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a b s t r a c t

Polymer electrolyte membrane electrolyzer (PEME) is a candidate for advanced engineering technology.
There are many polymer electrolyte membrane fuel cell (PEMFC) models that have been reported, but
none regarding PEME. This paper presents state of the art mass transport models applied to PEME, a
detailed literature review of these models and associate methods have been conducted. PEME models are
typically developed using analytical, semi empirical and mechanistic techniques that are based on their
state and spatial dimensions. Methods for developing the PEME models are introduced and briefly
explained. Furthermore the model cell voltage of PEME, which consists of Nernst voltage, ohmic over
potential, activation over potential, and diffusion over potential is discussed with focus on mass transport
modeling. This paper also presents current issues encountered with PEME model.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

A PEME is a device that is based on an electrochemical process
and is used for splitting water molecules into hydrogen and oxygen
gas [1,2]. The process of PEME is similar to the PEMFC process, but
the working principles between the two are opposite [3]. PEMFC
can be operated at both ambient and elevated temperatures [4].
More recently, a greater amount of attention is being given to PEME
due to its ability for higher amounts of hydrogen production [5,6].
PEME is efficient and flexible and is a widely used technology that
produces “green-hydrogen” from renewable energy sources. PEME
is practical and offers several advantages over other methods of
nd Process Engineering, Fac-
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electrolysis, such as requiring smaller mass volume characteristics,
having higher current densities, a higher degree of gas purity and
better safety levels [7]. A basic schematic of a PEME is shown in
Fig.1a. Fig.1b shows the principle of operation of a single PEME cell.

The PEME cell consists primarily of a PEM as an electrolytic
conductor. The anode and cathode are fixed together and are
known as the membrane electrode assembly (MEA). In the PEME,
water molecules and ionic particles are transferred across the
membrane from the anode to the cathode [8,9], where it is
decomposed into oxygen, protons and electrons. In the reaction
process, electrical energy is supplied to the system and transformed
into chemical energy. The electrons exit the cell through an
external circuit. The electrons and protons recombine at the cath-
ode to release hydrogen gas.

The chemical reactions at the anode and the cathode are shown
below.



Fig. 1. Schematic diagram of PEME.
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Anode : H2OðlÞ/
1
2
O2ðgÞ þ 2HþðgÞ þ 2e� (1)

Cathode : 2Hþ þ 2e�/H2ðgÞ (2)

Overall reaction : H2OðlÞ/H2ðgÞ þ
1
2
O2ðgÞ (3)

There is limited information in literature on the modeling of
mass transport. More recently, researchers have studied different
materials related to PEME to increase current densities and
decrease cell voltage, thereby improving performance of the sys-
tem as well as achieving low material cost. Therefore, there have
been intensive studies focused on current collectors [10e12], bi-
polar plates [13e16] catalysts [17e26], membranes [27e34], and
auxiliary power units [35] for the PEME. Fig. 2 shows the standard
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materials required for the PEME. It is worthmentioning that carbon
materials such as carbon paper can only be used as current col-
lectors at the anode for small scale test or short term experimental
conditions, this is due to their undesirable corrosions that they
undergo at anode [36]. The carbon materials are susceptible to
corrosion due to strong acidic nature of the anode, high O2 con-
centration and high voltage at the anode. Carmo et al. [36]
concluded in their study that stainless steel grids or Ti grids
could replace carbon materials, but these has lower performance
when compared with sintered Ti particles. The modeling of PEME
can be found in open literature but there has been no reported
review on the PEME models compared to the PEMFC models
[37e42]. In recent literature published by Ahmadi et al. [43,44],
they studied hydrogen production via an ocean thermal energy
conversion system with solar-enhanced PEME. Meanwhile Lamy
et al. [45] observed the electrochemical decomposition of methanol
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Fig. 3. Loss characterization of overpotentials in PEME [53].
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for hydrogen production using a Direct Methanol Fuel Cell (DMFC)
hardware working as a PEME. In this paper, the state of the art
PEMEmodeling is reviewed, and this brings out those aspects of the
development of PEME model. A detailed literature review is con-
ducted based on steady state and dynamic behavior. PEME models
are typically developed using analytical, semi empirical and
mechanistic techniques that are based on their state and spatial
dimensions. A short review of hydrogen production cost is also
presented in this study.

2. Thermodynamic model

Thermodynamically, the electrochemical decomposition of
water, the heat energy and the voltage corresponding to Gibb's free
energy can be expressed in terms of reversible potential. The
standard condition of each reaction at the electrodes depends on
the reactions of water at minimum voltage with minimum energy
needed for the water decomposition which corresponds to the
reversible potential. The reversible potential or open circuit voltage
at the cell can be derived from Gibbs free energy:

DG ¼ nFVrev (4)

The reversible potential is given by:

Vrev ¼ DG
nF

(5)

where G is the Gibbs free energy of 237.2 kJ mol�1, Vrev is the
reversible voltage, n is the number of the electrons and
F¼ 96485 C mol�1 is the Faraday's constant. When PEME operates,
the input voltage is applied to the electrodes and several voltage
drops appear due to fundamental overpotential associated with the
PEME. These overpotential are characterized by reversible potential
(Vrev), activation overpotential (hact), and ohmic overpotential
(hohm). Therefore the operating or cell voltage of a PEME is the
summation of all the overpotential models as shown by:

Vcell ¼ Vrev þ hact þ hohm (6)

Many authors use 1.23 V for Vrev, which is only true at standard
condition of temperature (298 K) and pressure (STP) 1� 105 Pa.

2.1. Activation overpotential

A activation overpotential represents the overpotential to
initiate the proton transfer and the electrochemical kinetic
behavior in the PEME. Some portion of the applied voltage is lost as
result of transferring the electrons to or from the electrodes during
chemical reactions at the electrodes. The activation energy required
at both the anode and the cathode due to the activation over-
potential can be modeled by relating the Butler-Volmer expression.
The activation overpotential at anode and cathode can be written
for a PEME as [50].

hact;a ¼ RT
aazF

ln
�

ia
io;a

�
(7)

hact;c ¼ � RT
aczF

ln
�

ic
io;c

�
(8)

where R is the universal gas constant, R¼ 8.314 J K�1 mol�1, z is the
stoichiometric coefficient refers to the number of electrons trans-
ferred in the global semi reactions (defined by Faraday's law). The
value of the stoichiometric coefficient in water electrolysis is 2. aa
and ac is the charge transfer coefficients. The values of aa and ac are
0.5 on the symmetry reactions.

2.2. Ohmic overpotential

Ohmic overpotential is the resistance caused against the flow of
electrons and electronic resistance of the PEME. The ohmic over-
potential contributes significant losses to the PEME. This ohmic
overpotential depends on the type of PEM, and electrode material.
The best selection of material has a potential to enhance the overall
performance of PEME. The ohmic overpotential due to membrane
resistance (ionic resistance) is the resistance to the proton transport
through the PEM. Meanwhile interfacial overpotential (electronic
resistance) is caused by electronic materials such as bipolar plates,
electrodes current collectors, etc. The ohmic overpotential is line-
arly proportional to the current. The ohmic overpotential due to
membrane resistance can be expressed as function of the mem-
brane thickness (cm) f, conductivity of the membrane smem and io
[51];

hohm;mem ¼ f

smem
io (9)

where Rion ¼ f/smem is ionic resistance. The local ionic conductivity
with water content and temperature function can be written as
[51];

smem ¼ ð0:005139l� 0:00326Þexp
�
1268

�
1

303
� 1
Tcell

��
(10)

where l is the degree of membrane humidification. The interfacial
overpotential can be expressed as [50];

hohm;ele ¼ Releio (11)

The ohmic resistance of the electronic materials as function of
the material resistivity r in (Um), the length of the electrons path l,
and A the conductor cross-sectional area can be expressed as.

Rele ¼
rl
A

(12)

As a result of ionic resistance and electronic resistance, therefore
the ohmic overpotential can be expressed as [50];

hohm ¼ ðRele þ RionÞio (13)

Fig. 3 shows recent numerical simulations studies by Tijani et al.
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[52] related to loss characteristics of overpotentials in PEME. They
observed that, the anode with Pt electrode attains the highest
overpotential of about 2.6 V and it increases as the current density
increase. The anode overpotential was however reduced to 2.0 V
when PteIrO electrode was used. The cathode overpotential was
observed to be smaller than that of the anode because of the fast
kinetic reaction at the surface of the electrode. In general they
concluded that the high cathode overpotential is due to inaccuracy
of the models used in the simulation.
3. Modeling PEME

The development of PEME models provides powerful tools for
the improvement of the PEME cell and systems. These models can
be used to establish fundamental characteristics that take place in
the PEME cell to evaluate the behavior under different operating
conditions and to optimize the design. The PEME system models
quantitatively elaborate on the electrochemical phenomena that
take place in the cells. The current status of the fundamental
models of PEME engineering is backwards compared to PEMFC. The
PEME process can be modeled depending on the needs of a
researcher and the purpose of the simulation. In contrast, PEMFC
models have recently become more advanced and complex, espe-
cially in multi dimensionality, multi-phase flow and non-
isothermal properties. The development of PEME models in engi-
neering research can be divided into three groups based on their
state and spatial dimensions. These groups are analytical, semi
empirical and mechanistic.

The state of modeling can be divided into steady state or dy-
namic conditions. The steady state model is where all state vari-
ables are constant and do not change over time. As the basis of
design methods, the steady state model is widely used at the
beginning of PEME cell modeling. This model is relatively simple to
solve and is conceptually easier. However, the dynamic model is
transient, which implies that it is time dependent and is used when
analyzing step changes in operating conditions. The objective of
dynamic modeling is to find the system response against load
variations. This is especially useful when the PEME system is
coupled with renewable energy sources such as wind or solar. The
development of the model can be further divided into two parts:
single phase isothermal/non isothermal or multi-phase isothermal/
Analytical Semi-empi

Multi Phase

0-D 1-D

Single Phase

Modelin

Spatia
Dimensio

State

Steady state

Isothermal Non-isothermal

Fig. 4. State of the art t
non isothermal. The differences in these state of the art modeling
types is shown in Fig. 4.

3.1. Analytical

The analytical approach to the model is based on many simpli-
fying assumptions and approximations. While it does not require a
complex model, it does not give an accurate overview of transport
processes occurring within the cell. For example, in the analytical
approach, voltage losses are approximated to be only due to acti-
vation and ohmic losses.

3.2. Semi-empirical

The semi-empirical modeling is a combination of experimental
and theoretical models. Measurements from experimental work
allows for comparisons with existing models. Similarly, this com-
parison can be performed with theoretically derived differential or
algebraic equations and in the development of new models. Har-
rison et al. [54] developed a semi empirical model under 0-D steady
state and non-isothermal conditions. The model was used to
determine the performance of a 20-cell PEME stack. They presented
the anode and cathode exchange current density and membrane
conductivity based on experimental and a nonlinear curve fitting to
show the current voltage relationship. Dale et al. [55] also devel-
oped a semi empirical model based on thermodynamic principles
for determining 6 kW PEME stack characteristics. The model used
0-D steady state and non-isothermal conditions. The curve fitting
methods were used to fit the experimental data to determine
various model parameters. The results indicate an increase in the
anode and cathode exchange current densities with an increase in
stack temperature. Membrane conductivity also increased with
increasing temperature. Santarelli et al. [56] used a regression
model by performing an experimental analysis on commercial
PEME. The influences of different operating factors on the voltage
supplied to a high-pressure PEME at different levels of stack current
were analyzed. They evaluated the effects of the main operating
factors, such as temperature, pressure, water flow at different levels
of power load based on 0-D steady state and non-isothermal con-
ditions. Temperature and pressure were found to be the most
important parameters on the performance of the PEME.
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3.3. Mechanistic

Mechanistic modeling is based on the laws of physics and
electrochemistry. It provides a better understanding of the in depth
modeling phenomena as related to the PEME process. The
modeling comprises of differential and algebraic equations, which
are derived based on the characteristic of the PEME. Onda et al. [57]
developed a mathematical model comparing the efficiency be-
tween atmospheric and high-pressure electrolysis based on 1-D
steady state and non-isothermal conditions. They interpreted the
voltageecurrent relation such that the cell voltagewas described as
the sum of the Nernst voltage, resistive overvoltage, anode over-
voltage and cathode overvoltage. They also applied analytical
methods to study the effects of temperature and pressure on
enthalpy and Gibb's free energy. Choi et al. [51] proposed a 0-D
simple theoretical model that related IeV (currentevoltage) char-
acteristic of SPE electrolysis cell. The model related applied termi-
nal voltage and current density in terms of Nernst overvoltage,
exchange current density and conductivity of the polymer elec-
trolyte. Experimental work was used to successfully verify the
model. In 2005, Gorgun was the first to develop PEME modeling
based on dynamic modeling (0-D isothermal). Gorgun [58] devel-
oped the dynamic model based on the conservation of the mole
balance at the anode and cathode. He used the ideal gas equation to
calculate the partial pressure of liquid water at the anode. Gorgun
also developed the model for water phenomena, electro-osmotic
drag and diffusion through the membrane. The model was based
on simulations and was validated with experimental data under
transient dynamic behavior of the PEME.

Marangio et al. [59] demonstrated the experimental analysis of a
high pressure PEME for hydrogen production to validate the
detailed theoretical model of the PEME system. The model was
based on 0-D steady state and included activation overvoltage,
ohmic overvoltage and diffusion overvoltage. They also analyzed
the resistances of the electrodes and plates along with the resis-
tance of the membrane. They concluded that water transport
through the PEMwas caused by diffusion, electro-osmotic drag and
the pressure difference between the cathode and anode. They also
proposed a new PEME model to test model equations. Grigoriev
et al. [60] performed theoretical modeling and numerical optimi-
zation of PEME operated under high pressure conditions (130 bars).
They concluded that high pressure water electrolysis operated at
lower current densities and is not attractive due to the high gasses
cross-over effect. García-Valverde et al. [50] studied a simple low
pressure PEME. A 0-D dynamic model was developed and validated
with experimental work. They concluded that the electrochemical
model, which is based on theory, depends only on the properties of
the active area, along with the conductivity and thickness of the
membrane. The activation energy of the anode is influenced by
electro-catalysts. Awasthi et al. [61] developed a 0-D dynamic
simulation model of PEME to investigate the effects of operating
conditions and PEME components on performance. They analyzed
the dynamic behavior of the PEME system in terms of varying
temperature, pressure and overvoltage. Their simulations showed
that pressure and operating temperature have opposite effects on
the performance of PEME. This result suggests that the PEME must
be operated at fixed values of temperature and pressure to optimize
the performance. Lee et al. [62] simulated the dynamic effects of
temperature and flow rate to develop PEME with a satisfactory
performance for use in a regenerative PEMFC system. The dynamic
interactions in the PEME were simulated and validated with
experimental work. The optimum temperature and flow rates were
used for controlling temperature and the flow rate of hydrogen for
the regenerative PEMFC system.

Nie et al. [16] investigated two-phase gaseliquid flow in the
flow field plate restricted to the anode side of a PEM electrolysis
cell. They used numerical 3-D dynamic simulations to examine the
individual components of the PEME, with focus on the separator
plate flow field. Recently, Chandesris et al. [63] developed numer-
ical modeling 1-D at steady state to study the effectiveness of
current density and temperature on membrane degradation. They
found most of the membrane degradation appeared at the cathode.
They also showed that temperature had a strong effect on the rate
of degradation. Kim et al. [64] developed the first 1-D dynamic
modeling of a high-pressure PEME system. The model was used for
predicting the behavior of gases cross-over, water transport
through a MEA, gas compressibility, and water vaporization. They
concluded that the electro-osmotic drag was the major cause of
water transport. The proposed model still has some weaknesses;
the most important being the assumption that oxygen and
hydrogen concentrations on the membrane surfaces are the same
as those in the bulk phases. There is mass transport resistance at
each membrane surface due to the boundary layer and gases cross-
over phenomena. The gases cross-over phenomena raised an
awareness of critical safety issues for high pressure PEME. Grigoriev
et al. [65e67] studied the safety aspects related to PEME. It is also
interesting to study the phenomena related to mass transport in-
side a high-pressure PEME because the behavior of such system
presents many differences from that of a fuel cell. These differences
are generally because of the elevated pressure gradient across the
membrane and the extremely high humidification of the anode due
to the presence of liquid water. Table 1 shows the PEME models
developed by various researchers and is categorized based on some
differences such as dimensions and state.

4. Mass transport

There have been intensive studies on the mass transport for fuel
cell systems [38,68e78]. However, very few mass transport phe-
nomenon are available for PEM electrolyzer [59,60,62,64,79,80].
Mass transport can be categorized into two groups, namely water
transport and gases cross-over.

4.1. Water transport

Ideally, water flows only at the anode channel. In reality, how-
ever, a portion of the water permeates the MEA into the cathode
channel. Marangio et al. [59] estimated the influence of tempera-
ture and pressure on the diffusion coefficient of hydrogen ions. As
expected, the diffusion coefficient of hydrogen ions in the PEM
increased with increasing temperature, and decreased with
increasing pressure. Fig. 5 shows a representation of water trans-
port mechanisms and reactions across the membrane electro-
assembly (MEA) as discussed by Marangio et al. [59], where
_N;H2O; in is the molar water inlet flow at the anode, _N;H2O;out;an is the
molar water outlet flow from the anode, _N;H2O;out;cat is the molar
water outlet flow from the cathode, _N;H2 ;prod is the molar hydrogen
flow produced at the cathode, _N;O2 ;prod is the molar oxygen flow
produced at the anode, _N;H2O;dd is the molar water flow due to the
concentration gradient, _N;H2O;eo is the molar water flow from the
anode to the cathode due to the electro-osmotic drag, _N;H2O;pe is the
molar water flow from the cathode to the anode due to the effect of
pressure, and _N;H2O;cons is molar water flow consumed by the
electrochemical reaction and split into hydrogen and oxygen. Staser
et al. [80] investigated the effect of water transport on the pro-
duction of hydrogen and the gasses cross-over rate when sulfur
dioxide was fed in the PEME. The major phenomena that effected
water transport in the PEME were concentration gradient (diffu-
sion), pressure gradient (pressure different between the cathode
and anode), and electro-osmotic drag [59,62,64]. These three



Table 1
PEME model categorized based on type, dimensions and state.

Author A S M Dimensions State

0 1 2 3 Steady Dynamic Single-phase Multi-phase Isothermal Non-isothermal

[54] ✓ ✓ ✓ ✓ ✓

[55] ✓ ✓ ✓ ✓ ✓

[56] ✓ ✓ ✓ ✓ ✓

[57] ✓ ✓ ✓ ✓ ✓

[51] ✓ ✓ ✓ ✓ ✓

[58] ✓ ✓ ✓ ✓ ✓

[59] ✓ ✓ ✓ ✓ ✓

[60] ✓ ✓ ✓ ✓ ✓

[50] ✓ ✓ ✓ ✓ ✓

[61] ✓ ✓ ✓ ✓ ✓

[62] ✓ ✓ ✓ ✓ ✓

[16] ✓ ✓ ✓ ✓ ✓

[64] ✓ ✓ ✓ ✓ ✓

A ¼ Analytical; S¼ Semi-empirical; M ¼ Mechanistic.

Fig. 5. Water transport phenomenon inside single PEM electrolyzer [59].
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mechanisms of water transport in PEME have been concisely
reviewed in the next subsection.
4.1.1. Diffusion transport
Diffusion is caused by the difference of water concentrations on

both sides of the electrolytic membrane [81e84]. Initially, the
cathode side is dry and large concentration gradient exists between
the anode and cathode. This causes the water to move from the
anode to cathode [85]. When the electrolyzer starts to operate,
most of the water goes through the oxygen evolution reaction to
generate protons and oxygen gas, and a small amount of water is
transported through PEM by diffusion. The mass flow through the
porous electrodes is a diffusion phenomenon as described by Fick's
law [59,61,64,86] by integrating diffusion between the two mem-
brane interfaces [61]. At high current densities, the resistance in-
creases when flow increases. This causes diffusion overpotential.
Diffusion overpotential is also sometimes referred to as diffusion
overvoltage or concentration overpotential. Diffusion overpotential
and water diffusion through the membrane can be respectively
estimated from the Nernst equation [59] and Fick's law of diffusion
[59,61].

In the PEM electrolyzer, the characterization of water due to
large pressure differences between the cathode section and anode
can be evaluated using Darcy's law, which takes into account the
permeability of the membrane [59,61]. At the cathode side of the
PEME, hydrogen can be produced at up to 70 bar, while the anode
side is kept at approximately 1 bar [85].
4.1.2. Electro-osmotic drag transport
The electro-osmotic water drag coefficient is the number of

water molecules dragged per proton across the membrane
[68,84,87]. Therefore, electro-osmotic water drag certainly gives an
average value for water molecules dragged by a single hydrogen
ion. The electro-osmotic water drag at the membrane depends
mainly on the degree of hydration and on current density. The
values can be much higher in the electrolyzer case compared with
fuel cells [85]. This is due to the presence of water flow at the anode
side, which reaches the maximum water absorption level. Few
models have been developed to determine the net electro-osmotic
drag inside the PEM membranes used in electrolyzers. All these
expressions for the fuel cell application can be found in literature
[82,85,88]. To obtain the water drag inside the membrane of PEME,
the molar flow rate expressed can be found in literature
[59,61,64,89]. Luo et al. [76] conducted an experiment regarding
electro-osmotic drag coefficient in a Nafion® membrane and the
results show that electro-osmotic drags strongly depend on the
degree of membrane humidification. Medina et al. [85] have dis-
cussed the dependency of the electro-osmotic drag coefficient and
have derived a linear regression model for it. Otherwise, the phe-
nomenon of mass transport and water transport through the
membrane under different operating conditions are presented by
experimental data. They found that the electro-osmotic drag was
related to the hydraulic percolation and the operation in low cur-
rent densities reduced the net electro-osmotic drag coefficient.
Likewise, operation at high pressure and temperature along with
low current densities, allowed for greater water transport rates by
electro-osmosis. In general, the cathode side had a significant
reduction in water transport due to pressure.
4.2. Gas cross-over

A Nafion membrane, which is a perfluorosulfonic acid (PFSA)
polymer manufactured by Dupont, is a commercial product
commonly used as a PEM due to its excellent chemical stability,
mechanical strength, thermal stability, high proton conductivity
and durability [36,49,90e94]. In PEM electrolysis, a thin
(50e300 mm thick) proton-conducting membrane was used as a
solid electrolyte [29,49,65,90,91]. In recent times there has been an
increasing interest for the use of Nafion membrane in PEM due to
its compactness, ability to achieve a higher current density and
high purity of the produced hydrogen [6,56,59]. In addition, gases
and water can permeate through these membranes [91,95,96],
thereby leading to hydrogen at the oxygen side and vice versa. This
phenomenon is commonly referred to as gases cross-over and they



Fig. 6. Schematic sketch showing transport mechanisms that lead to gas crossover
during PEME [99].
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have individual characteristics. The ratios of specific proton con-
ductivity and gas permeability of the membrane are significant for
cell performance. Furthermore, they are interesting for the opera-
tion in high pressure electrolysis due to their reduced gas perme-
ability [95,96].

It has been experimentally observed that some hydrogen leaks
out of the PEM through the porous anode to contaminate the
production of oxygen [60]. Additionally, molecular hydrogen
crosses from the cathodic compartment of the electrolytic cell,
through the membrane and to the porous anodic catalytic layer,
where it is either re-oxidized into protons or released with oxygen.
The proportion of hydrogen molecules, which reach the anode and
are oxidized back into protons, depends on operating parameters
such as potential, temperature and current density [65]. The
quantification of hydrogen gas cross-over is an important task to
ensure safety and efficient operation of the PEME. Small portions of
the hydrogen produced at the cathode tend to cross-over to the
anode in its gaseous state. Somemolecules undergo decomposition
into protons and electrons at the cathode, while the rest are
brought into the anode flow channel [64]. Ito et al. [91] reviewed
the solubility and diffusion characteristics of gases in a PEM under
electrolysis conditions and discussed the phenomenon of gases
cross-over. They found that the permeation rate was proportional
to hydrogen solubility and diffusivity in the PEM, and the partial
pressure was distinct between two flow channels.

The main properties that affect the gases cross-over transport
phenomenon, such as H2 solubility, diffusivity and the partial
pressure differences between the flow channels, have not been
studied extensively. These parameters are crucial in the design of
large scale-up systems for the monitoring of H2 permeation rates
from the cathode to the anodes. This review raised awareness of a
critical safety issue for high-pressure PEME, where the oxygen-rich
anode channel could create explosive conditions [97] if the
permeated hydrogen concentration were to exceed 4 vol%
[60,66,98]. Janssen et al. [98] stated that the hydrogen concentra-
tion at the anode is able to achieve especially dangerous levels
(lower explosion limit 4 mol% H2 in O2). Consequently, the normal
safety limit is set at 50% of the lower explosion limit, thereby
instilling a safety factor of 2 [99]. Safety aspects due to the gases
cross-over have been thoroughly investigated in literature [65e67].
Extensive mixing of the product gases due to gases cross-over must
be avoided, particularly at low current densities, where oxygen and
hydrogen production rates are lesser [99]. Meanwhile, oxygen
permeability has been reported to be significantly lower than that
of hydrogen. Oxygen undergoes the same phenomenon in the
opposite direction. However, the oxygen permeation rate,
compared to hydrogen, was reported to be much lower [91]. Po-
tential reasons for lower oxygen permeation rates are because of
the oxygen molecule being larger than the hydrogenmolecule (and
therefore having a lower diffusion rate) and the small differences in
oxygen partial pressures between the two channels [64]. Bernardi
et al. [100] develop a model for gas diffusion through a polymer
electrolyte, which is useful for obtaining a relationship between the
membrane conductivity and ion content. Grigoriev et al. [66]
developed a model for gases cross-over and stated that the model
relates H2 concentrations in oxygen, temperature and pressure.
Recently, Schalenbach et al. [99] developed a model and simulated
gases cross-over for a pressurized PEME. The model based on Fick's
Law correlated diffusion to the respective flux densities of oxygen
and hydrogen across themembrane of thickness [99]. Hydrogen gas
cross-over was also due to the pressure at the anode and was lower
than at the cathode. Hydrogen gas cross-over through membrane
provided additional forces from the differential pressure.

Schalenbach et al. [99] assumed that the entire hydrogen
permeation flux density across the membrane is the sum of the
diffusion flux density and the permeation flux density due to dif-
ferential pressure. Fig. 6 shows the mass transport phenomenon in
a single cell of PEME where: (A) shows the proton flux of the water
electrolysis; (B) shows that due to the proton flux, water and dis-
solved oxygen and hydrogen can be electro-osmotically dragged
from the anode to the cathode. During transportation, the gases are
diluted into the surrounding water; (C) shows the diffusion of ox-
ygen and hydrogen; (D) shows the permeation due to differential
pressure; and (E) illustrates the catalytic reaction of hydrogen and
oxygen on the cathodic platinum catalyst [99].
5. Current issues encountered with PEME model

Modeling and simulations play significant roles in fully charac-
terizing the PEME. The model typically shows the detailed rela-
tionship between electrochemical reactions, fluid dynamics, mass
transfer and multiphase flow can be modeled simultaneously.
PEME efficiency strongly depends on pressure, operating condi-
tions such as water flow rates, and the gas temperature. A more
detailed study on gases cross-over and the water flowing through
the membrane should be conducted. In terms of electrochemistry,
most researchers have neglected the diffusion overpotential, which
is very important for efficiency. It is important to know that the
diffusion overpotential will affect the efficiency, hence the
emphasis for further research in this field. Themembrane thickness
use in PEME gives different voltage losses due to diffusion and
ohmic losses. In addition, membrane thickness influences the gases
cross-over during the electrolysis process, where hydrogen and
oxygen are mixed in the anode channel and can be dangerous for
the system. Moreover, the dynamic model related to gases cross-
over in PEME is limited in literature. The dynamic behavior of a
PEME is a highly complex phenomenon. It is especially important
during the development of a large-scale PEME, especially when
integrated into a renewable energy system model, to estimate
operating parameter, and optimize the sustainable energy system.
Further research should provide more precise descriptions of the
PEME behavior. The solving of two and three dimensional models
can be considered, to achieve better results, instead of simply using



Fig. 8. Average production cost of selected hydrogen production methods (per kg of
hydrogen) [103].
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approximate analytical expressions. The model becomes signifi-
cantly more complicated. However, the one and two dimensional
models should focus on particular characteristics, while three
dimensional models are perfectly suited to focus on flow design
purposes in the field.

6. Hydrogen production and cost

There are various technologies available for producing hydrogen
from both non renewable energy and renewable energy that can
use different resources as the feedstock such as natural gas, coal,
biomass, and water. The natural resources from solar, wind,
geothermal and biomass are generally clean, renewable and sus-
tainable. Some are matured technologies and reached the stage of
industrial and commercialization. The most mature technologies
are reforming and gasification [1]. Besides that, the recent current
hydrogen productions have technical challenges associated with
cost. The cost of hydrogen produced can be measured depend on
capital cost. Detail capital cost of hydrogen plant, feedstock cost,
maintenance cost, operation cost, and production cost of H2 can be
found in Ref. [101]. To reduce the total hydrogen cost, all the cost
parameters need to be taken into account as well as improving the
efficiency of hydrogen production technologies. In 2010, Lemus and
Martinez [102] reviewed the costs of hydrogen production from
conventional and renewable sources. They expected the future
costs for conventional production of hydrogen to increases based
on the increasing price of fossil fuel cost comparative with alter-
native sources. Fig. 7 shows the hydrogen cost evolution and
forecast from Lemus and Martinez [102] for different distributed
alternative technologies compared to hydrogen production with
distributed steammethane reforming (SMR) facilities with 69e83%
efficiency and without CO2 taxation.

Acar and Dincer [103] studied the performances of hydrogen
production methods and assess their economic, social and envi-
ronmental impacts. The technologies they study is natural gas
steam reforming, coal gasification, water electrolysis via wind and
solar energies, biomass gasification, thermochemical water split-
ting with a CueCl and SeI cycles, and high temperature electrolysis.
Based on their literature survey, they found that the most finan-
cially advantageous technologies for hydrogen production are SMR,
coal and biomass gasification. The highest production cost per kg of
hydrogen from the literature survey is held by wind and PV based
Fig. 7. Hydrogen cost evolution and forecast for different distributed alternative
technologies compared to hydrogen production with distributed SMR facilities with
69e83% efficiency and without CO2 taxation [102].
electrolysis. Fig. 8 shows the literature survey carried out by Acar
and Dincer [102]. Nonetheless, considering the recent decay of
prices of PV cells and fossil fuel feedstock costs are increasing trend
therefore it is expected that hydrogen production cost based on
renewable energy sources may fall and more economical in the
future.

7. Conclusion

This review aimed to summarize recent literature aspects of the
model development and mass transport in PEME. PEME is an
intricate system that requiresmulti-discipline knowledge involving
fluid mechanics, thermodynamics, and material science. The
different models developed based on multiple-disciplines can be
categorized as analytical, semi-empirical and mechanistic. Each
model can be developed for either steady state or dynamic state
conditions, the model could also be isothermal or non-isothermal
condition, and with either single-phase or multi-phase flow. This
review effort may lead to further modelling of PEME technology to
meet world needs for clean and sustainable energy.
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