m represents the generated water vapor

v,ca,gen °

mass flow (kg's!); m represents the exchange

(kg-s™);
m, ., o Tepresents the cathode outlet water mass flow (kg-s™)
sh.

As the reaction process continues, the cathode water vapor
gradually accumulates and finally generates liquid water. The

v,nember

membrane transmission water mass flow

maximum water vapor mass 7, ., ... is:
P.V.
nV ca,max = — (5)
o RT
Where, V,, represents the cathode volume (m3); R,

represents the water vapor gas constant.
Then the mass of water vapor and liquid water in the
cathode is:

Ry eq SN

w

= n,.==n

v,ca,max

nw,ca > nv,ca,max - nv,ca - nv,ca,max b nl,ca - nw,ca nv,ca,max

The partial pressure of each substance in the cathode can
be expressed by the following formula:

n RT
=—=—  i=0,,N,,H,0 6)

ica

Where, EF, represents the partial pressure of the cathode

material (kPa); n,, represents the mass of the cathode

material (kg); R, represents the material gas constant.
The internal pressure of the cathode is equal to the sum of
the partial pressures of the gases:

cha :POZ,ca +PNz,ca +P (7)

v,ca

The molar mass of the air at the cathode inlet and inside the
cathode is:
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Ma,ca,in = yOZ ,ca,inMOz +(1 - yOZ ,ca,in) MNZ

®)
M, = Yo, ,caM02 +(1 — Yo, ,ca) MNZ

Where, M represents the molar mass of the corresponding
substance (kg'mol™); ¥, ... » Yo . represents the mole

fraction of air at the cathode inlet and inside the cathode.
The air mole fraction at the inlet is constant, and the
internal mole fraction is expressed as:

0, ,ca
> ©)

a,ca

yO:,ca =

Where, P

a,ca

represents the dry air pressure (kPa).
The humidity ratio of the cathode inlet to outlet gas is:

M
M

a,ca,in

v v,ca,in

ca,in

- (10)

v,ca

M,
[0) =—
ca,out M
aca F,

aca

Where, @,

ca,in

o, represents the humidity ratio of the

ca,out
cathode inlet and outlet gas; represents the cathode inlet and

outlet dry air partial pressure (kPa); P, P represents

,cain > Ta,ca

the cathode inlet and outlet water vapor partial pressure
(kPa).

The expression for the partial pressure of water vapor and
air at the cathode inlet is:

{Pv,ca,in = ¢ca,in Psat (T)

a,cain

(11

ca,in v,ca,in

The mass flow rates of air, water vapor, oxygen and
nitrogen at the cathode inlet and outlet are:

1
a,cain ca,in
1 + wca,in
1
a,caout 1 ca,out (12)
+ wca,aut

v,ca,in = mca,in - a,ca,in

v,ca,out = mca,oul - ma,ca,oul
mOZ ,ca,in = 24/02 ,ca,in ma,ca,in
mOz ,ca,out = XOZ ,ca ma,ca,out

(13)

mNZ,ca,in = (1 - ZOZ,ca,in )ma,ca,in
mNZ ,ca,out = (1 - ZOZ ,ca )ma,ca,uut

Where, 7, cin s Xo, .« represents the oxygen mass fraction

at the cathode inlet and inside the cathode. Its specific
expression is as follows:

Z _ yOZ ,ca,inMOZ
0,,cain
yoz,ca\,inMOZ +(1_ yOZ,ca,in) AlN2 (14)
yOZ ca MOZ
ZOZ,ca =

yOZ,caMOZ +(1 - yOZ,ca) MNZ

The mass flow rate of oxygen and water vapor involved in

the reaction inside the stack is:

M,

4F
IM

v

2F

mOZ,cons -

(15)

v,ca,gen

C. Anode runner model

The anode flow channel model describes the changes of
each component of hydrogen fuel entering the anode of the
reactor during the flow process, including the mass flow rate
of hydrogen and water vapor, pressure changes, etc. First,
reasonable assumptions are made for the anode channel
model. First, all gases are considered as ideal gases. Second,
the anode and the reactor are at the same temperature, and the
excess heat generated by the reactor can be dissipated in time.
Third, the anode water vapor and liquid water are both
present on the anode side. The change in mass of each
substance inside the anode can be expressed by the following
equation:

dnHz,an
dt - mHz,an,in - mHz‘an,out - mHz,cons
(16)
dnw,an
dt = mv,an,iu - mv,an,out + mv,ncmbcr - ml,an,out

Where, n, .., n,,, represent the mass flow of hydrogen

and water at the anode, respectively (kg); my

,an,jin 2

m, ..;, represent the mass flow of oxygen and water vapor at
the anode inlet, respectively (kg's'); omy Lo
m, ., . T€Present the mass flow of hydrogen and water vapor

at the anode outlet (kg-s™), respectively; m, ,, ., Indicates the

mass flow rate of the anode outlet water (kg-s™).

Over time, water vapor will gradually accumulate inside
the anode, and liquid water will be formed when the water
vapor reaches saturation. The maximum water vapor mass of
the anode n is:

v,an,max

Psat I/an

7 (17)

nv,an,max -

Where, V, represents the cathode volume (m?).

Then the mass of water vapor and liquid water in the anode
is:
Ny, . <N

W, V,an,max = nv,an = nv,an ’nl,an = O

=n =n

v,an

n >n

w,an v,an,max v,an,max ’nl,an - nw,an nv,an,max

The partial pressure of each substance in the anode can be
expressed by the following formula:

n. RT

ian” i

i,an
V

an

i=H,,H,0 (18)
Where, £, represents the partial pressure of the anode

material (kPa); 7, ,, represents the mass of the anode material

(kg).
The internal pressure of the anode is equal to the sum of the
partial pressures of the gases:
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Pan = PHq ,an + })v,a.n (19)
The humidity ratio of anode inlet to outlet gas is:
M ; R/ an,in
a)an in = : —
’ M H, l)an in
L (20)
MV v,an
a)an,out = -
M H, P H,.an
Where, @,,;, , ®,,, represents the humidity ratio of the

anode inlet and outlet gas; P,

n,in >

By .. represents the anode
inlet gas partial pressure and anode hydrogen partial pressure
(kPa); P, ... » P... represents the cathode inlet and outlet
water vapor partial pressure (kPa).

The partial pressures of water vapor and hydrogen at the
anode inlet are expressed as:

R/,an,in = ¢a.n,inl)sat (T) (21)
P =P

H, ,an,in an,in v,an,in

The hydrogen and steam mass flows at the anode inlet and
outlet are:

1
H,.anjin — an,in
1 + a)zm,in
1
H,.anout — 1 man,uul (22)
+ a)an,out
v,an,in = man‘in - mHZ,an,in
v,an,out = an,out - mHz,an,out

When a chemical reaction occurs inside the stack, the
hydrogen mass flow involved in the reaction is:

M
mHz,cons = 2;2 (23)

D. Membrane hydration model

The transfer of water across the exchange membrane exists
in two main forms. One is that during the reaction, hydrogen
ions moving from the anode to the cathode must combine
with water molecules and pass through the exchange
membrane, this form is called "electroosmotic migration".
The second is that the reaction process will produce water,
resulting in more water on the cathode side compared to the
anode side, thus forming a concentration gradient, and the
water on the cathode side will move to the other side, this
form is known as "counter-diffusion". In the modeling of the
water on the exchange membrane to make the following
assumptions, the exchange membrane and the water inside
the stack are in the ideal state, and the water in the exchange
membrane and the stack are uniformly distributed, then the
two forms of water transfer can be expressed by the following
equation:

Nv,osm = nd %
de 24)
Ny gg =D, —
> dy

Where, N, N, 4 TEPTesents the water transfer amount

v,osm ? v
on the exchange membrane caused by "electroosmotic
migration" and "reverse diffusion" (mol-s'); n, represents

the electroosmotic coefficient; D, represents the water

w

diffusion coefficient; c, represents the water concentration

(mol -cm 3).
According to the above formula, the amount of water
transferred through the exchange membrane is:

=nd L—DW cv,ca _Cv,an
F

; (25)

v,member

Where, N

v,member

represents the water transfer capacity on

-1y.
the exchange membrane (mol -s); ¢, , and ¢, represents

the cathode and anode water concentrations (mol - cm™);

I represents the thickness of the exchange membrane (cm).
The total water mass flow through the exchange membrane

is:

N,

v, member

m =n M, -4 (26)

v, member cell ”

Where, A represents the effective area of the exchange
membrane (cm?).

The expression formula of water concentration in cathode
and anode is:

Cv L= pm,dryﬂ‘ ca
’ M
e @7)
Cvan _ pm,dryﬂ’an
Mm,dry

Where, p,, ., represents the density of the exchange
membrane when drying (kg-em?); M ay Tepresents the
molar mass of the membrane when drying (kg-mol!); 4,
A ., represents the water content of the exchange membrane
on the cathode side and the anode side.

The water content in the exchange membrane is related to
the relative humidity of the membrane, which can generally
be expressed by the following formula:

(28)

i

0.043 +17.81a,-39.85a +36.0a], 0<a, <1
|14+1.4(a, 1), l1<a <3

Where, A, represents the water content at g, different
locations; represents the activation coefficient of water at
ca + aan ) / 2

The activation coefficient of water is equal to:

different locations, where a,, = (a

i =m,ca,an (29)

Where, P, ; represents the water vapor pressure at different

positions (kPa); P, represents the saturated water vapor

pressure (kPa).
The electro-osmotic coefficient and the water-diffusion
coefficient can be expressed by the following equations:
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ny =0.002942 +0.054, —3.4x107"

1 1
D_ =D, exp| 2416 ———
v p{ [303 TD

Where, D, represents the diffusion coefficient of the

(30)

exchange membrane, and the specific calculation method is
as follows:

107, An <2
10° (1+2(4, -2)). 2<, <3

D, = ,6( ) €3]
10°(3-1.67(4, -3)),  3<A,<45
1.25%107°, 45< 2,

III. MODELING OF THE CATHODE SYSTEM

A. Air compressor model

The air compressor inputs compressed air into the stack,
the inlet is the ambient pressure, the air compressor pressure
is controlled by the motor speed, and the dynamic analysis of
the air compressor is carried out. According to the
mechanism method, the air compressor model is obtained as:

do,,
o g m (32)

Where, J,, the moment of inertia of the air compressor

(kgm? ; o

., the angular velocity of the air compressor

(rad-s™); 7, the motor torque (N-m); 7,, the air compressor
torque (N'm) .

The above hollow compressor and air compressor motor
torque can be calculated according to the following formula:

T k-1
r = CAir ambmAir /1 k _1
cp comp

Ucp a)cp

(33)

Tcm v-7ep

Aoy, ko)

cm

Where, 7., , 7, represent the efficiency of the air
compressor and the motor of the air compressor; %, , k, and
R represent the motor parameters of the air compressor;

u,, represents the input voltage of the air compressor motor.

m

The total efficiency 7, of the air compressor is the product

of the motor efficiency and the compression efficiency of the
air compressor:

nT - ncm ’ ncp (34)

The outlet temperature of the air compressor can be
calculated according to formula; the actual power of the air
compressor W___is:

comp 7

Tcp a)cp

(35)

comp

The relationship between the flow, speed and pressure
ratio m,, = f(a) A

cp > ““comp

) of the air compressor is established

according to the MAP map of the air compressor.

To make the air compressor modeling more realistic, the
inlet air mass flow rate and the air compressor speed are
corrected for:

_ mAir\/g
mcp,in - T
N,

N
cp,r \/5

represents the corrected air compressor inlet

(36)

Where, m

cp,in

mass flow (kg's'); N, N_ . are represents the rotational

cpin 2 Vep,r

speed before and after correction (rmp); & represents the
/298 ;
o represents the pressure correction coefficient, its value
P /101325,

amb

temperature correction coefficient, its value T

amb

B. Intercooler model

Assume that the air entering the intercooler is an ideal gas
and that its mass flow rate does not change and the gas
pressure does not change after passing through the
intercooler. The change in temperature changes the humidity
of the air flowing through it, so that the relative humidity of
the air exiting the intercooler is:

_ Pcooler,outh,a.mb _ Pcooler,out ambeat (]:amb ) 37
¢cuuler,out - PP T PP T ( )
amb ™~ sat ( cooler,out ) amb ™~ sat ( cooler,out )

Where, @, o0 represents the relative humidity at the

outlet of the intercooler (%); P o Tepresents the air

outlet of the (kPa);
P (T ) represents the saturation pressure of water vapor at

sat

pressure at the intercooler

this temperature (kPa); ¢, , represents the relative humidity

of the air in the atmosphere (%).
The partial pressure of air and water vapor at the outlet of
the intercooler is:

Air,cooler — * cooler,out v,cooler

(38)

v,cooler cooler,nutfgat (T::ooler,out )

Where, P, Air,cooler
(kPa); P,

(kPa).
The mass flow of air and water vapor at the outlet of the
intercooler is:

represents the partial pressure of dry air

represents the partial pressure of water vapor

,cooler

1
1+

cooler

mAir,cooler - mcooler,in

(39)

mv,cooler = mcooler,in - mAir,cooler

Where, m is the mass flow of dry air (kg -s™);

Air,cooler

m represents the mass flow of water vapor (kg-s™);

v,cooler

[0

oolr TEPresents the water content of the gas in the
intercooler.
The gas water content in the intercooler can be expressed

as:
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M v Pv,cooler

Dpooler =
M (40)

Air,cooler

M i cooter = Yo, A/[oZ + (1 — Yo, )MNZ

Air,cooler

Where, M

(g-mol); M, is the molar mass of oxygen, My is the

is the molar mass of air in the intercooler

Air,cooler

molar mass of nitrogen.

C. Humidifier model

It is assumed that the intercooler humidification water is
used from the reactor cathode outlet and its temperature is
equal to the reactor internal temperature and the air
temperature entering the reactor is equal to the reactor
temperature. Therefore, it is assumed that the temperature
does not change during the humidification process of the
intercooler, only the water content of the air changes, and the
air flow and pressure also change. The mass flow of air after
passing through the humidifier m,, , is:

mhum,out = mAir,cooler + mv,hum + mv,cooler (4 1)

The gas pressure after passing through the intercooler
P

hum,out

can be expressed by the following formula:

+P

— % cooler,out v,hum

{I)hum,oul
R/,hum = ¢humPsat (T;mm )

Where, it ¢, is the relative humidity in the intercooler.

(42)

The humidifier is connected to the reactor cathode inlet,
and the relationship between the humidifier outlet and the
reactor cathode inlet air is as follows:

¢hum = ¢ca,in
])hum,out = })ca,in (43)
mhum,oul = mca,in

D. Back pressure valve model

The gas and liquid water flow at the cathode outlet pass
through the humidifier. Assuming that the liquid water flows
through the humidifier and is completely discharged, only
gas enters the backpressure valve. If the temperature of the
back pressure valve is constant, the gas mass flow m,;, into

the back pressure valve is:

l-w
v,ca,out
mbp,in = mca,out ] (44)
- a)v,amb
Where, @, ., o > @, .y TEPresent the water vapor content in

the cathode outlet and the atmosphere.
The ratio of the outlet to inlet pressure of the back pressure
valve is:

(45)
bp,in
Where, 4, represents the pressure ratio of the R ; back
pressure valve, which represents the inlet pressure of the back
pressure valve (kPa).

The backpressure valve can be regarded as a nozzle with
variable outlet area, which can be modeled using the nozzle
model. The gas flow form at the outlet of the backpressure
valve will vary according to the inlet and outlet pressure
ratios, which is sub-critical flow when the pressure ratio is
large, and critical flow when the pressure ratio is small, and
the specific mass flow at the outlet of the back pressure valve

My, o 181
1 k-1 L
Bpr'Dz‘lprbp,in if 2k l_le’ ’ >( 2 jkl
~ NRT "\ k-1 P Pok+1
mbp,out - -
prCDAprbp‘in\/E 2 Z(k—l)’ A< 2 k-
~NRT k+1 P lk+1
(46)

Where, 6, represents the opening of the C, back pressure

valve, which represents the flow correction coefficient of the
4,, back pressure valve, which represents the outlet area of

the back pressure valve.

The pressure of the gas entering the back pressure valve is:
dR)p,in _ RT

de VoM.,

47

(mca,out - mbp,out )

Where, V,, represents the volume of the cathode outlet

pipeline (m?)

IV. MODELING THE ANODE SYSTEM

A. Hydrogen circulating pump model

The function of the hydrogen circulation pump has been
introduced above. The hydrogen circulation pump is
connected to the anode outlet of the stack. Assuming that the
gas entering the hydrogen circulation pump is of, the same
nature as the anode outlet gas, and the inlet pressure is equal
to the anode outlet pressure, the hydrogen circulation pump
The mass flow is:

T Hep / T;ef

Py, /P

Hep ref

m (48)

Hep = mbl
Where, my,, represents the mass flow rate of the hydrogen

circulating pump outlet (kg's™); m,, represents the mass flow
rate of the circulating pump under standard conditions
(kgs™); Ty,
circulating pump (K); T

ref

represents the gas temperature entering the

represents the reference

temperature, whose value is 288 K; F,  indicates the gas

pressure (kPa) entering the hydrogen circulation pump;
P, indicates the reference pressure, which is the standard

atmospheric pressure.
The rotational angular velocity of the hydrogen circulating
pump can be expressed by the following formula:
Dy

. 49
T. /T (49)

Hep ref

(ol-[cp
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Where, @y, represents the rotational angular velocity of

the circulating pump (rad's!); @, represents the rotational

angular velocity of the circulating pump under standard
conditions (rad-s™").

Standard hydrogen circulating pump has a dimension of 1
parameter ,, and the correction parameter ¢, is expressed

by the following formula:

CanTli(PHCP,om /PHCp,in )(k—l)/k _1}

1/2U}

Vi =
(50)

chp

o= /4 p,, dlflUbl

Where, p,, represents the anode outlet gas density

(kg'm); d,, represents the diameter of the circulating pump
rotor (m); U, represents the top speed of the rotor blades
Uy = (dbla)Hcp)/z ‘

The dynamic model of the hydrogen circulation pump can

be expressed by the following formula:

daw,,
— =1, T
bl b bl
dr "

(51

Where, J,, represents the moment of inertia of the
circulating pump (kg'm?); a,, represents the angular velocity
of the circulating pump (rad-s); 7, represents the motor
torque (N'm); 7, represents the circulating pump torque
(N-m).

The power of the hydrogen circulating pump can be
expressed by the following formula:

W _ pHZngmHCp

Hep —
USUMS

(52)

Where, 7,, and 7, represent the efficiency (%) of the

circulating pump and the
respectively.

In the above formula, the torque of the circulating pump
and the circulating pump motor can be calculated according
to the following formula:

k-1
_ Can Tchp PHcp,out :
Ty = P -1

171Dy Hep,in

circulating pump motor

(53)

= nbm—kﬂ(”hl - kv]wbl )

bm

Ty

m

Where, £

.-k, and R, represent the parameters of the

circulating pump motor; u,, represents the input voltage (V)

of the circulating pump motor.

B. Model of pressure regulating valve

The pressure regulating valve is responsible for controlling
the flow pressure into the anode hydrogen of the reactor, and
its specific role has been introduced in the previous chapters.
There are many types of pressure regulating valves, and in the

automotive PEMFC system more proportional regulating
valves are used to regulate the hydrogen into the reactor. The
principle of the proportional control valve is similar to that of
the backpressure valve described above, and the proportional
control valve is modeled by referring to the backpressure
valve modeling process.

V. MODELING OF WATER AND HEAT MANAGEMENT SYSTEM

A. Radiator Model

The radiator is responsible for distributing the heat carried
by the cooling water flowing through it to the environment.
The temperature of the cooling water exiting the radiator can
be expressed by the following equation:

dT;ad,out mcw cwatcr (T;ad,in - krad T:'ad,out ) - Qrad,amb
o (54)
t

p walerVrad

Where, T

rad,in °

T

rad,out

represent the inlet and outlet
temperature of the radiator (K); m,, represents the mass flow
of cooling water (kg-s™l); k,_, represents the heat transfer

coefficient; Q. represents the heat dissipation capacity of

ad,amb
the cooling fan (W); V,
(m?).

Heat sink and the environment for heat exchange mainly
rely on cooling fans, cooling fans to accelerate the airflow on
the surface of the heat sink to improve the efficiency of heat
dissipation, the amount of cooling fan cooling is expressed as
follows

.« Tepresents the volume of the radiator

Qrad,arnb = ATadhrad (T;ad,in - T;lmb ) (55)

Where, 4, represents the heat dissipation area of the
radiator (m?); A, represents the transfer coefficient of the

cooling fan.
The expression of the cooling fan transfer coefficient is
expressed by the fitting relation:

h,, =—1.4495m;

amb

+5.9045m,, —0.1157  (56)

Where, m_, represents the air mass flow near the radiator.

The radiator power consumption power is expressed by the
following formula:

3
— p Air nfan hrad mamb

57
277 r° (57)

rad

Where,

radiator fan (%), and 7 represents the radius of the radiator
fan blade (m).

N, represents the mechanical efficiency of the

B. Cooling water pump model

The cooling water pump is responsible for circulating the
cooling water and is a very important component in the
hydrothermal management system. Similar in structure to the
hydrogen circulation pump, it consists of a pump head and a
drive motor. When modeling the cooling water pump, refer to
the hydrogen circulation pump modeling process.

Volume 53, Issue 3: September 2023 (Revised online publication: 20 December 2023)



TAENG International Journal of Applied Mathematics, 53:3, [JAM 53 3 33

C. Thermostat model

The thermostat is mainly responsible for the opening of the
large and small circulation of cooling water, its structure is
similar to the three-way valve, when the valve is fully closed,
the cooling water flows completely through the small
circulation; when the valve is fully open, the cooling water all
flows through the large circulation; in the process of valve all
open and all closed, the flow of cooling water flowing
through the large circulation and small circulation is linearly
related to the valve opening, which can be described by the
following formula:

m, = Htsmcw
(58)

my, = (1_ gts )mcw

Where, m,, represent the mass flow of cooling water
(kg-s) flowing to the large cycle; m,, represent the mass

flow of cooling water (kg-s') flowing to the small cycle;
0, represents the opening degree of the thermostat valve.

VI. PEMFC MODEL VALIDATION

Figure 2 shows the polarization curves of the single cell in
the stack model and the experimentally measured
polarization curves. From the figure, it can be seen that the
polarization curves obtained by the model simulation and the
experimental data are consistent with each other, and the
error is small, within 3%. The voltage of the single cell
decreases with the gradual increase of current density, and
the rate of decrease is larger at the beginning and near the
limit of current density, and smaller in the middle part. At the
beginning, the voltage drop is mainly due to activation
polarization loss. In the intermediate stage, the resistance loss
caused by the internal resistance of the stack gradually
increases. In the closing stage, the concentration polarization
loss is rapidly increased by the difference in electrolyte
concentration between the two ends of the electrode formed
by the reaction.

and the decline rate in the middle part is smaller, from
83.87% to 35.77%. The cell efficiency is 54.82% under rated
conditions, and the stack power density is 0.66 W -cm™ .
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Fig. 3 Battery power density and efficiency curve

It can be seen from Figure 4 that the measured values of the
output power and voltage of the stack are consistent with the
simulated values, and the maximum errors are 3.6% and
4.1%, respectively. The error between the measured value
and the simulated value of the power output by the system is
within 5%. The output voltage of PEMFC decreases
gradually with the increase of current, and decreases rapidly
at the beginning, and then decreases more slowly, with the
same trend as the first half of the polarization curve. Stack
output power and system output power gradually increase
with the increase of current, the system output power is
always smaller than the stack output power, and the
difference between the two gradually increased. The reason
for this phenomenon is that the power output of the reactor
has to be consumed by the auxiliary system, and the
percentage of power consumed by the auxiliary system also
increases gradually as the power increases.
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Fig. 2 Comparison of polarization curves between model and experiment

Figure 3 is the cell power density and cell efficiency curves
of the stack model. It can be seen from the figure that with the
increase of the current density, the power density of the
battery first increases and then decreases, reaching a peak
value of 0.81 W-cm when the power density is 1.52 A-cm™,
and then rapidly decreases. The change of the efficiency
curve of the battery is similar to that of the polarization curve,
the decline rate is larger at the beginning and the end stage,
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Fig. 4 Power and voltage curve of fuel cell

Figure 5 is a PEMFC system efficiency curve and
hydrogen consumption rate curve. It can be seen from the
figure that the maximum simulation errors of the PEMFC
system efficiency and hydrogen consumption rate are 3.2%
and 3.9%, respectively. With the increase of PEMFC
efficiency, the system efficiency first sharply increased to a
peak, and then decreased gradually. The highest efficiency of
the system is 48.41 %, and the system efficiency is 39.78 %
under rated conditions. The efficiency after simulation
cannot meet the requirements of the system efficiency in
Chapter 2, and the parameters of the PEMFC system need to
be optimized. The hydrogen consumption rate increases
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gradually with the increase of PEMFC power.
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VII. CONCLUSION

In order to shorten the PEMFC development cycle and
develop a high-precision and high-efficiency PEMFC
performance analysis platform, this paper analyzes and
mathematically models each subsystem and core component
of PEMFC based on PEMFC mechanism analysis and
empirical method. The reactor model includes voltage model,
cathode and anode flow channel model, and membrane
hydration model. The cathode subsystem model includes air
compressor, intercooler, humidifier and backpressure valve
core component models. Anode subsystem model includes
hydrogen circulation pump, pressure regulating valve core
component model. The hydrothermal management
subsystem includes radiator, cooling water pump and
thermostat core component models. On this basis, the
established PEMFC model is validated and analyzed. The
results show that the constructed mathematical model for
PEMFC performance analysis can accurately simulate the
PEMFC working process and output reasonable numerical
results with the error within 5%, which meets the engineering
development needs.

REFERENCES

[1] Pei Wen Zuo, “The development path of automobile industry under the
double carbon target,” Auto and Accessories, vol. 22,pp30-32,2021.

[2] Ke Yan Wang, Zuo Han Wang, “ Development Status and Trend of
Fuel Cell Vehicles under the Dual Carbon Target,” Commercial
Vehicles,vol.08,pp76-83,2021.

[3] Y Pimpaya, P Konlayutt, “ Preparation of low cost catalysts for proton
exchange membrane fuel cell,” IOP Conference Series Earth and
Environmental Science,vol. 463, no.1, 2020

[4] Energy, “ Researchers at Department of Systems Engineering Release
New Study Findings on Energy (Life Cycle Costing Analysis: Tools
and Applications for Determining Hydrogen Production Cost for Fuel
Cell Vehicle Technology), ” Energy Weekly News, 2020.

[5] Yang Hui, “Technical challenges of practical application of key
materials and core components of proton exchange membrane fuel
cells,” Proceedings of the 2019 Symposium on Energy Materials and
Defect Chemistry of the Chinese Chemical Society, 2019.

[6] Energy - Hydrogen Energy, “Shanghai Jiao Tong University Details
Findings in Hydrogen Energy (Carbon-based Coatings for Metallic
Bipolar Plates Used In Proton Exchange Membrane Fuel Cells),”
Energy Weekly News, 2019.

[7] Peng Fei, “Research on Modeling and Control of Proton Exchange
Membrane Fuel Cell System,” Central South University, 2013.

[8] Wen Bo Lu, “Design and construction of small proton exchange
membrane fuel cell test platform,” Huazhong University of Science
and Technology, 2021

[91] Mu Xin Chen, Jia Xin Liu, Xiu Yu Yi, “ Research and development
and application of proton exchange membrane fuel cell,” Shandong
Chemicallndustry, 2020.

[10] Junbom Kim,Seong-Min Lee, “Supramaniam Srinivasan,Charles E.
Chamberlin. Modeling of Proton Exchange Membrane Fuel Cell
Performance with an Empirical Equation,” Journal of The
Electrochemical Society, vol. 142, no.8, 2019

[11] Yuan Xin Qi, “Marcus Thern, Mayken Espinoza-Andaluz, Martin
Andersson. Modeling and Control Strategies of Proton Exchange
Membrane Fuel Cells,” Energy Procedia, vol. 159, 2019.

[12] Zhang Xiang, “Thermodynamic model construction and system
performance analysis of proton exchange membrane electrolytic cell
(PEMEC),” North China Electric Power University (Beijing), 2020.

(1) Revised December 20, 2023.

(2) We have changed the corresponding author from
Pengwei Wang to Binbin Sun, and the fund information in the
article has also been updated and revised.

Volume 53, Issue 3: September 2023 (Revised online publication: 20 December 2023)



	I.INTRODUCTION
	II.PEMFC STACK MODELING 
	A.Voltage Model
	B.Cathode runner model
	C.Anode runner model
	D.Membrane hydration model

	III.MODELING OF THE CATHODE SYSTEM
	A.Air compressor model
	B.Intercooler model
	C.Humidifier model
	D.Back pressure valve model

	IV.MODELING THE ANODE SYSTEM
	A.Hydrogen circulating pump model
	B.Model of pressure regulating valve

	V. MODELING OF WATER AND HEAT MANAGEMENT SYSTEM
	A.Radiator Model
	B.Cooling water pump model
	C.Thermostat model

	VI.PEMFC MODEL VALIDATION
	VII.CONCLUSION
	REFERENCES



