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ABSTRACT

In this paper, a mathematical model is developed
to simulate the transient phenomena in a polymer
electrolyte membrane fuel cell (PEMFC) system.
Large transient changes are expected for practical
application such as transportation vehicles due to
acceleration and deceleration. Simple models are
usualy unable to capture these transient
dynamics. For control purposes, a fuel cell model
must include the dynamics of flow and pressurein
the anode and cathode channels and mass/heat
transfer transients. The proposed model can
predict the transient response of cell voltage,
temperature of the cell, hydrogen/oxygen out flow
rates and cathode and anode channel pressures
under sudden change in load current. It is
implemented in SIMULINK environment. The
model is tested by simulating a transportation-size
fuel cell with 85 kW maximum power output.
Results for maximum power and multi-step input
current that simulate start up-shut down cycle are
shown. The predicted power, pressure and
temperature are matching the published data for
the fuel cell. The model will be very useful for the
optimal design and real-time control of PEM fuel
cell systems in practical automotive or stationary
applications.

INTRODUCTION

Since the introduction of PEM fuel cells as a
power source, various modeling techniques at
different levels of complexity have been used to
model membrane electrode assembly (MEA).
Mechanistic methods [1-3] are aimed at modeling
multispecies diffusion in the diffusion layer of the
electrode, the reaction kinetics in the catalyst

layers, and proton and water transport through the
membrane. These models are based on complex
partial diferential equations and many physical
parameters are needed before any solution is
attempted, which reduces the scope of application
of these modelsto small fuel cell systems.

On the other hand, large fuel cell systems needs a
less complicated model with fewer parameters.
Empiricall modeling by representing fuel cell
voltage as a function of various fue cell
parameters is a reliable and computationally
efficient method [4,5]. This method is based on
benchmark experimental studies.

Due to the need to hydrate membranes of the fuel
cell, water is introduced into the cell by passing
the reactants through humidifiers before entering
the cell. Monitoring the hydration level of the
membrane is an important issue that has to be
considered. The dynamic modeling of fluid flow
and heat transfer in the fuel cell isacrucia stepin
order to predict and control fuel cell performance.
This is usually requires non-steady state and
transient behaviors due to sudden load change.

Many authors attempted developing a fuel cell
system-level model [6-8]. Pukrushpan et al. [6]
developed a constant temperature model that
includes compressor, supply and return manifolds.
Their model lacks heat transfer and thermal
transients. Consideration of thermal transients was
implemented by Xue et al. [7]. He applied his
model to a small fuel cell sytem. Cooling effects
was implemented implicitly, i.e, heat transfer
coefficients were assumed. Vasu and Tangirala
[8] developed an explicit cooling models, where
the heat transfer coefficients can be calculated
assuming cooling channels dimensions.
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The goa of this study is to develop a control-
oriented system-level dynamic model of PEMFC
that incorporates the temperature, gas flow,
membrane hydration, inlet gas humidification
effects, and cooling effects. The moddl is tested
by modeling an 85 kW fuel cell.

DYNAMIC MODELING APPROACH

In this research, we develop a dynamic model of
PEMFC using control volume approach with
lumped parameters. The fuel cell mode s
divided into five sub-models; namely, the anode
channel, the cathode channel, membrane, thermal
model, and voltage model. Hydrogen is
humidified with water and then enters the anode
channel. Part of the hydrogen and water vapor
diffuse into the MEA, where the hydrogen
dissociates into protons and electrons at the anode
catalyst layer, while the water vapor diffuses
through the anode electrode into the membrane
and further diffuses into the cathode side through
the membrane with the aid of protons. At the
cathode side, the oxygen is humidified and enters
the cathode channel. Part of the oxygen and vapor
diffuse into the MEA where the oxygen
dissociates and combines with the protons and
electrons to form water at the cathode catalyst
layer, and the remaining water diffuses either into
the cathode channel or back into the anode
channel.

ANODE MODEL

The mass conservation equations for the anode
Species are written as

dmy, e
dt - Hy,in

mHZ,out - mHZ,reacted (1)

deZOan — m i _m
dt - H,0,an,in H,O0m (2)

- mHZO(V) an,out
where the anode inlet mass flow rates are
mHZ,in = AHZ mHz,reacted ©)

My,o0,an,in = Donin My, in (4)

where 4y, is the hydrogen excess ratio, and
04n i isthe anode inlet flow humidity ratio.

Thereacted hydrogen rateis

mHz,reacted = MHanCISC/(ZF) ©)
where My, is molecular masses of hydrogen and,
N is the number of fuel cels, I is the stack
current, and F is the faraday constant. The anode
outlet mass flow rate is calculated from nozzle
equation as
Manout = Cnzlan nﬂ (pa_mb)v

’ NT \ Pan

2y Pamb\ 7 ©
x 1-— ( amb) 14
y—1 [ Pan ]
where ¢, 4, 1Sthe anode nozzle constant, T isthe
stack temnperature, pa, is the anode pressure, and

Pamb 1S the ambient pressure. The species at the
outlet are determined by

mHz,out = man,out/(l + Qan) (7)
mHZO(v) anout DanMan,out/ (1 + 2an) (8)

CATHODE MODEL

The mass conservation equations for the cathode
species are written as

dm,
2 _ s . .
dt - moz,in - moz,out - moz,reacted (9)
dm
Ny _ . s 10
dt - mNz,in mNz,Dut ( )
de 0
2Yca .
——=m in T M
dt H,0,ca,in H,0,ca,gen (11)

+mH20,m - mHZO(v),ca,out - mHZO(l),ca,out

where the inlet mass flow rates are

Mmo,,in = Aozmoz,reacted (12)
1 - xo
. _ 2 .
mNZ,in - x mOZ,in (13)
02

mHZO,ca,in =0cyin (moz,in + mNZ,in) (14)
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No, in = Ao, M
27 »
Mo,,in 0, "'*0y,reacted (15)

where x,, is the oxygen mass fraction in dry
mixture, 4o, is the oxygen excess ratio, and
04, isthe cathode inlet flow humidity ratio.

The reacted oxygen and generated water rates are
moz,reacted = Moznfclst/(4F) (16)

mHZO,ca,gen = MHZOnfcIst/(ZF) (17)

where M,, and My, are molecular masses of
oxygen and water, ny is the number of fuel cdls,
l¢ is the stack current, and F is the faraday
constant. The cathode outlet mass flow rate is
calculated from nozzle equation as

1
" —c Pca (pamb))_'
ca,out — “nzlca \/—
Dca

T
= (18)
2y (pamb)T
X |[— |1-(==2
y—1 Pea
where ¢, .4 1S the cathode nozzle constant, T is
the stack temnperature, p., is the cathode pressure

Pamb 1S the ambient pressure. The species at the
outlet are determined by

mOZ,out = Xo, mca,out/(l + Qca) (19)
mNz_gut = Xn, Megout/ (1 + 2ca) (20)
mHZO(v) caout — Qcamca,out/(l + Qca) (21)
MM44,0(1)caoue
0 p<1
- {max (mHZO,ca,in + mHZO,ca,gen ¢ =1 (22)
+mH20,mem - mHZO(v),cu,outv 0)

where ¢istherelative humidity. The details of the
thermodynamics calculation are described in the
Appendix.

MEMBRANE MODEL

This model calculates the rate of mass flow across
the membrane. It is function of the stack current
and relative humidity of the reactants in the anode
and the cathode flow channels. Water transport is
due to two effects, namely: (i) electro-osmotic

drag where the water molecules are dragged from
the anode to the cathode side by protons; (ii) back
diffusion due to the concentration gradient of
water across the membrane. The expressions are
asfollows:

mHZO,m = MHZO Afcnfc

ngiq Cv,ca - Cv,an (23)

X( FDw tm )

where Ay is active cell area, ny is the electro-
osmoatic drag coefficient, Dy, is the water diffusion
coefficient, C, s and C, ¢, are anode and cathode
water concentrations. The details of membrane
model are given in the Appendix.

VOLTAGE MODEL
The stack voltage is calculated as

Vse = ngcV (24)
where
V =FE —Vaer = Vorm — Veonc (25)
where E is the open-circuit voltage, Ve, Vorm and
Veone @re the voltage drops due to activation loss,
ohmic loss and concentration loss, respectively.
Their empirical relations are listed in the
Appendix.

THERMAL MODEL

Applying energy equation to the fuel cell stack,
the following equation is obtained

dT

St a = Qreac + AHsens P - QHT (26)

mg:Cp
where my is the stack mass, C,4 is the stack
specific heat, Q,.q is the rate of chemical energy
of reaction, AH,.,, is the change in sensible
enthalpy of flow, P is the electrical power output
of the stack, and @y, is the heat transfer from
stack to surroundings and coolant.

The heat of reaction is given by

Qreac = mHz,reacted QHZ,LHV (27

where Qy, . ny is the lower heating value of
hydrogen.
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The sensible enthalpy change for the flow is given
by

AHsens = (mHz,inCp,Hz + mHzo,an,inCp, HZO(V))
X (Tan,in - TO)
+ (moz,incp,oz + My, inCp n, (28)
+ mHZO,ca,inCp, Hzo(v)) (Tca,in - TO)
- (mHz,auth,Hz + mHZO,an,outh, H,0(v)
+ moz,aut Cp,Oz + mNz,outh,Nz + mHZO(v),ca,outh, H,0(v)
+ My, 00),ca0utCp, mow) (T — To)

where T is the stack temperature, T, is the
reference temperature (273 K), Tanin is the anode
inlet temperature, T, IS the cathode inlet
temperature.

The heat transfer is the summation of natural
convection (Qy,), radiation (Q,44), and cooling

(Qcool) as

QHT = an + Qrad + Qcool (29)
where

an = (hnc,VAnc,V + hnc,HAnc,H)(T - Tamb) (30)
hnc,V = NuHst k/Hg, (31)

hev and hyy are the natural convection heat
transfer coefficients for vertical and horizontal
plates, respectively and T is the ambient
temperature. Nusselt number (Nuy,) for a
vertical plateis given by

1 2
0.825 + 0.387 Raj, .

(32)

NuHsE = 5
(1+ (0.492/Pr)0-5625)2;

where Ra is Rayleigh number and Pr is the
Prandtl number.

Similarly the heat transfer coefficient for
horizontal plate is obtained as[9]

hpen = Nup k/L (33)
where
Nu, = 0.54 Ra'/* (34

The reference length (L) for this relation is
calculated as L = Ag y/Psey Where Agp is the
horizontal area of the stack and P is the perimeter.

Theradiation heat transfer rate is determined by
Qrad =¢€0 Argq (T4 - Tzfmb) (39

The cooling heat transfer rate is determined from
the change in coolant temperature as
Qcool = mclth,clt (Tclt,out - Tclt,in) (36)
The outlet coolant temperature is given by
Tclt,out =T - (T - Tclt,in)
hchclt ) (37)

X exp(—=
mclth,clt
where
Agr = Nge Neit enis Peit ecniLeit eni (38)
th = NuDH k/DH (39)

where Dy isthe hydraulic diameter, and Nusselt
number is determined from [9]

3.66 Re < 2300
r
Nuy, = 5 (Re —1000)Pr (40)
Re > 2300
(1+12.7./f/8 (Pr?/3 — 1))

where Re is Reynolds number and f is the
friction factor given by

1
f = 079 10g( Re) = 1.64)2

(41)

RESULTS

The simulated fuel cell dataislisted in Table 1. It
is Ballad Mark 902 fuel cell used for
transportation applications. Max current is 300
with max power of 85 kW. Max operating
temperature is 85°C and operating pressure is 1 to
3 bar. Two simulation runs were performed,
namely, the rated power case and a start up-shut
down cycle with multi-current steps to simulate a
real drive cycle.

Partial pressures of anode and cathode
species are shown in Figs. 1 &2. At the
beginning, Pressure starts building up very fast in
cathode channel, then, it increases at a smaller
rate until it reaches steady state at 300 s. The
anode pressure builds up at a slow rate and it
reaches steady state at 300 s. The nozzle constants
are calibrated such that the pressure at both
cathode and anode pressures are near to the limit
of the operational range of the fuel cell (3 bar) and
the difference between cathode and anode
pressure is small, which is required to protect the
membrane. Although, the inlet hydrogen is 100%
humidified, the relative humidity in the anode
channel does not exceed 82%. Thisis due to water
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transport from anode to cathode channel. Cathode
relative humidity reaches one very fast and it
remains at that value. This indicates that the
membrane hydration level is satisfactory.

Table 1. Simulation Parameters

parameter value
Stack

Nic 381

A [cnT] 280

Ly [m] 0.805
Wy [m] 0.375
Hg [m] 0.25
my [kg] 96
Cos [kIkgK] 1.1
Anode

Voo [M°] 0.005
Panin [bar] 1.01325
@an 1

Az 1.01
Cnzlan 4.5%x10°
Cathode

Ve [MT] 0.01
Pein [bar] 1.01325
Oea 0.7

Aoz 2
anl,ca _’]_x10'5
Membrane

tn [cm] 0.01275
P [kg/em?] 0.002
My, [kg/mol] 1.1
Coolant

Tarin [K] 300
Ve [Mnvs] 2.6
Coolant  Channel

Cross section[mm] 3x3

Neit cnls 20
Ambient

Tamw [K] 288
Pamo [bar] 1.01325
Doy [k 1.2204

Pressure [bar] or Relative humidity

0 100 200 300 400 500 600 700
Time [s]

Fig. 1. Anode species partial pressures
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Fig. 2. Cathode species partial pressures

Figs. 3&4 demonstrate the mass change
inside anode and cathode respectively. Steady
state is reached at 300 s, which is compatible with
pressure results. Since excess ratios for hydrogen
and oxygen are greater than one, both gases build
up their masses inside the anode and cathode
volume.
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Fig. 3. Anode species masses
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Fig. 4. Cathode species masses

Looking a temperature transient
behavior at Fig. 5, it is redized that the fluid
transient behavior follows the thermal transient.
The steady state power (84.6 kW) and
temperature (85.7°C) are in agreement with the
published data of the simulated fuel cell. Stack
voltage and current are shown in Fig. 6. Steady
state stack voltage is 282 corresponding to a
single cell voltage of 0.74 V.

The results of the second case that
simulates the dynamic performance during start
up-shut down cycle are shown in Figs. 7-12. For
this case, the inlet hydrogen and oxygen flows are
varied according to the load current, i.e, we
assume that there is a control algorithm that
adjusts hydrogen and oxygen flows based on the
load current. The load current changes in a multi-
step (0-100-200-300-200-100-0). After each step
there is a transient followed by steady state.
Comparing Fig. 7 and Fig. 8, The difference

between anode and cathode pressures remains
small. Since, hydrogen and oxygen remains inside
the fuel cell when it is shut down, the final voltage
is different from the start voltage as shown in Fig.
12. The power obtained at 100 A is 33 kW, while
the power at 200 A is 60 kW. No published data
isavailable for such load currents.
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20
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0 100 200 300 400 500 600 700
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Fig. 5. Stack power and temperature
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Fig. 6. Stack voltage and current
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Fig. 7. Anode species partial pressures for start up-shut
down cycle
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Fig. 8. Cathode species partial pressures for start up-
shut down cycle
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Fig. 9. Anode species masses for start up-shut down
cycle
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Fig. 10. Cathode species masses for start up-shut down

cycle
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Fig. 11. Stack power and temperature for start up-shut
down cycle
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Fig. 12. Stack voltage and temperature for start up-shut
down cycle

SUMMARY/CONCLUSIONS

A transient mathematical model for PEM fuel
cells has been developed. The model incorporates
fluid flow, heat transfer, and empirical voltage
modeling. Explicit heat transfer formulae are used
to determine the heat transfer coefficients and the
cooling rate. The model is capable of predicting
both steady state and unsteady performance of the
fuel cell. The model was successfully tested by
predicting the performance of an automotive fuel
cell with 85 kw maximum power. For future
studies, the model will be used to control the fuel
cell.
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DEFINITIONS/ABBREVIATIONS

Symbols

A area

A active fuel cell area

Crad nozzle constant

Co specific heat constant

C, concentration

AH enthalpy change

Dw water diffusion coefficient

E open-circuit voltage
Friction factor

F Faraday constant

Hg stack height

| current

k conductivity

L length

m mass flow rate

M molecular weight

Ny electro-osmotic drag coefficient

Nic number of fuel cells

Nu Nusselt number

p pressure

P power or perimeter

Pr Prandtl number

0 heat transfer rate

Ra Rayleigh number

Re Reynolds number

t time

tmem membrane thickness

T temperature

To reference temperature (273 K)

\% voltage

X mass fraction

Greek Symbols

y specific heat ratio

0 humidity ratio

@ relative humidity

o Stefan-Boltzman constant

e emissivity

A excessratio

Superscripts and subscripts

act activation

amb ambient

an anode

ca cathode

clt coolant

cnl channels

cool cooling

e electrical

fc fuel cdl or forced convection

gen generated
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HT heat transfer

I liquid

LHV lower heating value
mem membrane

1% vapor

nc natural convection
ohm ohmic

rad radiation

reac reaction

sens sensible

st stack
APPENDIX

ANODE

Water vapor partial pressure is obtained from the
ideal gasequation as
Pry0(w) = Mu,00) Ruyo T/ Van (A1)
Therelative humidity is calculated from
Pan = min (pHZO(v)/psatr 1) (A-2)
Anode species partial pressures and total pressure
are determined as
PHov) = Pan Dsat
Pu, = My, Ry, T/ Van (A3)
Pan = Pu, T PHow)
Anode humidity ratio is calculated as
Non = My, o pHZO(v)/ (MH2 PHZ) (A4)

CATHODE

Water vapor partial pressure is obtained from the
ideal gas equation as

PH,0v) = Muy0w) Ruyo T/ Vea (A5)
Therelative humidity is calculated from
Pcq = min (pHZO(v)/psat: 1) (A6)

Cathode species partial pressures and tota
pressure are determined as
PH,ow) = Pca Dsat
Po, = Mg, Ry, T/Veq
Pn, = My, Ry, T/ Vea
Pca = Po, T Pn, T PH,00)

(A7)

Humidity ratio and mass fractions are obtained as
follows:

Pair,dry = Pca — PH,0(v) (A-8)

Oy = MHZO pHZO(v)/ (Mgir pair,dry) (A'g)

Mairary = Mo, T My, (A.10)

Xo, = Mo,/Mairary (A.11)

Xy, =M,/ Mairary (A.12)
MEMBRANE

. Nyl Cypea — Cy,
Tuom = Mo Apette (Mt =D, —24—=21) (A 13)
m

1 1
= — = A.l4
D, = Dyexp (2416(357 — 7) (A.14)
[ 10-¢ A <2
10781+ 23, —2) 2<A,<3
Dr= { 1075(3 — 1.67(A4,, —3)) 3 <A, <45 (A.15)
{ 1.25x 107¢ A = 45
A+ A
S i (A.16)
2
For i € [an, ca]
0.043 + 17.81 @; — 39.85 a? + 36 a}
A= 0<ag =1
14+ 1.4(a; — 1) 1<a; <3 (A.17)
The water content of the membraneis A,
ng = 0.0029 A%, + 0.051,, —3.4x 1071° (A.18)
Cyi = PmAi/Mm (A.19)
VOLTAGE
Voltage for one cell iswritten as
V =FE —Vact = Vorm — Veone (A.20)
where
E=1229 — 85x107* (T - 298.15)
+4.3085x 1075 T [ log(pu,) (A.21)
+ .5 log(poz)]
Vaer = 09514 4+ T [-0.00312 - 7.4 (A.22)
X 107 log(Cp,) + 0.000187 log(iy)]
Co, = Po,/ (5.08 x 10° exp(—498/T)) (A.23)
Vohm = ldRmtm (A24)
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I
ig=— A.25
= (A.25)

2

. T . 2.5
Ry = 1816 [1+0.03 iy + 0.062 (—) i*5]

303
/(14— 0.634 - 3iy) exp (4 18T‘303)] (A.26)
. . . E
. Calg
Veone = ia (ﬁ)z (A.27)
__Po,
P =01173 thse

2= (716 X 107+ T — 0.622) p
+(—145x103T +168) ifp<2 (A28

c2 = (8.66 X 1075T — 0.068) p
+(-1.6xX107*T +054) ifp>2

10



