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ABSTRACT: Bugesera, a historically drought-prone region in Rwanda, is undergoing transformation through invest-
ment in modern irrigation and sustainable agricultural practices. However, extending the national electrical grid to
numerous dispersed smallholder farms poses a major challenge. The persistent water scarcity and rising conventional
energy costs necessitate the development of innovative and sustainable solutions. This study investigates the use of
photovoltaic (PV) pumping systems as a green energy alternative for off-grid rural areas, supporting both agricultural
irrigation and domestic water supply. A model system serving five one-hectare market-gardening plots and 25
inhabitants was analyzed, with a total daily water demand of 300.75 m3/day. A comprehensive technical and economic
evaluation was conducted using MATLAB to optimize the system design, including PV array sizing and storage capacity,
to ensure reliable operation under defined water and energy demands. A critical component of the analysis was the
optimization of the piping network to balance hydrodynamic performance, energy consumption, and overall system
cost. For a water requirement of 300.75 m3/day, the optimal PV system consisted of 12 panels, providing a cost-effective
balance between energy generation and pumping demand. The results show a rapid decrease in total system cost as
the pipe diameter increases from 0.15 to 0.30 m, primarily due to reduced friction losses that lower the total dynamic
head and significantly decrease the required PV array size, which dominates the system cost. An optimal diameter of
approximately 0.30 m was identified, beyond which further increases yield diminishing cost reductions as the total
dynamic head becomes governed mainly by static head rather than hydraulic losses. This integrated technical and
economic approach provides a practical framework for designing sustainable, cost-effective solar-powered irrigation
and domestic water systems tailored to off-grid smallholder farmers in drought-prone regions.

KEYWORDS: Photovoltaic pumping system; techno-economic optimization; total dynamic head; pipe diameter
optimization; off-grid water supply; solar-powered irrigation

1 Introduction
In today’s rapidly evolving world, it is essential to sustainably address issues such as food security

and energy access. For small-scale farmers in sub-Saharan Africa, access to irrigation systems is essential
for enhancing food availability, boosting earnings, and improving resilience to climate change in rural
areas [1]. In remote areas, especially those with limited infrastructure, obtaining a consistent water supply is
a significant obstacle to agricultural development. This issue is particularly critical in Rwanda, where most
of the population relies on subsistence farming [2]. Irrigation plays a crucial role in countering the risks
posed by unpredictable rainfall, extended dry periods, and climate change. Nevertheless, many rural farmers
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in Rwanda lack the necessary resources and equipment to implement efficient irrigation methods, resulting
in poor crop yield and food shortages. Standalone photovoltaic water pumping systems have proven to be
a highly competitive solution for water supply in rural regions for irrigation, and they have the potential
to transform agricultural practices in poor rural areas by providing a consistent water supply and enabling
year-round farming. This is particularly true in areas where connecting to an electric grid is either unfeasible
or economically unviable [3]. This study focused on the design and performance of photovoltaic-powered
pumping systems for sustainable water supply in rural and off-grid agricultural communities by assessing
water demand, hydraulic network parameters, and solar energy requirements to optimize irrigation and
domestic water use in smallholder farming areas in the region.

This study explored the appropriate solar-powered pumping system technology that aligns with the
socioeconomic and environmental conditions of Rwanda. By leveraging locally available resources and
community-driven approaches, this study aims to propose scalable solutions that enhance agricultural
productivity and contribute to poverty alleviation in rural areas of the country’s western region. Utilizing
photovoltaic (PV) arrays for water pumping is among the most promising applications of solar energy,
which is a green technology, and solar-powered systems reduce the reliance on fossil fuels [4]. To encourage
the use of renewable energy and decrease CO2 emissions, systems that utilize solar energy should be
designed [5]. Green energy is a type of energy that is frequently obtained from renewable energy sources,
such as the sun, wind, hydroelectricity, geothermal energy, tidal and ocean energy, biomass, and biofuels.
Each of these technologies operates differently, whether it is by harnessing solar energy, as with solar panels,
or by generating energy through the wind, water flow, or by obtaining energy from the ocean’s surface
waves [6,7]. Green energy is fundamental for achieving sustainable development and an environmentally
friendly environment. Renewable energy sources are considered green energy sources when they have zero
impact on the environment, that is, they do not emit any greenhouse gases or emit only a very small
amount [8].

One of the most basic issues in confined fluid flow is energy loss, specifically the calculation of pressure
drops and the description of the flow form, which contribute to the factors that hinder the performance of PV
piping systems [9]. The simplest configuration (Fig. 1) of a solar water pumping system for irrigation includes
a solar photovoltaic array, water pump, and water tank. When solar light energy strikes the contactors, the
flow of electrons completes the circuit. The electrical energy of PV panels can be used to operate motors to
pump groundwater for irrigation purposes. The pumped water can be stored in tanks for future use. The
operation of the pump is controlled by a pump controller that assesses the voltage output of the panels [10].

Figure 1: Surface sun powered schemes with Static Head [11].
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Case Study
Pumping water for irrigation from the stream to the tank located in the NTARAMA sector KIBUNGO

Cell in Kagoma II village, Fig. 2. When examining the climate of the Bugesera region in relation to other
areas, it is characterized by dry conditions with temperatures fluctuating between 20○C and 30○C. The typical
temperature range is 26○C–29○C. Previously, the district was transformed into a desert-like area. Neverthe-
less, owing to increased government initiatives, the district has undergone reforestation and safeguarded its
natural resources. This intervention has led to enhanced climatic conditions [12]. Bugesera has the highest
annual average solar irradiance of 5.28 kWh/m2_day, with almost 5 h of maximum sunlight daily, solar energy
systems could provide a plentiful and consistent power source when properly utilized [13,14].

Figure 2: Kagoma-II village [12].

The tank was located 600 m from the local river, with a suction head of 4 m a Static discharge head
of 21 m. The hill does not have a high inclination and is likely to be hilly with a moderate slope. The water
needs to be pumped and stored during the sunny time, and the duration for pumping is 5 h/day (9 a.m. to
2 p.m.). In this case, irrigation was performed using gravitational irrigation to minimize costs. Currently, the
most common way to pump water in the region is by using electricity from the grid and diesel-dependent
pumps. Most of this grid electricity comes from non-renewable sources, as renewables have not yet been
fully implemented. However, connecting a water-pumping system to the nearest electric grid is not always
feasible because of the high cost of extending the main grids. Consequently, renewable energy systems have
become a suitable and cost-effective solution for supplying electricity to remote areas [14]. For sub-Saharan
Africa, the water requirements can be estimated as follows: Humans: Person 5 to 10 L/day minimum, normal
living conditions 30 L/day, market gardening agriculture 60 m3/hectare/day for 1 ha [15].

In this study, the water requirement for market gardening agriculture was estimated to be 60 m3 per
hectare per day. Five farmers were considered, each cultivating 1 ha of land, resulting in a total irrigation
demand of 300 m3/day. Domestic water needs were incorporated using a standard consumption rate of 30 L
per person per day. Based on Table 1, the total number of people considered across the five households was
25, corresponding to a combined domestic water requirement of 750 L/day (0.75 m3/day) per household.
Therefore, the total daily water demand for the study area was 300.75 m3/day. In addition, the storage system
was sized to ensure the reliable and productive operation of the water-pumping system. This study also
evaluated local irrigation systems by analyzing the main parameters affecting hydraulic network performance
and determining the necessary water volume and solar panel size required for optimal system efficiency.
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Table 1: Domestic water requirement estimation based on household population.

Household Number of Persons Water Requirement (L/day) Water Requirement (m3/day)
Farmer 1 5 150 0.15
Farmer 2 8 240 0.24
Farmer 3 6 180 0.18
Farmer 4 4 120 0.12
Farmer 5 2 60 0.06

Water pumping Solar-powered water pumping systems have been widely recognized as sustainable
solutions for irrigation and domestic water supply in off-grid rural areas. Several studies have demonstrated
the technical and economic feasibility of photovoltaic (PV) water pumping (PVWP) systems using various
simulation and modeling tools. For instance, models developed with PVsyst and HOMER software have
been successfully applied to assess the practical and economic viability of solar-powered water pumping
systems, showing promising results for implementation at sites with similar environmental conditions [16,17].
Similarly, simulation analyses using specialized tools like the Solar-Drip Simulation Tool (SoSiT) have
reinforced the potential of PVWP systems as environmentally friendly and sustainable alternatives for
irrigation in rural communities lacking grid access [18].

Beyond feasibility, optimization of system design parameters, such as PV module tilt angle, shading
effects, and pump sizing, has been explored using platforms such as PVGIS and MATLAB/Simulink. Studies
employing PVGIS have highlighted how optimal module orientation and shading analysis can significantly
improve water supply efficiency, fulfilling crop irrigation requirements while minimizing resource waste [19].
In parallel, MATLAB/Simulink models incorporating both AC and DC motor pump configurations have
enabled precise PV dimensioning tailored to specific farm requirements, suggesting PVWP systems’ multi-
faceted benefits including rural quality of life improvement and environmental conservation [20]. Further,
research employing CROPWAT simulation software has compared PVWP systems to diesel-powered
alternatives, underscoring the long-term economic advantages of solar solutions for crop irrigation [21].

Operational and economic aspects, including storage and system reliability, have been addressed
in previous studies. For example, the dynamic modeling of groundwater extraction systems integrating
battery storage and water tanks demonstrated improved economic viability for dry-season irrigation in
Bangladesh [22]. Additionally, comparative numerical sizing methods considering solar cell temperature
variations influenced by ambient temperature and wind speed have refined energy consumption models,
enhancing the accuracy of PV system performance predictions [23]. In the Rwandan context, several site-
specific studies have begun to address the application of PV water-pumping systems under local climatic
and operational conditions. A study conducted in Mibirizi village presented the design and technical
evaluation of a solar-powered water pumping system, demonstrating the feasibility and reliability of PV
technology for rural water supply in Rwanda [24]. At a broader scale, a recent nationwide assessment
evaluated the spatial suitability of PV-powered irrigation systems across Rwanda, highlighting the country’s
high solar irradiation potential and the influence of regional climatic conditions on system design. The study
reported that Rwanda’s maximum ambient temperature ranges between 25 and 27.5○C throughout the year,
indicating favorable operating conditions for PV irrigation systems with minimal thermal losses affecting PV
performance [25]. Furthermore, environmental and economic analyses conducted for agricultural irrigation
in the Bugesera District using HOMER software compared photovoltaic, diesel, and hybrid pumping systems,
revealing that PV water pumping systems are the most cost-effective and environmentally sustainable option
for smallholder farming applications in Rwanda [26].
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Despite these significant contributions, most previous studies, both globally and within Rwanda, have
primarily focused on system feasibility, energy yield estimation, and economic comparisons. A detailed and
systematic evaluation of how key hydraulic and operational parameters, particularly hydraulic losses within
the water distribution network, influence the overall PV system performance and reliability remains largely
unexplored. Moreover, the interaction between hydraulic losses and photovoltaic performance under site-
specific rural Rwandan conditions has not been sufficiently addressed in the literature. Accordingly, this
study seeks to fill this gap by comprehensively evaluating the main hydraulic and operational parameters
affecting the efficiency and reliability of PV-powered irrigation and domestic water supply systems in rural
areas of Rwanda. By integrating hydraulic loss analysis with photovoltaic performance assessment, this
study provides a context-specific framework for optimizing green energy utilization in off-grid smallholder
farming communities.

2 Electro-Mechanical System Sizing
Determining the dimensions of photovoltaic water pumping systems (PVWPS) involves several calcu-

lations, including the assessment of pump hydraulic power, motor power, photovoltaic array dimensions,
and system configurations. Hydraulic energy loss estimation is a critical aspect of fluid dynamics and water
resource management because it directly impacts the efficiency of hydraulic systems [27]. The hydraulic
power of a water-pumping system is determined by two key factors: the designed head (H, measured in
meters) and the water flow rate (Q, measured in cubic meters per hour). To calculate the hydraulic power
required for the pumping system, a specific equation (Eq. (1)) was used [28].

PH (kW) = H × Q × ρ × g
3.6 × 106 (1)

where g is the acceleration due to gravity (9.81 m/s2), ρ is the water density (kg/m3), and H is the total dynamic
head (m). In the flow of a real fluid, the energy always decreases in the flow direction and is dissipated owing
to friction losses as the flow traverses through pipe systems. Fluid flow experiences two primary types of head
loss. The first type, known as “major losses” or friction head loss, as shown in Eq. (2), is related to the energy
dissipation per unit length of the pipe. Typically, turbulent flows with high Reynolds numbers tend to lose
energy. The second type, referred to as “minor losses” or local head loss in Eq. (5), results from various factors
that obstruct the flow path, such as bends, fittings, valves, and other impediments [29]. When water moves
from a river to a tank, both of which are essentially static reservoirs at atmospheric pressure, the pump must
provide sufficient energy to the water to overcome two factors: the gravitational head, which is the change
in elevation, and the head losses, which include both major and minor losses [30]. The Darcy–Weisbach
equation (Eq. (2)) is the most important theoretical model for estimating the frictional energy losses (hf ) in
pipes by considering the average fluid velocity (Um) and frictional resistance [31]. Many engineers regard the
Darcy-Weisbach equation as the most precise method for calculating friction losses in fluid flow systems [32].
It is primarily employed to determine the head loss caused by friction in turbulent flow conditions

h f = f L
D

U 2
m

2g
(2)

where L is the length of the pressurized conduit, D is Pipe diameter, g is the acceleration due to gravity, and f
is the friction factor. In cylindrical pipes, the friction factor is typically determined using a Moody diagram.
This diagram depicts the Reynolds number against the friction factor and describes the corresponding
fluid [33,34]. The friction factor f depends on the Reynolds number, as in the case of laminar flow, as well
as on the coefficient of the relative roughness, the relationship between the absolute roughness of the pipe’s



6 Energy Eng. 2026;123(5):13

inner wall surface in contact with the fluid, and the diameter of the pipe (ε/d), considering that the pipe can
either perform as a smooth, rough, or somewhere in between. Conversely, The Colebrook-White equation,
recognized as the most precise method for determining Darcy’s friction factor, provides implicit Eq. (3), in
which the friction factor appears on both sides of the equation and therefore requires iterative numerical
methods [35,36].

1√
f
= −2 log10

⎛
⎝

ε
3.72D

+ 2.51
Re
√

f
⎞
⎠

(3)

Several explicit approximations have been proposed to simplify the evaluation of the Darcy-Weisbach
friction factor without the need for iterative solutions. Among the most widely used is the Swamee-Jain
explicit equation (Eq. (4)), which provides an accurate approximation of the implicit Colebrook-White
equation suitable for engineering applications [37]. The reliability and comparative performance of various
explicit formulations, including the Swamee-Jain equation, have been recently reviewed in the literature,
demonstrating their effectiveness in head loss estimation and hydraulic design problems [38]

f = 0.25
[log10 ( ε

3.72D +
5.74
Re0.9 )]

2 (4)

Typically, the hydraulic head or total dynamic head (H) comprises three primary components: static
head (TDHbase) in Fig. 1 and friction losses [39]. These elements are combined as shown in Eq. (5).

H = TDHbase + h f + hm (5)

where hm accounts for minor losses which they bring extra load losses that can be evaluated using the formula
in Eq. (6).

Hm = (K1 + K2 + (n × K3)) ×
U 2

m
2 × g

(6)

where n is the number of 90○ elbows, K is the minor loss coefficient related to the component type, and Um
is the mean flow velocity. Table 2 [40] lists the different K values for different types of minor losses in this
study. Including K1 and K2, which correspond to the pipe exit and entrance coefficients, respectively. The
coefficient K3 relates to the 90○ elbow, with n = 2 representing the number of such fittings considered in
the system.

Table 2: Friction coefficient values.

Type K
Exit (pipe to tank) 1.0

Entrance (tank to pipe) 0.5
90○ elbow 0.9
45○ elbow 0.4
T-junction 1.8
Gate valve 0.25–25
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2.1 Motor Power Calculation
Surface and submersible water pumps are typically installed for irrigation in the agricultural sector.

Many PV water pumping systems employ DC motors (instead of AC motors) because they can be directly
coupled with PV arrays, resulting in a very simple system. Among the different types of DC motors, a
permanent magnet DC (PMDC) motor is preferred in PV systems because it can provide a higher starting
torque [41]. The power required by the motor (Pm) is calculated using Eq. (7) and depends on the efficiency
of the water pump (ηMP). In this research, a constant pump efficiency of 0.56 was used based on [42], to
represent the best efficiency point (BEP) of the selected pump class

Pm =
PH

ηMP
[kW] (7)

2.2 Photovoltaic Panel Sizing
For solar photovoltaic WPS, the photovoltaic system depends on the power required by the induction

motor, system efficiency, and the daily water requirement. The photovoltaic power requirement per day for
the water pumping system was calculated using Eq. (8) [43,44]. To calculate the required PV energy, the
total watt-hours per day were multiplied by 1.3 (system loss) and divided by the panel generation factor (4.35
for Rwanda) [10]. The system is designed to run for only 5 h during the daytime (9 a.m.–2 p.m.). The rated
power of the PV modules to be used is 500 Wp, which is available on the Rwandan market, and the designed
number of PV panels is 36.

PPV =
Pm × h × 1.3

4.35
(8)

2.3 Storage Battery Sizing
This section describes the method used to determine the suitable size of the storage battery. The battery

storage system (BSS) should be sufficiently large to store sufficient energy to operate the PV station at night
and on cloudy days. The required storage was sized using Eq. (9) [45]. Given a battery efficiency of 0.85,
depth of discharge (DOD) of 0.85, and battery voltage of 72 volts, the system can operate for one day without
power generation from the photovoltaic (PV) panels. The calculated energy capacity was 341.64 Ah.

BSS(Ah) = Total watt − hours per day ∗Day of autonomy
batter y e f f icienc y ∗ DOD ∗ Batter y vol tage

(9)

The batteries considered for this application are retired electric vehicle (EV) batteries that have been
repurposed for secondary use in BESSs. An EV battery is typically deemed to have reached the end of its
primary life cycle when its capacity or State of Health (SOH) falls to approximately 80% of the original
nominal capacity [46]. At this threshold, the battery is no longer suitable for high-performance automotive
applications, primarily because of the diminished driving range and reduced peak power delivery caused
by increasing internal resistance. However, the remaining 70%–80% capacity still constitutes a high-value
energy asset that can serve effectively for an additional 5 to 10 years in less demanding applications, such
as stationary energy storage [47,48]. After calculating the required number of PV panels, the next step is
to analyze the cost to gain a deep understanding of the effect of the main PV pumping parameters on the
total cost. The cost analysis and viability of clean energy infrastructure are key considerations in promoting
sustainable urban mobility. Thus, conducting a comprehensive economic assessment is crucial to determine
the project’s feasibility, considering the costs associated with installing PV generation, BESS, and battery
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pumping systems [49]. The total cost of the system (Ctotal) in Eq. (10) depends on the PV array cost (CPV),
pump cost (Cpump), pipe cost (Cpipe), and battery transport and collection cost (Cb_col) [50].

Ctotal = CPV +Cpump +Cpipe +Cb_col (10)

The pipe cost was calculated from the pipe cost per meter, which is 0.5$ and the total length, panel cost
for one panel is 182$. The considered pump cost is 60$ and the one for second use battery transportation is
0.1$. Subsequently, the pipe size that minimized the overall expenses was determined. This optimal diameter
was identified by assessing the total cost of the pumping system for various pipe sizes. The expenses associated
with each pipe diameter were calculated and compared. The size that yielded the lowest overall cost was
selected as the ideal size for the specified pumping requirements. This method ensures that the system is
economical and capable of supplying the necessary water volumes.

3 Results and Discussions
Fig. 3 shows the number of photovoltaic (PV) panels required for a solar-powered irrigation system,

considering two critical factors: the amount of water needed per hectare for irrigation (Nwh) and the Total
Dynamic Head (TDH). An increase in Nwh signified a greater volume of water to be pumped daily, which
required more energy to operate the pump.

Figure 3: Number of PV panels with respect to needed water and total dynamic head.

Because PV panels are the energy source, more panels are required to meet the higher energy demand.
Conversely, a lower Nwh reduces the energy requirement, resulting in fewer PV panels being required. TDH
represents the vertical height and resistance that the pump must overcome to lift water. A higher TDH
increases the power required by the pump, thereby necessitating a larger solar array. This is because the
energy demand increases as the TDH increases, owing to higher gravitational and frictional losses. As both
Nwh and TDH increase, the energy demand of the system increases, necessitating additional PV panels to
ensure reliable operation.

The next parameter to be analyzed was the hydraulic losses in the fluid flow, as shown in Fig. 4.
Increasing the diameter reduces the losses owing to the lower flow velocity at the same flow rate, thereby
resulting in less friction. Large-diameter pipes are beneficial for minimizing energy losses but are more
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expensive in terms of materials. Higher velocities cause greater turbulence and friction, thereby amplifying
energy losses. Controlling the velocity is crucial for maintaining the efficiency. Balancing the diameter and
velocity is essential for system design. Oversized pipes reduce losses but increase costs, whereas higher
velocities minimize the pipe size but increase the energy expenses. Thus, optimizing these parameters ensures
a cost-effective and efficient hydraulic-system design.

Figure 4: Hydraulic losses vs. diameter and fluid Velocity.

The results presented in Fig. 5 indicate a pronounced decrease in the total system cost as the pipe
diameter increases from 0.15 to 0.30 m. This behavior is primarily attributed to the strong sensitivity of the
hydraulic losses to the pipe diameter. Specifically, the flow velocity decreases proportionally to 1/D2, whereas
the Darcy-Weisbach friction losses decrease approximately with 1/D5 [31]. Consequently, doubling the pipe
diameter from 0.15 to 0.30 m yields an approximate 32-fold reduction in friction losses, which significantly
decreases the Total Dynamic Head (TDH) [51,52]. Reduced TDH leads to lower pump hydraulic power and
electrical energy requirements, thereby decreasing the size and number of photovoltaic (PV) panels required.
Because the PV subsystem constitutes the dominant component of the overall system cost, reductions in
energy demand translate directly into substantial cost savings within this diameter range. Beyond 0.30 m,
the cost curves in Fig. 5 exhibit a diminishing rate of decrease.

Figure 5: Total cost vs. pipe diameter for different water needs.
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This trend occurs because once the friction and minor losses become relatively small, the TDH is
governed mainly by the static head, limiting further reductions in the pump energy consumption. In this
case, the principal cost contributors, namely the pump and PV array, dominate the system cost, and further
increases in the pipe diameter offer only marginal improvements in hydraulic performance. Additionally,
although larger pipe diameters increase the material cost, the magnitude of this increase is negligible
compared to the cost of the pump and PV subsystems. Consequently, enlarging the pipe diameter beyond
approximately 0.30 m provides diminishing economic benefits, and the cost curve asymptotically approaches
a minimum dictated by components that are insensitive to the pipe diameter.

The final key parameter evaluated in this study was the optimization of the number of photovoltaic (PV)
panels necessary to satisfy the designed daily water demand. As illustrated in Fig. 6, for a water requirement
of 300.75 m3/day per hectare, the optimal number of PV panels was determined to be 12, balancing the energy
generation capacity with the system efficiency and cost-effectiveness.

Figure 6: Number of PV panels vs. pipe diameter and required water.

4 Analysis and Critical Assessment
This study was developed to support communities in remote areas of Rwanda by providing knowledge

on how solar PV technology can be applied in PV water-pumping systems to promote the productive use
of green energy efficiently. As shown in Fig. 3, an increase in water demand corresponds to a higher volume
of water that must be pumped daily, which, in turn, requires more energy to operate the pump. Because
the energy supply comes from PV panels, meeting this increased energy requirement necessitates additional
panels, thereby raising the overall system cost, as demonstrated in [53]. The authors highlighted that fewer PV
panels result in lower installation costs and reduced energy waste. This study further shows that higher energy
consumption is influenced by the characteristics of the piping system, as illustrated in Fig. 4. Increasing the
pipe diameter reduces the head losses because a larger cross-sectional area lowers the flow velocity for a
given discharge, thereby reducing the friction. Although large-diameter pipes effectively minimize hydraulic
losses, they are associated with higher costs. Conversely, high flow velocities generate greater turbulence
and friction, increasing energy losses, as supported by [54]. Increasing the pipe diameter reduces the energy
dissipation for a fixed flow rate by lowering the velocity and wall shear stress; however, larger pipes also
increase the initial capital cost for materials and installation [55].
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This creates an inherent economic tradeoff. Designs that maintain moderate velocities and thus reduce
long-term pumping energy and turbulence losses are generally more cost-effective over the lifetime of the
system. In contrast, high-velocity, small-diameter designs may reduce initial capital expenditure but tend
to incur higher operational costs unless the system has a short operating period or the project is severely
constrained by the budget [56]. Therefore, the authors recommend avoiding sustained high velocities in pipe
design unless justified by a life-cycle cost analysis or limited operational duration. This study identified an
optimal pipe diameter of approximately 0.30 m, balancing both cost and hydraulic losses. As demonstrated
in Fig. 5, increasing the pipe diameter beyond 0.30 m provides little additional economic benefit, as the cost
curve flattens and approaches a lower limit determined by the system components that are not sensitive
to the pipe diameter. This aligns with previous research emphasizing the importance of adjusting the pipe
diameter to achieve optimal network performance [57]. This research significantly contributes to the field
by offering practical and relevant results for optimizing and designing PV water-pumping systems in the
context of rural energy development for the productive use of green energy. This provides a robust basis for
subsequent studies and real-world deployment.

5 Conclusion
This study addressed the energy access challenges faced by remote communities for irrigation and

domestic water supply through the development and analysis of a photovoltaic (PV) pumping system. The
system was modeled and optimized using MATLAB, focusing on affordable PV system sizing and an efficient
piping network design. A comprehensive model was presented to optimize the pipe diameter in PV pumping
systems by integrating hydrodynamics, PV generation, and economic considerations.

The results demonstrated that the system’s energy demand and total cost increase significantly with
higher irrigation water requirements (Nwh) and total dynamic head (TDH), necessitating larger PV arrays
and raising overall costs. Hydraulic losses were shown to decrease sharply as the pipe diameter increased from
0.15 to 0.30 m owing to the reduced flow velocity and friction, resulting in significant cost savings within this
range. The optimal pipe diameter was identified as approximately 0.30 m, which minimized the total system
cost for the studied case. For pipe diameters exceeding 0.30 m, the system approaches a cost-performance
plateau, where hydraulic losses become minimal, and the TDH is largely influenced by the static head.
Beyond this point, further increases in pipe diameter yielded only marginal efficiency improvements while
material costs continued to rise. This regime yields only marginal efficiency improvements, while material
costs continue to rise. In conclusion, balancing hydraulic parameters with energy requirements is critical
for designing cost-effective and energy-efficient solar-powered irrigation systems. The proper selection of
pipe diameter, pump capacity, and PV array size tailored to site-specific Nwh and TDH conditions ensures
sustainable operation with minimized energy consumption and overall system cost.

In this study, pump efficiency (ηMP) was assumed constant at 0.56 based on typical manufacturer
data [43]. While this simplification allowed for a focused analysis of system-level performance and cost, it
is well known that pump efficiency varies with operating conditions such as volumetric flow rate and total
dynamic head. To improve model accuracy and better reflect real-world pump behavior, future work should
incorporate a variable pump efficiency model that accounts for these dependencies.
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