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Abstract:

Hot water plays a vital role in numerous human and industrial applications, yet its production is often
associated with significant environmental impacts. This growing demand underscores the importance
of sustainable alternatives. Solar energy, as a clean and renewable resource, has emerged as a
promising solution to mitigate these environmental effects. Libya, with its abundant solar radiation and
favorable climatic conditions, offers an optimal setting for harnessing solar energy to generate electricity
for water heating purposes. This paper presents calculating the number of photovoltaic (PV) panels
required and the electrical energy generated to support water heating. The study was conducted in
Brega, where solar irradiance reaches a peak intensity of 980 W/mz2, utilizing PV panels with an area
of 1.65 m? installed at a tilt angle of 45°. The system design included a 40-liter water storage tank and
was tested on June 15, 2024, over a 5-hour period. The results demonstrated encouraging feasibility,
with the panels generating 1.2 kWh of electrical energy, while the thermal energy demand to heat the
water was 1.4 kWh. These findings confirm that PV panels can serve as an effective and sustainable
means for water heating, particularly in regions with high solar irradiance such as Libya. Future
optimization of the system, including enhanced panel design and storage solutions, could further
improve efficiency, making solar-powered water heating a viable alternative for both residential and
industrial applications.
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Introduction

In the push toward creating positive energy buildings in the near future, the building envelope is, and
will continue to be, a crucial player in energy generation [1-3]. Currently, buildings generate thermal or
electrical energy efficiently using solar thermal collectors and photovoltaic (PV) panels integrated into
their structure. These solar technologies thrive on well-oriented surfaces—typically those facing the
equator. However, roof and facade areas with optimal orientation are limited, making it essential to
maximize every available square meter for solar applications [4,5]. To achieve this, researchers are
actively exploring innovative ways to develop and seamlessly integrate solar-active devices into building
envelopes, driving new possibilities for sustainable, self-sufficient energy production [6-9].

Two primary categories of solar active devices can be integrated within the building envelope to facilitate
energy production: solar thermal collectors, which harness solar radiation and convert it into usable
thermal energy, and PV panels, which convert solar radiation directly into electricity. Despite the
moderate conversion efficiency of PV cells, generally ranging between 10% and 20%, these cells exhibit
high absorption across the solar radiation spectrum [10,11]. However, this high absorptive capacity
results in the conversion of a substantial portion of the absorbed solar energy into heat. The consequent
rise in cell temperature adversely impacts their performance by diminishing their overall energy
conversion efficiency.

Approximately 90% of the incoming solar radiation is absorbed by PV cells, yet only around 15% is
effectively converted into electricity. This leaves a vast potential for thermal energy recovery, as nearly
75% of the absorbed solar radiation remains untapped. To address this opportunity, the development
of co-generation technologies, such as photovoltaic-thermal (PVT) collectors, presents a promising
solution. These systems integrate PV cells with solar thermal absorbers, enabling the simultaneous
generation of electricity and the efficient capture of excess heat, thereby optimizing the energy output
from the same solar-collecting surface and enhancing overall system performance [12-16].

Numerous studies have been conducted on evaluating the electrical energy requirements for water
heating and optimizing the performance of photovoltaic panel systems. Previous research [17] has
characterized typical daily hot water consumption profiles for Australian households, providing insights
into their energy demands. Studies reveal that the average household consumes 142 liters of hot water
per day, corresponding to approximately 6 kWh of electricity usage. Additionally, typical daily electricity
consumption profiles of domestic water heating systems have been established, highlighting patterns
of energy usage. Research further indicates that excess electricity generation from a 4.5 kW
photovoltaic (PV) system can meet 48% of the daily energy requirements for water heating.

According to [18], the present study provides a comprehensive numerical and experimental analysis of
key parameters aimed at enhancing the heat transfer performance of photovoltaic thermal (PV/T)
systems. The investigation focuses on the effects of flow dynamics, tube diameters, and base plate
thickness on the thermal, electrical, and overall performance of water-based PV/T systems. The findings
reveal that optimal performance is achieved when the system operates with a tube diameter of 16 mm
and a water flow rate of 1.02 liters per minute. Under these conditions, the system exhibits an average
thermal efficiency of 44.5%, electrical efficiency of 14.8%, and an overall efficiency of 59.3%,
underscoring the potential for significant performance improvements through design optimization.
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This paper contributes to the field of sustainable energy by providing a practical framework for
evaluating the feasibility and efficiency of photovoltaic (PV) panels in water heating applications.
Conducted in Brega, Libya—a region with abundant solar resources—the study offers valuable insights
into system design and energy performance under real-world conditions. By calculating the number of
PV panels needed and assessing the electrical energy generated to meet a 40-liter water heating
demand, the research highlights the potential for leveraging solar energy as a sustainable alternative
to conventional heating methods. The results demonstrate that two PV panels, each with an area of
1.65 m? and installed at a 45° tilt, can generate 1.2 kWh of electrical energy over a 5-hour period,
covering most of the 1.4 kWh thermal energy requirement for heating water.

The Concept of Solar Energy

Solar energy refers to the radiant energy emitted by the sun, which reaches the Earth in the form of
light and heat. The sunlight striking the Earth's surface represents a natural and renewable energy
source with immense potential [19,21]. The availability and abundance of solar energy, combined with
advancements in modern technologies, have positioned it as an increasingly attractive option for large-
scale electricity generation and other sustainable applications [22-26]. Figure 1 illustrates water heating
system.
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Figure 1. Water heating system.

This diagram illustrates the basic design and functionality of a solar water heating system that uses
heat pipe vacuum tubes to transfer thermal energy for domestic water heating applications [27,28]. The
major components and their roles are explained as follows:
Key Components and Functionality:

e Solar Collector (Heat Pipe Vacuum Tubes)
The vacuum tubes, arranged in parallel, are the core of the system. They consist of sealed glass tubes
containing heat pipes and heat transfer fins that absorb solar radiation [29,30]. The vacuum between
the inner and outer glass layers minimizes heat loss, making the system highly efficient. Inside each
tube, sunlight heats the fluid within the heat pipes, which evaporates and rises to the manifold (the top
horizontal container), where it transfers heat to the water stored inside the tank.

e Water Storage Tank
The insulated storage tank holds the heated water and maintains its temperature by minimizing heat
loss. A magnesium rod is included inside the tank to prevent corrosion and protect the system's internal
components through sacrificial anode protection [31,32].

e T/P Valve (Temperature/Pressure Relief Valve)
This safety valve automatically releases pressure or temperature buildup in the system, preventing
overheating or excessive pressure that could damage the tank.

e Cold Water Inlet and Ball Valve
Cold water enters the system through the cold-water inlet, regulated by a ball valve, which controls the
water supply. As cold water is fed into the system, hot water exits for household use.
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¢ Mixing Valve
The mixing valve blends hot water from the storage tank with cold water to maintain a safe, comfortable
temperature for end use. This ensures that water used in showers and bathtubs is not excessively hot.

e Hot Water Outlet
Heated water from the storage tank flows through the hot water outlet and into the home’s plumbing
system for use in bathing, cleaning, and other domestic purposes.

e Check Valve
This valve ensures that water flows in one direction, preventing backflow of hot water into the cold-
water supply.
Working Principle:
The system works by capturing solar radiation through the vacuum tubes, which convert sunlight into
heat. This heat is transferred to the working fluid inside the heat pipes, which then evaporates and
carries the heat upward into the storage tank via the manifold [33-35]. The condensed fluid returns to
the base of the tubes, repeating the cycle as long as solar energy is available. The thermal energy
stored in the tank is then used for domestic purposes, providing an energy-efficient and environmentally
friendly solution for water heating.
Efficiency Features:

¢ Vacuum insulation: Minimizes heat loss and enhances performance, especially in cooler

environments.

o Heat pipe technology: Allows efficient heat transfer without the need for mechanical pumps.

¢ Mixing valve: Maintains user safety by regulating water temperature.

¢ Magnesium rod: Enhances system longevity by reducing corrosion risks.
Overall, this system provides sustainable hot water by utilizing solar energy, reducing dependency on
conventional energy sources and lowering overall carbon emissions.
Mathematical Modeling
Table 1 represents the surface area of the solar collector (either photovoltaic panels or vacuum tubes)
available to capture solar radiation. The larger the area, the greater the potential for solar energy
absorption, which directly affects the system’s energy generation and heat transfer rates. This value
defines the amount of energy required to raise the temperature of 1 kg of water by 1 K (or 1 °C). The
specific heat of water is relatively high, meaning it can store significant amounts of thermal energy,
making it an ideal medium for heat transfer in solar water heating systems. Solar irradiance represents
the power per unit area received from the sun. A value of 980 W/m? suggests relatively strong sunlight
conditions, typical of regions with high solar potential. This parameter is a key input for calculating both
thermal and electrical energy generation.

Table 1: Parameters of the system.

Parameters Values Unit
A 1.63 m2
Cp 4186 j/kg.k
G 980 W/m2
m 40 kg
t 5 hr
Pmax 250 w
Ly 15.37 %

The mass of water refers to the quantity of water being heated within the system at any given time. It
directly affects the total heat energy required and influences the overall system efficiency, as larger
volumes may require longer heating times depending on solar intensity and other parameters. The
heating duration (5 hours) is critical in determining how much thermal energy the system can transfer
to the water during the solar collection period. Longer durations may enhance heat gain, but efficiency
can be reduced if environmental factors (e.g., shading, ambient temperature) affect performance. This
indicates the peak electrical power the photovoltaic panels can generate under optimal conditions. It
reflects the electrical contribution of the system, which could be used to support auxiliary systems,
pumps, or even hybrid heating mechanisms. The value suggests a moderately sized PV array. This
parameter defines the percentage of incoming solar energy that is converted into electrical power by
the PV panels. A value of 15.37% is typical for commercial PV systems, indicating that the system can
convert a fraction of the available solar energy into usable electricity, with the remainder primarily
converted to heat.
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= PV-Based Water Heating Systems
Photovoltaic (PV)-based water heating systems utilize solar energy by converting sunlight into direct
current (DC) electricity through PV panels. This electricity powers resistive heating elements immersed
in the water storage tank to generate heat. The key components of the system include:

o PV Panels:
These are the primary components responsible for converting sunlight into electrical energy. Their
performance depends on factors such as solar irradiance, panel efficiency, and temperature.

o Resistive Heating Elements:
These elements convert the electrical energy generated by the PV panels into thermal energy, heating
the water. The efficiency of this process typically approaches 100% due to the direct conversion of
electrical energy into heat.

o Controller:
The controller is essential for optimizing system performance by ensuring the maximum power output
from the PV panels is efficiently delivered to the heating elements. It regulates the load to match the
PV panel’s power output under varying solar conditions. Moreover, the electrical energy output (E,;)
represents the total energy generated by the photovoltaic (PV) panel within a defined time interval. This
parameter is determined using a mathematical formulation derived from the following considerations.
The power output per unit area of the panel is given by Eq.1.

Prrea = Hpy X G (Eq.1)
The total power output of the panel is given by Eqg. 2.
Piotat = Parea X A (Eq. 2)

To calculate the energy output in Joules, multiply the power by the time in seconds. For example, over
5 hours (18,000 seconds):

Eq = Protar X t (Eq.3)
Eqg. 4 presents thermodynamics for calculating heat transfer in fluids. It is referenced in the context of
PVIT systems.

Qun =m X Cp X AT (Eq. 4)
The Eq. 5 calculates the thermal energy needed to heat water based on number of panels.
N = & (Eq. 5)
Eel

With the corrected calculation, approximately 2 panels are needed to heat 40 liters of water by 30°C
under STC. This is a more realistic and accurate result.

Results

To assess the system's performance, relevant data was systematically collected and presented in the
table below. The primary objective of this evaluation was to analyze the efficiency of the solar panels in
producing electrical energy and to quantify the electrical energy required for water heating. Furthermore,
the amount of supplemental thermal energy needed from the water heater was calculated. This
comprehensive analysis was conducted over a 5-hour period on 15 June 2024, under defined
environmental and operational conditions. The results offer critical insights into the system's energy
demands and its overall capability to effectively meet both thermal and electrical requirements. Table 2
illustrates the collected data encompasses time intervals, ambient temperature, and solar irradiance
levels.

Table 2: The collected data encompasses time intervals, ambient temperature, and solar irradiance

levels.
Time Ti oc Gt w/m2
10 20 600
11 30 700
12 35 980
13 32 750
14 26 650

Table 2 outlines the key data collected, including time, ambient temperature, and solar irradiance—
parameters essential for evaluating the system's performance. These variables were meticulously
recorded to investigate the relationship between environmental factors and the system’s energy output.
Ambient temperature represents the surrounding thermal environment, while solar irradiance measures
the intensity of available sunlight for energy conversion. By analyzing the correlation of these
parameters over time, the system's efficiency in capturing solar energy and its ability to meet energy
demands under dynamic conditions can be effectively evaluated. This dataset offers a comprehensive
perspective on the system's operational behavior and its adaptability to fluctuations in environmental
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conditions. Table 3 demonstrates explanation of the compiled results, detailing the system's

performance metrics and collected data.

Table 3: Explanation of the compiled results, detailing the system's performance metrics and

collected data.

Time (h) Ti (oC) | Gt (wm2 ) Prorar (W) E.; (kw/h) Qp (kw/h)
10 20 600 148.5 0.7425 1.40
11 30 700 173.5 0.8675 0.39
12 35 980 242.5 1.2125 0.69
13 32 750 185.6 0.928 0.83
14 26 650 160.8 0.804 1.12

Table 3 provides a comprehensive analysis of the results derived from the previously collected data,
revealing key insights into the system’s performance. The findings indicate a direct and significant
correlation between solar irradiance and the system’s power output and electrical energy generation.
As solar irradiance increases, the system demonstrates enhanced energy production, reflecting its
efficiency in converting solar energy into electrical power. Conversely, thermal energy requirements
exhibit an inverse relationship with both ambient temperature and solar irradiance. Elevated ambient
temperatures reduce the need for supplementary thermal energy, as the system inherently retains more
heat. Overall, the system demonstrates consistent and reliable performance, with its energy outputs
closely responsive to environmental fluctuations, underscoring its efficiency and adaptability to varying
operational conditions.
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Figure 2: Temporal Variation of Solar Radiation Intensity.

Figure 2 presents the temporal variation of solar irradiance (G.). The curve reveals a characteristic
pattern where solar irradiance increases steadily during the morning hours, reaching its maximum
intensity around solar noon (12:00), when the sun is at its zenith. Following this peak, irradiance
gradually diminishes throughout the afternoon, exhibiting a typical diurnal trend inherent to solar energy
systems. This behavior reflects the direct dependency of solar irradiance on the sun’s position relative
to the observer.
Figure 3 presents a comprehensive analysis of multiple variables influencing energy performance,
highlighting the temporal relationships between solar irradiance, ambient temperature, total power
output, and cumulative energy generation. The curves are explained as follows:
= Ambient Temperature (°C): Represented by the orange curve, this variable reflects the ambient
temperature measured over the course of the day. The curve demonstrates a pronounced peak
around 12:00, marking the warmest period of the day, typically aligned with maximum solar
exposure.
= Solar Irradiance (W/m2): The red curve depicts the intensity of solar radiation per unit area. It
mirrors the trend of ambient temperature, peaking at solar noon (12:00) when the sun is at its
highest elevation, thus receiving the greatest solar flux.
= Total Power Output (W): lllustrated by the blue curve, this variable represents the total power
generated by the system. The curve reveals a direct correlation with solar irradiance—higher
irradiance results in increased power output, reaching its maximum during midday and
decreasing as irradiance wanes.
= Electrical Energy Generation (kwWh): The yellow curve tracks the cumulative electrical energy
produced throughout the day. Beginning at a low level during early morning, it gradually rises
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as power generation intensifies, before stabilizing in the afternoon when solar irradiance
declines.

Relationship Between Variables Over Time

Temperature (*C)
—e— lrradiance (W/m*)
—e— Total Pawer (W)
—=— Electrical Energy (kKWh)
“ Thermal Eneray (kWh)
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200 ///\\
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Figure 3: Temporal Variation of Solar Radiation Intensity, Power Output, Electrical Energy, and
Thermal Energy.

= Thermal Energy Generation (kWh): Depicted by the green curve, this variable reflects the

cumulative thermal energy output. Its trend closely resembles that of electrical energy,

exhibiting a steady increase as power generation rises and leveling off as solar input diminishes

later in the day.
The alignment of these curves highlights the critical influence of solar irradiance on both power and
energy outputs, with the midday period serving as the peak operational window for maximum energy
capture and system efficiency.
Discussion
Under Standard Test Conditions (STC), a single Solet P60.6 BF-250 photovoltaic panel is capable of
generating approximately 1.2 kWh of electrical energy per day. This value serves as a baseline for
evaluating system performance under varying conditions. In term of thermal energy demand, to heat
40 liters of water by 30°C, approximately 1.4 kWh of thermal energy is required. This demand forms a
key parameter in the design and sizing of the integrated solar system for domestic or industrial heating
applications. Based on the calculated thermal energy demand, it is estimated that two Solet P60.6 BF-
250 panels are sufficient to meet the daily requirement for heating 40 liters of water. This estimation
assumes optimal solar exposure and minimal system losses.
The system’s performance rate, characterized by the rate of energy output, demonstrates a diurnal
pattern. It gradually increases during the morning hours, peaks around midday when solar irradiance is
at its maximum, and subsequently declines as the sun sets. This behavior is typical for photovoltaic and
thermal systems dependent on solar input. The graphical analysis reveals strong interdependence
between key system variables over time. Solar irradiance and ambient temperature show a pronounced
correlation, both peaking around midday. Total power output closely follows the irradiance trend,
reflecting the system’s dependency on solar availability. The cumulative generation of electrical and
thermal energy steadily increases during daylight hours, with a notable plateau as irradiance diminishes.
These observations highlight the system's optimal performance during peak solar hours, suggesting
that efficient energy management strategies should be implemented during this period to maximize
output.
Conclusion
This study evaluated the feasibility of employing photovoltaic (PV) panels for water heating applications.
The graphical analysis revealed a strong correlation between solar irradiance and ambient temperature,
which directly impacts system performance. As solar irradiance increases, the power output rises
proportionally, leading to a corresponding escalation in the generation of both electrical and thermal
energy. The curves exhibit a distinct peak around 12:00, coinciding with maximum irradiance and
temperature, signifying optimal system performance during peak solar hours. Utilizing a 1.65 m2 Solet
P60.6 BF-250 PV panel with a rated power output of 250 W, preliminary estimates indicate that
approximately two panels are required to heat 40 liters of water by 30°C under typical conditions. This
result highlights the system’s promising efficiency for small-scale water heating applications. However,
further system enhancements, such as implementing panel cooling techniques and hybrid
configurations (e.g., integrating thermal and electrical subsystems), can significantly boost overall
efficiency, potentially reducing the number of panels required. This study offers a foundational
framework for the design and optimization of PV-based water heating systems, supporting the ongoing
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development of sustainable energy solutions. Future research could explore the impact of variable
climatic conditions, system configurations, and energy storage integration to further improve system
viability and scalability in diverse applications.
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