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Abstract

This study presents a technical assessment of solar energy systems for integrated agricul-
tural use and rural electrification. A model village comprising 30 households was consid-
ered, and high-resolution hourly load profiles were developed to characterize consump-
tion dynamics, including peak demand and sectoral distribution across residential, agri-
cultural, public, healthcare, and commercial users. A 60 kW photovoltaic (PV) system was
designed in conjunction with an independent solar thermal installation for hot water sup-
ply. The system configuration was established through component sizing and numerical
modeling, incorporating heat transfer mechanisms and operational constraints. Time-de-
pendent simulations performed in MATLAB (R2022b) evaluated PV power output, bat-
tery storage cycling, and thermal system performance over a 24-h horizon. A comparative
analysis of standalone PV, hybrid PV/T, and decoupled PV-thermal configurations was
conducted based on performance and operational criteria. The results indicate that sepa-
rated electrical and thermal subsystems achieve improved cost-effectiveness, enhanced
reliability, and reduced maintenance requirements. The proposed approach demonstrates
the technical viability of solar-based energy systems for rural applications, supporting en-
ergy autonomy, reduced fossil fuel dependence, and sustainable agricultural develop-
ment.

Keywords: photovoltaic systems; solar thermal systems; rural electrification; agricultural
energy applications; sustainable energy systems

1. Introduction

The transition toward sustainable energy systems has become a central priority for
many rural regions, where dependence on fossil fuel-based electricity generation contin-
ues to present economic and environmental challenges. In numerous off-grid communi-
ties, diesel generators and conventional grid extensions are still used to meet basic energy
needs, leading to high operational costs, irregular fuel supply, and significant emissions
of greenhouse gases and local pollutants [1,2].
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Addressing these limitations through decentralized renewable energy technologies
can improve energy security, lower operational expenditures, and reduce environmental
impacts. Among these, photovoltaic (PV) and solar thermal systems have emerged as
promising solutions for rural electrification and thermal energy provision in isolated set-
tlements [3,4].

This work examines the energy demand characteristics of a rural settlement consist-
ing of 30 households and develops a renewable energy system that couples PV electricity
generation with solar thermal water heating. A high resolution hourly load profile was
established to capture consumption patterns over a typical day, revealing a peak daytime
electricity requirement of 57.860 kWh and total daytime consumption of 509.040 kWh.

Nighttime usage demonstrated lower peaks of 11.060 kWh with a cumulative energy
use of 80.460 kWh for the nocturnal period. The demand assessment included residential
electricity needs, agricultural water pumping, public street lighting, healthcare services,
and a local commercial unit, offering detailed insight into the energy needs for system
design [5,6].

Based on the quantified load requirements, a 60 kW PV array was proposed together
with a dedicated solar thermal subsystem for domestic hot water. Detailed engineering
analysis was performed to size the thermal installation, including the selection of pipe
diameters, thermal resistance optimization, and calculation of requisite tube lengths for
the collector loop. Under typical operating conditions, the thermal system is capable of
increasing water temperature from an inlet of 10 °C to approximately 55 °C, effectively
satisfying household hot water demand [7,8].

These calculations incorporated site-specific solar irradiance data and local climatic
conditions in order to ensure realistic and representative performance estimations of the
proposed system.

For the dynamic assessment of system behavior, 24-h time-domain simulations were
performed in MATLAB (v.22b), accounting for variable solar resource availability, battery
state-of-charge evolution, and heat transfer phenomena within the solar thermal loop. The
simulation framework generated time-resolved outputs describing photovoltaic power
production profiles, battery charging and discharging behavior, and the thermal efficiency
of the solar water heating subsystem under fluctuating environmental conditions [9,10].

The obtained results were subsequently used to refine component sizing and opera-
tional control strategies while also identifying potential optimization opportunities re-
lated to storage utilization efficiency and load matching performance.

A comparative analysis between standalone photovoltaic (PV), hybrid photovoltaic—
thermal (PV/T), and decoupled PV plus solar thermal configurations indicated that phys-
ically separated electrical and thermal subsystems provide superior techno-economic per-
formance, improved system reliability, and reduced maintenance complexity. These find-
ings are consistent with recent studies highlighting the advantages of modular renewable
energy architectures in rural electrification contexts, where operational flexibility and sys-
tem robustness are key requirements [11,12].

Beyond purely technical considerations, the deployment of integrated solar energy
systems also entails significant environmental and socio-economic benefits. The reduction
in diesel generator usage leads to substantial decreases in CO:2 emissions and local air
pollutants, contributing to improved environmental quality. At the same time, enhanced
access to reliable electricity and hot water supports community well-being, strengthens
healthcare services, and increases agricultural productivity. In addition, decentralized en-
ergy systems can stimulate local economic development by lowering energy costs and
enabling productive applications of electricity, including irrigation, refrigeration, and
small-scale agro-processing activities [13,14].
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Although the scientific literature on photovoltaic (PV) systems, photovoltaic-thermal
(PV/T) technologies, and solar water heating applications is extensive, comparative stud-
ies assessing standalone PV, integrated PV/T, and decoupled PV + solar thermal configu-
rations under identical rural off-grid electrification conditions remain relatively limited.

The novelty of the present study lies in the development of a unified techno-eco-
nomic assessment framework capable of simultaneously evaluating electrical energy pro-
duction, thermal energy generation, battery storage operation, and the ability to satisfy
community energy demand. Unlike previous studies, which primarily focused on a single
technology or a limited set of performance indicators, the proposed methodology enables
a consistent and direct comparison of three distinct renewable energy architectures using
common criteria related to energy efficiency, operational reliability, maintenance require-
ments, and techno-economic feasibility.

The results indicate that decoupled PV and solar thermal subsystems outperform in-
tegrated PV/T solutions in terms of overall system performance. This advantage is at-
tributed to the independent optimization of electrical and thermal conversion processes,
greater operational flexibility, simplified maintenance procedures, and enhanced system
reliability. Consequently, the decoupled PV + solar thermal configuration emerges as a
robust and sustainable solution for renewable energy deployment in off-grid rural com-
munities.

In summary, combining photovoltaic power generation with solar thermal technolo-
gies presents a viable and sustainable framework for rural energy systems. By addressing
both electrical and thermal energy needs, the proposed system advances energy auton-
omy, reduces fossil fuel dependency, and contributes to sustainable development trajec-
tories in rural and agricultural communities [15,16].

2. Materials and Methods
2.1. Photovoltaic System Design and Energy Flow

The photovoltaic (PV) system designed in this study serves as a standalone solution
to supply electricity to a rural community located beyond the conventional grid network.
Its operational framework consists of a sequential flow of energy processes, beginning
with solar radiation capture and ending with electricity delivery to residential and com-
munity loads. A schematic overview of this configuration is presented in Figure 1.

Solar Energy

PV Array Charge Controller

Tube diameter — —_[¢
SOmm ---- il

Battery Bank Inverter

Rural Community

Figure 1. Flowchart of PV system.

Solar energy is captured by the PV modules and converted into DC electricity
through the photovoltaic effect. The generated power is managed by a charge controller,
which regulates energy flow between the PV array and the battery storage system,
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preventing overcharging and deep discharge, thereby ensuring battery safety and extend-
ing service life [17,18].

When required, the stored DC energy is converted into AC electricity via an inverter,
ensuring compatibility with standard household and community electrical loads and
providing stable voltage and frequency for reliable operation [19,20].

Overall, the proposed configuration ensures a reliable off-grid power supply for rural
settlements. Its modular structure, comprising PV panels, charge controller, battery stor-
age, and inverter, facilitates operational control, monitoring, and future capacity expan-
sion, making it suitable for long-term rural electrification applications [21,22].

2.2. Geographic and Climatic Characterization of the Study Area

The study area is a rural settlement located in the Sharq Al-Nile sector of Khartoum
State, Sudan, where infrastructure is limited and access to centralized electricity grids is
scarce. The community comprises approximately 30 households, collectively housing
around 250 residents, with basic services such as a small healthcare post and a retail sup-
ply point. Agriculture represents the primary livelihood, with each household cultivating
roughly three feddans—considered the minimum for local food self-sufficiency. This high
dependency on small-scale farming highlights the need for a reliable and autonomous
energy system to support both household and agricultural needs [23,24].

Geospatially, the village is positioned near latitude 16° N and longitude 32° E, lying
in a high solar-resource corridor. The sub-Saharan belt of Sudan exhibits some of the high-
est solar irradiance levels worldwide, with measured peak values reaching approximately
1100 W/m2. Understanding the daily and seasonal variations of solar radiation is essential
for accurate PV energy output prediction, battery sizing, and energy storage planning
[25,26].

Environmental conditions, particularly ambient temperature, directly affect system
performance. Elevated midday temperatures can reduce PV conversion efficiency, while
cooler morning temperatures influence the initial thermal energy collection in solar water
heating systems. Proper design of storage batteries and thermal tanks must account for
these fluctuations to ensure consistent electricity and hot water supply throughout the
year [27,28].

To visualize these solar dynamics, Figure 2 illustrates the temporal distribution of
solar radiation components over a typical day for Sharq Al-Nile, differentiating global
horizontal irradiance G(i), diffuse horizontal irradiance Gb(i), and direct normal irradi-
ance Gd(i), measured in W/m? The dataset, obtained from NASA POWER, was specifi-
cally processed for the village coordinates. These profiles are crucial for determining PV
array sizing, battery capacity, and optimal energy management strategies [29,30].
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Figure 2. Temporal variation of solar radiation components in Sharq Al-Nile, Khartoum State.
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The village’s off-grid location emphasizes the limitations of diesel generators, which
are costly, logistically challenging, and environmentally unsustainable. Given the high
solar potential, a hybrid solution integrating PV electricity generation with solar thermal
water heating can efficiently meet both electrical and thermal demands. Detailed analysis
of peak irradiance, daily energy patterns, and temperature profiles ensures that system
design and operational parameters are optimized for this local environment [31,32].

The figure shows hourly solar radiation profiles for a typical day:

¢  Global horizontal irradiance G(i) —total solar energy incident on a horizontal surface.

¢ Diffuse horizontal irradiance Gb(i) —component of sunlight scattered by the atmos-
phere.

e Direct normal irradiance Gd(i) —sunlight received directly from the sun on a surface
perpendicular to its rays.

These data allow for the precise estimation of PV generation potential, energy storage
requirements, and sizing of both electrical and thermal subsystems. High mid-day peaks
indicate maximum PV output, while morning and evening periods show lower irradiance,
critical for battery dispatch planning and hybrid system efficiency.

3. Community Load Profile and Energy Demand Analysis

The village under study consists of 30 households, hosting roughly 250 residents, and
relies on various daily activities such as household electricity use, water pumping for ir-
rigation, street lighting, operation of a small medical facility, and a local retail outlet.

Understanding the hourly energy consumption of each sector is essential for design-
ing an efficient off-grid renewable energy system that ensures both daytime and nighttime
electricity supply [33,34].

Hourly monitoring indicates that the peak daytime energy demand reaches 57.860
kWh, while the total daytime consumption is approximately 509.040 kWh. Nighttime us-
age is substantially lower, peaking at 11.060 kWh, with a cumulative nighttime consump-
tion of 80.460 kWh. These pronounced diurnal patterns necessitate a PV system with suf-
ficient capacity for daytime loads and battery storage for non-solar hours, ensuring con-
tinuous energy availability [35].

From Figure 3, it can be observed that the total energy consumption of the village
over a full 24-h period amounts to approximately 590 kWh, with 510 kWh consumed dur-
ing daytime hours and 80 kWh during the night. This pattern highlights the strong diurnal
variation typical of rural off-grid communities, emphasizing the need for a photovoltaic
(PV) system capable of supplying the peak daytime loads while also charging storage sys-
tems to cover nighttime demands. Accordingly, a 60 kW PV array has been proposed and
sized to satisfy the village’s daily electricity requirements, ensuring both reliability and
sustainability in energy provision [11].
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Figure 3. The 24-h energy demand profile in kWh.
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The detailed load distribution shown in Table 1, combined with the total energy pro-
file depicted in Figure 3, provides an essential foundation for planning an efficient renew-
able energy system, including PV generation, battery storage, and potential integration
with other renewable sources. These data are instrumental for assessing system sizing,
storage capacity, and operational strategies to meet the village’s continuous electricity de-
mand effectively.

Table 1. Hourly energy consumption by sector.

Hours = Water Pump (W) Residential (W)  Medical (W) Street Lighting (W)  Retail (W) Total (W)
1 2700 0 90 150 75 3015
2 2700 0 90 150 75 3015
3 2700 0 90 150 75 3015
4 2700 0 90 150 75 3015
5 2700 0 135 300 90 3225
6 6150 0 215 150 115 6630
7 32,250 22,000 1125 0 75 55,450
8 32,250 22,000 1125 0 75 55,450
9 20,250 22,000 1075 0 75 43,400

10 20,250 22,000 575 0 75 42,900
11 20,250 22,000 675 0 75 43,000
12 18,750 22,000 575 0 75 41,400
13 18,750 22,000 575 0 75 41,400
14 21,150 22,000 575 0 75 43,800
15 6150 22,000 635 0 105 28,890
16 34,650 22,000 1105 0 105 57,860
17 32,250 22,000 1135 0 105 55,490
18 8850 0 165 0 130 9145
19 10110 0 215 600 135 11,060
20 8400 0 195 600 135 9330
21 9300 0 180 600 120 10,200
22 9450 0 165 450 90 10,155
23 5100 0 135 300 90 5625
24 2700 0 90 150 90 3030
Night 80,460
Day 509,040

3.1. Independent Solar Hot Water Systems

Solar water heating systems, schematized in Figure 4, offer a standalone solution for
generating hot water, functioning independently from electrical loads. These systems
transfer thermal energy from solar collectors to an insulated storage tank through a circu-
lating heat transfer fluid. The circulation loop is managed by pumps, while control and
safety devices ensure correct operation, prevent overheating, and protect against malfunc-
tions during periods of high solar irradiation. Properly engineered systems maintain effi-
ciency even under sub-zero ambient temperatures [36].
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Figure 4. Standalone solar water heating system.

Many installations incorporate a backup heating element, which guarantees a con-
tinuous hot water supply during periods of low solar input or extended cloudy weather.
The heated water primarily serves domestic purposes, including bathing, cleaning, and
cooking, fulfilling essential household and community needs [37].

By utilizing solar energy for water heating, these systems reduce dependence on con-
ventional fuels, lower operational costs, and support sustainable energy adoption in rural
and off-grid communities. Standalone solar thermal systems complement photovoltaic
electricity generation by providing hot water without imposing additional electrical de-
mand on the PV array, thus enhancing overall system efficiency and reliability.

This schematic illustrates the components and operation of a standalone solar water
heating system:

1. Solar Collectors—absorb solar radiation and transfer heat to the working fluid.
Insulated Storage Tank —stores hot water for domestic use.

Circulation Pump—moves the fluid between the collectors and the tank.
Control and Safety Devices—prevent overheating and ensure smooth operation.

AN

Backup Heater (Optional) —maintains hot water supply when solar input is insuffi-
cient.

This configuration ensures reliable and continuous domestic hot water, independent
of the village’s electricity supply.

3.2. Key Components of Solar Water Heating Systems

A typical solar water heating system consists of four primary components: the solar
collector, circulation pump, insulated storage tank, and controller, as illustrated in Figure
5. Each element plays a crucial role in ensuring efficient water heating and energy man-
agement [37].

r

Figure 5. Main components of a solar water heating system.
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The solar collector absorbs solar radiation and transfers the heat to the circulating
fluid, which is typically water or a water-glycol mixture. The pump maintains the flow of
the working fluid between the collector and the storage tank, enabling continuous heat
transfer throughout the day. The insulated storage tank stores the heated water, minimiz-
ing heat losses and ensuring that hot water remains available in the insulated storage tank
even during periods of low solar irradiance.

The controller regulates system operation by monitoring the temperature difference
between the fluid exiting the collector and the water in the storage tank near the heat
exchanger. When this temperature difference reaches a predefined threshold (typically 8-
10 °C), the controller activates the pump to circulate the fluid. The pump is turned off once
the difference falls to around 3-5 °C, optimizing energy transfer and preventing unneces-
sary pump cycling [38].

This diagram illustrates the core components and flow of a solar water heating sys-
tem:

1.  Solar Collector —absorbs and transfers solar energy to the working fluid.

2. Circulation Pump—ensures the fluid continuously moves between the collector and
storage tank.

3. Insulated Storage Tank—retains hot water and minimizes thermal losses.

4. Controller—monitors temperature differences and activates the pump to optimize
heat transfer.

The interaction of these components guarantees efficient and reliable hot water pro-
duction, reducing dependence on conventional energy sources and supporting sustaina-
ble energy use in households and rural communities.

3.3. Thermal Performance Evaluation of Flat-Plate Solar Water Heaters

Flat-plate solar water heaters are highly sensitive to ambient temperature and solar
irradiance (1, Wh/m?), which directly influence their thermal performance. During
nighttime, system components cool down to the surrounding air temperature. With sun-
rise, around 07:30 a.m., solar radiation penetrates the glass cover and is absorbed by the
collector plate, increasing the internal temperature of the system [39].

In the studied village, winter solar irradiance at 08:00 a.m. is approximately 900
Wh/m?, with ambient temperatures rising from 25 °C to 20 °C. The flat-plate solar water
heater typically begins active water heating around 10: 00 a.m., when solar irradiance
reaches 1000 Wh/m? and the ambient temperature climbs to 35 °C. Between 10: 00 a.m.
and 16:30 p.m., solar intensity remains around 900 Wh/m?, allowing continuous heat
transfer and stable thermal performance under these environmental conditions.

Figure 6 presents the hourly variation of solar irradiance (Wh/m?) and ambient
temperature (°C) over a winter day in the village. Key moments are highlighted:

e 10:00 a.m.—Start of active water heating when solar irradiance reaches 1000 Wh/

m?.

e Ambient temperature rises to 35 °C, optimizing the heat transfer from the collector
to the storage tank.

e  The graph illustrates the interplay between solar intensity and environmental condi-
tions on the thermal performance of the flat-plate collector.
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Figure 6. Solar irradiance and ambient temperature variation.

3.4. Thermal Analysis of Flat-Plate Solar Water Heaters

Flat-plate solar collectors are among the most effective and sustainable technologies
for producing domestic hot water, particularly in regions with high solar irradiation. Due
to their simple construction, robustness, and minimal maintenance requirements, flat-
plate collectors are widely adopted in rural and off-grid communities [40].

Figure 7 illustrates the key components and heat transfer mechanisms of a flat-plate
solar water heater. Solar radiation passes through the transparent glass cover and is ab-
sorbed by the dark-colored absorber plate, where it is converted into thermal energy. This
energy is then transferred to water flowing through a heat exchange tube, while the insu-
lated back and sides reduce conductive heat losses. The schematic also depicts tempera-
ture gradients across the collector, including the inlet and outlet water temperatures, as
well as thermal resistance, which are essential for assessing system efficiency.

Solar Radiation (1000 W/m?)

Greenhouse Effect QLoss

Glass Cover \\ ) /

Heated Water (T,)

Temperature
Distribution
Hot

Glass Cover ———
Heat

Exchange Tube

Absorber Plate /4 e T
(Dark-colored) ’ Thermal Resistance

(UA)
T
Thermal Resistance
Qa1

Inlet Water (T;)

Insulation (K = 0.035
W/m-K)

Cold (T;)

Conductive Heat Loss (Qcond)

Figure 7. Heat transfer processes in a flat-plate solar water heater.

3.5. Initial Thermal Conditions of the Collector

During the early morning hours, before sunrise, the solar collector does not receive
direct solar radiation. Under these conditions, all internal surfaces of the collector—in-
cluding the absorber plate, glass cover, and air channel —gradually reach thermal equilib-
rium with the surrounding environment, resulting in an internal air temperature approx-
imately equal to the ambient temperature, t,,;.

For typical winter conditions in Sudan, the ambient air temperature can be approxi-
mated as t,,; = 20 °C.

Once the sun rises, solar radiation begins to penetrate the transparent glass cover. A
fraction of the incident radiation is transmitted through the glass and absorbed by the
dark-colored absorber plate inside the collector. Due to its high absorptivity, the absorber
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converts solar radiation into thermal energy, increasing the temperature of the air con-
tained within the narrow air tunnel of the collector [41].

Figure 8 illustrates this process, showing the transition from thermal equilibrium
with the ambient environment to heating of the internal air due to absorbed solar energy.
The figure illustrates the transition from thermal equilibrium before sunrise to air heating
after exposure to solar radiation.

SOUAR RADIATION

GLASS COVER

TRANSPARENT

X A F 00
[ — ——

1 AR TUNNEL TRANSFER

BEFORE SUNRISE AFTER SUNRISE

THERMAL EQUILIBRIUM

Figure 8. Schematic of a flat-plate solar collector illustrating the glass cover, absorber plate, air chan-

nel, and heat transfer mechanism.

3.6. Geometrical Features of the Flat-Plate Solar Collector

The design of the flat-plate solar collector directly affects its thermal performance, as
the dimensions of the hotbox and internal air channel determine heat transfer efficiency.
The main geometrical parameters of the collector are summarized in Table 2.

The geometric configuration of the flat-plate solar collector significantly influences
its thermal performance. The principal dimensions of the hotbox and air tunnel are pre-
sented in Table 2.

Table 2. Geometrical parameters of the solar collector.

Parameter Symbol Value
Collector length Leo 1m
Collector width W01 05m
Air duct height Hguir 0.05m

Surface area of glass cover Agiass 0.5 m2
Internal air duct volume Vair) 0.025 m3

The volume of the air channel inside the hotbox is calculated using the relation:

Vair = Leot * Weor * Hair

Vair = 1-0.5 - 0.05 = 0.025 m?

This confined air space serves as the primary heat transfer medium between the ab-
sorber plate and the water circulation tube. The flat-plate collector also integrates other
essential components, including the transparent glass cover, black absorber plate, copper
circulation tube, insulating layer, and collector casing, ensuring effective thermal capture
and minimal energy loss.

Figure 9 presents the technical configuration of the flat-plate solar water heater. The
collector consists of a transparent glass cover, a black absorber plate for solar energy ab-
sorption, a copper meander tube for water circulation, an air gap for heat transfer, and an
insulation layer that minimizes thermal losses. Cold water enters the tube at the inlet and
is heated while passing through the collector before exiting as hot water.

https://doi.org/10.3390/technologies14070397
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Glass Cover

Hot Water Outlet
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— Copper Water Tube

Air Gap
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Figure 9. Technical schematic of the flat-plate solar water heater.

3.7. Solar Energy Gain Within the Collector

The thermal energy captured by a flat-plate solar collector is determined by the inci-
dent solar irradiance, as well as by the optical characteristics of the glazing and absorber
surface. The useful solar heat input can be quantified using the following relation:

Qsorin =F-1-X-P 1)

where Q;.1in represents the solar heat input (W); F is the effective collector surface area
(m?); 1 denotes the solar radiation intensity (W/m?2); X is the transmittance of the glass
cover; P is the absorptivity of the internal surface.

Considering the following values: I = 900 W/m?; X = 0.64; P = 0.45; F = 0.5 m?,
the solar power entering the collector becomes: Qg4 in = 0.5-900 - 0.64 - 0.45.

Qsorin = 460.8 W

This result indicates the thermal power available inside the collector, which is subse-
quently used to heat the working fluid circulating through the copper tube [40].

Physically, solar radiation first interacts with the transparent glass cover, where part
of the energy is reflected while the remaining portion is transmitted into the collector. The
transmitted radiation is absorbed by the black absorber plate, which converts it into ther-
mal energy. This heat is then transferred both to the air contained within the collector
channel and to the water flowing through the embedded copper tube, contributing to the
overall heating process. Figure 10 illustrates the main energy transformation processes
occurring within the solar collector.

Solar Radiation (1)

j“‘ Incident Solar Energy

Reflected Losses |
= Glass Cover

T
v (Transmittance X)

~ Absorber Plate
Convective Losses _p (Absorptivity P)

Heat to Air Tunnel
(Teota)

Heat to Water Tube

(Quuarer = 9w €0 (tusin=tusin)

Figure 10. Energy flow diagram of the flat-plate solar collector.

Incoming solar radiation reaches the glass cover, where a fraction is reflected while
the rest is transmitted toward the absorber plate. The absorber converts the radiation into
heat, which is then distributed to the internal air and to the circulating water in the copper
tube. The figure highlights the sequence of energy conversion and transfer, which governs
the thermal performance of the collector.
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3.8. Air Temperature in the Collector Tunnel

The air temperature inside the collector tunnel can be estimated using the following
relationship:

I-X-P

teola = + tout (2

m
where t.,4 is the air temperature inside the tunnel (°C); a;, is the internal convection
coefficient (W/m? - °C); t,y, is the ambient air temperature (°C);

For narrow air gaps typical of flat-plate solar collectors, the internal convective heat
transfer coefficient is commonly approximated as: a;, = 2.9 (W/m? - °C).

By substituting the characteristic values into Equation (2), the resulting air tempera-
ture inside the collector tunnel is approximately: t.,q = 110 (°C).

This elevated temperature can be attributed to the greenhouse effect within the col-
lector enclosure. Solar radiation passes through the transparent cover and is absorbed by
the dark absorber surface, where it is converted into heat. The generated thermal energy
is then transferred to the confined air layer, which experiences limited circulation due to
the narrow geometry of the channel. Combined with the presence of thermal insulation,
this leads to heat accumulation and a significant increase in internal air temperature [42].

The physical mechanism responsible for this temperature increase is illustrated sche-
matically in Figure 11, where the interaction between solar radiation, the absorber plate,
and the enclosed air layer inside the collector tunnel is presented.

Solar Radiation (1)

Glass Cover (Transmittance X)

- — /

Absorber Plate

Heat
Losses

Infrared Radiation

| —_—
Insulation < — B j

Conduction Quond Convection Qeomy, @

Radiation Q.4 Conduction Qond P Convection Q. ony

Figure 11. Temperature rise mechanism inside the collector tunnel.

Figure 11 schematically illustrates the physical processes responsible for air heating
within the collector tunnel. Solar radiation enters through the glass cover, is absorbed by
the absorber plate, and converted into heat. The heat is transferred to the enclosed air
layer, which experiences a temperature rise due to restricted convection and limited heat
dissipation. The diagram highlights the interaction between radiation absorption, heat
transfer, and confined air heating inside the collector.

3.9. Water Heating Mechanism in the Serpentine Tube

The increase in water temperature within the collector tube can be evaluated by ap-
plying an energy balance between the solar heat absorbed by the collector and the thermal
energy gained by the flowing water. The outlet temperature of the fluid is estimated using
the following relation:

Qsol.in

twout = tw,in T

where t,,;, is the inlet water temperature, (°C); t,, oy is the outlet water temperature,
(°C); g is the mass flow rate of water, (kg/s); c,, is the specific heat capacity of water.
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For water, the specific heat is taken as: c,, = 4180 ]J/(kg- °C).
Considering a daily hot water demand of 200 kg/day and an effective solar opera-
tion time of 7 h, the average mass flow rate becomes:

_ 200

9w ==~ = 28.5kg/h = 0.0079 kg/s.

Under these operating conditions, the calculated outlet temperature reaches approx-
imately: ty, 5, = 55 °C.

This temperature level is suitable for domestic hot water applications, such as bath-
ing, cleaning, and general household use.

The heat transfer process responsible for this temperature increase occurs as thermal
energy is conducted from the absorber plate to the serpentine copper tube, and subse-
quently transferred to the flowing water through convection. As the water progresses
along the tube, its temperature gradually increases, reflecting continuous heat exchange
between the collector components and the working fluid (as discussed in [43]).

The daily load profile presented in Figure 12 represents the input demand data used
for system sizing and numerical simulations. The load distribution reflects the combined
residential and agricultural electricity requirements of the investigated village and serves
as the basis for evaluating the performance of the proposed renewable energy configura-
tions.

Solar Heat

Glass Cover
7

Absorber Plate Heat Transfer

Quel.in

Inlet
Temperature

Inlet Temperature Outlet Temperature

Figure 12. Water heating process along the serpentine tube.

3.10. Determination of Water Tube Diameter

The sizing of the water circulation tube is an important design step in flat-plate solar
collectors, as it directly influences both the hydraulic performance and the efficiency of
heat transfer. The internal diameter of the tube can be estimated using the following rela-
tion:

4.9
TwPy

dtub.inf = 4)
where g, is the water flow rate; w is the water velocity; p,, is the water density.

Assuming: @ = 0.015m/s; p,, = 1000 kg/m?3, [19].

The internal tube diameter becomes: d¢yp, jny = 0.02 m.

The external diameter is approximately 3 mm larger, giving: d;ypexe = 0.023 m.

The design of the water tube is a critical aspect of flat-plate solar collectors, as it di-
rectly affects the flow rate and heat transfer efficiency. Using the hydraulic relation pre-
sented, the internal diameter was calculated to be d¢yp inr = 0.02 m, with an external di-
ameter of dyypexe = 0.023 m, considering the wall thickness. The schematic in Figure 13
illustrates these dimensions along with the relevant hydraulic parameters (g,,, @, p,,)and
the calculation procedure, providing a clear visual guide for understanding the tube de-
sign and its role in water heating efficiency [44].
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Ayt = 0.02m Ay ext = 0.02m
Figure 13. Hydraulic design of the water tube.

Figure 13 presents the geometric and hydraulic characteristics of the water tube used
in the collector. It illustrates the internal and external diameters, as well as the key param-
eters involved in the calculation, including mass flow rate (g,,), flow velocity (w), and
water density (p,,). The diagram provides a visual representation of how these variables
influence tube sizing and overall heat transfer performance.

3.11. Thermal Resistance of the Copper Tube
The overall thermal resistance between the hot air and the flowing water is given by:
1 1 dtub.ext. 1

A=———+—Inin + 5
aexdtub.ext. Zﬂt dtub.inf. aintdtub.inf. ( )

where A is the thermal resistance; a,, is the external convection coefficient; a;,; is the
internal convection coefficient; 4, is the thermal conductivity. a,,

For copper tubes: 4, = 410 W/m - °C.

Typical convection coefficients: a,, = 2.9 W/(m? - °C); ;s = 80 W/(m? - °C).

The calculated thermal resistance becomes: A = 162 (m? - °C)/W.

This value reflects the combined influence of external convection, conduction
through the copper wall, and internal convection within the tube. Due to the high thermal
conductivity of copper, the conductive resistance is relatively small compared to the con-
vective contributions. Consequently, the overall heat transfer process is mainly governed
by the convection coefficients on both sides of the tube, which play a key role in determin-
ing the efficiency of heat exchange between the air and the circulating water.

As illustrated in Figure 14, the total thermal resistance is composed of three main
contributions:

1. External convection resistance —heat transfer from hot air to the outer surface of the
tube.

2. Conduction resistance —heat transfer through the copper tube wall.

3. Internal convection resistance —heat transfer from the inner tube surface to the flow-
ing water.

The figure highlights how these resistances act in series, forming the overall re-
sistance that limits heat transfer. Due to the high thermal conductivity of copper, the con-
ductive resistance is relatively small, while the dominant contributions arise from the con-
vective processes on both sides of the tube.

The combined effect of these mechanisms determines the rate at which thermal en-
ergy is transferred from the collector air to the circulating water. Therefore, optimizing
convection coefficients and flow conditions is essential for improving the overall perfor-
mance of the solar thermal system (as discussed in [45]).
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Figure 14. Thermal resistance components of the copper tube.
3.12. Required Tube Length
The required tube length for complete heat transfer can be determined using;:
Q o ”ltub (Ztcold - tw.fin — tw.in ) (6)
sol.in 24
Rearranging for the tube length:
2AQs01;
ltub — sol.in (7)

7T(Ztcold - tw.fin - tw.in)

Substituting the numerical values yields: [, = 8.6 m.
Thus, the required copper meander tube length inside the collector is approximately
8.6 m.

3.13. Integrated Solar Energy System for Rural Applications

In rural energy applications, combining different solar technologies enables a more
efficient use of available solar resources. A hybrid configuration, consisting of photovol-
taic (PV) panels and solar thermal collectors, allows for the simultaneous production of
electrical and thermal energy. In this arrangement, flat-plate collectors are responsible for
supplying domestic hot water, while PV modules generate electricity required for light-
ing, communication equipment, and low-power household devices.

Such integrated systems are particularly suitable for off-grid communities, as they
enhance energy reliability and reduce reliance on conventional fuels. By utilizing solar
energy for both heating and electricity generation, these systems contribute to lowering
greenhouse gas emissions and improving energy independence in remote areas [46].

3.14. Load Assessment and Numerical Simulation Framework
Simulation Assumptions and Model Parameters

The numerical simulations were conducted in MATLAB using an hourly time-step
resolution over the entire analysis period. The developed model incorporates the main
electrical and thermal subsystems of the proposed renewable energy configuration, in-
cluding photovoltaic generation, battery energy storage, power conversion equipment,
and solar thermal energy production. To ensure consistency and comparability between
the investigated system architectures, identical operating conditions and technical param-
eters were applied throughout all simulation scenarios.

The photovoltaic subsystem was modeled assuming a constant module conversion
efficiency of 20%, representative of commercially available high-performance PV technol-
ogies. Electrical energy conversion losses associated with the power conditioning stage
were considered through an inverter efficiency of 95%. Battery storage performance was
characterized using charging and discharging efficiencies of 95%, accounting for energy
losses occurring during storage cycles.

The battery bank was assumed to have a nominal storage capacity of 600 kWh,
providing sufficient energy autonomy to mitigate fluctuations in solar generation and
maintain supply reliability. To preserve battery lifetime and avoid excessive degradation,
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the state of charge (SOC) was constrained between a minimum threshold of 20% and a
maximum value of 100%.

Meteorological conditions were represented using an average daily solar irradiation
of 6 kWh/m?/day, corresponding to favorable solar resource availability for rural agricul-
tural regions. Ambient temperature variations were incorporated within a range of 10 °C
to 42 °C in order to capture their influence on photovoltaic conversion efficiency and ther-
mal system performance.

The principal simulation assumptions adopted in the analysis are summarized below:

PV module efficiency: 20%;

Inverter efficiency: 95%;

Battery charging efficiency: 95%;

Battery discharging efficiency: 95%;

Battery storage capacity: 600 kWh;

Minimum battery state of charge (SOC): 20%;

Maximum battery state of charge (SOC): 100%;

Average daily solar irradiation: 6 kWh/m?/day;

Ambient temperature range: 1042 °C.

These assumptions provide a realistic and technically consistent basis for evaluating
the energetic performance, storage behavior, and operational feasibility of the considered
renewable energy system configurations.

These assumptions were selected according to values commonly reported for
standalone photovoltaic systems operating under climatic conditions similar to those en-
countered in Sudan.

The electrical consumption profile of the studied system was evaluated under the
assumption that the conventional boiler is not in operation, allowing the analysis to focus
exclusively on renewable energy contributions. A computational model implemented in
MATLAB was used to simulate system behavior over a 24-h period, incorporating both
energy production and consumption dynamics.

The model calculates the hourly variation of electrical demand, excluding boiler-re-
lated loads, and determines the total energy requirements for the analyzed scenario. Based
on these simulations, key performance indicators are obtained, including thermal energy
output (hot water production), electrical energy generation, and the overall hourly de-
mand profile. In addition, cumulative values for both thermal and electrical energy are
computed for the entire simulation interval [47].

During the initial phase of the simulation, synthetic values for energy generation are
produced and subsequently adjusted according to the corresponding solar irradiance lev-
els. The behavior of the battery storage system is modeled by tracking the balance between
generated and consumed energy, ensuring that the state of charge (SOC) remains within
predefined operational limits.

Furthermore, temperature variations associated with hot water production and inlet
water conditions are simulated within realistic bounds to reflect actual operating condi-
tions. The results of the simulation are presented graphically, including parameters such
as electrical power generation, battery SOC, temperature evolution, solar radiation inten-
sity, and battery voltage, allowing for a comprehensive evaluation of system performance
[48].

3.15. Mathematical Representation of the Simulation Model

The proposed simulation framework is based on a set of analytical relationships de-
scribing the interaction between electrical demand, renewable energy generation, thermal
loads, and battery storage dynamics.
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3.16. Electrical Load Modeling and System Energy Management

The total electrical demand at any given moment is obtained by summing the power
consumption of all active devices within the system. This relationship can be expressed
as:

Eipaa(t) = Xizq Pi(t) ®)
where Ej,q4(t) denotes the total electrical demand at time t, and P;(t) represents the
power consumption of the i-th electrical load.

This formulation allows for a time-dependent evaluation of energy consumption,

which is essential for accurately modeling rural energy systems with varying demand
profiles [49].

3.17. Photovoltaic Power Generation

The electrical output of the photovoltaic array is primarily influenced by solar irra-
diance and the conversion efficiency of the PV modules. The generated power can be de-
scribed by:

Ppy, =MNpy  Apy * G (1) )

where Pp, is the photovoltaic power output, 1p, is the module efficiency, Ap, repre-
sents the active surface area of the photovoltaic array, and G (t) is the solar irradiance at
time t.

This expression provides a simplified but effective way to estimate real-time solar
electricity production under varying environmental conditions [50].

3.18. System Enerqy Balance

The instantaneous balance between generated and consumed electricity is described
as:

Epa(t) = va(t) = Ejpaa(t) (10)

A positive balance indicates excess generation, which can be stored in the battery,
while a negative value implies that stored energy must be used to meet the demand [51].

3.19. Battery Storage Model

The temporal evolution of the battery state of charge is determined according to:

Pdis (t)

Ne * Pen(t) — Na (11)

Cbat

SOC (t+1) = SOC (t) +

where SOC (t) represents the battery state of charge, P.,(t) and Py;(t) correspond to
the charging and discharging power, 1, and 7, denote the charging and discharging
efficiencies, and Cj,, represents the battery capacity.

To ensure safe and reliable operation, the SOC must remain within predefined limits:

S0Cmin <SOC (t) < SOCpqy (12)
These constraints prevent overcharging and deep discharge, which could otherwise

degrade battery performance and reduce system lifespan [52].

3.20. Thermal Energy Requirement for Hot Water

The thermal energy required for domestic hot water production is expressed as:

Qhw(t) =m-cy- (Thw(t) - Tin(t)) (13)
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where Qp,(t) is the thermal energy required for hot water production, m represents the
water mass flow rate, ¢, denotes the specific heat capacity of water, Ty, (t) is the hot
water temperature, and T, (t) represents the inlet water temperature.

3.21. Total Energy Demand and Thermal—Electrical Interaction

The overall energy requirement of the system at a given time step includes both elec-
trical consumption and thermal demand for hot water production. This combined de-
mand can be expressed as:

Etot(t) = Ejpgqa(t) + Qpy(t) (14)

where Ey,.(t) represents the total system energy demand, E;,q4(t) is the electrical con-
sumption, and Qp,,(t) denotes the thermal energy required for hot water.

The above relationships constitute the theoretical basis of the MATLAB simulation
environment used to analyze the interaction between photovoltaic electricity generation,
thermal energy demand, and battery storage operation within the proposed integrated
energy system.

4. Thermal and Solar Radiation Analysis

The temporal variation of water temperature at both the inlet and outlet of the system
is illustrated in Figure 15. The results indicate a pronounced daily fluctuation, with the
lowest temperature value of approximately 9 °C occurring during the early morning
hours (around 01:00). As solar energy input increases throughout the day, the water tem-
perature rises progressively, reaching a peak of nearly 83 °C at approximately 16:00.

120
=t Inlet temperature of cold water - Temperature of hot water tank

=N » =3
S o =3

Temperature C°

Y
o

:OM

0
1 2 3 4 5 6 7 8 91011 1213 14 1516 17 18 19 20 21 22 23 24
Hours of the day

Figure 15. Inlet and outlet temperature of water.

This temperature evolution reflects the thermal response of the system to changing
environmental conditions and highlights its ability to effectively accumulate and transfer
heat during periods of high solar availability. The observed trend provides valuable in-
sight into the efficiency of heat transfer mechanisms within the collector and the overall
performance of the thermal subsystem. Such data are essential for evaluating system be-
havior and improving design strategies under variable operating conditions (as discussed
in [53]).

The photovoltaic generation profile indicates that maximum power production oc-
curs during periods of peak solar irradiance between approximately 10:00 and 15:00. Dur-
ing these hours, the generated energy exceeds instantaneous demand, enabling battery
charging and increasing overall system reliability.

The observed generation pattern confirms the suitability of the selected photovoltaic
capacity for daytime operation and demonstrates the ability of the system to reduce de-
pendence on conventional energy sources.
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The results further indicate that photovoltaic performance is strongly influenced by
solar irradiance variability, atmospheric conditions, and operating temperature, which
should be considered during future optimization studies.

The variation of solar irradiance throughout the day, typically expressed in W/m?, is
also a critical parameter influencing system performance. For the analyzed case, solar ra-
diation was considered over the interval between 06:00 and 18:00, corresponding to day-
light hours. The results showed a gradual increase in irradiance during the morning, fol-
lowed by a maximum value of approximately 1100 W/m? around 14:00, after which the
intensity decreased toward sunset.

This daily irradiance profile plays a key role in determining both photovoltaic elec-
tricity generation and thermal energy production. Understanding the temporal distribu-
tion of solar radiation is therefore essential for optimizing the sizing and operation of so-
lar-based systems, including PV arrays and solar water heaters. Accurate representation
of these variations allows for improved prediction of system performance and more effi-
cient energy management strategies (as highlighted in [54]).

4.1. Battery State of Charge Dynamics

The variation in the battery state of charge (SOC) over a 24-h operating cycle is illus-
trated in Figure 16. This profile reflects the continuous interaction between photovoltaic
energy generation and the electrical demand of the rural community.
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Figure 16. State of battery charge.

The battery state-of-charge profile provides important information regarding the op-
erational stability of the proposed system.

The results indicate that the battery remains within acceptable operating limits
throughout the simulation period and successfully compensates for temporal mismatches
between electricity production and demand.

The absence of critical discharge conditions demonstrates the adequacy of the se-
lected storage capacity and confirms the ability of the system to maintain power supply
continuity during periods of reduced photovoltaic generation.

During nighttime hours, when solar radiation is absent, the photovoltaic system does
not produce electricity. Under these conditions, the battery storage system supplies the
required energy to the loads, leading to a gradual decrease in SOC. The minimum SOC
level is typically reached in the early morning, just before the onset of solar generation.

After sunrise, the availability of solar radiation enables the photovoltaic array to
begin producing electricity. When the generated power exceeds the instantaneous con-
sumption, the excess energy is stored in the battery. As a result, the SOC increases pro-
gressively throughout the daytime, reaching its peak value during the early afternoon,
when solar irradiance and PV output are at their highest levels.

To assess seasonal variability, representative climatic conditions corresponding to
summer, winter, and transition periods were considered.
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During summer conditions, increased solar irradiance results in higher photovoltaic
generation, faster battery charging, and elevated water outlet temperatures.

Winter conditions lead to lower photovoltaic production and greater battery utiliza-
tion, while transition periods exhibit intermediate behavior.

The analysis confirms that the proposed configuration maintains operational feasi-
bility throughout the year despite seasonal fluctuations in solar resources and ambient
temperature.

This repetitive charging—discharging cycle represents the typical operational behav-
ior of standalone photovoltaic systems with battery storage. The battery acts as an energy
buffer, compensating for the temporal mismatch between energy production and demand.
It stores surplus energy during periods of high generation and releases it when produc-
tion is insufficient or unavailable. This functionality is critical for maintaining a stable and
uninterrupted electricity supply in off-grid applications, particularly in rural environ-
ments where grid access is limited (as demonstrated in [55]).

4.2. System Fluctuations and Comparative Energy Analysis

The variations observed during the sunrise and sunset intervals are primarily linked
to the rapid changes in solar irradiance that occur during these periods. As the photovol-
taic (PV) system transitions from an inactive to an active state (and vice versa), temporary
imbalances between electricity generation and load demand may arise. In addition, sud-
den changes in consumption —such as the simultaneous operation or shutdown of domes-
tic appliances, irrigation pumps, or public lighting systems—can further intensify short-
term fluctuations in system behavior, as also reported in similar off-grid studies [56].

A comparative evaluation of multiple operating scenarios is illustrated in Figure 17.
Figure 17 presents a comparative analysis of three system configurations: total demand
including boiler consumption, demand excluding the boiler load, and system perfor-
mance with photovoltaic integration. The comparison highlights the impact of PV gener-
ation on reducing overall energy demand and improving system efficiency.

e @ Total boiler load distribution & Total consumption without boiler @ Total consumptions
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Electric Load (W)
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10,000 H [IH
Oclnmmmtlﬂ | ﬂﬂ [l”[lﬂ[l”[lﬂ
1 2 3 4 5 @6 7 ® 9 100 41 42 13- 14 45 46 18 49 20: 21 22! 24
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Figure 17. Comparative analysis between energy consumption.

The first case considers the total energy demand including the electric boiler, which
significantly increases overall consumption due to its high power requirements for water
heating. The second case excludes the boiler load, allowing for a clearer assessment of the
baseline electrical demand associated with residential use, agricultural activities, street
lighting, healthcare services, and small commercial units. The third scenario examines the
system performance when photovoltaic generation is integrated as the primary energy
source.

The analysis shows that the implementation of a 60 kW photovoltaic system substan-
tially modifies the daily energy balance of the village. Under typical solar conditions, the
PV system is capable of producing approximately 360 kWh/day, assuming an average of
6 peak sun hours, which is consistent with findings in similar climatic regions [57].
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The required photovoltaic capacity was determined based on the daily electrical en-
ergy demand and the available solar resource using the standard PV sizing relationship:

Edaily

Ppy = —— 24y
PV PSH x Nsystem

(15)
where Egq, is the average daily energy demand (590 kWh/day), PSH represents the
average peak sun hours (6 h/day), and 7y, denotes the overall system efficiency, in-
cluding conversion and operational losses (0.80).
By substituting the corresponding values, the theoretical installed photovoltaic ca-
pacity is obtained as:
590
Frv = %080

The calculated value represents the nominal PV capacity required to fully satisfy the

= 1229 kW

community’s daily electricity demand under the assumed operating conditions. Never-
theless, the implementation of a photovoltaic system of this scale may be constrained by
investment costs, equipment availability, and the financial limitations typically associated
with rural electrification projects.

Consequently, a 60 kW photovoltaic array was adopted for the present analysis as a
technically feasible and economically balanced solution. This installed capacity reflects a
practical compromise between energy production potential and capital expenditure,
while remaining compatible with phased deployment strategies and the integration of
battery storage and complementary renewable energy resources. The selected configura-
tion enables the assessment of system performance under realistic implementation condi-
tions frequently encountered in off-grid agricultural communities.

After accounting for system losses—such as inverter inefficiencies, temperature ef-
fects, and wiring losses —estimated at approximately 20%, the net available energy is re-
duced to about 288 kWh/day. This corresponds to nearly 49% of the total daily electricity
demand, estimated at 590 kWh/day, demonstrating the significant contribution of solar
energy to the local energy supply.

During periods of maximum solar irradiance, typically between 11:00 and 15:00, the
photovoltaic system operates close to its nominal capacity. Under these conditions, a large
portion of the daytime energy demand, particularly for agricultural water pumping and
residential consumption, can be directly supplied by solar energy. Any excess electricity
generated during these peak hours is stored in the battery system and later used during
nighttime, ensuring a continuous and reliable energy supply in the absence of solar gen-
eration. This operational strategy is widely recognized as essential for improving the sta-
bility and efficiency of standalone PV systems [56,57].

4.3. Impact of Renewable Energy Integration on System Performance

The results illustrated in Figure 18 highlight the significant benefits associated with
the implementation of renewable energy technologies in rural energy systems. The incor-
poration of photovoltaic generation reduces reliance on high-consumption electrical de-
vices, such as electric boilers, while simultaneously enhancing the overall stability of the
energy supply by enabling a more balanced distribution of energy demand throughout
the day.
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Figure 18. Comparative analysis between energy generation.

Moreover, the adoption of solar-based solutions leads to a noticeable decrease in op-
erational costs, as the need for conventional fuel-based energy sources is reduced. This
transition also contributes to lowering fuel dependency and mitigating the environmental
impacts typically associated with traditional electricity generation methods, including
greenhouse gas emissions and resource depletion.

As shown in Figure 18, the integration of photovoltaic systems allows for improved
energy management by aligning energy production with consumption patterns, thereby
increasing system efficiency and reliability. Such findings are consistent with recent stud-
ies emphasizing the role of renewable energy in enhancing sustainability and energy ac-
cess in off-grid communities [58]. Figure 18 illustrates the improvements in energy distri-
bution and system performance resulting from the integration of photovoltaic generation.
The figure emphasizes the reduction in conventional energy usage, enhanced load distri-
bution, and increased system stability.

4.4. Comparative Evaluation of Energy Production and Consumption

A comprehensive comparison of energy flows within the system is presented in Fig-
ure 19, where both energy production and consumption components are analyzed simul-
taneously. The figure includes multiple energy sources and contributions, such as total
electricity demand, energy delivered by the battery storage system, photovoltaic (PV) gen-
eration, as well as combined production from solar thermal and photovoltaic systems, and
standalone PV output.

80,000 B Total consumptions

70,000
£ 60,000 ‘ 1
g \
£ 50,000 | |
3] |
£ 40,000
e
;30,000
3 20,000

* 10,000

o 8@ u onan u“ “Elll" “IIu

1 & 9 10 TN 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours of the day

Figure 19. Comparative analysis between energy consumption and generation.

This type of comparative assessment is essential for understanding how different en-
ergy sources interact and contribute to meeting the overall demand. By evaluating these
components together, it becomes possible to identify periods of energy surplus and deficit,
as well as the role of storage in maintaining system balance. The contribution of the battery
system is particularly important, as it compensates for the intermittency of solar genera-
tion by storing excess energy and supplying it when production is insufficient.
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4.5. Energy Balance and System Configuration

Figure 20 illustrates the comparison between energy demand and photovoltaic gen-
eration, highlighting the relationship between system consumption and solar energy pro-
duction. The analysis includes household loads, heating requirements, and minor produc-
tive uses, compared against the electricity generated by the PV system. This comparison
is essential for evaluating system adequacy and energy balance.

Hot water outlet
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Figure 20. Evacuated tube solar collector with integrated 100 L storage tank.

Tube length 1800 mm

The analyzed configuration uses the same storage and conversion components as in
the previous case, together with LR4-72HPH-455M (455 W) photovoltaic panels. Each
building is equipped with four panels, resulting in a total of 132 panels for the entire com-
munity. With an estimated unit cost of USD 100 per panel, the total investment is approx-
imately USD 13,000, indicating a cost-effective solution for rural electrification.

In addition, the thermal subsystem consists of a non-pressurized evacuated tube col-
lector with a 100 L storage tank for domestic hot water production. The system includes
12 glass tubes (50 mm diameter, 1800 mm length), ensuring efficient solar heat absorption
and transfer. The installation is designed to operate safely up to 6 bar, providing reliable
performance under typical conditions.

As shown in Figure 20, the integration of photovoltaic and solar thermal technologies
improves overall system efficiency and supports sustainable energy supply in off-grid en-
vironments [59].

To place the obtained results within the context of the existing literature, a compari-
son with previously published studies was performed.

Previous investigations on rural electrification systems have demonstrated that ap-
propriately sized photovoltaic installations can provide reliable electricity supply while
significantly reducing dependence on conventional energy sources [13]. Similar observa-
tions were obtained in the present study, where the proposed photovoltaic configuration
was able to satisfy a substantial portion of the daily electrical demand of the investigated
community.

Several studies have highlighted the importance of battery energy storage systems
for improving the reliability and operational stability of standalone photovoltaic installa-
tions [17]. The battery state-of-charge profiles obtained in the present work further con-
firm the critical role of energy storage in maintaining power availability during periods
of reduced solar generation.

In addition, previous techno-economic assessments have shown that renewable en-
ergy systems can provide considerable economic and environmental benefits for remote
rural communities [21-23]. The findings of the present study are consistent with these
conclusions and further indicate that the decoupled PV + thermal configuration offers

https://doi.org/10.3390/technologies14070397



Technologies 2026, 14, 397

24 of 29

improved operational flexibility, simplified maintenance requirements, and enhanced
thermal energy utilization compared with integrated PV/T systems.

Opverall, the obtained results are consistent with the performance ranges reported in
the literature and confirm the technical feasibility and practical applicability of renewable
energy systems for rural electrification and domestic hot-water production.

4.6. Economic Assessment and Comparative Evaluation

In addition to the technical analysis, a techno-economic assessment was performed
to evaluate the feasibility of implementing the proposed renewable energy systems in off-
grid rural communities. The photovoltaic subsystem consists of 132 LR4-72HPH-455M
modules, corresponding to an installed capacity of approximately 60 kW. Based on cur-
rent market prices, the PV modules represent an investment of approximately USD 13,000.
When battery storage, inverter systems, charge controllers, mounting structures, electrical
wiring, and installation costs are included, the total capital expenditure (CAPEX) is esti-
mated between USD 32,000 and USD 35,000. Annual operation and maintenance costs
(OPEX) are estimated at approximately 1-2% of the initial investment cost.

The economic viability of the system was assessed using the levelized cost of electric-
ity (LCOE), calculated as:

Total Lifetime Cost

LCOE = 1
Total Lifetime Cost Energy Production (16)

Assuming a project lifetime of 25 years and an annual photovoltaic degradation rate
below 0.5%, the resulting LCOE remains significantly lower than the cost of electricity
generated by diesel-powered systems commonly used in remote rural areas. Under these
assumptions, the estimated simple payback period ranges from 6 to 8 years, depending
on fuel prices, financing conditions, and local installation costs.

To identify the most suitable architecture for rural electrification applications, the
standalone PV, integrated PV/T, and decoupled PV + thermal configurations were com-
paratively evaluated according to key technical and operational criteria, as presented in
Table 3.

Table 3. Comparative assessment of the investigated renewable energy configurations.

Criterion PV PV/T PV + Thermal
Electrical efficiency ~ High Medium High
Thermal production No Yes Yes
Reliability Medium Medium High
Maintenance com-

) Low High Low
plexity
Scalability High Medium High
Operational flexibil- ] )
. High Low High
ity
Economic feasibility ~Medium Medium High

The comparative analysis indicates that the decoupled PV + thermal configuration
provides the most balanced overall performance among the investigated systems. While
the standalone PV configuration offers high electrical efficiency and simple maintenance,
it does not provide thermal energy. The integrated PV/T system enables simultaneous
electricity and heat generation but introduces additional design and maintenance com-
plexity.
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By separating photovoltaic and thermal energy production, the PV + thermal config-
uration allows each subsystem to operate closer to its optimal conditions, resulting in im-
proved reliability, greater operational flexibility, and simplified maintenance. These ad-
vantages are particularly important for rural and agricultural communities where tech-
nical support and maintenance resources are often limited.

System performance is influenced by environmental, technical, and operational fac-
tors, including solar irradiance, ambient temperature, seasonal variability, PV module ef-
ficiency, battery performance, thermal collector efficiency, load demand, and energy man-
agement strategies. Proper consideration of these parameters is essential for ensuring re-
liable operation and long-term sustainability.

The economic results obtained in the present study are consistent with previous in-
vestigations. Studies have shown that photovoltaic systems combined with battery stor-
age can achieve competitive electricity costs and attractive payback periods in remote ar-
eas [60]. Similarly, standalone photovoltaic systems have been identified as technically
and economically viable solutions for off-grid rural electrification when compared with
diesel-based generation [61]. Furthermore, techno-economic optimization of hybrid re-
newable energy systems has been shown to reduce lifecycle costs and improve long-term
sustainability [62].

5. Conclusions

This study provides a detailed evaluation of combining solar photovoltaic (PV) sys-
tems with solar thermal technology to supply both electricity and domestic hot water for
a rural village. The system was designed for 30 households in a remote off-grid area of
Sudan, traditionally dependent on costly and environmentally harmful diesel generators.

Hourly load analysis highlighted distinct patterns between daytime and nighttime
energy use. Peak daytime demand reached around 58 kWh, while total daily consumption
exceeded 509 kWh, and nighttime use remained significantly lower. These findings
guided the sizing and configuration of the renewable energy system.

Simulations identified a 60 kW standalone PV system paired with solar thermal wa-
ter heaters as the most efficient and cost-effective option. MATLAB modeling confirmed
reliable operation under varying solar irradiance and temperatures. Battery storage effec-
tively managed 24-h charge—discharge cycles, ensuring continuous electricity. The ther-
mal system successfully heated water from 10 °C to over 80 °C, meeting the household
hot water requirements.

The thermal system successfully heated water from approximately 10 °C to 55-60 °C
under normal operating conditions, while peak outlet temperatures approaching 80 °C
may occur under favorable solar irradiance conditions and reduced hot-water consump-
tion.

Thermal design calculations optimized tube length (~8.6 m) and diameter (20 mm)
for effective heat transfer, considering solar and ambient temperature fluctuations to
maintain operational reliability. Economically, separate PV and solar thermal systems of-
fered lower initial costs and simpler maintenance compared to hybrid PV/T setups. While
a hybrid PV/T system capable of full electricity and water coverage costs roughly $15,500,
standard PV panels ($13,000) combined with solar thermal units ($9300) provide a more
modular and scalable solution.

Comparison of PV-only, hybrid PV/T, and PV + thermal configurations indicated that
the PV + thermal combination delivers superior efficiency, reliability, and affordability.
Declining PV costs and rising diesel fuel expenses further strengthen the economic case,
especially in remote areas where fuel logistics increase operational costs.

Environmentally, the proposed system eliminates fossil fuel use and reduces green-
house gas emissions, improving local air quality and public health. The design also
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accounts for local solar irradiance (up to 1100 Wh/m?), temperature variability, and sun-
light duration, making it suitable for replication in other off-grid rural communities in
Sub-Saharan Africa and similar sun-rich regions.

In summary, this study demonstrates a practical and scalable approach for rural elec-
trification using renewable energy. Integrating PV systems for electricity and solar ther-
mal systems for hot water enables remote communities to access reliable, clean, and cost-
effective energy, supporting sustainability, local development, and enhanced quality of
life. This model offers a replicable framework for policymakers, engineers, and develop-
ment programs aiming to implement decentralized renewable energy solutions in com-
parable rural settings.

Although the present study was developed using climatic and operational conditions
representative of Sudan, the general conclusions regarding the advantages of decoupled
PV and thermal systems are expected to remain valid for other regions characterized by
significant solar resources.

However, photovoltaic production, thermal energy generation, battery storage re-
quirements, and economic performance indicators depend on local irradiance conditions,
ambient temperatures, and energy consumption patterns.

Consequently, the proposed methodology should be considered a transferable as-
sessment framework, while system sizing and economic optimization must be adapted to
the specific characteristics of each installation site.

Although a detailed uncertainty analysis was beyond the scope of the present study,
the obtained results are primarily influenced by variations in solar irradiance, ambient
temperature, load demand, and battery efficiency.

Future work will include sensitivity and uncertainty analyses to quantify the influ-
ence of these parameters on system performance, economic indicators, and long-term op-
erational reliability.
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