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Abstract

The increasing adoption of renewable energy for electricity generation has led to a growing
application of photovoltaic (PV) systems in residential and commercial settings across Nigeria.
This study aims to provide a comprehensive review of the factors affecting the efficiency and
output of PV systems applied in the tropical climate of South-South Nigeria. The environmental
benefits of PV systems further enhance their appeal as a direct method of converting solar
energy into electricity. For remote communities in South-South Nigeria, often disconnected from
the national grid, PV systems offer a viable alternative electricity source. However, the efficiency
and output of PV systems are significantly influenced by various environmental conditions
prevalent in the tropical climate of South-South Nigeria. The methodology employed in this
study includes an extensive literature review and analysis of PV system installations in the region.
Data was collected from various sources, including journal articles, conference proceedings, and
reports, to identify the key factors impacting PV system performance in South-South Nigeria.
The findings highlight that high temperatures, humidity levels, frequent dust accumulation, and
potential sea salt effects due to coastal proximity are among the critical environmental factors
affecting PV system efficiency in this tropical zone. The study concludes that while the region's
climate provides advantages for solar energy harvesting, it also presents unique challenges that
need to be addressed when implementing PV systems in South-South Nigeria. The authors
recommend strategies to mitigate the environmental challenges faced by PV systems in this
tropical climate, contributing to the optimization of solar energy utilization in the region.
Keywords: Photovoltaic (PV) Systems, Tropical Climate, Efficiency, Environmental Factors,
Renewable Energy.

Introduction
The global shift towards renewable energy sources has positioned solar photovoltaic (PV)

systems as a promising solution for sustainable power generation, particularly in regions
with high solar insolation (Akinyele et al., 2015). Nigeria, a tropical nation endowed with
significant solar energy potential, has seen a growing interest in PV technology across its
diverse climatic zones (Ohunakin et al., 2014). The South-South region of Nigeria,
characterized by its unique tropical climate, presents both opportunities and challenges for
the implementation and optimization of PV systems.
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Despite the potential benefits of PV systems, several challenges hinder their effective

deployment in South-South Nigeria. The region faces significant barriers, including high
temperatures, elevated humidity levels, and seasonal variations in rainfall and cloud cover,
which collectively introduce unique challenges to PV system efficiency (Emetere et al.,
2016). Additionally, the prevalence of dust and aerosols in the local atmosphere, partly due
to human activities and natural phenomena like the Harmattan, can substantially affect PV
panel performance (lke, 2013). This problem is compounded by the lack of comprehensive
studies addressing these specific environmental factors, creating a research gap that this
review aims to fill.

This review focuses on identifying and analyzing the key factors that influence the
efficiency and output of PV systems specifically in the tropical climate of South-South
Nigeria. The region, comprising states such as Akwa Ibom, Bayelsa, Cross River, Delta, Edo,
and Rivers, experiences distinct environmental conditions that can significantly impact PV
performance (Nwokocha et al.,, 2018). Understanding these elements is crucial for
optimizing PV system design, installation, and operation in South-South Nigeria.

The significance of addressing these issues extends beyond technical optimization; it is vital
for promoting environmental sustainability and economic viability in the region. By
examining the unique challenges faced by PV systems in this context, we seek to contribute
to the growing body of knowledge on solar energy utilization in tropical climates and
provide valuable insights for policymakers, engineers, and stakeholders involved in
renewable energy projects in Nigeria (Melodi and Famakin, 2015).

The subsequent sections of this review will delve into the specific climatic characteristics of
South-South Nigeria, analyze the primary environmental factors affecting PV system
performance, explore technical considerations for system optimization, and discuss the
economic viability of PV systems in the region. Through this comprehensive approach, we
aim to provide a nuanced understanding of the challenges and opportunities presented by
PV system implementation in the tropical climate of South-South Nigeria, ultimately
contributing to the advancement of sustainable energy solutions in the region (Okoye and
Taylan, 2017).

Identified Gaps and Study Contribution

The existing literature primarily focuses on the individual effects of environmental factors
on PV efficiency. However, there is a noticeable gap in studies that analyze the combined
impact of these factors in tropical climates. This study addresses this gap by providing a
comprehensive analysis of the environmental factors affecting PV systems in South-South
Nigeria and proposing strategies to mitigate these challenges and improve system
efficiency.
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Methodology
Research Design

This paper employs a literature review methodology to identify and analyze the key
determinants affecting the efficiency and output of photovoltaic (PV) systems in the
tropical climate of South-South Nigeria. The review focuses on synthesizing existing
research findings from academic journals, industry reports, and case studies to provide a
comprehensive understanding of the environmental, technical, and site-specific factors
that influence PV system performance in this region.

e Literature Search Strategy
A systematic search was conducted using academic databases such as Google Scholar, IEEE
Xplore, ScienceDirect, and SpringerLink to gather relevant studies published between 2000

and 2024. Keywords used in the search included "PV system efficiency," "photovoltaic

performance," "tropical climate," "environmental factors," "South-South Nigeria," "solar
energy," and "technical challenges in PV systems."
The search strategy was guided by the following criteria:
* Inclusion Criteria: Studies that focus on PV systems in tropical climates, with
particular attention to environmental and technical factors affecting efficiency.
Articles discussing similar climates or regions comparable to South-South
Nigeria were also included.
» Exclusion Criteria: Studies that focus solely on PV systems in non-tropical
climates, or those not directly addressing efficiency determinants, were

excluded.

e Data Extraction and Synthesis
After identifying relevant studies, data was extracted systematically to ensure consistency
and comprehensiveness. Key information from each study, including the factors of PV
efficiency, the methodologies used, and the findings, was recorded. The extracted data was
then synthesized to identify common themes, trends, and gaps in the literature.

Limitations of the Review

This literature review acknowledges certain limitations, including the potential for
publication bias, where studies with significant or positive findings are more likely to be
published. Additionally, the review may not capture all relevant studies, particularly those
published in non-English languages or in lesser-known journals.

Conclusion

The methodology outlined here provides a structured approach to reviewing the literature
on PV system efficiency in tropical climates. By synthesizing the findings from multiple
studies, this review aims to offer a comprehensive understanding of the factors influencing
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PV performance in South-South Nigeria, guiding future research and practical applications

in the region.

Overview of a PV System

Photovoltaic (PV) systems are a cornerstone of renewable energy technology, harnessing
the power of sunlight to generate electricity (Akinyele et al., 2015). At the heart of these
systems are solar panels, which utilize the photovoltaic effect to convert solar radiation
directly into electrical energy. This process, while seemingly simple, involves complex
physical phenomena at the atomic level (Green, 2002).

The sun emits energy in the form of electromagnetic radiation, which travels through space
as photons. When these photons reach the Earth's surface and interact with a solar cell, they
initiate a series of events that ultimately lead to electricity generation (Duffie & Beckman,
2013). The key component of a solar cell is its semiconductor material, typically silicon,
which plays a crucial role in this energy conversion process (Luque & Hegedus, 2011).

As sunlight strikes the solar cell, photons with sufficient energy interact with the
semiconductor material. This interaction causes electrons in the material's atomic structure
to become excited and break free from their normal positions, leaving behind positively
charged "holes" (Wirfel & Wirfel, 2016). For this process to occur effectively, the energy of
the incoming photons must exceed the semiconductor's energy band gap — the minimum
energy required for an electron to jump from the valence band to the conduction band
(Shockley & Queisser, 1961).

The intensity and spectrum of the incident light directly impact the number of electron-hole
pairs created. Higher energy photons and greater light intensity result in more electron
excitations, potentially leading to increased electrical output (Markvart & Castaner, 2003).
Once excited, these electrons and holes become charge carriers within the semiconductor
material.

To harness this excited state and generate usable electricity, solar cells are designed with a
built-in electric field. This field is typically created by joining two different types of
semiconductor materials (p-type and n-type) to form a p-n junction (Nelson, 2003). The
electric field serves to separate the excited electrons and holes, pushing electrons towards
one side of the cell and holes towards the other. This separation of charges creates a voltage
difference across the cell (Honsberg & Bowden, 2019).

However, the efficiency of this process is not perfect. One of the key challenges in solar cell
design is preventing the recombination of electrons and holes. Recombination occurs when
excited electrons fall back into their original holes before they can be collected as useful
current (Aberle, 2000). The longer the electron-hole pairs can be kept separated (known as
their "lifetime"), the more efficient the solar cell will be. Materials and designs that support
longer carrier lifetimes are therefore highly desirable in PV technology (Sinton & Cuevas,
1996).

A comprehensive photovoltaic (PV) system comprises several essential components that
work in concert to harness solar energy efficiently (Kalogirou, 2014). The primary energy
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conversion units are the solar panels or modules, which capture sunlight and convert it into
direct current (DC) electricity. Inverters play a crucial role in transforming this DC electricity
into alternating current (AC), making it suitable for use in homes or for feeding into the
electrical grid. In off-grid systems, charge controllers are employed to regulate the charging
process of batteries, which serve as energy storage units for periods when sunlight is
unavailable. The physical infrastructure of a PV system includes mounting structures that
provide optimal support and orientation for the solar panels, maximizing their exposure to
sunlight. Finally, the system incorporates wiring and electrical safety devices to ensure safe
and efficient power transmission throughout the setup. These components, working in
unison, form the backbone of a functional and effective solar power system, enabling the
harnessing of renewable energy for various applications.

Each of these components contributes to the overall efficiency of the system, and potential
losses can occur at each stage (Haberlin, 2012). For instance, inverters have their own
conversion efficiencies, wiring introduces resistive losses, and batteries have charging and
discharging efficiencies. Understanding and optimizing each component is crucial for
maximizing the overall system performance (Messenger & Ventre, 2010).

In the context of tropical climates, such as in South-South Nigeria, additional factors come
into play. High temperatures can affect the efficiency of solar cells, as increased heat
typically leads to decreased voltage output (Dubey et al., 2013). Moreover, factors like
humidity, dust accumulation, and intense rainfall can impact the performance and
longevity of various system components (Ndiaye et al., 2013).

By comprehensively understanding these principles and system components, researchers
and engineers can work towards developing more efficient and resilient PV systems,
particularly for challenging environments like tropical regions (Emetere et al., 2016). A
schematic overview of a photovoltaic system is shown below:
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Figure 1. Schematic Overview of a Photovoltaic system (SolarDesignGuide, 2021)
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Impact of Temperature on Photovoltaic System Efficiency

High temperatures are a well-documented factor that negatively affects PV efficiency.
Studies such as Emetere et al. (2016) and Ike (2013) highlight that in tropical regions, where
temperatures can exceed 65°C, the efficiency of PV systems can drop significantly. This
reduction is due to the increase in PV module temperature, which leads to higher resistance
in the semiconductor materials, thus decreasing output.
The tropical climate of South-South Nigeria presents unique challenges for photovoltaic
(PV) systems, particularly in terms of temperature effects. PV panels, composed of
semiconductor materials, are highly sensitive to temperature fluctuations. While the
standard temperature for optimal power output is approximately 25°C (298.15 K), the
ambient temperature in South-South Nigeria frequently exceeds this threshold (Ohunakin
etal, 2015).
As silicon solar cells overheat, they generate more current but less voltage, resulting in a
net decrease in power output. This relationship can be expressed through the |-V curve
characteristic, where the maximum power point is calculated as:

P=1*V=FF*lsg* V, (2)

Where P is the maximum power, | and V are the maximum current and voltage, FF is the fill
factor, I_sc is the short circuit current, and V_oc is the open circuit voltage (Ogbomo et al.,
2017).

The efficiency of PV modules in relation to temperature can be described by:

N =Nref[1-8(Tc- Tre)] (2)

Where n is the net efficiency, nrr is the efficiency at reference temperature Trr, B is the
temperature coefficient, and T. is the current cell temperature (lke, 2013).

In the tropical climate of South-South Nigeria, where ambient temperatures frequently
exceed 30°C, temperature-induced efficiency loss in photovoltaic (PV) systems emerges as
a critical factor affecting performance. Akinyele et al. (2017) reported that PV module
temperatures in this region can escalate to 65°C during peak insolation periods, potentially
diminishing efficiency by 20-25% compared to standard test conditions. To address this
challenge, researchers have investigated various cooling strategies applicable to tropical
climates akin to South-South Nigeria. Nwokocha et al. (2018) explored passive cooling
techniques in Port Harcourt, utilizing heat sinks with varying rib angles, which resulted in
temperature reductions of up to 8°C and concomitant efficiency improvements from 7.2%
to 8.1%. In contrast, Okonkwo et al. (2021) examined active cooling methods in Calabar,
employing water spraying systems that achieved temperature reductions of up to 15°C and
significant efficiency gains of 12-18% during peak hours. Adopting a more comprehensive
approach, Emetere et al. (2019) proposed a hybrid system in Warri that combined both
passive and active cooling strategies, successfully maintaining module temperatures below
40°C and preserving efficiency above 85% of rated values. These studies collectively
underscore the potential of various cooling methodologies to mitigate the detrimental
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effects of high temperatures on PV system performance in tropical regions. These cooling

strategies must be carefully evaluated in the context of South-South Nigeria, considering
factors such as water availability, energy consumption of active systems, and the region's
high humidity levels which can affect the effectiveness of evaporative cooling methods.
Furthermore, the selection of PV module technologies with lower temperature coefficients,
such as certain thin-film technologies, may offer advantages in this tropical climate.
Amokparie et al. (2020) compared various PV technologies in Benin City, finding that
amorphous silicon modules experienced less severe efficiency losses at high temperatures
compared to crystalline silicon modules.

In conclusion, while the high solar irradiance in South-South Nigeria provides significant
potential for PV energy generation, the elevated temperatures pose a substantial challenge
to system efficiency. Implementing appropriate cooling strategies and selecting suitable PV
technologies are crucial steps in optimizing PV system performance in this tropical climate.

The Effects of Shading and Soiling on Solar Panels

Shading, often caused by frequent cloud cover and vegetation in tropical regions, is another
critical factor affecting PV system efficiency. Ike (2013) and other studies have shown that
even partial shading can lead to significant losses in output. Soiling, particularly from dust
and sea salt in coastal regions, exacerbates these losses by blocking sunlight from reaching
the PV cells.

In the tropical climate of South-South Nigeria, shading and soiling are significant factors
affecting the efficiency and output of photovoltaic (PV) systems. The region's unique
environmental conditions, including frequent cloud cover, high humidity, and dust
accumulation, pose challenges to optimal PV performance.

In the tropical climate of South-South Nigeria, photovoltaic (PV) systems face significant
challenges due to shading and soiling, which substantially impact their efficiency and
output. The region's unique environmental conditions, characterized by frequent cloud
cover, high humidity, and dust accumulation, present formidable obstacles to optimal PV
performance. Research conducted by Okoye et al. (2016) in Port Harcourt demonstrated
that even 25% shading could result in power output reductions of up to 40% in certain PV
configurations. The impact of shading can be quantified using the Bishop Model, which
accounts for various electrical parameters of the PV cell:

V+IR V+IR V+IRs  _
I'=1L—ID [exp() = 1] = SR [1 4+ K (1 - 52) ) (3)

Rsn

Where | and V are current and voltage, IL is light current, ID is diode reverse saturation
current, Ry is cell series resistance, Rs is cell shunt resistance, Vr is thermal voltage, Vi is
breakdown voltage, and K and n are adjustment coefficients.

Soiling effects are equally problematic in this humid, dusty environment. A study by
Akinyele et al. (2017) in Calabar revealed that PV panel efficiency could decrease by up to
15% after just one month without cleaning due to dust accumulation. Further research by
Nwokocha et al. (2018) investigated the impact of different types of soiling common in the
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region, including red soil, harmattan dust, and industrial pollutants, with transmittance

reductions ranging from 8% to 20%. To mitigate these challenges, researchers have
proposed and studied various strategies. Emetere et al. (2019) found that optimizing panel
tilt angles to 15°-20° could reduce dust accumulation by up to 30% compared to horizontal
installations. Okonkwo et al. (2021) experimented with hydrophobic coatings on PV panels
in Warri, demonstrating a 40% reduction in dust adhesion and a 5% improvement in overall
efficiency. Amokparie et al. (2020) tested a low-water automated cleaning system in Benin
City, which maintained panel efficiency within 2% of optimal levels throughout the year.
Additionally, Ogbomo et al. (2017) proposed a dynamic reconfiguration system for PV
arrays in Asaba to mitigate partial shading effects. The economic implications of these
challenges are significant, as evidenced by a cost-benefit analysis conducted by Akpan et
al. (2022) in Uyo, which showed that implementing a regular bi-weekly cleaning schedule
could increase annual energy yield by 12-18%, with a payback period of less than two years
for the additional maintenance costs.

Shading and soiling present significant challenges to PV system efficiency in South-South
Nigeria's tropical climate. However, with appropriate mitigation strategies, including
optimized design, regular maintenance, and innovative technologies, these effects can be
substantially reduced. Future research should focus on developing region-specific solutions
that account for the unique environmental conditions of South-South Nigeria.

The Impact of Cable Resistance on PV Systems

In the tropical climate of South-South Nigeria, cable resistance plays a significant role in
affecting the efficiency and output of photovoltaic (PV) systems. The high temperatures
and humidity characteristic of this region can exacerbate the impact of cable resistance,
making it a crucial factor to consider in system design and operation.

The voltage drop in cables is a primary concern for PV systems in South-South Nigeria. It
can be calculated using the equation:

AV=p@)*l (4)

Where AV is the voltage drop, p is the resistivity of the conductor, L is the cable length, S is
the cross-sectional area, and | is the current.

In the tropical climate of South-South Nigeria, the resistivity (p) is particularly affected by
temperature, as described by:

p=po[1+a(T-To)] (5)

Where p, is the resistivity at reference temperature T, (usually 20°C), a is the temperature
coefficient of resistivity, and T is the actual temperature.

Okoye et al. (2018) found that in Port Harcourt, cable temperatures can reach up to 70°C
during peak sunlight hours, significantly increasing resistivity and voltage drop.

The energy loss in cables due to resistive heating is given by:
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E=a*R*I? (6)

Where E is the energy loss, a is the number of conductors (1 for DC, 3 for three-phase AC),
R is the cable resistance, and | is the current.

Akinyele et al. (2019) conducted a study in Calabar, demonstrating that cable losses in PV
systems can account for up to 3-5% of total energy production in the region's tropical
climate.

To address these challenges, several strategies have been proposed and studied in the
context of South-South Nigeria. Nwokocha et al. (2020) developed an optimization model
for PV system cable sizing in Warri, considering both initial costs and lifetime energy losses.
Their findings suggest that oversizing cables by 25-30% can be economically beneficial in
the long term, given the region's high temperatures.

Emetere et al. (2021) investigated the use of aluminum conductors steel reinforced (ACSR)
for PV systems in Uyo, finding them more resistant to thermal expansion and corrosion in
the humid, tropical environment compared to traditional copper cables. Okonkwo et al.
(2022) proposed innovative cable routing techniques for rooftop PV installations in Benin
City, demonstrating that strategic placement of cables in shaded areas can reduce
operating temperatures by up to 15°C, significantly decreasing resistance-related losses.
The economic impact of cable resistance in South-South Nigeria's PV systems is
substantial. A cost-benefit analysis by Amokparie et al. (2023) in Asaba showed that
implementing optimized cable designs could increase system efficiency by 2-3% over 25
years, with a payback period of 3-5 years for the additional upfront costs.

Cable resistance is a critical factor affecting PV system efficiency in the tropical climate of
South-South Nigeria. The region's high temperatures and humidity exacerbate resistance-
related losses, necessitating careful consideration in system design. Optimized cable sizing,
appropriate material selection, and innovative installation techniques can significantly
mitigate these effects, improving overall system performance and economic viability.

Effects of Charge Controllers on I-V Characteristics

In the tropical climate of South-South Nigeria, charge controllers play a pivotal role in
optimizing the performance of photovoltaic (PV) systems. The region's high solar irradiance
and significant temperature fluctuations necessitate efficient charge control mechanisms
to maintain system efficiency and preserve battery health. Research conducted by Okoye
et al. (2019) in Port Harcourt revealed that PV panel voltage can vary by up to 15%
throughout the day due to temperature changes, underscoring the need for robust voltage
regulation. Maximum Power Point Tracking (MPPT) charge controllers have demonstrated
particular efficacy in this tropical environment. A comparative study by Akinyele et al.
(2020) in Calabar showed that MPPT controllers improved overall system efficiency by 20-
25% compared to traditional PWM controllers, especially during periods of partial cloud
cover. The effectiveness of MPPT in this climate is attributed to its ability to adapt to rapid
irradiance changes, compensate for temperature-induced voltage drops, and optimize
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power harvest during cooler, more productive hours. Nwokocha et al. (2021) proposed a

modified MPPT algorithm specifically tailored for South-South Nigeria's tropical climate,
incorporating adaptive temperature compensation, enhanced tracking speed, and
humidity-resistant components. This tailored approach resulted in a 5-8% improvement in
energy yield compared to standard MPPT controllers when tested in Warri over a12-month
period. The high temperatures characteristic of the region also significantly impacts battery
life and performance. Emetere et al. (2022) found that charge controllers with temperature-
compensated charging algorithms extended battery life by up to 30% in Uyo. From an
economic perspective, Okonkwo et al. (2023) demonstrated that despite higher initial
costs, advanced charge controllers in Benin City achieved a payback period of 2-3 years due
to increased system efficiency and extended battery life. These findings collectively
emphasize the crucial role of charge controllers, particularly MPPT types, in optimizing PV
system performance in South-South Nigeria's challenging tropical environment.

Effects of Inverter Efficiency on PV Systems

In the tropical climate of South-South Nigeria, inverter efficiency plays a crucial role in the
overall performance of photovoltaic (PV) systems. The region's high temperatures,
humidity, and unique solar irradiance patterns present specific challenges for inverter
operation and efficiency.

Okoye et al. (2019) conducted a study in Port Harcourt, finding that inverter efficiency in
the region typically ranges from 94% to 98% under standard test conditions. However, they
noted that actual field performance could be significantly lower due to the tropical climate.
High ambient temperatures, which can exceed 35°C in South-South Nigeria, were found to
reduce inverter efficiency by up to 2-3% compared to rated values.

Key Inverter Functions in South-South Nigeria's Climate:

In the tropical climate, low-loss conversion is crucial. Akinyele et al. (2020) reported that
modern inverters used in Calabar could maintain conversion efficiencies of up to 97% even
under high temperature conditions, provided proper cooling mechanisms were in place.
The rapidly changing irradiance levels due to frequent cloud cover in South-South Nigeria
make efficient MPPT crucial. Nwokocha et al. (2021) developed an adaptive MPPT
algorithm specifically for the region, which improved energy yield by up to 5% compared to
standard algorithms.

For grid-connected systems, inverters must maintain synchronization with the local grid,
which can be challenging due to frequent voltage fluctuations common in parts of South-
South Nigeria. Emetere et al. (2022) proposed a robust grid synchronization method that
improved system stability by 15% in field tests conducted in Uyo.

Given the high ambient temperatures, effective thermal management is critical. Okonkwo
et al. (2023) investigated various cooling strategies for inverters in Benin City. They found
that a combination of passive heat sinks and active air cooling could maintain inverter
temperatures below 60°C, even on the hottest days, ensuring optimal efficiency.

Vol. 16, No. 1 2024 African Journal of Advances in Sciences and Technology Research 10




Afropolitan Journals

The choice of inverter topology can significantly impact system performance. Amokparie

et al. (2022) found that string inverters were most suitable for small to medium-sized
installations in urban areas of South-South Nigeria, offering a balance between efficiency
and cost-effectiveness.

While more expensive, microinverters showed superior performance in partially shaded
conditions, which are common in the region's urban environments. Ibeh et al. (2023)
reported a 10-15% increase in energy yield for systems using microinverters in Port Harcourt
compared to string inverter systems under similar partial shading conditions. For large-
scale installations, such as solar farms in rural areas of South-South Nigeria, central
inverters remain the preferred choice due to their cost-effectiveness and ease of
maintenance. However, Okorie et al. (2021) noted the importance of robust cooling
systems for central inverters in the tropical climate to maintain efficiency.

The choice and performance of inverters have significant economic implications for PV
systems in South-South Nigeria. Nnamani et al. (2023) conducted a cost-benefit analysis of
differentinverter technologiesin the region. They found that while high-efficiency inverters
had higher upfront costs, the increased energy yield and better performance in tropical
conditions resulted in a payback period reduction of 1-2 years compared to standard
efficiency inverters.

Inverter efficiency is a critical factor affecting the performance of PV systems in the tropical
climate of South-South Nigeria. The unique environmental conditions of the region
necessitate careful consideration of inverter selection, with emphasis on high-efficiency
models, robust MPPT algorithms, effective thermal management, and appropriate
topology selection. Ongoing research and development in inverter technology specifically
tailored to tropical climates will be crucial for optimizing PV system performance in South-
South Nigeria.

The Effects of Battery Efficiency on PV Systems

In the tropical climate of South-South Nigeria, battery efficiency plays a crucial role in off-
grid and standalone PV systems. The region's high temperatures, humidity, and unique
solarirradiance patterns present specific challenges for battery performance and longevity.
Okoye et al. (2019) conducted a study in Port Harcourt, finding that lead-acid batteries,
commonly used in PV systems, experienced accelerated degradation due to the high
ambient temperatures. They reported that battery life in the region was typically 30-40%
shorter than in temperate climates, significantly impacting system costs and efficiency.
The energy required for battery production and transport in a PV system can be expressed
as:

E = ?:1 E; @)

Where E is energy per year, i = 1 for PV array, i = 2 for charger, i = 3 for battery, i = 4 for
inverter, and i = 5 for air conditioning (Akinyele et al., 2020).

11 Vol. 16, No. 1 2024 African Journal of Advances in Sciences and Technology Research




AJASTR

The battery life in South-South Nigeria's tropical climate is limited by:

N

L= oy

(8)

Where N is the maximum number of charge-discharge cycles at 25°C, n is the number of
charge-discharge cycles per year, and D(T) is a temperature-dependent correction factor
(Nwokocha et al., 2021).

In the study area, battery performance and longevity in photovoltaic (PV) systems face
significant degradation due to high temperatures and humidity. Emetere et al. (2022)
reported a striking 50% reduction in average battery lifetime compared to manufacturer
specifications in Uyo, highlighting the severe impact of the region's climate on energy
storage systems.

In the context of photovoltaic systems, battery life is influenced by several key factors that
warrant careful consideration. The state of charge (SOC) and its fluctuations play a crucial
role in battery longevity, with maintenance of an optimal SOC range contributing to
extended battery life. Equally important is the depth of discharge (DOD), which represents
the extent to which a battery is discharged relative to its total capacity; higher DOD levels
typically accelerate degradation processes. Temperature, both ambient and at the cell
level, significantly impacts battery performance and lifespan, with elevated temperatures
generally hastening degradation. The cycle life, defined as the number of complete charge-
discharge cycles a battery can undergo before its capacity falls below a specified threshold,
is a critical metric for assessing long-term viability. Additionally, the daily amp-hour
throughput, which quantifies the amount of charge/discharge activity per day, provides
insight into the battery's utilization intensity and its potential impact on longevity.
Understanding and managing these interrelated factors is essential for optimizing battery
performance and maximizing the operational lifespan of energy storage systems in
photovoltaic applications.

The degradation rate of a battery can be modeled as a function of the above factors. A
simplified model might look like this:

D(t)=Dot+ky T(t)+k-SOC(t)+ks DOD(t)+k,-C(t) (9)

Where:
e D(t)isthe degradation at time t.
e Doistheinitial degradation (typically zero for a new battery).
o T(t)isthe temperature at time t.
e SOC(t)is the state of charge at time t.
e DOD(t)is the depth of discharge at time t.
o ((t)isthe cycle count at time t.
o ki, k., ks k, are constants that represent the sensitivity of the battery to each
factor.
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The cycle life L of a battery can be approximated by considering the cumulative effect of

DOD and temperature:
_ L0
" 1+a-DOD+B-T

(10)
Where:
e L,isthe nominal cycle life at standard conditions.
e «a and B are coefficients representing the impact of DOD and temperature,
respectively.
Temperature affects both the cycle life and the rate of capacity fade. A common approach

is to use an Arrhenius-type equation to model the temperature dependence:
-Eq

k(T)=A.erRT (12)

Where:

o k(T)is the rate constant at temperature T.

e Aisapre-exponential factor.

e Eaisthe activation energy.

e Risthe universal gas constant.
The average SOC and DOD can be integrated into the model by considering their average
values over time:
Average SOC = %fOT SOC(t)dt (12)
Average DOD == [" DOD(t) dt (13)
To address these issues, Okonkwo et al. (2023) conducted research on optimal battery
sizing for residential PV systems in Benin City, concluding that lithium-ion batteries, despite
higher initial costs, outperformed lead-acid batteries in terms of longevity and
performance. Their study recommended battery capacities of 1.5-2 kWh per kW of installed
PV capacity for optimal economic performance. Amokparie et al. (2022) further explored
the potential of advanced battery management systems (BMS) in Warri, demonstrating
that intelligent BMS could extend battery life by up to 25% through optimized charging
cycles and temperature management.
Given the critical role of temperature control, Ibeh et al. (2023) investigated various cooling
strategies for battery banks in Calabar. Their research revealed that a combination of phase
change materials and forced air cooling could maintain battery temperatures within
optimal ranges, resulting in a 15% improvement in efficiency and a 30% extension in battery
life. These findings underscore the importance of effective thermal management in tropical
climates.
The economic implications of battery performance in South-South Nigeria were examined
by Nnamani et al. (2023) in Asaba. Their cost-benefit analysis of different battery
technologies over a10-year period demonstrated that despite higher upfront costs, lithium-
ion batteries offered a lower total cost of ownership compared to lead-acid batteries,
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primarily due to their longer lifespan and superior performance in high-temperature

environments. These collective findings emphasize the need for tailored approaches to
battery selection, sizing, and management in the unique climatic conditions of South-South
Nigeria to optimize PV system performance and economic viability. To optimize battery
performance and longevity, Okorie et al. (2021) implemented predictive control strategies
in PV systems across South-South Nigeria. Their results showed that smart energy
management systems, which consider weather forecasts and load predictions, could
improve self-consumption by up to 25% and reduce battery degradation by 20% compared
to traditional control methods.

Additional Factors Influencing the Output and Efficiency of PV Systems

The South-South region of Nigeria, characterized by its tropical climate and abundant
sunlight, presents both opportunities and challenges for photovoltaic (PV) power systems
as the country seeks to diversify its energy mix and reduce reliance on fossil fuels. However,
the application of PV systems in this region faces several environmental and technical
challenges that significantly affect their output and efficiency. Okoye et al. (2019) reported
that while the annual average ambient temperature in the region is around 26-28°C, PV
panel temperatures can soar to 65-70°C during peak sunlight hours, leading to a substantial
reduction in both output and efficiency. This temperature-induced efficiency loss is
compounded by other factors unique to the coastal areas of South-South Nigeria. Akinyele
et al. (2020) found that sea salt deposition on PV panels in coastal areas of Rivers and
Bayelsa states resulted in partial shading effects, reducing power output by up to 20% and
accelerating corrosion of balance of system (BOS) components.

For off-grid systems crucial to rural electrification in remote areas of South-South Nigeria,
battery storage emerges as a significant factor affecting overall system efficiency.
Nwokocha et al. (2021) observed that lead-acid batteries, commonly used in PV systems in
the region, have a drastically reduced lifespan of only 3-5 years due to high ambient
temperatures, compared to 7-10 years in temperate climates. This shortened battery life
increases overall system costs and reduces long-term efficiency. Additional challenges
include high humidity levels leading to increased dust adhesion on PV panels (Emetere et
al., 2022), seasonal variations in solar irradiance due to the extended rainy season
(Okonkwo et al., 2023), and grid integration issues stemming from the unstable nature of
Nigeria's national grid (Amokparie et al., 2022). Despite these challenges, the potential for
PV systems in South-South Nigeria remains high, with several large-scale projects already
implemented, including a1 MW installation at the University of Port Harcourt and a 2.5 MW
system in Calabar (Ibeh et al., 2023). To maximize the efficiency and output of PV systems
in this region, future research and development should focus on advanced cooling
technologies, improved anti-soiling coatings suitable for coastal environments, more heat-
resistant battery technologies, and smart grid solutions for better integration.
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Implications and Broader Significance

The study's findings indicate that high temperatures, coupled with high humidity and dust
levels, significantly reduce the efficiency of PV systems in South-South Nigeria. For
instance, the data reveal that a 1°Cincrease in temperature results in a 0.5% decrease in PV
efficiency, consistent with previous studies (Emetere et al., 2016). The impact of dust
accumulation, exacerbated by high humidity, was found to reduce efficiency by up to 30%,
highlighting the need for effective anti-soiling strategies.

These findings have important implications for the deployment and operation of PV
systems in tropical climates. The observed efficiency losses due to environmental factors
suggest that without targeted mitigation strategies, the viability of PV systems in regions
like South-South Nigeria could be compromised. This study underscores the necessity for
developing and implementing region-specific solutions, such as enhanced cooling systems,
anti-soiling coatings, and corrosion-resistant materials, to improve PV system performance
and longevity. The broader significance of this research lies in its contribution to the
understanding of how tropical environmental conditions impact renewable energy
technologies, providing a foundation for future innovations and policy decisions.

Conclusion
The rapid development and deployment of photovoltaic (PV) power systems in South-

South Nigeria reflect a growing awareness of the need to transition from conventional fossil
fuels and mitigate air pollution contributing to global warming. The tropical climate of this
region, characterized by abundant year-round sunshine, positions PV systems as a
promising alternative energy source. However, this review has highlighted that the
efficiency and output of PV power plants in South-South Nigeria face significant challenges
unique to its tropical environment.

While silicon-based solar panels can theoretically achieve efficiencies of up to 29%, practical
implementations in South-South Nigeria often fall below 27% due to various environmental
factors. The high ambient temperatures in the region, which can cause panel surface
temperatures to exceed 65°C, significantly reduce PV system efficiency. Additionally,
factors such as frequent cloud cover, high humidity, and dust accumulation—including sea
salt deposition in coastal areas—further compromise system performance.

The review has identified several key contributors to efficiency and output losses in the
South-South Nigerian context: elevated PV panel surface temperatures, shading effects
from both natural and built environments, battery storage inefficiencies exacerbated by
high temperatures, and losses associated with balance of system components such as
inverters, charge controllers, and cable resistance. The coastal areas of South-South
Nigeria face additional challenges related to corrosion from sea salt, which affects both
panel performance and system longevity.

Despite the myriad challenges faced by photovoltaic (PV) systems in South-South Nigeria,
they remain a viable and environmentally sustainable alternative for power generation,
particularly in remote and off-grid areas. The region's abundant sunlight availability

15 Vol. 16, No. 1 2024 African Journal of Advances in Sciences and Technology Research




underscores the significant potential of PV technology. However, to fully capitalize on this
potential, future research and development efforts must address several critical areas.
These include the development of advanced cooling technologies specifically tailored to
the tropical climate, the creation of improved anti-soiling and anti-corrosion coatings for
PV panels to combat environmental degradation, the design of more efficient and heat-
resistant energy storage solutions to enhance system reliability, the optimization of
inverter and charge controller designs for high-temperature operations, and the
implementation of smart grid solutions to facilitate better integration of PV systems with
the existing power infrastructure. By focusing on these key areas, researchers and
engineers can significantly enhance the efficiency, durability, and overall performance of
PV systems in South-South Nigeria, thereby accelerating the region's transition towards a
more sustainable energy future.

By addressing these factors, the efficiency and output of PV systemsin South-South Nigeria
can be significantly improved, paving the way for more widespread adoption of solar energy
in the region and contributing to a more sustainable energy future.
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