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a b s t r a c t

The performance of a 6 kW proton exchange membrane (PEM) electrolyzer was modeled using a semiem-
pirical equation. Total cell voltage was represented as a sum of the Nernst voltage, activation overpotential
and ohmic overpotential. A temperature and pressure dependent Nernst potential, derived from thermo-
dynamic principles, was used to model the 20 cell PEM electrolyzer stack. The importance of including
the temperature dependence of various model components is clearly demonstrated. The reversible poten-
tial without the pressure effect decreases with increasing temperature in a linear fashion. The exchange
current densities at both the electrodes and the membrane conductivity were the coefficients of the
semiempirical equation. An experimental system designed around a 6 kW PEM electrolyzer was used
xchange current density
embrane conductivity

to obtain the current–voltage characteristics at different stack temperatures. A nonlinear curve fitting
method was employed to determine the equation coefficients from the experimental current–voltage
characteristics. The modeling results showed an increase in the anode and cathode exchange current den-
sities with increasing electrolyzer stack temperature. The membrane conductivity was also increased with
increasing temperature and was modeled as a function of temperature. The electrolyzer energy efficien-
cies at different temperatures were evaluated using temperature dependent higher heating value voltages

1.48 V
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. Introduction

The problems associated with fossil fuels including the world’s
rowing dependency on it have necessitated the search for an alter-
ative. Hydrogen is an attractive alternative and is seen by many as
n excellent energy carrier for the future. Hydrogen’s high specific
nthalpy of combustion makes it a potential candidate for trans-
ortation. Hydrogen can typically be generated either from fossil
uels or from water by utilizing electrical energy. Though hydrogen
s a clean fuel, significant emissions are generated when hydrogen
s produced from fossil fuels, its most common form of production.
ydrogen generation through water electrolysis from renewable
nergy is more environmentally friendly, but it is not yet a cost

ompetitive method compared to other technologies. NREL’s mile-
tone report suggests that 80% of the total selling price of hydrogen
rom large scale electrolyzes is comprised of electricity cost [1].
herefore, improvement in the electrical energy efficiency of the
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lectrolyzers is of prime importance. For hydrogen production, the
lectrical energy efficiency of electrolyzers is more important than
he heat energy efficiency [2]. The electrical energy efficiency can
e improved by reducing the reversible voltage, activation losses
nd ohmic losses.

Among the available technologies for water electrolysis, proton
xchange membrane (PEM) electrolysis has advantages of high
lectrolyzing efficiency at higher current densities and hydrogen
urity [3]. The cell voltage of a PEM electrolyzer can be described
s the sum of Nernst voltage, anode and cathode overpotentials
nd the overpotential due to the membrane resistance. The
ernst overpotential is dependent on the change in Gibbs’ free
nergy during the reaction, the pressure, and concentrations of
he reactants and products. Gibbs’ free energy changes with the
emperature, however, many investigators assume a constant
eversible potential (E0

rev) value of 1.23 V while modeling the

urrent–voltage characteristic of PEM electrolyzers. In this paper,
hermodynamic modeling of the water electrolysis reaction is
arried out to establish the dependence of reversible potential on
emperature. The Renewable Hydrogen Test Facility at University
f North Dakota (UND) has a 6 kW PEM electrolysis system. The

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nileshdale@gmail.com
dx.doi.org/10.1016/j.jpowsour.2008.08.054
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Nomenclature

E cell voltage (V)
F Faraday’s constant, 96,485 C
�G change in Gibbs’ free energy (J)
G0

f,H2
Gibbs’ free energy of formation of hydrogen at 25 ◦C
(J)

G0
f,O2

Gibbs’ free energy of formation of oxygen at 25 ◦C (J)

G0
f,H2O (liq.) Gibbs’ free energy of formation of liquid water at

25 ◦C (J)
�H change in enthalpy (J)
�Ht,p change in enthalpy at t ◦C and p atm (J)
�H0

t change in enthalpy at t ◦C and standard pressure (J)
�H0

25 change in enthalpy at 25 ◦C and standard pressure
(J)

j current density (A cm−2)
jx,o exchange current density (A cm−2)
PO2 partial pressure of oxygen (N m−2)
PH2 partial pressure of hydrogen (N m−2)
R gas constant (8.314 J mol−1 K−1)
�S change in entropy (J)
t temperature (◦C)
T temperature (K)
VHHV,t higher heating voltage at t ◦C (V)
Vt enthalpic voltage at t ◦C (V)

Greek letters
˛ charge transfer coefficient

s
s
t

u
t
a
e
t
a
g
p
o
a
u
t
d
p
a
u
T
a
e
e
h

2

E
4

H
a
P
a
d
p
s
s
t
t
t
t
p
p
p
s
a
a
s
H
l
l
o
d
D
s
r
t
a
(
O
p
v

t
e
c
a
v
b

3

i
o
a

H

w
s
1
T
t

E

w
t

� membrane conductivity (S cm−1)
ϕ membrane thickness (�m)

ystem allows advanced control and monitoring over parameters
uch as temperature and pressure. This system was used to obtain
he I–V characteristics at different temperatures.

The temperature dependent value of Nernst potential was eval-
ated and used to model the experimental I–V characteristics of
he 6 kW PEM electrolyzer. The anode and cathode overpotentials
nd ohmic overpotential due to the membrane were modeled using
quations reported in the literature [4]. PEM electrolyzer parame-
ers such as membrane thickness, membrane type, conductivity,
nd exchange current densities are proprietary information and
enerally are not shared by the manufacturers. Values of these
arameters vary from author to author and there is a wide range
f values depending on the operating conditions, catalyst loading
nd the type of electrolyzer stack. These parameters were extracted
sing a nonlinear curve fitting method and the semiempirical equa-
ion, based on temperature dependent Nernst potential, which was
eveloped as part of this work. The temperature dependent Nernst
otential will be very useful in predicting a more accurate cell volt-
ge of the PEM electrolyzer. The semiempirical equation can be
sed in hydrogen system modeling based on renewable energies.
he temperature dependent equation for higher heating value volt-
ge will also predict more accurately the energy efficiency of the
lectrolyzer. This improvement will be realized since the present
lectrolyzer energy efficiency calculations use a constant higher
eating value voltage of 1.48 V.
. Experimental setup

The experimental system at UND is built around Distributed
nergy System’s (formerly, Proton Energy Systems) 6 kW HOGEN®

0 PEM electrolyzer stack as shown in Fig. 1. The off-the-shelf

�
F

o
i

urces 185 (2008) 1348–1353 1349

OGEN40® stack is rated to produce 1.05 N m3 of dry hydrogen gas
t 200 psig (13.8 atm) per hour using de-ionized (DI) water [5]. The
EM stack consists of 20 cells connected in series having an active
rea of 0.093 ft2 (86.4 cm2) which results in a maximum current
ensity of 1.6 A cm−2 at 140 A. The overall system is designed to
rovide for a precise control of operating temperature, hydrogen
ystem pressure, water resistivity, water flow, stack current, and
afety. As shown in Fig. 1, a temperature control unit (chiller) con-
rols the inlet DI water temperature thereby providing control of
he operating temperature of electrolyzer. This system is designed
o allow higher temperature testing by maintaining the DI water
emperature using the chiller and a heater in the oxygen–water
hase separator. After achieving the desired resistivity and tem-
erature of DI water, the stack is supplied with power, using two
rogrammable DC power supplies, and DI water is run through the
tack. The flow of the DI water to the stack is controlled between 1.5
nd 2.5 gal/min. Before entering the stack, DI water goes through
10 �m filter and sensing stage where its temperature, flow, pres-

ure and resistivity are monitored for a stable and safe operation.
ydrogen gas coming out of the cathode side is separated from

iquid water in a high-pressure hydrogen–water separator. A coa-
escing filter, immediately following the separator, removes most
f the remaining liquid water from the hydrogen gas. An automatic
rain connected to the coalescing filter collects and recycles the
I water back to the external reservoir with the help of hydrogen

ystem pressure. A two tube desiccant drying system performs the
emaining drying process of the hydrogen gas. Dry hydrogen gas
hen enters the sensing stage equipped with mass flow, temper-
ture, pressure and dew point sensors. A back pressure regulator
BPR) can be adjusted to maintain the hydrogen system pressure.
xygen from anode side is separated from DI water in the oxygen
hase separator where oxygen is then vented out using a check
alve and DI water is reused.

Experimental I–V characteristics were obtained for different
emperatures up to 60 ◦C by sweeping the input current to the
lectrolyzer from 1 to 140 A in 1 A steps. The water temperature
ontrol unit helps maintain the stack temperature at specified oper-
ting temperature throughout the experiment. The system pressure
aries with stack input current and was maintained at 145 psi by a
ack pressure regulator at the stack output.

. Modeling

Using electricity, hydrogen generation is achieved by dissociat-
ng water molecules into the diatomic molecules of hydrogen and
xygen. The overall water electrolysis reaction can be represented
s

2O → H2 + 1
2

O2 �H0
25 = 285.83 kJ

here �H0
25 is the change in enthalpy of the reaction at 25 ◦C and

tandard pressure of one atmosphere for liquid water. Electrolysis of
mol of water produces 1 mol of hydrogen and a 0.5 mol of oxygen.
he bridge between electrical energy and chemical energy needed
o carry out the water electrolysis can be represented by Eq. (1)

= −�G

nF
(1)

here E is the electrolysis cell voltage, n is the number of electrons
ransferred during the reaction (2 for water electrolysis reaction),
G is the change in Gibbs’ free energy of the reaction and F (the
araday’s constant) is 96,485 C.

This fundamental equation gives the electromotive force (emf)
r voltage required for water electrolysis assuming no losses or
rreversibilities. Thus, the voltage (E) needed for water electrolysis
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Vt = 1.4850 − 2.6617 × 10−4t − 3.2803 × 10−7t2 (9)
Fig. 1. Experimental setup at UND for a 6 kW

s directly proportional to the Gibbs’ free energy of the reac-
ion and is represented in Eq. (1). The Gibbs’ free energy is in
urn dependent on the change in enthalpy (�H) of the reaction.
nthalpy is a function of temperature which causes the Gibbs’ free
nergy to vary with temperature, and therefore the potential (E)
equired to carry out the electrolysis reaction is also tempera-
ure dependent. While modeling the electrolyzer, dependence of
he reversible potential on the temperature is generally ignored.
his can result in inaccurate interpretations of the efficiency
nd electrolyzer cell parameters such as membrane conductiv-
ty, anode and cathode exchange densities, and charge transfer
oefficients at the electrodes [6]. Many investigators use a value
.23 V for the reversible potential while modeling an electroly-
is cell or stack, which is true only at standard temperature and
ressure.

In the modeling work of this paper, efforts were taken to find
he dependence of the reversible potential on temperature for
ow temperature PEM electrolyzers. Experimental I–V character-
stics obtained from a 6 kW PEM electrolyzer stack were modeled
sing Mathematica programming software. Nonlinear curve fitting
lgorithms were utilized to extract the critical parameters such
s anode and cathode exchange current densities and membrane
onductivity. Temperature dependent equations for the reversible
otential along with equations for activation and ohmic losses
rom the literature were used to model the experimental I–V
ata.

LeRoy and Bowen [7] have described the thermodynamics of
ater electrolysis assuming hydrogen, oxygen, and water vapor
ehave as ideal gases. The enthalpy of water dissociation reaction

s expressed as follows:

Ht,p − �H0
25 = [�H0

t − �H0
25] + [�Ht,p − �H0

t ] (2)

here

H0
t − �H0

25 = [�H0
t − �H0

25]H2

+ 0.5[�H0
t − �H0

25]O2
− [�H0

t − �H0
25]H2O (liq.) (3)

nd
Ht,p − �H0
t = [�Ht,p − �H0

t ]H2
+ 0.5[�Ht,p − �H0

t ]O2

− [�Ht,p − �H0
t ]H2O (liq.) (4) V
lectrolysis system with temperature control.

In these equations, t is temperature in ◦C, p is the pressure in
tmosphere, and �H0

25 is the change in enthalpy at standard tem-
erature and is equal to 285.83 kJ

The value for �H0
t − �H0

25 in Eq. (3) was calculated for different
emperatures using the following equation. [8]

H0
t = 〈CP〉H(T − T0) (5)

here T is temperature in Kelvin and T0 = 298.15 K. 〈CP〉H is the mean
eat capacity and is given by

〈CP〉H

R
= A + B

2
T0(� + 1) + C

3
T2

0 (�2 + � + 1) + D

�T2
0

(6)

here

≡ T

T0

is the universal gas constant and the coefficients A, B, C and D
or hydrogen, oxygen and water were obtained from the thermo-
ynamic tables for heat capacities for gases and liquid water [8].
he value for �H0

t − �H0
25 was calculated using these values at

ifferent temperatures. �H0
t − �H0

25 was found to decrease with
emperature and can be modeled as a function of temperature t in
C as

H0
t − �H0

25 = 741.07 − 51.364t − 0.0633t2 (7)

The effect of temperature and pressure on the enthalpy of water
lectrolysis reaction can be seen as an enthalpic voltage and can be
xpressed as [7]

t = �H0
t

nF
(8)

ubstituting for �H0
t from Eq. (7), Vt can be represented as
Also, the higher heating value voltage (VHHV) is defined as [7]

HHV,t = Vt + (�H0
t − �H0

25)H2O (liq.)/nF (10)
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here (�H0
t − �H0

25)H2O (liq.) was evaluated using Eqs. (5) and (6)
nd can be represented as a function of temperature as

�H0
t − �H0

25)H2O (liq.) = −1755.8 + 121.9t + 0.1367t2 (11)

Then, VHHV,t can also be represented as a temperature function
y substituting Eq. (11) in Eq. (10) as follows

HHV,t = 1.4759 + 3.6553 × 10−4t + 3.8037 × 10−7t2 (12)

Eq. (12) can predict the values of VHHV at respective tempera-
ures to evaluate the VHHV based energy efficiency of electrolyzers.

In addition to temperature, the emf (E) of an electrolyzer cell
roducing wet hydrogen and wet oxygen is also affected by the
oncentrations of products and reactants. Considering the pressure
ffects of these gases, the emf of the cell, or the Nernst potential, is
iven by

Nernst = E0
rev + RT

nF
ln

(
PH2 P0.5

O2

PH2O

)
(13)

here E0
rev is the reversible potential without the effect of pressures.

n terms of electrical energy supplied to the electrolyzer, Eq. (13)
an be written as

FENernst = nFE0
rev + RT ln

(
PH2 P0.5

O2

PH2O

)
(14)

here for a given temperature,

FE0
rev = [G0

f,H2
+ 0.5G0

f,O2
− G0

f,H2O (liq.)] = −�G0
f,H2O (liq.) (15)

here G0
f is the standard Gibbs free energy of formation. The

hange in standard Gibbs’ free energy of formation of liquid water
�G0

f,H2O (liq.)) at 25 ◦C (298.15 K) is −237.129 kJ and so the value of
0
rev at 25 ◦C results in 1.2291 V.

From thermodynamic principles [7]

∂(G/T)
∂T

= −
(

H

T2

)
(16)

∂(E0
rev/T)
∂T

= −
(

Vt

T2

)
(17)

Substituting the value of Vt from Eq. (9) into Eq. (17) and rear-
anging,

0
rev = 1.5241 − 1.2261 × 10−3T + 1.1858 × 10−5T ln(T)

+ 5.6692 × 10−7T2 (18)

For this work, the partial pressure of hydrogen was calculated
ased on the total pressure at the cathode (1 × 106 N m−2) and the
ssumption that the partial pressure of liquid water is equal to its
aturated vapor pressure at the given temperature. An assump-
ion is also made that only water vapor and hydrogen exist in the
aseous phase at the cathode and only oxygen and water vapor are
resent in the gaseous phase at the anode. The total pressure at
he anode was assumed to be constant at 1 × 105 N m−2. Also, the
olubility of hydrogen and oxygen in water are assumed negligible.
deal behavior of these gases is assumed because of low pressure,
ence applying the Dalton’s law of partial pressures;

O2 = PAnode − PH2O (19)
H2 = PCathode − PH2O (20)

The total electrolyzer cell voltage can be represented as

Total = ENernst + EActivation + EOhmic (21)

d
v
t
b
t

urces 185 (2008) 1348–1353 1351

here ENernst is given by Eq. (13) and EActivation is the activation
verpotential that electrochemical reaction has to overcome for the
onversion of reactants to products. This EActivation is modeled by
he Butler–Volmer equation [9]. However, the equation for activa-
ion overpotential for this work is not used in its traditional form.
he hyperbolic sine approximation to the Butler–Volmer equation
sed in this work because the hyperbolic form is relatively easy to
odel using nonlinear curve fitting algorithms [4,6]. If one of the

xchange current densities (i.e., anode or cathode) is sufficiently
arger than the other, then the corresponding activation loss can be
eglected [10]. However, for the purpose of extracting the exchange
urrent densities at the anode and cathode from the experimental
ata obtained for a 6 kW PEM electrolyzer, activation losses at both
he electrodes are considered.

Activation = RT

2˛AF
sinh−1

(
j

2jA,o

)
+ RT

2˛CF
sinh−1

(
j

2jC,o

)
(22)

here j is the current density, jA,o and jC,o are the exchange current
ensity at the anode and cathode, respectively. ˛A and ˛C are the
harge transfer coefficients (CTC) at the anode and cathode, respec-
ively. The CTC at the cathode is set at 0.5, but the CTC values at the
node have been observed to be a function of temperature and its
ean value was used at respective temperatures [11].
The ohmic overpotential, EOhmic, due to the membrane resis-

ance, is given by

Ohmic = ϕ

�
j (23)

here ϕ is the dry thickness of the electrolyte–membrane (178 �m
or NafionTM117), and � is the conductivity of the membrane
S cm−1).

Substituting for ENernst, EActivation, and EOhmic in Eq. (21) results
n Eq. (24). This semiempirical equation is used to model the exper-
mental I–V data at different temperatures.

Total = E0
rev + RT

2F
ln

(
PH2 P0.5

O2

PH2O

)
+ RT

2˛AF
sinh−1

(
j

2jA,o

)

+ RT

2˛CF
sinh−1

(
j

2jC,o

)
+ ϕ

�
j (24)

here E0
rev is given by Eq. (18) as a function of temperature.

Generally, the electrolyzer electrical efficiency (�) is calculated
ased on the higher heating value voltage using the following equa-
ion:

= VHHV,t

VC
(25)

Electrical efficiency is more important than the heat-energy effi-
iency in terms of the cost of hydrogen production, so research
hould be focused on reducing the reversible voltage to bring it
loser to the thermoneutral voltage (Vtn), enthalpic voltage (Vt), or
igher heating value voltage (VHHV,t) [2]. This can be achieved by
educing the activation losses and ohmic losses.

. Results and discussion

Reversible potential without the effect of pressure (E0
rev) from

q. (18) and the Nernst potential (ENernst) from Eq. (13) are plot-
ed as a function of temperature in Fig. 2. The reversible potential

ecreases with temperature. The difference between the reversible
oltage based on Gibbs’ free energy and Nernst potential represents
he concentration effects of products and reactants. The difference
etween these two potentials represents the irreversibilities of
he system. Higher temperatures favor the electrolysis reaction, as
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ig. 2. The influence of pressure and temperature on the reversible potential of an
lectrolysis cell.

hown in Fig. 2, by decreasing the Nernst potential with increasing
emperature.

The average cell voltage was calculated from the measured stack
oltage using the I–V characteristics obtained for various temper-
tures. As can be seen from Fig. 3, the actual cell voltage is higher
han higher heating value voltage at low temperatures, resulting
n low electrical energy efficiency. The cell voltage decreases as the
emperature increases which brings cell voltage closer to the higher
eating value voltage resulting in high electrical energy efficiency.
his confirms that electrolyzers perform better at higher tempera-
ures. In the case of PEM electrolyzers, the operating temperature
s one of the big constraints because of membrane properties. To
mprove the efficiency, the cell voltage should be as close as pos-
ible to the higher heating value voltage. This can be achieved by
educing the ohmic resistance using a thinner membrane and by
educing activation losses using better manufacturing processes,
aterial development, and catalyst loading. Reducing heat losses

s also required to approach the thermoneutral voltage. The effi-
iency and performance of PEM water electrolysis can be improved
y optimizing the electrocatalysis properties such as active sur-

ace area, specific gravity, electronic resistance, and particle/layer
tructure [12].

The efficiencies shown in Fig. 3 were calculated using exper-
mental cell voltages and a constant value of the higher heating

ig. 3. Variation of experimental cell voltage and higher heating value voltage with
emperature and electrical energy efficiency at various temperatures at 100 A dc.
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Fig. 4. Fitted model with experimental I–V data at different temperatures.

alue voltage (1.48 V) as well as the VHHV voltage as a function of
emperature. A clear difference in efficiencies (Efficiency (1.48 V)
nd Efficiency (Temp. dependent)) was observed at higher temper-
tures using different values for VHHV. This shows that the use of
onstant VHHV, 1.48 V, may result in a lower efficiency calculation
t higher temperatures for PEM electrolyzers.

Nonlinear curve fitting, based on the least square method, was
sed to fit the experimental I–V characteristics to determine the
xchange current densities at both electrodes and the membrane
onductivity as a function of temperature. The NonLinearRegress
unction in Mathematica was used to extract the coefficients for the
emiempirical Eq. (24) using experimental data. NonLinearRegress
ses the Levenberg–Marquardt algorithm [13]. The results were
lso verified with the FindFit function of Mathematica which also
ses a nonlinear curve fitting algorithm. The experimental I–V data
t different temperatures were modeled using Eq. (24) at respective
emperatures. The experimental data for the UND’s 6 kW PEM elec-
rolyzer system at different temperatures with the fitted models at
espective temperatures is shown in Fig. 4. The temperatures have
0.2 ◦C error margin and for simplicity they have been rounded

o whole numbers. The CTC value for the cathode is assumed to
e equal to 0.5 while fitting the semiempirical equation with the
xperimental data. As explained earlier, the anode charge transfer
oefficient has been found to vary with temperature [11]. The CTC
alue for the anode had been reported to vary from 0.1 to 0.6 [9,14].
he varying CTC value for the anode was used for this modeling.

Electrolyzer stack parameters such as the anode and cathode
xchange current densities were employed as equation coefficients

or modeling the experimental I–V characteristics. The extracted
arameters from the modeling efforts are summarized in Table 1.
oth the anode (jA,o) and cathode (jC,o) exchange current densities
howed an upward trend with increasing temperature which agrees

able 1
xtracted parameters from modeling experimental data

emperature (◦C) jA,o (×10−5 A cm−2) jC,o (A cm−2) � (S cm−1)

10 0.76 0.18 0.058
15 1.11 0.14 0.060
0 1.45 0.27 0.063
5 2.93 0.21 0.065
0 2.00 0.32 0.073
5 2.32 0.23 0.073
0 3.29 0.26 0.085
5 3.87 0.24 0.087
0 4.21 0.24 0.092
5 4.80 0.32 0.093
0 4.93 0.39 0.096
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Fig. 5. Variation of membrane conductivity with temperature.

ith the literature[15]. For platinum based electrodes, the exchange
urrent density at the oxygen electrode is 10−9 to 10−12 A cm−2 and
hat of the hydrogen electrode is 1 × 10−3 A cm−2 [10]. The exchange
urrent density depends on the electrochemically active surface
rea and the temperature at the electrode surface. The values in
able 1 for the exchange current densities at the hydrogen (cathode)
nd oxygen (anode) electrodes showed close agreement with the
iterature values [6,9,10].

The membrane conductivity, �, was found to increase with tem-
erature as mentioned in the literature [16]. Fig. 5 shows a linear

ncrease in conductivity with temperature. This rise in conductiv-
ty was modeled as a function of temperature in ◦C and can be
epresented by

= 0.0480257 + 8.15178 × 10−4t + 5.11692 × 10−7t2 (26)
The nonlinear curve fitting algorithm method with the semiem-
irical Eq. (24) developed in this work allows the proprietary
alues of membrane thickness, conductivity, and the anode and
athode exchange current densities to be determined from exper-
mental I–V characteristics. The use of temperature and pressure

[

[

urces 185 (2008) 1348–1353 1353

ependent Nernst potential in the semiempirical equation helps
n obtaining more accurate determination of the electrolyzer cell
nd stack parameters. The higher heating value voltage, reversible
oltage, and Nernst voltage when represented as a function of
emperature, can help in future simulations to obtain physi-
ally more significant I–V characteristics at different operating
onditions.
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