CENTRAL ASIAN JOURNAL OF
THEORETICAL AND APPLIED
SCIENCE

https://cajotas.centralasianstudies.org/index.php/CAJOTAS
Volume: 06 Issue: 03 | July 2025 ISSN: 2660-5317

Article

Integrating Advanced Battery Technologies Into PV Energy Systems To
Enhance Sustainability

Basim Jabbar Majeed!, Roaa Wahhab Mohammed?

1.  Babylon Technical Institute, Al-Furat Al-Awsat Technical University, Babil, Iraq
2. Babylon Technical Institute, Al-Furat Al-Awsat Technical University, Babil, Iraq

* Correspondence: basimjbar1983@gmail.com, roaa.ka86@gmail.com

Abstract: Recently, it has been noted that renewable energy in general, and photovoltaic energy in
particular, are leading solutions as an alternative to conventional energy sources. However,
radiation fluctuations and deflection are among the main challenges that lead to power
intermittency. Therefore, the focus has shifted toward integrating batteries with power systems,
which in turn will reduce dependence on fossil fuel-powered plants, increase efficiency, improve
energy availability, improve grid stability, and utilize surplus energy for peak demand.This
research will propose solutions that integrate battery technologies with photovoltaic systems,
including providing surplus energy and eliminating the need for peak demand. This strategy will
be adopted to extend battery life by discussing charging and discharging techniques, as well as
energy management. The latest battery technologies and their various types, including lithium,
solid-state, and sodium-ion, will also be reviewed. In conclusion, we review the solutions found to
improve the performance of integrated systems between battery technologies and energy storage
policies, and their role in enhancing the sustainability of renewable energy system integration.
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1. Introduction

Solar energy is gaining importance as it stands out as a key renewable energy source
thanks to its widespread availability. As future studies and initiatives concentrate on
advancing electrical power generation, solar energy emerges as a promising natural
source due to its accessibility [1]. Economically viable and kind to the environment, solar
energy operates without the need for generators, eliminating dependence on fossil fuels
like o0il, natural gas, and coal for functionality.[2], [3].

It is an environmentally friendly source that supports sustainable development. The
main challenge to energy stability arises from fluctuating climate conditions, making
integrating energy storage batteries crucial for enhancing reliability. Energy storage
batteries are particularly effective because they store energy during surplus periods and
supply it during peak demand. The diversity of battery types is essential for finding
effective solutions for energy integration, which includes improving performance,
reducing losses, increasing efficiency, and extending battery life [4]. Hence, the differences
are based on system requirements and actual needs (cost, capacity, and maintenance).
Some of the battery types are:

1. Lithium-ion batteries: These have emerged with great force and are characterized by
their availability, high energy density, long life, and extended discharge times.
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2. Lead-acid batteries: They have been well-known in the market since the advent of
batteries and are characterized by their availability, low cost, reliability, and ease of
maintenance.

There are also gel batteries, nickel-cadmium batteries, and other types, which offer
advantages including good performance and low maintenance, etc [5], [6]

Literature Review

This article addresses the design of a solar system with a maximum tracking point
based on the P&O algorithm to minimize losses, achieve optimal performance under
shading conditions and varying temperatures, and provide energy at different times,
especially peak times [7], [8].

In this article, a promising technology in energy systems and storage is discussed,
using hydrogen battery storage technology, based on operating time definitions and solar
power. It is then compared with lithium-ion batteries in several aspects, including
performance, degradation, grid dependency, longer lifespan, charging and discharging
times, and their suitability and evaluation for solar system applications [9].

Integrated storage systems with photovoltaic energy generated from alternative and
innovative solutions were also adopted compared to traditional storage systems. The
energy stages, from generation to storage and use, were analyzed and reviewed, along
with the future potential for developing storage systems [10], [11].

This research discusses developments in energy production to eliminate traditional
power plants that produce gases by burning fossil fuels. Promising technologies in energy
storage and management are also discussed, given their critical importance. Lithium-ion
batteries, with their electrochemical properties, are used and integrated with renewable
energy systems, electric vehicles, and industrial purposes [12]. The batteries used vary
according to performance and system requirements. Their available capabilities in terms
of charging and discharging speeds, and battery lifespan, are studied. All of these factors
lead to unbalanced operation, thus increasing efficiency by providing a highly efficient
charger with typical electrochemical components and standard specifications [13], [14]

2. Materials and Methods
Proposed System Design

This design takes into account criteria that lead to optimal performance, reduced
losses, and high efficiency. This is achieved by integrating it with smart energy systems
management. Energy storage and heat dissipation will be tested and analyzed from an
economic perspective.

Components

1. Energy storage system: These are batteries (such as solid-state or lithium-ion). Each
type is used based on system requirements, cost, operation, and other requirements.
Capacity is measured in ampere-hours.

2. Heat dissipation: Heat is reduced using several techniques, including: (nanomaterial
cooling, traditional methods, such as water and air cooling, depending on design
requirements). Temperature sensors control and monitor temperatures within design
limits (greater than 17.9 and less than 60.1 degrees Celsius). Temperature sensors
control and monitor temperatures (18°C, 25°C, 35°C, 50°C, and 60°C).

Simulation using MATLAB

1. Discover battery performance by testing it under different temperatures.

2. Evaluate efficiency and then calculate battery power loss.

3. Determine cost-effectiveness calculations and compare them with conventional
designs.

4. Evaluate performance and calculate reliability over a specified period of charge and
discharge cycles.
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3. Results and Discussion
Figure 1 illustrates the degradation of battery capacity over repeated charge-
discharge cycles.

y Battery Capacity Degradation Over Cycles
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Figure 1. Battery Capacity Degradation Over Cycles
Figure 2 displays the battery efficiency degradation over usage cycles.
The battery's energy conversion efficiency drops over time due to internal resistance
and chemical wear. This figure quantifies the loss in efficiency, demonstrating the need
for thermal and electrical management.
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Figure 2. Battery Efficiency Degradation Over Cycles

Figure 3 presents the economic cost associated with battery degradation.

As batteries degrade, maintenance, replacement, and performance-related energy
costs increase. This chart provides a dynamic visualization of how economic losses
escalate as performance deteriorates.
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Figure 3. Economic Cost of Battery Degradation

Figure 4 highlights the economic cost impact at various temperature levels.

High operating temperatures increase degradation rates and shorten battery lifespan.
This figure compares economic losses at different temperatures, showing that elevated
temperatures cause significantly higher cumulative costs.
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Economic Cost by Temperature Impact
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Figure 4. Economic Cost by Temperature Impact
Figure 5 reveals capacity degradation over time under continuous operation.
Unlike Figure 5, which focuses on cycles, this figure examines capacity fading strictly
as a function of time, indicating the natural aging process even under minimal load or
controlled wusage conditions. Figure 6 focuses on efficiency variation over

charging/discharging cycles [15], [16].
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Figure 5. Battery Capacity Degradation Over Time
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Figure 6. Battery Efficiency Over Cycles
Figure 7 revisits the economic cost of degradation, consolidating long-term data. This
visualization aggregates cost factors including replacement, downtime, and energy losses,
providing a macro-economic picture of degradation impacts.
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Figure 7. Economic Cost of Battery Degradation
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Figure 8 evaluates energy losses due to inefficiencies in the battery system. Losses
arise from poor thermal management, inefficient charge controllers, and aging battery
components. This chart dissects these losses into categories to inform optimization

strategies.
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Figure 8. Energy Losses Due to Inefficiencies
Figure 9 assesses battery reliability over time.Reliability is measured as the probability
of the battery functioning within expected parameters. This figure shows a sharp
reliability drop at higher operational temperatures and extended use, underscoring the
need for proactive battery management. Figure 10 shows the correlation between

deterioration, cost, and discharge rates.
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Figure 9. Battery Reliability Over Time
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Figure 10. Deterioration, cost and discharge.

Figure 11 integrates battery efficiency, energy losses, and charging efficiency. This
comprehensive figure evaluates the balance between input (charging), output (discharge),
and losses. It is essential for validating energy management algorithms and

charger/controller design.
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Figure 11. Battery efficiency, losses, and charging efficiency.
Comparative features between current and previous works are presented in Table 1,
where our model demonstrates superior simulation range, economic modeling, and
practical recommendations, including Al-enhanced thermal control.
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Table 1. shows the features of the current design and some previous studies.

NO. Criterion Sources Previous Studies Current Research
Number of Only two FIVE temperatures
Zh tal., W
1 simulated ans th :1 ang temperatures (18°C, 25°C, 35°C,
temperatures N 25, 50 °C 50°C, 60°C)
D ic Analysis of
Simulation without ynamic Analysis o
. Chen et al., . . Losses Due to
2 Economic Cost Economic Analysis ..
Zhao et al., Deterioration
ithout I
Integrating . Without n‘fegrated Integrated Tracking of
o Liu et al., Chen et Analysis of s
3 Reliability and Lo Reliability and
.. al., Reliability and .
Efficiency . Efficiency
Efficiency
Performance and Comprehensive
o Zhao et al,, without long-term simulation of
4 Reliability Li 1 . )
. . luetal, simulation performance and
Simulation s
reliability
5 Dynamic Modeling Wang et al., Only theoretical Reliability, Losses,
Efficiency Kumar et al,, equations were used and Heat
lculati d
Thermal and Zhang et al., Ca C,u ating an
6 . Losses not analyzed | Analyzing Losses and
Electrical Losses Zhao et al.,
the Effect of Heat
Analysis of Efficiency,
” Dvnamic Analvsis Liuetal., Focused on a Single Performance,
y y Zhang et al., Factor Reliability, and
Economics
Practical Soluti
Practical Kumar et al., Focus on Theoretical ractical So ut1on's
8 . such as Smart Cooling
Recommendations Zhao et al., Results
and Al Control
. Chen et al,, Simple economic Calculates cumulative
9 Economic model .
Zhao et al., analysis only cost
Wang et al., Chen Limited Graphs with | Interactive Gr.aphs of
10 Graphs ot al Constant Degradation,
i Performance Reliability, and Losses
Discussion.

Through our research, we have reached conclusions related to the integration of

battery performance with photovoltaic energy. It was found that efficiency decreases,
capacity deteriorates, and battery life is reduced as a direct result of high temperatures.
Therefore, a power management and temperature control system was designed using
machine learning and artificial intelligence techniques. Furthermore, processors were
applied to optimize the battery's internal electrochemistry, reducing battery degradation
by up to 50% and improving performance and efficiency by more than 8%. Simulation
results also demonstrated stable performance and high reliability under high-temperature
operating conditions thanks to intelligent control technologies and cooling systems. Cost-
effectiveness was also demonstrated.

4. Conclusion

It was observed that temperature and its management are important factors that
directly impact battery life and efficiency. Design optimization results also demonstrated
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higher reliability, better performance, and lower energy losses in the improved batteries
compared to conventional designs.

Through artificial intelligence and smart technologies, we were able to reduce energy
consumption by improving charge and discharge management, which also contributed to
economic sustainability.

Future Proposals

Develop innovative cooling systems using liquid refrigerants or phase change
materials (PCMs) to improve battery stability.

Using artificial intelligence, expanding usage patterns, and testing a greater number
of temperature variations.

Studying other environmental conditions, such as humidity and atmospheric
pressure, and analyzing their impact on battery performance in solar systems.

Testing battery types that offer higher efficiency and longer life, such as solid-state
batteries, compared to conventional technologies.

To improve energy stability, hybrid grids are being created by combining renewable
energy sources (wind and solar) to reduce reliance on conventional storage.
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