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Abstract

Supplying electric energy in remote areas presents a significant challenge due to their relatively far distance from the main
grid, low population density, high infrastructure costs, and limited resource. One promising solution to this challenge is
the isolated hybrid microgrids (MGs) which can deliver reliable electricity and support economic development. The current
work introduces an optimal design of isolated hybrid MGs for remote areas, whereas, a small Nubian village in Aswan, Egypt
(a desert climate region) is taken as a case study. The study mainly relies on techno-economic and environmental analyses
for different microgrid configurations. The analysis has been carried out utilizing Hybrid Optimization Model for Electric
Renewable (HOMER Pro software) to find the least-cost design among hundreds of alternatives based on the weather condi-
tions in this area. Recently, incorporating the renewable energy sources (RES) into local power networks is among the most
prominent research areas. Although many typical components can be used to develop the required microgrid system, there
are also many limitations on these components, such as resources availability and costs. Several photovoltaic (PV) /wind/
diesel/storage Hybrid Energy Systems (HES) have been studied in this paper. Additionally, the effectiveness of a mechanical
PV tracking system and impact of battery technologies, such as lead-acid and lithium-ion on the overall costs of the energy
system has been discussed. The proposed analysis shows that the PV-wind-lithium-ion battery energy system with vertical-
axis PV tracking system is the most economical option, which attains a Net Present Cost (NPC) of $853,634.53 and a cost
of energy (COE) of $0.255 and produces acceptable environmental gas emissions of 64018.15 kg/yr. Besides, a 7 years
payback of the proposed microgrid system (25-years-lifetime) has been attained.
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For many centuries, fossil fuels, such as coal, oil, and gas
have been used to power industrial processes and transporta-
tion systems. However, burning these fossil fuels releases
large amounts of carbon dioxide into the atmosphere that trap
heat from escaping back out into space, leading to increased
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global temperatures over time. Global carbon dioxide (CO,)
emissions caused by fossil fuels are one of the primary con-
tributors to climate change. The amount of CO, released from
burning fossil fuel has risen steadily since the start of indus-
trialization in 1750, with more than half being released after
1970 alone due to population growth and increasing demand
for energy services worldwide as stated by the Intergovern-
mental Panel on Climate Change (IPCC), United Nations [1,
2]. In 2019 it was estimated that, around 33 billion tons of
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CO, were emitted globally, with China accounting for 28%,
followed by the US at 15%, India at 7%, Russia at 5%, and
Japan at 4% [3]. This is a concerning trend as high levels of
atmospheric CO, can lead not only to higher global tempera-
tures but also to changes in weather patterns, which can cause
extreme catastrophic weather events like floods or droughts,
resulting in significant human suffering across many parts of
regions on earth [4, 5]. Fortunately, many efforts and solu-
tions have been dedicated recently for reducing the reliance
on traditional sources and providing necessary energy needs
with renewable energy alternatives such as solar and wind
or nuclear power plants. Furthermore, improved efficiency
measures through better insulation buildings or using electric
vehicles instead of petrol cars offer promising potentials in
that issue. These measures will help keep global temperature
rises under 2°C this century if implemented quickly enough
[6]. Recently, microgrids technologies have been considered
an optimal solution for remote areas due to their ability to
provide reliable, efficient, and clean energy [7—11]. They can
generate and store electricity from various sources, such as
solar, wind, hydropower, and diesel generators. Meanwhile,
MGs can operate independently from the utility grid gener-
ating what so called stand-alone or isolated MGs, providing
electricity when needed without relying on outside power
sources. This makes them ideal for remote areas that may not
have access to the utility grid or where there are frequent out-
ages due to storms or other natural disasters [12, 13]. How-
ever, it is essential to consider any potential drawbacks of
MG technologies, such as cost and/or maintenance require-
ments, while noting their advantages over traditional grids
[14, 15]. It should also be noted that there may not be always
enough RES available in some areas, which could limit the
effectiveness of using hybrid MGs instead of conventional
energy supplying methods like fossil fuels or nuclear power
plants. Further, the environmental benefits including carbon
emissions reduction comparing with the traditional grid sys-
tems are considered one of their features since they rely on
renewable energy sources rather than fossil fuels. Ultimately,
these features make MGs well suited for remote communi-
ties, which often have lack access to reliable electricity and
have a desire for cleaner alternatives [16—18].

Literature Review

Renewable energy resources such as solar, wind, and hydro-
power are essential to deliver clean energy,, however, these
sources are subject to intermittent nature in availability due
to weather patterns or other factors [19, 20]. Commonly,
incorporating RES into local conventional power networks,
provides cost savings and improved reliability over time [21].
Basically, in order to maximize efficiency while minimiz-
ing costs when designing a hybrid energy microgrid system,
all available resources should be taken into account. This
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includes evaluating the potential output from each source
based on its geographic location and weather conditions.
Besides, how these resources may interact with one another
in terms of load balancing or peak demand periods should be
also considered. Additionally, storage capacity must be con-
sidered when determining, which combination of resources
best meets a government's needs without sacrificing perfor-
mance or reliability [22]. Before making any decisions about
implementation strategies for a new hybrid energy microgrid
system, organizations can ensure that their investments are
optimized for maximum return either now or in the future
through careful assessment of all the available renewable and
conventional energy resources. With careful planning, this
infrastructure can provide reliable, cost-effective solutions
that benefit the business owners as well as the consumers.
Designing of hybrid energy systems for a remote areas
is an important task that requires careful consideration and
planning [23]. Developing such systems comes in three
steps, the first step is to assess the energy needs of the area,
including both electrical and thermal requirements. Once
this data has been collected and analyzed, it can be used
to identify potential sources of renewable or alternative
energies, which could provide power for the region on an
ongoing basis. The second step is to develop an appropriate
design solution based on these findings; this could involve
selecting specific technologies or combinations of the best
suited for meeting local needs while providing reliable ser-
vice with minimal maintenance costs over time. Finally,
cost estimates should also be a factor into the design equa-
tion since installing new infrastructure requires significant
upfront investments before any returns are being seen from
sales revenue generated from selling the surplus electricity
back onto the utility grid if applicable [24]. Many works
have been found in the literature studying the optimal design
for hybrid isolated MG systems. Tran et al. [25] designed a
hybrid system that includes a PV system, batteries, and a
diesel generator to electrify a 60 kW peak load of a remote
island in Vietnam. Ozogbuda and Igbal [26] developed a DC
microgrid for a remote community of nine houses in Nigeria
having a solar irradiance of 4.63 kWh/m/day. A. A. Kebede
et al. [27] studied the effects of batteries and their specifica-
tions as a critical element when designing MGs for rural
communities. A three-stage multi-objective mixed-integer
linear programming method for optimizing the growth and
operation of isolated multi-energy MGs for remote areas
were proposed in [28]. Ayodele et al. [24] introduced a stan-
dalone microgrid composed of wind/diesel with a modular
design aiming to serve residential loads and a water pumping
system through a local alternating current bus. The super-
capacitors energy storage is included in a standalone hybrid
MG with appropriate combination supervision to balance
the generation with loads proposed in [29, 30]. The combi-
nation of properly rated energy storage units and renewable
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generators into isolated MGs, together with an optimal dis-
patching method. Authors of [31] proposed a design of an
isolated MG with high penetration of RES. Virtual inertia
control was introduced to improve the MG stability.

The HOMER Pro software is one of the most popular tools
for sizing HES [32]. This optimization tool has the ability to
identify the best size of energy systems through fast response
and easy use; moreover, it can be used for sensitivity analysis to
examine the effects of uncertainty or changes in input variables.
Several recent studies have been conducted to verify the relia-
bility of HOMER software for various purposes in MGs design.
For example, Zhou et al. [33] used the HOMER software to
design a MG system for a remote community and found that it
provided accurate, reliable results. M. S. Javed et al. [34] uti-
lized HOMER to develop a combined wind-photovoltaic hybrid
system for a remote island and confirmed the satisfaction with
the results. Also, Singh and Srivastava [35] used a combination
of HOMER and MATLAB to design a microgrid system in a
rural area and obtained efficient and reliable results. In addition,
many recent studies have been conducted to analyze the per-
formance of HOMER Pro in different scenarios. For example,
in a study by Jain et al. [36], HOMER Pro was used to evaluate
the economic and technical feasibility of a decentralized hybrid
energy system for a remote village in India. Commonly, the
hybrid energy system can significantly reduce the NPC and
COE; moreover, increasing the RES penetration into the HES
and reducing the Greenhouse Gas (GHG) emissions. [37].

Motivation and Historical Background

Aswan is the sunniest city in Africa, with sunlight of 10.6
h per day i.e. almost 3863 h per year with few cloudy days.
Aswan is located in the Upper Egypt (32° 53" E, longitude and
24° 5' N, latitude), it is a location where the solar power for
PV technologies is available. Aswan has a subtropical desert
climate and includes massive desert area indicating that it is a
suitable location for efficient energy exploitation nearly through
the year. Recently the Egyptian government has taken steps
towards increasing renewable energy use in Aswan via estab-
lishing vast investments in solar power projects throughout the
area. Benban solar park is the most notable project, which was
completed in 2018, includes 41 solar power plants being devel-
oped in Benban, Aswan governorate, Egypt, by the New and
Renewable Energy Authority. This project, covers over 4500
acres, making it one of the largest solar parks globally [38]. In
light of Aswan’s significant advancements in solar energy, high-
lighted by the completion of the Benban solar park, the Egyptian
government is extending its commitment to renewable energy
into new developmental projects. Among these initiatives is the
ambitious plan to develop the Nubian villages in Wadi Karkar.

The Egyptian government plans to develop the Nubian vil-
lages in Wadi Karkar, where 8 villages will be established on
an area of 400 acres, and all services will be provided there

including local power networks to meet the electrical energy
requirements of approximately 2024 Nubian homes. One of
these areas is governmental villages called the new Nubian
city of Wadi Karkar. These villages are located in Wadi
Karkar, which is 16 km from the lake Nasser in the desert.

Research Gap

Based on previous discussion, electrification solutions for
remote areas in Egypt comes in two ways, some solutions
depend on PV solar production only such as Benban solar park,
Aswan governorate, Egypt, whereas the other solutions relied
on wind farms only to generate the power such as Ras Ghareb
wind farm, Ras Ghareb, Egypt and Zafarana wind farm, Suez,
Egypt. Therefore, the feasibility of integrating different renew-
able sources and battery system into the isolated power net-
work based on the weather condition is expected to be most
effective for these areas. In addition, this kind of research is
very limited in the literature, and to the best of the authors'
knowledge, few researches on optimizing both economic and
environmental parameters simultaneously were conducted.
Accordingly, the proposed design of hybrid solar-wind-battery
for remote area with desert weather conditions is important in
the current situation and for further discussion.

Contribution of the Research

The current work makes an important contribution to address-
ing the challenges of electric supply in arid areas, focusing spe-
cifically on the off-grid system for desert climate remote areas,
such as the new Nubian city of Karker in Aswan, Egypt. The
study aims to provide reliable and cost-efficient electrifica-
tion solutions in isolated areas through utilizing hybrid energy
microgrid systems. One of the main contributions of this work
is the thorough techno-economic and environmental analysis
conducted for different microgrid architectures. By employing
the HOMER optimization software, the authors explore and
evaluate hundreds of alternatives and identify the least-cost
design for the microgrid system. To fulfill load requirement,
this comprehensive design considers net present cost (NPC),
renewable energy fraction (REF), additional electrical power,
cost of energy (COE), and greenhouse gas (GHG) emissions.
Considering these criteria, a blueprint is formed to provide valu-
able insights into the most cost-effective and environmentally
friendly renewable energy system for implementation. The main
contributions of the study are summarized as the following:

e The study compares the utilization of different renew-
able energy sources, particularly solar PV systems, and
small-scale wind turbines. By assessing their performance
and determining the optimal utilization between the two
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sources, the researchers provide practical guidance on
selecting the most suitable renewable energy option for
the understudy areas.

e The current study analysis helps maximizing the utiliza-
tion of available resources and contributes to the overall
efficiency and effectiveness of the microgrid systems.

e Highlighting the impact of solar PV mechanical track-
ing systems on the overall cost and performance of the
energy system. By examining different tracking systems
and their influence on critical factors such as NPC, REF,
additional electrical power, and GHG emissions

e The study focuses on practical considerations and real-
world implementation of renewable energy technologies
and offers valuable information to optimize the perfor-
mance of solar PV systems.

e The current work evaluates the impact of battery technolo-
gies, specifically lead-acid and lithium-ion, on the overall
cost of the energy system. By comparing these technologies
and their costs and performance characteristics, the study
provides valuable insights into incorporating energy stor-
age into renewable energy systems. This analysis assists in
making informed choices about the most suitable battery
technology based on cost and performance considerations.

e Some sensitivity parameters have been studied, such as the
PV panel price, fuel price, and derating factor of the PV
panels, to show the uncertainty of the proposed system.

In a nutshell, the study contributes to the existing body of
knowledge. It provides a comprehensive and well-rounded
analysis of the optimal design for a hybrid energy micro-
grid system in remote isolated areas. Its contributions to
techno-economic analysis, comparison of renewable energy
sources, evaluation of solar PV tracking systems, and assess-
ment of battery technologies make it valuable for decision-
makers seeking to bring reliable electricity and sustainable
development to remote communities. Obviously, the current
work highlights renewable energy deployment's economic
and environmental benefits and offers practical guidance on
system design, technology selection, and optimization.

Article Organization

This paper has been organized as follows: in Section “Struc-
ture of the Proposed Microgrid” the structure of the proposed
microgrid has been discussed including the data needed to be
utilized as inputs for getting the optimal design of the micro-
grid in addition to the components that are suggested to be
employed, Section “Mathematical Formulation of the Prob-
lem” describes the mathematical formulation of the problem.
The obtained results and discussion are presented in Sec-
tion “Results and Discussions”. Sensitivity analysis has been
done in Section “Sensitivity Analysis” to examine the effect
of the change of specific variables on the system feasibility.
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Finally, this research is concluded in Section “Conclusion
and Policy Implications”.

Structure of the Proposed Microgrid

Hybrid Alternating/Direct current (AC/DC) microgrids are
one of the most interesting techniques that are used in the
developed distribution power networks. A typical hybrid
microgrid structure is composed of AC and DC power net-
works. Figure 1a shows the site's location in Aswan's north
(Wadi Karkar) where the proposed microgrid structure is
given in Fig. 1b. As shown in the figure a hybrid AC/DC
microgrid structure is proposed while the microgrid has been
designed to be a self-sustaining, locally managed energy
system that combines multiple sources of power generation
and storage systems. It is composed of different types of
distributed energy resources, i.e. renewable and non-renew-
able sources, such as solar PV panels, wind turbines, diesel
generators, battery storage units. As depicted in the figure,
an AC/DC converter works as an interfacing link between
units of the hybrid AC/DC microgrid. Such converter acts
as a supplier to one network and a load to the other one in
islanded operation mode. Moreover, for enabling automatic
operation of the isolated MG, an intelligent control system
is included in the structure allowing optimal performance of
the microgrid. Additionally, the proposed structure provides
enhanced reliability of the power network through providing
backup power in case one source fails or becomes unavail-
able due to weather conditions or maintenance issues.

The following sub-sections give more details for the data
that has been utilized as inputs for the software aiming to
obtain an optimal design i.e. the electrical loads, solar irra-
diation, ambient temperature, wind speed. Also, the compo-
nents that are suggested to be employed in the proposed iso-
lated microgrid such as photovoltaic modules, wind turbine,
Battery Energy Storage System (BESS), DC/AC converters,
and diesel generator have been discussed.

Electrical Loads

Electrical loads in residential homes can vary greatly
depending on the size and type of house, the number of
occupants, and the type of the used appliances and fixtures.
The typical electrical loads for a single-family home will
include lighting, heating and cooling, appliances, hot water
heating, and other miscellaneous items. Lighting typically
accounts for the most significant portion of the electrical
load, followed by heating, cooling, and appliances. Water
heating and other miscellaneous items generally account for
a minor part of the electrical load. In this study, for design-
ing the understudy MG, average loads per house has been
calculated for a small village composed of 10 houses with
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Fig. 1 a Site location in Aswan,
b Structure of the proposed
RES-based microgrid
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5 occupants each. Table 1 shows the various loads existing
in each house.

Figure 2 shows the daily load curve for the total
residential area (small Nubian village composed of ten
houses in the new Nubian city of Wadi Karkar, Aswan
governorate). It is noted from the figure that the ran-
dom variability in the graph represents the fluctuation
in electricity usage from month to month due to changes
in weather and other factors. The graph shows the peak
hours of electricity usage and the average amount used
during those hours. The electrical load curve for 10
houses with an average peak load of 5214 W and energy
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consumption of 38346 kWh is typically bell-shaped.
During peak load times, such as daytime hours when
people use appliances, the electrical load curve will be
higher. However, it will be lower during off-peak times,
such as late-night hours (bedtime). The electrical load
curve is reasonably flat over the year time, as the amount
of electricity used does not fluctuate significantly as dur-
ing the summer the cooling load increases, while the
water heating load increases in contrast in the winter.
By looking at this graph, one can determine the average
electricity usage of the village and identify any potential
areas of improvement.
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Table 1 Typical household electrical appliances and their operating
conditions

Item Power (Watts) Quantity Oper- Total load
ating (Watt-
hours hour)

Fans 50 5 20 5000

CFLs lamps 24 4 16 1536

Fluorescent Tubes 40 1 360

TV 250 1 1500

Water pump 750 1 3 2250

Refrigerator 350 1 24 8400

Kettle 400 1 1 400

Air cooler 350 2 12 8400

Geyser 1500 1 1 1500

AC 1500 1 6 9000

Total 38346

Solar Irradiation and Wind Speed

Solar irradiation curve for Aswan city is shown in Fig. 3.
Aswan city receives a high amount of solar irradiation all
the year. The average monthly irradiation varies between
4.57 kWh/m” in January and 7.92 kWh/m? in June, with an
average daily irradiation of 6.18 kWh/m?2. The total yearly
irradiation in Aswan is 2,270.5 kWh/mz, with a maximum of
2,556.2 kWh/m2 in June and a minimum of 1,955.6 kWh/m?
in January. These data have been obtained from NASA Pre-
diction of Worldwide Energy Resources (POWER) project.
The figure also contains the monthly average wind speed
data. As indicated from the figure, the wind profile in Aswan
region is characterized by stable and low speeds throughout
the year. The average wind speed in Aswan is around 6.0 to
7.0 m per second, with a maximum of approximately 7.06 m
per second in the summer months and a minimum of about
5.94 m per second in the winter months. The wind speed

65 v T v T v T v T

data for Aswan provide detailed information on the amount
of wind energy available to the city throughout the year,
which can be used in wind power generation.

System Components

In this research, an optimized design of a hybrid micro-
grid has been introduced. The designed MG includes
various components, which can be summarized as: diesel
generators, natural gas generators, energy management
system, battery management system, controllers, invert-
ers, transformers, electrical cables, circuit breakers, and
other components used to monitor and control the system.
Additionally, RES like solar PV systems, wind turbines,
and microturbines can be incorporated into the system.
HOMER Pro software allows users to simulate different
system configurations and optimize them based on user-
defined objectives. Besides, the HOMER has been used
to model the nominated components among the previous
mentioned ones.

Photovoltaic Modules

Generic flat-plate PV modules have been used in the pro-
posed MG system. These modules are an effective way to
generate solar power. Solar tracking PV panels are photovol-
taic panels that are mounted on a tracking device to follow
the sun's path throughout the day [1]. This allows the pan-
els to capture more sunlight and generate more electricity,
thus increasing the system efficiency. The tracking device
can be either active or passive and ranges from a simple
one-axis tracker to a more complex dual-axis tracker. The
dual-axis tracker is more efficient but also more expensive.
Solar tracking PV panels increase electricity production by
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Fig. 2 Daily load profile for the village
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Fig.3 Solar radiation and wind speed in Aswan city

up to 45 percent compared to stationary PV panels. The
tracking systems can be classified according to horizontal
and vertical tracking systems. The vertical tracking systems
are typically used when space is limited to use horizontal
tracking systems. (the panels need to be mounted close to
the ground). On the other hand, horizontal tracking systems
are typically more extensive and expensive comparing to
vertical tracking systems however the panels are mounted
higher off the ground and have the ability to follow the sun
movements more accurately. Generally, vertical tracking sys-
tems are more economical comparing to the other tracking
techniques; however, they are not as effective as the other
methods for increasing the efficiency of the photovoltaic
systems.

Wind Turbine

The wind turbine depends directly on wind speed. The power
output of a wind turbine is directly proportional to the cube
of the wind speed, so doubling the wind speed will result in
an eight-fold increase in power output. Additionally, wind
turbines are designed to operate within a specific range of
wind speeds, accordingly, out of this range the turbine will
shut down to protect itself from damage [28].

Battery Energy Storage System

Battery energy storage system is commonly used to store
energy generated from renewable sources like solar and wind
and can also be used for peak-shaving and load shifting.
BESS systems are becoming increasingly popular for stor-
ing and managing energy, especially in locations where RES
are heavily used. BESS is a critical component of a MG and
can provide various benefits, such as increasing the power
system reliability and flexibility. The most widely used types
of BESS are lead-acid, lithium-ion, nickel-cadmium, and
flow batteries. Lead-acid batteries are the most common and

inexpensive but have relatively low energy density and a
short lifespan. Meanwhile, Lithium-ion batteries are more
expensive but have higher energy density and longer lifes-
pans. Nickel-cadmium batteries are similar to lead-acid bat-
teries but have a shorter lifespan. Flow batteries are designed
for long-term storage but are relatively expensive and have
relatively low energy density. In the current work, lead-acid
and lithium-ion batteries have been studied to obtain the best
battery size and cost [26].

Direct/Alternating Current (DC/AC) Converter

In a microgrid system, a DC-AC converter is an electronic
device that converts direct current (DC) electricity from a
renewable energy source, such as solar panels, into alter-
nating current (AC) electricity that standard appliances can
use. DC-AC converters also provide AC power from a DC
power source, such as the battery, and can provide ancil-
lary services to the grid, such as frequency regulation and
power quality services. Additionally, DC-AC converters can
be used to optimize the utilization of RES by reducing the
amount of energy wasted due to intermittent nature of the
renewable sources [13].

Diesel Generator

Diesel generators are commonly used in MG systems as a
reliable backup power source. Diesel generators convert
chemical energy stored in diesel fuel into mechanical energy,
which is then converted into electrical energy. Diesel gen-
erators are typically used as backup power sources in case
of grid outages or when RES are unavailable. They are also
used to provide additional power during peak demand peri-
ods [14].
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Mathematical Formulation of the Problem

HOMER software utilizes an objective mathematical function
to find the least-cost combination of components for a MG
system. The main objective is to minimize the cost of energy
while also accounting for the cost of capital and other system
components. The total NPC can be defined as the sum of all of
the costs associated with a MG system over its lifetime, taking
into account the cost of capital and system components. This
includes the cost of the power sources, energy storage systems,
energy management systems, battery management systems,
MG controllers, programmable logic controllers, and any other
costs associated with the system. The total NPC is used to

The steps to calculate the NPC are as follows:

Identify all of the costs associated with the project.
Estimate the cash flow for each cost item.
Discount each cash flow to the same base date.
Sum up all the discounted cash flows.

Subtract the initial investment amount.

Calculate the net present value.

A

So, the formula for calculating the NPC is:

NPC = Z (Discounted Cash Flows) — Initial Investment

1
compare and evaluate different MG systems and to identify the M
least-cost combination of components for a particular system. ~ Where:
Z (Discounted Cash Flows) = Sum of all the discounted cash flows 2
Initial Investment = The initial investment made in the project or investment 3)

The formula for calculating the discounted cash flow for
a particular cash flow is:

cash flow

Discounted Cash Flow =
1 +7

“

where the cashflow is the amount of cash flow for a particu-
lar period, r is the discount rate, and ¢ is the period number.

The cost of energy is another factor for the optimization
algorithm in HOMER software. It is a measure of the aver-
age cost of electricity generation over the life of a project. It
considers all the materials, labor, and other expenses asso-
ciated with operating the project, as well as any expected
disposal costs. It is calculated by dividing the total present
value of all the costs related to the project by the total energy
generated over its lifetime. The COE is an essential metric
for evaluating the economic feasibility of a project and is
often used to compare different sources of energy.

The formula for calculating the COE is as follows:

Total Cost of Production — Thermal Load Cost
Total Energy Produced

COE =
&)

This formula considers the total cost of producing elec-
tricity, including purchasing, installing, operating, and main-
taining the project or investment, and divides it by the total
energy produced. This provides the cost of electricity that is
produced by the project or investment. The overall flowchart

of the strategies involved in the proposed design utilizing
HOMER software is shown in Fig. 4.
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Results and Discussions

The input parameters and costs of PV, wind turbine, die-
sel generator, battery, and inverter are shown in Table 2.
The technical parameters and price of the components have
been taken from different references and some commercial
websites. The inputs to HOMER software are essential for
accurately modeling the system and predicting its perfor-
mance. Inputs include the size and type of components, their
costs, power output, efficiency, and other technical param-
eters. Additionally, the inputs include data about the local
environment, such as solar irradiance, wind speed, and tem-
perature. All this data is essential for ensuring appropriate
system design.

Impact of the Wind Turbine Size on the Proposed
Microgrid

The size of the wind turbines used in a MG system sig-
nificantly affects the overall system's cost. HOMER can be
used to simulate different scenarios with various wind tur-
bine sizes and calculate their impact on the local environ-
ment, such as their effect on the cost of energy production.
HOMER can also be used to optimize the layout and design
of wind farms to maximize efficiency. By optimizing the MG
system, the cost of energy production can be reduced sig-
nificantly, making wind energy more affordable and acces-
sible to more people. Tables 3, 4, 5 and 6 show the results
of four scenarios based on the previously mentioned input



Fulfill Load Requirement

Smart Grids and Sustainable Energy (2024)9:18 Page90of21 18
Fig.4 Flowchart of the optimi-
. . START
zation process using HOMER -
Pro software v
[f— e — B — I
| Definition of the input data
|
' |
|
|
\ 4 ¢ ¢ |
a1 ; Uncertainty Parameters: Resources: Fleassitosi
g Meteorological Values of the sensitivity Technical details of power cctnca’; 1-ony |
a2 | Resource Data variables system components Profile |
I
2 ] ~ ~ :
= I = et b - |
jg | ( WindSpeed ) ( PV capital cost ) (Capital and 0&M Costs ) (Residential Loads ) i
O:. I CSolar Itradiance) C Diesel fuel price ) C Fuel and its Costs ) (Emetgency Loads) |
& I C Temperature ) C PV derating ) COperational Parameters) ( Deferrable Loads ) |
' b B st gt
= = = =2 o |
Processing the Choosing the feasible TR Sk C.ase S.t“d)'? .smal] M
| | collected datato have values of the uncertain }(T:::: z:it::: C 0: sstr::ts Nubian village in Wadi
i. daytime hourly data parameters Karkar, Aswan. Egypt ||
e — :
ﬁ I Run the optimization software to get afeasible system that meets | s
é" | the followings based on the nominated desert weather data and |
S -
21 ~ I
o - T ——
E | C Minimize the total net present cost (NPC) ) I | —
al ( Miinimize the Cost of Energy (COE) ) I || check is substituting al
Z | | the possible values of
:‘ k C Minimize Renewable Energy Fraction (REF)) . the uncertain parameter
21 - | finished?
g d C Minimize the Greenhouse Gas Emissions )
El !
g .
2 |
o

Qutputs

=

Conditions

Selection of the feasible system components
& sizing based on the desert climate

)

Economic Analysis

YY)

Environmental Analysis

-

Sensitivity Analysis for changes in PV capit
cost, diesel fuel price, and PV derating

Estimating the Surplus Electrical Energy to
be addressed utilizing deferrable loads

(water pumping system)

Post-Optimization Stage

Estimating the Unmet load

Check the impact of
utilizing different
technologies on the
microgrid feasibility

@ Springer



18 Page 10 of 21

Smart Grids and Sustainable Energy (2024)9:18

Table 2 Specifications and
cost of the components used to

Item

Description

Specification

configure the microgrid 1. PV system

2. Wind turbine

3. Diesel generator

4. Batteries
(Lead acid)

5. Batteries
(Lithium-Ion)

6. Converter

Type Flat Canadian Solar MaxPower
Nominal power 0.325 KW

Tracking system Fixed/ Multi

Efficiency at the standard test condition 16.94%

Temperature coefficient 0.48%/°C

Nominal operating cell temperature 47°C

Derating factor 88%

Ground reflection 20%

Capital cost 1000 $/KW

Operating and maintenance cost 5 $lyear

Cost of replacement 1000 $/KW

Lifetime 25 years

Type Aeolos-V1kW/3.2 KW/5 KW
Hub Height 10 m

Cut-in wind speed: 1.5 m/s

Number of blades 3

Material aluminum alloy

Generator type
Capital cost

synchronous permanent

5000 $

Cost of replacement 5000 $
Operating and maintenance cost 200 $/year
Lifetime 20 years
Capital cost 2200 $
Operating and maintenance cost 1 $/hour
Replacement cost 2200 $
Lifetime 15000 h
Nominal capacity 83.4 Ah
Capital cost 300 $
Operating and maintenance cost $10/year
Replacement cost 300 $
Lifetime throughout 4 years
Capital cost 2000 $
Lifetime throughout 10 years
Nominal capacity 100 Ah
Capital cost $550/kW
Operating and maintenance cost $ 5/kW/year
Replacement $ 450/kW
Lifetime 10 years

data and utilizing different sizes of wind turbines. Table 3
illustrates the results of the first scenario in which a wind
turbine with size of 1.5 kW is utilized. The optimal architec-
ture is obtained with NPC of $1.19 M and COE of $0.354,
whereas the CO, emission in this scenario is 90,397 kg/year.
It is observed from the table that the optimal system does
not include a wind turbine. The system that contains wind
turbines came in second level with a slight increase in COE
price. In the second scenario the size of the wind turbine
has been increased to 3.3 kW, the optimal results are shown
in Table 4. The optimal system in this scenario includes

@ Springer

14 wind turbines with a total NPC of $ 1.01 M, which is
less than in case of 1.0 kW wind turbine scenario. Also,
the Co, emission is improved to a value of 67.796 kg/year
compared to 90,397 kg/year in the first scenario. The third
scenario has been tested by increasing the wind size to 5.1
kW, the obtained results are shown in Table 5. A reduction
of the total NPC has been obtained. The NPC and COE, in
this case, are $ 1.0 M and $ 0.30, respectively. In the final
scenario, the system has been simulated without utilizing
any wind turbine, and the results are shown in Table 6. It is
observed that the obtained NPC and COE for such a scenario
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Fig.5 Comparison between different wind turbine sizes with respect to: a COE, b NPC, ¢ Co, Emissions, and (d) PV size

are $ 1.0 M and $ 0.30, respectively, which are the same
values using a wind turbine. The PV size, in this case, is
200 kW, while with the wind turbine in scenario 3, and the
PV size is 125 kW. So, the operator can select the optimal
design between the two scenarios according to the available
components and land space.

Figure 5a-d show the visual analysis of the data in previ-
ous tables to get a better view of the optimal design. The
figures compare each scenario's NPC, COE, and CO, emis-
sions. The PV size is also shown, as it is a key factor in
selecting the optimal design. It is observed that the small
wind turbine case (1.5 kW) is the worst scenario as this
scenario resulting in high NPC, COE, and CO, emissions.
Due to there are largely undeveloped areas in Aswan region,
the available land for constructing PV systems is consid-
ered a limiting factor. Accordingly, and based on Fig. 5 (i.e.
from the COE, NPC, and CO, emissions viewpoints), the
first solution in the third scenario is considered the optimal
choice for designing an isolated microgrid for the under-
study Nubian village in Wadi Karkar.

Effect of the Mechanical Tracking for the PV Panels

The cost of a PV system with mechanical tracking is gener-
ally higher than a PV system without tracking. A single-axis

@ Springer

tracking system may cost up to $1,300 per kW, while a dual-
axis tracking system may cost up to $1,500 per kW. This
cost difference is mainly due to the additional components
needed for the tracking system, such as motors and sen-
sors, in addition to the extra energy and maintenance costs
associated with the dual-axis tracking system. However, the
increased cost is offset by the increased efficiency of the
tracking system, as it can increase the power output of a
solar panel by up to 40%. The system has been simulated
under five different mechanical tracking techniques (i.e.
vertical-axis continuous (VA cont.) tracking, horizontal-axis
continuous (HA cont.) tracking, dual-axis continuous (2A
cont.) tracking, horizontal-axis daily (HA daily) tracking,
horizontal-axis weekly (HA weekly) tracking, and horizon-
tal-axis monthly (HA monthly) tracking) where the obtained
results are presented in Table 7, 8, 9, 10, 11, 12 and Fig. 6.

It is clear from Fig. 6 that, when compared to other track-
ing techniques, the vertical-axis tracking technique generally
has the lowest value in terms of NPC and the COE with
values of $ 913,216.0 and $ 0.274, respectively, indicating
that the vertical-axis tracking technique is the best choice
for designing the isolated hybrid microgrid in the under-
study area comparing to the best configuration without PV
tracking system, the best solution with vertical-axis tracking
technique allows lower NPC and CO, emissions with values
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Fig.6 Comparison based on different tracking systems

of $913,216.0 and 61347.76 kg/yr, respectively, where these
values are $ 1004137, and 71062.31 kg/yr, respectively.

Effect of Adding Lithium-ion battery

Lithium-ion batteries generally cost more than lead-acid bat-
teries but are also much more efficient. Lead-acid batteries
are cheaper to produce, but they are also less efficient and
have shorter lifespans than lithium-ion batteries. Lithium-
ion batteries are much more efficient than lead-acid batteries,
meaning they can store more energy for the same volume.
Lithium-ion batteries are also more efficient in charge and
discharge, meaning they can be charged and discharged more
quickly than lead-acid batteries. Table 13 present the analy-
sis of using both battery types in the proposed MG system.
It is clear that adding a lithium-ion battery to an electrical
MG system can significantly impact the NPC and COE val-
ues. The study has shown that adding a lithium-ion battery
to a MG system can reduce the NPC and COE to $853,635
and $0.255, respectively. This is a significant reduction as
it can help to lower energy costs and make the system more
efficient and stable. The lithium-ion battery can provide
energy storage and can be used to store energy generated
from renewable sources like solar and wind, reducing the
need for traditional sources of energy. The lithium-ion bat-
tery can also provide fast and reliable power when needed,
helping stabilize the system and reduce the need for backup
generators.

Table 14 shows the costs of individual components in
terms of capital cost, replacement cost, operations and
maintenance cost, fuel cost, salvage cost, and the total cost.
The capital cost is the most significant project cost and
includes the cost of purchasing and installing the compo-
nent. Replacement costs cover the costs associated with
replacing a component due to wear and tear. Operations

and maintenance cost is related to the component cost over
its lifetime. Fuel costs are the costs of purchasing fuel to
power the component. Salvage costs are the costs associ-
ated with salvaging the component at the end of its useful
life. Finally, the total cost is the sum of all the individual
costs associated with the component. Figure 7 shows a
graphical comparison of the cost of different system com-
ponents. It is clear from the figure that the batteries have
the highest cost in the system, followed by PV panels and
wind turbines. The cost of the batteries is significantly
higher than the other components, likely due to their high
energy storage capacity. The cost of PV panels and wind
turbines are much lower, probably due to their relatively
simple design. This graphical comparison allows for a
quick and easy comparison of the relative costs of the dif-
ferent components and provides valuable insight into the
costs associated with the system.

Figure 8 shows generated energy from the available power
sources. The proposed MG system has been designed to
deliver a 709 kWh/day and provide a peak power of 68 kW.
To meet this demand, the following generation sources of
energy have been utilized: solar system, wind turbines, die-
sel generators, and battery energy storage system. Depend-
ing on the availability of these sources, the MG system may
draw from all of the sources or a combination of them to
meet the electrical load. The cost of the individual compo-
nents, including capital cost, replacement cost, Operations
and maintenance cost, fuel cost, salvage cost, and total cost,
should be considered to determine the most cost-effective
system that meets the electrical load.

Figure 9 shows the daily load demand along with the
power generated from the BESS or from the different uti-
lized power systems whether conventional or renewable. The
figure illustrates how the battery can store renewable energy
during the day and then provide energy throughout the night,
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Table 13 Best microgrid configurations based on Lithium-ion batteries utilization

Fuel cost ($/yr.) CO, (kg/yr.)

Initial capital

%

Operating cost

$ryr)

Inverter (kW) Dispatch Total NPC ($) Energy cost

BESS

Diesel (kW) BESS

Design PV (kW) Wind

($/kWh)

Strategy

(KWh)

(kWh)
Lead-
acid

turbine
(kW)

Lithium-ion

548683.3 12237.45 64018.15

23589.32
44044.6

0.254891
0.272676
0.32787

853634.6

LF

63.46887
52.01371
56.52797

151

20
20
20

85.62402 11
97.35124 11
205.5573

12100.15 63299.93

343828.3

913215.6
1098093

LF
LF

296

667132.8 16604.81 86865.27

33336.69

195

3

allowing for more efficient and reliable use of renewable
energy. This scenario is considered a typical example of how
battery energy storage systems can help enhancing renew-
able energy use in the power networks (Fig. 10).

Renewable energy penetration is the percentage of total
energy generated from renewable sources with respect to the
loads such as wind, solar, geothermal, and hydro. Increasing
renewable penetration is an important step in transitioning
away from fossil fuels and reducing greenhouse gas emis-
sions. Figure 11 depicts the monthly average penetration of
the proposed system. The maximum penetration is occurred
during March with a value of 749 kW. The proposed con-
figuration reduces the operating costs to $23,589/yr. The
payback, the Internal Rate of Return (IRR), and the Return
on Investment (ROI) are important financial metrics, which
are the amount of time it takes to recover an investment's
initial cost, an estimation of the profitability of potential
investments, and the yearly cost savings relative to the initial
investment, respectively. The proposed isolated microgrid
is designed for 25-years-lifetime, as an investment it has a
payback of 7 years, an IRR of 8.47%, and ROI of 6.38%.

The design of isolated microgrids encounters numerous
challenges, including managing the surplus electrical energy.
One potential solution to address this issue is the use of
deferrable loads. In this paper, we propose a water pump-
ing system as a deferrable load to reduce the excess of the
electrical energy. The system is designed with a load of 200
kW/day and a peak load of 20 kW, assuming an equal distri-
bution of the load throughout the year. Our results show that
the use of the deferrable load reduces the excess energy from
30 to 21%. However, it is important to note that the energy
management procedure used in this study does not entirely
eliminate excess energy. Other loads, such as thermal loads,
can be added, but require careful study to ensure optimal
management. Overall, the use of deferrable loads offers a
promising solution to reduce the surplus electrical energy
in isolated microgrids.

Sensitivity Analysis

In this study, a sensitivity analysis was conducted using
the HOMER software to investigate the impact of three
key factors on the performance and economics of a hybrid
renewable energy system. Specifically, the sensitivity of
the system to changes in PV capital cost, diesel fuel price,
and PV derating has been evaluated. The results showed
that when the PV capital and replacement costs decreased,
the installed PV capacity increased, while the total net
present cost (NPC) decreased. For instance, when the cost
ratio of the PV decreased to 0.8 of its value, the NPC
decreased from $853,634 to $833,059.4. On the other
hand, increasing the diesel fuel price led to an increased
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Table 14 Comparison of -
Component Capital ($) Replacement ($) O&M ($) Fuel ($) Salvage ($§)  Total ($)
the cost of the best system
components (with Lithium-ion Diesel $2,200.00  $6,846.61 $54,114.58  $158.199 -$12.30 $221,348.68
batteries) Wind Turbine  $110,000.00  $35,068.81 $28,440.54  $0.0 -$19,763.52  $153,745.82
PV $102,748.83  $12821.24 $5,534.53 $0.00 $108,283.36
Inverter $31,734.44  $16,821.24 $12,307.42  $0.00 -$2,280.67  $58,582.43
Battery $302,000.00 $22821.24 $19,520.55  $0.00 -$9,846.31  $311,674.24
Total System  $548,683.27  $58,736.65 $119,917.62 $158.199 -$31,902.80 $853,634.53
Fig.7 Costs of individual
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Fig.8 Available generation power sources

reliance on the other renewable energy sources, i.e.
increasing the PV and wind turbines sizes, resulting in
an increase in NPC to $906,964.1. Finally, the impact of
PV derating on the system was evaluated, and the results
showed that as the derating value decreased, the installed
PV size and NPC both decreased. For example, when the
derating values were 80%, 88%, and 95%, the installed
PV sizes were $97.56936, $85.62402, and $81.39982,
respectively, and the corresponding NPC values were

$864,664.7, $853,634.6, and $843,792.4, respectively.
Overall, these findings highlight the importance of con-
sidering these key factors when designing and optimiz-
ing hybrid renewable energy systems. Tables 15, 16 and
17 show the impact of PV capital cost, diesel fuel price,
and PV derating changes on the configurations of the
best designed microgrid in the sub-Sect. (4.3). The basic
designs, the designs without considering the uncertainty,
have been highlighted with blue color in these tables.
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Conclusion and Policy Implications

This study presents an optimal design framework for an iso-
lated microgrid for a remote area in Egypt with desert climate.
Specifically, it focuses on a small Nubian village comprising
ten houses located in the new Nubian city of Wadi Karkar
within the Aswan governorate, serving as a case study. The
residential load curves have been created for 12 months. The
design has been carried out aiming for minimizing the total net
present cost (NPC), the Cost of Energy (COE), and the green-
house gas emissions. Renewable energy resources (RES) were
selected based on site-measured data, and the system design
has been optimized using the HOMER software. A hybrid
solar PV, wind turbine, diesel, and battery energy system was
implemented, and the optimal mechanical tracking system and
best design based on battery technologies have been selected.
The research indicated that the optimal system design for the
given loads in the understudy Nubian village includes an 85.62
kW PV array, a 20 kW diesel engine, 11 wind turbines with 5.1
output power each, 151 Li-on batteries, and a converter with a
power rating of 63.4 kW, resulting in achieving an acceptable
environmental gas emissions of 64018.15 kg/yr., total NPC of
$ 853634.6, and COE of $ 0.255. Utilizing deferrable loads,
like a water pumping system, is used in this paper which pre-
sents a hopeful approach to handle excess electrical energy in
isolated microgrids. This study conducted a sensitivity analy-
sis to demonstrate the impact of PV capital cost, diesel fuel
price, and PV derating on the performance and economics of
a hybrid renewable energy system. The findings underscore the
importance of considering these factors during the design and
optimization of such systems. Further, a 7 years payback of a
25-years-lifetime isolated hybrid microgrid has been achieved.
This optimal design supports the claim that, for applications
with no prospect of grid connection, a hybrid system is a less
expensive and more environmentally friendly alternative than
a standalone diesel generator.

Nomenclature SOC: State Of Charge; REF: Renewable Energy Fraction;
NPC: Net Present Cost; COE: Cost of Energy; RES: Renewable Energy
Resources; MGs: Microgrids; CC: Cycle Charging dispatch control strat-
egies; LF: Load Following dispatch control strategies; PV: Photovoltaic;
HES: Hybrid Energy Systems; CO,: Carbon Dioxide; IPCC: Intergov-
ernmental Panel on Climate Change; AC/DC: Alternating/Direct Cur-
rent; BESS: Battery Energy Storage System; GHG: Greenhouse Gas;
IRR: Internal Rate of Return; ROI: Return on Investment; VA cont.: Ver-
tical-Axis continuous tracking; HA cont.: Horizontal-axis continuous
tracking; 2A cont.: Dual-axis continuous tracking; HA daily: Horizontal-
axis daily tracking; HA weekly: Horizontal-axis weekly tracking; HA
monthly: Horizontal-axis monthly tracking
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