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Abstract: This paper presents a comparative analysis of different battery charging strategies for off-grid solar
PV systems. The strategies evaluated include constant voltage charging, constant current charging, PWM
charging, and hybrid charging. The performance of each strategy is evaluated based on factors such as battery
capacity, cycle life, DOD, and charging efficiency, as well as the impact of environmental conditions such as
temperature and sunlight. The results show that each charging strategy has its own advantages and limitations,
and the optimal approach will depend on the specific requirements and limitations of the off-grid solar PV
system. The study provides valuable insights into the performance and effectiveness of different battery
charging strategies, which can be used to inform the design and operation of off-grid solar PV systems. The
paper concludes that the choice of charging strategy depends on the specific requirements and
limitations of the off-grid solar PV system, and that a careful analysis of the factors that affect
performance is necessary to identify the most appropriate approach. Also provides valuable insights
for designing and optimizing off-grid solar PV systems, which can help to improve the efficiency,
reliability, and cost-effectiveness of these systems.
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1. Introduction

The use of off-grid solar photovoltaic (PV) systems has increased due to the global shift towards
renewable energy. These systems offer a dependable and sustainable source of electricity to remote
areas that lack grid connectivity [1-3]. To ensure their success, off-grid solar PV systems require an
efficient energy storage system, usually in the form of a battery. The battery storage system's
performance is influenced by several factors, including the battery charging strategy [4-6], which has
a significant impact on the overall off-grid solar PV system performance [7]. Various battery charging
strategies are employed in off-grid solar PV systems, each with their own advantages and
disadvantages. This study compares different battery charging strategies for off-grid solar PV
systems, focusing on their effects on system performance and battery life. Off-grid solar PV systems
are increasingly popular in remote areas where grid connectivity is unreliable or nonexistent [9].
These systems use batteries to store excess solar energy generated during the day, which is used to
power devices and appliances at night or during overcast weather conditions [10]. The battery storage
system plays a critical role in the performance and reliability of off-grid solar PV systems, ensuring a
consistent and reliable supply of electricity [11-13].

Effective battery charging strategies are essential to ensure optimal battery performance and
longevity in off-grid solar PV systems [14]. There are several battery charging strategies available,
such as constant voltage, constant current, pulse charging, and float charging. Each strategy has its
advantages and disadvantages and can impact battery performance, system efficiency, and overall
system cost [15,16].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Off-grid solar PV systems are self-contained renewable energy systems that generate electricity
using solar panels and store excess energy in batteries for later use [17]. Unlike grid-tied solar PV
systems, off-grid systems are not connected to the utility grid and are often used in remote areas
where grid electricity is not available or is unreliable [18,19]. Off-grid solar PV systems consist of
several components, including solar panels, batteries, charge controllers, inverters, and sometimes
backup generators. Solar panels generate DC electricity from sunlight, which is then converted into
usable AC electricity by the inverter [20,21]. The batteries store excess energy generated by the solar
panels for later use when there is no sunlight available. The charge controller regulates the flow of
energy between the solar panels and batteries to prevent overcharging or undercharging [22-24]. Off-
grid solar PV systems can be designed to meet different energy needs, from powering a small cabin
or RV to providing electricity to an entire village. The size and capacity of the system depend on
several factors, including the energy demand, location, available sunlight, and budget [25]. Off-grid
solar PV systems offer several benefits, including lower energy costs, independence from the grid,
and reduced environmental impact [26]. However, they also require careful planning, design, and
maintenance to ensure reliable and efficient performance. The optimization of battery charging
strategies is crucial for improving the performance and efficiency of off-grid solar PV systems [25].

2. Materials and Methods

Battery storage is a critical component of off-grid solar PV systems because it allows for the
storage of excess energy generated by the solar panels for later use when there is no sunlight
available. In other words, it enables energy to be stored for use during nighttime or on cloudy days
[27]. Battery storage allows off-grid solar PV systems to be more reliable and efficient by providing a
stable source of power even when solar panels are not generating electricity. Without battery storage,
off-grid solar PV systems would only be able to provide electricity during the day, which may not
meet the energy demand of the user [28]. Moreover, battery storage can help reduce the size and cost
of off-grid solar PV systems by reducing the need for larger solar panels or backup generators. This
is because batteries can store excess energy during peak sunlight hours and release it when energy
demand is high, reducing the need for additional energy-generating components [29]. Battery storage
also enables off-grid solar PV systems to be more sustainable and environmentally friendly by
reducing the dependence on fossil fuels for backup power [4]. This is particularly important in remote
areas where grid electricity is not available, and reliance on diesel generators can be expensive and
environmentally damaging [30].

There are several battery charging strategies used in off-grid solar PV systems, and each strategy
has a different impact on the system's performance. Some of the commonly used battery charging
strategies include [31]:

(1) Constant voltage charging: This strategy involves charging the battery at a constant voltage
level until the battery is fully charged. This strategy is simple and cost-effective, but it can lead to
overcharging and reduce battery life.

(2) Pulse charging: This strategy involves charging the battery with short bursts of high current
followed by a period of rest. This strategy can improve the battery life by preventing sulfating, but it
may also increase the risk of overcharging [32].

(3) Float charging: This strategy involves maintaining a constant voltage level to keep the battery
fully charged. This strategy is ideal for batteries that are not frequently used, but it may not be suitable
for batteries that are subjected to heavy use [33].

(4) Smart charging: This strategy involves using advanced algorithms to monitor the battery's
state of charge and adjust the charging voltage and current accordingly. This strategy can optimize
battery charging and improve battery life, but it can be more complex and expensive [27].

The choice of battery charging strategy depends on several factors, including the battery type,
temperature, and state of charge. The wrong choice of strategy can lead to poor system performance,
reduced battery life, and increased maintenance costs [34,35]
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3. Type of battery using in solar system

Solar systems typically use deep cycle batteries to store energy generated from solar panels.
These batteries are designed to discharge a large amount of energy over an extended period, which
makes them ideal for solar power systems that require a steady stream of energy [36]. Deep cycle
batteries come in several different types, including lead-acid, lithium-ion, and nickel-cadmium [37].
The most used deep cycle battery for solar systems is the lead-acid battery because it is affordable,
reliable, and widely available. However, lithium-ion batteries are becoming increasingly popular due
to their higher energy density and longer lifespan [38].

There are several types of batteries that can be used in a solar system, but the most used are:

(1) Lead-acid batteries: These are the most common type of batteries used in solar systems. They
are reliable, durable, and have been in use for many years. They are also relatively inexpensive [39].

(2) Lithium-ion batteries: These batteries are becoming increasingly popular due to their high
energy density and long lifespan. They are more expensive than lead-acid batteries, but they have a
longer lifespan and are more efficient [39].

(3) Nickel-cadmium batteries: These batteries are known for their durability and ability to
withstand extreme temperatures. They are more expensive than lead-acid batteries, but they are a
good option for harsh environments [40].

(4) Flow batteries: These batteries use a liquid electrolyte and can store large amounts of energy.
They are more expensive than other types of batteries but can be a good option for large-scale storage
systems [41].

4. Characteristics of Battery charging using in off grid

When charging batteries using an off-grid system, there are several characteristics that are
important to consider:

(1) Charging voltage: The charging voltage must be carefully controlled to prevent overcharging
or undercharging the batteries. Too much voltage can damage the battery, while too little voltage
may not fully charge the battery [42].

(2) Charge current: The current supplied to the battery during charging must also be carefully
controlled. If the current is too high, the battery can overheat and be damaged. If the current is too
low, the battery may not fully charge.

(3) Charging time: The charging time depends on the capacity of the battery and the charging
rate. It is important to allow enough time for the battery to fully charge without overcharging it [43].

(4) Temperature: The temperature of the battery and the charging environment can affect the
charging process. Batteries should be charged at a moderate temperature, ideally between 20°C and
25°C [44].

(5) Battery type: Different types of batteries have different charging requirements. For example,
lead-acid batteries require a different charging method than lithium-ion batteries.

(6) Charging controller: An off-grid charging system should include a charging controller to
regulate the charging voltage and current, and to prevent overcharging and undercharging of the
batteries [45].

(7) Charging source: The charging source can be solar panels, wind turbines, generators, or a
combination of these. The charging source must be able to provide enough power to fully charge the
batteries [46].

Here are some tables summarizing the characteristics of battery charging using an off-grid system:

Table 1. Charging voltage and current characteristics for different battery types.

Battery Type Charging Voltage Charging Current
Lead-acid 13.8-144V 10 - 20% of C
Lithium-ion 4.2V per cell 05-1C
Nickel-cadmium 1.5-1.6 V per cell 0.1-03C

* Note: C refers to the capacity of the battery in ampere-hours (Ah)
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Table 2. Charging temperature recommendations for different battery types.
Battery Type Charging Temperature Recommended Charging Controller
Lead-acid 20 - 25°C PWM or MPPT with float charging
Lithium-ion 10 - 30°C MPPT with constant current
Nickel-cadmium 10 - 40°C Constant current Wlth temperature
sensing

* Note: Extreme temperatures (too high or too low) can damage the battery and reduce its lifespan.

5. Comparative studies on battery charging strategies in off-grid solar PV systems

Off-grid solar PV systems are becoming increasingly popular in areas where there is no access
to grid electricity [48]. One of the most important components of these systems is the battery, which
stores solar energy for use when the sun is not shining [49]. There are different strategies for charging
batteries in off-grid solar PV systems, and here are some comparative studies on these strategies:

5.1. Constant voltage charging vs. MPPT charging

A study conducted by researchers in Malaysia compared the performance of lead-acid batteries
in off-grid solar PV systems using constant voltage charging and MPPT charging [50]. The results
showed that MPPT charging improved the efficiency of the charging process and increased the
lifespan of the batteries compared to constant voltage charging [51].

Table 3. Constant voltage charging vs. MPPT charging.

Charging Strategy Charging Temperature Recommended Charging Controller
Adjusts the voltage and current supplied

Supplies a fixed voltage to the

Definition . . to the battery to maximize the power
battery during the charging process.
output of the solar panel.
Lower efficiency due to the risk of ~ Higher efficiency due to the ability to
Efficiency overcharging or undercharging the adjust the voltage and current to match
battery. the battery's needs.
. . Longer C},la,r ging time due to 'the Shorter charging time due to the higher
Charging Time lower efficiency of the charging . .
efficiency of the charging process.
process.
Reduced battery lifespan due to the  Increased battery lifespan due to the
Battery Lifespan risk of overcharging or ability to prevent overcharging or
undercharging. undercharging.
. . . More complex and requires additional
Complexity Simple and easy to implement components such as an MPPT controller.
Cost Lower cost due to the simplicity of Higher cost due to the additional
the charging strategy components required.

MPPT charging is a more efficient and effective charging strategy for off-grid solar PV systems
compared to constant voltage charging [52]. However, it is also more complex and requires additional
components, which can increase the cost of the system.

5.2. Float charging vs. cycle charging

A study conducted in India compared the performance of lead-acid batteries in off-grid solar PV
systems using float charging and cycle charging. The results showed that cycle charging was more
effective in maintaining the battery capacity and increasing its lifespan compared to float charging
[51].
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Table 4. Characteristics float charging and cycle charging.
Characteristics Charging Temperature Recommended Charging Controller
Rech £ ial
Purpose Maintains battery at full charge echarges b.a tery from partia
discharge
Voltage Lower voltage to maintain battery Higher voltage to fully recharge
& charge battery

Charging time Longer charging time Shorter charging time

Battery lifespan ~ Longer lifespan due to lower voltage Shorter lifespan due to higher voltage.
Higher efficiency as it maintains full Lower efficiency as it requires higher
charge voltage to recharge battery
More complex and requires
monitoring to prevent overcharging

Efficiency

Complexity Simple and easy to implement

Float charging uses a lower voltage to maintain battery charge, resulting in a longer battery
lifespan and higher charging efficiency. Cycle charging, on the other hand, uses a higher voltage to
fully recharge batteries from partial discharge, resulting in a shorter battery lifespan and lower
charging efficiency [53,54].

While float charging is simpler and easier to implement, cycle charging requires monitoring to
prevent overcharging and ensure optimal charging performance. Ultimately, the choice between float
charging and cycle charging depends on the specific needs and requirements of the off-grid battery
system [55].

5.3. Battery temperature management

A study conducted in China compared the performance of lithium-ion batteries in off-grid solar
PV systems with and without battery temperature management [56]. The results showed that battery
temperature management significantly improved the charging efficiency and increased the lifespan
of the batteries [57].

Table 5. Battery temperature management.

Performan Without Battery Temperatur
€ ance ! attery “emperature Recommended Charging Controller
Metrics Management
Battery lifespan Shorter lifespan due to high operating Longer lifespan due to optimal
temperatures temperature control
Charging Lower efficiency due to high operating Higher efficiency due to optimal
efficiency temperatures temperature control
Performance  Faster degradation due to high operating Slower degradation due to optimal
degradation temperatures temperature control
Reduced ity due to high ti Maintained ity due to optimal
Battery capacity educed capacity due to high operating aintained capacity due to optima
temperatures temperature control

Implementing battery temperature management in off-grid solar PV systems can improve the
performance and lifespan of lithium-ion batteries [58]. Without temperature management, high
operating temperatures can lead to a shorter battery lifespan, lower charging efficiency, faster
performance degradation, and reduced battery capacity. With optimal temperature control, lithium-
ion batteries can operate at their best performance levels, resulting in a longer lifespan, higher
charging efficiency, slower performance degradation, and maintained battery capacity [59].

Battery temperature management can be achieved through active cooling and heating systems
or through passive insulation. While implementing battery temperature management can be more
complex and expensive, it is important to consider the potential benefits in terms of battery
performance and lifespan when designing and implementing off-grid solar PV systems [60].
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Battery capacity and charging rate. A study conducted in Nigeria compared the charging
characteristics of lead-acid batteries with different capacities and charging rates in off-grid solar PV
systems. The results showed that higher charging rates reduced the charging time but also increased
the risk of overcharging and reduced battery lifespan [61].

6. Battery technology

A study conducted in the United States compared the performance of lead-acid batteries and
lithium-ion batteries in off-grid solar PV systems. The results showed that lithium-ion batteries had
higher charging efficiency and longer lifespan compared to lead-acid batteries [62].

In summary, the choice of battery charging strategy in off-grid solar PV systems depends on
various factors such as battery type, capacity, charging rate, and temperature management [63].
Comparative studies have shown that MPPT charging, cycle charging, and battery temperature
management can improve the charging efficiency and increase the lifespan of the batteries [64].
Additionally, newer battery technologies such as lithium-ion batteries may offer better performance
than traditional lead-acid batteries [65]

Table 6. Battery temperature management.

Battery Without Battery Temperature Recommended Charging Controller
Technology Management
_ Low cost, proven technology, wide Shorter lifespan, requires regular
Lead-acid - .
availability maintenance, heavy and bulky

High energy density, longer lifespan, Higher cost, requires careful

Lithium-ion lighter and smaller

management to prevent overheating,

limited availability
Nickel-cadmium Long lifespan, high cycle life, wide Higher cost, contains t0x1c.mater1als,
temperature range lower energy density

Higher cost, less mature technology,
more complex
Less mature technology, limited
availability, may require special
handling

Flow batteries  Scalable, longer lifespan, high efficiency

Low cost, longer lifespan, high energy

Sodium-ion .
density

The choice of battery technology for off-grid systems depends on the specific needs and
requirements of the system. Lead-acid batteries are a common choice due to their low cost and wide
availability, but they have a shorter lifespan and require regular maintenance [66]. Lithium-ion
batteries have a higher energy density and longer lifespan, but they are more expensive and require
careful management to prevent overheating [67].

Nickel-cadmium batteries have a long lifespan and high cycle life, but they contain toxic
materials and have a lower energy density [68]. Flow batteries are a newer technology with scalability
and high efficiency advantages, but they are more expensive and less mature. Sodium-ion batteries
have a low cost and longer lifespan, but they are a less mature technology and may require special
handling [62].

Ultimately, the choice of battery technology for off-grid systems depends on the specific needs
and requirements of the system, including factors such as cost, performance, lifespan, and
availability.

6.1. Design batteries in off-grid solar PV systems

Designing batteries in off-grid solar PV systems requires careful consideration of several factors,
including the energy needs of the system, the capacity and characteristics of the batteries, the
charging method, and the system's overall efficiency. Here are some steps to follow when designing
batteries in off-grid solar PV systems:
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Determine the energy needs: Calculate the amount of energy needed to power the load(s) in the
system, taking into account factors such as the time of day, weather conditions, and seasonal
variations [67].

(1) Choose the battery capacity: Select a battery with sufficient capacity to meet the energy needs
of the system. Consider factors such as the expected daily energy use, the battery discharge rate, and
the desired depth of discharge (DOD).

(2) Select the battery technology: Choose a battery technology that meets the specific
requirements of the system, taking into account factors such as cost, performance, and lifespan [28].

(3) Determine the charging method: Decide on the appropriate charging method for the system,
such as constant voltage charging or MPPT charging. Consider the efficiency of the charging method
and its impact on the lifespan of the batteries [64].

(4) Choose the charge controller: Select a charge controller that is compatible with the battery
technology and charging method, and that can regulate the charging voltage and current to prevent
overcharging or undercharging [69].

(5) Install temperature management: Install temperature management systems to maintain
optimal operating temperatures for the batteries and prevent overheating or overcooling.

(6) Monitor the system: Regularly monitor the performance of the battery system to ensure
optimal efficiency and lifespan [70]. Measure the battery voltage and current, as well as the state of
charge (5OC) and state of health (SOH) of the batteries [51].

By following these steps, we can design a battery system for off-grid solar PV systems that meets
the energy needs of the system, while maximizing efficiency and ensuring optimal battery lifespan
[25].

6.2. Description of the testbed and experimental setup of batteries in off-grid solar PV systems

The testbed and experimental setup for batteries in off-grid solar PV systems typically involves
a simulated off-grid environment where batteries are subjected to various loads and charging
conditions that replicate the real-world conditions they will experience in the field [74].

The testbed typically includes solar panels, charge controllers, inverters, and various loads such
as lights, appliances, and other electrical devices [50]. The batteries are connected to the charge
controller, which regulates the charging and discharging of the batteries based on the energy
requirements of the system [39].

The experimental setup may involve testing various types of batteries, including lead-acid,
lithium-ion, and other chemistries, to evaluate their performance and durability under different
conditions. The batteries may be tested for their capacity, cycle life, DOD, temperature range, and
other key parameters [63].

To evaluate the performance of the batteries, data loggers may be used to measure the voltage,
current, and temperature of the batteries and other components of the system. The data collected can
be used to analyze the performance of the batteries under different loads and charging conditions
and to identify any issues or limitations of the batteries [67].

The experimental setup may also involve testing the batteries under different weather
conditions, such as varying levels of sunlight, temperature, and humidity. This can help to identify
any performance issues that may arise under different environmental conditions and to optimize the
operation of the off-grid solar PV system [75].

Overall, the testbed and experimental setup for batteries in off-grid solar PV systems are
designed to provide a controlled and realistic environment for testing and evaluating the
performance and durability of batteries under real-world conditions. The data collected can be used
to optimize the design and operation of off-grid solar PV systems and to inform the selection of
batteries for different applications [76].
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6.3. Comparative analysis of different battery charging strategies

There are several different battery charging strategies that can be used in off-grid solar PV
systems, each with their own advantages and limitations. A comparative analysis of these strategies
can help to identify the most appropriate approach for a given application [77].

(1) Constant Voltage Charging: This strategy involves maintaining a constant voltage across the
battery terminals during the charging process. This is a simple and effective approach, but it can
result in overcharging if the voltage is set too high [44].

(2) Constant Current Charging: This strategy involves maintaining a constant current into the
battery during the charging process. This approach can be more efficient than constant voltage
charging, but it can also result in overcharging if the current is set too high [1].

(3) PWM Charging: Pulse Width Modulation (PWM) charging involves adjusting the pulse
width of the charging current to maintain a constant voltage across the battery terminals. This
approach can be more efficient than constant voltage charging and is less likely to result in
overcharging [78].

(4) MPPT Charging: Maximum Power Point Tracking (MPPT) charging involves adjusting the
voltage and current of the charging current to maximize the power output of the solar panels. This
approach can be more efficient than other charging strategies, especially in low-light conditions.

(5) Hybrid Charging: Hybrid charging involves combining two or more of the above charging
strategies to optimize the charging process. For example, MPPT charging can be combined with PWM
charging to provide a more efficient and effective charging strategy [79].

The choice of charging strategy will depend on the specific requirements and limitations of the
off-grid solar PV system [48]. Factors such as battery chemistry, capacity, load profile, and
environmental conditions will all influence the optimal charging strategy [80]. A comparative
analysis of the different strategies can help to identify the most appropriate approach for a given
application.

6.4. Evaluation of the impact of charging strategies on battery life and system performance

The impact of charging strategies on battery life and system performance can be evaluated based
on several factors, including the battery capacity, charging efficiency, DOD (depth of discharge), cycle
life, and system cost-effectiveness [81].

1. Battery Capacity: Different charging strategies can affect the capacity of the battery, either by
reducing the maximum capacity or by reducing the effective capacity due to overcharging or
undercharging [82].

2. Charging Efficiency: The efficiency of the charging process can affect the performance and
longevity of the battery, as well as the overall system efficiency. Higher charging efficiency can
result in a longer battery life and more consistent performance.

3. DOD (Depth of Discharge): The depth of discharge of the battery can affect its cycle life and
performance. Charging strategies that reduce the DOD can help to extend the battery life and
improve system performance [83].

4.  Cycle Life: The cycle life of the battery is a measure of how many charge and discharge cycles it
can withstand before losing significant capacity. Charging strategies that reduce the number of
cycles or reduce the depth of discharge can help to extend the cycle life of the battery.

5. Cost-Effectiveness: The cost-effectiveness of the charging strategy depends on several factors,
including the cost of the system components, the energy efficiency, and the lifetime of the
battery. Charging strategies that reduce the cost of the system or increase its lifetime can improve
its cost-effectiveness [84].

The impact of charging strategies on battery life and system performance depends on the specific
requirements and limitations of the off-grid solar PV system[7].
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6.5. cost-effectiveness of different battery charging strategies

The cost-effectiveness of different battery charging strategies can vary depending on several
factors, including the initial cost of the charging equipment, the operating costs of the system, and
the lifetime cost of the batteries. Here are some considerations for evaluating the cost-effectiveness of
different charging strategies [85]:

1. Initial Equipment Costs: Different charging strategies require different equipment, which can
vary in cost. For example, MPPT charge controllers tend to be more expensive than PWM
controllers but may offer better performance in low-light conditions. Constant voltage and
constant current charging methods may require less expensive equipment but may also be less
efficient or reliable [46].

2. Operating Costs: The operating costs of the system can also vary depending on the charging
strategy. For example, MPPT charging may require more energy to operate than PWM charging,
which can increase the cost of system operation. Similarly, some charging strategies may require
more maintenance or monitoring than others, which can increase the overall operating costs of
the system [86].

3. Lifetime Cost of Batteries: The lifetime cost of batteries is an important consideration in
evaluating the cost-effectiveness of different charging strategies. Overcharging or
undercharging can reduce the lifespan of batteries, which can increase the cost of replacing them.
By optimizing the charging strategy, it may be possible to extend the life of batteries and reduce
the overall cost of the system over time.

4. Overall System Efficiency: The overall efficiency of the off-grid solar PV system can also affect
its cost-effectiveness. By selecting a charging strategy that maximizes the power output of the
solar panels and minimizes energy losses in the charging process, it may be possible to improve
the overall efficiency of the system and reduce the overall cost of operation.

In general, the most cost-effective charging strategy will depend on the specific requirements
and limitations of the off-grid solar PV system. By carefully evaluating the costs and benefits of
different charging strategies, it is possible to identify the most appropriate approach for a given
application [87].

6.6. Limitations of battery off-grid solar PV systems

Battery off-grid solar PV systems have many advantages, including providing electricity in
remote areas, reducing reliance on grid electricity, and helping to reduce greenhouse gas emissions.
However, there are also some limitations to these systems, including:

(1) Limited Energy Storage Capacity: The energy storage capacity of batteries used in off-grid
solar PV systems is limited, which means that these systems cannot generate electricity continuously
over an extended period. This limitation can be mitigated by adding more batteries to the system, but
this can increase the cost and complexity of the system [41].

(2) Weather-Dependent Energy Generation: Solar PV systems generate electricity only when
there is sufficient sunlight, and this can be a challenge in regions with low levels of sunlight or highly
variable weather conditions. This limitation can be addressed by combining the solar PV system with
other renewable energy sources such as wind or hydroelectric power [88].

(3) Cost: Off-grid solar PV systems can be more expensive to install than grid-connected solar
PV systems due to the need for energy storage batteries, charge controllers, and other components.
The cost of batteries has been declining in recent years, but it remains a significant portion of the
overall system cost [89].

(4) Maintenance: Off-grid solar PV systems require periodic maintenance, including cleaning of
the solar panels, checking the batteries, and monitoring the system's performance. The cost and
availability of maintenance personnel can be a challenge in remote locations [90].

(5) System Complexity: Off-grid solar PV systems can be complex to design and install, requiring
careful consideration of the system components, wiring, and energy storage capacity. Proper
installation and maintenance are critical to the system's performance and longevity.
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while off-grid solar PV systems have many benefits, they are not suitable for all applications,
and their limitations should be carefully considered before implementation [91].

7. Conclusions

A comparative study and overview of battery charging strategies for off-grid solar PV systems
provides valuable insights into the most effective and efficient approach for charging batteries in
these systems. The study considers the impact of different charging strategies on battery life, system
performance, and cost-effectiveness. The overview provides a comprehensive view of the various
strategies available for charging batteries in off-grid solar PV systems, including their advantages
and limitations.

The study highlights the importance of selecting the most appropriate charging strategy for a
given application, based on its specific requirements and constraints. The controlled charging
approach appears to be the most effective in terms of optimizing battery performance and extending
its life, but it may also be more expensive than other strategies. However, the initial cost may be offset
by the long-term benefits of improved battery life and system performance.

A comparative study and overview of battery charging strategies can provide valuable guidance
for system designers, installers, and users of off-grid solar PV systems. The goal is to provide reliable
and sustainable electricity in remote areas while minimizing the environmental impact and
maximizing the cost-effectiveness of the system.
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