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Abstract: The exhaustion of fossil fuels causes decarbonized industries to be powered by renewable
energy sources and, owing to their intermittent nature, it is important to devise an efficient energy
storage method. To make them more sustainable, a storage system is required. Modern electricity
storage systems are based on different types of chemical batteries, electromechanical devices, and
hydrogen power plants. However, the parameters of power plant components vary from one
geographical location to another. The idea of the present research is to compare the composition of
a solar-powered hydrogen processing closed-cycle power plant among the selected geographical
locations (Russia, India, and Australia), assuming the same power consumption conditions, but
different insolation conditions, and thus the hydrogen equipment capacity accordingly. The number
of solar modules in an array is different, thus the required hydrogen tank capacity is also different.
The comparison of equipment requires building an uninterrupted power supply for the selected
geographical locations, which shows that the capacity of the equipment components would be
significantly different. These numbers may serve as the base for further economic calculations of
energy cost.

Keywords: solar energy; hydrogen; loop cycle; electrolyzer; fuel cell

1. Introduction

Owing to industrialization and exponential population growth, the rate of energy
use in the form of fossil fuel has been steadily growing over time [1]. The incremental
exhaustion of fossil fuels may lead civilization to the point of having no hydrocarbons.
A report states that, in 2014, total global carbon emissions were about 36 billion tons,
about 1.6 times the levels in the 1990s [2]. A previous study has suggested that there
will be an energy deficit of more than 1000 EJ globally by the end of 2050 [3]. The global
carbonized industries are one of the main contributors to atmospheric pollution and global
warming. In contrast to the pre-industrial period, the global temperature has risen from 1.5
to 4.5 ◦C [4]. The fact to be concerned about is the fossil fuel sources currently used, as the
main energy source will get exhausted after 200–300 years of their usage. This period is
estimated as the gap between the year 1800 when the mass consumption of oil started [5],
and the forecast of British Petroleum Company for oil to be exhausted by the year 2070 [6].
Gas and coal reserves data can be retrieved from the same source and will be 50 and 150
years, respectively.

This period is not remarkable, compared with at least the 2000 years of the history of
mankind. Martins et al. [7] proved that there will be a depletion of oil, coal, and gas to 14%,
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72%, and 18%, respectively, by 2050. It is anticipated that the same situation may also arise
in the countries like USA, China [8], Japan, Korea [9], and several other countries in the
middle of the 21st century.

For centuries, people were trying to find new and better fuels as alternatives to
hydrocarbons, but without groundbreaking success [10]. The idea of using water as the
energy carrier is as old as time but came into light in the 20th century with the extraction of
hydrogen from it through electrolysis. Green hydrogen appears to be one of the potential
uses of renewable energies [11]. Hydrogen is a chemical element that has the highest
power capacity and only secondary energy carrier suitable for wider application [12].
Thus, hydrogen can be used as the future fuel which will be almost inexhaustible [13].
In 2005, the Federal government Energy Policy Act also emphasized hydrogen and its
importance as an alternate fuel [14]. Since the Paris Agreement on Climate Change in
2015, countries worldwide have taken measures to reduce carbon dioxide levels in the
atmosphere [15]. It has been reported that the European Union and the United States also
have targets regarding renewable energy resources (RESs) [16]. The European Union’s (EU)
goals for renewable energy output in 2030, in particular, aimed for a value of 27 percent for
renewable energy consumed in the EU that year [17]. Qatar has also shown greater interest
in developing renewable energy and has a 10% renewable energy target by 2030 [18].
Considering the fact that unique source of renewable source of energy the world is solar
energy and main source of all energy available on earth, [19] Germany has increased its
renewable energy from solar and wind power is increasing in Germany, accounted for
about 35% of total power production in 2019 [20].

The change from traditional to renewable power sources requires large investments
not only in terms of the generation of power but also in terms of making them feasible
to use [21]. The environmental issues related to fossil fuel exhaustion has awaken the
world [22]. New energy sources that are environmentally friendly and long-lasting have
become a research hotspot in the energy sector [23]. Today, hydrogen is considered a
prosperous fuel since the time for deposit depletion is estimated to be 50–100 years [24,25].
Only 4% of hydrogen comes from water, typically through electrolysis [26–28]. The main
reason for such a disproportion is the large energy consumption compared with modern
conversion methods [29,30], and thus the high cost of the end product as estimated [31].
Adding the cost of the expensive equipment, this approach almost reduces to zero as there
are more chances of using hydrogen as a main fuel nowadays.

However, the situation may change in the decarbonized future, when hydrogen may
be considered as one of the primary fuels [32]. Some researchers consider the autonomous
locations to be equipped with renewables and hydrogen fuel cell capacities [33]. However,
the driving potential of global energy consumption, which is in the order of 150 Petawatt-
hours per year, by hydrogen only is an impracticable goal, and should rather be supported
by all available renewable sources such as biofuels and all kinds of renewables [34].

Many researchers try to improve the efficiency of the hydrogen loop cycle and achieved
some significant results. M Gül et al. studied hydrogen generation from a small-scale solar
photovoltaic thermal (PV/T) electrolyzer system [35], which has application in fields like
air PV/T and modules [36–38]. T.Yi et al. carried out an analysis on factors affecting PV
power generation in China [39]. A. Nespoli et al. [40] studied the 24 h ahead forecasting
performance of two commonly used artificial neural network (ANN)-based methods for
the prediction of the power output of photovoltaic systems, which was one of the first of
its kind of study in that filed. W. Li et al. [41] in their study analyzed the difficulties of
integrating large solar power generation systems with some realistic future perspectives.
A. Dolara et al. [42] proposed a new method of data analysis named physical hybrid
artificial neural network (PHANN) based on ANN and tested its reliability in forecasting
the PV plant power output. Similar studies were carried out by other researchers using
different methods of data analysis [43–46]. R. Machel et al. studied different models that
describe the behavior of photovoltaic (PV) sources, explaining their importance in power
management [47]. N. Bizon et al. [23] stated the importance of the development of the
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new approach to energy sustainable development based on hybrid power systems (HPSs)
combining renewable energy sources (RESs) and fuel cell (FC) systems. For instance, B.
Schouten in his thesis discussed the hydrogen-oxygen combined cycle power plants based
on renewables, showing the optimized fuel cell power density [48].

However, the studies on different insolation locations where the solar energy usage
on the basis of hydrogen and power production equipment, which plays a vital role of
uninterrupted power supplies, are not revealed. Thus, the idea of the present research is
to gain an understanding of the ability of solar power generation and determine the PV
equipment capacity depending on the geographical location of the selected regions, which
are having the same energy consumption.

The specific task is to cover the constant 1 kW power consumption during the whole
mean statistical year by PV solar panels in combination with the loop cycle hydrogen-
powered power plant, i.e., to simulate the plant using water and solar energy in an elec-
trolyzer for hydrogen production and storage, and fuel cell stack for extraction of power.
Normally, the solar panels supply the consumer 1 kW constantly, 24 h a day, and run the
electrolyzer. During the nights and cloudy days, the stored hydrogen to be used to cover
the deficient power of fuel cells. The task is divided into two sub-tasks:

- To simulate the hybrid photovoltaic-hydrogen power plant (PV-H PP) and deter-
mine the number of PV panels in the array for different locations using the Mat-
lab/Simulink package.

- To determine the volume of hydrogen storage tank assuming the same 1 kW constant
consumption in each location.

The three locations chosen for the study are Russia, India, and Australia. Locations
were selected because of their typical features like—Russia is located in the Northern
Hemisphere, Australia is located in the Southern Hemisphere, and India is located close
to the Equator. Any other location will be more or less similar to the ones in the selected
points in terms of insolation and hydrogen volume requirement accordingly.

2. Methods and Approaches
2.1. Insolation Measurements
2.1.1. Insolation Data for Chelyabinsk, Russia

The data on insolation for the year 2020 in Russia were obtained by a meteorological
station located in Chelyabinsk, Russia, as shown in Figure 1. The measurements were
carried out every 4 h each day. The simulation was adjusted for 10 s. Because the instan-
taneous value of solar radiation is known every 4 h, this mean value is taken as constant
during the next 4 h, and so on. It reflects some average value. However, the resulting
annual solar energy insolation data were verified by the value of monthly and annual
cumulative solar radiation [49].
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2.1.2. Insolation Data for Manipal, India

The solar insolation data for the year 2020 in Manipal, India were obtained based on
photovoltaic geographical information system data [50], and is shown in Figure 2. Note:
The initial data were presented in the form of mean monthly radiation (kWh/m2) and then
re-calculated into the solar power (W/m2) as mean daily values, constant from month
to month.
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Figure 2. Insolation (W/m2) in Manipal city, India during the year 2020, starting from April.

2.1.3. Insolation Data for Gnaraloo, Australia

The solar insolation data for the year 2020 in Gnaraloo, Australia were obtained based
on open source photovoltaic geographical information system data [50] and are presented
in Figure 3.
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The approaches of obtaining the instantaneous solar radiation are different, but all
give adequate numbers that could be used as the base for simulation.

2.2. The Equipment Parameters Used in the Simulation
2.2.1. Consumer

The consumer is considered as a mean estimated middle class residential or small
business entity and assumed constant in all selected locations on the level of 1 kW (1000 W)
of constant power consumption, 24 h a day, 7 days a week, 365 days a year. This is the basic
point for comparison of the supplying equipment capacity in different plant locations. The
further analysis shows that the main idea of the study is to compare the same consumption
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for understanding the difference in the support hydrogen equipment capacity, and the
rated consumption power can be estimated for all selected points being analyzed.

The presently used power assumption was made based on the following data analyzed
by Henrique Pombeiro et al. [51]. The average power consumption for social classes A–C
is in general close to, but not exceeding 1 kW [51]. Similar numbers for the mean estimated
power consumption for a small business and commercial users (excluding industrial) were
also proved by the analysis of commercial small business electricity consumption [52].

2.2.2. Solar Module Array

HVL-360/HJT solar modules are assigned for the round-the-clock supply of the
consumer [53]. The solar module consists of solar cells, as shown in Figure 4. Several
modules form an array.
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Figure 4. Solar module HVL-360/HJT.

The technical parameters of the module are shown in Table 1.

Table 1. Parameters of the HVL-360/HJT module.

Parameter Value Unit

Maximum power 360 W
Dimensions of solar panel 1996 × 1002 × 30 mm
Output operating voltage 50 V

Nominal voltage Unom 43.3 V
Current in nominal point Imnp 8.32 A

Current of short circuit Isc 8.85 A
Voltage of open circuit Uoc 52.1 V

Voltage temperature coefficient tU −0.239 %/◦C
Current temperature coefficient tI 0.035 %/◦C

Number of cells in module 6 × 12 = 72 pcs.

The insolation chart is entered in the Solar Energy Matlab/Simulink model subsystem,
as shown in Figure 5.
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The scheme of an array of solar modules is presented in the following chart as shown
in Figure 6.
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2.2.3. Electrolyzer

The VOLTIANA electrolyzer was selected for the simulation [54]. The technical
characteristics are presented in Table 2.

Table 2. Parameters of the VOLTIANA electrolyzer.

Parameter Value Unit

Capacity, as hydrogen (ref.
dry gas) 360 Nm3/h

Current stack 40–200 A
Voltage stack at 80 ◦C 48 VDC

Power consumption electric 11 kW

In a simplified form, the subsystem of the electrolyzer in Matlab/Simulink looks as
shown in Figure 7, and the subsystem of the electrolyzer cell stack is shown in Figure 8.

The blocks (1/200 s + 1 and 1/100 s + 1) represent the transfer functions for power
differences. They are used for smoothing the input values (in this case, simulating the
system inertia) to imitate the real system behavior.

The principle of operation is as follows: when there is enough power for the consumer
(solar-generated power exceeds 1 kW), the electrolyzer cells will switch on step by step,
depending on the amount of power available.

For efficient operation of the plant, the electrolyzer cells must be configured so that the
hydrogen production would be proportional to the available power. To achieve that, we
entered 44 steps/conditions at 250 W each (11,000 Watt/44 = 250 W). When all conditions
are triggered, the maximum output power of 11 kW is generated.
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The subsystem of the electrolyzer cell stack with A and B input are shown in Figures 9
and 10. The input ‘A’ receives the power difference (energy output minus consumption).
The transfer functions are set up for graph smoothing. The upper ‘fcn’ block is configured
to turn on the electrolyzer at an overall excess of 200 + 100 = 300 W (first and each next step
for electrolyzer (200 W) plus power for water pump (100 W)). The output shows “1” when
the condition is triggered. Otherwise, the output value tends to zero. Each next power
step adds 200 W above the previous one. The maximum rated power consumption of the
electrolyzer is 11,000 W. The lower ‘fcn’ unit is configured for an input power of less than
150 W (100 W is required for the operation of the pump at the fuel cell to pump hydrogen
gas from the tank to the fuel cell). The production of hydrogen per hour is divided by 3600
as the entire calculation is carried out in seconds. When the electrolyzer is turned on, the
production of hydrogen in cubic meters is activated, which is then pumped to the storage
tank. The amount of storage capacity is to be determined.
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2.2.4. Fuel Cell

The ultra-light fuel stack AEROSTAK Horizon is selected as a sample for the current
research [55] which is shown in Figure 11.
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The technical specifications of the AEROSTAK Horizon fuel cell stack are shown in
Table 3.

Table 3. Parameters of the AEROSTAK Horizon fuel cell stack.

Parameter Value Unit

Number of fuel cells 65 pcs
Rated power (and max) 1000 (1300) W

Reagents hydrogen and air
Operating temperature 1–35 ◦C
Maximum temperature 65 ◦C

Working pressure of hydrogen 0.5–0.7 Bar
Flow rate of hydrogen: maximum 15.2 L/min

Hydrogen purity requirement 99.999 %
Note: If the power for the fuel cell (FC) is less than 1 kW, it consumes only the amount of hydrogen needed to
provide the missing power.



Energies 2021, 14, 2722 9 of 18

2.2.5. Hydrogen Storage System

When the signal for switching on, the FC is activated, following which activates the
corresponding subsystem. A signal equal to “1” is multiplied by the amount of hydrogen
consumption and subtracted from the amount of accumulated hydrogen volume. The
hydrogen consumption in FC is given in units of L/min. In the FCN block, the value is
converted to m3/s.

The hydrogen storage tank is considered as the thermally isolated system with no
weather influence because, in general, there is almost no difference in hydrogen storage
equipment for the cold or warm climate, as the H2 gas density changes in a very small
range depending on the temperature [56]. Hydrogen production and pumping for fuel cell
operation are shown in Figure 12.
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2.2.6. Final Photovoltaic Powered Hydrogen Simulink Model

The complete model of the photovoltaic powered hydrogen generation system in
Matlab/Simulink is presented by the following chart, Figure 13.
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Figure 13. The complete model of the photovoltaic powered hydrogen generation system in Mat-
lab/Simulink.

The calculation is carried out in seconds (the abscissa axis on the graphs below).
Accordingly, there are 60 × 60 × 24 × 365 s in a year. This value is entered in the calcula-
tion timeline.
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To adjust the whole model and make it maximally adequate, the calibration of the
output data is checked, comparing the values of solar module model output in W/m2 and
the alternative constant 1000 W/m2 input, as shown in Figure 14.
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the data.

The solar insolation data were obtained on the horizontal surface. The constant slope
of the solar module, equal in the general case to geographic latitude, increases the insolation
values by 15% on average. To count this increment, an additional block was added.

The power output by the array of 10 solar modules is shown in Figure 15.

Parray = Pmodule·Nmodule·Kslope = 360 × 10 × 1.15 (1)

where Parray—the power of the solar array; Nmodule—the number of solar modules in an
array; Pmodule—the power of one solar module; and Kslope—the approximate slope factor,
for re-calculation of insolation and/or power from a horizontal surface to the optimal
constant slope angle.
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Equation (1) shows the power output of solar modules in an array.

2.2.7. Implementation and Safety

The implementation of the equipment similar to the one mentioned was realized in
Russia back in 2013. The safety of the real equipment used as a prototype for the simulation
was reported E. Solomin [57]. Overall, the safety system counts 11 sensors that block the
hydrogen supply in case of any gas leakage, in six places (before and after the electrolyzer,
fuel cell stack, and storage tank).

3. Processing Data

The results of the simulation of solar-powered hydrogen generation and utilizing
equipment for different locations with different insolation (Russia, India, Australia) are
shown in Figures 15–21. The parameters of hydrogen storage in every case are optimized
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so that the hydrogen stored volume should be about zero (utilized in full) at the end of the
studied year. The model does not contain the servicing time, assuming that it can be done
in 1–2 days, which would not influence the overall results.

It is considered that the consumer is the same for all locations as per the estimation
made in Section 2.2.1. Consumer, and its consumption everywhere is constant for a
better understanding of the difference in the equipment required capacity. The constant
consumption parameters (current 20.83 A under 48VDC voltage and power 1 kW) are
shown in Figure 16.
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3.1. Simulation Results (Russia)

The result of the calculations for the location Chelyabinsk, Russia is shown in Figure 17.
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Figure 17. The result of the simulation and calculation of the required hydrogen tank capacity for the
location Chelyabinsk, Russia.

The first two graphs display the output current and power of the solar modules array,
respectively. The third graph shows the power consumed by the electrolyzer. The fourth
graph shows the volume of hydrogen in the tank. This graph allows us to determine
the maximum volume of accumulated hydrogen per year in the uncompressed state; the
specific tank capacity required for Russia is ≈2000 m3. The lowest fifth graph shows the
output power of the fuel cell stack. It operates during no insolation (in the nights, cloudy
weather, and so on).

The optimized number of solar modules in an array is 35 pieces. It can be seen from
the graphs that the minimal insolation during September to November leads to a significant
increase in the hydrogen storage volume (≈2000 m3).
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The optimization of the solar module number in the array in combination with the
hydrogen stored volume tending to zero by the end of the year gives a clear understanding
of the required equipment parameters.

The following graphs are scaled/zoomed for one month (April) just for a better
understanding of energy and hydrogen production.

Figure 18 shows the result of the simulation and calculation of the required hydrogen
tank capacity for Chelyabinsk, Russia (April only).
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3.2. Simulation Results (India)

The result of the calculations for the location Manipal, India is shown below (Figure 19).
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The first two graphs show the output current and power of the solar modules array,
respectively. The third graph shows the power consumed by the electrolyzer. The fourth
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graph shows the volume of hydrogen in the storage tank. This graph allows us to determine
the maximum volume of accumulated hydrogen per year in the uncompressed state; the
tank required capacity is ≈600 m3. This is almost three times less than the tank capacity
required for Russia because of lower integral insolation. The lowest fifth graph shows
the output power of the fuel cell stack. Again, they operate similar to Russian equipment
during no or lack of sunlight.

The optimized number of solar modules in an array is 32 pieces. The following graphs
are scaled for the one month (April) just for a better understanding of the energy and
hydrogen production, as shown in Figure 20.
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3.3. Simulation Results (Australia)

The result of the calculations for the location Gnaraloo (Cape Cuvier), Australia is
shown in Figure 21.
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The first two graphs show the output current and power of the solar modules array,
respectively. The third graph shows the power consumed by the electrolyzer. The fourth
graph shows the volume of hydrogen in the tank. This graph allows us to determine the
maximum volume of accumulated hydrogen per year in the uncompressed state. The
tank required capacity is ≈800 m3. This is almost two times less than that tank capacity
required for Russia, but about 30% higher than that of India. The lowest fifth graph shows
the output power of the fuel cell stack.

The optimized number of solar modules in an array is 23 pieces. The following graphs
are scaled for the one month (April) just for a better understanding of the energy and
hydrogen production (Figure 22).
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4. Results
4.1. Results of Simulation

The analysis shows the following results:

- The solar-powered hydrogen uninterrupted power plant in Australia requires 1.5 times
fewer solar modules (23 pcs) for supplying the same 1 kW power consumer than it
would require for Russia (35 pcs).

- The hydrogen storage tank for Russia is almost twice as large as that for Australia and
three times more than that for India, owing to more constant insolation in Manipal.

- The electrolyzer power consumption also differs from location to location and reflects
the time of its operation. In Russia, it works less; however, more solar modules should
be used to drive it.

4.2. Results of Optimizing

The optimization of the solar modules number in array leads to the optimization
of the electrolyzer operation time and hydrogen storage tank volume. The higher and
more plentiful the insolation, the fewer solar modules in an array and the shorter the
operation time of the electrolyzer, which also means lower volume of the storage tank. The
comparison results are presented in Table 4.

The simulation shows that the optimization does not influence the operating time and
capacity of the fuel cell stack.

In general, the generating equipment (solar modules number) for the locations close
to the Equator are of lesser capacity than others. At the same time, the hydrogen storage
capacity does not differ much (three times higher in Russia than in India and two times
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higher than in Australia). Metal organic based hydrogen storage can be applied to enhance
storage capacity [58].

Table 4. Comparison of the optimized equipment components’ capacities and time of electrolyzer operation.

Selected Location Number of Solar Modules in
an Array, pcs

Volume of Hydrogen
Storage Tank, m3

Total Energy Consumer by
Electrolyzer per Year, kW·h

Chelyabinsk, Russia 35 2000 68 × 106

Manipal, India 32 600 90 × 106

Gnaraloo, Australia 23 800 80 × 106

5. Conclusions

The exhaustion of fossil fuels will inevitably lead mankind to the global usage of
renewable energy sources, which will have to be developed in the sufficient quantities in
about 30 years from now before oil and gas will run out. As renewables have the intermit-
tent behavior, the hydrogen storage becomes one of the important areas for engineering
development and, among all types of energy storage. It is considered as the mainstream
direction to be realized before the hydrocarbons’ apocalypse.

It is interesting how the solar generation and hydrogen storage equipment capacity
parameters change from country to country and from one geographical location to another.
To demonstrate the difference between location capabilities, three locations were selected
in this study: Russia (as a country in the Northern Hemisphere), India (as a country near
the Equator), and Australia (as the symmetrical country with India relative to the Equator,
but in the Southern Hemisphere).

The study was based on the simulation in Matlab/Simulink with the conversion of
power into electrical energy using the optimized number of solar modules and further
generation of hydrogen gas by storing it in the tank. The main objective was to determine
the optimal number of solar modules and maximal volume of hydrogen tank required,
considering the same power consumption in each location.

The results obtained during the research are considered to be preliminary with much
more analysis is needed in future. The comparison of the solar power capacity depending
on the geographical location for the same hydrogen loop cycle equipment and identical
consumption demonstrates the ability to use the unified solar, hydrogen, and fuel cell
power generating equipment, and the results shows the difference between the solar
module number, electrolyzer operating time, and maximal capacity of hydrogen storage
tank depending on the insolation intensity.

The difference between location capabilities is rather considerable. Having the same
consuming characteristics (1 kW power constant consumption), the power plant in Russia
would require 35 solar modules against 23 in Australia and a three times bigger hydrogen
tank. In India, almost the same number of solar modules (32) as in Russia (35) which makes
it possible to reduce the hydrogen tank twofold. However, in terms of hydrogen equipment
capacity, there is small difference between India and Australia, but there is large difference
in terms of solar modules—32 against 23. This indicates that there is better insolation in
Australia, notwithstanding that the points are located at almost similar latitudes, but on
different sides of the equator. The study shows that the appropriate financial expenses on
the same power consumption/generation in Australia will be 1.5 times less than in India
and almost 3 times less than in Russia. This in turn means that, in general, business and
residence expenses will be comparable.

Further research will be devoted in optimizing the solar modules number, hydrogen
tank capacity, and electrolyzer operating time in automatic duty cycles, using the same
Matlab/Simulink, but with automated optimized conditions. Several other locations are to
be selected for comparison purposes (North and South America, Africa, China, areas closed
to the North and South Poles, and so on). Moreover, the authors have an idea of building
an interactive calculator of the required solar array, power of electrolyzer, fuel cell stack,
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and hydrogen tank volume, depending on geographical location and power consumption
graphs. The separate research area would be an extension of the experimental activity in
the Arctic where the authors installed the wind-powered hydrogen equipment in 2013.
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