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ABSTRACT

A model is created in order to investigate the effect of different material parameters on the
ohmic overpotential of the alkaline water electrolysis for hydrogen production, which in-
fluences the exergy efficiency of the water electrolysis. In this research, it was demon-
strated that the electrode material parameters and electrolyte conditions of the water
electrolysis components such as electrode and membrane resistivity, distance between the
electrodes, oxygen and hydrogen bubbles that covers the electrode surface, electrolyte
concentration, electrolyte ionic conductivity, and temperature have various effects on the
ohmic overpotential, which consequently affect the exergy efficiency of the alkaline water
electrolysis. The results of our model has illustrated that the highest exergy loss is due to
hydrogen bubbles followed by the electrolyte ionic resistance and oxygen bubbles resis-
tance, respectively. The model has also provided a strong direction for how to optimize the
exergy efficiency by reducing the ohmic overpotential, which is affected by various ma-
terial parameters and operating conditions.

Hydrogen bubbles Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

" especially as an energy carrier for sustainable research and
Introduction

development. Water electrolysis is a well-known process and
is currently adopted in many applications in order to produce

The environmental pollution and the diminution of fossil fuel
have increased the interest of the research and development
of renewable energy technologies. Hydrogen is the most
abundant element in the universe, is considered to be envi-
ronmentally friendly and to have high energy density. On
planets such as Earth, hydrogen is found as part of the mol-
ecules of water, organic material, and natural gas. Hydrogen is
expected to play an important role in the near future

hydrogen with high purity [1,2]. Water electrolysis is particu-
larly suitable for use in combination with photovoltaics (PVs)
because hydrogen production by electrolysis of water is a
mature and efficient technology. Various technologies are
available to produce hydrogen via water electrolysis.

The most common water electrolysis is alkaline water
electrolysis, polymer exchange membranes (PEM), and solid
oxides. The concept is the same for most technologies, which
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Nomenclature

A Area, cm?

C Coulomb, C

c The Concentration of dissolved gas, mol m~3
Dy, diffusion coefficient, cm? s *

d Bubble diameter, cm

E electrode potential, V

Eact activation overpotential, V

Erev ohmic overpotential, V

F, Fourier number

F Faraday's constant, C mol*

f volume fraction

fa gas evolution efficiency

G Gibbs free energy, kJ

i current density, mA cm~?

io exchange current density, mA cm?
H enthalpy, kJ

Kq the apparent conductivity, S cm *
Rwater the specific conductivity, S cm !
L length, cm

m the hydraulic radius, cm

M molecular weight, g mol~*

n number of moles of electrons

Greek symbol

« transfer coefficient

Qact the activation transfer coefficient

0 gas bubble surface coverage percentage, %
&b efficiency

n overpotential, V

Nohm ohmic polarization, V

Subscript

ele electrolyte

m membrane

Ohm ohmic

W water

D partial pressure, kPa

P pressure, kPa

Q electrical charge, C

Q; the heat loss, kJ

Ry universal gas constant 8.314 ] mol ' K*

Re Reynolds number

R electrical resistance, Q

Rions ionic resistances, Q

Ry the electrical circuit resistance (External), Q
R} wiring and connections electrical resistance, Q

Robubble;o2 OXygen bubbles resistance, Q
Rmembrane Membrane resistance, Q

Rianode  anode resistance, Q

Ry Bubble radius, cm

Sgen the entropy generation, kJ

r production rate, m®* h?

jlp— the ambient temperature, K

t time, s

6) electrical voltage, V

V, bubble volume, cm?®

Ve volume rate of evolved gas, cm?s?
Nact activation polarization, V

Pj the resistivity of component j, @ cm
g, the interface conductivity, S cm™*
Oel electronic conductivity, S cm !

Tio ionic conductivity, S cm™*
Superscript

rev reversible

t,n thermoneutral

act activation

is two electrodes and an electrolyte that allows the transport
of ions. The alkaline water electrolysis usually operates with
electrolyte concentrated with NaOH or KOH. The operating
temperature for alkaline water electrolysis and PEM water
electrolysis is between 60 and 90 °C, while the solid oxide is
between 600 and 900 °C. The alkaline water electrolysis has
been widely used in industrial application and for a large
number of built units already in operation, while the PEMs
water electrolysis still have limited application in terms of
production capacity because of the limited lifetime and
corrosion of the cells [3,4]. Hydrogen can be produced using a
number of different processes such as water electrolysis,
thermochemical process, and direct solar water splitting
process [5]. Currently, hydrogen is mostly being produced
from fossil fuels such as natural gas, coal and oil, using the
following thermochemical process: steam reforming, gasifi-
cation, and partial oxidation. The most frequently used pro-
cess is the catalytic steam reforming of natural gas and coal
gasification.

The water electrolysis process carries significantly higher
costs than hydrogen production from fossil fuels [6]. Hydrogen
production via water electrolysis process represents less than
5% of world hydrogen production [7], which is used for small

scale hydrogen production whereas large-scale hydrogen
production is prohibitively expensive or impossible to imple-
ment with usages such as spacecraft. The alkaline water
electrolysis has many generous advantages such as flexibility,
availability, and high purity compared to the thermochemical
processes (steam reforming or coal gasification) [8]. While
possessing these advantages, hydrogen production via water
electrolysis still required improvement in the efficiency and
cost of the material and installations, and for this reason we
are performing our study on the effect of the materials' pa-
rameters and water electrolysis geometry and conditions on
the alkaline water electrolysis exergy efficiency.

The alkaline water electrolysis has two types of losses [9]:
ohmic overpotential and activation overpotential. The ohmic
polarization is caused by the electrodes' resistance, electro-
lyte resistance, membrane resistance, internal connection
wire resistance, and hydrogen and oxygen bubbles resis-
tance. The most critical factors governing the ohmic losses in
alkaline water electrolysis are the electrode and membrane
material resistivity, electrolyte conductivity and concentra-
tion, and electrode and electrolyte geometry. Activation po-
larization is the voltage overpotential required to overcome
the activation energies of the electrochemical reactions on


http://dx.doi.org/10.1016/j.ijhydene.2016.03.119
http://dx.doi.org/10.1016/j.ijhydene.2016.03.119

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (QOT6> 7753*7763

7255

the anode and cathode surfaces. In this work, the analysis of
the effect of material properties and operating condition
variations is performed only on the ohmic overpotential. The
water electrolysis exergy efficiency is affected by many fac-
tors—such as temperature, pressure, electrodes resistivity,
distance between the electrodes, membrane permeability,
membrane resistivity, electrolyte ionic conductivity, elec-
trolyte concentration, etc. Fewer results [10,11] were re-
ported on the activation polarization of the alkaline water
electrolysis. Jaroslaw el al. has investigated the Influence of
pressure and temperature on the value of reversible elec-
trolysis voltage and activation polarization, also Kai el al. has
investigated the effect temperature on the activation polar-
ization and ionic conductivity of the electrolyte. Both models
have investigated the effect of operating conditions on the
activation polarization of the alkaline water electrolysis;
Also, Marini el al. [12] has demonstrated that the effect of
pressure differentials in a recirculating electrolyte scheme
helps reduce mass transport limitations (activation polari-
zation), increasing efficiency and power density. Moreover,
other studies [13—18] on the operating condition effect on the
activation polarization of the alkaline water electrolysis
were reported; however, they did not discussed the effect of
material parameters on the ohmic polarization as well its
effect on the exergy efficiency of the alkaline water elec-
trolysis. Therefore, to the best of our knowledge, the effect of
materials properties on the ohmic polarization and its effect
on the exergy efficiency have not been presented in the open
literature. This is important because the effect of the elec-
trodes and membrane materials' parameters and water
electrolysis geometry has not previously been understood to
consider the effect of those factors on ohmic polarization
and its effect on the exergy efficiency. To this end, this work
presents a comprehensive analysis to understand the impact
of each factor on the exergy efficiency of the water electrol-
ysis. The aim of this paper is to understand the parameters
that influence the ohmic polarization and how it can be
optimized to reduce the water electrolysis losses and
enhance the exergy efficiency.

Electrochemical model

The water electrolysis process consists of cathode, anode, and
ion-conducting electrolyte [4] as described in Fig. 1 below.
Hydrogen and oxygen are produced at the cathode and the
anode, respectively.

The chemical reaction for the alkaline water electrolysis is
described by the following equation:

2H,0 + Electricity—2H, + O, (1)

The reaction that occurs at the anode side can be described
by the following:

20H —H,0 + 0.50, +2e 2)

The reaction occurs at the cathode side can be described as
follows:

2H,0 +2e” —20H +H, 3)

02

Anode

Cathode P

Microp/orous diaphragm

Fig. 1 — Schematic diagram of water electrolysis.

The typical materials used for the cathode are Ni—Mo,
Pt—Ce, or Pt—Sm and for the anode is Ni or Fe. Due to the poor
ion conductivity of water, the electrolysis uses an aqueous
alkaline electrolyte, such as NaOH or KOH at a weight per-
centage of 30%.

The alkaline water electrolysis consists in the molecular
decomposition using direct electric current. For the water
electrolysis reaction to progress, a number of barriers have to
be overcome such as the activation energies, electrical resis-
tance of the circuit, and bubble resistance. These barriers
requiring a necessary electrical energy supply. The following
equation is the polarization curve which is calculated as
follows:

E= Erev + Eact(i) + thm(i) (4)
The reversible voltage at standard pressure and given

temperature can be calculated as follow according to [19]:

EFY = 1.50342 — 9.956-107*T 4 2.5-10 7 T? (5)

t,po
The activation overpotential equations are listed in detail

in Appendix 1. In this analysis we will only focus on the ohmic
overpotential and its effect on the exergy efficiency.

The ohmic overpotential

The ohmic overpotential of the water electrolysis is caused by
the resistance of the electrodes, electrolyte solution, mem-
brane resistance, hydrogen and oxygen bubble resistance, and
the resistance from the connection wires.

The ohmic overpotential can be calculated as follows:

thm = Rtotal -1 (6)
where Ryotq is the total resistance and it can be calculated as
follows:

Rtotal = Rbubble.Oz + Rl + Ranode + Rions + Rmembrane + Rbubble,Hz + R/l

+ Rcathode

)
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where Rions; R1, er’ Rbubble,Hz ) Rbubble,oz ) Rmembraner Ranode’ Rcathode:
are the following respectively: 1) Ionic resistances, 2) The
electrical circuit resistance (External), 3) Wiring and connec-
tions electrical resistance, 4) Oxygen bubbles resistance, 5)
Hydrogen bubble resistance 6) Membrane resistance, 7) Anode
resistance, 8) Cathode resistance.

The anode and cathode resistance

The anode and cathode resistance is the resistance that is
caused by the electrodes' materials, and it can be calculated
using the physics equation as follows:

_Lo
R=2 ®

where p is the resistivity of the material of the component i; A
is the area, and L is the length.

The resistance Equation (8) is applied to calculate the
resistance of the electrical circuit resistance (External and
internal) including wiring and connections electrical
resistance.

The ionic resistance

The ionic resistance is caused by the electrolyte solution,
which is affected by the concentration of the KOH in the
water, and it can be described by the following equation:

L
Atank Oele / C

where L is the length between anode and cathode, A¢ank is the
area of the tank, oe is the electrical conductivity of the elec-
trolyte, and C is the electrolyte concentration.

The ionic conductivity of the alkaline solution as a function
of the electrolyte composition and temperature is calculated
based on the following equation [20]:

Rions = (9)

o =—2.041-M — 0.0028-M? 4 0.001043-M? + 0.005332-M-T
+ 207.2-% — 0.0000003-M? - T?
(10)

At lower molarity this equation is not valid for molarity
above 8. The following correlation can express the ionic con-
ductivity for molarity greater than 8:

132.1
exp <0.01592-(M —-12.27)* + 703819';4”406)

(11)

g =

The membrane resistance

The membrane resistance is caused by the membrane mate-
rial resistivity and its permeability; it can be described by the
following equation:

Ly

Rmembrane = m (12)

where Ky, Ly, and Ap, are the apparent conductivity, length,
and area of the membrane respectively. The resistivity of the
membrane can be calculated by the following equation [21]:

2
K, = 0.272.F™

(13)

where m is the hydraulic radius and p is the permeability.

The hydrogen and oxygen bubble resistance

The hydrogen and oxygen bubble resistance is caused by the
bubble that covers the electrodes' surface which creates a
resistance, and this resistance can be estimated by the
following equations:

Lanode.cathode (14)
Atank : kwater : (1 -15 'fg—w.l-[z )

Roubblet, =

where f;_wu, is the volume fraction of gas in the solution

La-c presisuviey (15)

Rpubble,o, =
0, A
tank

where presistivity €an be calculated by the following equation:

Presistivity — po(l - 9)73/2 (16)

where @ is the percentage of the bubble coverage the elec-
trodes surfaces and p, is the specific resistivity of the water
electrolysis solution.

The bubble coverage has substantial effect on the perfor-
mance of the electrodes and many parameters are involved to
correlate the bubble coverage with current density, particu-
larly pressure, temperature, and diffusion coefficient. The
bubble coverage can be defined by the following equation:

tr
T
o= o / (KR)%dt (17)
0

where R is the bubble radius, z is the number of bubbles that
simultaneously stick to the electrodes surface area A, t; is the
residence time of the bubble on the electrodes, and K is the
constant related to the contact angle of bubble with elec-
trodes, which is equal to 1 when ¢ < 90° and equal to sin ¥
when ¢ > 90 [22]. Integrating Eq. (17) with bubble radius R and
residence time t, the following equation occurs:
2@

Z
A (KR’ (18)

The average volume of detaching bubbles is interrelated
with the rate of gas evolution and it can be expressed as
follows:

\4

Ve =z
G T

(19)

Taking into consideration the Reynolds number of gas
evolution, Schmidt number, Peclect number of mass transfer,
and the partial pressure of the solvent, the final equation of
the bubble coverage becomes:

3 lep-ReTd po) !
o=t a0 (1-55) 20)
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Water electrolysis efficiency

The voltage efficiency is the efficiency that represents the
proportion of the effective voltage required to split the water
and the total voltage applied to the whole cell, which can be
expressed as follows:

Eanode _ Ecathode
Moltaic = f (21)
c

and the faradic efficiency can be calculated by the following

equation:

AGy, EYY
nFU. U,

NFaradic = (22)

and the thermal efficiency can be calculated by the following:

_AHy, Vi
Mthermal — nFUC - UC

(23)

Detailed relations for energy analysis and energy efficiency
of the water electrolysis are reported in Refs. [15,23,24].

Exergy analysis is based on the conservation of energy and
conservation of mass principles as well as the second law of
thermodynamics. In this work, we performed our study using
exergy analysis instead of energy analysis, because the energy
analysis is only based on the first law of efficiency, which
would not provide any meaningful reference to the best
possible performance and thus may mislead the analysis, so
we decided to perform our study using the second law effi-
ciency (exergy efficiency).

The exergy can be defined as the maximum useful work
that could be obtained from the system at a given state in a
specified environment. The energy and exergy balance can be
calculated as follows:

Z Eninmin - Z Enoutmout + Z Qk - W =0 (24)
in in k

Z Exinmin - Z Exoutmout + Z EXQ - EXW -I'=0 (25)
in in k

where m;, = My, for a closed system, so Egs. (24) and (25)
become the following:

> Q-W=0 (26)

SEXA-ExXV -1 =0 (27)
k

where I is the exergy destruction also called the irreversibility
or lost work, which is the wasted work potential during a
process. In a control volume, the exergy destruction can be
calculated according to Gouy—Stodola theorem as follows
[25,26]:

I' = Tamp Sgen (28)

where Sg., and T are the entropy generation and the ambient
temperature of the water electrolysis respectively.

The heat coming from the external heat source can be
calculated as follows:

Qcenn = TAS — Q; (29)

where Q; is the heat resulting from the irreversibilities that is
caused by the resistance of the electrodes and electrolyte, the
charge transfer, and reactant/products transportation, this
heat can be calculated as follows:

Qj = IZRtotal (30)

The exergy efficiency of the water electrolysis can be
calculated as follows:

n _ Z Exout.net
exer; - 5
& Z Exin,net

The final equation for the exergy output and exergy effi-
ciency becomes as follows [27—-32]:

(31)

Z E:‘Xout.net = EHZ X NHz,out (32)
EH X N Hj,out
¥ = 2 2 33
exergy Eelectric + Eheat.cell + Eheat.HzO ( )
which becomes:
En, x N
\//exergy _ H, Hj,out (34)

1V + Q1 %) + Quo (1 %)

A simulation of the exergy efficiency was carried out using
a list of input parameters for the water electrolysis, which is
listed in Table 1:

Analysis discussion

The effect of anode and cathode resistance and the electrical
circuit resistance (external and internal)

The ohmic overpotential is the voltage loss due to the resis-
tance of water electrolysis components. Fig. 2(A) shows the
effect of anode resistivity on the exergy efficiency and anode
resistance. The increase of anode resistivity from 0.0002 to
0.001 Q@ m decreases the exergy efficiency from 0.6838 to
0.6834. The increase of anode resistivity causes the anode

Table 1 — Simulation input parameters.

Parameter Value
Temperature, °C 80
Exchange current density ip, mA cm 2 3.15 x 1077
Anode charge-transfer coefficient 0.402
Cathode charge-transfer coefficient 0.452
Limiting current density i}, mA cm 2 0.03
Current density, mA cm 2 700
Bubbles coverage coefficient 0.0153
Inlet electrolyte molarity, M (molgog 1% 8
Standard chemical exergy H, kJ mol~* 236.09
Standard chemical exergy O, kJ mol ! 3.97
Standard chemical exergy H,0 (1), k] mol~* 0.9
Standard chemical exergy H,O (g), k] mol * 9.50
KOH concentration, % 30
Pressure, bar 2
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resistance to increase, which causes an increase in the anode
irreversibility that is related to the ohmic losses. This irre-
versibility increase causes the exergy efficiency to drop. This
results is well within an agreement with experimental data
reported in Ref. [33] that show that material with high catalyst
surface area enhance the performance. Fig. 2(A) also demon-
strates that an increase of cathode resistivity from 0.0001 to
0.0006 Q@ m decreases the exergy efficiency from 0.68381 to
0.68357 and increases the cathode resistance from 0.0001 to
0.0006 Q. The decrease of the exergy efficiency is caused by the
increase of ohmic loss, which leads to an increase of exergy
destroyed (the increase of irreversibility is caused by the
ohmic losses increase which is due to the rise of resistivity of
the cathode material). Both electrical resistances and trans-
port resistances cause heat generation according to the Joule's
law [34] and transport phenomena [35] and thus inefficiency of
the electrolysis system. Previous experiment performed by
Rommal el al. [36] shows that one difficulty encountered in
systems employing nickel electrodes in KOH electrolytes is
the continual decrease in operating efficiency with time. The
major component of this decrease is the rise in cathodic
overpotential at constant cell current. It was found that the
kinetic parameters of Tafel slope and exchange current den-
sity increase markedly with the decline of efficiency. There-
fore, our results have demonstrated the main parameters that
affect the ohmic overpotential which can enhance the exergy

(A)
0.6839 : : ! ——0.0012
" Electrode resistance  —*— Exergy efficiency
o
0.6838 10.001
= e}
2 o
§ 06837} jo.0008 ©
Q [y]
£ b
S, 06836f {o.0006 @
2 14
2
nj 068350 {0.0004
0.6834 40.0002
0.6833 : : : :
0.0002 0.0004 0.0006 0.0008 0.001
Electrode resistivity, Q m
(B)
0.684 : - : . : -
T Wi i T~ Exergy efficiency
R Wire resistance 10.018
0.682 J0.015 G
> [0}
[$) o
S jo012 &
© ®
£ 068 ®
[} J0.009 Q@
8 2
o Jooos =
w 0678
Jo0.003
0.676 ' - ' ' : Jo
0 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012

Wire resistevity, Q m

Fig. 2 — (A) The effect of electrode resistivity on the exergy
efficiency and electrode resistance. (B) The effect of
electrode wire resistivity on the exergy efficiency and the
wire resistance.

efficiency. Fig. 2(B) illustrates the effect of anode wire re-
sistivity on exergy efficiency and anode resistance. The figure
shows that the decrease of anode wire resistivity from 0.0001
to 0.00002 @ m leads to an increase of exergy efficiency from to
0.6765 to 0.6830. The decrease of anode wire resistivity leads to
a decrease of anode resistance which causes the ohmic losses
to decrease. The decrease of the ohmic losses causes the
exergy efficiency to increase. Fig. 2(B) also shows the decrease
of exergy efficiency from 0.6838 to 0.6834 when the cathode
wire resistivity rises from 1.5 x 10°° to 6 x 10°® @ m which
leads cathode resistance to increase from 0.0002 to 0.001 Q,
which is about 500% increase. The increase of cathode wire
resistivity causes the ohmic losses to increase, which leads to
an exergy efficiency drop.

The effect of ionic resistances

The enhancement of the ionic conductivity of the electrolyte
decreases the resistance at the electrode surface. The molarity
and temperature are the key variables that impact the ionic
conductivity. Fig. 3(A) illustrates that increases of molarity of
the aqueous KOH solution increase the ionic conductivity
until it reach 8 mol 17%; then it starts to decrease. Fig. 3 also
demonstrates thatincrease of temperature enhances the ionic
conductivity. Previous experiment results show that rising of
the molarity improved the performance of the electrolyzer cell
with the homogeneous catalyst [37]. The theoretical result
reported in Fig. 3 is well within agreement with experimental
data reported in Ref. [20]. The typical effect of temperature on
the overpotential is summarized by Kinoshita [38], also Zeng
el al. [11] has shown that an increase in temperature will
result in a decrease in the overpotential at the same current
density. The highest ionic conductivity was 2.5 S cm™* at a
temperature of 418 K and molarity of 8 mol 1"*. Previous ex-
periments have demonstrated that the molarity increase of
potassium hydroxide in the solution has an effect on the rust
removal rate. Also the enhancement of molarity of KOH re-
sults in the removal of loose rust and grease, which is known
as cathodic cleaning [39]. Fig. 3(B) illustrates that an increase
of distance between the electrodes decreases the exergy effi-
ciency, and this is caused by the increase of ionic resistance
thatleads to an exergy drop. Previous study done by Zengel al.
and [40] shows that a smaller gap is needed to avoid electric
sparks, posing an explosion hazard. Therefore, an optimal gap
between electrodes has to be identified.

Fig. 4(A) shows the effect of KOH concentration on molarity
and ionic conductivity; this developed correlation demon-
strates that an increase of concentration of KOH in the solu-
tion increases the molarity and ionic conductivity
simultaneously. Fig. 4(B) illustrates that an increase of KOH
concentration from 5% to 25% increases the exergy efficiency
from 0.65 to 0.68 as well as increasing the ionic conductivity
from 0.5 to 1.1 S cm ™. Previous experiment results show that
the optimal current density is obtained when electrolyte
concentration is 20 wt% [41]. The highest increase of exergy
efficiency was from 1 to 10% concentration; then it starts to
slowly increase from 10% to 40% concentration. The increase
of exergy efficiency is due to enhancement of the electro-
chemical reaction caused by the increase of ionic conductivity
of the water electrolysis solution.
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Fig. 3 — (A) The effect of electrolysis molarity on specific
conductivity at various operating temperature. (B) The
effect of distance between the electrodes on exergy
efficiency and ionic resistance.

The effect of membrane resistance

The function of membrane in the alkaline water electrolysis is
to allow the ions to pass through but not the gases. The
membrane material must be resistant to corrosion due to the
alkaline environment at elevated temperature [42,43]. There-
fore, selection of membrane material must be desires for the
corrosion resistance as well reducing the ohmic membrane
resistance. The membrane permeability is an important
parameter when it comes to design membrane for alkaline
water electrolysis to allow the ions to pass through but not the
gases. Previous experiment performed by Ref. [44] has shown
that the membrane needs to withstand quite severe condi-
tions, e.g., in chlor-alkali or water electrolysis. Therefore, an
analysis of the membrane parameters effect on alkaline water
electrolysis and its effect on exergy efficiency is desirable.
Fig. 5(A) demonstrates that enhancement of the membrane
permeability causes the exergy efficiency to decline. The in-
crease of the membrane permeability enhances the apparent
conductivity, which causes the membrane resistivity to
decline, and this causes the rise of membrane resistance
(which is part of the ohmic loss/irreversibility). Fig. 5(B) shows
that an increase of membrane resistivity from 1 to 20 Q cm
causes the membrane resistance to drop from 1.2 to 0.2 Q
while increasing the exergy efficiency from 0.2 to 0.55. The
increase of membrane resistivity causes the membrane
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Fig. 4 — (A) The effect of weight percentage of KOH on
molarity and ionic conductivity. (B) The effect of weight
percentage of KOH on the ionic conductivity and exergy
efficiency.

resistance to drops, which enhances the electrochemical re-
action of the water electrolysis. Similar results we reported in
Fig. 6 using a 3D model.

The effect of oxygen and hydrogen bubbles

The oxygen bubble percentage is the percentage of bubble that
covers the electrochemical surface area of the electrode. Pre-
vious experiments performed on PEM water electrolysis [3,45]
shows the effect of earth gravity on the accumulation of
bubbles. The results show that the accumulation of bubbles
on the electrodes is smaller under normal earth gravity con-
dition than under zero gravity. Also Olesen el al. [46] has study
the effect of pressure on the bubbles for the PEM water elec-
trolysis, the results shows that the increase of pressure in-
duces a falling of the of mole fraction of water vapor in the
product gases as the total pressure increases. Therefore, the
study of the effect of bubbles on the ohmic resistance and
exergy efficiency for the alkaline water electrolysis is required.
Fig. 7(A) shows that an increase of oxygen bubble percentage
decreases the exergy efficiency, and this is caused by an in-
crease of bubble resistance. The shadowing rate of the elec-
trode increases the heat generated from the water
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electrolysis. During the electrolysis process, heat is evolves at
the cathode and is absorbed at the anode. Also Fig. 7(A) illus-
trates the effect of hydrogen bubble percentage on the exergy
efficiency and hydrogen resistance. The increase of hydrogen
bubble from 10% to 30% on the electrode causes the bubble
resistance to increase from 0.004 to 0.007 @, which leads to an
exergy drop from 0.684 to 0.6825. Fig. 7(B) illustrates the effect
of the distance between the electrodes on the exergy effi-
ciency and ohmic resistance due to oxygen bubbles. The in-
crease of distance between electrodes from 0.05 m to 0.1 m
decrease the efficiency from 0.6855 to 0.6846 while increasing
the oxygen bubble resistance from 0.0001 to 0.0003 Q Fig. 7(B)
also shows that an increase of distance between the elec-
trodes causes the exergy efficiency to drop and the hydrogen
bubble resistance to increase.

The exergy loss caused by different ohmic resistance is
illustrated in Fig. 8, the results shows that the highest exergy
loss is due to hydrogen bubbles followed by the electrolyte
ionic resistance and oxygen bubbles resistance, respectively.
The exergy loss due to wire resistance is relatively small and
can be neglected. Therefore, it is important to consider the
effect of hydrogen bubbles phenomena in the future of any
development of the alkaline water electrolysis.
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Fig. 5 — (A) The effect of membrane permeability on exergy
efficiency and membrane resistance. (B) The effect of
membrane resistivity on exergy efficiency and membrane
resistance.

Conclusions

The theoretical and analytical study of the alkaline water
electrolysis ohmic overpotential effect on exergy efficiency
results shows that some of the parameters are recommended
in order to reduce the ohmic overpotential and to increase the
exergy efficiency and hydrogen production of the cells:

e Decreasing the distance between anode and cathode to less
than 0.1 m causes the bubble and ionic resistance to drop to
0.0004 and 0.0003 Q respectively, which leads to an increase
of the exergy efficiency.

e Having the electrodes with material resistivity less than
0.002 @ m causes the electrode ohmic resistance to drop to
0.001 Q, and this causes the exergy efficiency to increase.

e Increasing the molarity of the electrolyte to the range of
8-10 mol 1! offers the highest range of the ionic
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respectively, in which causes the ionic resistance to drop
and this leads to an increase of the exergy efficiency.

e Decreasing the percentage of the anode and cathode sur-
face covered by the bubble to less than 10% reduces the
bubble resistance to 4 x 10~* and 5 x 10~* Q respectively,
which causes the exergy efficiency to increase.

e Decrease the membrane permeability to less than 0.002
leads to the decrease of membrane resistance to 0.05 Q
which leads to an increase of exergy efficiency.

Finally, the highest exergy loss is caused by the hydrogen
bubbles followed by the electrolyte ionic resistance and oxy-
gen bubbles resistance, respectively. The exergy loss due to
wire resistance is relatively small and can be neglected. To the
authors knowledge this is the first water electrolysis model
that considers the effects of materials parameters and oper-
ating condition on the exergy efficiency of the water elec-
trolysis. Our findings offer a better understanding of the
conditions required for optimum water electrolysis perfor-
mance by reducing the ohmic overpotential. The use of this
numerical model will help and guide researchers to focus on
the key parameters that influence the ohmic polarization and
overall the performance of the water electrolysis in order to
provide a robust design. This model will also reduce the
research and development costs by reducing the research
time and the cost of the experiments and equipment.
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conductivity of the electrolyte, which causes the ionic
resistance to drop and this is reflected as increase on the
exergy efficiency.

e Increasing the operating temperature from 298 to 360 K
increases the ionic conductivity from 0.7 to 2.5 S cm™*
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Appendix A

The activation overvoltage, V., is the voltage loss that is
attributed to driving the electrochemical reactions and is
necessary to overcome the molecular bonds. The activation
overpotential is caused by the equilibrium cell voltage, which
is stated by the following equation:

E°= Egnode - Egathode (Al)

The activation overpotential can be calculated by the
following:

RT RT

Maje = —2.3026 -5 log(io) +2.3026

log(i) (A.2)

And the transfer charge coefficient can be estimated as
follows:

o® =0.0675 + 0.00095T (A.3)

a® =0.1175 4 0.00095T (r* = 0.9987 for Ni) (A4)

The overpotential of hydrogen and oxygen can be calcu-
lated as follows:

RT i
Neathode = 2.3 DéTlog (g) (AS)
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RT i
Nanode = 2.3 mbg (E) (A.6)

The relationship between the change in Gibbs free energy
and equilibrium cell voltage can be calculated as follows:

AG = nFE° (A7)

The total energy is expressed as a thermoneutral voltage
Vi3, which is dependent on operating pressure, temperature,
and high heating value voltage V™.

AHip =nFVE +o(Hyy —HD) (A.8)
where
AHep = nFVS + o(Hyy — HY'G) (A.9)

The reversible potential can be expressed by the following
equation:

NFERS = —AGep = p'3 + ups — puip? (A.10)

Py
NFERSY = nFERSY + RT In((P — Py) *° 3

w

(A.11)

where the vapor pressure of pure water Py and P, can be
calculated by the following equation:

6426.32
P, =T3*%e (37.93 - 7)
v *P T (A.12)
-exp(0.016214 — 0.13802m + 0.19330v/m)
Py = T*%exp (37.043 - @) (A.13)
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