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When geometric parameters, such as volume and thickness, are constraints to be considered in real applications and an increase of 
performance is required, other parameters must be taken into account for the optimization of fuel cells. The physical properties of bipolar 
plates, electrodes, and membranes are some of the parameters that can still be studied when maximum power output is sought under 
geometric constraint. This paper investigated the influence of porosity of the diffusive and reaction layers on the power output of an alkaline 
membrane fuel cell (AMFC). An experimentally validated mathematical model was used to simulate the fuel cell performance as a function of 
different porosities of the electrode. It was found that the change of porosity of the diffusive layer has a minimum influence in the power 
output of the fuel cell when the porosity of the reaction layer is kept constant. The cathode was shown to limit the performance of the fuel cell 
due to losses that make the polarization curve to drop to zero at the cathode faster than at the anode. The increase of the porosity of the 
reaction layer is verified to be an alternative to enhance the power output of the fuel cell.

Introduction

The alkaline membrane fuel cell (AMFC) is a recently de-
veloped fuel cell type that has shown good experimental results
in the laboratory. Alkaline fuel cells are seen as an alternative
for polymer electrolyte membrane fuel cell (PEMFC) applica-
tions due to the possibility of not using noble metals as catalyst,
which could be a good alternative when cost is considered an
important issue. Alkaline membrane fuel cells have a special
differential: The membrane is made out of a solid and porous
support soaked on a potassium hydroxide solution. Because of
the membrane, this new type of fuel cell was named the alkaline
membrane fuel cell, or AMFC.

The main advantage of using alkaline fuel cells comes from
the fact that the kinetics of the electrochemical reactions are
faster in alkaline than in acid medium [1–4], which grants
the possibility of using non-noble metals as catalyst without
compromising the performance of the electrochemical reaction
[5, 6].
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Scientists around the world have spent resources on investi-
gating a new material for the electrode and membrane aimed at
less transport losses [3, 7–18]. Resources have also been spent
on modeling, simulation, and optimization of alkaline fuel cells
under specific constraints [19–23]. A good combination of re-
search on the finding of new material and the advances of mod-
eling and optimization is the goal to be achieved for a successful
application in the manufacturing of new devices and appliances
with fuel cells.

When geometry (internal structure) is a restriction for an
optimization analysis for an operating fuel cell, only physical
properties of the materials can be changed when pursuing an
increase of power output. This paper presents a steady-state
analysis of an operating prototype of an alkaline membrane fuel
cell. The objective is to investigate the influence of the porosity
of the electrodes (diffusive and reaction layers) in the power
output of the fuel cell when the internal structure (length) is
kept constant.

Thermodynamic Model

With the intent to emphasize its main features and highlight
the assumptions and the understanding of the phenomena, the
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Figure 1 Schematic diagram of the internal structure of a single AMFC.

mathematical model of a single AMFC used for the present
study, which was introduced and validated in previous studies
[20, 22], is herein summarized. The previous work was applied
in the present study as a tool for parametric analysis of a single
AMFC and used to simulate the fuel cell performance as a
function of different porosities of the electrode diffusive and
reaction layers.

The fuel and the oxidant considered in this study were pure
hydrogen and pure oxygen, respectively. Metal bipolar plates
were included to provide a medium through which the electrons
produced at the anode could flow to the external circuit or to the
next fuel cell. The internal parts of the fuel cell were split into
seven control volumes. The seven internal part transfer energy
and/or mass to each other and to the ambient. A schematic dia-
gram of the internal structure of an AMFC is shown in Figures 1
and 2.

Conservations equations were applied to each control vol-
ume, also accounting for the electrochemical reactions at the
cathode and the anode. Temperature and pressure at the control
volumes were considered to evaluate the reversible electrical
potential and power of the fuel cell.

Activation, concentration, and ohmic overpotential losses
were computed to obtain the actual electrical potential and
power output of the fuel cell. The electrical current (I) was
considered an independent variable; that is, all the overpotential
losses and temperatures were modeled as function of the current

Figure 2 Top view of the internal structure of a single AMFC.

generated (I), which in real applications is determined by the
external load.

The control volumes (CV) are fuel channel (CV1), the an-
ode diffusive layer (CV2), the anode reaction layer (CV3), the
membrane (CV4), the cathode reaction layer (CV5), 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 temper-
atures are referenced to ambient conditions: Pi = pi

/
p∞ and

θi = Ti
/

T∞, where p∞ and T∞ are the ambient pressure and
ambient temperature, respectively. The dimensionless mass flow
rates, ψ, the dimensionless global wall heat transfer coefficient,
N, and the dimensionless area, Ã, are defined as

ψ = ṁi

ṁref
(1)

Ni = UwiV
2/3
T

ṁrefcp,f
, Ãi = Ai

V2/3
T

(2)

where the subscript i indicates a location in the fuel cell, cp is
the specific heat at constant pressure, VT is the total volume of
the fuel cell, and ṁref = 5 × 10−4kgs−1 is the reference mass
flow rate.

The fixed length scale, V1/3
T , is used for the purpose of non-

\dimensionalizing all the lengths that characterize the fuel cell
geometry,

ξ j = Lj

V1/3
T

(3)

where the subscript j indicates a particular dimension of the fuel
cell geometry, as in Figure 1.

Additional dimensionless variables are

h̃i = hiV
2/3
T

ṁrefcp,f
, k̃n = knV1/3

T

ṁrefcp,f
(4)

where the subscript i indicates a location and the subscript n
indicates a substance in the fuel cell, h̃ is the dimensionless
heat transfer coefficient, and k̃ is the dimensionless thermal
conductivity.

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

ṁH2 = ṅH2 MH2 = I

nF
MH2 (5)

Therefore, the oxygen mass flow rate needed for an AMFC
fuel cell is

ṁO2 = 1

2
ṅH2 MO2 (6)

where ṅ is the molar flow rate, M the molar weight, n the number
of moles of electrons formed in the reaction, and F the Faraday
constant 96,5600 C/eq.

Stoichiometric ratios, ζ, greater than 1 are prescribed on the
fuel side, ζ1, and oxidant side, ζ7.
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The wall heat transfer area of one control volume is Awi =
p̃sLi (2 ≤ i ≤ 6) and Awi

∼= p̃sLi + LyLz (i = 1, 7), where p̃s =
2 (Ly + Lz) is the perimeter of the fuel cell cross-section. The
control volumes are Vj = Ly Lz Lj (2 ≤ j ≤ 6) and Vj = nc Lc

Lj Lz (j = 1, 7), where nc is the integer part of Ly/(Lt + Lc), that
is, the number of parallel ducts in each gas channel (fuel and
oxidant).

The energy balances for CV1 yield the temperature in CV1,

Qw1 + ψf(θf − θ1) + Q̃12 + Q̃1ohm = 0 (7)

where Q̃w1 = NÃw1(1 − θ1), Q̃12 = h̃1Ãs(1 − φ2)(θ2 − θ1),
and Ãs = LyLz/V

2/3
T . The dimensionless heat transfer rates for

all the compartments are Q̃i = Qi/ṁrefcp,fT∞, where i accounts
for any of the heat transfer interactions that are present in the
model. The ohmic heating is Q̃iohm = I2βi/ṁrefcp,fT∞, where
the subscript i refers to a control volume (1–7), and β (�) is
the electrical resistance. The subscript f indicates fuel, ohm
indicates ohmic, φ the porosity, and ψf = ζ1ψH2 .

Using the ideal gas model and Darcy friction factor, assum-
ing that the channels are straight and sufficiently slender, the
pressure drops are

�Pi = ncfi

(
ξz

ξi
+ ξz

ξc

)
Pj

θi

Rf

Rj
ũ2

i (8)

where nc is the number of ducts in the gas channel, the subscript
i = 1,7 represent the control volume in which the pressure
drop is evaluated, and j = f, ox, represents the fuel (hydrogen)
and oxidant (oxygen), respectively. Here ũi = (ũi,in + ũi,out)/2
is the channel dimensionless mean velocity, defined as ũ =
u/(RfT∞)1/2, f is the friction factor, and R is the ideal gas
constant. According to mass conservation, the dimensionless
mean velocities in the gas channels are

ũ1 = Cθ1

Ãc1Pf

[
ψf − ψH2

2

]
(9)

ũ7 = RoxCθ7

RfÃc7Pox

[
ψox − ψO2

2

]
(10)

where the constant C is defined as C =
(RfT∞)1/2ṁref/(p∞V2/3

T ), Ãci = ncLcLi/V2/3
T , i = 1,7,

and Lc is the width of the gas channel.
The Reynolds number is monitored to determine the flow

regime and appropriate correlations are used accordingly. For
the laminar regime (ReDh < 2300) [24],

fiReDh,j = 24
(
1 − 1.3553δi + 1.9467δ2

i − 1.7012δ3
i

+0.9564δ4
i − 0.25371δ5

i

)
(11)

hiDh,i

ki
= 7.541

(
1 − 2.610δi + 4.970δ2

i − 5.119δ3
i

+2.702δ4
i − 0.548δ5

i

)
(12)

where δi = Lc/Li, for Lc ≤ Li, and δi = Li/Lc, for Lc > Li;

Dh,i = 2LcLi/(Lt + Lc), ReDh, j = ui Dh,iρi/μi , and i = 1,7.
The correlations used for the turbulent regime were [25]

fi = 0.079Re−1/4
Dh,j (2300 < ReDh,j < 2 × 104) (13)

hiDh,i

ki
= (fi/2)(Dh,i − 103) Pri

1 + 12.7(fi/2)1/2(Pr2/3 −1)

×(2300 < ReDh,j < 5x106) (14)

where Pr is the gas Prandtl number.
The energy balance delivers the CV2 temperature,

(θ1 − θ2) + Q̃w2 + Q̃23 + Q̃2ohm − Q̃12

ψH2

= 0 (15)

where Q̃23 = k̃s,a(1 − φ2)Ãs(θ2 − θ3)/ [(ξ2 + ξ3)/2] and the
subscript s,a indicates the solid anode side.

We assume diffusion to be the dominant transport mecha-
nism across the diffusive and reaction layer [26], and the pores
are approximated as parallel tubes with an average diameter of
the same order as the square root of the porous medium perme-
ability, K1/2. Therefore, the wetted area for each porous control
volume is Aj,wet = 4φjLjK

−1/2
j As where Kj is the permeability.

The flow in the electrodes is modeled as Knudsen flow [26]. The
fuel and oxidant mass fluxes are given by

ji = −Di
(
ρout,i − ρin,i

)
Li

, i = 2, 6 (16)

where Di = B{ri[8R̄Ti/πM]1/2φ
q
i } is the Knudsen diffusion co-

efficient, ρ is the density, R̄ the universal gas constant, r the
porous radius, φ porosity, q tortuosity [27, 28], and B is the cor-
rection coefficient. The state for which the diffusion coefficient
Di should be evaluated is either state 2 (anode diffusive layer)
or state 6 (cathode diffusive layer) for i = 2,6, respectively.
Therefore, the pressures of hydrogen and oxygen that enter the
catalyst layers are

Pi,out = Pi,in − jiRkT∞Liθi

Dip∞
, i = 2, 6; k = f, ox (17)

where j2 = ṁH2/A3,wet and j6 = ṁo2/A5,wet, and A3,wet and
A5,wet. The average pressures in CV2 and CV6 are estimated as

Pi = 1

2
(Pi,in − Pi,out) , i = 2, 6 (18)

In the anode reaction layer (CV3), the electrical current is
generated by the electrochemical reaction,

H2(g) + 2OH−
(aq) → 2H2O(l) + 2e− (19)

The dimensionless enthalpy of formation is defined by H̃i =
ṅiHi/(ṁrefcp,fT∞), where the subscript i refers to a substance.
The enthalpy change due to the anode reaction is given by
�H3 = ∑

products[υiHi(Ti)] − ∑
reac tan ts[υiHi(Ti)] and We3 =

−�G3, where υ is the reaction stoichiometric coefficient, Hi is
the molar enthalpy of formation at temperature Ti of reactants
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or products of compound i, �G3 is the CV3 reaction Gibbs free
energy change, and We3 is the maximum (reversible) electrical
work generated due to reaction in CV3. The molar enthalpies
of formation are obtained from the literature [26–28] at T2 for
H2(g), T4 for OH−

(aq), and T3 for H2O(l) and at 1 atm, because �H
is independent of pressure.

The reaction Gibbs free energy change, �G, is a function of
temperature, pressure, and concentrations [29],

�G = �G0 + R̄T In Q (20)

where �G0 = �H+T�S. Therefore, for the anode reaction [Eq.
(19)], the resulting expression for Q3 is Q3 = {[OH−

(aq)]
2pH2}−1,

where [OH−
(aq)]

2 is the molar concentration of the alkaline solu-
tion, (mol−1), and pH2 = p2,out, that is, the H2 partial pressure in
atmosphere at the CV2 outlet.

The dimensionless net heat transfer in CV3 is given by

Q̃3 = −Q̃23 + Q̃w3 + Q̃34 + Q̃3ohm (21)

The heat transfer rate between CV3 and CV4 (the alkaline
membrane) is dominated by conduction; therefore,

Q̃34 = −(1 − φ3)(θ3 − θ4) Ãs2k̃s,ak̃memb/(ξ4k̃s,a

+ξ3k̃memb)
(22)

where kmemb = ksolφ4 + kcel(1 − φ4), ksol is the thermal con-
ductivity of the solution in the pore, and kcel is the thermal
conductivity or the porous solid material [25, 30], in this case
cellulose.

The mass and energy balances for CV3, together with the
anode reaction equation, deliver the relations

ṅH2 = ṁf
MH2

ṅH2O = 2ṅH2

ṁH2O = 2ṅH2 MH2O

ṅOH− = 2 ṅH2

ṁOH− = 2 ṅH2 MOH−

(23)

and

Q̃3 − �H̃3 + �G̃3 = 0 (24)

where (�H̃3,�G̃3) = ṅH2 (�H3,�G3)
/

ṁrefcp,fT∞.
The chemical reaction at the cathode reaction layer (CV5) is

1

2
O2(g) + 2H2O(l) + 2e− → 2OH−

(aq) (25)

Therefore, the energy balances for CV4 state that

Q̃w4 + Q̃45 + Q̃4ohm − Q̃34 + H̃OH− (θ5) − H̃OH− (θ4)
+H̃H2O (θ3) − H̃H2O (θ4) = 0

(26)

where

Q̃45 = − (1 − φ5) (θ4 − θ5) 2Ãsks,ckmemb

ξ4k̃s,c + ξ5k̃memb
(27)

Equations (19) and (25) and the conservation of mass in
CV4 require that 2 ṅH2 = ṅOH−,out = ṅOH−,in = 2 ṅO2 ,
2 ṅH2 = ṅH2O,in = ṅH2O,out = 2 ṅO2 .

The CV5 dimensionless temperature is obtained by

Q̃w5 + Q̃56 + Q̃5ohm − Q̃45 − �H̃5 + �G̃5 = 0 (28)

where

Q̃56 = −2k̃s,c(1 − φ6)Ãs(θ5 − θ6)

ξ5 + ξ6
(29)

and where (�H̃5,�G̃5) = ṅO2 (�H5,�G5)/ṁrefcp,fT∞ is
the mass balance delivers that ṅH2O,in = 2 ṅH2O,out =
ṅO2 , ṅOH−

out
= 2 ṅO2 .

The enthalpy change during cathode reaction is �H5 =∑
product [υiHi(Ti)] − ∑

reac tan ts [υiHi(Ti)] while We5 = −�G5.

The CV5 reaction quotient is Q5 = [OH−
(aq)

]2/p1/2
O2

, where
pO2 = p6,out.

The dimensionless temperature for CV6 is given by

Q̃w6 + Q̃67 − Q̃56 + ψHO2

cp,ox

cp,f
(θ7 − θ6) + H̃(θ5)H2O

−H̃(θ6)H2O = 0
(30)

where

Q̃67 = h̃7Ãs(1 − φ6)(φ7 − φ7) (31)

and

h̃7 = h7V2/3
T

/
ṁrefcp,f (32)

The balances for energy in the oxidant channel (CV7) yield

Q̃7 + ψox
cp,ox

cp,f
(θox − θ7) + H̃(θ6)H2O

−H̃(θ7)H2O = 0
(33)

The dimensionless net heat transfer rate in CV7 is Q̃7 =
−Q̃67 + Q̃w7 + Q̃7ohm.

Based on the electrical conductivities and geometry of each
compartment, the electrical and ionic resistances, β (�), are
given by

βi = ξi

ÃSV1/3
T σi (1 − φi)

, i = 1, 2, 6, 7 (34)

βi = ξi

ÃSV1/3
T σiφi

, i = 3, 4 and 5 (35)

where φ1 = φ7 = 0 and φ4 = 1. The conductivities of the
diffusive layer, σ2 and σ6, are the carbon-phase conductivities
[31].

For σi = σsolution = −2.041M−0.0028M2+0.005332MTi+
207.2MT−1

i + 0.001043M3 − 3.10−7MT2, i = 3,4,5 [32]. And
the conductivities of CV1 and CV7, rmσ1 and σ7, are given by
the electrical conductivity of the bipolar plate material.

The dimensionless potential and the dimensionless over-
potential are defined in terms of a given reference voltage,
Vref = 1V, so that Ṽi = Vi

/
Vref and η̃i = ηi

/
Vref .

The actual potential (Ṽi) provided by a fuel cell results from
the combination of anode irreversible potential (Ṽi,a), cathode
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irreversible potential (Ṽi,c), and the ohmic loss (η̃ohm) that occurs
throughout the fuel cell between CV1 and CV7, as follows:

Ṽi = Ṽi,a + Ṽi,c − η̃ohm (36)

η̃ohm = I

Vre f

7∑
i=1

βi (37)

The reversible electrical potentials at the anode and cathode
are respectively given by the Nernst equation, as follows:

Ve,j = V ◦
e, j − R̄Ti

nF
ln Qi (i = 3, 5 and j

= a, c, respectively) (38)

where Ve,j = �Gi/(−nF), V◦
e,j = �G◦

i /(−nF).
At the reaction layers, there are two mechanisms for potential

losses: (i) charge transfer, and (ii) mass diffusion. The potential
losses at the anode (ηa) and cathode (ηc) due to charge transfer
are obtained implicitly from the Butler–Volmer equation for a
given current I [33, 34], as follows:

I

Ai, wet
= io,j

⎡
⎢⎢⎣e

(
1 − α j

)
η j F

R̄Ti − e

α jη j F

R̄Ti

⎤
⎥⎥⎦ (i = 3, 5 and j

= a, c, respectively) (39)

where α j are the anode and cathode charge transfer coefficients,
and i0, j the anode and cathode exchange current densities, re-
spectively.

The potential losses due to mass diffusion are [33]

ηd,j = R̄Ti

nF
ln

(
1 − I

Ai,wet iLim, j

)
(i = 3, 5 and j

= a, c, respectively) (40)

The limiting current densities in the anode and cathode
(iLim, j ) represent borderline cases for mass transfer, when the
concentration of reactants in the catalyst layer located at the in-
terface with the gas diffusion layer drops to zero (P2,out = 0 and
P6,out = 0). The limit current density is the maximum current
that a fuel cell can provide; for higher current values, the system
collapses. Then, Eq. (17) is rewritten as follows:

iLim,j = Pfp∞DinF

MH2 LiRfT∞θi
(i = 2, 6 and j = a, c, respectively)(41)

The resulting electrical potentials at the anode and cathode
are respectively given by

Ṽi,j = Ṽe,j − η̃j − ∣∣η̃d,j

∣∣ (j = a, c) (42)

The absolute values of η̃d,j are used, because there could be
η̃d,j < 0 (cathode overpotential).

Table 1 Physical properties used in the parametric analysis of a single
AMFC prototype

B = 0.156 Rox = 0.2598 kJ kg−1 K−1

cp,f = 14.95 kJ kg−1 K−1 Vref = 1 V
cp,ox = 0.91875 kJ kg−1 K−1 VT = 7.69 × 10−5m3

cv,f = 10.8 kJ kg−1 K−1 (αa, αc) = (0.75,45)
cv,ox = 0.659375kJ kg−1 K−1 h̃
Iref = 1 A Hi(Ti)
kf = 0.182 W m−1 K−1 M = 6.9 mol/L
kox = 0.0266 W m−1 K−1 ζ1, ζ7 = 2
kp = 0.12 W m−1 K−1 Uwi = 50 W m−2 K−1, i = 1 to 7
ṁref = 5.10−4 kg s−1 q = 2.1
pf = pox = 0.01 MPa = 1.5 psi Rf = 4.157 kJ kg−1 K−1

p∞ = 0.1 MPa = 1 atm Tf, Tox, T∞ = 290.15K
K2, K6 = 4 × 10−18 m2 (i0,a, i0,c) = (1., 10−7) A m−2

K3, K5 = 4 × 10−10 m2

The available power provided by a fuel cell (W̃net) is obtained
subtracting the energy needed to supply the fuel cell with fuel
and oxidant (W̃p). Therefore, the total net power (available for
utilization) of the fuel cell is

W̃net = W̃ − W̃p (43)

where W̃ = ṼiĨ is the total fuel cell electrical power output,
Ĩ = I

/
Iref , and Iref = 1 A. The dimensionless pumping power,

W̃p, is given by

W̃p = ψfSf
θi

Pi
�P1 + ψoxSox

θ7

P7
�P7 (44)

where Si = mrefT∞Ri
Vref Iref

, i = f, ox.

Results and Discussion

The numerical simulation of the single AMFC is performed
by solving Eqs. (7), (15), (17), (24), (26), (28), (30), and (33),

Figure 3 AMFC prototype.
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Figure 4 Power curves as function of diffusive layer porosity.

which form a system of nine algebraic equations (Eq. (17) repre-
sents the pressure of hydrogen and oxygen, meaning it actually
corresponds to two equations). The unknowns are θi and Pi, that
is, the temperatures in the seven control volumes, and the gas
pressures in CV2 and CV6. Once the temperatures and pressures
are known, the electrical potentials and power are calculated for
any assumed current level.

Pressures are related to temperatures via Eq. (17). The system
reduces to seven nonlinear algebraic equations, in which the
unknowns are the temperatures of the seven control volumes.

This system was solved with a FORTRAN code, using a
quasi-Newton method [35], where a tolerance for the norm
of the residual vector less or equal to 10−6 was considered
to obtain a converged solution. The data available in the lit-
erature [20] and assumed physical properties needed for the
present calculation are presented in Table 1. The alkaline so-
lution used in this study is a KOH solution with concentration
of 30 wt% or 6.9 mol/L. Figure 3 shows the prototype for

Figure 5 Polarization curves as function of diffusion layer porosity.

Figure 6 Polarization curves of both sides of the AMFC for φ2 = φ6 = 0.5
and φ3 = φ5 = 0.01.

which the internal structure was measured directly in labora-
tory. The dimensionless parameters were then calculated, ob-
taining ξ1

/
ξx = ξ7

/
ξx = 0.374, ξ2

/
ξx = ξ6

/
ξx = 0.051,

ξ3
/
ξx = ξ5

/
ξx = 0.027, ξ4

/
ξx = 0.094, ξx = 0.125,

ξy = ξz = 2.822 and ξt
/
ξy = 0.047, ξc

/
ξy = 0.023, with

ξt = 0.00258 m3.
The porosities of the diffusive layer (φ2,φ6) and reaction

layer (φ3,φ5) are the parameters varied during the simulation
to investigate their influence in the power output of the fuel cell
when the thickness of the electrode is kept constant, meaning
the total volume of the fuel cell is a constraint for a future
optimization analysis.

The same Pt/C-based electrode was considered for the anode
and cathode sides of the AMFC. For this investigation, φ2 = φ6

and φ3 = φ5. Figure 4 shows the power curves obtained for
φ3 = φ5 = 0.01 and 0.008 ≤ φ2 = φ6 ≤ 0.9. The lower power
output is obtained for the lowest diffusive layer porosity, due to

Figure 7 Maximum net power output as function of the porosity of the diffu-
sive layer.
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Figure 8 Power curves as function of reaction layer porosity.

very low diffusion of reactant gases that reach the reactive layer.
The power curves for the 0.1 ≤ φ2 = φ6 ≤ 0.9 collapse, indi-
cating no improvement of power output as the porosity of the
diffusive layer increases. Since the power output is the result of
the electrochemical reactions at the reaction layers, the porosity
of the diffusion layers has no influence on the rate of reactions,
which is determined by the physical properties of CV3 and
CV5, which were kept constant, φ3 = φ5 = 0.01. The polar-
ization curves presented in Figure 5 show the same trend. The
polarization curve obtained for the lowest diffusive layer poros-
ity is slightly lower than that of the other ones, demonstrating
no improvement of fuel cell performance as the diffusion layer
porosity increases. It can be seen that the maximum current is
the same for all ranges of diffusive layer porosity studied. This
indicates that the maximum current is a function of properties
of the reaction layer. Increasing the porosity of the diffusive
layer, the flow of reactants to the reaction sites is facilitated;
however, when the reaction sites are not capable of consuming
the reactants, no improvement in the output will be achieved.

Figure 9 Polarization curves as function of reaction layer porosity.

Figure 10 Polarization curves of both sides of the AMFC for φ2 = φ6 = 0.2
and φ3 = φ5 = 0.5.

The polarization curves for each side of the AMFC are shown
in Figure 6. It can be seen that the cathode side is the one that
presents more losses, limiting the total fuel cell output. Figure 7
shows the maximum power output as a function of the diffusive
layer porosity. No significant improvement of power output is
observed for diffusive layer porosity greater then 0.05.

Power curves for φ2 = φ6 = 0.2 and 0.01 ≤ φ3 = φ5 ≤
0.9 are shown in Figure 8. As can be expected, the higher the
porosity of the catalytic layers, the more effective an electrode
will be, since more solution will be absorbed and also a bigger
superficial area will be available for the electrochemical reaction
to occur. As can be seen in Figure 9, the maximum current
increases as the porosity of the reaction layers increases, which
can be explained by the presence of more reaction sites due to
the increase of available superficial area.

As noticed in the previous case, the cathode perfor-
mance limits the total fuel cell output; Figure 10 shows the

Figure 11 Maximum net power output as function of the porosity of the
reaction layer.
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polarization curves for both sides of the fuel cell, φ2 = φ6 = 0.2
and φ3 = φ5 = 0.5. Since the porosity of the reaction layer is
higher than that of the case presented in Figure 6, the max-
imum current achieved is also higher. However, the cathode
side of the fuel cell also presents more losses than the anode
side, which causes the voltage at the cathode to drop to zero
faster.

According to Figure 11, the porosity of the reaction layers
plays a key role in the achievement of the higher maximum
net power. No optimum porosity for the reaction layer was
found since the power output only increased as the reaction layer
porosity increased. Manufacturing factors will determine how
feasible it will be to fabricate an electrode with high porosity
with the same thickness.

Conclusions

In this study, a mathematical model experimentally vali-
dated [20] was used as tool for the shown parametric anal-
ysis of a single AMFC. It was shown that when volume is
a constraint in an optimization analysis, other physical prop-
erties can be targeted, for example, porosity of the diffusive
and reaction layers. The study indicates that the increase of
the porosity of the diffusive layer has no significant effect on
the fuel cell output since the power is generated in the reac-
tion layer. The increase of the porosity of the reaction layer
was demonstrated to be an alternative to improve the output
power of the AMFC prototype. For the dimensions and prop-
erties of the prototype considered, the cathode reaction layer
is the part of the fuel cell that limits the increase of the fuel
cell output since the voltage output at the cathode drops to zero
faster than at the anode due to the irreversible overpotential
losses.

Nomenclature

A area, m2

Ac total gas channel cross-section area, m2

AS unit fuel cell cross-section area, m2

Ã dimensionless area
AMFC alkaline membrane fuel cell
B dimensionless constant
c specific heat, kJ kg−1 K−1

cp specific heat at constant pressure, kJ kg−1K−1

C constant, Eq. (11)
CV control volume
D Knudsen diffusion coefficient, m2 s−1

Dh gas channel hydraulic diameter, m
f friction factor
F Faraday constant, 96,500 C eq−1

�G molar Gibbs free energy change, kJ kmol−1

�G̃ dimensionless molar Gibbs free energy change

h heat transfer coefficient, W m−2 K−1

h̃ dimensionless heat transfer coefficient
�H molar enthalpy change, kJ kmol−1 H2

�H̃ dimensionless molar enthalpy change
Hi (T)i molar enthalpy of formation at temperature Ti of

reactants and products, kJ kmol−1 of compound i
H̃i (θi) dimensionless molar enthalpy of formation at di-

mensionless temperature θi of reactants and prod-
ucts

io,a, io,c exchange current densities, A m−2

iLim,aiLim,c limiting current densities, A m−2

I current, A
Ĩ dimensionles current
j mass flux, kg m2 s−1

k thermal conductivity, W m−1 K−1

K permeability
KOH potassium hydroxide
k̃ dimensionless thermal conductivity
(I = 3.1A) control volume length, m
Lc, Lt gas channels internal dimensions as shown in

Figure 1, m
Lx, Ly, Lz fuel cell length, width and height, respectively, m
m mass, kg
ṁ mass flow rate, kg s−1

M molar weight, kg kmol−1

n equivalent electron per mole of reactant, eq mol−1

ṅ molar flow rate, kmol s−1

nc number of parallel ducts in gas channel
N dimensionless global wall heat transfer coefficient
p pressure, N m−2

p̃s perimeter of cross-section, m
P dimensionless pressure
Pr Prandtl number, μcp/k
q tortuosity
Q reaction quotient
Q̇ heat transfer rate, W
Q̃ dimensionless heat transfer rate
r pore radius, m
R ideal gas constant, kJ kg−1 K−1

R̄ universal gas constant, 8.314 kJ kmol−1K−1

ReDh Reynolds number based on τL ,set = 0.96
S dimensionless conversion factor, Eq. (442.41)
�S molar entropy change, kJ kmol−1

T temperature, K
�T temperature change, K
u mean velocity, m s−1

ũ dimensionless mean velocity
U global wall heat transfer coefficient, W m−2 K−1

V electrical potential, V
V volume, m3

VT total volume, m3

W electrical work, J
W̃ dimensionless fuel cell total electrical power
W̃net dimensionless fuel cell net power
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W̃p dimensionless required pumping power
x axial direction, Figure 1
[·] molar concentration of a substance, mol L−1

Greek Symbols

αa, αc anode and cathode charge transfer coefficients
β electrical resistance, �

δ gas channel aspect ratio
ε standard deviation
ξ stoichiometric ratio
η potential loss, V
ηa,ηc anode and cathode charge transfer overpotentials, V
ηd,a,ηd,c anode and cathode mass diffusion overpotentials, V
η̃a, η̃c dimensionless anode and cathode charge transfer

overpotentials
η̃d,a, η̃d,c dimensionless anode and cathode mass diffusion

overpotentials
η̃ohm dimensionless fuel cell total ohmic potential loss
θ dimensionless temperature
μ viscosity, kg m−1 s−1

υi reaction coefficient
ξ dimensionless length
ρ density, kg m−3

σ electrical conductivity, �−1m−1

φ porosity
ψ dimensionless mass flow rate

Subscripts

a anode
(aq) aqueous solution
c cathode or channel
e reversible
f fuel
(g) gaseous phase
H+ hydrogen cation
H2 hydrogen
H2O water
i irreversible
i,a irreversible at the anode
i,c irreversible at the cathode
in control volume inlet
j particular dimension of fuel cell geometry
(l) liquid phase
ohm ohmic
out control volume outlet
ox oxidant
O2 oxygen
p polymer electroyte membrane
ref reference level
s,a anode solid side
s,c cathode solid side
sol solution

t thickness of the wall of gas channels
w wall
wet wetted
0 initial condition
1,. . .,7 control volume, Fig. 2.1
12 interaction between CV1 and CV2
23 interaction between CV2 and CV3
34 interaction between CV3 and CV4
45 interaction between CV4 and CV5
56 interaction between CV5 and CV6
67 interaction between CV6 and CV7
∞ ambient

Superscript

◦ standard conditions [gases at 1 atm, 25◦C, species in solution
at 1 M, where M is the molarity = (moles solute)/(liters
solution)]

∼ dimensionless variable
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