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Abstract: Affordable and clean energy for any rural community is crucial for the sustainable develop-
ment of the community and the nation at large. The utilization of diesel-based power generation is
one of the barriers to the sustainable development of these communities. Such generations require
fuel that has a volatile market price and emits massive greenhouse gas emissions. This paper presents
the design, modeling, and simulation of a hybrid power system for a rural area in the Sultanate of
Oman that aims to reduce daily consumption of diesel fuel and greenhouse gas emissions. Hybrid
Optimization of Multiple Energy Resources (HOMER) is utilized to model multiple energy mix
hybrid systems and to propose the best optimal energy mix system for a selected community. In
addition, Electrical Transient Analyzer Program (ETAP) software is employed to assess hybrid system
operational performances, such as bus voltage profiles and active and reactive power losses. This
study revealed that the PV-wind-diesel system is the optimal energy mix hybrid microgrid for
the Al-Dhafrat rural area in Oman, with a net present cost of USD 14.09 million. Compared to the
currently operating diesel-based system, the deployment of this microgrid can reduce the levelized
cost of energy, diesel fuel consumption, and greenhouse gas emissions per year by 54.56%, 70.44%,
and 70.40%, respectively. This study confirms that the Sultanate of Oman has a substantial opportu-
nity to install a hybrid microgrid system for rural diesel-based communities to achieve sustainable
development in the country.

Keywords: sustainable development; renewable energy; hybrid system; solar; wind; diesel; net
present cost; HOMER optimization; microgrid

1. Introduction

The global use of renewable energy sources for electrification is rapidly increasing
due to their technological improvement and economic and environmental benefits. The
world renewable power production capacity was 3064 GW by 2021, with 849 GW and
825 GW solar and wind capacities, respectively. The largest source of the majority share
of the world’s capacity is hydropower, which accounted for 1203 GW. Figure 1 illustrates
the consistent capacity growth of renewable power worldwide [1]. In 2021, the capacity
growth for off-grid applications was 466 MW, among which solar increased by 312 MW,
followed by hydropower. The integration of renewables, such as wind and solar power, for
off-grid and rural electrification is much lower compared to that for urban electrification.

A common approach to electrifying rural and isolated areas is diesel-based power
generation. Diesel power generation produces significant greenhouse gas emissions. The
cost of diesel prices varies and increases due to geopolitical situations. Moreover, the
transportation of diesel fuel to rural, isolated areas becomes difficult and thus increases
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the operating cost of diesel-based power generation [2,3]. Deploying renewable-based
electricity for rural and off-grid electrification can significantly reduce the consumption
of fossil fuel, especially diesel, and production of greenhouse gas emissions. Hence,
integrating of renewable sources in rural area electrification can improve the quality of life
for the citizens in rural areas and accelerate the local and global sustainable development
process.

3500

®m Hydro Solar ™ Wind Bioenergy ™ Geothermal

W
@]
(=]
=)

N
[S)
(=}
(=}

Renewable generation capacity (GW)

—_
o)l o
o (=]

o (=} (=)

B N
E B
B
B B
_ |

2016 2017 2018 2019 2020 2021
Year

Figure 1. Renewable sources-based power generation capacity growth worldwide.

In the Sultanate of Oman, the Rural Areas Electricity Company (Tanweer) serves
remote areas to generate, distribute, and supply electricity. Electricity supply from the main
interconnected system (MIS) or the primary grid to these areas is not economically feasible.
The Tanweer network provides electricity to the Governorates of Musandam, Al Wusta,
Dhofar, Al Dakhliya, Al Dahirah, and Sharqiyah, which account for almost 73% of the land
area of the Sultanate. In 2021, the total energy sent to the Tanweer customers was 1296 GWh.
Among this, 28 diesel power plants in the Tanweer network supply 866.143 GWh. The rest
of the power was purchased by Tanweer from Petroleum Development of Oman, the Tibat
gas-fired power plant, and Al-Mazyunah (solar photovoltaic (PV)) sources. In addition, the
Tanweer network has commissioned a 50 MW wind farm (the first in Oman and the region)
in the Dhofar region and produced 120.5 GWh of energy in 2021. It is worth mentioning
that the growth of customers for the Tanweer network was 6.5% in 2021. This has increased
the energy supply by 7.8% compared to 2020. The electricity production in 2021 requires
160.28 million liters of diesel fuel consumption and emits approximately 357,638.86 tonnes
of CO; annually. The overall system loss was 8.8% for 2021 [4]. Nevertheless, almost 90% of
the energy requirement in the Tanweer network depends on diesel-based power generation,
which restricts sustainable and carbon neural future development for the well-being of the
rural area communities. Therefore, it is crucial to investigate the opportunity to develop
renewable-based power generation facilities for the rural areas within the Tanweer network
that can supplement or replace the diesel-based generation and provide a pathway toward
low-carbon rural area electrification.

Renewable integration in a hybrid form is an effective solution for sustainable elec-
trification for diesel-based communities. A hybrid microgrid system improves system
efficiency and stability, increases reliability and resiliency, reduces emission and energy
costs, and maximizes the use of locally available renewable resources [5,6]. Over the last
decades, many research works have been conducted on hybrid microgrid systems design
and investigation for stand-alone [7-27] or grid-connected [28-37] applications. Researchers
in [7] conducted a techno-economic feasibility study, including sensitivity analysis for a
renewable mix microgrid system for an island application using Hybrid Optimization
of Multiple Energy Resources (HOMER) software. This research outcome indicated that
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the energy cost of using a renewable mix hybrid system is 28% lower and can reduce by
23% CO, emissions compared to the existing diesel-based system. Saeedahmed et al. [8]
performed a feasibility analysis of a hybrid power system supplying load in an off-grid
application. They found that the wind-diesel-fuel cell battery system provides low-cost
energy over the other combinations of hybrid microgrid systems, such as wind—fuel cell
battery and diesel-only. In a study by Rad et al. [9], a techno-economic analysis of a hybrid
system using HOMER, and a multicriteria decision-making tool for supplying power to a
rural village was conducted. Wind-PV-fuel cell battery was found to be a low-cost energy
system for this village load.

The authors of [10] investigated the feasibility of developing a hybrid power produc-
tion system for an off-grid application using the HOMER software. The study revealed that
a wind-PV-diesel battery-based hybrid system could produce low-cost energy for the load.
With the use of a multicriteria decision-making tool, the sizing of a hybrid power system
was carried out based on economic and environmental aspects, where a wind-biogas-PV
system was found to be more economical than the existing PV—diesel system [11]. Gial-
lanza et al. [12] studied reliability-constrained-based sizing of a PV-wind-battery off-grid
hybrid system using an iterative process in MATLAB, which indicated that improvement
in reliability has increased with the increase in the cost of the system. The optimal energy
mix and socio-economic analysis of an off-grid hybrid system were examined using the
nondominated sorting genetic algorithm II in MATLAB. PV-wind-biogas—fuel cell-based
configuration was found to be an optimal hybrid system [13]. The excess energy of this
system was utilized in a water desalination plant to produce freshwater for this rural com-
munity. Amupolo et al. [14] examined different configurations of hybrid power systems for
an off-grid application using HOMER software. The analysis revealed PV-diesel-battery
as a low-energy cost system; however, this system requires government subsidies for
implementation since the system cost is still unaffordable for the customers.

A detailed feasibility analysis was conducted for a remote coastal region using HOMER
and MATLAB software [15]. It revealed that a floating PV-battery system could produce
energy at a cost that is in line with the grid energy cost with a significant reduction in
greenhouse gas emissions. Authors in [16] assessed the techno-economic analysis of a
hybrid microgrid system for the semielectrification of a rural village using HOMER. They
have found that a PV-diesel-battery hybrid system is economically viable; however, the
energy cost is almost double that of a grid-connected hybrid system. A comparative analysis
of various configurations of isolated microgrid systems using techno-economic indices was
carried out for various rural areas worldwide [17]. This study found that PV—diesel could
produce energy at a low cost; however, government incentives and community support
are required to successfully implement this hybrid system. A hybrid microgrid system for
remote village electrification using HOMER software was studied in [18]. It was found
that PV—-diesel-battery is a low-cost optimal system for this rural village electrification.
Researchers in [19] evaluated the techno-economic feasibility of a hybrid system for a
remote island using a genetic algorithm and HOMER software. They discovered that
a PV—wind-battery system is sufficient to supply the island load without violating the
constraints but needs a high initial capital cost.

In [20], a feasibility study of a hybrid microgrid system for a rural community was
presented using the HOMER tool. It also examined the impact of renewable resource
variability on the electrical characteristics of hybrid systems using MATLAB/Simulink
software. The wind-PV-battery system was found as the least-cost energy system that
could maintain voltage at various buses and power balance in the system. Authors of [21]
conducted a comparative study among various hybrid microgrid systems to identify the
optimal mixed energy system for remote villages using HOMER and PVsyst software.
It devised PV—diesel as an optimal hybrid system for one village while PV-wind-diesel
is optimal for others. Manama et al. [22] assessed the techno-economic feasibility of a
hybrid system that mitigates the load shedding and electricity deficits problem for a remote
island. They used HOMER software for this study and found the PV-wind-fuel cell-



Energies 2023, 16, 288

4 0f 23

diesel system to be optimal. A PV-wind-battery hybrid system for a remote household
application was studied using the HOMER optimization tool, where the temperature effect
and varying load conditions were considered [23]. With the various tilt angle adjustment,
this research revealed a 10% reduction in net present cost compared to the similar system
in the literature. The authors in [24] conducted a techno-economic analysis of a renewable
sources-based hybrid power system for an island application using HOMER software. They
discovered that a PV-wind—diesel-battery system produces power at the lowest levelized
cost of energy with a renewable penetration was 58%. Sensitivity analysis only considered
the load variation, whereas diesel cost and renewable resource uncertainties were not
accounted for.

A techno-economic analysis of a hybrid microgrid system applied to healthcare
premises in three rural areas revealed PV-wind-diesel-battery as an optimal mixed energy
system [25]. The use of the HOMER optimization tool showed that the optimal system
could reduce cost and emission compared to the diesel-only system and achieve zero loss of
power supply probability. Authors of [26] discussed a PV-wind hybrid power systems for a
remote base station in the telecommunication sector. This hybrid system could significantly
reduce CO, emissions and about 70-80% fuel costs compared to its existing diesel system.
Researchers in [27] experimented with a PV—wind-battery hybrid system for performance
evaluation. They revealed that the excess electricity charged the battery during the day
and, the solar power had a significant contribution compared to the wind.

In view of the above review, while some research works focus on the technical fea-
sibility (optimal configuration, energy production, and excess electricity production) of
a system, others spotlight on economic (net present cost (NPC), levelized cost of energy
(LCOE), initial cost, and fuel cost) viability of the system. Most of the past research assessed
the environmental benefits (CO,) of adding a hybrid power system and examined the
effect of uncertainties of the input variables by sensitivity analysis. However, the hybrid
microgrid system operational performances, such as the voltage profile at the different
buses in the distribution network supplied by the hybrid system and the system’s power
loss profile in the network with a variation in renewable fraction, were not investigated.
Different methods and optimization tools were utilized; however, HOMER emerged as
the most widely adopted tool, and it was selected to determine the optimal mixed energy
system in this study. In addition, the system’s operational performance was examined using
Electrical Transient Analyzer Program (ETAP) software. It is also evident from the literature
that each rural site has its unique characteristics (load profile, geographical location, locally
available energy resources, the effect of temperature, etc.) and constraints, which leads to
no unique solution for the sites. Therefore, the main objective of this study is to analyze
the techno-economic—environmental aspects and operational performances of a hybrid
microgrid power system for the Al-Dhafrat rural area located in the Sultanate of Oman.
Accomplishing this objective allows the contributions of this study as follows:

e  Spotlight on technical, economic, and environmental aspects of installing a renewable—
mix hybrid energy system for a diesel-based rural area community in the Sultanate
of Oman.

e  [Establish an optimal renewable-mix hybrid microgrid system for the Al-Dhafrat rural
community for sustainable development and well-being of the people.

o Testing system operational performance, such as bus voltage profile and system
losses, while optimally designing a hybrid power system supplying power to the rural
community loads.

The rest of the paper is organized as follows: Section 2 presents a detailed study area.
Section 3 describes the research methodology. The research results obtained through
HOMER optimization and ETAP software are presented and discussed in Section 4.
Section 5 concludes the paper with the future research direction.
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2. Study Area

Al-Dhafrat is one of the rural areas covered by Tanweer and located (Figure 2) in
wilayat Al-Mudaybi in Ash Shargiyah North governorate in Oman. Al-Dhafrat’s rural area
power network depends on diesel-based power generation, and its distribution network
is isolated from the utility grid. There are four diesel generators in this network, and
the installed capacity of each generator is 3.5 MW. The total installed capacity is 14 MW.
The network consists of two feeders with 11 kV lines and 37 distribution transformers
of three different ratings 100 kVA, 200 kVA, and 1000 kVA. In 2020, the peak load in the
network was 1310 kW, and the daily energy consumption was 10.303 MWh. Figure 3
illustrates the monthly average power consumption, which indicates a higher consumption
during the summer session, especially in April and June. Winter, especially January,
represents low energy consumption season. It is clear that there is a significant difference
in power consumption between the winter load and the summer load. The Dhafrat power
station reveals significant fuel consumption in summer, especially in April, May, and
June. However, the highest fuel consumption was in May due to peak power demand.
The amount of diesel consumption was 161,005.00 L. The lowest fuel consumption was
in January, only 38,849.00 L. The total amount of diesel consumption for one year is
1,089,664 L. Figure 4 shows the consumed fuel for one year. High fuel consumption leads
to high operating costs and substantial greenhouse gas (GHG) emissions for the Al-Dhafrat
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Figure 2. Location of Al-Dhafrat community in the Sultanate of Oman [4].
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Figure 3. Monthly average electrical load power consumption in the Al-Dhafrat power distribution
network.
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Figure 4. Diesel fuel consumption by the Al-Dhafrat power station.

3. Research Methodology

This study establishes a framework for examining techno-economic, environmental,
and operational performance aspects of a hybrid microgrid system for rural area applica-
tions. Figure 5 depicts the steps in the frameworks to analyze an optimal energy mix hybrid
system for a diesel-based community. HOMER Pro and ETAP software are used to imple-
ment the proposed framework in order to analyze the technical, economic, environmental,
and operational performance of the hybrid microgrid system.
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Figure 5. Techno-economic and operational performance analysis process for rural area hybrid

microgrid system.

A techno-economic-environmental study using HOMER requires specific inputs for a
particular site. With the selection of a specific site or system, electrical load data, renew-
able energy resources, existing generator information (such as diesel generator capacity),
proposed system components, and economic data, such as initial cost of the system compo-
nents, operation and maintenance cost, diesel fuel cost, project lifetime, inflation rate, and
discount rate, are used as inputs to the HOMER optimizer. HOMER performs simulation
and optimization to determine the cost-effective feasible system that meets hourly load
demand. The output of the HOMER optimizer provides technical (rank of optimal system
configurations, energy production of each generation, renewable energy fraction, and
excess energy), economic (NPC of each optimal system, LCOE of the ranked hybrid system,
and renewable power generations, system operation and maintenance cost, savings in fuel
consumption, and savings in cost), and environmental (greenhouse gas emission) outcomes
of various feasible systems.

The most techno-economic feasible (optimal energy mix and low energy cost) system
is chosen to analyze system operational performances. The optimal hybrid system is
modeled using ETAP software. Models of the system components, distribution lines, and
transformers are obtained from the ETAP library and customized to develop the complete
model of the optimal microgrid system. A power flow analysis is carried out in the ETAP
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platform to examine the system operational performances (bus voltage profiles and system
power losses) of the hybrid microgrid system.

3.1. Electrical Load

One-year hourly load data of the Al-Dhafrat rural area power network was obtained
from the Mazoon Electricity Company (MZEC) for the year 2020. Figure 6 illustrates the
highest and lowest hourly load consumption for a day. The highest energy consumption
occurred on April 24 (summer season), and the lowest was found on January 15 (winter sea-
son) of the same year. During summer, the load consumption increases gradually between
7:00 AM to 3:00 PM, and then it decreases again up to 8:00 PM. The load consumption
reaches its peak at 3:00 PM, which is about 1310 kW. In summer, the load consumption
variation is significant due to the operation of many air conditioners. In contrast, the
variation in load consumption during the winter season is lesser, and the peak power
consumption was 210 kW, while the minimum power consumption was 120 kW.

@@=\ aximum Load (24 APRIL)
@@=\ inimum Load (15 JANUARY )

7

I S N T R s
Hour

Figure 6. Load profile for a day in summer (maximum load) and winter (minimum load) in 2020.

3.2. Site Solar Irradiation

The solar resource profile of the Dhafrat area is obtained from the National Aeronautics
and Space Administration (NASA) database using the coordinate of the selected site [37].
Figure 7 describes the monthly average solar irradiation over the 22 years for the Dhafrat
area. The annual average solar irradiation of Al-Dhafrat site is 5.71 kWh/ m2/ day. The
highest solar irradiation was 7.25 kWh/m? /day in June. July has the lowest solar radiation
with a value of 4.05 kWh/m?/day.

3.3. Site Wind Speed

The wind speed data of the Dhafrat area were extracted from the NASA database
using the coordinates of the selected site [38]. Figure 8 shows the monthly average wind
speeds over 30 years for the Dhafrat area. The yearly average wind speed of the Al-Dhafrat
site is 5.02 m/s at the anemometer height. The highest average wind speed was 6.32 m/s
in July. November has the lowest average wind speed, with a value of 4.11 m/s. One can
see that the wind speed and solar irradiation profiles match the load demand profile for
the selected site.
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Figure 7. Monthly average solar irradiation profile in the Al-Dhafrat area.
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Figure 8. Monthly average wind speed profile at the Al-Dhafrat area.

3.4. Diesel Generator

Diesel is the only currently existing power generator for the Al-Dhafrat area. A diesel
unit was modeled in HOMER based on the fuel and efficiency curves. The fuel curve

determines the amount of required fuel to generate electricity and is defined as [39]:

Fy=(7v1-Qa+72-Py)

M

where F; is the diesel fuel consumption rate (L/h), 1 and 7, are the fuel intercept coefficient
and fuel slope (L/kWh), and Q; and P, are the diesel generator capacity and its output.

The efficiency curve is modeled using Equation (2) [39]:

B 3600 - P
" pr-(v1-Qa+72-Py) - LHVF

@

where pr and LHVF are the density of the fuel (kg/m?®) and a lower heating value (M]/kg).
The diesel generators are modeled as per the existing diesel system in the Al-Dhafrat area.
The diesel generator data were obtained from Mazoon Electricity Company (MZEC) and

shown in Table 1.
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Table 1. Diesel generator data.
Diesel Generator
Lifetime 219,000 h
Minimum load ratio 30%
Intercept coefficient 0.0226 L/kWh
Fuel slope 0.2293 L/kWh
Operation and maintenance cost USD 10.27/operational h
Diesel fuel cost USD 1.49/L
3.5. Solar Photovoltaic Array
The power output of a solar photovoltaic array can be calculated as [40]:
Ss
Ppy = Pr,vapv 57 [1 + ﬁt(Tc - TC,STC)} (3)
5,STC

where Ppy is the photovoltaic (PV) array output power (kW), P; ;,; is the rated capacity
of the PV array in standard testing condition (STC),Dy is the PV derating factor, Sg is the
solar irradiation at the site (kW /m?), Ss stc is the solar irradiation at the STC (kW/ m?),
B¢ is the temperature coefficient of power (%/°C), T, is the present cell temperature (°C),
and T stc is the cell temperature at the STC. Table 2 represents PV module data used
in this study [41,42].

Table 2. Photovoltaic data.

PV Module

Cell type Monocrystalline
Lifetime 25 years

Derating factor 78%

Initial cost USD 882/kW
Replacement cost USD 882/kW
Operation and maintenance cost USD 14/kW /year
Temperature coefficient of power —0.41%/°C

3.6. Wind Generator

The wind generator output power for the selected site is calculated using Equation (4) [39]:

Psite )
Py = P, 4
wg <PSTP wg,STP 4)

where Py, is the wind generator power at the site (kW), Py s7p is the wind generator
power (kW) at the standard temperature and pressure (STP), pgjse is the air density at the
site of wind turbine installation (kg/ m?), and Psrp is the air density at the STP (kg/ md).
The adjusted air density for a site is determined using Equation (5) [43]:

Dste = 34837(’%’“) ©)
HH

where ppy and Ty are the pressure (kPa) and temperature (K) at the turbine hub height,
and they are calculated using Equations (6) and (7):

prn = 101.29 — (0.011837)hyy + (4.79 x 107 )iy (6)

Tuy = Ty — Ty (hgn — hamg) )

where hpp is the height of the wind turbine hub (m), Ty is the hub height temperature
(K), Ty is the site ground temperature (K), T} is the rate of lapse temperature (0.0065 K/m),
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and hyp ¢ hub height at the ground and it is equal to be zero. The wind speed at the hub
height (m) is computed using Equation (8) [43]:

®)

where Vpp is the hub height wind speed (m/s), V; is the wind speed at the anemometer
level (m/s), and Zj is the surface roughness for the selected location (m). The wind
generator data are shown in Table 3 [44].

Table 3. Wind generator data.

Wind Turbine

Rated power 100 kW

Lifetime 25 years

Cut-in and cut-out wind speeds 3m/sand 20 m/s
Hub height 36 m

Initial cost USD 1255/kW
Replacement cost USD 700/kW
Operation and maintenance cost USD 10/kW /year
Temperature coefficient of power —0.41%/°C

3.7. Inverter

The PV system requires an inverter in this study since the diesel-and-wind generator
(has in-built power converter stages) produces AC power. The system inverter is sized to
minimize the system cost. A ratio between the PV and inverter sizes is considered greater
or equal to 1 to size the inverter. This is because PV only produces its rated power some
of the time. However, the oversized inverter would be helpful to produce and support
reactive power to the network if needed [45]. Table 4 presents the inverter data utilized in
this study, which were obtained based on local market studies.

Table 4. Inverter data.

Inverter

Lifetime 10 years
Efficiency 95%

Initial cost USD 750/kW
Replacement cost USD 700/kW
Operation and maintenance cost USD 15/year

3.8. System Economic

The technical feasibility of a hybrid system is analyzed based on minimizing the total
annualized cost of the system. This cost includes the installation and operation costs of the
system over the lifetime of the project. The total net present cost (NPC) is calculated using
Equation (9) [43,45]:

_ Cunn,t
Cnpc,r = CRFE(i,n) )

where Cyup ¢ is the total annual cost, i is the annual interest, and # is the project lifetime
(year). The capital recovery factor (CRF) is defined as

i(1+1)"

CRF = mt
1+i)" -1

(10)
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The levelized cost of energy (LCOE) of a hybrid system is the ratio of total annual
cost of the system to the total energy served by the system in a year, and it is computed by
Equation (11) [42].

LcOE — Comnt (11)
lgserved

where Eg,.4 is the total energy served to the load (kWh/yr). This study considers the
annual interest rate 7.3% with a project lifetime 25 years.

The discounted payback period indicates the length of time to earn the initial invest-
ment cost considering the time value of money over the project lifetime. It is computed by
the ratio of investment cost to discounted annual savings [14].

3.9. Dispatch Strategy and System Constraints

HOMER allows two types of dispatch strategies: the load following (LF) and the cycle
charging (CC). The LF dispatch strategy is implemented in this study to ensure maximizing
renewable power supply to the load. The optimization algorithm searches for minimizing
the power differences (Equation (12)) between the generations and the load demand for
each hour, which can ensure a cost-effective energy supply for the load.

8760

AP =Y (Pgs—Pry) (12)
t=1

where Pg; and P; ; are the total generated power in the system (kW) and the total load
demand in the network at every hour. The minimum renewable energy fraction is con-
sidered 20% of the total load demand, and the operating reserve as a percentage of
hourly load is considered 10%. The maximum annual capacity shortage from renewable is
allowed at 5% [39].

3.10. Environmental Factors

Several emission factors are used to assess greenhouse gas (GHG) emissions by the
power generation units in the Al-Dhafrat network. Hence, the GHG emission reduction by
the optimal energy mix hybrid system is evaluated. Table 5 presents GHG emission factors
employed in this study [39,43].

Table 5. Factors utilized for greenhouse gas emission calculation.

GHG Factor (g/L fuel)
Carbon dioxide, CO, 2640

Carbon monoxide, CO 0.38

Particulate matter 0.03

Sulphur dioxide, SO, 6.55

Nitrogen Oxides, NO 23.15

3.11. Load Flow Analysis

The load flow analysis is performed to assess operation performances, bus voltage
profile, and system real and reactive power losses of the optimal hybrid system for the
Al-Dhafrat area. The hybrid system and Al-Dhafrat distribution network are modeled in
ETAP software. The software uses the Newton-Raphson method to run the load flow with
a maximum of 1000 iterations and a precision of 0.0001. The Newton-Raphson method
uses the following current, active, and reactive powers relation for the ith bus [46]:

I (13)
l:vzl [Yij| [Vil<6ij+6;
=

P . (14)
12121\‘/1'\ [VilYij| cos(6;;—0i+d;)
=
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o ‘ (15)
i=— E] Vil [V;11Yij] sin(8;;—0;+6;)
=

where V; is the voltage at the ith bus (kV), I; is the current in the ith bus (kA), P; is the real
power at the ith bus (kW), Q; is the reactive power at the ith bus (kVar), 6;; is the phase
angle between the ith and jth buses in degree, J; is the phase shift in the ith bus in degree, i
and j represent the bus numbers, and k is the number of the iteration.

4. Results and Discussion
4.1. Optimal System Configurations

With the aim of designing a renewable mixed energy system, an existing diesel-based
rural area system was modeled, simulated, and optimized using HOMER Pro Microgrid
software. The simulation and optimization results produce and rank several feasible hybrid
system configurations. All these economically feasible systems fall into three different
combinations of hybrid systems that were obtained through the simulation. A base case
system (diesel only) was also taken into account in the simulation. Table 6 presents four
different system types: System-I: Diesel-only, System-II: Wind-diesel, System-III: PV-diesel,
and System-IV: PV—wind—diesel.

Table 6. Different system types for possible hybrid microgrid development.

System Type Description

System-I Diesel-only (Base system)

System-II Diesel and renewable source (Wind—diesel)
System-III Diesel and renewable source (PV-diesel)

Diesel and mixed renewable source

System-IV (PV-wind-diesel)

Table 7 reveals the capacity of each generation unit in different hybrid system con-
figurations for the Al-Dhafrat rural area network. In the diesel-only system (System-I),
the capacity to meet the load is 10,500 kW. It is important to note that not all four diesel
generators must supply the load demand. In this study, three diesel generators support
the load at a different load ratios, while one remains as a backup. The diesel and wind
microgrid system (System-II) requires a diesel capacity of 5600 kW; this shows a 46.67%
reduction in diesel capacity compared to the base system. It is because this system con-
figuration maximizes the use of wind power. System-III, a hybrid microgrid system that
utilizes diesel and PV as power generators, requires a diesel capacity of 8400 kW. This
hybrid system results in a 20% diesel capacity reduction. Finally, System-IV has a hybrid
microgrid architecture that utilizes diesel, wind, and PV. This system uses 5600 kW diesel,
3200 kW wind, and 718 kW PV. The diesel capacity reduction in this system is the same as
in System-II. However, the energy contribution by the diesel units from System-IV is lesser,
as seen in Figure 9. The decrease in the diesel generator capacity is due to the addition of
wind and PV.

Table 7. Capacity detailed of each components in different optimal system configurations.

System-IV
. System-I System-1I System-III AT
Component, Capacity  py;ocel Only) (Wind-Diesel) (PV-Diesel) o SZ‘{)‘“d
Diesel generator, kW 10,500 5600 8400 5600
Photovoltaic, kW 0 0 2469 718
Wind turbine, kW 0 3900 0 3200

Inverter, kKW 0 0 1208 401
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Figure 9. Energy contribution of diesel generator in each system configuration.

4.2. Economic Assessment

Table 8 shows the economic evaluation for four different systems using financial values
such as NPC, LCOE, diesel consumption, and the payback periods. For the first scenario
(diesel-only), the NPC is USD 31.02 million (only fuel, operation and maintenance; the
initial cost is zero since the diesel generators are already in the site), and the LCOE is USD
0.5663/kWh, with the highest diesel consumption that reaches 1,414,360 L per year (L/ Year).
In contrast, the wind—diesel microgrid (System-II) has an NPC of USD 14.59 million with an
LCOE of USD 0.2663/kWh and diesel consumption of 471,999 L/ Year, a noticeable decrease
in indices. The NPC shows a reduction of 52.96% compared to the base system, while
there is an approximately 66.66% reduction in diesel fuel consumption. Therefore, this
system shows a considerable improvement. However, it is not the optimal case. System-1III
(PV-diesel) comes with an NPC of USD 22.87 million, USD 0.4175/kWh, and diesel con-
sumption of 819,193 L/ Year. This system requires higher NPC, more fuel consumption, and
higher LCOE than System-II. However, this system configuration shows an improvement
compared to the diesel-only system. Compared to System-I, there is a 26.28% difference in
the NPC, USD 0.1488/kWh in LCOE, and 42% lower diesel fuel consumption. Finally, the
diesel, wind, and PV hybrid system (System-IV) results in an NPC of USD 14.09 million,
USD 0.2573/kWh of LCOE, and 418,204 L/year diesel consumption. This system shows a
significant improvement compared to all other configurations. Additionally, this system
configuration represents a 54.57% NPC reduction, a 54.56% decline in the LCOE, and a
decrease in diesel consumption of 70.43% yearly. Considering all the presented criteria
for the economic indicators, System-IV (PV-wind-diesel) reveals the most cost-effective
optimal energy mix hybrid system. The optimal system with wind, PV, and diesel results
in a simple payback period of 2.69 years and discounted payback period of 3.00 years.
Therefore, System-IV can be considered the optimal energy mix system for the selected site.

Table 8. Economic comparison for different optimal system configurations.

_ System-II } System-IV

Economic Output Sy§tem I (Wind- Systen} 1 (PV-Wind-
(Diesel-Only) . (PV-Diesel) .
Diesel) Diesel)

NPC (millions of USD) 31.02 14.59 22.87 14.09
LCOE, USD/kWh 0.5663 0.2663 0.4175 0.2573
Diesel cost (millions of USD) 30.70 10.25 17.78 9.08
Diesel consumption (L/year) 1,414,360 471,999 819,193 418,204
Operation and maintenance cost 131 057 233 0.95

(millions of USD)
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4.3. Environmental Assessment

Table 9 depicts yearly greenhouse gas emissions for each system. The amount of GHG
is relative to the amount of fuel consumption. The highest pollutant emission comes from
the base scenario (diesel-only), reaching 3,783,490.2 kg /year of gas emissions, including
multiple gasses, with carbon dioxide occupying the most significant one. The second
highest is the PV—diesel system, reaching 2,191,386 kg of gas emissions. The system
wind-diesel reveals 1,262,622.2 kg/year of GHG emissions. Finally, the fourth system,
PV-wind-diesel (the most optimal), has the lowest amount of greenhouse gas emissions,
reaching only 1,118,720 kg/year, which is 3.38 times less than the base system (diesel-only).

Table 9. Emissions in GHG components for different optimal system configurations.

System-1V
System-I System-1I System-II1 .
Pollutant (kgfyear) (Diesel-Only) ~ (Wind-Diese)  (PV-Diesel (PV-Wind-
Diesel)
Carbon dioxide 3,740,680 1,248,335 2,166,590 1,106,061
Carbon monoxide 537 179 311 159
Unburned hydrocarbons 212 71 123 63
Particulate matter 42.2 14.2 24.6 13
Sulphur dioxide 9277 3096 5373 2743
Nitrogen oxides 32,742 10,927 18,964 9681
Total emissions (kg/year) 3,783,490.2 1,262,622.2 2,191,385.6 1,118,720

4.4. Comparison between the Base System (System-I) and the Best Optimal Hybrid
Configuration (System-1V)

Table 10 shows the total expenditures of the utilized components in the base case
system. The total expenditure in this system is the combination of three operating diesel
generators only, where the three generators’ capacities are sufficient to supply the load.
The capital cost is zero since the diesel generators already exist in the system. The diesel
generator’s lifetime is more than the projected lifetime of 25 years, which results in zero
replacement cost. The diesel generator’s significant cost includes the requirement for the
fuel, the price of which is very unpredictable. Therefore, the continuation of utilizing diesel
fuel indicates a gradual increase in energy costs and operating costs of the diesel-only
system. Cost details are shown in Table 10. Although the diesel generator cost is zero since
they already exist, the total expenditure is high for this system because the cost of fuel and
operation and maintenance costs are significant for the diesel-only system.

Table 10. Cost detailed of the base case (diesel-only) system.

Operation and

Components Capital Cost Replacement Maintenance Fuel Cost Salvage Total .

Cost Expenditure
Cost

Diesel 0 0 1,306,139.21 30,697,386.56  983,305.95 31,020,219.81

generator

Wind generator 0 0 0 0 0 0

4% 0 0 0 0 0 0

Converter 0 0 0 0 0 0

System 0 0 1,306,139.21 30,697,386.56 983,305.95 31,020,219.81

Table 11 shows the overall expenditure for each component for the best optimal system
(PV-wind-diesel). The total expenditure of the system adds up to USD 14.09 million, which
is represented as the NPC of the system. The total money spent on diesel generators reaches
up to USD 9.43 million. At the same time, the paid amount on PV panels and wind turbines
are USD 1.06 million and USD 4.02 million, respectively. The system converter expenditure
reaches a number of USD 5,46,792.69. The converter’s lifetime is 10 years, which results in a
replacement cost of the converter. Cost details are shown in Table 11. The total expenditure
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of the PV-wind—diesel system occurs due to the minimum fuel cost and low operation and
maintenance costs.

Table 11. Cost detailed of the best optimal (PV-wind—diesel) system.

Operation and

Components Capital Cost Replacement Maintenance Fuel Cost Salvage Total .

Cost Expenditure
Cost

Diesel 0 0 518,207.11 9,076,741.14 1,132,856.14 9,432,138.15

generator

Wind generator  4,016,000.00 0 4661.28 0 0 4,020,661.28

PV 634,160.89 0 430,767.48 0 0 1,064,928.37

Converter 301,016.52 290,614.21 0 0 44,838.04 546,792.69

System 49,511,774.41 290,614.21 953,635.86 9,076,741.14 1,177,694.18 14,094,474.45

A comparison of renewable fractions of the four systems is shown in Figure 10. The first
scenario represents the base scenario that has no renewable fraction integrated. Compared
to the third system with PV and diesel, the second system has a lower renewable fraction
of about 13%. The best optimal system combining wind, PV, and diesel achieves a 70%
renewable energy fraction and has the highest renewable energy fraction compared to other
system configurations. Such a high renewable energy fraction requires meeting the peak
load demand in the system, which results in producing excess energy in the system.

80

70
60
50
40
30
20
10

0

Renewable energy fraction (%)

Diesel-only Wind-diesel PV-diesel PV-wind-diesel

System configuration

Figure 10. Renewable energy fraction for each optimal system configuration.

4.5. Power Balance Analysis in the Best Optimal Hybrid Configuration

Figure 11 illustrates the energy contribution by each generation unit in the optimal
hybrid system to meet the load demand. It represents the one-day portion of the load (peak
load) and how much each component produces power to meet that load. The PV starts its
production with the sunrise at 6:00 AM with a gradual increase until the peak production
at noon of 560 kW; then, the production decreases until sunset at 6:30 PM. Unlike the PV,
wind turbine production is unpredictable, where its production depends on the wind speed
at each hour of the day. If the wind speed exceeds the cut-in wind speed of the wind
turbine, the wind generator starts the generation. The figure shows that the wind turbine
production peak is at 9:00 PM with a production of 2065 kW. At 12:00 noon, the PV mainly
supplies the load demand, and the wind and diesel generators supply the rest. At 9:00 PM,
the wind generator mainly supplies the load demand, and the diesel generators supply the
rest since there is no PV power production. The diesel generator supplies the entire load
in the early morning (12:00-6:00 AM) since the system has small wind power and no PV
power generation. From 11:00 AM to 11:00 PM, the system produces excess energy due to
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higher energy production by the wind. This excess energy can be stored to use later when
there is no PV generation, especially between 12:00 AM and 6:00 AM.

2500

PV output —Wind power e AC load ——Diesel 1

——Diesel 2 ——Diesel 3 ——Excess power
2000

< 1500

Power (kW

1000

0
12:00 AM 2:24 AM 448 AM 7:12AM 9:36 AM 1200 PM 2:24PM 4:48PM 7:12PM 9:36 PM 12:00 AM

Time (hour)
Figure 11. Power balance between the generations and load on a day with peak load (during summer).

Figure 12 shows a one-day portion of the power balance (minimum load) and how
much each component produces power to meet that load. The PV starts power production
at around 7:30 AM with a gradual increase until the peak production (589 kW) reaches
12:00 PM; then, the production decreases until sunset at 5:30 PM. The wind turbines show
high power production in the early morning due to the higher speed availability. The
wind turbine’s production peak is at 7:00 AM, with a generation amount of 2700 kW. The
wind generator meets the load demand at this time with no generation from diesel and
PV. It is also to be noted that diesel is not producing any power since the load demand is
minimum and sufficient power is received from the wind. The PV system shows better
efficiency during the winter because of the lesser effect of temperature derating the PV
generation. On a similar day, the hybrid system produces excess energy, which can be
stored in a battery or used for green hydrogen production.

3000

PV output ———Wind power == AC load
5500 ——Diesel 1 ——Diesel 2 ——Diesel 3
—— Excess power

2000

1500

Power (kW)

1000

12:00 AM 2:24 AM 4:48 AM 7:12AM 9:36 AM 12:00 PM 224 PM 4:48PM 7:12PM 9:36 PM 12:00 AM

Time (hour)

Figure 12. Power balance between the generations and load on a day with minimum load (during winter).



Energies 2023, 16, 288

18 of 23

$5 8¢

152

s
67.45kVA

a2V
0433 kv
[ L258us

Pr25
100 kVA

615 KW, 1.9 kvar]

pe  F2/314
kv

11KV BUS BAR
1k

4.6. Operational Performance Assessment of the Best Optimal Hybrid Configuration (System-1V)

Figure 13 illustrates (partially) the developed model of the Al-Dhafrat distribution
network simulated and conducted power flow analysis. Using two extreme load conditions,
the simulation is conducted for System-I (diesel-only) and the best optimal system (System
IV: PV-wind-diesel). The system performance results obtained through simulation are
presented and discussed in terms of generated reactive and reactive powers, buses’ real
and reactive power flow, and bus voltage profile. There are 37 load buses in the system.
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Figure 13. ETAP software model of the Al-Dhafrat distribution network (partial).

Figure 14 shows voltages at different buses of the Al-Dhafrat distribution network
for the summer load condition for the diesel-only system. The results reveal a wide range
(386.7-413.4 V) of voltage variation at different buses. According to the standard, the
maximum acceptable voltage is with a tolerance of £6% of distribution voltage, which is
439.9 V, and the minimum value with tolerance is 390.1 V. All the bus voltages are within
the standard limit except for buses 20 and 24, where there are voltage violations of 386.7 V
and 389.5 V, respectively. This can be attributed to the higher voltage drop in the line that
connects these buses and the generation units. However, all other bus voltages remain
within the standard limit for winter load, as shown in Figure 15. Table 12 presents the
system’s real and reactive power losses. The losses in summer are significant; however,
winter losses are negligible since the load demand is relatively low. It also evidences from
Figure 15 that the voltages in the buses remain within the limit.

Table 12. Generated power and total losses in the diesel-only system during the winter and summer.

Summer Load Winter Load
Generated power (1278 +j873) kVA (252 +j101) kVA
Power losses (28.8 —j18.9) kVA (0.001 — j0.0813) kVA

Figure 16 illustrates voltages at different buses of the Al-Dhafrat distribution network
for the summer load condition for PV-wind—diesel. The voltage variation at different buses
of the network maintains within the acceptable limit, and hence, voltage violation issues are
resolved. The voltages at buses 20 and 24 are now 392 V and 391.3 V, respectively. It is due
to the addition of renewable sources to these buses. It is also observed that the bus voltages
rise during the winter load; however, they all remain within the standard limit. Table 13
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shows the system’s real and reactive power losses after adding renewable sources. The
results illustrate a losses reduction of 17.36%, where the real power loss becomes 23.8 kW.

) ) s S ) o & ) &) & ) &) &) &) &) 5 & O
%0 ‘bo %«} Q}B ‘b\} ‘b\} Q;O ‘b\} ‘bo QJO %\} %0 ‘b\} %0 ‘bo ‘b\} Q)O Q)Q
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R e Y e A e N A Y Ve e e S

Bus

Figure 14. Diesel-only system operational voltages (red line: maximum acceptable value and green
line: minimum acceptable value) at different load bus during the summer load.

360
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Figure 15. Diesel-only system operational voltage (red line: maximum acceptable value and green
line: minimum acceptable value) at different load bus during the winter load.

Table 13. Generated power and total losses in the PV-wind-diesel system during summer.

Summer Load

Generated power (1278 +j873) kVA
Power losses (23.8 —j19.9) kVA

The outcomes of this study reveal that integrating a renewable mix hybrid system can
reduce massive diesel fuel consumption, significant GHG emissions, and operation and
maintenance costs. It also reduces the dependency on the volatile market price of diesel
fuel. Integration of renewables also minimizes bus voltage violations during the heavy
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demand in summer. In addition, the results also indicate the potential of maximizing the
use of renewable resources and enhancing the sustainable development process in Oman.

360

=—Upper Limit  ===Lower Limit
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Figure 16. PV-wind—diesel system operational voltages at different load bus during the summer load.

5. Conclusions

This paper has presented designing and analyzing a PV-wind—diesel hybrid renewable
energy system for the Al-Dhafrat rural area application. HOMER Pro was utilized to
conduct technical and economic analysis. In contrast, ETAP software was employed to
examine the system’s operational performances, such as bus voltage profile and power
losses. In this study, the focus was on the net present cost, greenhouse emissions, lowest
levelized cost of energy, and renewable energy fraction as the criteria for selecting the
best optimal hybrid system. The outcomes reveal that the isolated hybrid power system
(PV-wind-diesel) consists of a 718 kW solar photovoltaic array, a 3200 kW wind plant, a
5600 kW diesel, and a 410 kW inverter that can provide 10.303 MWh energy per day with a
peak power demand of 1310 kW for the selected site. The net present cost of the proposed
hybrid system is USD 14.09 million for the project lifetime of 25 years and a 7.25% annual
interest rate. The renewable energy fraction varies between 0 to 70%.

Further, the LCOE of the best optimal hybrid system was found to be USD 0.2573/kWh,
with fuel consumption of 418,204 litters/year and greenhouse gas emissions of
1,118,720 kg/year. The proposed hybrid renewable energy system reduces the LCOE by
54.56%, diesel fuel consumption by 70.43%, and GHG emission by 3.38 times compared to
the existing diesel-only system. It is also revealed that the integration of renewable power
generation improves the voltage profile of the buses, especially during the summer peak
load, and reduces the system power losses.

Therefore, considering the potential of renewable resources and the remote exis-
tence of the Al-Dhafrat diesel community in Oman, an isolated hybrid PV-wind-diesel
system is not only viable but also a practical and sustainable solution for the studied
rural area electrification.

The proposed design produces considerable excess electricity to meet the peak load
demand. Thus, the proposed hybrid system integrated with suitable energy storage can
be investigated further. In addition, some of the cost data are assumed that may involve
uncertainties. However, this is unavoidable because of the nature of the study.
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Abbreviations

The following abbreviations are used in this manuscript:
HOMER Hybrid Optimization of Multiple Energy Resources

MIS main interconnected system

ETAP Electrical Transient Analyzer Program
1Y% solar photovoltaic

GHG greenhouse gas emission

NPC net present cost

LCOE levelized cost of energy
MZEC Mazoon Electricity Company
NASA National Aeronautics and Space Administration

STC standard testing condition
CRF capital recovery factor

LF load following

CcC cycle charging
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