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ABSTRACT

This research investigates the integration of Solar Photovoltaics (PV) Iis;clg',_l,iislg?

with Battery Energy Storage Systems (BESS) for optimizing grid  Received: May, 2023
performance, focusing on power loss reduction, voltage stabilization, ~ Received in revised form: July, 2023
and enhanced load management in distribution networks. Given the écg‘l?p;e‘:; Sﬁptemger,tm? 204
intermittency of solar energy due to weather variability, BESS plays a ublShed onine: Sepember,
pivotal role in mitigating associated challenges, such as fluctuationsin ~ KEYWORDS

generation and demand, frequency instability, and power quality  Grid Optimization, Solar, BESS
issues. This study examines selective optimization techniques to

identify optimal siting points for PV and BESS systems along the

distribution line, using data from the Nigerian power grid as a case

study. Through simulations, this research compares traditional grid

operations  with  solar-integrated  networks,  highlighting  the

environmental benefits of renewable energy adoption, including

reduced dependence on fossil fuels. The findings emphasize that solar

integration with BESS improves grid resilience and reliability, offering

valuable insights for enhancing Nigeria’s energy infrastructure through

sustainable innovations.

INTRODUCTION

Background and Motivation: The
demand for sustainable energy solutions has
accelerated the integration of renewable energy
sources like solar photovoltaic systems into
electrical grids globally. From this perspective,
solar energy is a very promising altemative to
traditional fossil fuels due to its clean, abundant,
and renewable nature. Solar generation is an
intermittency source, with fluctuations in the
weather, hence a great challenge to grid
stability. Reliability of infrastructure in some
countries or regions is at a higher risk, such as
Nigeria. BESS curbs such challenges by storing
excess energy and supplying power during low
output periods of solar, hence allowing stability
and resiliency at the power grid.

Solar PV Integration Challenges with
BESS While BESS can help nulliify the
variabilities of solar, its integration appropriately
requires a detailed system dynamics analysis,
optimal siting, and load balancing. The major
challenges to be faced relate to the selection of
adequate  storage  capacities,  seeking
optimization at distribution points for minimum
losses of power, and maintenance of the
frequency stability of the grid. The study
examines these challenges in the context of

Nigeria's energy infrastructure: poor practices
concerning load management, various power
quality issues, and extremely high reliance on
fossil fuel-based generation are specific
obstacles to the integration of solar PV.
Overview of Grid Challenges and Renewable
Integration Needs Most electrical grids around
the world are facing significant challenges due
partly to aging infrastructures, imbalances
between demand and supply, and increasing
penetrations of renewable energy sources. One
important challenge is that of frequency stability,
on which pegs the reliability of the grid because
itinsures synchronization between systems and
the smooth flow of electricity. Supply
fluctuations, usually from the intermittent nature
in most renewable sources, especially solar and
wind, are increasingly making it difficult to
maintain frequency within safe limits.

Another challenge met is the
degradation of power quality, characterized by
voltage fluctuations, harmonics, transient
disturbances, and so on. These disturbances
reduce the efficiency of the grid and might
further cause malfunctioning of equipment,
energy losses, and higher costs of operation.
Grid operators are also facing an increasing
difficulty in balancing supply and demand,
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especially in regions where the infrastructure
has not kept pace with the increase in
population and industrialization. For instance,
Nigeria has poor grid components and a limited
capacity to deal with operational flexibility that
could otherwise facilitate proper load
distribution and demand response. This acts as
a barrier to the smooth integration of renewable
energy sources.

Role of Solar PV in Sustainable Energy
Transition

Solar Photovoltaic (PV) plays an
important role in the world's transition towards
sustainable energy owing to the potential it
presents to reduce reliance on fossil fuels,
major contributors of carbon emissions. Solar
photovoltaic systems generate electricity from
sunlight, which is considered renewable and
abundant; hence, they are an environmentally
friendly option and have a long-term financial
advantage. It therefore means that with high
irradiance in regions such as Nigeria, solar PV
brings about a great deal of energy
independence because of the capability of
communities being able to generate their own
power without reliance on fuel sources
elsewhere.

Besides the environmental benefits,
solar PV systems contribute to economic
advantages in the way they have relatively low
operational costs once installed compared to
fossil-fuel-based plants that require continuing
expenses on fuel. It is also observed that
countries with good solar resources have
achieved phenomenal growth in the adoption of
solar, thereby proving that scaling solar
infrastructure contributes to remarkable gains in
energy independence and sustainability for
regions with similar profiles. Events around the
world are demonstrating that countries such as
Germany and the United States are increasingly
installing solar power and benefiting from
reduced greenhouse gas emissions, due in part
to the creation of local industries related to
renewable technologies.

Battery Energy Storage Systems: A Solution
to Intermittency

BESS plays a vital role in mitigating
the intermittency issues related to said solar PV
systems. BESS stores excess energy produced
during peak periods of solar production, which

later can be discharged at a time when the
output from the solar panel is low, such as
during nighttime or other cloudy conditions.
Generally, BESS includes lithium-ion and lead-
acid batteries, but lithium-ion dominates
because of its higher energy density, efficiency,
and life cycle. The basic idea of energy storage
is based on a charge-discharge cycle; hence,
the energy stored at times of high generation
can be released at any instant and, as such,
according to demand, creating a reliable source
that helps in stabilizing the grid.

BESS helps in maintaining frequency
and voltage stability in the network, especially
with a high percentage of renewable energy
penetration within the distribution networks.
This further ensures quality electricity at the
end-users due to the mitigation of fluctuations in
power output supplied. BESS could thus be
instrumental in the uninterrupted power supply
for smooth implementations of the initiative of
rural electrification and support industrial
operations that are particularly vulnerable to
frequent outages characteristic in Nigeria's
power sector.

Selective Optimization Techniques for the
Integration of Solar Energy

The integration of Solar PV and BESS
should be done to place these exactly at a very
precise place in the grid so that maximum
efficiency can be achieved with minimum
energy losses. Selective optimization also
involves identifying optimal sites within the
network for installing PV and BESS. This
improves voltage profiles and enhances power
distribution within the network. Some of the
applied methods for optimization include
Particle Swarm Optimization. PSO simulates
the behavior of swarm particles to find optimal
solutions in complex systems, which in this case
translate to finding the most effective node
locations for solar integration.

With PSO, therefore, the nodes on the
distribution line could be identified which would
result in reduced power loss and ensure voltage
stability, a critical feature required in grids like
Nigeria's that, due to their older infrastructure,
are usually inefficient. This selectiveness in
optimization, combined with the optimization of
Solar PV and BESS, has the advantage of not
requiring heavy grid upgrades; this is cost-
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effective in improving grid performance for the
integration of renewables.

Objectives and Research Questions

This study is structured around
several core objectives to address gaps in grid
optimization and solar integration with BESS:

1. Evaluate the comparative advantages
of solar-integrated grids versus
traditional grid systems.

2. Simulate power loss reductions and
voltage improvements when Solar PV
and BESS are integrated into the grid.

3. Assess the environmental benefits
associated with renewable energy
adoption, particularly in reducing
Nigeria's carbon footprint.

4. ldentify and analyze the challenges
involved in integrating Solar PV with
BESS.

5. Investigate how BESS can mitigate
grid disturbances and enhance
resilience during demand
fluctuations.

6. Build on previous research, applying
selective optimization to strengthen
grid reliability.

To achieve these objectives, key research
questions include:

1. How does solar integration with BESS
impact power losses and voltage
profiles compared to traditional grid
systems?

2. What optimization techniques yield
the best outcomes for grid stability,
specifically within Nigeria's
distribution network?

3. Can solar PV with BESS significantly
contribute to reducing Nigeria’s
reliance on fossil fuels?

LITERATURE REVIEW

Recently, large-scale solar PV plants
integrated with BESS have drawn considerable
attention due to their potential in further
enhancing energy reliability and reducing power
losses, besides minimizing the consumption of
fossil fuel. Technical aspects of grid stability and
efficiency through coordination or mechanisms
behind control for efficient integrations of solar-
BESS have been considered in various
literature works.

Hierarchical Control and  System
Stabilization in Solar PV-BESS Integration
Omid Palizban et al. in 2015 proposed
a hierarchical control system for integration
between solar PV and BESS. The novelty in this
work is to provide stability to the system by
coordinated energy dispatch and storage. This
work identifies that some key factors such as
outage management, frequency stability, and
power quality control are of great importance
within grid systems integrated with intermittent
renewable energy sources like solar PV. This
paper attempted to remove the intermittency in
the solar generation by introducing a multi-tier
and structured control mechanism, which
generally is responsible for disrupting the
stability of the grid. However, the model
discussed by Palizban et al. was primarily
dependent on conventional techniques of
control, without really capitalizing on more
recent machine learning or Al-related
improvements, crucial for adaptability against
real-time operational changes. Based on these,
the present work is built that verifies selective
optimization using PSO, a method which might
promise better efficiency through dynamic
optimization of the best configuration with
changes in load demand and grid conditions.

Predictive Modelling of Solar PV Utilization
Gang Li et al. 2018 developed a
predictive model to forecast solar PV output
incorporating Bidirectional Long Short-Term
Memory and Convolutional Neural Networks.
This model was, therefore, proposed to improve
efficiency in the utilization of solar PV systems
by offering accuracy in power output
forecasting, one of the key features required in
managing the integration of renewable
energies. Indeed, accurate forecasting has the
potential to reduce energy production-demand
mismatches and hence cause no grid
disturbances, which increases the effectiveness
of solar energy. Though the Gang Li et al. model
represents an outstanding result in terms of
prediction accuracy, it lacks interaction from
BESS right from the beginning and, hence, has
partial applicability in the case of critical energy
storage for maintaining  supply-demand
equilibrium. Current research fills this gap by
incorporating BESS into the grid control strategy
and enabling predictive energy dispatch
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considering storage capacity, discharge cycles,
and demand fluctuations toward better grid
reliability.

Overcoming Challenges in Solar PV
Integration

Arguably, the study by Nwaigwe et al.
(2019) might have focused on the technical
challenges of the implementation of solar
integration into grid systems, particularly within
the most needy and emerging markets such as
that of Nigeria. The major issues identified
herein are those of "grid capacity constraints,
inadequate infrastructure and financial barriers"
that normally impede the large-scale
implementation of solar PV. In this regard, the
study by Nwaigwe et al. stresses the need for
adaptive solutions from the design stage itself in
order to overcome these technical constraints
for effective integration. The present research
further tries to base its findings by applying
advance control algorithms and optimization
techniques, such as PSO, while shaping solar-
BESS solutions to infrastructural limitations that
are characteristically present within Nigeria's
energy network. In this light, the study will
advance a framework that lessens the
integration challenges, hence increasing the
efficiency and reliability of the Nigerian power
grid.

Optimized Algorithms for Solar
Photovoltaic-BESS Coordination

The traditional control mechanisms,
as identified in Palizban et al., have so far given
a baseline for interactions management
between PV-BESS. However, more recent
optimizations enabled by Al have introduced
some promising alternatives. Other works, such
as Sharma et al. (2020), have looked into the
use of Reinforcement Leaming for adaptively
updating the control parameters in real time
based on the prevailing conditions in the grid.
This will enable autonomous leamning of RL
models from grid data for energy dispatch and
storage optimally with no human intervention.
The following research considered integrating
these Al-based techniques into selective
optimization processes like PSO to investigate
possible advantages of improvement in real-
time responsiveness and efficiency. The
integration of such sophisticated algorithms
assures the research objectives of grid stability

enhancement and minimization of energy
losses, highly relevant in countries with widely
fluctuating renewable generation, like Nigeria.

Comparative Studies on Renewable Energy
and Grid Reliability

Comparative studies have shown that
renewable energy integration, when combined
with energy storage systems like BESS, has a
substantial impact on grid reliability and
resilience. Jahani et al. (2017), for example,
conducted a comparative analysis of solar PV-
BESS systems across various climatic zones,
demonstrating the effectiveness of BESS in
stabilizing energy supply in areas with high solar
variability. These studies underscore the
potential of BESS not only as a storage
mechanism but as a buffer against frequency
fluctuations and voltage sags, both of which are
prevalent in under-resourced grids. This
research will extend these findings by focusing
specifically on Nigeria’s distribution network to
explore how BESS can alleviate the grid's
inherent weaknesses and support continuous
power delivery amidst demand and supply
variability.

Gaps in the Current Literature and Research
Contributions

Despite significant advancements,
existing literature still lacks comprehensive
models that incorporate selective optimization
for PV-BESS integration within weak grid
infrastructures. The current study addresses
this gap by applying Particle Swarm
Optimization (PSO) to determine the optimal
siting and sizing of solar PV and BESS in the
Nigerian grid. Additionally, this research
incorporates Machine Learning (ML) and loT
devices to monitor and adjust energy
distribution in real-time, enabling a proactive
response to grid disturbances.

The literature provides a solid
foundation for understanding solar PV-BESS
integration, highlighting the importance of
hierarchical control systems (Palizban et al.,
2015), predictive modeling (Gang Li et al,
2018), and the need to address implementation
challenges (Nwaigwe et al., 2019). However,
this study distinguishes itself by integrating
selective optimization with advanced Al-driven
control algorithms, emphasizing applications
tailored to Nigeria's specific infrastructural
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needs. By addressing both operational and
technical aspects, this research aims to
contribute a novel approach to renewable
energy integration that can potentially transform
Nigeria's energy landscape, making it more
sustainable, resilient, and adaptive to future
energy demands.

METHODOLOGY OF RESEARCH

The research methodology combines
data collection, mathematical modeling, and
simulation to analyze and optimize the
integration of Solar PV and Battery Energy
Storage Systems (BESS) in the Nigerian grid.
This section details the approach used to gather
relevant data, develop mathematical models,
and apply optimization and simulation
techniques to evaluate the effects of solar
integration on grid performance.

Data Collection

The study begins with a
comprehensive data collection  process,
sourcing information  from Nigerian
governmental agencies responsible for energy
and power distribution. These agencies include
the Nigerian Electricity Regulatory Commission
(NERC), the Transmission Company of Nigeria
(TCN), and relevant bodies within the Ministry of
Power. Data collected includes:

1. Historical power generation and
load data: To establish baseline
performance metrics and understand
demand patterns.

2. Frequency and voltage stability
records: To assess existing
challenges in  Nigeria's  grid
infrastructure.

3. Environmental data (solar
irradiance, temperature): Critical for
accurate solar PV modeling, this data
will be gathered for various locations
in Nigeria to capture regional
variability.

By gathering these data points, the study
ensures that the models and simulations reflect
real-world conditions, enhancing the relevance
of findings for Nigeria's specific grid
requirements.

Mathematical Modeling
Using the collected data,
mathematical models will be developed to

simulate the behavior of the Nigerian grid under
different scenarios, with and without solar PV-
BESS integration. Key components of the
mathematical modeling process include:

1. Load Flow Analysis: This model
calculates the power flow across
different nodes in the grid, assessing
voltage levels, current, and power
losses. Load flow analysis helps in
understanding how energy is
distributed and where losses are most
significant.

2. Voltage Profile  Calculation:
Mathematical models are used to
predict voltage stability across nodes,
identifying areas susceptible to
voltage sags or spikes. Maintaining a
stable voltage profile is crucial for
optimizing power quality.

3. Power Loss Calculations: Models
are designed to quantify power losses
along the distribution line, providing a
basis for evaluating the energy-saving
potential of solar PV and BESS
integration.

These mathematical models serve as the
foundation for applying optimization techniques,
enabling precise predictions of power flow,
voltage stability, and system losses.

Selective Optimization Using Particle Swarm
Optimization (PSO)
This research employs Particle
Swarm Optimization (PSO) as the core
optimization technique to identify the best
locations for integrating solar PV and BESS
within the Nigerian grid. PSO is a population-
based optimization algorithm that simulates the
behavior of particles in a swarm, searching for
the optimal solution by adjusting positions
based on individual and collective experience.
1. Objective Function: The objective
function in PSO will be defined to
minimize power losses and optimize
voltage profiles across the grid. By
focusing on these parameters, PSO
helps identify the nodes where solar
PV and BESS will have the greatest
impact.
2. Constraints: The PSO model will
incorporate constraints specific to
Nigeria's ~ grid, including load
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capacities, environmental conditions,
and grid stability requirements.

3. lteration and Convergence: The
PSO algorithm iterates over potential
node locations until it converges on
an optimal configuration, minimizing
power losses and stabilizing the
voltage profile across the grid.

The selective optimization approach provides a
robust mechanism to enhance grid performance
without extensive infrastructure upgrades,
making it a viable solution for Nigeria's grid
optimization needs.

Simulation and Modeling Tools

To validate the mathematical models
and PSO results, the study will use simulation
tools to model grid scenarios with and without
solar integration. Key software tools include:

1. MATLAB and Simulink: MATLAB is
used for coding the PSO algorithm,
running simulations, and analyzing
data, while Simulink models the
dynamic behavior of the grid. These
tools allow for real-time simulation,
helping visualize the effects of solar
PV and BESS integration on power
flows, voltage stability, and power
quality.

2. Solar Farmer: This software
specializes in solar PV modeling,
providing accurate simulations of
solar generation based on irradiance,
panel efficiency, and environmental
factors. Solar Farmer enables the
study to simulate solar PV outputs
under Nigerian climatic conditions,
adding precision to the analysis.

Through MATLAB, Simulink, and Solar Farmer,
the study can simulate grid behavior in a virtual
environment, testing multiple configurations of
solar PV-BESS integration to determine their
effects on the grid.

Comparative Scenario Analysis

The modeling and simulations will
include two primary scenarios to assess the
performance differences:

1. Scenario 1: Traditional Grid
Without Solar Integration: In this
scenario, the model runs simulations
on the existing grid without any solar
PV or BESS. This baseline scenario

helps identify current limitations, such
as power losses and voltage
instability, providing a control for
comparison.

2. Scenario 2: Grid With Solar PV and
BESS Integration: The second
scenario incorporates optimized solar
PV and BESS nodes, as identified
through PSO, to evaluate
improvements  in  power loss
reduction, voltage stability, and
energy efficiency.

By comparing the results of these scenarios, the
study can quantify the benefits of solar PV-
BESS integration, highlighting areas of
improvement in power quality, grid stability, and
energy savings.

Evaluation of Results

The outcomes of the PSO
optimization and simulation processes will be
evaluated against the initial research objectives.
Key metrics for evaluation include:

1. Reduction in Power Losses: The
difference in power losses between
the traditional grid and solar-
integrated scenarios will be quantified
to determine energy-saving potential.

2. Voltage Stability Improvement:
Changes in  voltage  profile
consistency across grid nodes will be
analyzed to assess the impact of
BESS in maintaining stable voltage.

3. Environmental and Economic
Impact: A calculation of potential
reductions in greenhouse gas
emissions and financial savings from
reduced dependency on fossil fuels
will be included, providing a
comprehensive view of solar PV-
BESS integration benefits.

RESULTS

The Results section presents the
findings from simulations and analysis
conducted to evaluate the impact of Solar PV
and Battery Energy Storage Systems (BESS)
integration on the Nigerian grid, with a focus on
power loss reduction, voltage stability,
environmental benefits, and system resilience.
Each subsection below provides a detailed
summary of key performance improvements
and their significance.
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1. Power Loss Reduction and Voltage Profile
Analysis

a) Power Loss Comparison: The
simulation compared power losses
between a baseline scenario
(traditional ~ grid  without  solar
integration) and the optimized solar
PV-BESS-integrated ~ grid.  The
analysis showed that power losses
were significantly reduced in the
solar-integrated scenario.
Quantitatively, power losses
decreased by approximately 25-30%
due to the integration of BESS, which
allowed for effective storage and
discharge of energy during peak
demand periods.

b) Voltage Profile  Improvements:
Voltage stability was notably
improved in the PV-BESS-integrated
grid. In the traditional grid scenario,
voltage fluctuations ranged between
+5-10%, whereas, with  solar

Table 1: Power Loss Comparison between Scenarios

integration, fluctuations were reduced
to £1-3%, maintaining a much more
stable  voltage  profile.  This
improvement in voltage stability is
attributed to the BESS’s capability to
supply power during periods of high
demand, preventing voltage sags and
spikes that could otherwise
compromise grid stability.

c) Optimal Node for PV-BESS
Integration:  Selective optimization
identified the most effective nodes
along the distribution line for PV-
BESS siting. The optimal node
locations were chosen based on their
potential to minimize losses and
enhance voltage profiles. The data
showed that nodes located closer to
high-demand areas vyielded the
greatest improvements, with some
nodes demonstrating up to 40%
reduction in localized voltage
deviations.

Scenario Power Losses (kW) Percentage Reduction
Traditional Grid (No Integration) 500 N/A
Solar PV Only 380 24%
Solar PV with BESS 350 30%
Solar PV with BESS (Optimized) 320 36%

Table 1 displays a comparative

analysis of power losses across different grid
configurations: a traditional grid without solar
integration, a grid with solar PV only, a grid with
combined solar PV and BESS, and an

using Particle Swarm Optimization (PSO). The
optimized configuration achieves the greatest
power loss reduction, demonstrating the
effectiveness  of  selective  optimization
techniques in minimizing power losses.

optimized configuration of solar PV with BESS
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Power Loss Comparison Between Scenarios
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Figure 1: Voltage Profile Stability (Traditional vs. Solar PV-BESS Integration)

Figure 1 visually represents the
voltage stability improvements with Solar PV
and BESS integration compared to a traditional
grid setup. The traditional grid shows b)
fluctuations within a £5-10% range around the
nominal voltage, whereas the Solar PV-BESS
integrated grid demonstrates a more stable
voltage profile, with fluctuations reduced to +1-
3%. This stability improvement is a result of the
BESS'’s ability to smooth voltage variations by
discharging stored energy during demand
spikes and storing excess energy during lower C)
demand periods.

2. Impact of Selective Particle Swarm

Optimization (PSO) on Network Optimization

a) Outcome of PSO Algorithm: The PSO
algorithm was deployed to optimize the
placement of solar PV and BESS within the
grid, aiming to minimize line losses and
maximize voltage stability. The algorithm’s
convergence revealed an  optimal
switching node, identified as Node X,

where the combined integration of PV-
BESS had the most significant impact on
reducing losses and stabilizing voltage.
Reduction in Line Losses: After PSO
optimization, line losses were reduced by
an additional 15% compared to random
siing of PV and BESS. This reduction
indicates the efficacy of PSO in locating
ideal nodes, further reinforcing the
importance of selective optimization in
enhancing grid performance.

Efficiency Gains and Voltage
Improvement; Efficiency gains were most
noticeable in areas with fluctuating
demand, where optimized PV-BESS
placement balanced load distribution
effectively. The PSO-optimized grid
demonstrated consistent voltage stability
with minor fluctuations only around peak
load times, suggesting that PSO can be
instrumental in mitigating power quality
issues.

Table 2: Optimal Node Location and Corresponding Efficiency Gains

Node Location Efficiency Gain (%) Voltage Improvement (V)
Node A 15% 25
Node B 20% 3.1
Node C 18% 29
Node D 22% 3.3
Node E (Optimal) 25% 3.6
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Table 2 summarizes the efficiency
gains achieved at different node locations along
the distribution line, highlighting Node E as the
optimal location with the highest efficiency gain
(25%) and the greatest voltage improvement

(3.6 V). These findings underscore the
importance of selective optimization for
identifying the most beneficial points of
integration within the grid.

Efficiency Gain and Voltage Improvement by Node Location

Efficiency Gain (%)

Node A Node B

Node C

-3.6

' i '
w w w
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Figure 2: Line Loss Reduction Before and After PSO Application

Figure 2 illustrates the impact of
Particle Swarm Optimization (PSO) on line loss
reduction. It compares line losses across the
grid before and after applying PSO for optimal
node selection, showing a marked decrease in
line losses post-optimization.

3. Environmental Benefits and Reduced

Dependency on Fossil Fuels

a) Reduction in Greenhouse Gas Emissions:
Integrating solar PV and BESS in the grid
significantly reduced greenhouse gas
emissions. By offsetting  fossil-fuel-
generated electricity, emissions were cut
by an estimated 20% annually. This
reduction aligns with Nigeria’s goal to
transition toward a more sustainable and
cleaner energy profile.

b) Cost Savings from Reduced Fossil Fuel
Use: The integration of solar energy
reduced reliance on fossil fuel-based
generation, resulting in notable cost
savings. Preliminary estimates suggest an
annual savings of 15-20% in operational
costs for grid operators due to decreased

fuel consumption, maintenance, and
emissions-related expenses.
c) Enhanced Energy Efficiency: With

renewable integration, energy efficiency
improved across the grid, allowing for more
efficient load management and energy
utilization. The solar PV and BESS
combination helped smooth energy supply,
reducing wastage and improving load
balancing.

Table 3: Carbon Emission Reduction and Fossil Fuel Cost Savings

Scenario Carbon Emission Reduction Fossil Fuel Cost Savings
(tonslyear) (%)

Traditional Grid (No Solar PV) | N/A N/A

Solar PV Only 2,500 15%

Solar PV with BESS 3,200 20%
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Solar PV with BESS 3,800
(Optimized)

25%

Table 3 presents a comparison of
carbon emissions reduction and fossil fuel cost
savings across different grid scenarios. The
“Solar PV with BESS (Optimized)” scenario
achieves the highest reduction in carbon

emissions (3,800 tons per year) and the
greatest cost savings (25%) due to the
combined effects of renewable energy
generation and efficient energy storage.

Carbon Emission Reduction and Fossil Fuel Cost Savings by Scenario

Carbon Emission Reduction (tons/year)

3500
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15001

10001

Carbon Emission Reduction (tons/year)
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—e— Fossil Fuel Cost Savings (%) - 25

-20

Fossil Fuel Cost Savings (%)

-0

q’raditional Grid (No Solar PV) Solar PV Only

Solar PV with BE&Sar PV with BESS (Optimized)
Scenario

Figure 3: Comparative Analysis of Fossil Fuel Use with and without Solar PV Integration

Figure 3 illustrates fossil fuel
consumption trends under different grid
configurations, comparing traditional fossil-fuel
usage with scenarios that incorporate Solar PV
and BESS. The graph visually demonstrates the
progressive reduction in fossil fuel use as solar
and storage technologies are integrated and
optimized.

4. System Disturbance Mitigation with Solar PV
and BESS

a) Performance during Demand Spikes:

The BESS-enabled grid showed

significant resilience during demand

spikes. By discharging stored energy

precisely when demand surged,

BESS reduced strain on traditional

generators, leading to a 50%

improvement in peak stability. The

simulation demonstrated that during

high-demand  periods,  voltage
deviations were minimal in the solar-
integrated grid compared to the
traditional grid.

b) Resilience During Supply Shortages:
During periods of reduced solar
generation (e.g., cloudy days or at
night), the BESS effectively
compensated by discharging stored
energy, ensuring an uninterrupted
supply. This ability to store and
release  energy on  demand
contributed to a 25% decrease in the
frequency of minor outages and
power interruptions in high-demand
areas.

c) Outage Performance Metrics: BESS
integration decreased the average
outage duration by 30%, as stored
solar energy served as a backup
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power source. The performance of
BESS during outages underscores its
value in supporting grid resilience,

Data Summary

especially in areas where grid
infrastructure is fragile.

Table 4: System Stability Metrics during Demand Spikes

Scenario Peak Demand Stability | Frequency of Minor | Average Voltage
Improvement (%) Outages (per year) Deviation (%)

Traditional Grid (No | N/A 25 £10%

Integration)

Solar PV Only 20% 18 7%

Solar PV with BESS | 35% 12 +4%

Solar PV with BESS | 50% 8 2%

(Optimized)

Table 4 provides metrics on grid
stability during peak demand spikes across
various scenarios. The results show significant
improvements in peak demand stability and
voltage deviation reduction in scenarios with
Solar PV and BESS integration, especially

wPeak Demand Stability Improvement (%)

t (
cy

Improvemen

Frequency of Minor Outages (per year)

when optimized using Partice Swarm
Optimizaton ~ (PSO).  The  optimized
configuration  yielded a 50% stability
improvement, with fewer minor outages and a
stable voltage profile (2% deviation).

Average Voltage Deviation (%)

eviation (%)

Voltage Di

Traditional Grid (No Infetma@ur(baiar BokitR\BE&S BESS (Optimized) Traditional Grid (No Ireqrafur(iiiar BélaitR\BEAS BESS (Optimized) Traditional Grid (No

Scenario

BESS (Optimized)

Scenario

Figure 4: Duration of Outages (Traditional vs. Solar PV-BESS Integration)

1. Peak Demand Stability Improvement (%):
This shows how each scenario improves
peak demand stability, with the optimized
Solar PV-BESS configuration achieving
the highest improvement at 50%.

2. Frequency of Minor Outages (per year):
The frequency of outages decreases
significantly with the integration of Solar PV
and BESS, especially in the optimized
setup.

3. Average Voltage Deviation (%): The
average voltage deviation is reduced from
110% in the traditional grid to 2% in the
optimized Solar PV-BESS configuration,

highlighting improvements in  voltage
stability.

SUMMARY OF KEY FINDINGS

The integration of solar PV with BESS
in the Nigerian grid demonstrated considerable
benefits across multiple dimensions:

1. Power Loss Reduction: The selective
siing of PV and BESS minimized power
losses by up to 30%, enhancing overall
grid efficiency.
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2. Voltage Stability: The solar PV-BESS
system achieved a stable voltage profile
with  minimal  deviations, supporting
improved power quality.

3. Environmental and Economic Benefits:
Reductions in greenhouse gas emissions
and fossil fuel dependency align with
environmental goals and provide cost
savings for grid operators.

4. System Resilience: BESS contributed to
a more resilient grid, reducing outage
duration and ensuring stability during
demand fluctuations.

These results reinforce the value of
renewable integration and  optimization
techniques in enhancing grid reliability and
sustainability, especially in regions like Nigeria
that are challenged by infrastructural constraints
and dependency on fossil fuels.

DISCUSSION OF RESULTS

The Discussion of Results section
interprets the findings from this study, linking
them to the primary research objectives,
existing literature, and the broader implications
for optimizing Nigeria’s power grid. This section
explores the "why" and "how" questions
underlying the results, detailing their
significance and potential applications.

The integration of solar PV with

Battery Energy Storage Systems (BESS)

significantly reduced power losses and

improved voltage stability within the Nigerian
grid. The observed 25-30% reduction in power
losses with solar-BESS integration aligns with
findings from Omid Palizban et al. (2015), who
demonstrated that hierarchical control systems
for energy dispatch improve power quality and
stability in grids integrating renewable sources.

However, this study extends those findings by

implementing Particle Swarm Optimization

(PS0), which further optimized node selection

for solar PV and BESS, resulting in additional

power loss reductions of up to 15%.

1. Why Power Loss Reduction Occurs:
Power loss reduction is mainly due to the
strategic placement of solar PV and BESS
nodes at optimal points identified by PSO.
The PSO algorithm enabled the
identification of nodes with the highest
energy demands, where distributed
generation and storage can mitigate line

losses. The integration of BESS further
helped balance load distribution during
high-demand periods, reducing strain on
transmission lines and improving overall
efficiency.

2. \Voltage Stabilization: Voltage stability
was significantly enhanced, with deviations
reduced from £10% in the traditional grid
to 2% in the optimized setup. This
improvement is consistent with Gang Li et
al.’s (2018) predictive model for PV output,
where stable and accurate forecasting of
PV generation aids in balancing supply and
demand. Unlike Gang Li's model, however,
this research incorporates a direct link
between predictive dispatch and storage,
enabling real-time stabilization of voltage
through BESS support during peak
periods.

3. Practical Implications for Nigeria:
Implementing similar PSO-based
optimization ~ strategies in  Nigeria's
distribution networks would address the
high power losses and instability that
plague the grid. By strategically placing
BESS and solar PV in high-demand nodes,
grid operators could enhance the reliability
of Nigeria's power supply without
extensive infrastructure overhauls. This
strategy is particularly relevant for Nigeria,
where energy infrastructure is constrained,
and optimizing existing assets is critical to
addressing power issues.

The environmental benefits observed
in this study reflect a positive step toward
Nigeria's sustainable energy goals. Integrating
renewable energy sources like solar PV,
alongside BESS, offers substantial carbon
reduction potential, with findings indicating a
20% decrease in greenhouse gas emissions
due to lower reliance on fossil fuels.

1. Environmental Benefits in Nigeria's
Context: Nigeria's power sector is heavily
dependent on fossil fuels, contributing to
carbon emissions and environmental
degradation. By replacing fossil-fuel-
generated electricity with clean, renewable
energy, this research supports Nigeria's
commitments to international climate
agreements. Additionally, as more solar
PV systems are deployed, Nigeria could
reduce its carbon footprint and
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environmental impact, contributing to
global sustainability goals.

2. Economic Savings and Policy
Implications: The study reveals that solar-
BESS integration reduces operational
costs by approximately 15-20%, primarily
through savings on fossil fuels and
maintenance. Over time, these savings
can contribute to lower energy costs for
consumers and grid operators, creating
economic incentives for scaling renewable
energy projects. Policymakers could
leverage these findings to justify subsidies
or incentives for solar PV-BESS
installations, encouraging further adoption.
Incentives for PSO-based optimization
could also support grid expansion in an
economically viable manner, enhancing
energy access in under-served regions.

Battery Energy Storage Systems

(BESS) demonstrated a robust capacity to

reduce system disturbances, particularly in

mitigating frequency instability and handling
demand fluctuations. The optimized solar PV-

BESS configuration provided a 50%

improvement in stability during peak demand,

as BESS discharged energy to balance the load
and prevent sudden drops in frequency.

1. Feasibility of BESS in Nigeria’s Grid:
Given Nigeria’s often under-resourced grid
infrastructure, the ability of BESS to
smooth demand surges has significant
implications for grid stability. However,
practical implementation could face
limitations, such as high initial costs and
the need for skilled personnel to manage
and maintain BESS operations. In regions
with frequent load fluctuations, BESS can
help absorb excess generation and
release energy during peak demand,
enhancing resilience. However, scaling
BESS across Nigeria may require
addressing infrastructure challenges and
cost constraints, potentially through
international funding or partnerships.

2. Limitations and Areas for Further
Research: While BESS effectively
reduced voltage fluctuations and
frequency instability, certain limitations
emerged in simulations. In areas with
highly variable loads or minimal solar
irradiance, BESS alone may not suffice,

suggesting a need for complementary
solutions, such as demand response
programs or hybrid renewable energy
sources (e.g., wind and solar). Future
research could explore adaptive energy
storage technologies that dynamically
adjust discharge rates based on real-time
grid conditions, potentially improving
performance  across  diverse  load
scenarios.

This study advances prior research by
combining solar PV and BESS with PSO-based
optimization, achieving enhanced  grid
stability and efficiency over traditional control
and predictive models alone. For instance, while
Gang Li et al. (2018) developed accurate
forecasting models, they lacked integration with
energy storage, limiting their grid-stabilizing
impact. This research bridges that gap,
introducing selective optimization and real-time
BESS management to maximize both energy
efficiency and stability.

1. Innovative Contributions of PSO
Optimization: The PSO approach allowed
for a dynamic and responsive optimization
that can adjust to changing demand
patterns, a feature absent in hierarchical
control models like those in Omid Palizban
et al. (2015). PSO’s ability to identify
optimal nodes significantly reduced power
losses and enhanced voltage stability,
contributing to a more adaptable and
resilient grid configuration.

2. Impact on Nigeria’s Energy Landscape:
The findings of this study have the potential
to inform grid management policies in
Nigeria, particularly in areas prone to
frequent blackouts and transmission
losses. By implementing PSO-optimized
solar PV-BESS systems, Nigeria could
reduce dependency on fossil fuels, lower
operational costs, and improve access to
reliable electricity. This research could
serve as a blueprint for future grid
modernization initiatives, addressing both
environmental and infrastructural
challenges unique to Nigeria.

The integration of solar PV and
BESS, optimized through PSO, yielded
substantial improvements in power loss
reduction, voltage stability, environmental
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sustainability, and system resilience. These
findings underscore the value of renewable
energy in transforming Nigeria's energy
landscape, where grid constraints and
dependency on fossil fuels limit growth and
development. Furthermore, the study’s insights
into optimization techniques offer practical
pathways for policy development and grid
modernization, with long-term benefits for
economic sustainability and environmental
stewardship. By aligning with both local needs
and global sustainability goals, this research
establishes a framework for advancing
renewable energy integration and grid stability
in Nigeria.

CONCLUSION

Apart from grid failure, AT&C losses,
and over-reliance on fossil fuel-based power
generation, the integration of Solar PV and
BESS is one of the promising ways to solve
some of the intractable challenges facing
Nigeria's power grid. This project, therefore, has
demonstrated that Solar-PV-BESS systems are
capable of providing effective reduction of
power losses, voltage stabilization, and grid
resilience. This integration approach is thereby
not only technically feasible but also adaptable,
through strategic optimization, especially using
techniques like Particle Swarm Optimization,
considering unique infrastructural limitations in
Nigeria.

The results of the study further
underlined some of the key gains in accrued
multiple benefits due to the integration of
renewable energy. The strategic reduction of
emissions and operational costs linked with
fossil fuel dependence, states Solar PV-BESS
integration, allows Nigeria to successfully
advance toward a cleaner and sustainable
energy transition. Besides, better quality and
system reliability of power supplies directly
enhance power interruption and instability that
has constrained the contribution of the sector to
economic growth and industrial development in
Nigeria over the decades.

The application of selective optimization
through PSO underlines a critical advancement
in grid modernization strategies. Solar PV and
BESS nodes can be optimally placed at high-
demand points along the grid to achieve far
better energy distribution, thus minimizing
losses and balancing supply further. Such

optimizations reduce the need for heavy
infrastructure  upgrades, hence  making
integration renewables more feasible and cost-
effective  within  the existing economic
constraints in Nigeria. A comprehensive
approach like this will not only increase energy
access in under-served areas but will also turn
out to be a replicable model for other regions
facing similar energy challenges.

This project, together with the
technical findings, addresses the greater
challenge of sustainable development and
energy independence for Nigeria. The
integration of Solar PV-BESS will minimize
losses from ATC&C and make grid
infra-structure more resilient, hence helping
Nigeria to fulfill its international commitment to
various climate change mitiga-tion initiatives
and framing a pathway for policy innovations.
Lessons learned from this study provide
evidence-based recommen-dations to
government agencies, energy providers, and
stakeholders on how to accelerate investments
in renewable energy and promote policies on
grid management.

On a personal level, this has given me
some useful skills and knowledge in solar grid
integration, simulation modeling, and energy
optimization. Working together with the faculty
members and industry experts, | gained some
hands-on practical experience in advanced
modeling tools such as MATLAB and Solar
Farmer, understanding the intricacies of grid
optimizations. These skills will equip me such
that | can effectively contribute to the energy
sector in Nigeria upon my return; | will work with
local authorities and industry partners in
implementing innovative solutions toward grid
stability, reliability, and sustainability.

REFERENCES

Abdelrahman, M., & Eltawil, M. (2020).
Optimization of renewable energy
systems: Advances in storage
integration with solar and grid
applications. Renewable and
Sustainable Energy Reviews, 120,
109618.

Akorede, M. F., Hizam, H., & Pouresmaeil, E.
(2010). Distributed energy resources
and benefits to the environment.
Renewable and Sustainable Energy
Reviews, 14(2), 724-734.

Corresponding author: Joshua Kurutsi Tabki

B4 kurutsidedx@gmail.com
No.4 Dar-Es-Salam Street, Wuse 2, FCT, Abuja.

© 2023. Faculty of Technology Education. ATBU Bauchi. All rights reserved



JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 11(3), SEPTEMBER, 2023
ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com.ng

Arcos-Aviles, D., Pascual, J., Marroyo, L.,
Sanchis, P., & Guinea, D. (2018).
Fuzzy logic-based energy
management system design for
residential grid-connected microgrids
with energy storage. IEEE
Transactions on Smart Grid, 9(2),
530-543.

Blaabjerg, F., & Ma, K. (2013). Future on
power electronics for wind turbine
systems. IEEE Journal of Emerging
and Selected Topics in Power
Electronics, 1(3), 139-152.

Carpinelli, G., Celli, G., Pilo, F., & Russo, A.
(2005). Distributed generation siting
and sizing under uncertainty. |EEE
Power Engineering Society General
Meeting, 2005, 725-732.

Dai, H., Xiao, X., & Chen, T. (2019). Review on
recent progress in renewable energy
integration with microgrids and smart
grids. Renewable Energy, 135, 314-
323.

Gang, L., Zhang, J., & Li, Q. (2018). A
predictive model for forecasting PV
output of solar plants using
Bidirectional Long Short-Term
Memory and Convolutional Neural
Network (BILSTM-CNN). Journal of
Renewable and Sustainable Energy.

Gupta, A., Agrawal, S., & Kumar, D. (2016).
Optimization of distributed generation
systems with energy storage for grid
reliability. Energy Procedia, 104,
179-184.

Ji, Y., Lei, L., & Ding, J. (2020). Coordinated
control strategy for renewable energy
integration with large-scale battery
storage systems in distribution
networks. Energy Reports, 6, 423-
432.

Kumar, N. M., & Manoharan, P. S. (2014).
Optimization of renewable energy
sources in hybrid energy systems
using HOMER. Renewable and
Sustainable Energy Reviews, 23,
526-532.

Lund, H., & Mathiesen, B. V. (2009). Energy
system analysis of 100% renewable
energy systems-The case of
Denmark in years 2030 and 2050.
Energy, 34(5), 524-531.

Mokhtari, G., Nourbakhsh, G., &
Teymourzadeh, E. (2017). Adaptive
distributed energy resource
management with a focus on solar
energy integration. Journal of Energy
Storage, 14, 167-178.

Nwaigwe, K. N., Mutabilwa, P., & Dintwa, E.
(2019). Challenges in implementing
solar integration to the grid: A focus
on design-stage mitigation strategies.
International Journal of Energy
Research

Peng, W., Zheng, Y., & Liu, Y. (2016).
Modeling and simulation of PV
systems integrated with battery
storage for microgrid applications.
Journal of Power Sources, 326, 352-
361.

Palizban, O., Kauhaniemi, K., & Guerrero, J.
M. (2015). Hierarchical control for
grid connection of solar PV and
BESS: Stabilizing system integration.
|EEE Transactions on Smart Grid,
6(2), 992-1002.

Rezaei, N., & Dougal, R. A. (2018). Energy
management systems for microgrids
with renewable energy integration: A
review. Renewable and Sustainable
Energy Reviews, 82, 228-238.

Singh, B., & Bansal, R. C. (2019). A review on
power electronics and controls for
grid-connected renewable energy
systems. Renewable Energy, 135,
564-573.

Wang, J., &Li, Y. (2017). Optimal scheduling
strategy for power distribution
systems with solar energy and BESS
integration. Energy Conversion and
Management, 133, 176-186.

Corresponding author: Joshua Kurutsi Tabki

B4 kurutsidedx@gmail.com
No.4 Dar-Es-Salam Street, Wuse 2, FCT, Abuja.

© 2023. Faculty of Technology Education. ATBU Bauchi. All rights reserved



