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Abstract
Transitioning to renewable energy is part of the answer to, on
the one hand, growing industrial development and the rising
demand for energy and, on the other, environmental concerns
and the need to preserve fossil fuel resources for future generations. This research focuses on the potential for integrating
hydrogen storage into a highly reliable renewable energy system. The purpose of this study is to determine the potential
of renewable energy in an Iranian location, in a project that
looks at a power grid in various connected and disconnected
scenarios involving hydrogen storage. The energy potential is
identified: annual production capacity is 2218818 kW, requiring
a total investment outlay of US$697,624.

Keywords: fossil fuel resources, renewable energy,
investment cost, hydrogen storage.

1

Introduction

Dependence on fossil fuels is higher than ever before,
as more than 90% of the world’s energy consumption
comes from fossil fuels [1, 2, 3]. Optimal production
and use of energy are key factors in the growth and
development of countries [4, 5, 6, 7]. Of particular
importance are the quality and reliability of supply.
The development and expansion of renewable energy
are beneficial for economic, social and environmental development, which are key factors in achieving
sustainable development in any country [8, 9, 10].
The use of new energy technologies, such as nuclear, solar and wind, can reduce dependence on fossil fuels, reduce emissions of polluting gases from the
manufacturing and energy sectors and of greenhouse
gases [11, 12, 13]. Concerns about climate change
and its relationship to fossil fuel consumption and rising greenhouse gases have given the problem a higher
global profile[14, 15]. The crises of the 1970s underlined the vulnerability of industrialized nations as
regards oil supply security, bolstering the case for renewable energy technologies [16, 17].

According to Vaziri Rad et al. [18] rural electrification is a key challenge in achieving access to electricity for the entire population of Iran. The current
study focuses on finding an optimal renewable energy
system to meet the load of a small village. This village faces frequent power outages, a common occurrence in remote villages around the world. A hybrid
photovoltaics/wind turbine/biogas generator/fuel cell
renewable energy system is proposed and analyzed
for both stand-alone and on-grid application. Fuel
cells are used alongside a hydrogen tank, batteries,
and a reformer or an electrolyzer, to act as storage
devices and backup component. The main goal is
to find an optimal configuration that can meet the
electricity demand and be satisfactory from both an
economic and environmental point of view. The results indicated that using solar, wind and biogas is
the most affordable method and that adding a fuel
cell to this configuration would increase costs by 33–
37%, but would also improve system flexibility. Using
a reformer is more efficient and about 6% less costly,
but creates more pollution. The cost of energy for
a stand-alone system with reformer was calculated to
be 0.164 to 0.233 $/kWh, while the on-grid system
cost of energy was 0.096–0.125 $/kWh. Cristian et
al. [19] studied the design of hybrid power systems
using the HOMER simulator for different renewable
energy sources. Buonomano et al. [20] selected a hybrid renewable system based on wind and solar energy
coupled with electrical storage: dynamic simulation
and economic assessment. Zhang et al. [21] studied
optimization with a simulated annealing algorithm of
a hybrid system for renewable energy including battery and hydrogen storage. Budak et al. [22] made
a comparative study of PV/PEM fuel cell hybrid energy system based on methanol and water electrolysis. Mohammed et al. [23] studied optimal design and
energy management of a hybrid power generation system based on wind/tidal/Pv sources: Case study for
the French island of Ouessant . Another study [24]
looked at optimization and evaluation of a wind, so-
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lar and fuel cell hybrid system supplying electricity
to a remote district on the national grid. Gökçek et
al. [25] performed a techno-economical evaluation of
a hydrogen refuelling station powered by a wind-PV
hybrid power system, in a case study for İzmir-Çeşme.
Other research has been done to optimize renewable
energy at the lowest cost [26, 27, 28, 29].
Potentiometric means extracting the values of each
of the renewable energies and then selecting one or
more sources of potential energy from the available
resources. As selecting the right type of renewable
energy in an area calls for careful estimation of the
potential of renewable energies in that area, knowing
the potential of each type of renewable energies in an
area contributes to the decision on the type of primary system applicable in an area. In determining the
potential for renewables, great care must be taken as
regards the base information on which the analysis is
based and how it is used. The potential of a particular
renewable in an area is usually estimated based on the
atlas provided for that energy in the locality. If atlas
data are not available, field studies will be necessary
to estimate the potential of the region’s renewable
resources, because in the initial design of renewable
systems what is important is accurate hour-to-hour
information on the renewable potential (wind speed,
sunlight intensity, etc.). Furthermore, the geographical and climatic characteristics of the area must be
precisely determined. The point to be noted about
the potential of renewables in a region is that, to be
valid, the calculations have to be based on a varied
geographic approach . It is preferable to have complete data on renewable energy sources based on field
studies for at least a one year period. Thus, when
assessing renewable energy sources for possible use in
a locality, the following are needed:
• Potential of renewable resources in an area and
their effective role in the selection of renewable
energy systems,
• Variability of the potential renewable energy
sources in the area,
• Raw, unprocessed data on renewable energy
sources.

tude of 1300 meters above sea level and is surrounded
by the rugged Alborz Mountains . The population of
urban Karaj based on the census of 2016 was 1.6 million, rising to 1.97 million including the suburbs. Karaj
is Iran’s fourth most populated city and the 21st most
populous metropolis in the Middle East.

Figure 1: Geographical profile of Karaj

2.2

General description of the model

The study determined the potential available at the
site under study, considered the high potential of renewable energy as a source of electrical power generation, then looked at the form used to supply the
required load. Initial studies at the site under study
identified solar and wind energy as high potential
sources, which can be seen in subsequent sections on
the amount of sunlight and wind. In the next step,
the photovoltaic cell model used was coded in MATLAB, and HOMER software was used to simulate the
system, factoring in data on the amount of sunlight,
wind and electricity required. The wind and radiation intensity data for the study area (Tehran) was
taken from the NASA site. The data on the electricity required was obtained from the Ministry of Energy.
The equipment needed for the system was determined.
The objective function was implemented with the optimal approach from the economic point of view while
being able to reliably meet the maximum load demanded. The study also looks at the production of
hydrogen as a clean fuel, which can be considered as
a fuel cell input source for generating thermal energy
or for use in a gas turbine or as car fuel.

In this study, the potential assessment was performed
first, followed by an assessment of the renewable en- Solar radiation intensity
ergies.
The solar radiation intensity data for Karaj for
2017/18 was obtained from the NASA site and inputted in Homer software. The daily solar radiation
2
Materials and methods
in this region was 4.89 KWh/m2 /d, as shown in Fig.
2.

2.1

The site examined

The urban area of Karaj, centered on Karaj city, is a Figure 2 shows that the highest radiation intensity
major city 40 km west of Tehran. Karaj lies at an alti- is 7.35 in June and the lowest is 2.38 in December,
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/ d per day with peak load of 2.09 kw, which is seen
for one year in detail in Fig. 5.

Figure 5: Electrical charge diagram (visiting the
examined site)
Figure 2:
Average solar radiation
intensity for the studied site (REEEO)

2.4

The model of the intended system

2.4.1 Scenario One: off grid
with average air purity percentage of 0.636 and 0.52,
The photovoltaic cells are connected to a DC bus and
respectively.
the wind turbine due to their DC power output, and
a DC / AC converter transforms the total power pro2.3 Wind intensity
duced by these units to AC power for consumer use in
Based on the issues discussed in the potential assess- the AC bus. By applying the above information to the
ment, this section determined the wind intensity at software as well as the cost of the equipment used in
the site. Fig. 3 below shows the wind data at 50 m the hybrid system, one can consider the configuration
as follows.
above ground level for a one year period.

Figure 3: Mean wind chart for the site (REEEO)
The above graph shows that the mean wind speed for
this area is 5.79 m / s, which shows high potential for
operation in this area. The highest and lowest winds
were in July and January with values of 7.37 and 4.8
m / s. Figure 4 shows the wind speed changes at
various altitudes.
Figure 6: Schematic chart of the hybrid wind-solar
system with hydrogen storage
Scenario 2: on grid

Figure 4: Wind speed as a function of height at
the site
Electrical demand

The photovoltaic cells are connected to the AC bus to
generate DC power, the wind turbine and the grid to
the AC bus, and are connected to the AC bus by a DC
/ AC converter of the total power generated by these
units for AC bus. By applying the above information
to the software as well as the cost of the equipment
used in the hybrid system, one can consider the configuration as follows.

To simulate with greater accuracy and to achieve more
realistic results the electric load required is 11.26kw
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Table 2: The results obtained from HOMER software
for the system hybrid in the second scenario
Equipment
Quantity
Solar cell(KW)
Grid(KW)
Wind turbine
H2 tank(Kg)
Invertor(KW)
Electrolyzer(KW)
Initial capital ($)
Operating cost($ /y)
Total NPC($)
COE(/$ KWH)

Figure 7: Schematic chart of the solar-wind hybrid
system considering grid-connected state

36
999999
3
200
12
200
515441
93836
697624
0.02

year period of operation.
The total cost per kWh (COE) cost of the system
was $0.02, which required on-demand load of 36 kW
of photovoltaic cells and a 3-unit wind turbine with
3.1 A. Overall results
a 12 kW converter. Given the decision parameters of
the second scenario, the analysis is acceptable and the
After simulating the system in Homer software, results
analysis for the second scenario is continued.
were obtained for two objectives: lowest investment
cost and high reliability. The system has a designed
3.2 The cost of investing in the comlifetime of 20 years.

3

Results

ponents of the hybrid system

Based on the results, the Net Present Cost (NPC) of
the solar and wind-powered hydrogen storage system The total construction cost at NPC will be $697624
was $449523 and the year-round maintenance cost over the 20-year lifetime of the solar / wind hybrid
was $6662 over the 20 years of operation. The total power plant.
cost per kWh (COE) of the system was $8.47, which
required 28.8 kW of photovoltaic cells and a 2-unit
10 kWh wind turbine with a 13.6 kW converter. The
table below indicates the optimal solutions for the second scenario, i.e. grid connected mode.
Based on the results, the NPC of the wind and solar
system with hydrogen storage was $697624 and the
year-round maintenance cost was $93836 over the 20-

Table 1: The results obtained from HOMER software
for the first scenario hybrid system
Equipment
Quantity
Solar cell
Wind turbine
Battery
Invertor
H tank
Electrolyzer
Initial capital ($)
Operating cost($ /y)
Total NPC($)
COE(/$ KWH)

28.8 kw
2
10kwh
13.6 kw
200kg
200kw
363402
6662
449523
8.47

Figure 8: Cost of investment by component of the
first scenario hybrid system

3.3

Operation rate of the hybrid system tools examined

In independent mode, the only sources of generation
are photovoltaic cell and wind turbine power. The
power output of this equipment over a one-year period
can be seen in Figure 9.

Figure 9: Electricity generation rate during the
year
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Given the above graph, the generation capacity per
year is 2218818 kW which matches the total load
needed by the system. Figs. 10 and 11 show the
electricity generation by the system every day.

Figure 10: Power generation rate by photovoltaic
cell per day

Figure 11: Power generation rate by wind turbine
per day
Fig. 12 shows the hydrogen produced per day of the
year that can be used for storage and use in fuel cells
or for sale.

Figure 12: The amount of hydrogen produced
Fig. 13 shows the operating hours of the converter.

tential renewable sources. Wind and solar radiation
data were extracted from reliable sources and used
in Homer software. In this configuration, the storage
device was not used to store surplus energy, and the
surplus energy was used to generate hydrogels; thus,
the system was considered as connected to the grid.
After running the program, the following results were
obtained.
• Using renewable energy to produce hydrogen is a
proper choice
• The rate of return on capital is much lower in
grid-connected state than that of disconnected
state.
• The wind energy potential in the site examined
is much greater than solar energy; thus, most
power generation is related to the wind turbine.
• By using wind turbine as a power source, the
costs of the converter will greatly diminish, which
will reduce the rate of return on capital and
power-generation cost.
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[29] Zehra Ural Bayrak, Gökay Bayrak, Mahmut Temel Ozdemir, Muhsin Tunay Gencoglu, [39] Serhiy I. Serbin, Igor B. Matveev, and Ganna B.
and Mehmet Cebeci. A low-cost power manageMostipanenko. Investigations of the Working
ment system design for residential hydrogen &
Process in a “Lean-Burn” Gas Turbine Combussolar energy based power plants. International
tor With Plasma Assistance. IEEE Transactions
Journal of Hydrogen Energy, 41(29):12569–
on Plasma Science, 39(12):3331–3335, dec 2011.
12581, aug 2016.
[40] Challenges in using waste heat recovery
[30] Junmei Zhou, Zhixiong Xue, Ziyun Du, Teri
and DLE combustion to reduce CO2 &
Melese, and Paul D. Boyer. Relationship of
NOX emissions - IEEE Conference Publication.
tightly bound ADP and ATP to control and
https://ieeexplore.ieee.org/abstract/document/5164864.
catalysis by chloroplast ATP synthase. BiochemAccessed on Tue, December 17, 2019.
istry, 27(14):5129–5135, jul 1988.
[41] James C. Massey, Zhi X. Chen, and Ne[31] Paul D. Boyer. Energy Life, and ATP (Nobel Lecdunchezhian Swaminathan. Lean Flame Root
ture). Angewandte Chemie International Edition,
Dynamics in a Gas Turbine Model Combus37(17):2296–2307, sep 1998.
tor. Combustion Science and Technology, 191(56):1019–1042, apr 2019.
[32] K Zinszer, K Morrison, A Verma, and JS Brownstein. Spatial Determinants of Ebola Virus Disease Risk for the West African Epidemic. PLoS
Curr, 9, Mar 2017.

[42] N. Zettervall, N.A. Worth, M. Mazur, J.R. Dawson, and C. Fureby. Large eddy simulation of
CH4-air and C2H4-air combustion in a model annular gas turbine combustor. Proceedings of the
[33] Holger Huitenga and Eric R. Norster. DevelopCombustion Institute, 37(4):5223–5231, 2019.
ment Approach to the Dry Low Emission Combustion System of MAN Diesel and Turbo Gas [43] Nicola Aldi, Nicola Casari, Mirko Morini, Michele
Turbines. In Volume 4A: Combustion Fuels and
Pinelli, Pier Ruggero Spina, and Alessio Suman.
Emissions. American Society of Mechanical EnGas Turbine Fouling: A Comparison Among 100
gineers, jun 2014.
Heavy-Duty Frames. Journal of Engineering for
Gas Turbines and Power, 141(3), oct 2018.
[34] Alessio Suman, Nicola Casari, Elettra Fabbri,
Michele Pinelli, Luca di Mare, and Francesco [44] Amare Desalegn Fentaye, Syed Ihtsham Ul-Haq
Montomoli. Gas Turbine Fouling Tests: Review
Gilani, Aklilu Tesfamichael Baheta, and YiCritical Analysis, and Particle Impact Behavior
Guang Li. Performance-based fault diagnosis of
337 | 340

Posted on Authorea 4 Jan 2021 | The copyright holder is the author/funder. All rights reserved. No reuse without permission. | https://doi.org/10.22541/au.160979559.94465845/v1 | This a preprint and has not been peer reviewed. Data may be preliminary.

Journal of Power Technologies 100 (4) (2020) 331–340

[45]

[46]

[47]

[48]

a gas turbine engine using an integrated supAspen HYSYS. Energy Conversion and Manageport vector machine and artificial neural network
ment, 171:1213–1225, sep 2018.
method. Proceedings of the Institution of Me[55] Thiago S. Pires, Manuel E. Cruz, Marcelo J.
chanical Engineers Part A: Journal of Power and
Colaço, and Marco A.C. Alves. Application of
Energy, 233(6):786–802, nov 2018.
nonlinear multivariable model predictive control
to transient operation of a gas turbine and NOX
Elias Tsoutsanis and Nader Meskin. Dynamic
emissions reduction. Energy, 149:341–353, apr
performance simulation and control of gas tur2018.
bines used for hybrid gas/wind energy applications. Applied Thermal Engineering, 147:122–
[56] Soon Kiat Yee, Jovica V. Milanovic, and
142, jan 2019.
F. Michael Hughes. Overview and Comparative
Analysis of Gas Turbine Models for System StaMohamed Mustafa Mohamed Iqbal, Sankar
bility Studies. IEEE Transactions on Power SysSarumathi, Kovilvazhkai Rajappa Jothi, and
tems, 23(1):108–118, feb 2008.
Arunachalam Brindadevi. Model order reduction of heavy duty gas turbine power plants with
[57] Francisco J. Gomez, Miguel Aguilera Chaves,
field test parameters. International Transactions
Luigi Vanfretti, and Svein Harald Olsen. Multion Electrical Energy Systems, 29(2):e2703, sep
Domain Semantic Information and Physical Be2018.
havior Modeling of Power Systems and Gas
Turbines Expanding the Common Information
Poorya Keshavarz Mohammadian and MohamModel. IEEE Access, 6:72663–72674, 2018.
mad Hassan Saidi. Simulation of startup operation of an industrial twin-shaft gas turbine
[58] Di Huang, Jin wei Chen, Deng ji Zhou, Hui sheng
based on geometry and control logic. Energy,
Zhang, and Ming Su. Simulation and analysis of
183:1295–1313, sep 2019.
humid air turbine cycle based on aeroderivative
three-shaft gas turbine. Journal of Central South
W. I. Rowen. Simplified Mathematical RepreUniversity, 25(3):662–670, mar 2018.
sentations of Heavy-Duty Gas Turbines. Journal
of Engineering for Power, 105(4):865–869, oct [59] M. H. M. Tarik, M. Omar, M. F. Abdullah, and
1983.
R. Ibrahim. Modelling of dry low emission gas
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Vahidi, and Wolfgang Gawlik. An educational
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