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Abstract: Cellular network operators are actively expanding network coverage and capacity by
deploying additional base-stations to provide mobile services to customers in rural areas. The
increasing deployment of cellular base-stations has increased the power consumption, energy cost,
and associated adverse environmental impact. This paper addresses the feasibility of using renewable
energy sources to power off-grid rural 4G/5G cellular base-stations based on Kuwait’s solar irradiance
and wind potentials. More importantly, a hybrid renewable energy system will be designed and
modeled to meet realistic energy demands of remote base-stations and determine the optimum size
of the hybrid system components. Particularly, the hybrid off-grid system may incorporate wind
turbines (WTs), photovoltaic (PV) solar panels, converters, a battery bank (BB), and a back-up diesel
generator (DG). Two remote cell-sites are considered, namely: (1) Jal-Alayah and (2) Wafra, where
the Jal-Alayah cell-site is characterized with higher average wind speed (and wind potential), while
the Wafra cell-site has higher average clearness index and solar irradiance. Various hybrid PV/wind
electric system (HPWES) configurations are modeled and simulated via HOMER software, with the
aim of determining the optimal configuration—in terms of net present cost (NPC)—in each cell-site.
Specifically, the simulations have revealed that the WT-BB configuration is the most economical at the
Jal-Alayah cell-site while requiring minimal land area and ensuring 100% renewable energy and zero
CO2 emissions. This configuration is followed by the PV-DG-BB and PV-WT-DG-BB configurations,
where the latter configuration incurs a marginal increase in the NPC than the former but with less
land area. On the other hand, the PV-BB configuration is the most cost-effective in the Wafra cell-site;
however, in the scenario of limited land area, then the PV-DG-BB configuration can be used but at the
expense of slight increase in the NPC and CO2 emissions. This study confirms that utilizing renewable
energy sources in two rural areas in Kuwait can be extremely effective in replacing conventional
DG-powered base-stations, while minimizing the NPC and CO2 emissions.

Keywords: base-stations; cellular networks; HOMER; hybrid; off-grid; renewable energy; solar; wind

1. Introduction

With the rapid development of mobile generations and cellular networks, wireless
smart devices, services, and applications have reached new heights, with increasing sub-
scriber demands. The evolution from the first generation (1G) to the fourth generation (4G),
and more recently, with the fifth generation (5G) being rolled out worldwide, have contin-
uously pushed the limits for higher data rates, spectrum-efficiency, low latency, broader
coverage, and greater connection density [1]. This has led to an explosive increase in the
number of mobile subscribers and data traffic, which resulted in base-stations (BSs) being
increasingly deployed to provide coverage and ubiquitous communications. Consequently,
the capital expenditure (CAPEX) and operational expenditure (OPEX) of cellular networks
have increased significantly. Furthermore, the energy demand of cellular networks and
the Information and Communication Technology (ICT) sector has drastically exacerbated,
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with its carbon footprint surging to alarming rates [2], adversely affecting the environment
and human health. It is well-known that cellular BSs are the largest power consumer in the
network infrastructure, accounting for about 57% of the overall power consumption [3–5].
Additionally, most of today’s BSs are operated via electrical grids or diesel generators
(DGs), making cellular networks liable for the increasing carbon dioxide (CO2) and green-
house gas (GHG) emissions, globally. Thus, with the increase in energy cost and power
consumption, an urgent need for “green communications” has arisen [6,7]. This, in turn,
has prompted mobile network operators to pursue more innovative solutions to reduce
energy consumption as well as dependency on electrical grids [8].

Powering cellular BSs via renewable energy sources (RESs) has attracted significant
interest from academia and industry [9,10]. Solar photovoltaic (PV) and wind turbine
(WT) power generation systems are the most prominent renewable solutions to power
BSs, especially in rural and remote areas, where access to reliable electrical grids may not
be available. Depending on the solar and wind potentials, combining the two different
RESs could achieve higher reliability and efficiency compared to individual renewable
sources [11]. As of 2020, more than 70,000 renewable-energy-powered BSs are in operation
globally [12]. This is in alignment with the most telecommunication operators’ objectives
to use RESs to energize their BSs [13–16].

1.1. Related Works

Recently, several research works have considered the utilization of RESs to energize
cellular networks. For instance, a hybrid PV/wind power system with a battery bank (BB)
is proposed in [17] to reliably provide power to a remote cell-site in Ethiopia. Specifically,
the PV-BB and PV-WT-BB system configurations have been evaluated using HOMER
and compared to the conventional DG-BB system. Simulation results illustrated that the
PV-BB configuration is optimal in terms of net present cost (NPC) and cost-of-energy (COE)
(The NPC refers to the present value of all costs related to the installation and operation
of a component/system minus the present value of all revenues earned over the project
lifetime [18]. On the other hand, the COE is defined as the average cost per kWh of the
useful electrical energy production of the system [19]). In [20,21], the authors focus on the
long-term techno-economics of standalone solar-powered 4G cellular BSs in South Korea’s
urban locations using HOMER software. It has been shown that the PV-based energy
system can significantly reduce the OPEX and NPC in comparison to DG-based systems
while still meeting the BS load demand. The authors in [22] consider utilizing RESs to
minimize the NPC and maximize the average energy savings of 4G BSs in Bangladesh.
In particular, several electric system solutions—such as PV, PV-WT, PV-DG, and PV-Grid—
are considered, with a focus on throughput, energy-efficiency, average energy savings, BS
transmission power, and traffic intensity. It has been found that the PV-WT solution is the
optimal in terms of COE, with zero GHG. In [23], a techno-economic and environmentally
viable electric solution is presented for BSs in six locations in Nigeria. Various hybrid
system configurations are compared in HOMER, where it is found that the PV-DG-BB
configuration is optimal in terms of NPC, COE, renewable energy fraction (REF), and CO2
emissions. Another study considered various locations in Nigeria [24], with the aim of
finding the proper generator schedule and renewable energy system configuration to reduce
OPEX. Specifically, it has been revealed that a 50% reduction in OPEX can be achieved in
comparison to traditional DG-powered BSs, while reducing the Carbon footprint by 30
to 70%. The feasibility of using off-grid hybrid renewable energy systems in Pakistan is
studied in [25], where it has been determined that the PV-WT-DG-BB system configuration
yields the lowest NPC, COE, and CO2 emissions. In [26], an off-grid PV-BB system is
proposed and analyzed for powering BSs in Oman. It has been found that the proposed
system yields lower NPC than conventional DG-based systems, while reducing OPEX
by approximately 15.24%. The authors in [27] study the possibility of reducing OPEX
and GHG emissions for rural BSs in Malaysia by utilizing a PV-DG-BB hybrid system.
Using HOMER, it has been shown that an average annual OPEX saving of 43–47% is
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achieved, while reducing CO2 emissions. Since Malaysia is characterized by a tropical
climate, the proposed system is applied to Germany, which is a four-season country. It has
been revealed that Malaysia has higher potential for the proposed system, and achieves a
lower NPC than in Germany. A summary of similar works in different countries can be
found in [14].

1.2. Kuwait’s Renewable Energy Prospects

Kuwait is located between 28◦ and 31◦ N and longitudes 46◦ and 49◦ E and extends
over area of 17,818 km2 [28]. The climate is characterized by two main seasons, a dry and
hot summer and a short—relatively warm—winter [29]. Electricity peak demand in Kuwait
has significantly increased from 10.9 GW in 2010 to 15.7 GW in 2021, and is projected to
increase to over 22 GW by 2030 at an annual rate of 4% [30–32]. Figure 1 illustrates the
actual and projected maximum peak load in the period from 2010–2030. Kuwait’s energy
needs are fulfilled through fossil-fuel-dependent (e.g., oil and natural gas) power plants,
making them responsible for 95% of the country’s total CO2 emissions. Not only that,
an annual per capita CO2 equivalent to 21.6 tonnes makes Kuwait higher than the average
of the world [33]. Currently, many new cities and residential areas are being built in Kuwait
to meet the housing crisis [34], which will exacerbate the energy demands. Thus, reliance
on non-renewable resources presents a challenge in the future.
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Figure 1. Actual and projected maximum peak load in Kuwait.

The rising and fluctuating price of fuel, associated costs, and harmful emissions have
put immense pressure on cellular operators to supply electricity to BSs reliably and cost-
effectively. Moreover, electrical grids are not typically available in remote locations, which
is due to the fact that urbanized lands constitute no more than 10% of Kuwait’s total area.
Therefore, supplying power to BSs in rural areas is a significant challenge. Typically, DGs
are used to supply electrical power to BSs in remote locations in Kuwait, which entails
additional costs for the transfer of fuel as well as operation and maintenance (O&M).
The resulting air pollution due to CO2 and GHG emissions can be added to this. Thus,
using DGs to power cellular BSs has become economically and environmentally less viable
for cellular operators. Accordingly, the exploitation of RESs in the rural areas of Kuwait as
a long-term solution is an ideal alternative to achieve green communications.

The predominant and abundant RESs in Kuwait take the form of solar and wind [35–37].
Kuwait’s solar potential is estimated in terms of global horizontal irradiance (GHI) at
1900–2100 kWh/m2/year [38] (GHI represents the total solar radiation incident on a surface
horizontal to the ground [39]), while the clearness index ranges between 55 and 70% [40].
The annual average wind speed ranges from 3.7–5.5 m/s with mean wind power density
in the range 80–167 W/m2 at standard height of 10 m [41]. Kuwait has stated a national
goal of 15% renewable energy generation by 2030 and thus has established several projects.
For instance, the Shagaya Renewable Energy Park (SREP) project comprises the generation
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of 50 MW, 10 MW, and 10 MW from a concentrated solar power (CSP) plant, a PV plant,
and a wind farm, respectively [42]. The Al-Dibdibah Solar Project is planned to provide
over 3500 MW and is expected to yield a reduction of at least 2.1 million tons of CO2
emissions per year [43]. Moreover, the electricity and water authorities aspire to provide
4500 MW of solar and wind capacity by 2030 [44]. Nevertheless, Kuwait has a long way to
go to reduce its CO2 emissions, as it is expected to emit more than four times the world’s
average of CO2 emissions per capita in 2035 [43].

A number of studies have been conducted in Kuwait, on various aspects of RES
development and utilization. In [41], a study of the potential wind power generation
in eight sites in Kuwait is presented and showed that open flat areas are sufficient for
power generation, since the wind power density and wind speed are high. Furthermore,
the authors in [45] provided an overview of wind and solar energy resources in Kuwait,
and proposed a strategy for potential uses of each renewable resource and raised awareness
of using renewable resources as a supplement to conventional energy resources. In [31,36],
the authors analyzed a wind power system’s feasibility in six locations in Kuwait for elec-
tricity production and optimized the sizing in three sites for remote housing electrification
to verify technical and economical features. Particularly, different wind turbine and storage
battery sizings, the average cost in stand-alone and grid connection, and an assessment of
wind energy characteristics have been presented and discussed. The benefits of using wind
systems in Kuwait using a geographical spatial analysis has been studied in [37].

In Kuwait, the total number of mobile subscribers reached 6.77 million in 2020
(158.5 per 100 people) [46,47], distributed over 3 mobile operators, namely, Zain [48],
Ooredoo [49], and STC [50], with over 1150 cellular BSs. Therefore, there is an urgent need
to utilize renewable-energy-powered cellular BSs in Kuwait.

1.3. Motivations and Contributions

Due to the potentials of solar and wind in Kuwait, and to reduce dependency on
the electrical grids and conventional DGs, the main goal is to design an off-grid hybrid
PV/wind electric system (HPWES) that could serve as a cost-effective electric system to
energize cellular BSs in rural areas in Kuwait, while potentially minimizing the use of DGs.
This, in turn, could reduce (or completely eliminate) CO2 emissions, which constitute a
serious threat to the environment and health. Not only that, but utilizing an HPWES could
reduce the NPC and COE over the system lifetime in comparison to conventional DG-based
electric systems. In addition, PV/WT hybrid systems can greatly reduce costs associated
with cell-site visits for repairs and re-fueling if DGs are used, especially in rural cell-sites.
Specifically, the use of the DGs increases the technical problems and reduces efficiency,
since 70% of the fuel energy is not converted to electricity [51] (In some cases, using DGs
as back-up energy sources is necessary; however, this comes at the expense of reduced
energy-efficiency, as well as increased cost and harmful emissions). Moreover, more than
65% of outages in cellular network services in rural areas are due to malfunctions in the
DGs [27].

This paper focuses on the feasibility of utilizing RESs to power rural 4G/5G cellular BSs
in Kuwait’s rural areas. To meet the BS load demand, an off-grid HPWES will be designed,
modeled, and optimized via HOMER software [52–54], with the aim of determining the
optimal system configuration that minimizes the NPC. The system design and configuration
may incorporate WTs, PV panels, converters, charge controllers, a battery bank (BB), and a
back-up DG. Furthermore, two cell-site locations are considered, namely: (1) Jal-Alayah
and (2) Wafra. In particular, the Jal-Alayah cell-site is characterized by a higher average
wind speed (and wind potential), while the Wafra cell-site has a higher clearness index and
average GHI. In turn, the PV panels and WTs must be carefully selected and optimized to
meet realistic load demands at both cell-sites. Specifically, two PV panels and two WTs
with different rated power values are considered at each cell. Extensive numerical results
are presented to determine the optimal system configuration at each cell-site, with various
combinations of WTs, PV, BB, and DG. In particular, it has been determined that the
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WT-BB configuration is the most economical at the Jal-Alayah cell-site while requiring
minimal land area and yielding zero CO2 emissions and 100% renewable energy. This
configuration is followed by the PV-DG-BB and PV-WT-DG-BB configurations, where the
latter configuration incurs a negligible increase in the NPC than the former configuration
but with less land area. At the Wafra cell-site, the PV-BB configuration yields the lowest
NPC, however, at the expense of high land area. In the scenario of limited land area, the PV-
DG-BB configuration can be considered, at the expense of a slight increase in the NPC
and CO2 emissions. This study confirms that RESs can be used to energize cellular BSs in
Kuwait’s rural areas, while reducing dependency on conventional DGs, and minimizing the
NPC and CO2 emissions. In general, the use of PV panels and WTs is location-dependent
and mainly governed by the solar and wind potentials at each cell-site.

To the best of our knowledge, no prior work has considered renewable-energy-
powered cellular BSs in Kuwait’s rural areas. Thus, the main contributions of this paper
are summarized as follows:

1. Studying the potentials of hybrid solar- and wind-powered BSs in two rural cell-sites
in Kuwait, based on realistic 4G/5G base-station load profiles;

2. Modeling and analyzing the off-grid HPWES components based on realistic economic
factors, various system configurations, and different PV panels and WTs;

3. Simulating various electric generation systems for two rural cell-site locations to gain
more insights into the potentials of renewable energy at each cell-site, while focusing
on NPC-minimizing optimal system sizing;

4. Presenting extensive numerical results and comparisons for various system configura-
tions for two remote cell-sites from the perspective of NPC, fuel consumption, CO2
emissions, and required land area;

5. Demonstrating that the WT-BB configuration is optimal at the Jal-Alayah cell-site in
terms of NPC, required land, and CO2 emissions, while the PV-BB configuration is
optimal at the Wafra cell-site in terms of NPC and CO2 emissions but at the expense
of high land area.

This work provides a platform to the development and deployment of practical green
sustainable cellular BSs in Kuwait’s rural areas, while eliminating the dependency on
the electrical grid. Lastly, it should be noted that our previous work has focused on a
solar-powered cellular BS in a densely populated urban city, close to the capital city of
Kuwait [55]. It has been revealed that the PV-DG-BB configuration yields the lowest
NPC, while reducing fuel consumption by almost 95% in comparison to conventional
DG-powered BSs.

The rest of this paper is organized as follows. Section 2 details the problem definition,
modeling, and workflow. The proposed off-grid HPWES design is outlined in Section 3,
whereas the simulation set-up and techno-economic specifications are presented in Section 4.
Section 5 presents the simulation results, whereas the conclusions are drawn in Section 6.

2. Problem Definition, Modeling, and Workflow
2.1. Problem Definition

The aim of this paper is to study the potentials of utilizing hybrid RESs to design
an off-grid electric system that energizes cellular BSs in Kuwait’s rural areas. To gain a
comprehensive picture, two cell-site locations—with different average wind speed, clear-
ness indices, and GHI characteristics—will be considered, namely: (1) Jal-Alayah and (2)
Wafra. This entails data collection of realistic solar and wind data and BSs’ load profiles
and components selection, along with their technical and economic specifications. This
is followed by system modeling and design, which entail the consideration of various
system configurations, appropriate cost modeling, and performance criteria. After that,
the different system configurations are simulated in HOMER with the goal of minimiz-
ing the NPC to meet the load demand of the BSs at the two cell-sites. More importantly,
the simulation results will be presented in terms of the system components, COE, NPC,
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REF, fuel consumption, and CO2 emissions. Lastly, the obtained results will be contrasted
at both cell-sites.

2.2. Modeling and Workflow

Based on the problem definition, an off-grid HPWES must be designed to meet the
BS load demand at each cell-site. This entails two main tasks: (1) cell-site selection and (2)
Pre-HOMER modeling, which are then amalgamated to determine the optimal HPWES
system design and performance criteria. For the first task, two BS cell-sites with different
solar and wind data characteristics must be carefully selected, along with their AC/DC
BS load profiles. On the other hand, and to realistically model the HPWES (i.e., in the
Pre-HOMER modeling task), the system specifications (e.g., technical constraints), system
economics (i.e., cost model and project lifetime), and component technical and economic
specifications must be defined. This is followed by system design and modeling for various
system configurations (based on PV panels, WTs, DG, and batteries). After that, the system
design along with the BS load profile as well as the solar/wind data at each cell-site are
incorporated into HOMER to obtain the techno-economic results. Specifically, the optimal
system sizing, cost factors, and resulting fuel consumption and CO2 emissions are obtained.
Lastly, a detailed discussion of results will be presented, and conclusions will be drawn.
The considered workflow is demonstrated in Figure 2.

Figure 2. Modeling and workflow.

3. System Model and Design

Figure 3 illustrates the proposed HPWES design, which comprises the BS load (i.e., AC
and DC loads) and the electrical power system (i.e., PV panels, WTs, DG, BB, converters,
etc.). The system components can be described as follows:

1. PV Panels: The PV panels absorb the sunlight and convert it into DC electricity, thus
providing power to the DC load of the BS and charging the batteries.

2. Wind Turbines: The wind turbines convert the kinetic energy of wind into mechanical
energy, which is then converted into electrical energy. The main WT components are
the gearbox, nacelle, electrical generator, rotor hub, rotor blades, and the tower [56,57].
For safety and protection, hydraulic brakes, a pitch controller, and a yaw controller on
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a nacelle are used. The pitch power controller is an automatic controller for turbine
output power. If the output power level exceeds the rated level, it sends a signal to
turn the blades out of the wind to stabilize the output power. However, at low power
levels, the blades are pitched back to catch the wind at an optimal angle to ensure
maximum power output.

3. Battery Bank: The battery bank is charged in normal operation cases to be used during
periods of insufficient energy, and peak load demand. This may occur when the PV
panels and/or WTs malfunction, and thus the BB provides energy to the BS load
before reaching the maximum depth-of-discharge (DoD).

4. Dump Load: The dump load box is used in some turbines in the case of an over-
voltage fault, which is to keep the power output stable, and control the peak voltage
with pitch control. Particularly, the dump load is a resistor that diverts electricity from
the BB once it is fully charged, even when the WTs are still generating power, where
excess electricity is converted into heat. Most modern WTs incorporate built-in dump
load controllers.

5. Wind Solar Hybrid Controller: The hybrid charge controller is used to regulate the
energy before delivering it to the battery, so as to prevent overcharging, overheating,
and deep discharging of the battery [14].

6. Converter: Various types of converters are used to convert the DC voltage from the
PV panels and battery into usable AC voltage, and the AC voltage from the WTs and
DG into DC voltage. Moreover, the DC/DC converter is used to convert a DC voltage
from one level to another.

7. Diesel Generator: The DG is used as a back-up energy source if the BB is not sufficient
to cover the load peak demand.

8. Control Unit (CU): The CU manages the flow of power from the power sources and
storage devices (i.e., PV panels, WTs, BB, and DG) to meet the BS load demand
and avoid power outages to the BS. Moreover, the CU incorporates a dispatch strategy,
which determines how and when batteries are charged/discharged, and the priority
with which the energy is supplied to meet the load demand (In Figure 3, the green
dashed line represents the control signal between the control unit, hybrid controller,
battery bank, and diesel generator).

Figure 3. Schematic of the proposed hybrid PV/wind electric system.

In the proposed HPWES system design, the PV panels and WT provide power to
the BS. However, in the case of insufficient power by the PV panels and/or WTs, the BB
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provides power to the BS. Moreover, if the BB cannot provide sufficient power to the BS,
or has already reached its maximum DoD, the DG (as a back-up source) is operated to
provide the necessary power to the BS to ensure the continuity of BS operation.

4. Simulation Set-Up and Techno-Economic Specifications
4.1. System Configurations

In the simulations, eight off-grid system configurations are considered in HOMER:

1. PV-WT-Battery Bank (PV-WT-BB);
2. PV-DG-Battery Bank (PV-DG-BB);
3. WT-DG-Battery Bank (WT-DG-BB);
4. PV-WT-DG-Battery Bank (PV-WT-DG-BB);
5. PV-Battery Bank (PV-BB);
6. WT-Battery Bank (WT-BB);
7. DG-Battery Bank (DG-BB);
8. DG-Without Battery Bank (DG-WBB).

Particularly, in HOMER, the above system configurations will be optimized to meet the
BS load demand while simultaneously minimizing the NPC. In the system configurations,
two PV panels and two WTs are compared (i.e., a total of four cases per cell-site). Specifically,
the PV panels are [58,59]:

1. CS6K-285 (285 W);
2. SunPower475 (475 W),

while the considered WTs are [60,61]:

1. Bergey Excel XL10 (10 kW);
2. Eocycle EO20 (20 kW).

It is noteworthy that conventional BSs utilize the DG-BB and DG-WBB configurations.
Particularly, the former configuration utilizes the BB to power the BS in the case when the
DG runs out of fuel or malfunctions. On the other hand, the DG-WBB leads to a network
coverage outage if the DG is not operational, which is due to the absence of the BB.

The simulated system model in HOMER is depicted in Figure 4, which is based on
the system design presented in Figure 3. Specifically, Figure 4 represents the main system
components that will be optimized to meet the AC/DC loads of the base-stations based on
aforementioned system configurations. The techno-economic specifications of the system
components, as well as the solar and wind data and BSs’ load profiles at the considered
cell-sites will be incorporated into HOMER to determine the optimal system sizing and
several performance criteria.

Figure 4. Simulated system model in HOMER.
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4.2. Cell-Sites

Two cell-site locations are considered in this work to gain insights into the potentials of
solar and wind energy in the rural areas of Kuwait. Specifically, cell-sites at (1) Jal-Alayah
and (2) Wafra are considered, as shown in Figure 5. The Jal-Alayah cell-site is located
North West the capital city of Kuwait (longitude 47.678◦ E and latitude 29.609◦ N), while
the Wafra cell-site is located south of the capital city of Kuwait (longitude 48.203◦ E and
latitude 28.695◦ N).

Figure 5. Two considered rural cell-site locations in Kuwait.

It should be noted that HOMER utilizes the NASA Prediction of World Energy Re-
source (POWER) database [40], where the average wind speeds for Wafra and Jal-Alayah
have been obtained at 50 m above the surface of Earth over a 30 year period. In HOMER,
the wind speed profile follows a power law, with a power law exponent equal to 0.14.
In this work, the two-parameter Weibull distribution is used to model the wind speed Vw,
where the probability density function (PDF) is given by [62]:

fVw(v) =
κ

c

(v
c

)κ−1
e−(

v
c )

κ

, (1)

where v is the value of the wind speed, k is the shape factor, and c is a scaling parameter.
Moreover, the average wind speed is related to the Weibull parameters as:

v̄ = cΓ
(

1
κ
+ 1
)

, (2)

where Γ(·) is the Gamma function [63]. In [41], the wind power density based on the Weibull
function parameters has been estimated based on six stations, distributed in different parts
of Kuwait. However, the considered cell-site locations in Jal-Alayah and Wafra are different
from the stations’ locations considered in [41]. This is in addition to the different recorded
monthly average wind speeds over 30 years, which is due to the atmospheric and structural
changes. Thus, the interpolation method has used to obtain the value of the shape factor κ.
Specifically, the Jal-Alayah and Wafra average wind speeds have been calculated using:

Vw(h)

Vw

(
hre f

) =

(
h

hre f

)α

, (3)
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in which Vw(h) is the wind speed at height h above ground “reference” level hre f . Moreover,
0.05 ≤ α ≤ 0.5 is the the surface roughness factor, and is usually set as 1

7 ≈ 0.14285 for
Kuwait [64]. At an anemometer height of 10 m, the wind speed in Jal-Alayah and Wafra cell-
sites have been calculated as 4.93 m/s and 4.74 m/s, respectively. Accordingly, the shape
factors κ are set to 2.24 and 2.09 for Jal-Alayah and Wafra, respectively. In the simulations,
the height above sea level in Jal-Alayah and Wafra cell-sites have been found as 110 m and
38 m, respectively [65]. Thus, the average wind speeds for Jal-Alayah and Wafra cell-sites
have been adjusted as per (3), yielding 6.20 m/s and 5.97 m/s, respectively. Figure 6
illustrates the monthly average clearness index, GHI, and wind speed at Jal-Alayah and
Wafra cell-sites, while Table 1 summarizes the average annual temperature, clearness index,
GHI and wind speed data at Jal-Alayah and Wafra cell-sites, which have been obtained
from the POWER database [40]. It should be noted that the NASA POWER database
encompasses solar, wind, and meteorological data collected, updated, and averaged over
40 years [66,67]. This serves to ensure that the results obtained in this work are statistically
valid and realistically coincide with practical systems.

From Table 1, it can be seen that the Wafra cell-site enjoys slightly higher average
clearness index and GHI than Jal-Alayah cell-site, and thus is expected to have higher
potential when using PV panels. Contrarily, the Jal-Alayah cell-site has higher average
wind speed (and wind potential) than the Wafra cell-site and thus is expected to have
higher potential for WTs.
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Table 1. Average annual characteristics of Jal-Alayah and Wafra cell-sites [40].

Cell-Site Jal-Alayah Wafra

Average Temperature (◦C) 25.9 25.9

Clearness Index 0.60 0.62

Average GHI (kWh/m2/day) 5.40 5.49

Average Wind Speed (m/s) 6.20 5.97

Height Above Sea Level (m) 110 38

4.3. Load Profiles

The BS load profiles of the Jal-Alayah and Wafra cell-sites have been obtained from
mobile operator Zain, which is a leading mobile service provider in Kuwait and the Middle
East [48]. The monthly DC load profiles for both cell-sites are depicted in Figure 7 for the
period between June 2020 and May 2021. A summary of the load profiles is given in Table 2,
where it can be seen that the Wafra cell-site consumes more power than the Jal-Alayah
cell-site, which is due to the fact that Wafra encompasses farms and is surrounded by
newly constructed residential buildings. The BSs at both cell-sites operate both 4G and 5G
technologies, and they are configured as shown in Table 3.
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Figure 7. Base-station DC load profile at: (a) the Jal-Alayah cell-site and (b) the Wafra cell-site.
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Table 2. Summary of load profiles at the Jal-Alayah and Wafra Cell-Sites.

Cell-Site Jal-Alayah Wafra

DC Load Annual Average (kWh/day) 80.4 99.4

Average DC Load Peak Power (kW) 9.94 12.3

AC Load Annual Average (kWh/day) 110

Average AC Load Peak Power (kW) 13.6

Total Load Annual Average (kWh/day) 190.4 209.4

Total Load Average Peak Power (kW) 23.5 25.9

Table 3. Base-station configuration at Jal-Alayah and Wafra Cell-Sites.

Technology 4G 5G

Number of Sectors 3 3

Number of Antennas per Sector 1 1

Output Power per Sector (W) 20, 40 200

Bandwidth per Sector (MHz) 10, 15, 20 100

4.4. Technical and Economic Specifications

In the following subsections, the technical and economic specifications of the main
system components are detailed. The HPWES specifications are listed in Table 4 (It should
be noted that the annual real interest rate—according to the Central Bank of Kuwait (CBK)—
is 1.5% [68]).

Table 4. Control parameters and project lifetime.

Parameter Value

Project Life Cycle (years) 20

Discount Rate (%) 2.6

Inflation Rate (%) 1.1

Annual Interest Rate (%) 1.5

4.4.1. PV Panels

The technical specifications of the mono-crystalline silicon (Mono-Si) PV panels used
in this work are summarized in Table 5, whereas their detailed electro-mechanical specifica-
tions can be found in [58,59].

The Mono-Si PV panels have been utilized for the two-cell-sites in Kuwait due to their
suitability for warmer weathers than the poly-crystalline silicon (Poly-Si) panels, as they
happen to have relatively lower temperature coefficients (TCs) [69,70]. Specifically, the TC
relates the drop in the output power of the PV panel to the increase in its temperature.
On the other hand, the price in USD/kW per PV panel has been determined by reviewing
numerous data sheets and surveying various vendors.

The annual output energy of a PV array (in kWh/yr) is calculated as [27]:

Epv = λpv × ξPSH × fpv × 365 day/year, (4)

where λpv is the rated capacity of the PV array (in kW), while ξPSH is the peak solar
irradiation-hour (in hours/day). Moreover, fpv is the performance factor (i.e., solar cells
efficiency) [27].



Energies 2022, 15, 2334 13 of 29

Table 5. PV panels and their specifications.

Panel CS6K-285M SPR-P3-475-UPP

Vendor CanadianSolar SunPower

Peak Power (W) 285 475

Dimensions (mm) 1650 × 992 × 40 2066 × 1160 × 35

Panel Area (m2) 1.64 2.4

Temperature Range (°C) −40 to 85

Power Temperature Coefficient (%/°C) −0.41 −0.34

Efficiency (%) 17.4 19.8

Initial Capital/Replacement Cost (USD/kW) 230 290

O&M Cost (USD/yr) 10

Operational Lifetime (Years) 25

4.4.2. Wind Turbines

In this paper, the selected horizontal-axis WTs are the Bergey Excel 10 kW and Eocycle
20 kW. Table 6 summarizes the technical specifications and costs of the wind turbine [60,61]
(The O&M cost is set as 1% of the capital cost of the turbine [71]).

Table 6. Wind turbine technical data and cost.

Wind Turbine Bergey Excel Eocycle

Model XL10 EO20

Rated Power (kW) 10 20

Life Expectancy (years) 20 20

Cut-In Wind Speed (m/s) 3.4 2.8

Cut-Out Wind Speed (m/s) N/A 20

Rated Wind Speed (m/s) 15.6 7.5

Hub Height (m) 30 36

Rotor Diameter (m) 7 15.8

Number of Blades 3 3

Swept Area (m2) 38.5 196.3

Initial Capital/Replacement Cost (USD) 13,400 34,000

O&M Cost (USD/year) 134 340

Wind speed distribution is the most important factor influencing the power available
Pav in the wind [11], which is given by:

Pav =
1
2

A ρ V3
w, (5)

where A = πR2 is the circular swept area of the blades, and R is the radius of the circle,
which corresponds to the length of the one of blades. Moreover, ρ = 1.225 kg/m3 is the air
density at sea level, while Vw is the wind speed. The WT rated power is obtained at wind
speed Vw, where Vrs < Vw < Vco, while Vrs and Vco are the rated and cut-out wind speeds,
respectively [72]. In such a case, the produced power from the WT can be described by:

PWT = Pav CP, (6)
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where CP is the Betz power coefficient. Ideally, the Betz coefficient reaches its maximum
value of 59.3%, and in modern WTs, it can reach up to 50% [31].

4.4.3. Battery

A 11.7 kWh Lithium-ion battery is utilized, which is most suitable for standalone
systems (despite its higher cost than a Lead-acid battery) [73], and the specifications of
which are given in Table 7.

Table 7. Battery specifications.

Parameter Value

Vendor Sunverge

Battery Model SIS-XWplus 6848

Nominal Voltage (V) 48

Nominal Capacity (kWh) 11.7

Nominal Charge (Ah) 244

Roundtrip Efficiency (%) 90

Maximum Charge Current (A) 110

Maximum Discharge Current (A) 125

Initial State-of-Charge (%) 100

Minimum State-of-Charge (%) 20

Maximum Depth-of-Discharge (%) 80

Initial Capital/Replacement Cost (USD) 1603

O&M Cost (USD/yr) 60

In general, the total capacity of the battery can be calculated as [64]:

CB =
ELSD

VB × DoDmax × Tc f × ηB
, (7)

where EL, SD, VB, DoDmax, Tc f , and ηB are the load in Wh, storage days, battery voltage,
maximum DoD, temperature correction factor, and battery efficiency, respectively [64].
On the other hand, the number of days of autonomy is determined using:

AB =
Nbat × Bv × BQ × BDoD × (24 h/d)

LBS
, (8)

where Nbat is the number of batteries in the battery storage. Moreover, Bv is the nominal
battery voltage, while BQ is the nominal capacity of a single battery (in Ah). In addition,
BDoD is the maximum energy delivered from the battery, whereas LBS is the average daily
BS load (in kWh). On the other hand, the battery lifetime can be obtained as [53]:

LTB = min
(

Nbat × QLT
QTh

, Bb f

)
, (9)

where QLT and QTh are the lifespan throughput of a battery (in kWh) and the annual
battery throughput (in kWh), respectively. Moreover, Bb f is the battery float life (in years).

The total number of batteries is Nseries
batt × Nparallel

batt , where the number of batteries connected
in series is calculated as:

Nseries
batt =

Vbb
Bv

, (10)
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in which Vbb is the DC bus bar voltage. The battery state-of-charge (SOC) is dependent on
the hybrid energy sources, load demand, the efficiency of converter, battery bank, and the
hourly self-discharge rate [64]. The SOC takes a value between CB (as the maximum value),
and (1 − DoDmax)× CB (as the minimum value). If the battery is depleted (i.e., reaches the
maximum DoD), the DG can be utilized as a backup system [14].

4.4.4. Converter

A generic converter is utilized, with a lifetime of 15 years and efficiency of 95%.
The converter specifications are given in Table 8.

Table 8. Converter Specifications.

Parameter Value

Operational Lifetime (Years) 15

Efficiency (%) 95

Rectifier Relative Capacity (%) 100

Initial Capital/Replacement Cost (USD/kW) 310

O&M Cost (USD/Year) 10

4.4.5. Diesel Generator

As for the DG, the technical and economic specifications are shown in Table 9. In prac-
tice, and assuming regular maintenance, DGs can operate from 12,000 up to 20,000 h before
needing major engine overhauls [74]. Lastly, it should be noted that the price of Diesel in
Kuwait is 0.38 USD/L [75].

Table 9. Diesel generator specifications.

Parameter Value

Fuel Diesel

Operational Lifetime (Hours) 15,000

Fuel price (USD/L) 0.38

Initial Capital/Replacement Cost (USD/kW) 216

O&M Cost (USD/Operation Hour) 0.01

In general, the energy generated by a DG (in kWh) can be determined as:

EDG = τ × PDG × ηDG, (11)

where τ is the operation duration (in hours), PDG is the DG rated output power, and ηDG is
the efficiency of the DG. Moreover, the DG fuel consumption (in Liters) is calculated as:

Fc = Fs f c × EDG, (12)

where Fs f c is the specific fuel consumption (in L/kWh).

4.4.6. Control Unit

Typically, two dispatch strategies can be used [76]: (a) cycle charging (CC), and (b)
load following (LF). The CC strategy utilizes the DG to supply energy to the load and also
uses excess energy to charge the BB. Contrarily, the LF strategy utilizes the DG to produce
enough power to meet the BS load but does not charge the BB, as this is achieved via the
PV panels and WTs.



Energies 2022, 15, 2334 16 of 29

4.5. HOMER Cost Model

HOMER calculates the cost of each system configuration, and ranks them in descend-
ing order based on NPC (and COE). The NPC of a system is based on the system life cycle
cost CLCC, including the initial capital cost CIC, replacement cost CRep, and operation and
maintenance (O&M) cost CO&M. Specifically, the CLLC is mathematically expressed as:

CLCC = CIC + CRep + CO&M. (13)

On the other hand, the NPC (USD) can be defined as:

NPC =
CTAC
CRF

, (14)

where CTAC is the total production annualized cost (USD) (i.e., the annualized value of the
total NPC), whereas CRF is the capital recovery factor (CRF). The CRF (USD) converts the
NPC into a flow of equal annual interest payment over a specified period and is computed
as [27]:

CRF =
i(1 + i)n

(1 + i)n − 1
, (15)

where i is the real annual interest rate, and n is the project lifetime in years. The present
value of cash flow occurs in any year of the project life-cycle and is calculated using discount
factor ratio fd as [27]:

fd =
1

(1 + i)n . (16)

Lastly, the salvage cost is also estimated in HOMER, which refers to the residual value
of the system components at the end of the project life time. Specifically, the salvage value
Sv is determined as:

Sv = CC,Rep ×
CC,RTL

CC,LT
, (17)

where CC,Rep, CC,RLT , and CC,LT are the replacement cost, remaining lifetime, and lifetime
of the component, respectively.

4.6. HOMER Performance Criteria
4.6.1. Cost of Energy

In HOMER, the COE (USD/kWh) is calculated as the ratio of the annual production
cost to the total electric load supplied as follows:

COE =
CTAC

ATdc + ATac
, (18)

where ATdc (ATac) is the annualized total DC (AC) load served by the system.

4.6.2. Renewable Energy Fraction

The renewable energy fraction (REF) is determined as the ratio of the energy supplied
by the renewable energy sources to the total energy produced by the system. Intuitively,
the higher the REF is, the lower the CO2 emissions are. The REF (%) can be calculated as:

REF = 1 − ∑ EDG

∑ Erenewables
, (19)

where EDG is the energy supplied by the DG, while Erenewables is the energy supplied by
the RESs (i.e., PV and/or WT).
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4.6.3. CO2 Emissions

HOMER calculates the CO2 emissions using the emission factor (g/kWh) for CO2,
which is obtained for the amount of fuel consumed by the DG. Specifically, the DG emits
3.67 g of CO2 for every g of carbon in the consumed diesel. Therefore, HOMER multiplies
the total energy produced by the DG (in kWh) by the emission factor [77,78].

5. Simulation Results

This section evaluates the proposed HPWES design in the HOMER software package
(version 3.13.8) with the aim of minimizing the NPC by determining the optimal system
sizing—based on realistic economic factors and practical components—to meet the load
demand of BSs at the two rural cell-sites. In the following subsections, the simulation
results of the various system configurations in the Jal-Alayah and Wafra cell-sites are
presented in terms of the system components, COE, NPC, REF, fuel consumption, and CO2
emissions. In the simulations, a minimum of two days (i.e., 48 h) of autonomy is assumed
(Conventionally, the battery bank should supply energy to the BS for 2–3 days of autonomy
before reaching the maximum DoD [79]). Moreover, it has been determined that the
CC dispatch strategy is the optimal strategy from the NPC perspective in all system
configurations. This is particularly important in the scenario whereby whenever the DG
needs to be on to meet the net load (load minus renewable power), it is ramped to charge
the battery to the maximum extent possible [80].

5.1. Jal-Alayah Cell-Site—Case 1: 285 W PV Panel—10 kW WT

The simulation results for Case 1 are displayed in Table 10. The optimal configuration
(in terms of NPC) is PV-DG-BB, which consists of 195 PV panels, 41 batteries, a 26 kW
DG, and a converter of 14.2 kW. In addition, the PV-DG-BB configuration has a 95.2% REF,
2731 kg/yr CO2 emissions, a total fuel consumption of 1043 L/yr, an NPC of USD 119,377,
and a COE of USD 0.0999. On the other hand, the second optimal configuration is the
PV-WT-DG-BB, which has lower CO2 emissions (of 690 kg/yr) and a higher REF of 98.8%.
Although the PV-BB, PV-WT-BB, and WT-BB configurations have a 100% REF and zero CO2
emissions, they incur higher NPCs in comparison to the PV-DG-BB configuration.

Table 10. Simulation Results for Jal-Alayah Cell Site—Case 1.

Configuration PV-DG-BB PV-WT-DG-BB PV-BB PV-WT-BB WT-DG-BB WT-BB

PV Array Capacity (kW) 55.3 47.8 108 95.5 - -

Number of Panels 195 168 379 336 - -

Optimal Number of WTs - 1 - 1 3 6

System DG Rated Power (kW) 26 26 - - 26 -

Sizing Battery (Units) 41 41 41 41 41 41

Converter Rated Power (kW) 14.2 14.0 13.8 15.7 21.0 21.0

Renewable Energy Fraction (%) 95.2 98.8 100 100 90.5 100

Cost Factors COE (USD) 0.0999 0.101 0.107 0.114 0.128 0.150

NPC (USD) 119,377 121,228 128,026 135,734 152,913 179,040

Fuel Consumption Total Fuel Consumption (L/yr) 1043 264 0 0 2043 0

& CO2 Emissions CO2 Emissions (kg/yr) 2731 690 0 0 5347 0

5.2. Jal-Alayah Cell-Site—Case 2: 475 W PV Panel—10 kW WT

The simulation results for Case 2 is shown in Table 11. It can be seen that the optimal
system configuration is PV-WT-DG-BB, which includes 80 PV panels, a 10 kW WT, 41 bat-
teries, a 12.8 kW converter, and a 26 kW DG. The NPC is at USD 119,556, and the COE is
USD 0.100, while the amount of CO2 emissions is 826 kg/yr.
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Table 11. Simulation Results for Jal-Alayah Cell Site—Case 2.

Configuration PV-WT-DG-BB PV-DG-BB PV-BB PV-WT-BB WT-DG-BB WT-BB

PV Array Capacity (kW) 38 53.1 105 95.5 - -

Number of Panels 80 187 369 336 - -

Optimal Number of WTs 1 - - 1 3 6

System DG Rated Power (kW) 26 26 - - 26 -

Sizing Battery (Units) 41 41 42 41 41 41

Converter Rated Power (kW) 12.8 14.1 13.7 15.7 21.0 21.0

Renewable Energy Fraction (%) 98.6 94.8 100 100 905 100

Cost Factors COE (USD) 0.100 0.102 0.112 0.118 0.128 0.150

NPC (USD) 119,556 122,068 133,411 140,609 152,913 179,040

Fuel Consumption Total Fuel Consumption (L/yr) 315 1133 0 0 2043 0

& CO2 Emissions CO2 Emissions (kg/yr) 826 3611 0 0 6630 0

5.3. Jal-Alayah Cell-Site—Case 3: 285 W PV Panel—20 kW WT

For Case 3, the optimization results are presented in Table 12. The optimal system
configuration is WT-BB with an NPC of USD 118,619 and a COE of USD 0.0993. Particularly,
the WT-BB configuration consists of a 20 kW WT, 41 battery units, and a 11.1 kW converter.
In addition, the WT-BB yields 100% REF and is the optimal configuration based on CO2
emissions, as would be expected. On other hand, the PV-DG-BB is the second best con-
figuration with slightly higher NPC than its WT-BB counterpart configuration, and about
2731 kg/yr of CO2 emissions.

Table 12. Simulation Results for Jal-Alayah Cell Site—Case 3.

Configuration WT-BB PV-DG-BB WT-DG-BB PV-BB PV-WT-DG-BB PV-WT-BB

PV Array Capacity (kW) - 55.3 - 108 47.8 95.5

Number of Panels - 195 - 379 168 336

Optimal Number of WTs 1 - 1 - 1 1

System DG Rated Power (kW) - 26 26 - 26 -

Sizing Battery (Units) 41 41 41 41 41 43

Converter Rated Power (kW) 11.1 14.2 11.6 13.8 14.0 10.5

Renewable Energy Fraction (%) 100 95.2 99.4 100 100 100

Cost Factors COE (USD) 0.0993 0.0999 0.102 0.107 0.115 0.129

NPC (USD) 118,619 119,337 121,838 128,026 137,349 154,096

Fuel Consumption Total Fuel Consumption (L/yr) 0 1043 163 0 0 0

& CO2 Emissions CO2 Emissions (kg/yr) 0 2731 428 0 0 0

5.4. Jal-Alayah Cell-Site—Case 4: 475 W PV Panel—20 kW WT

The NPCs of the different configuration for Case 4 are given in Table 13. The WT-BB
configuration is the optimal and is identical to Case 3. In addition, the WT-BB configuration
has a 100% REF, and zero CO2 emissions. By comparing Cases 3 and 4, it is clear that using
the 20 kW WT eliminates the need for PV panels (i.e., neither the 285 W PV panel nor the
475 PV panel are needed).
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Table 13. Simulation Results for Jal-Alayah Cell Site—Case 4.

Configuration WT-BB WT-DG-BB PV-DG-BB PV-BB PV-WT-DG-BB PV-WT-BB

PV Array Capacity (kW) - - 53.1 105 47.7 95.5

Number of Panels - - 112 222 101 202

Optimal Number of WTs 1 1 - - 1 1

System DG Rated Power (kW) - 26 26 - 26 -

Sizing Battery (Units) 41 41 41 42 41 43

Converter Rated Power (kW) 11.1 11.6 14.1 13.7 12.2 10.5

Renewable Energy Fraction (%) 100 99.4 94.8 100 100 100

Cost Factors COE (USD) 0.0993 0.102 0.102 0.112 0.116 0.133

NPC (USD) 118,619 121,838 122,068 133,411 138,747 158,972

Fuel Consumption Total Fuel Consumption (L/yr) 0 163 1133 0 5.97 0

& CO2 Emissions CO2 Emissions (kg/yr) 0 428 2965 0 15.6 0

5.5. Jal-Alayah Cell-Site—DG-BB and DG-WBB Configurations

Table 14 summarizes the optimal sizing, cost factors, fuel consumption, and CO2
emissions of the DG-BB and DG-WBB configurations. Clearly, the DG-WBB configurations
incurs higher NPC than its DG-BB configurations, which is due to the absence of the
BB, which implies that the DG operates continuously to supply the BS load demand,
with no excess energy stored in the BB. This translates to higher fuel consumption, and CO2
emissions. In comparison to Cases 1–4, it is clear that the conventional DG-BB and DG-WBB
configurations are significantly worse from economic and environmental aspects.

Table 14. Simulation Results for Jal-Alayah—DG-BB and DG-WBB Configurations.

Configuration DG-BB DG-WBB

Optimal System Sizing
DG Rated Power (kW) 26 26

Battery (Units) 41 -

Converter Rated Power (kW) 20.7 8.42

Cost Factors COE (USD) 0.238 0.265

NPC (USD) 283,936 316,741

Fuel Consumption Total Fuel Consumption (L/yr) 23,244 31,805

& CO2 Emissions CO2 Emissions (kg/yr) 60,843 83,254

5.6. Wafra Cell-Site—Case 1: 285 W PV Panel—10 kW WT

The optimization results for Case 1 can be seen in Table 15. The PV-BB configuration
yields the lowest NPC and COE, which are equal to USD 125,878 and USD 0.0958, respec-
tively, and with zero CO2 emissions. Particularly, this configuration consists of 294 PV
panels, 45 batteries, and a 12.9 kW converter.
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Table 15. Simulation Results for Wafra Cell Site—Case 1.

Configuration PV-BB PV-DG-BB PV-WT-DG-BB PV-WT-BB WT-DG-BB WT-BB

PV Array Capacity (kW) 83.6 60.3 52.5 78.1 - -

Number of Panels 294 212 185 275 - -

Optimal Number of WTs - - 1 1 4 9

System DG Rated Power (kW) - 28 28 - 28 -

Sizing Battery (Units) 45 45 45 45 45 45

Converter Rated Power (kW) 12.9 15.0 12.3 13.1 22.0 12.4

Renewable Energy Fraction (%) 100 97.0 99.5 100 94.5 100

Cost Factors COE (USD) 0.0958 0.0962 0.0977 0.103 0.129 0.173

NPC (USD) 125,878 126,457 128,399 135,168 170,064 227,181

Fuel Consumption Total Fuel Consumption (L/yr) 0 735 141 0 1314 0

& CO2 Emissions CO2 Emissions (kg/yr) 0 1923 368 0 3440 0

5.7. Wafra Cell-Site—Case 2: 475 W PV Panel—10 kW WT

In Table 16, the simulation results for each configuration for Case 2 are highlighted.
Clearly, the optimal configuration is PV-DG-BB, while the second optimal configuration
is PV-BB, which incurs slightly higher NPC, but with zero CO2 emissions. From an
environmental perspective, the PV-BB configuration could be used.

Table 16. Simulation Results for Wafra Cell Site—Case 2.

Configuration PV-DG-BB PV-BB PV-WT-DG-BB PV-WT-BB WT-DG-BB WT-BB

PV Array Capacity (kW) 57.4 82.6 52.5 78.1 - -

Number of Panels 121 174 111 165 - -

Optimal Number of WTs 0 0 1 1 4 9

System DG Rated Power (kW) 28 - 28 - 28 -

Sizing Battery (Units) 45 45 45 45 45 45

Converter Rated Power (kW) 14.2 13.3 12.3 13.1 22.0 12.4

Renewable Energy Fraction (%) 96.4 100 99.5 100 94.5 100

Cost Factors COE (USD) 0.0983 0.0989 0.0997 0.106 0.129 0.173

NPC (USD) 129,153 129,965 131,030 139,152 170,064 227,181

Fuel Consumption Total Fuel Consumption (L/yr) 878 0 135 0 1314 0

& CO2 Emissions CO2 Emissions (kg/yr) 2299 0 353 0 3440 0

5.8. Wafra Cell-Site—Case 3: 285 W PV Panel—20 kW WT

The simulation results for Case 3 are given in Table 17. The optimal configuration is
PV-BB, which consists of 294 PV solar panels, 45 batteries, a 28 kW DG, and a converter of
12.9 kW. In addition, the PV-BB configuration has a 100% REF, zero CO2 emissions, an NPC
of USD 125,878, and a COE of USD 0.0958. Moreover, the second optimal configuration is
the PV-DG-BB, which has CO2 emissions of 1923 kg/yr and an REF of 97%.
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Table 17. Simulation Results for Wafra Cell Site—Case 3.

Configuration PV-BB PV-DG-BB WT-DG-BB PV-WT-DG-BB PV-WT-BB WT-BB

PV Array Capacity (kW) 83.6 60.3 - 52.5 78.1 -

Number of Panels 294 212 - 185 275 -

Optimal Number of WTs 0 0 1 1 1 2

System DG Rated Power (kW) 0 28 28 28 0 0

Sizing Battery (Units) 45 45 45 45 45 45

Converter Rated Power (kW) 12.9 15.0 12.0 12.3 13.1 9.03

Renewable Energy Fraction (%) 100 97.0 97.4 100 100 100

Cost Factors COE (USD) 0.0958 0.0962 0.103 0.110 0.117 0.124

NPC (USD) 125,878 126,457 135,046 145,060 153,201 162,547

Fuel Consumption Total Fuel Consumption (L/yr) 0 735 747 6.43 0 0

& CO2 Emissions CO2 Emissions (kg/yr) 0 1923 1957 16.8 0 0

5.9. Wafra Cell-Site—Case 4: 475 W PV Panel—20 kW WT

Table 18 summarizes the simulation results for Case 4. The PV-DG-BB configuration
has the lowest NPC and COE, which are equal to USD 129,153 and USD 0.0989, respectively.
In addition, the REF is 96.4% with 2299 kg/yr of CO2 emissions. On the other hand,
the PV-BB configuration has the second best NPC and COE, with 100% REF and zero CO2
emissions. Notably, the PV-BB configuration is more preferred from an environmental
perspective, with a negligible increase in the NPC.

Table 18. Simulation Results for Wafra Cell Site—Case 4.

Configuration PV-DG-BB PV-BB WT-DG-BB PV-WT-DG-BB PV-WT-BB WT-BB

PV Array Capacity (kW) 57.4 82.6 - 52.5 78.1 -

Number of Panels 121 174 - 111 165 -

Optimal Number of WTs - - 1 1 1 2

System DG Rated Power (kW) 28 - 28 28 - -

Sizing Battery (Units) 45 45 45 45 45 45

Converter Rated Power (kW) 14.2 13.3 12.0 12.3 13.1 9.03

Renewable Energy Fraction (%) 96.4 100 97.4 100 100 100

Cost Factors COE (USD) 0.0983 0.0989 0.103 0.112 0.120 0.124

NPC (USD) 129,153 129.965 135,046 147,738 157,187 162,547

Fuel Consumption Total Fuel Consumption (L/yr) 878 0 747 6.43 0 0

& CO2 Emissions CO2 Emissions (kg/yr) 2299 0 1957 16.8 0 0

5.10. Wafra Cell-Site—DG-BB and DG-WBB Configurations

Table 19 gives the technical, economic, and environmental results of the DG-BB and
DG-WBB configurations. Evidently, the DG-WBB configuration incurs a higher NPC and
COE than the DG-BB configuration, with higher fuel consumption and CO2 emissions.
More importantly, the DG-BB and DG-WBB configurations are inferior to the optimal
configurations of Cases 1 to 4.
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Table 19. Simulation Results for Wafra—DG-BB and DG-WBB Configurations.

Configuration DG-BB DG-WBB

Optimal System Sizing
DG Rated Power (kW) 28 28

Battery (Units) 45 -

Converter Rated Power (kW) 22.6 10.5

Cost Factors COE (USD) 0.236 0.262

NPC (USD) 310,414 343,801

Fuel Consumption Total Fuel Consumption (L/yr) 25,509 34,624

& CO2 Emissions CO2 Emissions (kg/yr) 66,773 90,633

5.11. Summary of Findings
5.11.1. Jal-Alayah Cell-Site

The optimal system configurations of each case for Jal-Alayah cell-site are summarized
in Table 20. The WT-BB configuration in Cases 3 and 4 is the most cost-effective, as it
yields the minimum NPC. Clearly, utilizing the 20 kW WT is optimal, irrespective of the
PV panel used, which implies that a single 20 kW WT eliminates the need for PV panels
and the DG to meet the load demand at the Jal-Alayah cell-site and with minimal cost.
More importantly, the WT-BB configuration is not only the optimal system in terms of NPC
but also in terms of CO2 emissions, REF, and required land area (of 258 m2) (For one WT,
the land area is small. For safety purposes, 5 m is added to rotor diameter on both sides,
and 5 m is added to the front and back of the WT. In practice, and in the case of more
than one WT, the WTs spacing is calculated as discussed in [81]. However, a single WT
suffices to meet the BS load demand in this work). On the other hand, the PV-DG-BB is
the second optimal configuration in the Case 1, with NPC of USD 119,377 and land area of
735.6 m2. The PV-WT-DG-BB configuration in Case 2 has the third best NPC and second
best in terms of land area (of 611.6 m2) (Area = (PV panel area × number of PV panels × ξ)
+ (WT rotor diameter + 10 m) × 10 m, where ξ = 2.3 is the shading factor [82,83]). Clearly,
the PV-WT-DG-BB configuration incurs a marginal increase in the NPC in comparison to
the PV-DG-BB configuration, but yields lower CO2 emissions and higher REF.

Table 20. Comparison of optimal configurations for Jal-Alayah cell-site.

Case Optimal NPC No. PV No. Wind Fuel CO2 Renewable Land

Configuration (USD) Panels Turbines Consumption Emissions Energy Area
(L/yr) (kg/yr) Fraction (%) (m2)

1 PV-DG-BB 119,377 195 0 1043 2731 95.2 735.6
2 PV-WT-DG-BB 119,556 80 1 315 826 98.6 611.6

3 WT-BB 118,619 0 1 0 0 100 258
4 WT-BB 118,619 0 1 0 0 100 258

Figure 8 illustrates the monthly energy production in Jal-Alayah cell-site for the opti-
mal configurations given in Table 20. Particularly, Figure 8a depicts the energy production
for the PV-DG-BB configuration of Case 1. It can be seen that the DG is operated to meet
the BS load demand in the Winter months of November 2020 to March 2021, which is
attributed to the low average GHI in those months. Clearly, the PV energy production
is significantly higher than that of the DG, which yields an REF of 95.2%. In Figure 8b,
the energy production of the the PV-WT-DG-BB configuration of Case 2 is shown. Evidently,
the WT and PV produce most of the required energy to operate the BS (with REF of 98.6%),
while the DG is only used during the months of November 2020 to December 2020. Lastly,
Figure 8c demonstrates the energy production of the WT-BB configuration for Cases 3 and
4. It is clear that the WT solely supplies the BS, yielding 100% REF.
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(b) Case 2: PV-WT-DG-BB
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(c) Cases 3 and 4: WT-BB
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Figure 8. Monthly energy production at Jal-Alayah cell-site for: (a) Case 1: PV-DG-BB, (b) Case 2:
PV-WT-DG-BB, and (c) Cases 3 and 4: WT-BB.

In Figure 9 summarizes the NPC savings of the optimal configurations presented in
Table 20 to the conventional DG-BB and DG-WBB configurations presented in Table 14.
In particular, one can see that the optimal configurations yield about 58% (62%) of NPC
saving in comparison to the DG-BB (DG-WBB) configuration.
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Figure 9. NPC savings of Jal-Alayah cell-site with respect to the: (a) DG-BB and (b) DG-WBB config-
urations.
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5.11.2. Wafra Cell-Site

Referring to Table 21, the PV-BB configuration in Cases 1 and 3 has the lowest NPC,
with 100% REF and zero CO2 emissions. This implies that using a WT is not economic in
this cell-site, and the 285 W PV panels suffice to meet the BS load demand. On the other
hand, the PV-DG-BB configuration in the Cases 2 and 4 is the second best configuration in
terms of the NPC and with the use of the WT being not economic. Moreover, in terms of
the required land area, the PV-DG-BB configuration with the 475 W PV panel is the best,
but at the expense of a minor increase in the NPC and an REF of 96.4%. Generally speaking,
rural areas are not constrained by land space, and thus, the PV-BB would be more desirable,
as it achieves zero CO2 emissions. However, if this is not the case, then the PV-DG-BB
configuration with the 475 W PV panels can be used.

Table 21. Comparison of optimal configurations for the Wafra cell-site.

Case Optimal NPC No. PV No. Wind Fuel CO2 Renewable Land

Configuration (USD) Panels Turbines Consumption Emissions Energy Area
(L/yr) (kg/yr) Fraction (%) (m2)

1 PV-BB 125,878 294 0 0 0 100 1109
2 PV-DG-BB 129,153 121 0 878 2299 96.4 668

3 PV-BB 125,878 294 0 0 0 100 1109
4 PV-DG-BB 129,153 121 0 878 2299 96.4 668

Figure 10a demonstrates the monthly energy production of the optimal configuration
PV-BB of Cases 1 and 3, which solely depend on the PV panels (i.e., 100% REF). Notably,
the lowest energy production occurs in November 2020 to February 2021. On the other
hand, Figure 10b depicts the energy production of the optimal configuration PV-DG-BB for
Cases 2 and 4. It is clear that the DG only operates to serve the BS load during the months
of November 2020 to March 2021, while the PV panels yield 96.4% REF.
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Ju
n-2

0

Ju
l-2

0

A
ug-2

0

Sep
-2

0

O
ct

-2
0

N
ov-

20

D
ec

-2
0

Ja
n-2

1

Feb
-2

1

M
ar

-2
1

A
pr-

21

M
ay

-2
1

Month

0

2

4

6

8

10

12

14

E
le

c
tr

ic
a
l 
P

ro
d

u
c
ti

o
n

 (
M

W
h

)

PV

(b) Cases 2 and 4: PV-DG-BB
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Figure 10. Monthly energy production at Wafra cell-site for: (a) Cases 1 and 3: PV-BB, and (b) Cases
2 and 4: PV-DG-BB.
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The NPC savings of the optimal configurations given in Table 21 in comparison to the
DG-BB and DG-WBB configurations presented in Table 19 are shown in Figure 11. Similar
observations to those given in Figure 9 can be made. In general, the NPC savings with
respect to the DG-WBB configuration are greater than those of DG-BB.

(a) DG-BB
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Figure 11. NPC savings of Wafra cell-site with respect to the (a) DG-BB and (b) DG-WBB configurations.

5.11.3. Jal-Alayah Cell-Site vs. Wafra Cell-Site

By comparing Tables 20 and 21, it is evident that utilizing a WT is only beneficial to the
Jal-Alayah cell-site (in terms of the NPC). This is due to the fact that Jal-Alayah has higher
annual average wind speed than the Wafra cell-site (see Table 1), which implies higher
wind potential (This is in addition to the greater height above sea level. Recall that the
Jal-Alayah and Wafra cell-sites are 110 m and 38 m above sea level, respectively). On the
other hand, the Wafra cell-site enjoys slightly higher clearness index and annual average
GHI than Jal-Alayah (see Table 1), which makes the use of PV panels more rewarding
in terms of electricity production. This can be seen from Figure 12, which presents the
annualized capacity factor of utilizing the PV panels and WTs at both cell-sites (The capacity
factor defines the actual electrical energy output to the maximum possible electrical energy
output over a given period of time [84]). In addition, one can see that the 20 kW WT yields
significantly higher capacity factor than the 10 kW WT, which explains its dominance for
Jal-Alayah (see Table 20).

In general, the WT-BB is the optimal configuration (in terms of the NPC) at the Jal-
Alayah cell-site, when the 20 kW WT is utilized. As for the Wafra cell-site, utilizing the
285 W PV panels is the most cost-effective RES, with the PV-BB configuration being the
most optimal in terms of NPC and REF. In turn, the WT-BB and PV-BB configurations can
respectively be utilized in the Jal-Alayah and Wafra cell-sites to achieve zero CO2 emissions
while yielding the lowest NPC. Notably, in both cell-sites, the DG-BB and DG-WBB were
the worst configurations in terms of NPC and CO2 emissions (see Tables 14 and 19), which
signifies the importance of utilizing RESs to satisfy the load demands of BSs in the rural
areas of Kuwait. Lastly, in the obtained optimal configuration at each cell-site, the number
of days of autonomy is 2.0167 (i.e., 48.4 h), which is in agreement with [79].
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Figure 12. Capacity factor at Jal-Alayah and Wafra cell-sites for using (a) a PV Panel and (b) a Wind
Turbine.

6. Conclusions

In this paper, the potentials of utilizing hybrid renewable-energy-powered BSs in
Kuwait’s rural areas have been examined to minimize both the NPC and CO2 emissions.
Initially, the HPWES system design, configurations, and techno-economic specifications
have been defined. In particular, various system configurations have been considered,
while utilizing different PV panels and WTs. Then, two cell-sites—namely, (1) Jal-Alayah
and (2) Wafra—have been carefully selected based on their solar and wind potentials.
The simulation results have revealed that utilizing a WT with a battery bank is the most
economical configuration at the Jal-Alayah cell-site. On the other hand, the use of solar PV
panels with a battery bank is the most cost-effective at the Wafra cell-site. For both of the
aforementioned system configurations, 100% renewable energy and zero CO2 emissions
have been achieved. Additionally, different tradeoffs in terms of NPC, CO2, and required
land area have been revealed in both cell-sites. Finally, it can be confirmed that utilizing
RESs in two rural areas in Kuwait can be extremely effective in replacing the conventional
DG-powered BSs while minimizing the NPC and completely eliminating CO2 emissions.
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