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Abstract. The mathematical model developed and experimentally validated on previous works for the Alkaline
Membrane Fuel Cell (AMFC) can be used to simulate the fuel cell performance as a function of different parameters.
The resulting equations from the mathematical model were solved with a Fortran code using a quasi-Newton method.
The influence of important design parameters as the porosity of the reactive layer of electrodes and of the membrane
and operational parameters (temperature of the feeding gases) on the AMFC power output is studied and discussed in
this paper. These results can be used as future tool for power optimization.
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1. INTRODUCTION

The Alkaline Membrane Fuel Cell (AMFC) is a recently developed fuel cell type with a liquid alkaline electrolyte ,
different than other fuel cell types. The membrane is made of a solid and porous support soaked on a potassium
hydroxide solution. This is why the new type of fuel cell was named AMFC — Alkaline Membrane Fuel Cell.

Numerical simulations are used in this paper to obtain the influence on AMFC performance of design and
operational parameters. The performance parameter evaluated in this paper was the fuel cell net power output.

It also considered how the temperature and molarity affect the ionic conductivity of the electrolyte.

2. MATHEMATICAL MODEL

A schematic diagram of the internal structure of a AMFC is shown in Fig. 1 and Fig. 2. Pure hydrogen and pure
oxygen are considered in this analysis as fuel and oxidant respectively. The fuel cell was divided into seven control
volumes that interact energetically with one another and with the ambient. Two bipolar plates were added with the
function of allowing the electrons produced by the electrochemical oxidation reaction at the anode to flow to the
external circuit.

The model consists of the conservation equations for each control volume, and equations accounting for
electrochemical reactions, where they are present. The reversible electrical potential and power of the fuel cell are then
computed as functions of the temperature and pressure fields determined by the model. The actual electrical potential
and power of the fuel cell are obtained by subtracting from the reversible potential the losses due to surface
overpotentials, slow diffusion and all internal ohmic losses through the cell. These are functions of the total cell current
(D), which is directly related to the external load. In this model, the total current is considered an independent variable.

The control volumes (CV) are fuel channel (CV1), the anode diffusion-backing layer (CV2), the anode reaction
layer (CV3), the alkaline membrane (CV4), the cathode reaction layer (CVS5), the cathode diffusion backing layer
(CV6) and the oxidant channel (CV7).

Dimensionless variables are defined based on the geometric and operating parameters of the system. Pressures and

temperatures are referenced to ambient conditions: P. =p, / p., and 8, =T, /Too , where P is the dimensionless pressure,

p is the pressure, N/m” ; 0 is the dimensionless temperature, T is the temperature, K; the subscript i and ® represent the
substance or a location in the fuel cell and the ambient respectively. Other dimensionless variables are defined as:

m.
P=— (1)
Mg
2/3
N, = UiV JR oA (2)
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where y and m are the dimensionless mass flow rate and mass flow rate kg/s, respectively; N is the dimensionless
global wall heat transfer coefficient, U is the global wall heat transfer coefficient, W/mzK; Vr is the total volume of the
fuel cell, m’; ¢p.r is the specific heat at constant pressure of the fuel, kJ/kgK; A is the dimensionless area, A is the area,

m?; the subscript i indicates a substance or a location in the fuel cell, ref indicate the reference level and w indicates
wall.

Li
§; 3)

=13
\G

where L indicates the length, m; § is the dimensionless length ;the subscript j indicates a particular dimension of the
fuel cell geometry, Fig. 2.
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Where h is the heat transfer coefficient, W/m?K; k is the thermal conductivity, W/mK; I s the dimensionless heat

transfer coefficient, k is the dimensionless thermal conductivity.

Figure 1. Single AMFC fuel cell model and control volumes distribution, L is the length of each CV, Lx is the total
length of the fuel cell, Lz is the high and Ly is the width of the fuel cell

The hydrogen mass flow rate required for the current (I) dictated by the external load is

. . I
l‘I‘le =nH21\/IH2 =EMH2 (5)

Where n is the molar flow rate, kmol/s; M is the molar weight,kg/kmol; n is the equivalent electron per mole of
reacthat, eq/mol; I is the total current, A; F is the Faraday constant, C/eq.
Therefore, the oxygen mass flow rate needed for a AMFC fuel cell is

. 1.
Mo, =7 1y,Mo, (6)
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Figure 2. Upper view of the control volumes of a single AMFC

2.1. Energy conservation

The wall heat transfer area of one control volume in the AMFCis A . =p.L, 2<i<6)and A ; =p.L, + L,L, (i
=1,7;), where p = 2(Ly +L,) is the perimeter of the fuel cell cross-section. The control volumes are Vj = LyLZLj
(2=j=6)and Vj =n,L.L,L, (j=1,7), where n. is the integer part of Ly /(Lt +L, ), i.e., the number of parallel

ducts in each gas channel (fuel and oxidant). The mass and energy balances for CV1 yield the temperature in CV1,

éwl +1¢ (6 ‘61)+612 +610hm =0 @)
and
awi = ngwl (1 - 6i)’ aiohm = Izﬁi/(mrcfcp,fTW) ®)

where 612 = Elgs(l -4,)(0,-6,), KS = LyLz/VT2/3 . Subscript i represents a location in the cell, i.e., a particular

CV, f indicates fuel, ohm indicates ohmic and ¢ the porosity. The dimensionless heat transfer rates for all the

compartments are Q, =Q, e, T - The subscript i accounts for any of the heat transfer interactions that are present in

ref©
the model. Q is the heat transfer rate, W, (N) is the dimensionless heat transfer rate, p is the electrical resistance, Q .

Assuming that the channels are straight and sufficiently slender, and using the ideal gas model, the pressure drops
are

P.
AP =22 4 22| R ©)
& & )6 R
where i = 1,7 and j = f (fuel), ox (oxidant), respectively. Here U, = (U, + U, )/2 is the channel dimensionless

mean velocity, defined as U = u/(R fTw)l/ 2, and f is the friction factor, £, is the dimensionless width of the gas

channels, R is the ideal gas constant kJ/kgK. According to mass conservation, the dimensionless mean velocities in the
gas channels are

B =0y, (10)
Aclpf 2
i, - RO f, Yo, (11
RfAc7P0x 2
C= (Rcho)I;?;’href (12)
pocVT

where Km. =nL_L, /VTZ/3 ,i=1,7 and L is the width of the gas channel, m.
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For the laminar regime, Re,, <2300 (Shah and London, 1978):

fi Repy, ; = 24(1-135538; +1.94675,% ~1.70125} +0.95643; - 0.253715}) (13)

hiDy,; 2 3 4 5
= 7541126108 +4.9708,7 - 5.1195] +2.7025] ~0.54857) (14)

i
where §, =L /L;,for L, <L;and §, =L;/L,,for L, >L;; Dy; =2L L /(L; +L.), Rep, ; = uiDh,ipi/Mi and i

= 1,7. According to Bejan (1995), the correlations used for the turbulent regime are

f. =0.079Re”"* 2300<Re  <2x10* (15)
1 Dh Dh.

i

h;Dy; (f; /2)(Dy,;; ~10°) Pr,
ki 1+12.7(F /2)V 2 (PP -1

(2300<Re < 5x10%) (16)

Assuming diffusion to be the dominant transport mechanism across the diffusion and catalyst layer (Bird et al.,
2002), the fuel and oxidant mass fluxes are given by

ji = _[D(pout —Pin )/Ll (17)

Where, according to Newman (1991), D = B¥|8RT/aM |2 ¢° l, is the Knudsen diffusion coefficient. Therefore
o

poop. IRTLO o6 oy (18)

iout = Tiin D
iPoo

The net heat transfer rates at CV2 are Q, =-Q, + Q,, + Qy; + Qyepy» WHETE Q,; = Es’aa ~y)A, (0, - 0,)/[(&, +&,)/2], where
the subscript s,a indicates the solid anode side. The energy balance for the CV2 is:

62
0,-0,)+—2-=0 (19)
(1 2) W,

The chemical reaction that occurs at the anode reaction layer (CV3) in an AMFC is,

H, +20H™ —2H,0+2e” (20)

The dimensionless enthalpy of formation is defined by H, =1 H, / (Ihrefcp T, ), where the subscript i refers to a

substance or a control volume, H is the enthalpy of formation, kJ/kmol. The enthalpy change due to the anode reaction
is given by AH, = Epmdums[UiHi(Ti )]_ Emmn tS[UiHi(Ti )] and W, =-AG;, where v is the reaction stoichiometric

coefficient, W.; is the reversible work done by the CV3, J. The reaction Gibbs free energy change, AG, is a function of
temperature, pressure and concentrations (Masterton and Hurley, 1997).

AG = AG’ +RTInQ (21)

where R is the universal gas constant, 8.314 kJ/kmolK; AG® = AH + TAS, AG is the molar Gibbs free energy change,
kJ/kmol; AHis the molar enthalpy change, kJ/kmol; AS is the molar entropy change kJ/kmol; the superscript «”
indicate standard conditions ( gases at 1 atm, 25°C, species in solution at 1 M), Q is the reaction quotient. In the present

-1
reaction , Eq. (18) the resulting expression for Q3 is Q; = {[OH_ ]Zp H, } , where [OH’ ]zis the molar concentration
(aq)

of the alkaline solution, (mol 1), and = , i.e. the H, partial pressure in atmospheres at the CV2 outlet. The
sz p2,out P

dimensionless net heat transfer in CV3 is given by (33 = —(323 + (N)W3 + (33 4t (N)Mlm. The heat transfer rate between
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CV3 and CV4 (alkaline membrane) is dominated by conduction, therefore Q, = —(1-¢;)(8; - 0,)A 2K, K, /(Esk , +Eskyn)»

where Em is the dimensionless thermal conductivity of the membrane (CV4). The mass and energy balances for CV3 is
Q; -AH; +AG; =0 (22)

where, (Aﬁ3,AG3) = ﬁH2 (AH39AG3)/(mrepr,fT°° )
The dimensionless net heat transfer in CV4 1is obtained from (3 4= _63 s (Nzw 4t (NQ 45+ (NQ tohm and

(345 =-(1- s )0, - 0, )KS 2E530Em /(E4Es,c + §5Em ). Next, the CV4 temperature is obtained from

Qq +H(O5) - —H(O,) - ~H(O3) 51,0 ~H(O4) 0 =0 (23)

In the cathode reaction layer (CVS5), the following reaction occurs
%oz +2H,0 +2¢” — 20H" (24)

The CVS5 dimensionless temperature is obtained by
Qs - AH; +AG, =0 (25)

where (AT, AGs) = o, (AH;, AGy)/(ih g, T., )

Similarly, the dimensionless net heat transfer rate flowing in CVS is given by 65 = —(NQ 45+ (Nzws + (356 + 650hm’
with 656 = _Es,c (1-s )gs (65 - 96)/[(25 +&g )/ 2]'

The enthalpy change during cathode reaction is AH, = S produets [UiHi (T, )]_ S reactan ts[UiHi (T, )], while W s = —~AGj- The
CVS5 reaction quotient is g - [OH-]Z /ply2> where po =pg -

The dimensionless net heat transfer rate in CV6 results from Qg =-Qs6 +Que + Qg7 + Qpotm with

667 =E7Ks(l_¢6)(¢7 —6)s E7 _ h7VT2/3/(Ihrepr . ) The dimensionless temperature for CV6 is given by

~ Cyox ~ ~
Qs +Wo, cp’o (87 =04)+H(05)1,0 ~H(Og)y,0 =0 (26)
p.f

The dimensionless net heat transfer rate in CV7is Q; =-Q¢; + Q7 + Q,,, - The balances for mass and energy
in the oxidant channel (CV7), the assumptions of non-mixing flow, and the assumption that the space is filled mainly
with dry oxygen, yield my o =My o4 =My,0 6y =N, My, and

~ Cy ox ~ ~
Q7 +Wox — Box =687) + HO )10 ~ H(B7)m,0 =0 27)
p.f

2.2. Electrochemical model

Based on the electrical conductivities and geometry of each compartment, the electrical resistances, 3(€2), are given
by:

S =126 (28)
B AVeloe)

§

. S i=3,4,5, =1 (29)
ASV%BO'iq)i (¢4 )

Bi
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Where 0, =0, =-2.041M-0.0028M> +0.005332MT, +207.2MT" + 0.001043M" —3.107 MT" for
i=3,4,5; where T is the temperature, K and M is the molarity of the alkaline solution, mol/L (Gilliam et al.,2007). The
conductivities of the diffusive layer, 0, and O, are the carbon-phase conductivities (Kulikovsky, 2000). Finally, the
conductivities of CV1 and CV7, 0, and 0, are given by the electrical conductivity of the bipolar plate material.

The appropriate figure of merit for evaluating the performance of a fuel cell is the polarization curve, i.e., the fuel
cell total potential as a function of current. The dimensionless potential is defined in terms of a given reference voltage,

V,,;» hamely V= V/Vn:f and ﬁ = n/Vref , where V is the voltage of the fuel cell, V; Mis the overpotential, V; TN] is

the dimensionless overpotential, and V is the dimensionless voltage of the fuel cell. The dimensionless actual potential

V,is an accumulated result of dimensionless irreversible anode electrical potential V, ,, dimensionless irreversible

cathode electrical potential \N/i o and the dimensionless ohmic loss (ﬁ ohm ) in the space from CV1 to CV7, i.e.,

Vi = Vi,a + Vi,c _ﬁohm (30)
- 7
The ohmic loss 1), is estimated by 7, = 1 B, - The reversible electrical potential at the anode is given by

ref 1=
RT,
nF
two mechanisms for potential losses; (i) charge transfer, and (ii) mass diffusion. The potential loss at the anode (1),)

the Nernst equation, V,, =V, - InQ,- Where vV, = AG, /(_ nF) and Vo, =AGS (_ nF) At the anode there are

due to charge transfer is obtained implicitly from the Butler-Volmer equation for a given current I (Gurau et a/.,2000);

Ui e (1-a,nF]
A3,wct ’

b N
RT,
exchange current density. The potential loss due to mass diffusion is

RT,

}; where o, is the anode charge transfer coefficient and i_, is the anode

RT.
=—31In
nF

I p¢D,nF

N, l-————— P g =
’ A3,wetlLim,a ] i MHZLZRfezToc

The resulting electrical potential at the anode is V,, =V, -7, - ‘ﬁ da

The methodology in estimating the anode potential is valid in building the cathode potential correlations. Similarly,
the actual cathode potential is V. .= \N/e Mo — ‘ﬁ . c‘ and the reversible electrical cathode potential is

Ve,c=Veoc_(ﬁT5 /nF)anS, where Voo =AGS /(—nF). The Butler-Volmer equation for calculating the cathode side

overpotential 1), is [/Ag . =1, [exp((l —a,n.F / (ETS ))_exp(acncF / (ETS ))there a, is the cathode charge transfer
coefficient, and i__ is the cathode exchange current density. The cathode mass diffusion depleting overpotential is

5,wet

Nge = RT /(nF)ln(l _I/(AS,weti Lime )), and the cathode limiting current density is j, - 2poxD6nF/(MOZ LeR,.0.T. )
The pumping power \X/p is required to supply the fuel cell with fuel and oxidant. Therefore the total net power
(available for utilization) of the fuel cell is VNVHCt -W- \le; where W = V,T is the total fuel cell electrical power output,

m, fTwRi s
Vrc f Ircf

~ 6, 0 =
Wp = wfsf FIIAPI +w0xsox #AP7 and Sf = ! f,OX.
7

3. NUMERICAL RESULTS OF AMFC MODEL

The numerical results were obtained solving the system of equations (7), (18), (19), (22), (23), (25), (26) and (27)
presented in the previous section with a FORTRAN code, using a quasi-Newton method. The single AMFC net power
output depends on the internal structure and the external shape of the fuel cell. The mathematical model allows the
computation of the total net power of the fuel cell, which is possible to be done as soon as the physical values and a set
of geometric internal and external parameters are known. In the case of the present study, such set is given by Tab. 1.

Important parameters were varied starting from the reference case shower on Table 1. The variation of two design
parameters (the porosity of the reactive layer of electrodes ¢, ¢$sand of the membrane ¢, ) and operational parameters

(temperature of the feeding gases) on the AMFC performance has been considered and is shown on the following
figures.
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Table 1. Physical properties used as reference case in the numerical solution.

B =0.156
Pf =Pox =Pw =0.1IMPa
cpr=14.95 kI kg K! q=2.1
Cpox =0.91875 kI kg K Ry=4.157 K kg K
- -l -l
cyr=10.8kJkg" K Ry, = 0.2598 kJ kg-l K
- -1 -l
Cyox = 0.659375k] kg K T =290.15 K
Le=1A

Uni=50 Wm?2KLi=1to7

— -1 -l
ke=0.1805 W m™ K V-1V

Kor = 0.0266 W m™ K

A -1 Vi = 7.69)(10_5 m3
k,=0.12Wm' K

K Kg=4x 10" m’ Oy, 0 = 0.5
Ki, Ks=4x 10" m? C,,C; =2

m, =10"kes" w =107 Pas

M = 6.9 mol/L w; =2.4x107 Pas

Since it was assumed that the same electrode type, a Pt/C based electrode was used in both sides of the AMFC, was
considered ¢;= s . Fig. 3 shows the results for power curve for different values of porosity and maximum power as
function of porosity for different inlet gas temperatures. The range analyzed was from 0.03<¢; =¢5 <1 and
293.15K =Ty =T, =333.15K.

ox —

As can be seen in the Fig. 3a the higher the porosity of the catalytic layers, more effective an electrode will be, as
expected. Since more solution will be absorbed and also a bigger superficial area would be available for the
electrochemical reaction occur. However there are physical constraints in the electrode manufacturing process that
determine a maximum porosity for the catalytic layers.

1.0 0.90
i T, =T, = 293.15K 1
] by = 0.442 ]
4 0.80
0.80] ] 0, =0.442
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0.60 v 1
_ ] os Wi ]
Wnc& 1 0.6 0.60]
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1 0.50
} ] ——293.15K
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Figure 3. (a) Power curves for different values of electrode porosity; (b) Maximum power produced for different
values of electrode porosity and inlet temperature of fuel and oxidant (T¢= Ty).

According to the Fig. 3b the increase of temperature of the inlet gases has no influence on the maximum net
power produced, which indicates that the porosity of the electrodes (¢ and ¢5) plays a key role in the achievement of
higher maximum net power, as can be seen in the Fig. 3a. The fuel cell type studied on this paper has a differential
which is solid support that enhances the feasibility of alkaline fuel cells use. From the results shown on Fig. 4 it can be
concluded that for the case studied it isn’t necessary a high porosity for this solid support, for values higher than
¢4 =0.20 the maximum net power decreases until ¢, =0.60 where it has a slight increase however not exceeding the

maximum net power reached at ¢, =0.20.
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Figure 4. Parametric Analysis of the influence of the porosity of the solid membrane support porosity on the
maximum power produced for AMFC for ¢;= ¢5=0.2.

The parametric analysis was made aiming a better understanding of how those parameters affect the power output
of the fuel cell. As a future study those results will be used as a tool for power optimization.
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