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Abstract

There has been a recent interest in modelling the transient behaviour of proton exchange membrane (PEM) fuel cells. In the past, there
have been several clecirochemical models which predicicd the steady-state behaviour of fugl cells by estimating the equilibrium cell voltage
for a particular s¢t of gperating conditions. These operating conditions included reactant gas concentrations and pressures, and operating
current. Steady-state behaviour is very common and in some cases is considered as the normal operating standard. Unsteady-state behaviour,
however, is becoming more of an issue, especially for the transportation applications of fuel cells where the operating conditiors will normally
change with time. For example, system start-up, system shut-down, and large changes in the power lcvel may be accompanied by changes in
the stack temperature, as well as changes in the reactant gas concenirations at the electrode surface. Therefore, both mass and heat transfer
transient features must be incorporated into an elecirochemical model 1o form an overall model predicting transient responses by the stack. A
thermal madel for a Ballard Mark V 35-cell 5 kW PEM fuel cell stack has been developed by performing mass and energy balances on the
stack. The thermal characterization af the stack included determining the changes in ihe sensidle heat of the anode, cathode, and water
circulation streams, the theoretical energy release due 1o the reaction, the elecirical energy produced by the fuel cell, and the heat loss from
the surface of the stack, This thermal model was coupled to a previously-developed electrochemical model linking the power produced by the
stack and the stack temperature to the amount and method of heat removal from the stack. This electrechemical mode! calculates the power
output of 1 PEM fuel cell stack through the prediction of the celt voltage as a2 complex function of operating current, stack temperature,
hydrogen and oxygen gas flowrates and partial pressures. Initially, a sieady-state overall dynamic model { electrochemical model coupled with
the thermal model) was developed. This was then transformed inta a transient model which predicts fuel cell performance in terms of cell
voltage output and heat losses as a function of time due to various changes imposed on the system.
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1. Intraduction

The Ballard Mark V 5 kW stack used in this study consists
of 35 proton exchange membranc (PEM) fuel cells stacked
in series. The fuel cells consist of a DuPont Nafion™ 117
proton exchange membrane ecmbedded with a platinum cat-
alyst and with an active cell arca of 232 cm”. The stack weighs
approximately 4> kg and measures approximately "8 cm X
21 cmX 21 cn ncluding the active stack with the internal
humidification ..ection and cooling cells [ 1}. A schematic of
the Ballard Mark V stack [2] is shown in Fig. 1. The series
of experimental runs performed on the stack were done with
air and hydrogen (although the model has been developed to
deal with a reformate gas feed containing, mainly, hydrogen o ,

- . Fig. 1. Schematic of the Ballard Mark V PEM fuel cell stack [2}: (1)
and carbon dioxide). Extra dry hydrogen h'orp compressed graphite flow field plares; (2) hydrogen gas supplied to the anade; (3)
gas cylinders and dry purified air from an air compressor membrane electrode assembly; (4) air supplied to the cathode, and (5)
cnier the stack separately and are transported directly 10 the single fucl cell.
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humidification section where the streams pick up water
vapour and are then individually fed inte each of the fuel
cells in their respective anode and cathode channels in the
active fuel cell section. A circulating liquid waier stream
keeps the stack humidified and is used to control the stack
temperature,

2. Steady-state electrochemical model

A steady-state electrochemical model predicting the volt-
age output of a Ballard Mark V 35-cel stack was previously
developed by our group [3--5]. The fuel cell voltage was
defined as the sum of three terms: the thermodynamic poten-
tial, E, the activation ovcrvollage, 7, and the ohmic over-

voltage, Munmic:

Vien = E+ Mact + Nohmic

where

T ™ &1 + EoTacr + €T ek IN (€8, + €T g In (1)

and

Tomic = — IR™ = = i( £+ & T + i) ()

where T, is the stack temperatare (K), 1 is the operating
current (A), ¢o,” is the concentration of oxygen at the cata-
lyst interface (mol/cm®), and the £'s represent parametric
coefficients based on experimental data which can vary in
value from stack to stack. The parametric coefficients £, to
£, in the activation overvoltage term, 1., are based on the-
aretical equations from kinetic, thermodynamic, and electro-
chemistry fundamentals. The parametric coefficients & to &
in tie internal resistance term, R;,,, are purely empirical based
on temperature and current experimental data. A set of coef-
ficients for the Ballard Mark V stack used in this study is
shown in Table 1.

The effects of mass transport arc incorporated into several
of the three terms in Eq. (1). The thermodynamic potential
is a function of the stack temperature, and the partial pressures
of oxygen and hydrogen at the catalyst interface. The acti-
vation overvoltage is a function of the stack temperature, the
operating current, and the oxygen concentration at the catalyst
interface.

Table 1
List of parametric coefficicnts for the Ballard Mark V 5§ kW stack
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Fig. 2. Parily plot of the model-predicted cell voltage vs. the average
experimentat cell voltage of the Ballard Mark V 5 KW fuel cell stack.

Fig. 2 shows a parity plot of the model-predicted experi-
mental cell voltage versus the experimental average cell
voltage. It shows the walidation of the steady-state
electrochemical model using the coefficients in Table 1.

3. Steady-state thermal model

Ma:s and encergy balances around the fuel cell stack were
performed to calculate the various energy terms associated
with fuel cell operation:

q.llhcn = ‘Lcns + (jf:luc + q-lus.i (2)

The energy terms include the sensible heat calculations for
each of the fuel cell streams (anode, cathode, and water), the
theoretical energy produced by the fuel cell reaction, the
clectrical energy output, and the heat loss from the surface of
the stack. These equations are defined in Fig. 3 with symbols
defined in the List of symbols. Fig, 4 shows a schematic of
the inlet and outlet strcams in a fuel cell system, including
the humidification section, identifying various parameters
including flowrates from Eqs. {3)-(9) and energy termns
from Eqs. (10)-(16).
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Fig. 3. Thermal analysis equations for the Ballard Mark V 5 kW stack.
The average heat transfer coefficient for the stack may be
gstimatled using the average heat loss from the surface of the Nitzsox
uel cell stack: N . :
-il N800 Tan Noo, ot Tao
q'luss NCD; &k Pan ‘ Nw.g,c.uﬂ
) (17} : -
* (Toek = Traom) ! .
. . No.aou
Experimental values of heat loss were obtained from the N , v
A g o,clm Tein N, o0
Baliard Mark V tuel cell data to yield an average (hA) . of K b.. FUEL CELL . Teo
17W/K. Macin  Fein STACK Nugaen
For comparison, the predicted heat loss by natural convec- o Norscout
tion can be estimated using the Nusselt equation [6]: Tstack
h=£a(Gr-Pr)"’ {I8) ‘ N
L Nw.in Tw,ln Nw.m Tw.uu!
]
where a and m are numerical parameters which are found in ] —
Ref. | 6]. Note that the Nusselt equation includes the Grashof,
Gr, and Prandtl, Pr, numbers. . P '.
Nur calculated values for # from this natural convection Qoo Goens Geiee Coss T
eom

correlation range from about 3 to 7 W/(m? K) for stack
temperature from about 25 10 85 °C, cormesponding to
{hA) .4 values from about 1 to 2 W/K, The present exper-

Fig. 4. Schematic of the intet and outlet streams in a fuel cell system iden-
tifying various parameters including Aowrates and energy terms defined in
Fig. 3.
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Table 2
Heat transfer parameters for the Ballard Mark V fuel cell stack

Heat transfler parameler Approximate value (W/K)

(hay, 2
(A ), 10

(ha), 50
(A ) ek 17

imental (#4).,. values in the 10 to 20 W/ K range are clearly
higher than those expected from natural convection alone.
Welty et al. [6] quote approximate A ranges from 510 50 W/
(m> K) for natural convection of air and 25 to 250 W/
{m* K) for forced ccnvection of air. For further comparison,
Fuller and Newman | 7] and Nguyen and Whitc [ 8] proposed
h values for fuel cell heat losses to air in the range of 25 o
26 W/ (m* K) for gases in forced convection which corre-
spond to (hA},, values in the range of 7 to 1) W/K, again
lower than our experimental values.

Possible cxplanations for the apparentdisagreements could
be the presence of conduction losses from the stack to the
bench and from the stack up the heavy copper power cables,
plus forced circulation of laboratory air which resulis in heat
transfer further up the forced convection scale than assumed
in the publications cited above [7,8]. The mean (hA) value
of 17 W/K for our particular stack and experimental conlig-
uration is considered quite acceptable. This value may then
be used in Eq. {17} to predict the heat loss from the stack at
various stack temperatures.

Similarly, the increase in sensible heat terms can also be
linked to heat transfer coefficients, {(h4), from the stack to
the fluid, i, where i = anode, cathode, or water stream, using:

_ q‘scns.a
= 0S(Tot oy U
o qﬁcﬂﬁ.ﬂ (,]A}w (19]

Tsu.u:k - 05( Tc.in + Tc.uul)

qscns.w + q'hum
Tsmck - 05( TW.ih + Tw.um)

The heat transfer parameters, (hA);, as shown in Table 2
were approximated based on preliminary data obtained from
the Ballard Mark V stack. Note that the heat transter param-
cter for the stack is also shown in the Table for completencss.

‘Table 3 shows a typical application of the steady-slate ther-
mal modei at an operating current of 20 A. The last column
shows the actual experimental data at the same operating
conditions. Generally, the mode! predicts the experimental
data very well.

4. Transient model

A model predicting transient responses in fuel cell opera-
tion was developed based on coupling the sieady-state clec-

irochemical maodel with an nnsteady-s:ate thermal mode! to
form an overall transient model. Initially an overall steady-
state model was developed (o describe the steady-state equi-
librium conditions of the fuel cell and then the model evolved
into an overall transient model describing fuel cell character-
istics as a function of time until a new stcady-state is reached.

An unstcady-siate encrgy balance is the extension of the
steady-state thermal model by the addition of an accumula-
tion term, such that:

dT 0 : 5 3 ;
M T = Giteo ™ Getee ™ Guonn ™ Glons (20)

where M is the total mass of the fuel cell stack, C is the
average specific heat of the stack, and dT,,../dr is the tem-
perature change with respect to time.

The estimated value of MC in the accumulation term may
be determined by using the summed M,C; values of the indi-
vidual components of the fuel cell stack such as the graphite
and stainless steel. The masses of the individual components
were calculated based on the average density of the maerial,
and the specific heats werc estimated from data in the litera-
ture. A value for the sum of M,C, was estimated as 35 kl/K.
The MC value may also be measured using an experimental
approach by rearranging Eq. (20):

MC= q'lhcu.l‘ — qclcu.l' — ‘jscns.l' — 4]0.“.[

(d Tsl.'n:k)
dr /.

where the subscript 1 represents values immediately after a
step change in power and the subscript f represents the ‘final’
values following a step change in power. An average value
for MC was calculated as approximately 35 kJ/K which
agrees with the previous MC calculation.

The transient model may be obtained by coupling the
steady-state electrochemicai model and the thermal model as
a function of time with the new accumulation term from Eq.
(20) giving:

(21

dT_‘.-uu:k:L(qi . . . ) (27)
dt MC theo — Getee ~ Goons ™ Gluns -

with all the terms on the right side of the equation defined
and quantified earlicr. This expression can then be used as a
hasis of a finite-element calculation using:

Ttlilukj = stk + (c-iz(il_ﬂ) AI {23)
t 1
with a At value appropriate to the stack, approximalely one
minute or less for this study. The steady-state electrochemical
madel imports a current value of T, along with the other
required system parameters and then provides a V., for the
calculation of the updated value of ¢,,... The thermal model
calculates the new outlet streain temperatures based on the
current value of Ty, 50 that the 4, lerm may be caiculated.
The remaiming energy terms, gy, and, g, are dependent
on Ty A new value for dT,,,.../dt is then calculated using
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Table 3

Typical application of the steady-state thermal model when a load of 20 A is applied to the fuct cell system

Modet input data Model oulput data
Stream Parameter Value Stream Parameter Predicted Experimental
value valug
Inlet anode gas N aun 0.0078 mol/s Outlet anode gas 1 - 0.0841 mol/s 0.004! mol/s
T 235°C Tom 285°C 23.3°C
P‘n.m 5 p“g
Inlet cathode gas Neyocn 0.004 mal/s QOutlet cathode gas Nopcout 0.0022 mol/s 0.002 mol/s
Tein 235°C T. ot 100°C 38.8°C
'P\.‘.iu 35 PSEB
Inlet water Ne o 1 .84 mol/s Outlet water Trom 31.7°C 239°C
T 2s5°C
Other data Lo 15°C Other data Tonex 40.0°C 3B80°C
koo 3Scells Vet 0825V 0817V
i NA Vonen B9V 286V
P 5T8W snw
80 W expermasml daes 40 — o ooyl Sl 40
V_stuk (V) 0 3’
-7 S - 138 = . 438
L &0 4 i b > [Ty s
3 | le o g B - Ju 2
w ' T sack (€Y % = T &
) i ! il i
: 40 l 4 gl % vk (G} o =1 ;I
s T dack 703 o L3z > 3 . r28
- 20 T . : = 128
& - 30 (A} 24
- V sk (V)
. e mmmermmem s TS e e 20 40 €0
0 = y ; 28 Time {min)
o 0 40 60 Fig. 7. Transient plot for the shut-down of the Ballard Mark V stack from
' Time {min}

Fig. 5. Transient plot for the start-up of the Ballard Mark V stack from O 1o
20 A,
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Fig. 6. Transient plot for the ‘load step-up® of the Ballard Mark V stack from
201060 A,

Eg. (22) so that a new T, for the next lime step may be
calculated vsing Eq. (23). As a result, the transient model
caleulates T, and the outlet stream temperatures, V., and
ultimatety the power P as a function of time.

Fig. 5 shows the application of the transient model for the
start-up of the fuel cell stack for an operating current from 0
10 20 A. Fig. 6 shows the power step-up from 20 10 60 A and
Fig. 7 shows the shut-down of the fuel cell stuck from 60 to
0 A. Each of the three plots also show some experimental
data for reference. In general, the transient model predicts the
experimentai data very well.

60m0A,

5. Conclusions

The transient model is a useful tool in predicting the per-
formance of the PEM fuel cell stack in our experimental
configuration. For example, given aset of gas feed conditions,
pressures, heat transfer coefficients, and operating current,
the model will lead w0 a unique solution for stack voltage,
stack power, and stack temperature. If the stack undergoes a
perturbation, such as the initial slart-up, a large step in current,
or a shut-down, the transient model will be able to generate
transient information such as stack temperature, cell voltage,
and power as a function of time.

The steady-staic clectrochemical model parameters, the
heat capacity, and the heat ransfer coefficients are obviously
specific to the stack used and to the immediate surroundings
of the stack. These values would have to be recalculated for
another fuel cell stack system. The general methodology,
however, should be applicable to any PEM stack system.

6. List of symbaols

a constant in the Nusselt equation
A surface area, m?
¢ concentration, mol/cm’
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average heat capacity, J/ (kg K)
thermodynamic potential, V

standard electrochemical energy, V
Faraday’s constant, F=96 487 C/cquivalent
Grashof number

convective heat transfer coefficient, W/(m” K)

change in enthalpy, J/mol
operating current, A

current density, A/ft* or ASF
thermal conductivity, W/ (s m K)
mass of the fuel cell, kg

consiant in the Nusselt equation
molar flowrate, mol/s

number of cells in the stack
power output, W

proton exchange membrane
Prandt] number

energy, W

ideal gas constant, R=18.3145 J/ (mol
K) =0.08206 1 atm/{mol K)
resistance, £2

temperature, K

outpwt voHlage, V

Greek letters

AH heat of reaction, J/mol

7 overvoltage, V

£ parametric coefficient in the fuel cell model
Subscripts

a anode

act activation

c cathode

cell proton exchange membrane fuel cell
cons consumed

elec electrical

g gas

hum humidification

in in

int internal

1 liquid

loss loss

ohmic  ohmic

out out

prod product

rxn reaction

stack fuel cell stack
sens sensible

theo theoretical

W waler
Superscripts

sat saturation

* at the catalyst interface
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