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1.

Introduction

Hydrogen is a clean fuel for fuel cell applications. Combined
with solar cell systems or wind power systems, hydrogen
produced with water electrolysis will play an important role as
an energy carrier for sustainable development in future [1].
For reducing operating costs and increasing energy efficiency,
there are many techniques and research works [2e9] concerning
the water electrolysis process. Compared with traditional alkaline electrolysis [4], in which corrosive potassium hydroxide
(KOH) solution is used as the electrolyte, proton exchange
membrane (PEM) electrolysis has acquired a lot of attention for
its advantages of ecological cleanliness, high degree of hydrogen
purity, and easy maintenance [10]. In general, all these research
works try to improve the electrolysis performance from two
aspects; to increase electrochemical activity of electrodes and to
reduce the total resistance of the electrolytic cell.

The water electrolysis performance is normally evaluated
with the currentevoltage characteristics of an electrolytic cell
as shown in Fig. 1. Several models [11e13] have been developed to try to simply and effectively simulate the currentevoltage characteristics of PEM electrolysis for hydrogen
production. With present models, the cell voltage is basically
described as the sum of Nernst voltage, resistive voltage drop,
and anode and cathode overpotentials [14]. The anode and
cathode overpotentials are usually obtained via the ButlereVolmer kinetic equation. To solve the ButlereVolmer equation, two parameters of exchange current density for the
anode and the cathode are required to describe the electrode
activities. Additionally, the symmetrical factors of the equation also need to be assumed as a specific number [15]. The
exchange current density depends on the temperature and
the roughness of the electrode surface [13]. In most case, the
values of exchange current density for anode and cathode are
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Nomenclature
PEM
KOH
E0anode
E0cathode
E0cell
R
F
T
p
J
hact,i
J0,i

proton exchange membrane
potassium hydroxide
reversible anode potential
reversible cathode potential
reversible cell potential
gas constant, 8.3145 J mol1 K1
Faraday constant, 96,485 C mol1
the absolute temperature, K
pressure, Pa
the current density, A cm2
the activation overpotential
exchange current density

E0
K

different to each other [11,12]. All these make it difficult to
predict the water electrolysis performance directly.
In this paper, a new model is proposed to simulate the currentevoltage characteristics of water electrolysis. The water
electrolysis capability of an electrolytic cell was expressed
through three main parameters which reflect the thermodynamic effect, the overall electrochemical kinetic effect and the
total resistance of the electrolytic cell. With these parameters,
different electrolytic cells in various operating conditions can
be conveniently compared with each other. An experiment
was designed to investigate the water electrolysis process
with different electrode materials and cell resistances. The
modeling results are compared and validated with the experimental data and with previously published work.

2.

Model description

2.1.

The fundamentals of water electrolysis

Water electrolysis is the process of dissociating water molecules into hydrogen and oxygen gas using electrical power.
The electrochemical reaction happens on both anode and
cathode.
At the anode:
1
H2 OðlÞ52Hþ þ O2 þ 2e E0anode ð25+ CÞ ¼ 1:23 V
2

(1)

Current ( I )

A

the pre-exponential factor
the activation energy
anode, cathode
surface area, cm2
hydrogen producing rate, mol s1
oxygen producing rates, mol s1
cell current, A
cell resistance, U
cell potential, V
electrical power consumed in the electrochemical
process, W
water dissociation potential, V
power conversion coefficient, U1

At cathode:
2Hþ þ 2e5H2

E0cathode ð25+ CÞ ¼ 0 V

(2)

The net reaction in the electrolytic cell is:
1
H2 OðlÞ5H2 þ O2
2

E0cell ð25+ CÞ ¼ 1:23 V

(3)

The reversible potential reflects the thermodynamic effect
of electrochemical reaction. The Nernst equation of water
electrolysis is shown as equation (4) [16].
E0cell ¼ 1:23  0:9  103 ðT  298Þ þ

p2H2 $pO2
RT
ln
pH2 O
4F

!
(4)

where pH2 , pO2 and pH2 O are the partial pressures of hydrogen,
oxygen and water vapor respectively. Although the reversible
potential of water electrolysis at 25  C is 1.23 V, the water
dissociation potential is influenced by the catalyst activity of
electrodes. When platinum is used as the anode and cathode,
the dissociation potential is 1.68 V [9]. The dissociation
potential can be reduced to 1.4 V when platinum and iridium
are used as electrocatalysts [2,6,9,17]. The electrochemical
properties of electrodes not only influence the kinetic effects
of water electrolysis, but also influence the mechanism of
electrochemical reaction which decides the value of water
dissociation potential.
The kinetic effect of water electrolysis is conventionally
expressed with the ButlereVolmer equation via the activation
overpotential of both electrodes which can be expressed as
equation (5) [12].
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Fig. 1 e The relationship between the current versus
potential of water electrolysis.

(5)

where hact,i is the activation overpotential and subscripts
a and c represent anode and cathode respectively; J is the
operating current density; J0,i is the exchange current
density. The exchange current density can be expressed as
equation (6).
J0;i ¼ Jref
i exp



Eact;i
; i ¼ a; c
RT

(6)
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In the water electrolysis process, the activation overpotentials of anode and cathode are normally different to
each other [12] which reflect their different catalytic activities. However the ratio of electrochemical reaction rate on
cathode to anode is not decided by their catalytic activities,
but only by the stoichometric ratio, because the electric
current passing through the cathode always equals the
current pass through the anode in electrolysis process. The
hydrogen and oxygen producing rates are expressed with eqs.
(7) and (8) respectively [13].
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Fig. 2 e The electrolysis curve of equation (13) with
different resistances.

An assumption and model expression

The water electrolysis process and the fuel cell process are
similar, but working in the opposite direction [18]. Our
previous work [19] has investigated the fuel cell performance
from the viewpoint of power conservation. Same as the fuel
cell performance, we assume the power consumed in the
water electrolysis process is proportional to the square of the
potential difference between the cell and the water dissociation potentials. This assumption can be expressed as
equation (9).
PfðV  E0 Þ2

(9)

where P is the power consumed in the water electrolysis
process; V is cell potential and E0 is the water dissociation
potential. In water electrolysis, cell resistance influences the
cell performance by reducing the efficiency and consuming
energy. The cell resistance includes electrode resistance,
electrolyte resistance and the interfacial resistance. If the sum
of these resistances of an electrolytic cell is r, the ohmic
voltage drop or potential drop over the total resistance is Ir
when current I pass through the electrolytic cell. In this case,
the practical potential over the electrodes equals the cell
potential reduced by the voltage drop over the cell resistance.
Hence, equation (9) is modified with equation (10) and
expressed as equation (11).
PfðV  Ir  E0 Þ2

From equation (12), the relationship between the potential
versus current can be expressed with equation (13).
I¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V þ 2KrðV  E0 Þ  V2 þ 4KrE0 ðV  E0 Þ
2rð1 þ KrÞ

2.3.

(13)

Characteristics of the mathematical model

Equation (13) expresses the performance of an electrolytic cell.
The three parameters, E0, r and K, influence the performance of
an electrolytic cell respectively. When E0 equals 1.0 V, Fig. 2
shows the relationship between current versus potential of
equation (13) with different resistances if the power conversion
coefficient K is 1.0 U1. Fig. 3 shows the relationship between
current versus potential of equation (13) with different power
conversion coefficients if the resistance r is 0.1 U.
Figs. 2 and 3 show the fundamental characteristics of the
mathematical function of equation (13) with parameters of E0,
r, and K. The value of E0 decides the start point of the electrolysis curve which represents water dissociation potential.
The value of resistance r is relevant to the slope of electrolysis
curve. The value of kinetic parameter K influences both the
slope and the curve shape of electrolysis curve, 0  K < N.
Considering the extreme condition, when the value of K ¼ 0,
equation (13) will change to I ¼ 0, which means the cell current

(10)
3.5

P ¼ KðV  Ir  E0 Þ2

3

According to equation (11), K is proportional coefficient of
power conversion which reflects the capability of an electrolytic cell to convert electrical energy to chemical energy.
Different electrolytic cells with various operating conditions,
such as pressure/temperature/catalyst loading etc., have
different values of K. From dimensional analysis, the unit of
power conversion coefficient is Ohm1 (U1). However, this is
not relevant to the concept of conductivity or resistance.
Considering the power consumed by the cell resistance, the
power applied in the electrolytic cell follows equation (12):

2.5

I  V  I2 r ¼ KðV  Ir  E0 Þ2

(12)
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Fig. 3 e Electrolysis curve of equation (13) with different
power conversion coefficient.

6

14338

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 6 ( 2 0 1 1 ) 1 4 3 3 5 e1 4 3 4 1

cannot pass through the electrochemical cell and an electrochemical reaction will not happen if the electrodes have no
kinetic activities. When the value of K / N, the equation (13)
tends to equation (14) as below:
(14)

The mathematical function of equation (14) represents
a line which passes through the point (E0, 0) with a slope of 1/r,
which means the performance of an electrochemical cell will
act like a pure resistance if the overall kinetic activity of
electrodes tends to infinity.
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3.

Experimental procedure

To validate the assumption and the model, experiments were
designed to investigate the water electrolysis process with
different electrode materials and cell resistances. The experiments were made using two cells interconnected with a tube
of adjustable length filled with liquid electrolyte. 1 M sulfuric
acid (supplied by Aldrich) was used as the electrolyte solution.
The electrodes were made of bright platinum mesh, size
50  50 mm (supplied by Goodfellow). A graphite electrode,
size 70  7  2 mm, was used as the cathode in the experiment
for comparison. The volume of each electrolytic cell was
250 ml. A tube with inner diameter of 7.5 mm was used to
connect both electrolytic cells. The length of the tube L was
adjusted to 70 mm and 130 mm to obtain different electrolytic
cell resistances. The electric current and potential were
measured with a multimeter, mode IDM 97 (supplied by ISOTech), and the power source with mode PL330-32V-3A
(supplied by Thurlby-Thandar).

4.

Results and discussion

Fig. 1 shows a typical water electrolysis curve. The cell current
increases with cell potential following the curve ODA in Fig. 1.
In the curve segment OD, the current increases very slowly
with the cell potential. In this stage the electrolysis is not in
process. When the cell potential increases above the potential
of point D, the current increases substantially, not following
the curve OB but diverting to curve DA. The electrochemical
reaction is started at point D. The potential value of point D is
defined as the water dissociation potential E0 in this paper.
The cell current at point D is defined as the background
current which is used to modify the practical simulation. In
theory, when cell potential V < E0, the cell current is zero. The
start current of model calculation in Figs. 2 and 3 is zero.
However in practical situation, a small current always existed
in electrolytic cell when operating voltage is smaller than its
dissociation potential. The background current is around
0.5 mA in our experiments.

4.1.
Simulation of water electrolysis with different
resistance
Fig. 4 shows the experimental and modeling results of the
currentepotential relationship of water electrolysis with two

L=70 mm

r=40.7

L=130 mm

r=70.5

Fig. 4 e Experiment data of water electrolysis with different
resistance and their modeling results with equation (13).

different resistances. When the tube length L was 70 mm,
water electrolysis started at potential of 1.70 V with background current of 0.59 mA. The value of water dissociation
potential E0 was 1.70 V. From experimental voltage and
current data, and using the method of nonlinear least square
regression, the power conversion coefficient and the value of
cell resistance are obtained as K ¼ 0.127 U1, r ¼ 40.7 U. The
nonlinear least square regression problem was solved by the
Gauss-Newton
method
implemented
in
MATLAB.
Substituting the water electrolysis parameters of E0 ¼ 1.70 V,
K ¼ 0.127 U1 and r ¼ 40.7 U into equation (13), the currentepotential relationship can be expressed as equation (15).
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V þ 10:34ðV  1:7Þ  V2 þ 35:15ðV  1:7Þ
I¼
502:15

(15)

Considering the background current of 0.59 mA, the electrolysis equation is expressed by equation (16) with the unit of
current in mA. The simulation results using equation (16) are
shown as “r ¼ 40.7 U”, and the experiment data are shown as
“L ¼ 70 mm” in Fig. 4.
I ¼ 0:59 þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V þ 10:34ðV  1:7Þ  V2 þ 35:15ðV  1:7Þ
 1000
502:15
(16)

With the same electrodes and operating condition, when
the cell tube length L extended to 130 mm, the experiment
shows that water electrolysis started at potential 1.70 V with
background current of 0.5 mA. The water electrolysis parameters are obtained from the experimental data with: E0 ¼ 1.7 V,
K ¼ 0.127 U1 and r ¼ 70.5 U. The modeling equation can,
therefore, be achieved by applying the water electrolysis
parameters in equation (13). In Fig. 4, the simulation results
are shown as “r ¼ 70.5 U”, and the experiment data are shown
as “L ¼ 130 mm”.
Comparing the experimental data and modeling results
with different cell resistances, the cell resistance (r) changes
from 40.7 U to 70.5 U, an increase of 29.8 U. If the conductivity
of 1 M sulfuric acid is 440 mS cm1 [20,21], the resistance of the
extension part of the sulfuric acid in the tube with diameter
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7.5 mm and length 60 mm can be calculated as 30.9 U. The
error in this modeling result is approximately 3.6% which is
acceptable in simulation.

0.1
0.09
0.08
IV - I r

0.07

4.2.
Simulation of water electrolysis with different
electrodes

0.06
0.05
0.04
0.03

For investigating the electrode’s contribution to the electrolysis process, two different electrodes are used as the cathode
in the experiments when the tube length of the electrolytic
cell is 70 mm. To reduce the active area of the electrode, part
of the platinum mesh was used as the cathode (approximately
10  50 mm of Pt mesh) in the experiment. The water electrolysis started at potential 1.70 V with background current of
0.55 mA. The water electrolysis parameters are obtained from
the experimental data with: E0 ¼ 1.7 V, K ¼ 0.0775 U1 and
r ¼ 40.7 U. In Fig. 5, the experimental results are shown as “Pt
mesh” and the simulation results are shown as “Pt mesh
modeling”.
When a graphite electrode was used as a cathode and
a platinum mesh as the anode, the water electrolysis started
at potential 2.10 V with background current of 0.5 mA. The
water electrolysis parameters are obtained from the experimental data with E0 ¼ 2.1 V, K ¼ 0.0381 U1 and r ¼ 40.7 U. In
Fig. 5, the experimental results are shown as “Graphite” and
the simulation results with above parameters are shown as
“Graphite modeling”.
The experimental and simulation results show that
a smaller active area of electrode reduces the overall kinetic
effect of electrochemical reaction which is reflected in the
value of a smaller power conversion coefficient (K). Electrode
materials not only influence the overall kinetic effect of the
electrochemical reaction, but also influence the water dissociation potential, which is reflected in the value of the thermodynamic parameter (E0).

4.3.

Assumption validation

The assumption in this model is expressed in equation (10).
Fig. 6 validates the assumption by the linear relationship

40
35
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30
25
20
15
10
5
0
0

1

2

3
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5

Voltage / V
Pt mesh

Pt mesh modelling

Graphite

Graphite modelling

Fig. 5 e Experiment data of water electrolysis with different
electrodes and their modeling results with equation (13).
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R=40.7

R=70.5

Part of Pt mesh

Graphite electrode

Fig. 6 e The linear relationship between the electrical
power consumed in electrolysis process and the square of
the potential difference applied on the electrodes.

between the electrical power consumed in the electrolysis
process and the square of the potential difference applied on
the electrodes. The power consumed in the electrolysis process
is expressed as (IV  I2r). The square of the potential difference
applied on the electrodes is expressed as (V  E0  Ir)2. In Fig. 6,
the data for water electrolysis with Pt mesh as electrodes
are shown as “R ¼ 40.7 U” and “R ¼ 70.5 U” when their cell
resistance is 40.7 U and 70.5 U respectively. The data for water
electrolysis with the reduced part of Pt mesh as the cathode
are shown as “Part of Pt mesh”. The data for water electrolysis
with the graphite stick as cathode are shown as “Graphite
electrode”. The electrical current data applied in Fig. 6 are
modified by deducting the background current in the
calculation.

4.4.

Simulation of water electrolysis in literature

In the experiments, the adjustable cell tube is used for
investigating the effect of the cell resistance in modeling. The
values of cell resistances in the experiments are 40.7 U and
70.5 U which will cause a large potential drop and consume
a large amount of electrical power if operating current is high.
In practical application of hydrogen production, a small cell
resistance is required for increasing the power efficiency.
Millet et al. reported their present research work [9] in Proton
Exchange Membrane water electrolysis with a small cell
resistance and high operating current density. Fig. 7 shows the
water electrolysis performances for different catalytic electrodes in the same operating conditions which may influence
the cell resistance. The water electrolysis performances in
Fig. 7 are described with relationship between current density
and cell voltage. The unit of current density in the Fig. 7 is
mA cm2 which is different with previous expression in Figs. 4
and 5 when cell current (mA) is used to validate the assumption. The temperature of PEM cell is 90  C. When Pt is used for
both electrodes, the water dissociation potential is 1.68 V; the
performance is plotted with black circle which is shown as Pt/
Pt in Fig. 7. When Pt is used as cathode and metal iridium is
used as anode, the water dissociation potential is 1.4 V; the
performance is plotted with green circle which is shown as Pt/
Ir. When tungstosilicic acid hydrate (a-H4SiW12O40) is used as
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Fig. 7 e The literature [9] data of water electrolysis
performance and their modeling results with equation (13).

electrocatalyst on cathode and metal iridium is used as anode,
the water dissociation potential is 1.4 V; the performance is
plotted with red circle which is shown as a-H4SiW12O40/Ir.
With the performance data, modeling results show the cell
resistances are very small which is in the range from 0.134 to
0.172 U cm2. Actually, it is difficult to detect such small
difference of cell resistance by experimentation. For simulating these water electrolysis performances, the average
value of 0.15 U cm2 was used for cell resistance. Table 1 shows
the water electrolysis parameters for these three groups of
electrodes. Considering the operating currents in these
performances are quite large, the error caused by the background current (normally less than 1 mA) is negligible. The
equation (13) is used to simulate the water electrolysis
performance with relevant parameters in Table 1. The simulating results are shown as “K ¼ 9.95”, “K ¼ 6.69” and “K ¼ 27.8”
in Fig. 7 for the electrolysis performance with electrodes of Pt/
Pt, a-H4SiW12O40/Ir and Pt/Ir respectively.
Fig. 8 shows the linear relationship between the electrical
power consumed in an electrolysis process and the square of
the potential difference applied on the electrodes for different
catalytic electrodes in the literature [9]. The linear relationship
validates the model assumption again in low cell resistance
and high operating current density.

Table 1 e The water electrolysis parameters for different
electrodes in literature [9].

Pt/Pt
a-H4SiW12O40/Ir
Pt/Ir

E0 (V)

K (U1 cm2)

r (U cm2)

1.68
1.4
1.4

9.95
6.69
27.8

0.15
0.15
0.15

Fig. 8 e The linear relationship between the electrical
power consumed in electrolysis process and the square of
the potential difference applied on the electrodes [9].

5.

Conclusion

The work proposes a concise model to describe water electrolysis performance by means of incorporating thermodynamic, kinetic and electrical resistance effects of the water
electrolysis process for the first time. Compared with the
ButlereVolmer kinetic equation, this model has fewer
parameters and more convenient expression, which can be
easily applied in simulating different electrolytic cells with
various operating conditions. In comparison to the Tafel
equation, the model avoids using a logarithmic function in its
mathematical expression, providing a theoretic advantage of
describing water electrolysis performance in both high and
low operating currents. With this concise model, the characteristics of an electrolyte cell such as cell resistance and
kinetic effects can be obtained directly from a cell performance curve which is advantageous for topedown analysis
and electrolyte cell evaluation.
The modeling results in this paper agree well with experimental data and previous published work. The model is
validated in experiments with different cell resistances,
various electrode materials and different catalytic active
areas. The validation of the assumption in the model, at both
high and low operating currents, presents new understanding
of electrochemistry.
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