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Abstract: With the rapidly evolving mobile technologies, the number of cellular base stations (BSs)
has significantly increased to meet the explosive demand for mobile services and applications. In
turn, this has significantly increased the capital and operational expenses, due to the increased
electricity prices and energy consumption. To generate electricity, power plants mainly rely on fossil
fuels, which are non-renewable energy resources. As a result, CO2 emissions also increase, which
adversely affect health and environment. For wireless access technologies and cellular networks, BSs
are the largest power consumer, and the network energy consumption is mainly dominated by the
network infrastructure, which makes the telecommunications sector liable for energy consumption as
well as CO2 emissions around the globe. Alternatively, solar energy is considered as an eco-friendly
and economically attractive solution, due to its cost-effectiveness and sustainability. In this paper,
the potentials of photovoltaic (PV) solar power to energize cellular BSs in Kuwait are studied, with
the focus on the design, implementation, and analysis of off-grid solar PV systems. Specifically,
system components, such as the number of PV panels, batteries, and converters needed for the
design are determined and evaluated via HOMER software, with the focus on minimizing the net
present cost (NPC). A comparison between various PV, diesel generator (DG), and battery bank (BB)
system configurations is also performed. Moreover, a comparison of system deployment area will
be presented for different PV panels that have different output power and panel sizes, in addition
to utilizing a solar tracking system. It is revealed that utilizing a hybrid system configuration (i.e.,
PV-DG-BB) decreases fuel consumption per year by almost 95% in comparison to the conventional
DG-only based electric systems. Not only that, but utilizing a pure off-grid solar PV system (i.e.,
PV-BB) can significantly reduce the total NPC while completely eliminating CO2 emissions; however,
at the expense of more land.

Keywords: base stations; cellular networks; diesel generator; HOMER; photovoltaic; renewable
energy

1. Introduction

In the last decade, there has been a tremendous growth in the cellular networks
market, with the number of subscribers and demand for wireless applications and services
escalating dramatically [1]. Future wireless communication systems and networks are not
only expected to accommodate the rapid increase in the number of subscribers, data rates
and real-time services, but also achieve significantly better energy-efficiency and complete
network coverage [2]. For wireless access technologies and cellular networks, the base
stations (BSs) are the largest power consumer, accounting for about 57% of the total energy
consumption [3–5]. Furthermore, the network energy consumption is mainly dominated
by network infrastructure. Most of today’s BSs are either off-grid (i.e., powered via diesel
generators (DGs)), or operated through electrical grids from fossil-fuel-dependent power
plants. Therefore, the telecommunications sector is liable for energy consumption as well
as carbon dioxide (CO2) and greenhouse gas (GHG) emissions around the globe.
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Recently, the integration of renewable energy sources has become crucial and indis-
pensable in the design and implementation of future wireless networks and systems [6].
Most cellular network operators aim at increasing energy independence by efficiently utiliz-
ing the temporally varying renewable energy—coupled with energy storage solutions—to
ensure sustainability and cleaner energy [7]. One of the key technologies that could help
towards this aim is the application of renewable-energy-powered base stations (REPBSs),
which primarily rely on locally harvested and stored energy while also utilizing renewable
solutions, such as photovoltaic (PV) solar panels and wind turbines. Particularly, REPBSs
can minimize (or completely eliminate) dependency on the electrical grid and thus pose
themselves as a long-term ideal solution for cellular network operators. This is especially
in the new residential and remote areas.

Most cellular network operators are continuously expanding their network coverage
to provide services to subscribers in residential as well as remote areas. This has created a
push to install more equipment, towers, and BSs that are off-grid with no infrastructure (It
has been reported in [8] that at least 10% of telecommunication systems are being off-grid
connected, and around 10,000 base stations today are partially powered by renewable
energy as grid-connected or hybrid systems [9].). In some scenarios, extending the grid
connection to provide energy to off-grid base-station sites is not economic (or possible), due
to geographical limitations. As mentioned earlier, off-grid BSs mainly rely on DGs, which
run for 8–10 h/day or even 24 h/day, making them emissions-intensive. In addition to that
are the high fossil fuel costs, which are due to increasing fuel transportation costs, labor,
spillage, and theft. Therefore, deploying off-grid DG-based BSs in such areas increases
both operational expenditures (OPEX) and capital expenditures (CAPEX), making energy a
critical-cost determinant for cellular network operators and subscribers. Hence, energizing
cellular networks via off-grid BSs requires very careful network planning in addition to
a well-designed electric generation system. This is essential to strike an optimal balance
between harvested energy, energy consumption, and energy storage [10].

1.1. Related Works

Several studies have recently been conducted to analyze, deploy, and optimize solar-
powered cellular base stations, while focusing on the net present cost (NPC) and cost-
of-energy (COE) (It should be noted that the NPC of a system is the present value of
all the costs the system incurred during its lifetime, minus the present value of all the
revenues made over its lifetime. On the other hand, COE is defined as the average cost
per kW-hour (kWh) of useful electrical energy produced by the system.). For instance, PV
solar-powered mobile BSs have been technically analyzed in [11]. Specifically, the authors
proposed that PV solar-powered BSs can be either grid-connected, hybrid, or stand-alone
and discussed the differences between each configuration. Current scenarios, issues, and
proposed solutions of PV solar-powered BSs are discussed in [9]. The energy optimization
of hybrid off-grid remote fourth-generation (4G) BSs in Malaysia has been studied in [12],
with the aim of minimizing OPEX and GHG emissions with guaranteed sustainability. In
particular, a PV-DG system with a battery bank has been designed and simulated, where
it has been shown that 43–47% of annual OPEX savings can be achieved. Additionally,
a comparison to the same BS load in Germany has been considered, where it has been
shown that although the solar system components are cheaper in Germany, the NPC of the
designed system is almost double that of Malaysia. In [13], the authors study the potential
of applying solar energy to 4G cellular BSs in South Korea and demonstrated that up 48.6%
of savings can be achieved for OPEX. The work in [14] considers the feasibility of using
solar energy for grid-connected BSs in Bangladesh and the possibility of minimizing the
dependency on the DG-based power supply while also considering load-shedding hours.
To be specific, a conventional DG-based back-up system is compared with the proposed
grid-connected PV-battery-converter system. It has been demonstrated that the proposed
system is more cost-effective and significantly reduces CO2 emissions than the existing
system. In [15], the feasibility and simulation of a solar PV-battery hybrid power system is



Energies 2021, 14, 7494 3 of 26

studied in the Soshanguve, South Africa, for a BS site with a load of 241.10 kWh/day and
peak load of 20.31 kW. It has been demonstrated that the PV-battery system achieves about
59.62% saving in the NPC and COE, whereas 80.87% is achieved in OPEX in comparison
to the conventional DG-battery power systems. The potentials of using a PV-DG-battery
system to power six base station locations in Nigeria have been analyzed in [16] and were
shown to be more effective than conventional DG-based systems. An off-grid PV-battery
electric system is proposed in [17] to meet the load demand of a 4G BS, where it has been
shown to minimize the total OPEX by about 15.24% in comparison to the conventional
DG-based system. The work in [18] considers the deployment of a solar PV/fuel cell hybrid
system to power a remote BS in Ghana, with the goal of minimizing the COE and GHG
emissions. The proposed system has been shown to lower the COE when compared to
grid-connected BSs. Moreover, it has been shown that the COE of proposed system is 67%
lower than the diesel power system at the same site and 30% cheaper than a PV-battery-
diesel hybrid system, while saving about 43 tCO2/yr and 67 tCO2/yr in comparison to the
PV-battery-diesel and diesel power systems, respectively. Lastly, a comprehensive analysis
of solar-powered base stations for various generations of cellular networks is presented
in [19], ultimately suggesting REPBSs as a long-term solution for cellular networks industry.
All the aforementioned works demonstrate a momentous shift towards REPBSs and the
emerging significance of such base stations. As the REPBSs concept is still in early stages,
to open the way for wider adoption, a number of issues need further investigations to
optimize and improve its reliability and stability aspects under various conditions and
scenarios.

1.2. 4G vs. 5G Cellular Networks

4G wireless systems and networks—represented by Long-Term Evolution (LTE) and
its extension, LTE-Advanced (LTE-A)—were first deployed in 2009 and then spread world-
wide [20], providing new transmission protocols and multiple-antenna schemes that im-
prove cell-edge coverage, handover between cells, connectivity, mobility, and roaming.
Not only that, but 4G systems support All-IP services and applications, such as multiple-
user video conferencing, location-based services, tele-medicine, HDTV, video games on
demand, cloud computing, and much more [21]. Despite the success of LTE-A-based 4G
networks, there is still a continuously increasing demand for higher data rates, spectral-
and energy-efficiency, ubiquitous mobility, and higher network capacity [22]. Particularly,
4G networks have approached the theoretical limits on the achievable data rates (down-
load rates ∼3 Gbps and upload rates ∼1.5 Gbps), and there is an urgent need for more
sophisticated bandwidth-intensive mobile broadband applications and services that further
push the limits on future wireless systems and standards to cope with the exponentially
(∼1000×/decade) growing mobile data traffic [23]. Added to that, there is a continuous
need for optimized energy performance not only to enable longer battery life of mobile
devices, but also to reduce overall network energy consumption while stuffing more bits
per second into each hertz of spectrum [24]. In the second quarter (Q2) of 2020, the number
of mobile subscriptions around the world reached about 6.4 billion, which reflects a 7%
annual increase [25]. Moreover, LTE has accounted for about 57% of all mobile subscribers,
and the mobile network data traffic grew 53% between Q2 2019 and Q2 2020.

The fifth generation (5G) wireless systems and cellular networks were introduced
in late 2019 not only to accommodate the rapid increases in the number of subscribers,
data rates, and real-time services, but also to achieve significantly better energy efficiency
and complete network coverage in a sustainable and more resource-efficient way [26].
By 2024, 5G mobile subscriptions are expected to reach about 8.9 billion globally, while
there are currently 4.1 billion cellular Internet-of-Things (IoT) connections, amounting
to about 136 ExaBytes (EB) per month of data traffic [27]. More importantly, 5G costs
more and also consumes much more power than 4G, since 5G networks need 3× BSs for
the same coverage as 4G, which is mainly due to the use of higher frequencies and the
massive antenna arrays (MIMO) (and hence more power amplifiers, analog-to-digital paths,
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and digital circuitry). For instance, 4G BSs use four transmitter and four receiver (4T4R)
elements, while 5G is expected to use 32R32R or 64T64R MIMO arrays [28]. Nevertheless,
the intelligent energy-saving features (e.g., sleep mode) of New Radio (NR) 5G networks
make them much more energy-efficient (Watt/bit) than 4G networks [29,30]. Currently,
several mobile network operators operate both 4G and 5G transmissions on their BSs [31],
and thus, it is essential to consider the design and optimization of solar-powered cellular
BSs to meet the required network data rates and BS load demands.

1.3. Kuwait’s Energy Consumption and Renewable Energy Prospects

In the State of Kuwait, weather is characterized by extremely hot and dry summers
(between April and October), with temperatures exceeding 50 ◦C with very low cloud
cover, while strong winds and severe dust storms frequently occur. In winter (between
December and February), air temperature drops below 10 ◦C, with short and rare rainy
seasons spreading over winter months. Autumn and spring seasons are rather brief with
intermittent weather patterns [32]. Buildings account for 85% of peak power, 80% of
Kuwait’s electricity use, and 37% of the primary energy consumption [33]. Every year,
higher consumption of electricity (kWh/year) is noticed due to the rising temperatures
and construction of new cities and residential areas. More importantly, Kuwait’s only
sources of primary energy, such as oil and natural gas, are non-renewable resources that
emit GHGs. Kuwait’s current method of generating electricity relies upon conventional
power plants, which cannot keep up with the increasing demand of electricity unless more
plants are constructed (which are costly and cause environmental damage) (Kuwait power
plants generate about 870 gCO2 for each kWh of electricity, which significantly exceeds the
world average of 573 gCO2/kWh [34]). It has been reported that Kuwait imports about
3.75–4 billion cubic meters of liquefied natural gas (LNG) each year to operate its power
plants [35]. Additionally, several new residential areas and cities are being built in Kuwait
on the outskirts of the capital—by the Public Authority for Housing Welfare (PAHW)—to
meet the demands for affordable housing solutions [36]. The first city currently being built,
South of Al-Mutla’a City, is expected to include around 30,000 homes with a population of
about 400,000 people. This city will include parks, schools, medical centers, governmental
buildings, and other structures. Another city to be built, South of Saad Al-Abdullah, is
expected to be similar in size and capacity. Both cities will be built as eco-friendly cities
with smart engineering strategies for sustainable and cost-effective development. This puts
pressure on Kuwait’s government to consider sources of clean and green energy and reduce
the demand for power through energy-efficient technologies in buildings, power stations,
and industries. Specifically, exploiting renewable resources in Kuwait would allow it to
be independent from the LNG imports as well as respond to its increasing demand for
electricity, which is expected to grow to 32 Gigawatts in 2035 [37].

In Kuwait, the predominant and abundant renewable energy source is in the form of
solar power. In particular, Kuwait’s solar potential—measured in terms of global horizontal
irradiance (GHI) (GHI is the total amount of shortwave radiation received from above by a
surface horizontal to the ground, which is an essential metric for PV installations [38])—is
estimated at 1900–2100 kWh/m2/year with maximum annual sun and average peak hours
of about 12 and 9.2 h daily, respectively [39]. Figure 1 depicts the average daily GHI and
clearness index per month, where it is clear that the daily GHI in each month averages
between 3 kWh/m2 and 8 kWh/m2 [40]. Evidently, Kuwait is a country with one of
the highest levels and quality of solar irradiation in the world [41]. In fact, it has been
demonstrated in [42] that Kuwait has plenty of solar energy capability due to the almost
cloudless atmosphere for nine months and the high solar time per day over the year.
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Figure 1. Average GHI (kWh/m2/day) and clearness index in Kuwait.

1.4. Motivation and Contributions

This work addresses the sustainability of future cellular networks in Kuwait by
reducing the use of electrical grids and diesel generators in operating base stations via
solar PV solutions. Since new cities and residential areas are being built in Kuwait, the
benefits of using such base stations are to: (1) enable the deployment of off-grid base
stations to provide network coverage and access to most areas, where a reliable energy
source does not exist, (2) reduce OPEX and CAPEX for cellular network operators and thus
lower costs for network subscribers, (3) significantly reduce energy consumption as well as
CO2 and GHG emissions, and (4) provide insulation from tariffs and fossil fuel prices and
their fluctuations, which reduces dependency on oil exports and improves the economy of
Kuwait. In turn, this paper studies the potentials of PV solar power to energize cellular BSs
in Kuwait, with the focus on the design, implementation, and analysis of an off-grid system.
Particularly, system components, such as the number of PV panels, batteries, and converters
needed for the design, are determined and evaluated via the hybrid optimization model
for electric renewables (HOMER) software package [43–45] (Other software packages (e.g.,
PVsyst [46] and HolioScope [47]) can be used; however, HOMER has been considered
due to its extensive techno-economic tools, micro-grid optimization capability, and wide
acceptance by similar works [12–19]). HOMER will be used to design, simulate, and
optimize various system configurations and designs to meet the realistic load demand
of a 4G/5G BS, with the aim of minimizing the NPC. Various PV, DG, and battery bank
(BB) system configurations are evaluated in terms of NPC, COE, and CO2 emissions. It
will be shown that utilizing a hybrid system configuration (i.e., PV-DG-BB) decreases fuel
consumption per year by almost 95% in comparison to the conventional DG-only based
electric systems. Not only that, but utilizing a pure off-grid solar PV system (i.e., PV-BB) can
significantly reduce the total NPC while completely eliminating CO2 emissions; however,
this is at the expense of more land. Nevertheless, utilizing a dual-axis solar tracking system
will be shown to be effective in reducing the required system area. The main contributions
of this work can be summarized as follows:

• Designed PV-based off-grid electric generation systems to meet the realistic load
demand of a 4G/5G cellular BS at cell-site in Kuwait, while considering different
system configurations and PV panels.

• Simulated various electric generation systems via HOMER, with the focus on mini-
mizing the NPC, while meeting the required BS load demand.

• Determined the NPC, COE, and CO2 emissions of the designed system configura-
tions, in addition to the optimal sizing of the system components based on realistic
economic factors.

• Presented extensive comparisons in terms of energy production, NPC, and area
requirements.

• Studied the impact of utilizing a dual-axis solar tracking system on the NPC, PV
energy production, and required system area.

To the best of the authors’ knowledge, no prior work has studied solar-powered
cellular base stations in Kuwait and provided extensive numerical comparisons in terms of
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the NPC, COE, CO2 emissions, and system area. This work constitutes an important step
towards deploying practical renewable-energy-powered cellular base stations in Kuwait.

The rest of this paper is organized as follows. Section 2 outlines the proposed off-grid
electric system design, while the simulation results are presented in Section 3. Finally,
Section 4 draws the conclusions.

2. Modeling and Design

In this section, the system workflow and modeling is detailed.

2.1. Methodology and Workflow

The optimal electric generation system design, modeling, and simulation starts off
with the problem definition. Particularly, the aim is to design an off-grid renewable energy
system that meets the base-station load demand. In turn, a cell-site must be selected, and
the annual base-station load profile must be obtained. In addition, the system specifications
(e.g., type of renewable energy resource and technical constraints) must be clearly defined
along with the system economics (i.e., cost model, project lifetime, and interest rate).
Furthermore, the component modeling, including both technical specifications (e.g., type
of PV panels, DG operational lifetime, battery type, etc.) are considered, while accounting
for their economic specifications (e.g., initial and replacement costs). After that, the system
design is carefully performed while considering various system configurations. Then, the
system design and configuration as well as the base-station load profile are incorporated
into HOMER to determine the optimal system sizing, cost factors, and resulting fuel
consumption and CO2 emissions. The detailed workflow using HOMER is illustrated
in Figure 2.

Figure 2. A flow diagram describing the system modeling and workflow.
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2.2. System Model and Design

The system model comprises two main subsystems, the electric power system and the
telecommunication load. The schematic of the electric energy generation system to power
the base station is shown in Figure 3.

Figure 3. Schematic of the solar-powered cellular base station.

A brief description of each component is listed below.

1. PV Panels: Each PV panel absorbs the sun irradiance and converts it into DC electricity.
2. Battery Bank (BB): A battery bank consists of a number of batteries connected in

parallel. Each battery stores excess energy from the PV panels to meet the load
demand of the BS at night or when the output power of the PV panels is insufficient
to cover the BS load. Specifically, this may happen when the PV panels malfunction,
and thus, the BB must provide the BS with sufficient energy to meet the load demand
before being deeply discharged.

3. Solar Charge Controller (SCC): The controller is added to protect the batteries by
controlling the charging and discharging processes. Moreover, it delivers power
from the PV array to the system loads and the battery. Furthermore, it prevents
overcharging, and maintains the battery life cycle by preventing complete depletion,
which may reduce the battery lifespan.

4. Converter: The converter is used to convert the DC voltage from the load bus-bar and
battery bank into AC voltage that is used to feed the AC load in the BS (i.e., the air
conditioning units).

5. Diesel Generator: This is a back-up power source, used in case of a malfunction in the
system or if maintenance is required. The DG can be used to directly feed the AC load
and also power the BS when the solar energy is insufficient (In practice, the efficiency
of DGs is low, as approximately 30% of the fuel energy is converted to electrical
energy, while the rest is dissipated as heat [48]. Clearly, this is energy-inefficient and
adversely affects the environment).

6. Control Unit: A key element in the solar power system, which manages and controls
the power flow of the power sources that work in parallel to meet the BS load demand,
and prevent power shortages to the BS. Typically, for solar systems with batteries and
without a DG, the dispatch strategy is simple as the battery bank charges if the PV
energy exceeds the load demand and discharges if the load demand exceeds the solar
energy. However, the control strategies can become more complex if the DG along
with batteries are present in the system. Thus, it is essential to determine the control
strategy that will be utilized, how batteries are charged, and which component (the
DG or batteries) has the priority to supply energy when the load demand exceeds the
supplied renewable energy.
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In the proposed design, the PV panels power the cellular BS, but in case of a mal-
function of the PV panels (resulting in failure to provide the sufficient energy to power
the BS), the battery bank compensates for the shortage of energy. However, if the battery
bank reaches its maximum depth-of-discharge (DoD), and loses the ability to provide the
required energy for the BS, then the DG is used to supply the energy. In other words, the
DG is provided as a back-up power source to the batteries to assure the continuity of power
supply during maintenance, a system malfunction, or insufficient solar energy.

2.3. HOMER Cost Model

HOMER evaluates the maximum number of possible system component combinations
with the aim of minimizing the NPC and is subject to constraints on the annual energy
demand (i.e., BS load demand), energy production sources (i.e., PV and/or DG), and
energy storage devices (i.e., battery bank). Intuitively, the energy production (along with
the battery units) must satisfy the load demand of the BS. The NPC encompasses all
costs and revenues incurred throughout the project lifetime, while discounting the future
cash flows to present values using the discount rate. The NPC also incorporates the cost
of any component replacements, initial capital cost of system components, and overall
maintenance and operation (O&M); whereas any salvage value (SV) at the end of the
project lifetime reduces the NPC [44].

The total annualized cost CT represents the project’s annual cost (USD/year) and is
given by

CT = CIC + CRC + CO&M, (1)

where CIC, CRC, and CO&M represent the initial costs, replacement costs, and O&M costs, re-
spectively. Moreover, the total annualized cost can be expressed in terms of the annualized
value of the NPC as

CT = CNPC × CCRF(i, N)

⇒ CNPC =
CT

CCRF(i, N)
,

(2)

where CNPC represents all costs incurred during the project lifetime, whereas CCRF(i, N)
denotes the capital recovery factor that converts CNPC into a flow of equal annual payments
over a specified time period. Particularly, CCRF(i, N) is based on the annual interest rate i
and number of years N and is given by

CCRF(i, N) =
i(i + 1)N

(i + 1)N − 1
. (3)

On the other hand, the salvage value CSV defines the remaining value of each compo-
nent at the end of the project’s lifetime, which is calculated as [49]

CSV = CRep,c ×
Lc

Rc
, (4)

where CRep,c is the replacement cost of the component, Lc is the lifetime of the component
(years), and Rc is the remaining lifetime of the component (years).

Lastly, the COE is defined as the mean value of cost per kWh of the electrical energy
produced by the off-grid system. Typically, the BS electrical load is divided into AC load
and DC load. Thus, the COE is calculated as [50]

COE =
CT

LAC + LDC
, (5)

where LAC and LDC represent the AC and DC loads, respectively.
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3. Simulation Results

In this section, the proposed electric system design will be implemented and evalu-
ated in HOMER Pro (version 3.13.8) [43–45], which will simulate a viable system for the
proposed system design and determine the optimal system design in terms of the NPC. To
design an adequate and accurate system model, realistic pricing and practical components
must be considered, as will be detailed in the following subsections.

3.1. Electric Generation System Configurations

Four electric generation system configurations will be considered, which are as follows
(Note that no solar tracking system has been assumed, which represents the worst-case
solar energy harvesting from a cell-site; later in this work, a dual-axis solar tracking system
will be incorporated into the system design for comparative purposes):

1. PV-diesel generator with a battery bank (PV-DG-BB): In this configuration, the PV
panels will be supplemented with a DG and a battery bank. The DG will be used
to charge the battery, supplement the BS load, or serve as a back-up in the case of a
system malfunction, maintenance, or insufficient solar energy.

2. PV with a battery bank (PV-BB): This configuration is mainly based on using PV
panels with a battery bank, while the DG will not be used.

3. DG with a battery bank (DG-BB): In this configuration, the DG will be used along
with a battery bank, and the PV panels will not be utilized.

4. DG without a battery bank (DG-WBB): This configuration relies solely on the DG to
power the base station.

The operation modes of the PV-based electric generation system configurations are as
follows [51]:

Mode 1: This mode resembles the normal operation of a PV-based system configuration,
in which it feeds the required energy to the BS and stores the excess energy in the
battery bank for later use (e.g., at night, or when the output power of the PV panels
is insufficient to cover the load).

Mode 2: In this mode, the output power of the PV panels is insufficient to cover the
load. Specifically, this may happen when the PV panels malfunction, and the battery
bank compensates for the shortage in energy. In the case when the battery bank
is insufficient to cover the load (i.e., maximum DoD is reached), a backup system
(i.e., the diesel generator) is used to supply energy to the BS, as in the PV-DG-BB
configuration.

It should be noted that the DG-BB and DG-WBB configurations represent conventional
electric generation systems for current DG-powered cellular base stations. In case the DG
malfunctions or runs out of fuel, the BB supplies energy to the base station in the DG-BB
configuration; however, this is not the case for the DG-WBB configuration, which leads to
cellular network coverage outage. Lastly, and for comparative purposes, the designated
system configurations will be analyzed in terms of NPC, COE, CO2 emissions (In this paper,
the indirect CO2 emissions (i.e., emissions resulting from the manufacturing process) are
neglected.), and overall area.

The simulated system design in HOMER is illustrated in Figure 4.
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Figure 4. Simulated system designin HOMER.

3.2. Cell-Site and Load Profile

In the simulations, a cell-site at Salmiya (longitude 48.0716° E and latitude 29.3353° N)
is considered (Salmiya is located near the capital City of Kuwait, and is densely populated;
in densely deployed networks (e.g., city centers and residential areas), the network traffic
load can fluctuate very much during the day [52], and thus, this cell-site can be considered
as a worst-case scenario), which is located as shown in Figure 5 and characterized by an
annual average GHI of 5.57 kWh/m2/day (As of NASA prediction of Worldwide Energy
Resource (POWER) database [40]). The BS tower at Salmiya cell-site is operated by Zain,
which is a leading mobile telecommunications provider in Kuwait and the Middle East,
with over 48.9 million customers to date [53]. The BS operates both 4G and 5G technologies
and is configured as shown in Table 1. The average load profile from May 2020 to April
2021 is shown in Figure 6. Particularly, the annual average DC load has been determined
as 146.95 kWh/day, and the average AC load is 110 kWh/day. The total load averages
at 256.95 kWh/day and has a peak power of 31.77 kW (This load profile is considered as
a worst-case scenario, which is due to COVID-19. This is particularly in alignment with
working from home and lockdown restrictions, which led to a surge in data traffic and
network usage).

Figure 5. Kuwait map—Salmiya cell-site.
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Table 1. Base-station configuration at Salmiya cell-site.

Technology 4G 5G

Number of sectors 3 3
Number of antennas per sector 1 1
Bandwidth per sector (MHz) 10, 15, 20 100
Output power per sector (W) 20, 40 200
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Figure 6. Base-station load profile at Salmiya cell-site.

3.3. Technical and Economic Specifications

In the following subsections, the technical and economic specifications of the system
components are outlined. Several parameters and values of the system components are
considered for efficient performance of the proposed electric generation system design.
Additionally, the lifespan of the system is assumed to be 25 years, which represents the
lifetime of the base station and electric system components. Currently, the annual real
interest according to the Central Bank of Kuwait (CBK) is 1.5% [54].

3.3.1. PV Panels

Two mono-crystalline silicon (Mono-Si) PV panels of different rated power values
(285 W and 475 W) are considered, which are summarized in Table 2 (The price in USD/kW
per PV panel has been obtained by surveying various vendors and data sheets). The
detailed electrical and mechanical characteristics of the different PV panels can be found
in [55,56]. It should be noted that the Mono-Si PV panels have been selected in this work
as they happen to be more efficient in warmer weather than their poly-crystalline silicon
(Poly-Si) counterparts. This is due to the fact that Mono-Si panels have relatively lower
temperature coefficients (TCs) than Poly-Si panels [57,58] (The TC is a measure of how
much the output power drops when the temperature of the PV panel rises).

The output energy of the PV array is calculated as

EPV = RPV × ξSH × fPV × 365 days/year, (6)

where RPV is the capacity of the PV array (kW), ξPSH is the peak solar hour (PSH), and
fPV is the PV array derating factor (or performance ratio). To clarify, the PSH represents
the solar irradiance at a specific location when the sun shines at its maximum value for a
number of hours, whereas the derating factor resembles the effect of dust, temperature,
wire loss, and other factors that may lead the PV arrays to yield lower output energy than
under nominal conditions.
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Table 2. 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

Efficiency (%) 17.41 19.8

Temperature Range (°C) −40 to 85

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

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

O&M Cost (USD/yr) 10

Operational Lifetime (years) 25

3.3.2. Battery Bank

The chosen battery type for the system is lithium-ion (Li-ion) (Li-ion batteries will be
widely installed in future PV standalone systems, as discussed in [59]), since this type of
battery is reliable, modular, and durable [60,61]. The battery characteristics play a major
role in the design of off-grid renewable energy system configurations. Particularly, battery
capacity, voltage, state-of-charge (SoC), DoD, and days of autonomy are among the most
important parameters in the selection of any battery. The nominal capacity of the battery
bank SoCmax is defined as the maximum SoC of the battery. Contrarily, the minimum SoC
SoCmin specifies the lower limit below which the battery should not be discharged, and
is defined as a percentage of the total capacity [44]. Typically, SoCmin is set to 20–50% to
avoid damaging the battery by excessive discharge. For instance, when SoCmin is 20% of
the battery capacity, the maximum energy that will be delivered by the battery is 80%. This
value is the DoD, which describes how deeply the battery is discharged and is given by

DoD = 1− SoCmin. (7)

In this work, the “Sunverge SIS-XWplus 6848” battery has been selected, which has
high DoD rate (∼80%), and thus, the system can use more of the stored energy without
harming the battery. The main parameters of the battery used in this study are listed in
Table 3 [62].

Since solar irradiance is intermittent, off-grid PV systems must be appropriately sized
to meet the BS load demand. Thus, the autonomy of the battery bank is a critical parameter
to be considered in the system design. Specifically, the battery bank autonomy Abatt refers
to the potential number of days that the battery bank can feed the BS load without the
contribution of any other energy source, starting from a “fully charged” battery state to the
maximum DoD. In particular, Abatt is defined as the ratio of the battery bank size to the BS
load, as

Abatt =
Nbatt ×VB ×QB × DoD× (24 h/day)

LBS
, (8)

where Nbatt is the number of battery units, VB is the nominal voltage of each battery, QB is
the nominal battery capacity (Ah), and LBS is the average daily BS load (kWh). Another
important parameter is the battery life-cycle Bcycle, which plays a predominant role in
reducing the total replacement cost of the battery during the project lifetime. The battery
life-cycle is dependent upon the throughout and battery float-life and is calculated as [44]

Bcycle = min
(Nbatt ×Qli f e

Qthr
, B̄cycle

)
, (9)
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where Qli f e is the lifetime throughput of single battery (kWh), Qthr is the annual battery
throughput (kWh/year), and B̄cycle is the battery float-life (years).

Table 3. Battery specifications.

Parameter Value

Vendor Sunverge

Battery Model SIS-XWplus 6848

Nominal Voltage (V) 48

Nominal Capacity (kWh) 11.6

Nominal Charge (Ah) 244

Roundtrip Efficiency (%) 90

Maximum Charge Current (A) 110

Maximum Discharge Current (A) 125

Throughput (kWh) 64.35

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

3.3.3. Solar Charge Controller

In this work, the “SPT-4830” SCC is used, which has a rated power of 1600 W, input
voltage range of 65–150 V, and input current range of 10.67–24.62 A [63].

3.3.4. Converter

A genetic converter is utilized in the system design, with an efficiency of 90% and
lifetime of 15 years. In general, the total rated power capacity of the converter (kW) is
determined as [49]

Cconv =

(
LAC
ηconv

)
× µs f , (10)

where LAC is the maximum AC load, ηconv is the converter efficiency, and µs f is the safety
factor. The specifications of the converter are summarized in Table 4 [64]. It should be
noted that various sizes of converters can be used in the system design to efficiently convert
electrical energy and meet the load demand [12].

Table 4. Converter specifications.

Parameter Value

Operational Lifetime (years) 15

Efficiency (%) 90

Initial Capital/Replacement Cost (USD/kW) 310

O&M Cost (USD/yr) 10

3.3.5. Diesel Generator

The technical and economic specifications of the DG are given in Table 5 (The price
of Diesel in Kuwait is USD 0.38/L [65]). It should be noted that DGs can operate from
12,000 h up to 20,000 h—provided they are well-maintained—before requiring engine
overhauls [66]. For instance, a DG with 15,000 operational lifetime hours and 4 h a day
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of operation time should last a minimum of 10 years of service before major engine or
generator maintenance is required.

Table 5. 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

The energy generated by a DG (kWh) is given by

EDG = PDG × ηDG × τ, (11)

where PDG is the rated output power of the DG, ηDG is the DG efficiency, and τ refers to
the operation duration. Additionally, the fuel consumption is determined as

Fc = EDG × Fs f c, (12)

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

3.3.6. Control Unit

Two control strategies are considered in the proposed system design: (a) cycle charging
(CC) and (b) load following (LF). Cycle charging is a dispatch strategy, whereby the DG
is used to serve the load and produce excess electricity to charge the battery. When a
set-point SoC is applied to the CC strategy, the DG starts to charge the battery bank and
continues to do so until it reaches the set-point SoC. On the other hand, for the LF strategy,
whenever the DG operates, it produces only enough power to meet the primary load and
never charges the storage bank, as this is left to the PV panels (An extended discussion of
hybrid system dispatch strategies can be found in [67]). Lastly, the operating reserve (as
percentage of the hourly load) is set to 80%.

3.4. Discussion of Results

Table 6 summarizes the optimal sizing, cost factors, fuel consumption, and CO2
emissions of the PV-DG-BB and PV-BB system configurations for both PV panels. Firstly,
one can see that the PV array capacity of the PV-DG-BB configuration with the 285 W
panel is greater than that with the 475 W panel. This is due to the higher number of 285 W
PV panels, which is a result of their lower price. A similar observation can be made for
the PV-BB configuration. That is, the greater the PV panel peak power is, the fewer the
number of panels required to meet the BS load demand. Secondly, one can observe that
the LF dispatch strategy is optimal for the PV-DG-BB configuration, while the CC strategy
is optimal for the PV-BB. Thirdly, the PV-DG-BB configuration with the 285 W (475 W)
panel obtains 95.4% (94.2%) of its energy from the PV panels. This slight decrease in the
renewable energy fraction is due to the decreased PV array capacity, while the DG rated
power remains fixed at 35 kW. As for the PV-BB configuration, 100% of its energy supply is
obtained from the PV panels, as would be expected. More importantly, the PV-BB system
configuration requires more PV panels (to produce more power) and batteries than the PV-
DG-BB configuration, since it depends solely on the PV panels for energy generation and
the back-up battery bank for energy storage. On the other hand, it is evident from Table 6
that the PV-DG-BB with the 285 W panel yields the lowest NPC and COE and entails the
least initial capital; however, it results in 4713 kg/year of CO2 emissions. Remarkably, and
in comparison to the PV-DG-BB, the PV-BB configuration significantly increases the initial
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capital and NPC by about 35.7% and 34.71% for the 285 W and 475 W panels, respectively.
This is attributed to the increase in the number of PV panels and battery units, which is to
compensate for the power that would have been generated by the DG, while still meeting
the BS load demand. However, by eliminating the DG, the PV-BB configuration yields zero
CO2 emissions, which is an important step towards minimizing the global CO2 footprint.

Table 6. Simulation results for PV-DG-BB and PV-BB configurations.

PV Panel 285 W 475 W

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

Optimal System Sizing

PV Array Capacity (kW) 89.4 162 79.2 137

Number of Panels 314 569 167 289

DG Rated Power (kW) 35 - 35 -

Battery (units) 20 40 20 45

Converter Rated Power (kW) 13.6 15.5 12.6 14.3

Dispatch Strategy LF CC LF CC

Renewable Energy Fraction (%) 95.4 100 94.2 100

Cost Factors

NPC (USD) 126,970 172,345 131,808 177,560

COE (USD) 0.0652 0.0886 0.0677 0.0913

Initial Capital (USD) 64,390 106,160 66,474 116,150

Fuel Consumption Total Fuel Consumption (L/yr) 1801 - 2272 -

and CO2 Emissions CO2 Emissions (kg/yr) 4713 0 5946 0

From Table 7, it can be seen that the CC dispatch strategy is optimal for the DG-
BB and DG-WBB configurations. Moreover, it is clear that the DG-WBB configuration—
despite the lower initial capital—incurs significantly higher NPC and COE than its DG-BB
counterpart configuration. This is in addition to the significantly higher annual fuel
consumption and CO2 emissions, which are attributed to the absence of the battery bank.
By comparing Tables 6 and 7, one can see that the cost of the PV-DG-BB and PV-BB
configurations—though very high during installation (i.e., initial cost)—have lower NPCs
throughout the system lifespan than the DG-BB and DG-WBB configurations, which is in
addition to the significantly lower CO2 emissions. From an economic aspect, the PV-DG-BB
configuration with 285 W panels is the best as it has the lowest NPC and COE among all
system configurations. Contrarily, the worst configuration in this site is the DG-WBB as
it has the highest NPC and COE. On the other hand, from an environmental-economic
aspect, the PV-BB with 285 W panels is the optimal since it achieves zero CO2 emissions at
the lowest NPC. Figure 7 summarizes the CO2 emissions of the different configurations.
Particularly, it is evident that the PV-BB configuration yields zero CO2 emissions, while the
PV-DG-BB configuration achieves significantly lower CO2 emissions than the DG-BB and
DG-WBB configurations.
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Table 7. Simulation results for DG-BB and DG-WBB configurations.

Configuration DG-BB DG-WBB

Optimal System Sizing

DG Rated Power (kW) 35 35

Battery (units) 6 -

Converter Rated Power (kW) 28.2 15.8

Dispatch Strategy CC CC

Cost Factors

NPC (USD) 357,162 507,446

COE (USD) 0.183 0.261

Initial Capital (USD) 25,912 12,443

Fuel Consumption Total Fuel Consumption (L/yr) 30,847 43,014

and CO2 Emissions CO2 Emissions (kg/yr) 80,746 112,593

PV-DG-BB (285 W) PV-BB (285 W) PV-DG-BB (475 W) PV-BB (475 W) DG-BB DG-WBB
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Figure 7. Comparison of CO2 emissions for the different system configurations.

In Figure 8, the energy production of the PV-DG-BB configuration is illustrated. Par-
ticularly, Figure 8a,b show that the backup DG mainly contributes to serve the BS load
in the months of November 2020–April 2021 (i.e., during the winter), which is due to
the relatively lower average GHI. Nevertheless, the PV production is significantly higher
than that of the DG, which amounts to 95.4% and 94.2% for the PV-DG-BB configuration
with the 285 W and 475 W PV panels, respectively, as can be seen in Table 6. Contrarily,
Figure 9a and Figure 9b respectively depict the energy production of the PV-BB configura-
tion with the 285 W and 475 W PV panels, where it is evident that 100% of the produced
energy comes from the PV arrays. As noted earlier, the lowest energy production occurs in
the months of November 2020–April 2021.
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Figure 8. Energy production vs. month for: (a) 285 W panel and (b) 475 W panel—PV-DG-BB
configuration.
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(b) 475 W Panel
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Figure 9. Energy production vs. month for: (a) 285 W panel and (b) 475 W panel—PV-BB configuration.

Figure 10a illustrates the NPC savings of the PV-DG-BB and PV-BB configurations
in comparison to the DG-BB configuration. Specifically, PV-DG-BB configuration with
the 285 W (475 W) panel saves about 64.45% (63.1%) in terms of the NPC for the DG-BB
configuration. Similarly, the PV-BB configuration with the 285 W (475 W) yields an NPC
saving of about 51.75% (50.29%). On the other hand, Figure 10b depicts the NPC savings of
the PV-DG-BB and PV-BB configurations when compared to the DG-WBB configuration.
In particular, the PV-DG-BB configuration with the 285 W (475 W) panels yields an NPC
saving of 74.94% (74.03%), while the PV-BB configuration saves about 66.04% and 65.01%
of the NPC with the 285 W and 475 W PV panels, respectively.
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Figure 10. Percentage of NPC savings with respect to the conventional (a) DG-BB and (b) DG-WBB
configurations.

Another important factor worth considering is the days of autonomy of the PV-DG-
BB and PV-BB configurations. Table 8 summarizes the hours/days of autonomy for the
PV-DG-BB and PV-BB configurations. It is observed that the PV-DG-BB configuration
guarantees 17.5 h (less than a day) of autonomy for both PV panels (This is based on (8),
and is calculated as (20 batteries× 48 V nominal voltage× 244 Ah nominal capacity×DoD
0.8× 24 h/day) divided by (daily average BS power demand of 256.95 kWh) [44].), which is
due to the fact that the PV-DG-BB configuration is based on 20 battery units for both panels,
as can be seen in Table 6. On the other hand, for the PV-BB configuration with the 285 W
PV panel, the total number of required batteries is 40, as given in Table 6, which implies
that the PV-BB configuration with the 285 W PV panel can autonomously supply the BS for
35 h (i.e., 1 day and 11 h). Similarly, for the 475 W PV panel and total number of required
batteries of 45, the operation duration that the battery bank can autonomously supply the
BS is 39.3 h (i.e., 1 day, 15 h, and 18 min). Generally speaking, the recommended minimum
days of autonomy for a sustainable operation of a cellular BS—powered via a standalone
electric system—is at least 3 days before reaching the maximum DoD [19] (Conventionally,
3 days of autonomy are considered rather sufficient for cellular network operators to
maintain/repair the PV panels while ensuring continuous network operation [19]).

Table 8. Days of autonomy for the PV-DG-BB and PV-BB configurations.

PV Panel Peak Configuration Hours of Autonomy Days of AutonomyPower (W)

285 PV-DG-BB 17.5 Less than a day

PV-BB 35 1 day and 11 h

475 PV-DG-BB 17.5 Less than a day

PV-BB 39.3 1 day, 15 h, and 18 min

A comparative analysis for the cost of ensuring various days of autonomy—as a
function of the number of battery units—is shown in Figure 11. It is clear that increasing
the battery bank days of autonomy increases the NPC accordingly, so there is a trade off
between the battery bank days of autonomy and the cost of the overall system. However,
note that for 3 days of autonomy (i.e., 72 h), the NPC of the PV-DG-BB configuration with
the 285 W and 475 W PV panels is USD 212,224 and USD 215,944, respectively. On the
other hand, the NPC is about USD 210,499 (USD 214,864) for the PV-BB configuration
with the 285 W (475 W) PV panels. Clearly, the NPCs of both configurations for both PV
panels and increased days of autonomy are still significantly lower than the NPC of the
DG-BB and DG-WBB configurations. Interestingly, although the PV-DG-BB configuration
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has lower initial capital and NPC, increasing the number of batteries (and hence the days
of autonomy) increases the NPC at a rate that is higher than the PV-BB configuration. In
other words, for a minimum of 3 days of autonomy, the PV-BB configuration yields lower
NPC than the PV-DG-BB configuration. It should be noted that increasing the PV energy
generation capacity (i.e., increasing the number of PV panels)—instead of battery storage
capacity—can overcome this issue, as it will be more cost effective; however, this is at the
expense of more land (as will be demonstrated shortly).

50 60 70 80 90 100 110 120 130 140

No. of Batteries

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

3.2

N
P

C
 (

$
)

10
5 (a) PV-DG-BB

48 hrs (2 days)

60 hrs (2.5 days)

72 hrs (3 days)

84 hrs (3.5 days)

96 hrs (4 days)

108 hrs (4.5 days)

120 hrs (5 days)

PV-DG-BB (285 W)

PV-DG-BB (475 W)

50 60 70 80 90 100 110 120 130 140

No. of Batteries

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

3.2

N
P

C
 (

$
)

10
5 (b) PV-BB

48 hrs (2 days)

60 hrs (2.5 days)

72 hrs (3 days)

84 hrs (3.5 days)

96 hrs (4 days)

108 hrs (4.5 days)

120 hrs (5 days)

PV-BB (285 W)

PV-BB (475 W)

Figure 11. Number of batteries vs. NPC for: (a) PV-DG-BB configuration and (b) PV-BB configuration.

3.5. Overall System Area

The number of required PV panels, strings, and the number of series and parallel
panels in each string have been calculated, as listed in Table 9. Moreover, a comparison
of system overall area (with and without PV array spacing) is provided (The PV array
inter-row spacing takes into account the shading due to tilting [68]. Refer to Appendix A
for detailed mathematical expressions of area calculations with spacing). It can be verified
that the PV-DG-BB system configuration requires significantly less area than its PV-BB
counterpart configuration by around 44% for the 285 W panel and 42% for the 475 W panel.
By considering Table 9, and from the required area perspective, the best panel for both
configurations is the 475 W panel. This is due to the fact that the 475 W panel meets the
load demand with fewer panels than the 285 W panel. In other words, increasing the rated
power of the PV panel decreases the required system area since it requires fewer PV panels.

Table 9. Comparison of system area for the PV-DG-BB and PV-BB configurations.

PV Panel Peak Configuration No. of No. of Series × Parallel Area (without Area (with
Power (W) Panels Strings Spacing) (m2) Spacing) (m2)

285 PV-DG-BB 314 40 4 × 2 515 897.6

PV-BB 569 72 4 × 2 933.2 1615.7

475 PV-DG-BB 167 28 3 × 2 400.8 653.5

PV-BB 289 49 3 × 2 693.6 1143.7
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3.6. Utilization of Tracking Systems

Utilizing solar tracking systems could increase the total amount of energy produced
by a solar power system [19]. Thus, and to further reduce the required land, a solar tracking
system is applied to study its effect on the PV production and the required area. Particularly,
the PV-DG-BB and PV-BB configurations with the 475 W PV panels have been modified to
incorporate dual-axis solar trackers. In the dual-axis trackers, the PV panels are rotated
around both the horizontal and vertical axes to keep the sun rays always perpendicular to
the panel. Although this type is the most expensive among all solar trackers, it maximizes
the energy production of the PV panels, which in turn reduces the total area [69–71] (Other
solar trackers have been simulated but were found to produce less energy and require
more land and thus have not been included in the results.). Now, Table 10 compares the
simulation results of both system configurations without tracking and with the dual-axis
tracking. In general, it is noticed that the PV array capacity (kW) under both configurations
has decreased, while still meeting the BS load demand. For the PV-DG-BB configuration,
the DG rated power and number of battery units remained the same, while converter-rated
power increased. As for the PV-BB configuration, the number of battery units has increased,
which implies higher energy-storing capability so as not to excessively increase the NPC. To
see this, the NPC of the PV-DG-BB configuration has decreased slightly, which is due to the
decrease in the number of panels; however, the NPC of the PV-BB configuration marginally
increased due to the use of additional battery units, despite the decrease in the number of
panels. This can be seen from Table 11, which compares the required land area without
and with spacing. As would be expected, utilizing the dual-axis solar tracking decreases
the required area, while marginally decreasing (increasing) the NPC for the PV-DG-BB
(PV-BB) configuration.

Table 10. Simulation results for 475 W PV panel without and with tracking.

Tracking System No Tracking Dual-Axis Tracking

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

PV Array Capacity (kW) 79.2 137 72.3 112

DG Rated Power (kW) 35 - 35 -

Battery (units) 20 45 20 53

Converter Rated Power (kW) 12.6 14.3 13.5 13.8

NPC (USD) 131,808 177,560 128,151 178,416

Table 11. Area comparison when applying dual-axis tracking for the 475 W PV panel.

Configuration Tracking No. of No. of Series × Parallel Area (without Area (with
System Panels Strings Spacing) (m2) Spacing) (m2)

PV-DG-BB No Tracking 167 28 3 × 2 400.8 653.5

Dual-Axis Tracking 153 26 3 × 2 367.2 606.8

Area Reduction (%) 8.38 7.15

PV-BB No Tracking 289 49 3 × 2 693.6 1143.7

Dual-Axis Tracking 236 40 3 × 2 566.4 933.6

Area Reduction (%) 18.34 18.37

From an energy production perspective, Figure 12 depicts the impact of utilizing a
dual-axis tracking on the PV energy production (kWh/yr) of the PV-DG-BB and PV-BB
configurations. It is evident that the dual-axis tracker significantly increases the annual
PV energy production for both configurations. That is, with the dual-axis tracking, the
produced energy is significant, such that the number of PV panels is reduced while meeting
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the BS load demand. Additionally, and as noted earlier, the PV-BB configuration with the
dual-axis tracker utilizes more battery units to store the energy produced.

PV-DG-BB PV-BB
0

0.5

1

1.5

2

2.5

3

P
V

 E
n

e
rg

y
 P

ro
d

u
c
ti

o
n

 (
k
W

h
/y

r)

10
5

No Tracking

Dual-Axis Tracking

Figure 12. Comparison of PV energy production for the 475 W panel without and with a dual-axis
tracking system.

3.7. Summary of Findings

The following findings can be stated, which are based on the presented results. Firstly,
the PV-DG-BB configuration with the 285 W PV panels achieves the lowest NPC and COE
while yielding 95.4% of renewable energy, but at the expense of an average of 4713 kg/yr
of CO2 emissions. The PV-BB configuration with the 285 W panels results in an increase
in the NPC by about 35.7%; however, this is with 100% renewable energy and zero CO2
emissions. Secondly, the DG-WBB incurs significantly higher NPC, COE, annual fuel
consumption, and CO2 emissions than all the other configurations. More importantly,
the PV-DG-BB and PV-BB configurations yield significant NPC savings in comparison
to the DG-BB and DG-WBB configurations. Thirdly, it has been demonstrated that by
ensuring a minimum of 3 days of autonomy, the PV-DG-BB and PV-BB configurations still
yield NPCs that are lower than the DG-BB and DG-WBB configurations. Moreover, by
increasing the days of autonomy, the PV-BB configuration becomes more cost-effective
than the PV-DG-BB configuration.

From an overall system area perspective, the PV-DG-BB configuration requires less
area than its PV-BB counterpart by around 40% for the 285 W panel and 44.4% for the 475 W
panel. To further reduce the required area of the PV-DG-BB and PV-BB configurations, a
dual-axis tracker has been utilized, while considering the 475 W PV panel. Specifically, it
has been demonstrated that the dual-axis tracker effectively reduces the required system
area, while significantly improving the PV energy production, and thus meeting the
required BS load demand.

4. Conclusions

In this paper, the design, implementation, and analysis of off-grid solar PV systems to
power cellular BSs in Kuwait have been studied. Specifically, various electric generation
system configurations have been considered, with the aim of determining the number of
PV panels, batteries, and converters to meet the BS load demand. The designed electric
generation systems have been evaluated using HOMER, with the NPC being the main
optimization parameter. Moreover, five key aspects have been discussed in this paper:
(1) economic factors; (2) electrical production; (3) CO2 emissions; (4) overall area; and
(5) the effect of utilizing tracking systems. The simulation results showed that the cost
of the PV-DG-BB and PV-BB system configurations—though very high during installa-
tion (i.e., initial capital)—have lower NPCs than the conventional DG-BB and DG-WBB
configurations throughout the system lifespan. Moreover, the DG-based system configura-
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tions (i.e., DG-BB and DG-WBB) are costly and release significantly higher CO2 emissions
than the PV-DG-BB configuration. Moreover, utilizing the PV-DG-BB configuration rather
than the DG-only system configurations decreases fuel consumption per year by almost
95%. Furthermore, the PV-DG-BB (PV-BB) configuration can save around 63.1–64.45%
(50.29–51.75%) of the total NPC when compared to the DG-BB configuration. In compari-
son to the DG-WBB configurations, the PV-DG-BB and PV-BB configurations respectively
reduce the NPC by about 74% and 65%. Hence, they are a better choice for cellular network
operators to reduce both operational expenses and CO2 emissions. However, there is a
trade-off between using the PV-BB system and achieving absolute clean energy (but at
the expense of more land), and using a PV-DG-BB system with little fuel consumption
and with less land. Not only that, but utilizing a dual-axis tracker has been shown to be
effective at reducing the required system area, while still meeting the required BS load
demand. Such trade-offs and findings are fundamental for the choice of an appropriate
electric system configuration to be used under various practical constraints and cell-sites in
Kuwait and the rest of the world.
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Appendix A. PV Overall Area Calculations

The overall area of a solar-PV electric generation system can be calculated as follows.
First, the total number of PV panels in the system is determined as

PVtotal =
EPV

PVPP
, (A1)

where EPV is the total output energy of the system’s PV panels, and PVPP is the PV panel
peak power. The number of panels in series can be calculated as

PVseries =
SCRVmpp

PVVmpp

, (A2)

where SCRVmpp is the maximum power point (MPP) voltage of the solar charge controller,
while PVVmpp is the MPP voltage of the PV panel. On the other hand, the number of panels
in parallel is determined as

PVparallel =
SCRImpp

PVImpp

, (A3)
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where SCRImpp is the MPP current of the solar charge regulator, whereas PVImpp is the MPP
current of the PV panel. Moreover, the total number of solar charge controllers in the
system is obtained as

SCRtotal =
PVtotal

PVseries × PVparallel
. (A4)

After calculating the above parameters, the length of the required area is determined as

Length = PVparallel × PVlength, (A5)

in which PVlength is the length of a PV panel. In order to calculate the width of the
PV deployment area, the PV array Row-Spacing must be calculated first; however, it
depends on the PV Row-Height which depends on the tilt angle (i.e., the angle between
the horizontal plane and the solar panel). Thus, the Row-Height is calculated as

Rheight = PVwidth × sin(θ), (A6)

where PVwidth is the width of a PV panel, and θ is the optimal tilt angle in the system’s
location, in which the sun rays are perpendicular on the panel surface. Now, the spacing
between PV rows can be calculated as

PVspacing = Rheight × RSF, (A7)

where RSF is the Row-Space Factor, which is constant and equals 2.3 [72]. In turn, the
width of the string area is determined as

Width =
[

PVseries ×
(

PVspacing +
√

PV2
width − R2

height

)]
− PVspacing. (A8)

Then, the total area of each string is calculated as

Areastring = Length×Width. (A9)

Lastly, the overall PV system area is obtained as

Areasystem = Areastring × SCRtotal . (A10)
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