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Abstract

Energy is a vital component of life today, and providing reliable power access remains
a significant global challenge, particularly in remote areas. In Egypt, several isolated
regions, including parts of South Sinai, suffer from limited electricity access. This study
presents an enhanced environmental and techno-economic modeling of an off-grid hybrid
renewable energy microgrid (HREM) tailored for such regions. A proposed configuration
combining photovoltaic (PV) panels, wind turbines (WTs), a converter (CONV), and battery
energy storage is evaluated to meet the residential energy demand of an isolated com-
munity in South Sinai. Four feasible system models, PV/CONV/BAT, WT/CONV/BAT,
PV/WT/CONV/BAT, and a standalone diesel generator, were simulated using hybrid
optimization of multiple energy resources. The cost of energy was analyzed under different
scenarios. The results show that the combination of a 1109 kW PV system, 16 × 25 kW WTs,
439 kW converter, and 353 batteries is the best configuration that leads to the lowest values
of Net Present Cost (NPC) and Levelized Cost of Energy (COE), and zero unmet load,
making it the most economically and environmentally viable configuration.

Keywords: microgrids; NPC; COE; energy management; sensitivity analysis

1. Introduction
In our world, energy is the most significant element in social life, encompassing pro-

duction, transportation, family life, and other domains. However, the largest problem
facing humanity is the production of energy [1]. When fossil fuels are used extensively
to produce electricity, enormous volumes of greenhouse gases are released into the sur-
rounding air, contributing to global warming [2]. Some of the harmful environmental
effects of increasing fossil fuel production and use in many nations include air pollution,
global warming, and increased health risks [3]. Renewable energy sources, such as solar
and wind, have grown rapidly in the modern era due to their abundant nature, limitless
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potential, and ability to reduce greenhouse gas emissions [4]. Therefore, converting to
renewable energy can help us achieve the twin objectives of providing dependable, timely,
and economical energy delivery and reducing emissions of greenhouse gases, which will
decrease the effects of climate change and extreme weather in the future [5]. There is an
enormous opportunity for study and development due to some of the operational problems
of the renewable energy system (RES), such as intermittency and volatility profiles [6]. The
objective of optimizing the regulation, scale, and component selection of hybrid energy
systems (HESs) is to provide society with an economical power source [7].

These days, microgrids (MGs) primarily rely on renewable energy sources to supply
clean energy that is suitable for their dispersed structure. MGs aim to provide dependable,
high-quality energy at a lower cost with reduced carbon emissions. It can function as an
isolated system or as a connected system with the utility grid. In off-grid or stand-alone
mode, MGs are mostly utilized in distant locations where the cost of installing utility lines
is prohibitive because of environmental or topographical issues [8,9]. MG, as shown in
Figure 1, is a low- or medium-voltage distribution network made up of several micro
sources that function together as a single controlling module [10]. An energy management
system is necessary in a microgrid to make the best possible use of these dispersed energy
resources in a coordinated, intelligent, safe, and reliable manner [11]. Optimal sizing is
the crucial factor in the design of hybrid renewable systems (HRSs), as it directly impacts
both cost and performance. Proper sizing helps minimize the Loss of Power Supply
Probability (LPSP), reduces unnecessary investment, and enhances the system’s reliability.
By determining the optimal number of photovoltaic modules, wind turbines, batteries, and
diesel generators, the system can operate more efficiently and sustainably [12].

Figure 1. Schematic configuration of a hybrid microgrid.

1.1. Literature Review

Numerous studies have been performed on MGs and HREMs that contain two or
more renewable energy resources (RERs). For example, Haapanen et al. optimized a grid
comprising PV, WT, BESS, and a diesel generator (DG) to meet the load requirements
of a separated community in South India [13]. With the use of the HOMER software,
an economical HREM configuration was achieved after the analysis. It was determined
that there were four feasible configurations. These configurations were PV/DG/BESS,
PV/BESS, PV/WT/BESS, and PV/WT/DG/BESS. Electricity appears to be at a lower cost
in the configuration of PV/DG/BESS. The COE for PV/DG/BESS, PV/WT/DG/BESS,
PV/BESS, and PV/WT/BESS is 0.4157 USD/kWh, 0.4382 USD/kWh, 0.6319 USD/kWh,
and 0.6555 USD/kWh, respectively. The Net Present Cost (NPC), replacement costs, op-
erating and maintenance costs, and fuel costs are to be more affordable in the PV/DG/
BESS configuration. Based on the outcomes, it was determined that a PV/DG/BESS
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was the most economical for that particular site. Rinaldi et al. [14] improved a hybrid
PV/WT/DG/BAT/CONV microgrid for off-grid electricity in three isolated areas of Peru
with varying climates. With the use of HOMER software, the best microgrid sizing (with the
lowest “NPC”) was carried out for seven scenarios, taking into account factors including
weather conditions, load demand, component cost, and fuel price. It was determined
that the (PV/WT/DG) system was the most economical when considering NPC and COE
ranges of about (USD 0.1466–0.2273 million) and (0.460–0.504 USD/kWh), respectively.
Furthermore, the CO2 emissions varied from 2.7% to 9.9% of the emissions of the inde-
pendent DG. Moreover, Eras-Almeida et al. [15] evaluated a hybrid renewable mini-grid
(PV/WT/COV/BAT/DG) using HOMER software, considering the diverse energy needs
of the Galapagos Islands. In conclusion, adding 18.25 MWp of PV and 20.68 MWh of BAT
may increase the renewable energy (RE) share by 116.6% and reduce the COE by 40.9%.
Furthermore, implementing energy-saving measures could result in a greater decrease in
COE. Guiyu Zhang et al. [16] provide the best setup for a combination of renewable energy
sources, including a photovoltaic system and a wind turbine, to provide the necessary
electricity power for a medium-sized workshop in Ardabil, Iran, within the industrial sector.
Hourly-based simulations take into account eight possible configurations (DG, DG/BAT,
PV/DG/BAT, WT/DG/BAT, PV/WT/DG/BAT, PV/DG, WT/DG, and PV/WT/DG). The
cost of energy is computed under several scenarios. The most suitable configuration leads
to the lowest (COE) of 0.462 USD/kWh. This configuration consists of a 1 kW PV array,
2 WTs each of 3 kW, a 13 kW DG, a 6.13 kW converter, and 27 strings of (1 kW) lead-acid
battery storage banks. Shezan et al. evaluated a WT/DG/CONV/BAT microgrid for a com-
munity in Malaysia with a daily demand of 115 kWh and a peak value of 11.2 kW, utilizing
yoga, DigSILENT, and MATLAB software [17]. The reports show that the NPC and COE
were lowered to USD 77,286 and 0.05/kWh respectively. The hybrid microgrid reduced
NPC, COE, and CO2 emissions by 72%, 73.5%, and 82%, respectively. Mustafa Kamal1 and
Imtiaz Ashraf [18] optimized the integration of solar, wind, the diesel generator, and battery
systems to provide electrification for a remote region of Uttarakhand in India. Various
scenarios are employed to test the efficacy of the optimization algorithm in developing the
optimal strategy. Four examples of applying the particle swarm optimization technique to
determine the optimal energy cost have been covered. The model recommends the ideal
quantity of energy resources for dependable electrification of the region. The results show
that the NPC of operating a microgrid in the grid-connected mode is USD 2,100,345.98,
and the COE is USD 0.25/kWh, which is the lowest compared to other modes. For the
best scenario, the irregularity of renewable sources is examined by altering 10–40% of the
total production. The results show that 10% energy is the maximum amount of renewable
energy that can be used. The authors in [19] evaluated a PV/DG/BAT/CONV system
optimized by HOMER to meet the needs of a medical clinic. Additionally, the methods
for managing excess power, such as FC/ELEZ/HT, were compared. The combination of
2.52 kW of PV, 2 kWh of BAT, 1.66 kW of CONV, and 2 kW of DG was the best design, with
a COE of USD 0.105/kWh.

Moreover, Abdelkader Beyond and Ahmed Bauhaus [20] presented three possible
configurations available for the tourist lodge on the White Headland in southwest Mo-
rocco: generator-batteries (GE-BATs), generator-photovoltaic batteries (GE–PV-BATs), and
generator–wind power–photovoltaic batteries (GE–WP–PV-Bs). It is estimated that a few
dozen people visit this location every day, and the analysis of the various hybrid electric
energy convergence chains suggests that their needs may be met. The guest lodge’s energy
usage is based on a commercial load profile, using about 170 kWh of power each day.
The hybrid system was sized by evaluating the load profile limitations, such as day-to-
day variability (DDR), hour-to-hour variability (HHR), and the operating reserve rate
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(ORR). The popularity procedure allowed the maximum limitations of the load profile
constraint to be calculated variables, leading to a COE of USD 0.41/kWh and an NPC of
USD 320,080.1. In addition, Mahmoud F. Elmorshedy et al. [21] studied an agricultural
load with 240 kWh per day. The authors presented an integrated techno-economic design
optimization framework that feeds a real-world case study for the appropriate design of a
completely renewable energy system, including solar panels, wind turbines, and battery
energy storage in Al-Sadat, Egypt. Homer Pro was utilized for evaluating the technical and
economic viability of a set of energy configurations, as follows: PV/CONV (existing system)
as the base-case, PV/CONV/BAT, WT/CONV/BAT, PV/WT/CONV /BAT, and isolated
DG, in order to make fair assessments. The results show that the PV/WT/CONV/CONV
system, which is entirely renewable, outperforms other options in meeting load demands.
The suggested system successfully achieves a negligible ratio in both capacity shortfall
and unserved load with only 0.098%, while acquiring the minimum NPC (USD 194,017)
and COE (0.119 USD/kWh). Furthermore, a beneficial quantity of extra energy (61.7%) is
acquired to supply extra deferable loads. Upma Singh and M. Rizwan [22] developed a
cost-effective and ideal hybrid PV/biogas setup for generating electricity in rural common
areas, such as primary schools, junior schools, and Panchayat Ghar buildings, in Sarai
Jairam village, Uttar Pradesh, India. The data on solar irradiance for the study area and po-
tential biomass were analyzed using the HOMER application. The HOMER study’s results
were further enhanced by sensitivity analysis, which produced a solution that included
the total (NPC) and (COE). The sensitivity analysis utilized sensitivity characteristics such
as load variation, biomass potential, pricing, and solar irradiation. According to the NPC
and COE, this analysis shows the system’s performance and demonstrates that it is both
technically and financially feasible. With a capital cost of USD 8743, an NPC of USD
57,283, and a COE of 0.61 USD/kWh, the most economical alternative was determined
to be a 5 kW PV array, 1.50 kW biogas generator, a 3.25 kW converter, and 30 batteries.
Approximately 9698 kWh are produced annually by this hybrid renewable energy system,
with an additional 965 kWh generated to create a grid-independent area.

In recent studies on hybrid microgrid systems, Muhammad Bhatti et al. [23] provide
a thorough examination of the planning, development, and evaluation of a hybrid stan-
dalone microgrid for an industrial establishment located in Iraq, with coordinates of 36.51
and 43.99. A photovoltaic (PV) module, a generator, inverters, a battery energy storage
system (BESS), and AC loads make up the system. The findings indicate that continuous
backside irradiance maximizes bifacial power gain, which is a result of both increased
ground albedo and ground clearance. The normalized production of monoracial power
generation was a promising 4.53 kWh/kWp/day, a performance ratio of 0.815, and annual
energy production projections of 84.31 MWh (P50), 79.57 MWh (P90), and 78.24 MWh
(P95). This study is significant because it highlights the operational difficulties that arise
during the winter months, when load fulfilment necessitates generator backup. Moreover,
it has been demonstrated that the hybrid stand-alone microgrid has a beneficial impact on
the environment, resulting in a reduction of approximately 1811.6 tons of CO2 emissions
over 30 years. This demonstrates the microgrid’s positive impacts on sustainability and
renewable energy initiatives. Alya Nurul Shafira et al. [24] studied a hybrid renewable
energy (RE) system that is both economically viable and based on wind and solar power to
complement the productive activities of Mahaleta village in eastern Indonesia. Conceptual
ideas for supplying energy to the village’s commercial, industrial, residential, and commu-
nity sectors were developed by this research. The investigation was conducted with the
use of a techno-economic approach. The dryer and cold storage systems were evaluated
to support complementary productive activities, and the hybrid system was designed
using the Homer Pro optimization tool. The hybrid renewable energy system’s optimum
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design included 271.62 kW of solar photovoltaics, 80 kW of wind turbines, and a 1 MWh
lead-acid battery. We discovered that only with a full grant incentive and an electricity
rate of 0.0808 USD/kWh would the hybrid RE system be financially viable. However,
with a drying cost of 0.082 USD/kg and a cold-storage cost of 0.035 USD/kg, all of the
productive activity designs were financially viable. In [25], the authors illustrate a special
utilization of the HOMER software for the multi-year energy, environmental, and financial
assessment of a proposed freestanding renewable microgrid with several sources. A case
study was conducted in a rural town in central Nigeria that is rapidly becoming more
commercialized. The town’s average daily consumption is 23.028 MWh, and its average
power demand is 975 kW. The best system for reducing the COE in HOMER was suggested
to be the integration of 3 MW of flat plate photovoltaic (PV) arrays, 9 MW of concentrated
solar thermal and small hydropower (SH, up to 200 kW), with a 2.5 MW converter and
battery storage (200 strings) in the Oshin River. A diesel-based system was also modeled,
and a multi-year analysis over 25 years reveals that the renewable microgrid’s Net Present
Cost (NPC) of USD 55.7 million is significantly lower than the diesel microgrid’s USD
408 million, with COEs of 0.26 USD/kWh and 1.01 USD/kWh, respectively. Furthermore,
the method decreased emissions by up to 7540 metric tons of CO2 each year. The study’s
conclusions suggest that the proposed microgrid is a more economical, environmentally
friendly, and long-term solution than diesel generators, making it a valuable consideration
for comparable applications. Md. Feroz Ali et al. [26] examined the viability and effective-
ness of a grid-connected hybrid power system that combines wind, biomass generators,
and photovoltaics (PV) to feed a residential area of Pabna, Bangladesh, with electricity. The
simulation generated six competing options with different combinations of energy sources.
With aN NPC of USD 321,798.00, an annual operating cost of USD 6060.59, and the lowest
coefficient of efficiency at USD 0.0232/kWh, the grid-connected PV–biomass generator
system was the most economical of the configurations examined. The system’s straightfor-
ward 9.25 year payback period demonstrates its economic feasibility. The environmental
advantages of this hybrid approach are further demonstrated by the fact that it drastically
lowers CO2 emissions to 78,721 kg/year as opposed to 257,093 kg/year from a system that
is only grid-connected.

In recent research, Hedra Saleeb et al. [27] established a microgrid to meet the load of
the University of New Sohag in Sohag Al Gadida City, Egypt. The suitability of various
distributed generating sources, including photovoltaic, battery, and hydrogen-based micro-
grids, is evaluated. Using MATLAB and HOMER for component sizing, a techno-economic
analysis was carried out to optimize microgrid sizing. The result showed that this study
has a payback period of 8–10 years and reduces costs by 20–30% over 20 years as com-
pared to traditional grid supply. The simultaneous optimization of COE and loss of power
supply probability (LPSP) ensures excellent reliability (LPSP ≤ 5%) and cost-effectiveness
(COE: 0.005–0.015 USD/kWh). Moreover, Montri Ngao-det et al. [28] presented a study
using Homer Pro software to systematically design and optimize a 100% renewable hybrid
microgrid system for sustainable rural electrification in Khlong Ruea, Thailand. For a
remote village of 306 people, the proposed system combines photovoltaic (PV) panels
(20 kW), pico hydro (9.42 kW), and lithium-ion battery storage (264 kWh) to offer a de-
pendable, affordable, and ecologically friendly energy solution. According to simulation
results, the optimum design outperforms the current diesel–hydro system (NPC: USD
3,400,000, COE: 1.85 USD/kWh, 61.4% renewable) with an NPC of USD 362,687 and a COE
of USD 0.19/kWh, featuring a 100% renewable proportion. Sensitivity analyses indicate
that the system can accommodate load increases of 1% to 5%, although the growing battery
capacity and costs underscore the necessity of incorporating a scalable design. Finally,
Nikole Teran Uruchi et al. [29] evaluated the technological and financial viability of battery
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storage systems in an isolated solar-diesel microgrid in Tunui-Cachoeira, São Gabriel da
Cachoeira (AM) district, Brazil. Three scenarios are evaluated using an energy balance
methodology that is applied via the Homer Pro simulation platform: (i) with lead-acid
batteries, (ii) with lithium-ion batteries, and (iii) without batteries. The primary findings
showed the following: (i) with the lowest NPC (BRL 2.14 million), the minimum COE
(BRL 1.99/kWh), the most significant renewable fraction (96.8%), and the highest solar
energy use efficiency, the lead-acid battery scenario demonstrated the best techno-economic
performance under the current circumstances. (ii) Depending on lower acquisition costs
and/or longer lifespans, the lithium-ion battery scenario has been demonstrated to be both
technically feasible and environmentally beneficial, particularly for future uses.

Table 1 provides a summary of recent research work on the design of independent
hybrid renewable microgrid systems.

Table 1. Modern studies on the design of hybrid renewable microgrid systems.

Ref. Country Load Category Microgrid Structure Solution Method Year

[13] India Remote community PV/WT/DG/BESS HOMER 2020

[14] Peru Rural village PV/WT/DG/BESS HOMER 2020

[15] Germany Island PV/WT/DG/BG/BESS HOMER 2020

[16] Iran Industrial area PV/WT/DG/BESS HOMER 2021

[17] Malaysia Domestic community WT/DG/BESS iHOGA-Matlab 2021

[18] India Remote region PV/WT/DG/BESS PSO 2021

[19] KSA Healthcare Clinic PV/FC/ELZT/H2T HOMER 2021

[20] Morocco Tourist lodge PV/WT/DG/BESS HOMER 2022

[21] Egypt Water irrigation PV/WT/ BESS HOMER 2022

[22] India Schools PV/BIOGAS/BESS HOMER 2022

[23] Iraq Industrial facility PV/DG/BESS HOMER 2023

[24] Indonesia Rural region PV/WT/BESS HOMER 2023

[25] Nigeria Rural community PV/HYD/DG/BESS HOMER 2023

[26] Bangladesh Residential area PV/WT/DG/BESS HOMER 2024

[27] Egypt University PV/BESS/Hydrogen MATLAB/HOMER 2025

[28] Thailand Rural region PV/BESS/Pico Hydro HOMER 2025

[29] Brazil Rural community PV/BESS/DG HOMER 2025

This Work Egypt Urban community PV/WT/DG/BESS HOMER 2025

1.2. Contribution

• A feasibility analysis and optimal design for a standalone microgrid that runs solely
on renewable energy sources for an urban community in South Sinai, Egypt.

• The main objectives are to reduce the Net Present Cost (NPC), lower the Cost of Energy
(COE), and minimize emissions related to the use of diesel fuel.

• The PV/WT/CONV/BAT microgrid offered the best configuration with the lowest
NPC and COE.

• Sensitivity analysis was performed across three key financial parameters: the PV
capital cost, inflation rate, and discount rate to assess the economic robustness of the
system under a range of monetary conditions.
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1.3. Article Structure

Apart from the introduction and the literature review provided in Section 1, Section 2
introduces the methodology. Section 3 presents the explanation of the case study under
investigation, including detailed modeling of all scenarios. Section 4 presents the findings
of the simulation and optimization that were obtained. Section 5 then presents the cost
analysis and study results. The conclusion of this work is summarized in Section 6.

2. Methodology
The primary goal of this study is to develop a hybrid system that can meet the load

demand of Abo Geadaa village, located in South Sinai. Four models have been created
utilizing the HOMER PRO optimizer v3.14.2 in order to meet this goal.

The National Renewable Energy Laboratory (NREL), USA, developed the micro
power optimization program, HOMER, to evaluate grid-connected and off-grid power
systems designs [30]. In HOMER, a wide range of resources is modeled, including PV
arrays, WT, small hydropower, fuel cells, biomass, batteries, converters, and traditional
generators. To utilize HOMER PRO, inputs describing available resources, component
pricing, and technological possibilities are fed into the model. With these inputs, HOMER
simulates various component combinations or system configurations, obtaining outcomes
that represent a list of feasible configurations sorted by the net present cost. HOMER is a
system simulator that performs calculations of energy balance for every one of the 8760 h in
a year. It achieves this by calculating the energy moves to and from each system component
and comparing the hourly thermal and electric demand to the hourly energy supply that
the system can provide. Following the completion of the simulation and optimization
phases and the input of all necessary data into HOMER, the outcomes of each plan, which
include the initial capital cost ($), the operation cost ($/yr), the NPC ($), COE ($/kWh), and
emissions produced (kg/yr), are calculated. Although, HOMER determines the optimal
layout based on the minimum NPC [31–33].

2.1. Dispatch Strategy

In hybrid energy systems, two common control techniques are used. Two different
control strategies can be represented as load following and cycle charging using the Homer
software. When the “Load Following, LF” technique is used, the battery is charged by
renewable energy sources rather than by generators. Under the “Cycle Charging” technique,
the generators produce more energy than is required to power the load each time they
turn on, and this extra energy is used to charge the battery group. Figure 2 shows the
flowchart of control strategies. In the LF strategy, Figure 2a, renewable energy sources
are primarily utilized to meet the load’s needs and to supply energy storage with surplus
energy. If the State of Charge (SOC) level is insufficient, energy storage and renewable
energy sources will cover the increase in load; otherwise, the generator will be activated
and utilized. In this case, the DG is only run to meet the net load. In CC (Figure 2b), first,
demand is met using renewable energy, which is also used to charge batteries with extra
energy. Any increase in load is met by batteries and renewable energy (if the SOC level
is not high enough); if not, a generator is used. In this case, the generator is used to both
charge the batteries and meet the net load [34].
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(a) 

(b) 

Figure 2. Flow chart of dispatch strategies: (a) load following; (b) cycle charging.
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2.2. Net Present Cost (NPC)

A component’s net present cost, also known as its life-cycle cost, is calculated by
subtracting the salvage value from the total costs of installation and operation over the
project’s lifetime. The costs that are included in the present value are capital, replacement,
operating, and maintenance costs, as shown in Equation (1).

NPC = ∑
(

Ccapital + Creplace + Cmaint − Csalvage

)
(1)

where Ccapital is the initial cost, Creplace is the replacement value, Cmaint is the maintenance
cost, and Csalvage is the salvage value [35].

2.3. Levelized Cost of Energy (COE)

According to HOMER, the levelized cost of energy (COE) is the average cost per kWh
of valuable electrical energy generated by the system. The COE is calculated by dividing the
total annualized cost of electricity production by the total electric load served, as described
in Equation (2).

COE =

(
Cann,tot

Eserved

)
(2)

where Cann,tot is the total annualized cost of the system ($/yr) and Eserved is the total
electrical load served (kWh/yr) [35].

3. Case Study
The research study is located in the Abo Geadaa community in South Sinai, Egypt.

The abundance of renewable energy was taken into consideration when selecting the site.
According to NASA meteorological data, the location is located at a latitude of 29◦20.9′ N
and longitude of 33◦19.5′ E [36]. Figure 3 displays the geographic view of the research
location. As shown in Figure 4, this community comprises 25 houses, a mosque, a school, a
sports club, a health unit, shops, an administrative building, a sewage treatment plant, and
a water treatment plant.

 

Figure 3. Geographic location of the studied off-grid community in Sinai, Egypt. Coordinates and
topography obtained from Google Earth (2025); accessed: February 2025.
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Figure 4. Components of the Abo Geadaa community.

This community is powered by diesel generators, where the chamber of combustion
of the engine is where the fuel mixture is created. At high pressure, the diesel generator is
put into the combustion chamber, and following compression ignition, it is simultaneously
injected and burned using the diffusion combustion process. Due to the unequal combina-
tion of diesel and air caused by this operating mode, local hypoxia or oxygen enrichment is
unavoidable. Under high temperatures, diesel generators produce several types of exhaust
emissions, as follows:

• Carbon dioxide (CO2) is created by burning materials that contain carbon. CO2 causes
the greenhouse effect, which warms the Earth.

• Carbon monoxide (CO) that arises from diesel engines’ incomplete combustion. This
gas will cause poisoning through a hemolytic response.

• Hydrocarbons (HCs) refer to the combination of carbon and hydrogen in general. The
ground-level ozone, which is harmful to crops, ecosystems, and human health, is a
precursor to unburned hydrocarbons.

• Particulate matter (PM) is made up of the components produced by the burning
of sulfur in light oil fuel, as well as the fuel and lubricant residue left over after
combustion. PM comprises microscopic particles that enter the deep lungs, causing
respiratory and cardiovascular difficulties.

• Nitrogen oxides (NOXs) are a group of chemicals that include NO, N02, N20, N202,
and others. When nitrogen and oxygen molecules combine at high temperatures, it
is created. Nox emissions impact asthma and other respiratory diseases, while also
contributing to the formation of smog and acid rain.

• Sulfur Dioxide (SO2) results from diesel fuel’s sulfur and causes respiratory issues
and acid rain [37,38].

From all the above, it is urgent to replace generators with clean energy sources to
preserve the environment and people’s health. Figure 5 shows the wind speed and the wind
speed spectra for Egypt [39,40]. The site data have been studied for over 8760 h. According
to the data, the case study area experiences year-round high levels of solar radiation and
wind speed. Additionally, the area under study is appropriate for the installation of wind
and photovoltaic power facilities.
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Figure 5. Solar irradiance and annual average wind speed map of the location study. Sources: NASA
Surface Meteorology and Solar Energy Data (2024) and NASA Prediction of Worldwide Energy
Resources (POWER) Project (2023); accessed: February 2025.

Using historical weather data sets made available by NASA, the sun irradiance and
wind speed profiles at the suggested site are shown in Figures 6 and 7, respectively. It can
be observed from Figure 6 that solar radiation increases from January until it reaches its
highest level in June, after which it begins to decrease again each month, reaching its lowest
level in December. The maximum radiation levels of the year occur in May, June, and July.
Thankfully, the highest wind speed occurs in June, and the second-highest wind speed
occurs in September. Consequently, it is anticipated that June will see high solar and wind
power output. Based on the existing data, the average solar radiation is 5.6 kWh/m2/day,
and the average wind speed is 5.99 m/s.

3.1. Load Profile

The load profile was obtained from actual measured data recorded over a one year
period, with an hourly resolution, to accurately represent the real energy consumption
pattern of the studied community. The average community’s electric load is 4490 kWh/day,
with a peak demand of 517 kW. The average load is 187 kW, with a load factor of 0.36.
Figure 8 shows the average daily load profile of the area under study.

0

7

14

21

28

35

0

2

4

6

8

10

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

D
ai

ly
 te

m
pe

ra
tu

re
 (o C

) 

So
la

r r
ad

ia
tio

n
(k

W
h/

m
2 /d

ay
)

Solar radiation
Temperature

Figure 6. Average solar radiation per month.



Electronics 2025, 14, 4141 12 of 23

0

1

2

3

4

5

6

7

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

W
in

d 
sp

ee
d 

(m
/s

) 

Figure 7. Average wind speed per month.

0

100

200

300

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Lo
ad

 p
ow

er
 (k

W
)

Hours

Figure 8. Average daily load profile.

3.2. Hybrid Microgrid Grid Model Designing

Using a combination of several renewable and non-renewable resource components,
four models have been created in HOMER PRO to perform the techno-economic analysis.
The proposed models, which are to be designed, include batteries, converters, PV modules,
wind turbines, and storage and backup power sources.

The four models that have to be designed are defined below, as follows:

• MG 1: It will contain a standalone diesel generator.
• MG 2: It will contain a PV module, a power converter, and a battery.
• MG 3: It will contain wind turbines, a power converter, and a battery.
• MG 4: It will contain a PV module, wind turbines, a power converter, and a battery.

Figure 9 demonstrates a representation of the suggested microgrid model.

Figure 9. A representation of the studied microgrid model.
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3.3. Microgrid Components

The suggested system’s hybrid model is made up of various components. The capital
cost (CAPEX) and operating cost (OPEX) in US dollars of all systems’ components are
modified based on the latest reports of the International Renewable Energy Agency (IRENA)
and the near-real costs in the literature [41,42]. All economic data, such as the inflation rate
and the discount rate, are according to the Central Bank of Egypt (CBE) [43,44].

The cost data for each element of the suggested microgrid system, including capital,
replacement, operating, maintenance, and fuel costs, are compiled in Table A1 in the
Appendix A. These elements are covered in the section that follows:

3.3.1. PV Array

The Trina Duomax PEG14 flat plate is utilized in the suggested models. Its lifetime
is around 25 years, and its efficiency is 16.3%. The rated capacity for each PV plate is
0.32 kW. The initial cost for a PV system is 758 USD/kW, and the replacement value is also
considered to be 758 USD/kW. The operating and maintenance cost is USD 10.3 per year.
The derating factor of the PV array is about 88%.

3.3.2. Wind Turbine

For the suggested models, the “Eocycle EO25 Class III” wind turbine is used, featuring
a 23 m hub height. The capacity of this wind turbine is 25 kW. The capital cost for the wind
turbine is 1160 USD/kW, while the replacement cost is also 1160 USD/kW, and the annual
operating and maintenance cost is 20 USD/kW. The lifetime is about 20 years.

3.3.3. Battery Energy Storage

The battery used in the proposed models is a lithium-ion battery, specifically the
Fortress Power LFP-10, with an estimated lifespan of approximately 10 years. The capital
cost for the battery is USD 2736, while the replacement cost is also USD 2736, and the
operating and maintenance cost is USD 136.80 per year. The nominal voltage is 48 V, while
the nominal capacity is 9.6 kWh, and the round-trip efficiency is approximately 98%. The
maximum charge current is about 100 amperes, and the maximum discharge current is also
considered 100 amperes.

3.3.4. Converter

The Huawei SUN2000-150KTL-50 converter is used in the suggested models. Off-
grid, the Huawei microgrid inverter utilizes an integrated design, combining the MPPT
solar controller, battery charger, and bi-directional inverter into a single converter rated
to 33 KVA. It functions as an inverter and a rectifier in both modes. The converter only
operates in the inverter mode when wind and solar energy are unavailable; this kind of
situation typically arises at night and during overcast weather. When sufficient renewable
energy is available, the converter operates solely in rectifier mode, charging the battery.
The converter’s efficiency is approximately 97%. The capital cost for the converter is
50 USD/kW and the replacement cost is also 50 USD/kW. The converter has a lifetime of
about 15 years.

3.3.5. Diesel Generator

In MG 1, a generic generator is employed for simulation and design. The generator is
optimized by Homer PRO based on its needs. The estimated lifetime duration is 20,000 h,
with a minimum load ratio of 25%. The capital cost is 667 USD/kW, the replacement value
is also 667 USD/kW, and the operating cost is USD 1.12 per operating hour. The price of
fuel is USD 0.313 per liter [45].
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The detailed technical specifications of the solar module, wind turbine, battery energy
storage, converter, and diesel generator are listed in Table A2 in the Appendix A. It also
contains technical details specific to each component, such as the rated power, rated voltage,
longevity, and other relevant statistics.

4. Results
Using the Homer Pro, the simulation was run, and the best feasible system was

found based on the NPC and COE. In each optimization cycle, the optimal values of
the system variables (PV array size, WTs number, BAT capacity, DG size, and CONV
rating) are optimized by decreasing the NPC. The load data, economic data, weather
data, and optimization restrictions are all entered into the model during the optimization
process. The process generated a list of feasible solutions ordered according to their
economic performance once the NPC’s precision convergence was achieved and all possible
configurations were evaluated.

4.1. Standalone DG

In this section, the full electrical load is provided by a 520 kW diesel generator. Due to
its detrimental emissions, its environmental impact has caused serious worries. Quantities
of these emissions are illustrated in Table 2. In this scenario, the NPC is USD 65.6 million,
the COE is 3.31 USD/kWh, and the cost of fuel is 154,906 USD/year.

Table 2. Quantities of emissions produced by the diesel generator.

Emissions Type Quantity Unit Percentage

Carbon Dioxide 1,295,480 kg/yr 98.523%
Carbon Monoxide 8166 kg/yr 0.621%
Particulate Matter 49.5 kg/yr 0.004%

Unburned
Hydrocarbons 356 kg/yr 0.027%

Sulfur Dioxide 3172 kg/yr 0.241%
Nitrogen Oxides 7671 kg/yr 0.583%

4.2. PV/CONV/BAT

In this scenario, it is recommended to provide the load using a combination of batteries
and PV panels. The PV panels’ primary contribution occurs during the day, while the
battery banks power the load at night and in the shade. Additionally, when there is more
solar energy than is needed for the load, the battery system has the capacity to store
the excess energy. This system consists of 3688 kW PV panels, a 644 kW converter, and
489 batteries. In this scenario, the values of NPC and COE are USD 6.39 million and
0.323 USD/kWh, respectively.

4.3. WT/BAT/CONV

This system uses a wind generator in conjunction with a battery storage device. When
there is a shortfall of energy from the wind resource, the battery bank is used to make
up the difference by providing the load with the necessary power. However, when wind
speeds are strong, there is a significant amount of wind energy, and the battery bank begins
to charge. This system consists of 65 wind turbines, 687 batteries, and a 609 kW converter.
The NPC and COE values are USD 6.9 million and 0.348 USD/kWh, respectively.

4.4. PV/WT/BAT/CONV

In this instance, the suggested system combines two renewable energy sources
(WT&PV) to meet the load under investigation. Additionally, a battery bank can meet the
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need for energy storage when there is a need for more energy than the load. When there is a
shortage of renewable energy sources, the load is supplied by the battery bank. This system
consists of 1109 kW PV panels, 16 wind turbines, 353 batteries, and a 439 kW converter.
The NPC of this scenario is USD 3.86 million, and the COE is 0.195 USD/kWh. Figure 10
shows the cash flow of the four models.
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Figure 10. Cash flow of the four models (a) DG, (b) PV/CONV/ BAT, (c) WT/CONV/ BAT, and
(d) PV/WT/CONV/BAT.
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5. Cost Analysis
Table 3 shows the optimization results of the four models. It provides the optimal

capacities of all microgrid components for each model, including the PV capacities, wind
turbine quantities, converter capacity, battery numbers, and generator capacity for MG 1.
It also displays the NPC, COE, CAPEX, and OPEX for all models, as well as the fuel cost
for MG 1. Figure 11 presents a comparison of outcomes from the various cost categories of
the microgrids studied. It can be observed that the standalone DG has the lowest capital
cost, at USD 0.347 million. Still, it also has the minimum value of salvage cost at USD
3515 and the highest value of operating cost at USD 61.7 million, in addition to fuel cost
at USD 154,906 per year, and the amount of exhaust emissions produced during a year
is 1,314,895 kg. It can be observed that all cost items indicate that the PV/CONV/BAT
scenario has the highest capital cost value, at USD 4.2 million, and the WT/CONV/BAT
scenario has the greatest values for replacement and salvage costs, at USD 2.1 million
and USD 479,106.7, respectively. Finally, the PV/WT/CONV/BAT has the minimum
values of replacement and operating cost with USD 0.92 million and USD 0.82 million,
respectively. It also has the minimum values of NPC and COE, at USD 3.86 million and
0.195 USD/kWh, respectively, as shown in Figure 12. Conversely, the Standalone DG
system has the highest values of NPC and COE, at USD 65.5 million and 3.31 USD/kWh,
respectively. Therefore, the PV/WT/CONV/BAT system is the lowest-cost system among
all configurations. Comparing the system’s techno-economic performance, the obtained
COE (0.195 USD/kWh) and NPC (USD 3.86 million) with those reported in recent studies
were conducted under similar climatic conditions and load classes. For example, O.A.
Odetoye et al. [25] reported a COE of 0.26 USD/kWh and an NPC of USD 55.7 M for a
PV–hydro–battery system in Nigeria using HOMER. Similarly, in Morocco, A. Beyoud
et al. [20] found a COE of 0.41 USD/kWh. Meanwhile, M.M. Kamal et al. [18] obtained
a COE of 0.25 USD/kWh for a hybrid system in India. These results place the present
study’s COE and NPC within the lower range of reported values, confirming the cost
competitiveness and technical feasibility of the proposed hybrid configuration under
Sinai’s environmental and load conditions.

 

PV/CONV/BATStandalone DG WT/CONV/BAT
PV/WT/CONV/B

AT

346,840Capital 4,165,376.26 3,795,077.17 2,292,158.21

Replacement 1,695,773.59 1,092,099.36 2,054,368.68 917,282.03

Operating 61,702,610.72 1,268,422.05 1,529,697.01 818,901.31

Salvage −3515 −137,767.65 −479,106.74 −169,900.79

−1.00×107

0.00

1.00×107

2.00×107

3.00×107

4.00×107

5.00×107

6.00×107

7.00×107

C
os

t (
$)

Figure 11. Cost summary of the four evaluated models.
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Table 3. Optimization results of the studied models.

Model PV
(kW)

WT
(Qty)

BAT
(Qty)

CONV
(kW)

DG
(kW)

NPC
(MUSD)

COE
(USD/kWh)

CAPEX
(USD)

OPEX
(USD/yr)

O&M
(USD/yr)

Fuel Cost
(USD/yr)

MG 1 - - - - 520 65.6 3.31 346,840 5.4 M 5.1 M 154,906

MG 2 3688 - 489 644 - 6.39 0.323 4.17 M 183,786 104,878 -

MG 3 - 65 687 609 - 6.9 0.348 3.8 M 256,731 126,482 -

MG 4 1109 16 353 439 - 3.86 0.195 2.29 M 129,507 67,710 -
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3.310

0.323
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DG PV/CONV/BAT WT/CONV/BAT PV/WT/CONV/BAT

Figure 12. Comparison of NPC and COE for the microgrid models investigated.

5.1. Reliability Analysis

Figure 13 illustrates the electric power profile of the PV/WT/CONV/BAT system
during a three-day simulation period. It is evident that the system load is continuously and
fully met through a coordinated contribution from all available energy sources, namely the
PV, WT, and the batteries. These sources collectively ensure that the load receives stable and
sufficient power throughout the entire duration. The lower part of the curve illustrates the
battery’s charge and discharge behavior. When the combined power generation from the
PV and WT sources exceeds the instantaneous load demand, the surplus energy is directed
toward charging the battery, increasing its state of charge. Conversely, during periods when
the generated power is insufficient to meet the load, the battery discharges, supplying
the required energy to maintain system balance. This dynamic operation underscores
the battery’s crucial role in mitigating power fluctuations, maintaining supply–demand
equilibrium, and enhancing the overall reliability and stability of the hybrid energy system.
Figure 14 shows the electric power profile of the PV/WT/CONV/BAT system during a
three-day simulation period from 1 January to 3 January (winter days).

Notably, the system achieves zero unmet load, confirming that the power demand is
fully satisfied at all times.
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5.2. Sensitivity Analysis

Figure 15 presents the sensitivity of both the NPC and COE to changes in three key
financial parameters: the PV capital cost, inflation rate, and discount rate. When the
inflation rate increased by 20%, the NPC rose from USD 3.86 million to USD 4.43 mil-
lion (+14.8%). In contrast, reducing the inflation rate by 20% lowered the NPC to USD
3.44 million (−10.9%). However, the COE exhibited the opposite behavior: it decreased
from 0.195 USD/kWh to 0.162 USD/kWh (−16.9%) as the inflation rate increased and then
increased to 0.222 USD/kWh (+13.8%) when the inflation rate decreased.

Figure 15. Sensitivity analysis: (a) NPC; (b) COE.

Regarding the discount rate, a 20% increase resulted in a decrease in the NPC to USD
3.33 million (−13.7%), and the COE rose to 0.238 USD/kWh (+22.1%), while a 20% decrease
in the discount rate raised the NPC to USD 4.70 million (+21.8%) and the COE decreased to
0.155 USD/kWh (−20.5%). A 10% increase in the PV capital cost resulted in a rise in the
NPC to USD 3.95 million (+2.3%) and the COE to 0.199 USD/kWh (+2%). Conversely, a
10% reduction in the PV capital cost decreased the NPC to USD 3.77 million (−2.3%) and
the COE to 0.191 USD/kWh (−2%). These findings indicate that, although the NPC and
COE are interrelated, their responses to parameter variations, particularly the inflation rate
and discount rate, are not always uniform. The COE exhibits higher sensitivity to changes
in the discount rate and demonstrates inverse sensitivity to the inflation rate, likely due



Electronics 2025, 14, 4141 20 of 23

to their effects on future cash flows and the temporal profile of energy generation. The
analysis highlights that both the inflation rate and discount rate exert a significant influence
on the system’s financial performance. In contrast, the PV capital cost has a more moderate
but still measurable impact. Overall, the system demonstrates economic robustness under
a range of financial conditions.

6. Conclusions
In this study, a grid-independent HREM was proposed to satisfy the electricity demand

of a remote community in South Sinai, Egypt. Four MG configurations —standalone DG,
PV/CONV/BAT, WT/CONV/BAT, and PV/WT/CONV/BAT—were designed using
HOMER software to electrify the community load, achieving a daily load of 4490 kWh with
a peak demand of 517 kW.

The findings of the simulation, optimization, and parametric analysis are as follows:

• The Standalone DG system has the highest values of NPC and COE with USD 65.5 mil-
lion and 3.31 USD/kWh, respectively. In addition to the fuel cost of USD 154,906 per
year, the amount of exhaust emissions produced annually is 1,314,895 kg.

• The integration of 1109 kW for the PV panels, 16 wind turbines, 439 kW converter,
and 353 batteries provides the most suitable techno-economic behavior in relation to
others. This MG, PV/WT/CONV/BAT, has the lowest values of NPC and COE, at
USD 3.86 million and 0.195 USD/kWh, respectively.

• The sensitivity results clearly demonstrate how financial parameters influence sys-
tem economics. A 20% increase in the Inflation Rate raised the NPC by 14.8% but
decreased the COE by 16.9%, showing an inverse relationship. Conversely, reducing
the inflation rate led to a lower NPC and a higher COE. In the case of the Discount
Rate, increasing it by 20% decreased the NPC (−13.7%), but raised the COE (+22.1%),
while a 20% decrease raised the NPC and decreased the COE significantly. The PV
Capital Cost, with a ±10% variation, resulted in modest changes in the NPC and COE
(approximately ±2%).

In summary, the proposed hybrid renewable energy system demonstrates strong
potential for delivering affordable, reliable, and sustainable electricity to remote and non-
interconnected regions such as Sinai, Egypt. By integrating PV, wind, and battery storage,
the system can enhance energy access and improve living standards for local communities.
Nevertheless, several limitations should be acknowledged. The current analysis relies on
specific assumptions regarding resource availability and load demand; hence, uncertainties
in solar irradiance, wind speed data, and future demand variations may affect the sys-
tem’s actual performance and economic viability. Moreover, the absence of demand-side
management (DSM) strategies in the current design may limit potential improvements
in energy efficiency and storage optimization. Future research should explore scalability
to larger communities, integration with hydrogen-based storage, and scenarios involving
partial or full grid connection to enhance flexibility and resilience. Overall, the proposed
strategy offers a promising pathway toward achieving energy security and socioeconomic
development in isolated areas.
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Appendix A
Table A1 provides a summary of the expenses associated with each component of the

suggested microgrid system, including capital, operating and maintenance costs, replace-
ment costs, and fuel costs. The characteristics of the solar module, wind turbine, battery
energy storage, converter, and diesel generator are listed in Table A2. Furthermore, the
technical details for each component are included in Table A2, which includes the rated
power, rated voltage, longevity, and other specific information.

Table A1. Cost data for the investigated microgrid elements.

Element Capital Cost Replacement Cost Operating and Maintenance Cost Fuel Cost

PV 758 USD/kW 758 USD/kW 10.3 USD/kW/yr -
WT 1160 USD/kW 1160 USD/kW 20 USD/kW/yr -
BAT 2736 USD USD 2736 136.8 USD/yr -

CONV 50 USD/kW 50 USD/kW 0 -
DG 667 USD/kW 667 USD/kW 1.12 USD/op.h/yr 0.313 USD/L

Table A2. Complete technical details for microgrid elements.

Element Specification Value

PV

Rated power 0.32 kW
Temperature coefficient −0.410 ◦C
Normal operating cell temperature 44 ◦C
Efficiency at STC 16.3%
Derating factor 88%
Lifetime 25 years

WT
Rated power 25 kW
Hub height 23 m
Lifetime 20 years

Battery
Nominal voltage 48 V
Nominal capacity 9.6 kWh
SOC limits 5–100%
Roundtrip efficiency 98%

Converter

Rated power 33 KVA
Efficiency 97%
Relative capacity 50%
Lifetime 15 years

DG

Fuel curve slope 0.236 L/h/kW
Fuel curve intercept 9.25 L/h
Lifetime 20,000 h
Minimum load ratio 25%
Carbon monoxide 16.5 g/L fuel
Nitrogen oxides 15.5 g/L fuel
Lower heating value 43.2 MJ/kg
Diesel fuel price 0.313 USD/L
Carbon percentage 88%
Sulfur percentage 0.4%
Unburned HC 0.72 g/L of fuel
Particulates 0.1 g/L of fuel
Fuel sulfur to PM 2.2%
Fuel density 820 kg/m3

CHP heat recovery ratio 0%
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