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Abstract

The main emphasis of the current study is to improve the performance of hydrogen (H,) production under various working conditions via
electrolysis of water. A mathematical model is designed and analysed considering the influence of several parameters such as electrolyte type,
its concentration, electrode material with its surface area, number of electrolysis cells, generated thermal energy, applied pressure,
temperature and current density. The system has been designed using Engineering Equation Solver (EES) Software. Results showed that the
optimum cell voltage was achieved when the concentration of KOH solution as an electrolyte was 30% wt. On the other hand, the most
suitable material for coating electrodes is iridium-dioxide (IrO,) but its cost represented a challenge, stainless-steel can be used, alternatively,
it is recommended to use substituted materials such as mixed metal oxides or non-precious metal catalysts. It was also found that the rate of
the H, production and generated thermal energy increased as the surface area of the electrode plate, the number of cells, and current density
were increased. the influence of increasing temperature on the cell voltage is studied, which causes the cell voltage to rise because of the
ohmic resistance reduction, resulting lower operating cost. It is found that the cell voltage recorded 1.851 V at 40 °C, and 1.677 V at 80 °C. It
is found that the operating pressure affects the reversible voltage, where a higher operating pressure leads to a non-linearly higher reversible
voltage, resulting in a higher overall cell voltage.

Keywords: Green Hydrogen; Electrolysis; Alkaline Electrolyzer; Activation overpotential; Electrolyte Conductivity; Solar Energy.

1. Introduction

At the time being, the fossil fuel utilization has become a threat to the environment because it depletes the natural resources of
the world [1-2]. Toward the global effort to minimize greenhouse gases, the use of clean energy sources is growing in that
setting. Hydrogen gas is suggested to be used as an energy carrier within these sources, which enables for the combination of
several sources of energy. This is why it becomes so important to create green hydrogen (GH,) producing techniques [3].
However, hydrogen's chemical makeup prevents it from being kept in its pure form. It can be found in less energetic forms,
such as those of hydrocarbons and water molecules [4]. As alkaline surroundings can be utilized for a variety of materials with
satisfactory chemical properties under conditions of operation, alkaline water electrolysis is being a fundamental method that
enables efficient storage and conversion of energy in light of the growing interest in energy from renewable sources and
reducing carbon emissions from industry [5]. Besides, the main challenges in the electrolysis of water are reducing energy
consumption, maintenance, and cost, also, increasing safety, durability, and reliability. Accordingly, a study on the production
of H; electrically will be conducted [6]. In the alkaline electrolytic medium, the chemical bond between H, and oxygen (O,) is
broken by electrical energy generated by an electrolyzer, as a result, H, is separated from water molecules (H,O). Inequality to
steam and methane reforming, that gives H, along with carbon dioxide and carbon monoxide, electrolysis of water only gives
H, and oxygen, with minimum emissions of greenhouse gases [7]. Equation (1) shows the basic chemical reaction of water
electrolysis.

H;0( + electric energy — Hyg) + 0.5 Oy (@)

Electrolyzer is a device that performs an electrolysis process. The electrolyzer has several advantages such as its efficiency
reaching 70%, H, that produced from the electrolyzer is of high purity that requires little space, and contains few moving parts
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[8]. A mathematical model has been developed using several input parameters. The ohmic over-potential, pressure,
temperature, and activation over-potential represented the different parameters that the electrolyzer performance relied on. The
model can be applied in order to predict the polarization behaviour when various input parameters will be changed. Results
concluded that, the cell voltage of the electrolysis process decreased when the operational pressure decreased and the
operational temperature increased. On the other hand, the ideal cell voltage was achieved when the KOH solution
concentration was about 30 % wt. [9]. It has been investigated how different variables were affecting the efficiency of water
electrolysis in producing H,. According to these investigations, the ideal parameters for using the electrolysis might be
achieved with a given solution concentration, electrode spacing, and input voltage [10]. On the other hand, the electrical
current parameters have an effect on the efficiency of the electrolysis [11]. An uncomplicated model of an advanced
electrolyzer for alkaline water has been studied utilizing the electrochemical equations and theoretical thermodynamic
functions. the V/I characteristics calculation of the model has been illustrated as well as some parameters of the
electrochemical process such as ohmic losses, activation potential and reversible potential. At 25 °C, a Ni-based electrodes in
a single electrolysis cell has been used in order to verified the validity of real an experimental data Results showed that the
model is applicable at 1 A.cm™ current density and at 80 °C [12]. The H, production potential produced from water
electrolysis was evaluated in Cameroon using wind and solar renewable energies. Their simulation results showed that, for a
wind turbine the hydrogen generation potential recorded 0.675 Nm’/h, while for a solar energy recorded 0.55 Nm?/h, which
corresponds to around 84% and 70% average energy efficiency respectively [13]. Sea water is used to produce H, gas by the
sea water electrolysis, and the effect of the type of electrode model is studied. Copper and graphite are used as electrodes type
in the process of electrolysis at 12-volt potential difference. Results showed that, copper electrode is better than graphite in
terms of life and durability. On the other hand, the produced H, from sea water electrolysis in the presence of graphite
electrodes is much less than the H, produced in the presence of copper electrodes [14]. The performance of an “all-iron”
electrolytic cell operating on economical steel electrodes steel is demonstrated. The alkaline water electrolyzer used a thin
catalytic layer of alpha-nickel hydroxide to coat a steel mesh for the oxygen evolution electrode, while for the H, electrode, a
nickel and molybdenum coating are used to coat another steel mesh. At 70 °C and 23 °C, the cell voltage of an electrolysis
process is about 1.71 V and 1.83 V respectively and the current density is about 100 mA cm™. In that case, the KOH solution
is 30 %wt. and the separator type is Zirfon. As the cell operation at 23 °C, and 100 mA cm™2 continuously for 100 h, the
performance was no measurable loss. It is found that the electrodes based on iron are suitable for an electrolysis process [15].
El-Ghetany and El-Awady presented a theoretical analysis of designing a small-scale hydrogen generation unit containing two
electrolyzers with 100 cells and 40 cm plate diameter to produce 75 kg H2 /day with consumed electric energy of 3360 kWh
and 675 liter water/day, respectively. They presented also techno-economic study of the potential for green hydrogen
production in Egypt. It is concluded that for designing a large-scale hydrogen generation plant with 280 ton/day (102,200
ton/year), the required electric power can be estimated as 618,333 kW (618.3 MW). Consequently; the electric energy
consumption in MWh required can be estimated as 14,840 MWh and the required daily water consumed in m’® /day can be
estimated as 2,520m’ /day. Other concluded remarks stated that the investment in green hydrogen production projects will be
highly profitable as hydrogen can be sold as direct fuel, energy carrier or to be reacted with nitrogen to produce green
ammonia where can be utilized as fertilizers and other useful industrial applications [16].

2. Modelling of Mathematical Equations
The polarization curve of an electrolyzer can be achieved using mathematical model according to several parameters.
Empirical, thermodynamical, and electrochemical relationships are applied in order to obtain the mathematical model. In order
to get the resulting cell voltage, various parameters affecting the electrolyzer performance are related to these equations.
2.1. Cell Voltage
For an alkaline electrolytic cell, the real voltage at which the electrolyze works is expressed as the cell voltage during the
operational condition, the cell voltage takes into account all losses that occurring within the electrolyze cell. Equation (2)
represents the total overpotential and reversible voltage occurring in the electrolyze which refers to the voltage of the cell [9].
Ve = Veev + Vace + Vonmic + Veone )
when current density is too extreme, concentration losses will be occurred. For this reason, the concentration effect of is
neglected.
2.2. Reversible Voltage
The ideal voltage needed in order to begin the process of electrolysis is called open circuit voltage or reversible voltage.
Nernst equation is the equation that describe reversible voltage and is depended on electrolysis pressure and temperature. But,
the temperatures difference result in a reversible voltage variation, and in this regard, an additional term will be added to the
Nernst equation to account this change and is given by equation (3)

3
o s RT (P-Py,0)?
Viev = Erey + (T — Tref) * oF + F In ﬁ 3)
PH,0
For electrolysis process and at STP, equation (4) describes the lowest reversible voltage occurring [9].
° AG
Erev = oF 4
Where:
AG’: Gibbs free energy variation and equation (5) describes it.
AG” = AH® — T,AS° (5)
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Equations (6) and (7) show the water vapor pressure above the electrolyte and the pure H,O vapor pressure respectively [9].
InPy,0 = 0.016214 — 0.13802m + 0.19330vm + 1.0239In P°H20 (6)

P;IZO = 37.043 — —3.4159InT @)
Where m is electrolyte molarity, that can be calculated by equation (8).

6275.7
T

W1%(183.1221-0.56845T+984.5678 eXp(soges=)
m= - ()
56105

Where wt.%: is the potassium hydroxide weight percentage.

2.3. Activation Over-Potential

The energy measurement needed to breakdown chemical bonds is called the activation over-potential. It is the electron
transfer reaction kinetics occurring at the electrode reaction site. It is also a result of the excess voltage across the electrode.
Equations (9) and (10) describe the activation voltages to activate the anode and cathode respectively, that is determined by
the Tafel equation [9].

Vact—a = baln (j:ia) )
Vact—c = bcIn (]:C) (10)
Equation (11) shows the Tafel slope for cathode and anode electrode [9].

RT
ba,c = nFag . 11)

The relationship between temperature and charge transfer coefficient (o) for the Ni electrode is demonstrated in
Equation (12) and (13) [17].

a, = 0.0675 + 0.00095T (12)
a. = 0.1175 4+ 0.00095T (13)
The exchange current density (jo—a ) is shown in Equation (14) [9].
. . —AGe—ae (1 1
Jo—a,c = Yac * Jo,ref-a,c * €XpP [T (; - E)] (14)
The surface of the electrode contained bubbles, where the fractional coverage of bubbles (8) is given by equation (15) [9].
B T T2\ j\03 P
0= (—97.25 +182-— 84 (Tref) )(E) e (15)
Where:

jlim: It is considered the limiting current density when the bubble coverage is equal to 100% [18].
In consequence, equation (16) indicates the activation overpotential involving bubble coverage [9].
1

Vact—a,c = ba,c In (]- e ) + ba,c In (1_9) (16)

0-a.c

2.4. Ohmic Overpotential

It is occurred in electrolytes, membranes, and electrodes electrical resistance. The sum of the individual resistances resulting
from the electrolyte, membrane, and electrode is called the total ohmic resistance. Equation (17) expresses the ohmic
overpotential [9].

Vohmic =1 (Rele + Rely + Rmem) amn

2.4.1. Electrode Resistance

The total electrical resistance resulting from cathode and anode electrodes is called the electrode resistance. The area,
resistivity, and length of electrode material are the parameters on which the electrode resistivity depends as shown in equation
(18) [9].

t

Ra,c = Peff-a,c ﬁ (18)
Equation (19) describes the electrode effective resistance.
Po-ac
Peff~ac =~ 3 (19)
(1_Ee—a,c)2

The change in temperature leads to variation in electrodes material resistance with100% density, in order to compensate for
this change in effective resistance, a new term is presented into equation (18) called the temperature coefficient of resistivity k
ac as shown in equations (20-22).

ta te
Rele = peff—aA_a [1+ Ko(T — Teep)] + peff—cA_C [1 4K (T — Trep)] (20
I= Idensity * Agle 2n
Agle = (E) D? (22)
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2.4.2. Electrolyte Resistance

The resistance that an electrolyte solution has is called electrolyte resistance. Another parameter that also acts on the
electrolyte solution resistance is the bubble created. Equation (23) shows the total electrolyte solution resistance, which
expresses the electrolytic resistance value in the presence and absence of the bubble [9].

Rely = Rely-free T Rely—bubble (23)

Equation (24) describes the electrolytic resistance in the presence of the bubble, which is the function of the electrolytic
resistance in the absence of the bubble.

1
Rely—bubble = Rely—free 37 1 ) 24
(1-30)°
Equation (25) describes the electrolytic resistance in the absence of the bubble
1 dam de
Rely—free = m( A T A ) (25
Equation (26) illustrates the ionic conductivity of potassium hydroxide [9].

OKoH-free = —2:04m — 0.0028m? + 0.005332mT + 207.2 % + 0.001043m? — 0.0000003m?T? (26)

2.4.3. Membrane Resistance

In order to stop the gas mixing inside the electrolyzer, A separator or membrane must be placed between electrodes. The
separator has a number of pores inside it, where the separator porosity (€,,) is the volume fraction of these pores. Equation (27)
shows the separator resistance to conduction of ions, which relies on separator physical properties [9].

1 htm
Rm - (O-KOH—free) ®OmEmAm (27)
2.5 Faraday Efficiency

At electrodes, the rate of electron transfer affects the H, production, according to faraday’s law, which is proportional to
the external circuit electrical current. Conversely, in the electrolyzer, the highest practical to theoretical volume of H,
generated, is called Faraday’s efficiency. In terms of temperature, the higher the temperature, the lower the resistance, the
lower the Faraday’s efficiency, and the higher the current losses, which can be showed by equation (28) [8].

fr = [(ﬁ)z /f+ (ﬁ)z] f2 (28)

Equation (29) determines the total rate of H, production in an electrolyzer containing many cells connected to each other in
series [8].

. Neenl

il = np el 29)

The rate of production for water and oxygen consumption is shown in equation (30)
iH,0 = nH, = 2n,, (30)
The H, volume flow rate is shown in equation (31)[8]:
Q = nH, * 3600 x 0.022414 (€2))
The generated thermal energy is shown in equation (32) [8]:
Qgen = Neent * I * (Veen — Vi) (32)

Thermoneutral Voltage (Per Cell) is given by equation (33) [8]:

AH
Vin = Z+F (33)
The current mathematical model is developed using the EES software. Table 1 demonstrates the constant parameters needed

for the model [9, 19, 20].

2.6 Specific Electrolyte Conductivity

Equations (34, 35) show the specific electrolyte conductivities for potassium hydroxide and sodium hydroxide
respectively [22]. Equation (34) belongs to the mass fraction of potassium hydroxide (Wkop) between 0.15 and 0.45 and the
temperature T (K) extending from 258.15 to 373.15K, while equation (35) is appropriate for the mass fraction of sodium
hydroxide (Wy,on) between 0.08 to 0.25 and the temperatures 6 (°C) extending from 25 to 50 °C. Table 2 shows the
parameters required to compute these conductivities [21] [22].
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OKOH =
T
K1 (100. Wion) + Kz Tron + K. Teon” + Ka. Tion (100. Wion) + K. Tgou (100. Wigon)®s + K7m
Kg (100.Wkon) (34)
Tkon
onaon = Ki + Ky. Tyaon + Ks. Wiaon + Ka. Wiaon + Ks. Wyaon (35)

2.7 Equations for Electrode Material

The ohmic overpotential is produced by the voltage whose conductivity is in the range of 10 mScm™, where the of
stainless-steel or titanium electrodes conductivity is about 2.5 kSem™. In this regard, the ohmic overpotential given in
equation (36) [24] is:

6m'ce
Uphm = —=<ett (36)

Om

1

The Butler—Volmer equation describes the activation overpotential in equation (37) [23,24]:
Upet = %arcsinh (ZICL”) + RTe; arcsinh( cell ) an

o,an Acat Io,cat

Table 1: Electrolyer Constant Parameters [9, 18, 19].

Constants | Symbols Values Unit
Reference Temperature Tref 298 K
Standard Entropy Change AS’ -162.86 J/mol.K
Number of electrons n 2 -
Faraday Constant F 96485 C/mol.
Universal Gas Constant R 8.315 J/mol.K
Standard Enthalpy Change AH’ -286.02 Kj/mol
Weight Percent of KOH Solution wt % 30 %
Electrode Roughness Factor Anode Ya 1.25 -
Electrode Roughness Factor Cathode Ye 1.05 -
Free Energy of Activation Anode AG, 41500 J/mol.K
Free Energy of Activation Cathode AG, 23450 J/mol.K
Reference Exchange Current Density Anode joref-a 1.34535%107 Alem?
Reference Exchange Current Density Cathode jo,ref—c 1.8456%107 Alem?
Surface Area of Anode and Cathode A, A 300 cm?
Surface Area of Membrane A, 300 cm?
Thickness of Anode and Cathode Electrode ta, te 0.2 cm
Thickness of Membrane tm 0.05 cm
Resistivity of the 100%-Dense NI Electrode Pas Pc 6.4¥10° Qcm
Temperature Coefficient of Resistivity k, ke 0.00586 /°c
Distance Between Anode and Membrane dam 0.125 cm
Distance Between Cathode and Membrane dem 0.125 cm
Porosity of Anode €, 0.3 -
Porosity of Cathode € 0.3 -
Porosity of Membrane €m 0.42 -
Tortuosity of Membrane Tm 2.18 -
Wettability Factor O 0.85 -
I;(i)r\fzrt;r;ge current Density at 100 % bubble i 30 Alem’
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Exchange current densities and charge transfers coefficients are demonstrated in [23,25]. Equation (38) describes the cell
voltage basic model [24]:

6l'l'lice 3 iCe
Ucel = Upey + ?“ + aarcsinh (T:) (38)

Table 2: Specific conductivities parameters special for KOH and NaOH solutions [21, 22]

Parameter Equation (31) Unit Equation (32) Unit
K, 27.9844803 Sm’! -45.7 Sm’!
K, -0.924129482 Sm 'K 1.02 Sm!'°C!
K, -0.0149660371 Sm'K? 3200 Sm’'
K, -0.0905209551 Sm'K! -2990 Sm’!
K 0.0114933252 Sm'K? 784 Sm’'
K 0.1765 - - -
K, 6.96648518 Sm'K! - -
Kg -2898.15658 Sm'K - -

3. Results and Discussion

3.1 Electrolyte Concentration Effectiveness

The potassium hydroxide and sodium hydroxide specific conductivity are determined based on equations (34) and (35), and
according to the value of parameters listed in table 2. Figure 1 shows the specific conductivity at temperatures of 25 and 50°C,
and the concentration of electrolyte will be taken into account.

100

90
80

70

60 /%

40

S/m

30 Tkow=50C | Ty,04=50C

Tkon=25C Thaow=25C

20 4
005 01 015 02 025 03 035 04 045 05

Electrolyte Concentration [W]

Figure 1: Specific conductivity of KOH and NaOH solutions depending on the solution concentration.

Results in figure 1 showed that the potassium hydroxide specific conductivity is greater than the sodium hydroxide specific
conductivity. In fact, the potassium hydroxide specific conductivity is more favorable at temperatures between 50 and 80°C
and for mass fractions of 25 and 35 wt.% as illustrated in [21,26]. The specific conductivity of sodium hydroxide solution is
most suitable for mass fractions of 15 and 25 wt.%.

Figure 2(a) and 2(b) show the theoretical results of the KOH and NaOH specific conductivities for mass fractions of 15
and 25 wt.%, and at temperature between -20 and 100 °C. Results showed that the higher the temperature, the higher the
conductivity. As shown in figure 2, KOH conductivity is 95 S.m™ at 50 °C, and 25 wt.%, while that of NaOH is 65 S.m™". On
the other hand, at 25 °C, and 25 wt.%, the KOH specific conductivity is 63 S.m’!, while that of NaOH is 41 S.m™". It can be
concluded that, with decreasing temperature, the specific conductivity decreased.

3.2 Effect of Reversible, Activation and Ohmic voltages

Regarding the reversible voltage, theoretical results showed that at any value of concentration, pressure, and temperature, the
reversible voltage is constant. On the other hand, when the cell requires energy for starting reactions at anode and cathode, a
voltage drop will appear on both sides, therefore, activation losses take place.
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Figure 3 showed the current density versus activation voltage at different operating temperatures. It can be observed from the
result, the activation overpotential increased rapidly at low current density, leading to higher cell voltage. But, the activation
overpotential increased slowly, with increasing current density.

From another side, the activation overpotentials are not affected by temperature variations. The ohmic overpotential was

initially ignored because its value is minimal as it depends on current and resistance, but higher current density affects the
ohmic overpotential, causing the curves of polarization to shift to higher voltage levels.

180

160

o xow [S/im]
S

Wr=0.15
w020
w025

8 &§ 8 8

0
240 260 280 300 320 M40 360 380
Tkow [kelvin]

Figure 2 (a): Temperature of electrolyte versus KOH specific conductivity variation at 15, 20, and 25 wt %.
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Figure 2 (b): Temperature of electrolyte versus NaOH specific conductivity variation at 15, 20, and 25 wt %.
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Figure 3: Current density versus activation voltage at different operating temperatures

Figure 4 shows the current density versus ohmic voltage at different operating temperatures. It can be observed that, the
interfacial resistance of the electronic components increases when the current density increases, resulting in a higher ohmic
overvoltage. On the other hand, the ohmic overpotentials is not affected by temperature changes when the current density is
low, but when the current density increases with temperature variations, the ohmic overpotential characteristics exhibit a
divergent performance. In summary, when the current densities are the same, ohmic overpotential is less than the activation
overpotential. As can be seen from the result, when current density has 0.28 (A/cm?) and temperature has 40 °C, the ohmic
overvoltage is equal to 0.1009V, and the activation over-potentials is equal to 0.4882V.

3.3 Effect of Temperature on Cell Voltage

It is known that, at high voltage, molecules of water separate into O, and H, ions in case of increasing current density, and
thus, it is clear from figure 5 that increasing current density leads to a corresponding rise in cell voltage at 7 bar and 30 Wioy
%. On the other hand, the influence of increasing temperature on the cell voltage is taken into account, which causes the cell
voltage to rise because of the ohmic resistance reduction, resulting lower operating cost. From figure 5, the cell voltage
recorded 1.851 V at 40 °C, and 1.677 V at 80 °C, which represent the largest and smallest value of the cell voltage
respectively.

0.12

0.1

0.08

Vohmic [V]
o
o
>

0.04

T=401°C]
T=60[°C]
T=80[°C]

4
0 0.1 2 0.2 0.3
idensity [A/cm®]

0.02

Figure 4: Current density versus ohmic voltage at different operating temperatures
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Figure 5: Variation of cell voltage vs current density at different temperatures at 7 bar and 30 wxon%.

3.4 Effect of Pressure on Cell Voltage

The operating pressure affects the reversible voltage as shown in figure 6, where a higher operating pressure leads to a non-
linearly higher reversible voltage, resulting in a higher overall cell voltage. From another side, a decrease in the bubble
coverage factor occurs at higher operating pressure, resulting in a decrease in resistance of electrolyte and activation
overpotential.

3.5 Effect of Concentration

The electrolyte conductivity is affected by the KOH concentration, and as a result, the ohmic overpotential also affected. The
KOH solution conductivity reaches its peak at 30 Wgou%, if this solution concentration value moves up or down, it causes a
decrease in the KOH conductivity, and thus the resistivity rises [21]. Figure 7 showed the concentration percentage versus on
various resistances.

1.8

1.75

1.7

Vcell [V]

P= 2 |bar]
P=4 |bar]
P= 8 [bar]

14 -
0 0.1 0.2 0.3

. o
idensity [A/lcm”]

Figure 6: Current density versus cell voltage at different pressure value with 30 Wxon % and 60 °C.
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Figure 7: Concentration percentage versus Ruem, Rety, Rey-frees Rely-bubble-

3.6 Effect of Number of Cells

The effect of current density on the volume flowrate of H, production is shown in figure 8. It can be seen that the value of
volume flow rate of H, production gradually rises with increasing current density. Furthermore, the influence of the cell
number on the volume flow rate of H, production was demonstrated, where the volume flowrate characteristics of H,
production at higher current densities showed divergent performance depending on the cell number. Figure 9 demonstrated the
cell number effect on the volume flow rate of H, production. It can be noted that, the larger number of cells causes a larger
flow rate of H, production. In addition, the volume flowrate of hydrogen production increases with increasing the current
density.

0.0006

Ncei=20

0.0004

0.0002

Vhz [Nm3/h]

.

0 0.1 2 0.2 0.3
idensity [A/cm?]

Figure 8: Current density versus volume of H, production rate at various number of cells.
3.7 Effect of Electrolyte’s Temperature

Figure 10 presented an obviously influence of temperature on reversible voltage, activation over-potential and ohmic
overpotential.
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Figure 9: Number of cells versus volume flow rate of H, at various current densities

Results showed that, when there is an increase in the temperature from 20 °C to 120 °C, the reversible voltage drops by 0.076
V from 1.464 V to 1.388 V, which has a greater effect on the reversible voltage. As for the activation over-potential, it drops
by 0.067 V from 1.178 V to 1.111 V, and drops by 0.003431 V from 0.0115 V to 0.008069 V for the ohmic over-potential,
which has the least effect on ohmic overpotential. The of temperature influence on the cell voltage is shown in figure 11 at
different current densities. Results showed that, at low temperature, the cell voltage is very high and gradually decreases with
increasing temperature. As shown in figure 11, the cell voltage drops by 0.176 V from 2.653 V to 2.507 V at 150 mA/cm?
current density, and when the temperature rises from 0 °C to 120 °C. Furthermore, figure 12 shows the pressure versus
electrolyte temperature. Obviously, as the temperature increases, the pressure increases.
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Figure 10: Influence of electrolyte temperature on Vrev., Vact, Vohm
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Figure 11: Cell voltage versus electrolyte temperature at various current densities

3.8 Generated Thermal Energy

Figure 13 shows the Number of cells versus generated thermal energy at various current densities. Results demonstrated
that, the generated thermal energy will be higher with increasing the number of cells and current densities. Furthermore, figure
14 shows the volume flow rate of H, production versus the generated thermal energy at various current densities. Results
show that with the increase of the volume flow rate of H, production and current density, the generated thermal energy
increases.

3.9 Electrode Surface Area

The effect of plate surface area on the H, production rate for different cell numbers is shown in figures 15 and 16. It is
clear that, increasing the current density with increasing plate surface area leads to a higher H, production rate with increasing
the plate diameter and number of cells. Figure 15 showed that, at plate diameter of 1m and 80 cells, the H, production rate is
5.0934 Nm*/h. Similarly, as shown in figure 16, at a plate surface area of 1m? and 80 cells, the H, production rate is 5.305
Nm/h.

3.10 Electrode Material

The widely material used for electrodes is the stainless steel according to its high corrosion resistance and minimum cost.
The distances between the cathode and anode from 3 mm to 16 mm for obtaining the V-I characteristics of the electrolyze cell
[24]. Results showed that, as the electrode distance increases, the current density decreases.
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Figure 12: Pressure versus electrolyte temperature.
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Figure 14: Volume flow rate of H, production versus generated thermal energy at various current densities

Consequently, in order to improve the efficiency, it is vitally important to minimize the electrode distance. Various types of
electrode materials are displayed, like iridium dioxide (IrO2), platinum (Pt), graphite (C), nickel (Ni), and stainless steel (SS).
In each test, the anode and cathode were coated with the same type of material in order to observe which one of these
materials gives the best performance. Figure 17 showed the effect of electrodes type on the voltage of the cell, where
parameters of the model are given in table 2 according to [24].
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Figure 16: Electrode surface area vs H, volume flow rate in (Nm*/h).

Figure 17 shows that, the electrode coated with iridium-dioxide is clearly the most suitable type, as it gives the lowest cell
voltage, followed by platinum type. The electrodes coated with stainless-steel and nickel have relatively close voltage. Finally,

it is clear that graphite has a bad effectiveness, as the cell voltage is very high.
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Table 3: Cell model Parameters with different types of electrode materials
An/Cat Urey (V) Om (scm™1) a iy (Acm™)
Pt-Pt 14 0.012 0.255 0.0002
Iro,- Iro, 1.366 0.012 0.227 0.0004
SS-SS 1.905 0.012 0.393 0.0010
C-C 2 0.012 0.455 0.0010
Ni-Ni 2 0.012 0.338 0.0007

4. Conclusion

A mathematical model for alkaline water electrolysis was developed using several input parameters by means of EES
software, and the polarization curve was generated. Results concluded that, in order to lowering the cell voltage as much as
possible, and thus increase the efficiency of the electrolyzer, it may be possible to raise the cell operating temperature and
reduce the operating pressure. From another point of view, potassium hydroxide solution is more suitable than sodium
hydroxide solution as an electrolyte because its specific conductivity is higher. In addition, the best cell performance occurs
when the KOH solution has a concentration of about 30 wt%. On the other hand, the influence of cells number, electrode
surface area, and electrode material on the electrolyzer performance were taken into account. Concerning with the electrode
spacing, it should to be as low as possible to reach the low cell voltage and achieve a high efficiency. It is also found that the
electrode coated with iridium-dioxide is clearly the most suitable type, as it gives the lowest cell voltage. Higher H,
production rate is achieved by increasing the plate diameter, plate surface area and number of cells. The generated thermal

energy will increase with larger cell number, current density, and H, production rate.

5. Nomenclatures

A, Anode surface area, cm?

Ac Cathode surface area, cm’

A, Area of membrane, cm?
Aac Cross-sectional area of anode and cathode
Aele Area of electrode, cm?

b, Anode Tafel’s coefficients for, V

bac Tafel slope
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b, Cathode Tafel’s coefficients for, V
D Diameter of electrode, m
dam Gap between membrane and anode, cm
dem Gap between membrane and cathode, cm
Erev At STP, V, it represents the lowest reversible voltage needed to start the electrolysis process.
F Faraday Constant, C/mol
f; Faraday Efficiency Parameter, mA/cm*
f, Faraday Efficiency Parameter
1 Current, A
Igensity ~ Current Density, Alcm®
io Exchange current density on the electrode surfaces, A/cm
Ja,c Anode and Cathode current density for, A/cm’
icell Electrode material current density for, A/cm®
Jlim Limiting current density at 100% bubble coverage, A/cm’
jo—ac Effective exchange current density, A/cm’
Joref-ac Reference exchange current density at temperature Ty,
K, Temperature coefficient of resistivity for anode, C!
K, Temperature coefficient of resistivity for cathode, C'
m Molarity of the electrolyte
Neent Number of cells
nH, Hydrogen production rate, Nm’/h
nH,o Production rate for water
n number of electrons
No, Oxygen production rate
P Operational pressure, bar
Pu,0 The vaporized water pressure across the electrolyte, bar
P;[ZO Vapor pressure of pure H, O, bar
Q Volume flow rate of H,, Nm’/h
Qgen Generated thermal energy, W
R Universal gas constant, J/mol K
Rac Electrode resistance, ohm
Rele Resistance due to electrode, ohm
Rely Resistance due to electrolyte, ohm
Rely—bubble  Electrolyte solution resistance containing bubble, ohm
Rely—free Electrolyte solution resistance without bubble, ohm
Rmem Resistance due to membrane, ohm
Ry Thermal resistance, K/'W
T Operating temperature, K
ta Anode thickness, cm
te Cathode thickness, cm
Tel Temperature of electrolyzer used for electrode material, K
Tkou Temperature of potassium hydroxide solution, K
tm Membrane thickness, cm
TNaoH Temperature of sodium hydroxide solution, °C
Tref Reference temperature at which E', and AS’ is evaluated, K
Uact Activation overpotential used for electrode material, V
U, Cell voltage used for electrode material, V
Uohmic Ohmic overvoltage used for electrode material, V
Urevac Reversible voltage used for electrode material, V
Vact Activation overpotential, V
Ve Cell voltage, V
Veone Concentration overvoltage, V
Vohmic Ohmic overvoltage, V
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Viev Reversible voltage, V
Vin Thermo-neutral voltage, V
w Electrolyte concentration, wt%
Wkon Potassium hydroxide concentration, wt%
Wnaon Sodium hydroxide concentration, wt%
4 Number of electrons
Og,c Anode and Cathode charge transfer coefficient
AGe_yc Free energy of activation, J/mol K
AS’ Change in entropy at T, J/mol K
AS° Standard state entropy changes at 25° C.
nF
AH’ Change in enthalpy at Ty.¢
om Distance between the electrodes, cm
€e—ac Porosity of the electrode
€m Porosity of the membrane
Nr Faraday’s efficiency
Pa,c Electrode resistivity of the, Qm
Peff-ac Electrode effective resistance, Qm
Po-a,c Resistivity of the 100%-dense anode, cathode material Qm
Tm Tortuosity of membrane
tac Anode and Cathode the thickness
0 Fractional bubble coverage (6) on the electrode surface

OkoH-free  Bubble-free ionic conductivity of KOH solution, S/m

Om Conductivity of the medium, S/cm
ONaOH Electrical conductivity of sodium hydroxide, S/m
OKkOH Specific electrolyte conductivity for potassium hydroxide, S/m
Yac Electrode roughness factor of electrode
O Wettability of membrane
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