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Abstract

In this work, a solar-driven alkaline electrolyzer producer of hydroxy gas is proposed, which is integrated
with photovoltaic panels with a single-axis north-south solar tracking system. The main novelty of this work
is providing a transient analysis of integration of an alkaline electrolyzer to the PV panels equipped with a
solar tracking system. Furthermore, the transient model of the alkaline electrolyzer is employed in order to
calculate its operating temperature, hydroxy production rate, and the other operational parameters at various
hours of the day. The electrolyzer and the PV panels with a tracking system are modelled by the EES
software. It is assumed that the system is installed in the city of Shahrood, and therefore, the geographical
data for this city is used for a seasonal analysis. The effective areas of the electrolyzer electrodes and the PV
panels are also assumed to be fixed at 0.25 m? and 50 m?, respectively, in this work. Based on the results
obtained, employment of the solar tracking system results in a significant increment of the PV panel power
absorption rate, resulting in a power increment up to 4.2 kW in the summer. On the other hand, the transient
analysis of the proposed alkaline electrolyzer shows that the maximum operating temperature reaches 80 °C
at around 12 AM in the summer, causing achievement of a maximum electrical current peak in the summer.
Therefore, an efficient cooling system should be employed in the summer for the decrement of the alkaline
electrolyzer temperature. The proposed system is capable of producing 7.6 m®/day, 10.4 m*/day, 7.2m?/day,
and 4.1 m3/day of hydroxy gas in the spring, summer, fall, and winter, respectively.
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1. Introduction

Due to the environmental concerns of fossil fuel accessible all around the world [10-12].

consumptions across the world, most of the
countries are looking for alternative energy
resources [1, 2]. One of the most promising fuels
for the future is hydrogen gas [3, 4]. Its high
flammability and vast applications have made this
fuel a reasonable choice to be substituted by the
fossil fuels [5]. Water electrolysis [6, 7] and
natural gas reforming [8] are two major methods
for extracting hydrogen gas. In the reforming
method, a catalyst is required to break the
chemical bonds in natural gas [9]. Carbon dioxide
is a side-product of the foregoing reaction, which
can be used in the other processes or is discharged
to the environment, which will also cause
contamination ~ [8].  Moreover,  hydrogen
production using the reforming method requires
significant resources of natural gas, which are not

Meanwhile, the water electrolysis method does
not require consumption of fossil fuels for
production of hydrogen [13, 14]. In this method,
only electricity and water are required for the
generation of hydrogen [15, 16].

Consequently, this method is considered as one of
the sustainable methods for the production of
hydrogen [17]. Moreover, it can be coupled to the
photovoltaic panels, which generates electricity
from solar irradiations in order to provide a stand-
alone system [18-20].

There are many types of electrolyzers by which
hydrogen can be generated using electrical power
such as alkaline electrolyzers (AELs) and proton
exchange membrane electrolyzers (PEMELSs) [21-
23]. AELs are the convectional type used for a
sustainable hydrogen production in various
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countries [24]. PEMELs have recently achieved
attention, and the researchers are working on
developing it as a high performance electrolyzer
with a higher power density compared to AELs
[24]. However, PEMELSs are too costly compared
to AELs. Therefore, PEMELs are not yet
economical to be used in different industries.
Furthermore, the structure of AELSs is simpler than
that of PEMELS (3). A comparison of the alkaline
and proton exchange membrane electrolyzers is
provided in Table 1.

Table 1. Alkaline and proton exchange membrane
electrolyzer characteristics [25].

. Alkaline PEM
Name Unit
electrolyzer electrolyzer
Electrolyte KOH or_NOH Solid
solution polymer
Current density Alm? 2000-4000 10000-20000
Working pressure MPa < 3.2MPa < 5MPa
Operating temperature °C 80-90 50-80
Corrosion - Alkallnne No
corrosion
Manufacturing cost Low High
Lifetime years 10 3-4

Therefore, one of the easiest ways for production
of pure hydrogen, is the employment of AELs [26,
27]. The employment of this method for
production of hydrogen in medium- and small-
scales is more economical than the other methods
[28]. Potassium hydroxide with concentrations of
25% to 30% is often used in AELs as the
electrolyte. One of the major problems of this
types of electrolyzers is the high corrosiveness of
the electrolyte. When the working temperature
rises, the electrode life decreases. Therefore, the
working temperature of AELs should be
controlled.

The integration of AELs, which produces pure
hydrogen with photovoltaic panels, has been
studied by many researchers. Fereidooni et al.
[29] have studied the coupling of the hydrogen
production cells with the photovoltaic panels with
a constant tilt angle. For the simulation of the
system, the characteristics of 20 kW photovoltaic
panels, which were installed in Yazd, were used.
The energy efficiency of photovoltaic panels was
reported as 12.32%, and the hydrogen production
rate was estimated to be approximately 373 tons
annually. Menad et al. [19] have worked on the
integration of photovoltaic panels with AELs by
considering the climate of a city located in the
south of Algeria. In this study, different strategies
for controlling the output current of photovoltaic
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panels and their effects on the hydrogen extraction
have been investigated. According to their reports,
using the REF542plus relay in the controlling unit
of the system led to an increase in the safety and
production efficiency. In another research work,
Schnuelle [30] has presented the simulation
results for two specific types of electrolyzers
including AELs and PEMELs in both the wind
and PV power input for the climate of NW
Germany. He concluded that the shape of the
input power signals and the coupling of the
electrolyzers with the other parts of the system
had a great impact on the electricity utilization,
net production cost, and hydrogen production
efficiency. Furthermore, he reported that the AEL
technology with a renewable electricity supply
was more cost-effective in comparison with the
other studied types of electrolyzers. A stand-alone
solar-driven hydrogen production system has been
designed and studied by Bhattacharrya et al. [31],
in which the electrolyzers are powered by
photovoltaic panels. The PV panels without solar
tracking system was modelled mathematically,
and the empirical equations were used for
prediction of the AEL hydrogen production rate in
this study. Based on their results, it was predicted
that nearly 60 kW electrical power was required
by the PV panels for production of 10 Nm®h of
hydrogen. In a another study, the experimental
characterization and size optimization of a
photovoltaic-driven hydrogen generation system
has been studied by Ferrari et al. [32]. The results
of their work indicated that the hydrogen
production efficiency was highly related to the
solar irradiation in the location where the
photovoltaic panels were installed. Using a finite-
time thermo-economic analysis, an optimized
economic model was developed in this research
work. In a separate study conducted by Cilogullari
et al. [33] about coupling of photovoltaic thermal
(PVT) panels with PEMELSs, it was reported that
using the PVT panels in system could result in an
increase in the hydrogen production performance
as well as the photovoltaic efficiency.

It can be seen from the literature that different
researchers have focused on using AELSs in order
to produce pure hydrogen. Apart from AELs, in
which a semi-permeable membrane is used for the
production of pure hydrogen, there is another type
of AEL that produces a mixture of hydrogen and
oxygen gas called hydroxy gas [3, 5]. This type of
gas can be used in a combustion process such as
in boilers and internal combustion engines for the
production of heat and mechanical power, while
producing lesser emissions compared to the fossil
fuels. On the other hand, the employment of PV
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panels with solar tracking systems in solar-driven
alkaline hydrogen production systems is still
missing. The solar trackers are widely used for
increasing the performance and rate of the solar
energy absorption of photovoltaic panels [34, 35].
There are many types of solar trackers available
such as the multi-axis and single-axis ones. The
single-axis north-south solar trackers are capable
of changing the tilt angle of the panel for
achieving the optimum tilt angle at which the
maximum rate of solar energy can be achieved by
the PV panels. The main contribution of this study
is the time-dependent thermodynamic analysis of
the alkaline electrolyzers integrated with PV
panels equipped with solar tracking system in
order to obtain variations in the electrolyzer
functional parameters during the hours of the day.
In the current work, the integration of PV panels
equipped with single-axis solar trackers with AEL
producer of the hydroxy gas is studied in order to
provide a stand-alone green fuel production
system for remote areas. The AEL and PV panels
with solar tracking system is mathematically

PV panels
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modelled using the EES software, and a
parametric analysis is performed to obtain the
integrated systes functional parameter variations
in various seasons during the year.

2. System description

The proposed system consists of PV panels and
AEL components, as it can be seen in Figure 1.
The electrical energy produced by the PV panels
(equipped with a solar tracker) is transferred to
AELs for production of the hydroxy gas.
Furthermore, the voltage of electricity flow
transferred to AELs is changed by employment of
a DC/DC converter (Figure 1). Moreover, by
feeding water into AELs, the electrical energy
produced by the solar panels is used for water
electrolysis, resulting in the production of the
hydrogen and oxygen gases, a mixture of which is
called hydroxy. The produced hydroxy gas can
then be transferred to the boilers or stationary
engines, leading to the improvement of their
performance and reduction in the emission
production.

Hydroxy gas

o

‘Water storage

DC-DC converter

Water

AEL

Figure 1. A block diagram of the proposed system.

3. Mathematical modelling

3.1. PV panels

This system comprises some sub-systems
including photovoltaic panels with a north- south
solar tracker. The total receiving irradiation for a
horizontal plane outside the atmosphere can be
calculated by [36, 37]:

43200

360n
Ion = ——— Gy (1 + 0.033c0s =) X

[cos ¢ cos 6 (sinw, — sinw,) + @
T(w; — w;)

180

sin ¢ sin 6]

where w, and w, are the beginning and the end of
time interval and are equal to 1 h in the
calculations. In addition, ¢ and & are the latitude
and axial tilt of the panel, respectively. In order to
calculate the amount of hourly solar irradiation on
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a tilted plane, the following equations are used
[36, 38]:

I,=I,, cos @8 (2)

cosf@=singsind cosf-cos¢sindsinf + 3)
cos ¢ cos § cos f cosw +cos § sinfsind sinw

p expresses the plane tilt angle. Furthermore, the
plane azimuth angle (y) was considered to be
equal to zero in this work. In order to calculate the
total irradiation on a titled plane, the following
expression is used [36]:

1+ cosf 1—cosf
I 4
5 T, (4)

In the foregoing equation, I, and I; are the beam
and diffused solar irradiations, respectively. In
addition, ry, is the ratio of solar irradiation on the
tilted plane horizontal plane. For estimation of
the incident angle of the panel with north-south

IT :Ibrb + Id
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solar tracking system during the day, the
following equation is used [36]:
oS O =sin*8 + cos*Scosw (5)

and the panel tilt angle should be fixed at:
B,=l¢ — 6] (6)

Therefore, the solar azimuth angle in this work
was calculated from the following equations [36]:

(07 if Iyl <90
Vr _{180" if ly =90 )

As the efficiency of the photovoltaic panels
depends on its cell’s temperature, the following

equation is used in order to calculate the

temperature of the panel surface in this work [39]:
Tnocr =20 Ir

- 8

TPV Tamb + ( 800 )(3600) ( )

where Tamy and Tnocr are the ambient temperature
and normal working temperature, respectively.
Moreover, Tnocr equals to 44 °C, as presented in
the literature [39]. After calculation of the
temperature of the panel surface, the panel
efficiency can be obtained by employment of an
equation provided below [39, 40]:

T/PV:nref(1 - ﬂref (TPV'Tref)) (9)

where nref, Brer, and Trer are considered as 12%,
0.0045, and 25 °C, respectively, in this work [39,
40].

The electrical voltage at the output of DC-DC
converter equals to 52 V, and the electrical
efficiency of the converter is assumed to be up to
98%. The fill factor for the proposed PV panel
equals to 0.69 when the PV cell temperature
reaches 40 °C [40].

3.2. Alkaline electrolyzer
For simulation of the alkaline electrolyzer, the
following assumptions were made in this work
[41, 42]:

¢ Oxygen and hydrogen are ideal gases;

o Water is a compressible liquid,;

e The liquid and gas phases are not mixed.

The variations in the Gibbs free energy can be
expressed as [41]:

AG = AH — TAS (10)

where AH and AS are the enthalpy and entropy
changes during the water splitting process,
respectively. The reversible cell voltage that
indicates how much electrical energy is required
for splitting of water is provided as [41, 42]:

_AG

rev ZF

(11)
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where z and F are the number of electrons
transferred in a reaction (=2 for hydrogen) and
Faraday constant (=96485 C/mol), respectively. In
addition, the thermo-neutral cell voltage that
affects the total energy demand for splitting of
water is calculated by [41, 42]:

AG
rev — ﬁ
The I-V curve form as the function of temperature

for alkaline electrolyzers is obtained using the
equation below:

(12)

Veeu = Vrev + Vace + Vowm (13)
t t
b+ +7s
Vaet = s log fl +1 (14)
n+nT
onm = T (15)

where V.. and V,p,,, are the activation and ohmic
voltages that are in relation with the activation
losses and ohmic losses of the cell, respectively.
The | and A parameters are the electrical current
applied to the cell and the electrode area (=0.25
m? in this work), respectively. The Faraday

efficiency is obtained using the following
equation:
(&)
e =—% 1, (16)
fi+(3)

and the total hydrogen and oxygen produced by
the proposed electrolyzer can be defined as:
n.l
Ny, = 2N, = UF# (17)
The n, parameter in the above equation is the
number of cells in the electrolyzer, which equals
to 21 cells in this work. In order to calculate the
heat transfer between the electrolyzer and
ambient, the quasi-state thermal model is provided
as:

T =T+ 5 Qaen — Quss ~ Qo) (18)
Qgen = NcVeetr = Ven) (19)
Qioss =7 (T = T2 (20)
Ocoot = Cow(Towi = Towo) (2)

where T, T, At, Ct, Qgen, Quoss: and Qo0 are the
cell temperature, initial cell temperature, time
interval, overall thermal capacity of the
electrolyzer, total heat generated in the
electrolyzer, total heat loss to the environment,
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and total heat transferred to the cooling water,
respectively. The overall thermal resistance was
calculated by defining the cooling pattern for the
electrolyzer for a number of different days [41]: C;
=625 ki°Ctand R;=0:167 °C W (equal to 7, =
29 h). The equation used for determination of time
constant (t;) can be expressed as [41]:

T =GR, (22)

Furthermore, the constant parameters used in the
mentioned equations are provided in Table 2 [41,
42].

Table 2. Constant parameters used in the alkaline
electrolyzer model [41, 42].

Parameter Unit Value
r Q m? 8.05e-5
r Q m?/°C -2.5e-7
S \Y 0.185
t Am? 1.002
t, m? °C/A 8.424
t3 m2°C%A 247.3

In order to calculate the f; and f, parameters, the
values of which depend on temperature, the
following equations are utilized [41, 42]:

fi =50+ 2.5T + (5.082E — 19)T? (23)
fo =1—(2.5E — 4)T — (5.346E — 21)T? (24)
4. Validation

In order to validate the AEL model presented in
the last section, the results obtained were
compared with the references [41, 42]. The
comparison of cell voltage and faraday efficiency
for different cell temperatures in various current
densities in the proposed model and reference are
presented in Figures 2 and 3, respectively. As it
could be seen in these figures, the same results
were obtained in the proposed AEL model,
compared to the reference values, which
confirmed that the model was reliable.
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Figure 2. Cell voltage for different cell temperatures in
various current densities in the proposed model and
references [41, 42].

0 50 100 150 200 250 300 350 400

' _:g,;;;{!:—:—:&f—:—:—:&=:—:—:§:—:—:§:—:—:§:—:—:Jﬁ.'-:-:@'—:—:—:Q‘

T
. P T
o7l R

154
©
a

o
©

o
o]
ol

;
| ,".' ------ Reference T=40°C
7S S Reference T=60°C
------ Reference T=80°C

m  Model T=40°C

o Model T=60°C

* Model T=80°C

Faraday efficiency
=3
oo
-

o
~
a
oS

<
3
.

o
o
a

0 50 100 150 200 250 300 350 400
Current density [A/m?]

Figure 3. Faraday efficiency for different cell
temperatures in various current densities in the proposed
model and reference.

5. Result and Discussion

The climate conditions of the city of Shahrood
were considered as the input parameters of the
model. The variation in the average temperature
of this city is provided in Figure 4. Furthermore,
the geographic latitude of this city (being equal to
36.4°) was used as the input of the model for
calculation of the solar irradiation. The total area
of the installed PV panels was considered to be 50
m? in this work. The dates employed as the
indicators of the weathers of the spring, summer,
fall, and winter seasons based on the Iranian
climate are presented in Table 3.

Table 3. Dates that are indicators of various season
climates in Iran [36].

Season Date
Spring 20" of March
Summer 21% of June
Fall 22" of September
Winter 21% of December
30
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Figure 4. Average ambient temperature of the city of
Shahrood in various seasons.

Figure 5 shows the percentage of the extra power
absorbed by the PV panels using the single-axis
solar tracker in different seasons. As it could be
seen, the PV panel power generation rate
increased by approximately 0.25%, 17%, 0.65%,
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and 2.3% in the spring, summer, fall, and winter,
respectively. The rate of electrical power
generated by the PV panels in different hours of
the day during the year is presented in Figure 6.
Based on the results presented in this figure, the
maximum peak power produced by PVs in the
summer equals to 4.2 kW. Furthermore, the
minimum and maximum hours of sunlight belong
to the winter and summer, respectively, as it can
be seen in this figure.

20

15

10

Power increment percentage [%0]

—

Spring Summer Fall Winter

Figure 5. Solar power absorption increment percentage in
various seasons by employment of a single-axis solar tracker.
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FIGURE 6. SOLAR POWER GENERATED BY THE PV PANELS IN
DIFFERENT HOURS OF THE DAY IN VARIOUS SEASONS.

The variation in the efficiency of the PV panels in
different hours of the day is shown in Figure 7. As
it could be clearly seen in this figure, the
maximum efficiency of the PV panels was
achieved in the winter, which was between 12.5%
and 13%, while the efficiency of the PV panels in
the spring was around 12.25%. Moreover, the PV
panel efficiency in the summer and fall was
predicted to be between 10.75% and 12% in
different hours of the day. While the efficiency of
PV in the summer was the lowest due to
increment of its cell temperature, the proportion of
the solar energy absorbed in the summer was still

more than the other seasons, resulting in more
power production by the PV panels in the summer
compared to the other seasons (see Figure 6).
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FIGURE 7. PV PANEL EFFICIENCY IN VARIOUS HOURS OF THE
DAY IN DIFFERENT SEASONS.

The PV panel output electrical current in various
hours of the day is shown in Figure 8 for different
seasons. In fact, the electrical current at the output
of the DC-DC converter was used in this figure.
As it could be seen, the maximum electrical
current peak reached 80 A in the summer, and
then it decreased to approximately 74 A and 68 A
in the spring and fall, respectively. In addition, it
decreased up to 50 A in the winter. The variation
in the electrical current input of the electrolyzer
affects its cell operating temperature, as it can be
seen in Figure 9. As the maximum peak current
was reached in the summer, the maximum
temperature of the electrolyzer operating
temperature cell is achieved in this season, which
equals to almost 80 °C. The peak cell temperature
in the fall is higher than that in the spring because
the ambient temperature in the fall is higher than
spring, resulting in achieving a higher initial cell
temperature in the fall.

The range of hourly ohmic voltage changes for
each electrolyzer cell in various seasons is
indicated in Figure 10. The increment of ohmic
resistance of the cell results in an increase in its
temperature, leading to the generation of more
waste heat and reduction of faraday efficiency.
The ohmic voltage is also called the ohmic over-
voltage of the cell. As it can be seen in Figure 10,
the ohmic voltage of each cell in the summer and
spring reaches its maximum amount, which equals
to 0.021V, and its peak decreased to 0.019 and
0.015 in the fall and winter, respectively.

Figure 11 presents the hydroxy gas production
rate of the system and the electrolyzer average
Faraday efficiency for various seasons of the year.
The rate of hydroxy production rate is 7.6 m*/day,
9.4 m¥/day, 10.4 m®/day, and 4.1 m®/day in the
spring, summer, fall, and winter in the city of
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Shahrood,  respectively.  Furthermore, the
maximum average Faraday efficiency of the cells
is achieved in the summer, while the minimum
average Faraday efficiency is achieved in the
winter because of the lower electrical current
produced by the PV panels in the winter compared
to the summer.
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Figure 8. PV panel output electrical current in various
hours of the day in different seasons.

80f

s —{—Spring
60f —O—Summer
—e—Fall

50} )
——Winter

401
30

20f

Electrolyzer operating temperature [°C]

10}

6 8 10 12 14 16 18
Hours of day

Figure 9. Electrolyzer stack operating temperature in
various hours of the day in different seasons.
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Figure 10. Ohmic voltage of each electrolyzer cell in
various hours of the day in different seasons.
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5. Conclusions

The hydroxy gas is one of the green fuels that can
be used in the transportation systems as an
alternative to the fossil fuels. In this work, the
thermodynamic  analysis of an  alkaline
electrolyzer producer of hydroxy gas integrated
with photovoltaic panels equipped with a single-
axis solar tracking system was performed. In order
to simulate the integrated systems, the transient
mathematical model of the alkaline electrolyzer
and PV panels was developed and written in the
EES software. The main aim of this work was to
provide a transient analysis of a stand-alone
hydroxy production system for investigation of
the variations in the system functional parameters
in various conditions during the year. It was
assumed that the proposed solar driven hydroxy
generation system was installed in the city of
Shahrood, and the climate data of this city was
used in the simulations. Then the hourly changes
of the electrolyzer parameters in various seasons
during the year were analyzed. The main
conclusions drawn from this work can be listed as
follow:

¢ By installation of the PV panels with an area
of 50 m?, up to 4.2 kW electrical power could
be generated. In addition, the electrical current
peak generated by PVs was between 50 A and
80 A in various seasons during the year.

e The proposed alkaline electrolyzer operating
temperature reached 80 °C in the summer;
however, its peak temperatures were 66 °C, 56
°C, and 32 °C in the fall, spring, and winter,
respectively.

e The peak ohmic voltage of the electrolyzer
cells reached 0.021 V in the spring and
summer, and then its peak decreased to
0.019V and 0.015V in the fall and winter,
respectively.

e The rate of the hydroxy gas generation was
7.6 m3/day in the spring. It increased to 10.4



M.M. Naserian et al/ Renewable Energy Research and Applications, Vol. 3, No. 1, 2022, 31-40

m3/day in the summer, which was the
maximum hydroxy generation rate of the
proposed electrolyzer. After that, it decreased
to 7.2 m*/day and 4.1 m®day in the fall and
winter, respectively.

6. Appendix

a. Nomenclature
Solar irradiation [J/m?]

Solar hour angle [degree]
Angle of incident [degree]
Tilt angle [degree]
Geographic latitude [degree]
Declination angle [degree]
Azimuth angle [degree]

Cell voltage [V]

Gibbs free energy

Number of electrons
Faraday constant

Cell operating temperature [°C]
Electrical current [A]
Electrode area [m?]

Molar flow rate [mol/s]
Electrical power [W]

Time interval [s]

Heat Transfer rate [W]

QESTIP>P-ATNNO<SN SR DE —

b. Subscripts

sC Solar constant
T Tracker

b Beam

d Diffuse

amb Ambient

rev Reversible
act Activation
ohm Ohmic

i Initial
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