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Abstract: The increase in electricity generation prices represents a reason why water utility companies
are looking for ways to reduce costs. One of the first ideas of users was to build photovoltaic
installations. Water treatment plants or sewage treatment plants usually have large unused areas.
They look different in facilities that consume a lot of energy but occupy little land, and include water
intakes (wells) and water pumping stations. Facilities equipped with pumps are characterized by
high electricity consumption. This article assesses the possibility of using PV installations at the
water intake. An analysis of energy production from the 3.0 kW PV installation in Polanica-Zdroj
was carried out, and then, simulations of the possibility of providing energy via installations with
capacities of 3.0 kW, 4.2 kW, and 6.0 kW were performed. Analyses of energy production and demand,
as well as analyses of water production based on annual, monthly, daily, and hourly data, were
performed. An analysis of the hourly coverage of the WPS’s demand for electricity was carried out
with regard to the current production of energy from the PV installation, as was an analysis of the
overproduction of energy from the PV installation regarding the energy demand of the WPS. The
simulation results are presented for cloudy and sunny days.

Keywords: consumption of energy during production; sustainability; renewable energy; solar energy;
photovoltaic installation; water pumping station; sustainable energy systems; energy efficiency

1. Introduction

Ensuring a sufficient water supply in cities and rural areas requires the design of
water distribution systems (WDS). WDS supply drinking water through pipes and devices
(pumps, tanks, valves, etc.) [1]. WDS are usually created in four phases: the layout
phase, where the structure of the network is defined; the design phase, where the type
of each pipe is chosen (optimal diameter and material); the programming phase, which
establishes the priorities and order of construction; and the planning phase, which plans
the control and cooperation of objects [2—-4]. Water must be delivered to the consumer
under the appropriate pressure. WDS gravitational and pump systems are used to ensure
the appropriate pressure.

Gravity-Fed Systems (Figure 1) take advantage of the difference in height between
where water is taken from the environment and where the consumer consumes it. An
example of a Gravity-Fed System is the supply of a settlement unit from a field tank. Water
to the tank can be supplied gravitationally from the intake (reservoirs like rivers or lakes),
or it can be pumped from a well.

A Pumped System (Figure 2) requires the use of a water pump station (WPS), i.e., a
building equipped with a set of pumps whose task is to increase the value of the pressure
flowing into the WPS to deliver water to a settlement unit located far away, or located
higher than the WPS.
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Figure 1. Gravity-Fed Systems with pumps in the well to supply the water tank.

B

Figure 2. Pumped systems with pumps in the well and the water pump station (WPS).

To reduce the energy consumption and operation of the WPS, a pumped system
with field (intermediate) tanks is used, filled during hours of low water consumption by
residents, and this supplements the work of the WPS during the peak hours of water
consumption [5]. They allow for a reduction in the amount of pumped water.

A specific system is a long-distance and high-drop gravitational water supply system
(LHGWSS), which requires the design of multiple pumping stations, an Energy Dissipation
Box (EDB), and other factors [6]. In Poland, such a system can be found in Upper Silesia,
where many towns and villages use LHGWSS to provide water to residents.

The existing WDS, despite the characteristics of the terrain sometimes allowing the
use of the Gravity-Fed System, requires the construction of a WPS. The pressure losses
from the water intake to the consumer are influenced by the pipe diameter, roughness, age
(pipe aging, which in extreme cases can reduce the pipe diameter by a few dimensions),
and flow rate [7,8]. The history of the location of a given section is also essential because
pipes on the outskirts or in a branched system usually have smaller diameters, and their
overgrowth—leading to an increase in roughness—occurs faster [7].

Reducing the consumption of electricity used in water pumping processes requires op-
timizing the selection of devices, optimizing operation (rules of control, for example, work
schedules [9], systems of cooperation of objects [10]), and increasing the efficiency of pump
operation. The optimization of the process of a WPS and pumps at water intakes, is necessary
because they account for a large part of the costs of the entire WDS operation [11,12].

Optimizing the operation of a water pumping station is not only about the operation
of the pumping station itself. Operation optimization begins at the stage of reducing water
and energy losses in the distribution system. Water losses can be reduced with regard to
real losses, where we reduce the number of failures or the duration of a single failure, or
apparent losses, where we introduce more accurate water meters and remote reading sys-
tems [13]. Reducing energy losses involves, among other things, the appropriate selection
of pipe diameters, e.g., the use of computer methods and artificial neural networks [14,15].

Attempts are made to reduce electricity consumption by optimizing the operation of
pumping stations using Genetic Algorithm Optimization (GAO) [11], and especially the
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use of Simple Genetic Algorithms (SGA), Hybrid Genetic Algorithms (HGA), and Artificial
Neural Networks (ANN) [16-19]. An adequately designed pumping system, selected
pumps, and the application of the principles to minimize capital expenditures (CAPEX)
and operating expenses (OPEX) allow us to reduce the WPS costs [10]. The use of variable
speed pumps (VSPs) (rather than fixed speed pumps (FSPs)) leads to significant savings in
both total costs [17]. The use of a VPS instead of an FPS reduces electricity consumption and
thus reduces GHG emissions [20]. VSPs are increasingly used in WPS pump sets, but FSP
pumps are most often used in intake wells—a small number of managers of water supply
companies pay attention to optimizing water intakes. Most water supply companies focus
on optimizing the water distribution process to consumers, not the process of water intake
and delivery to the tank/water treatment plant.

A popular way to reduce the cost of electricity purchase is the use of renewable energy
sources (photovoltaic installations [21], wind turbines [22]) or alternative forms of energy
production using the flow of water in the water supply network (hydropower technology [23]
or the Pumps As Turbine (PAT)) [24]. More and more often, PV installations are used to reduce
the costs of pumping water and to supply WPS with electricity [25,26]. WPS researchers and
operators recognize the need to monitor the production and consumption of electricity in WPS
and PV installations [27].

Research on the use of PV installations to supply water pumps is carried out mainly
in rural areas and water pumping stations used in agriculture [28]. A distributed WPS
equipped with photovoltaic systems intergraded with a solar tracking system yields better
performance and is more advantageous compared with a non-tracking system [29]. Track-
ing can be optimized using a new hybrid FL-INC optimization algorithm for the solar
water pumping system [30]. The use of Artificial Neural Networks (ANNs) mathematical
modeling has allowed to us predict the power generated in the photovoltaic installation for
up to 3 h of pumping water in agriculture [31].

The use of solar panels and photovoltaic installations in Poland is justified [32,33].
The radiant energy value in Poland varies from 800 to 1100 W-m~2 per year. Insolation in
Poland ranges from 1100 to 1300 kWh-m~2.year~!, depending on the region [23]. These
values are comparable to those achieved in Germany, and about 20% lower than in Rome
(1550 m~2-year!) [34]. Poland has an average of 66 sunny days per year [35]. The
insolation varies from 500 to 1300 h per quarter, depending on the season [36]. The highest
electricity production from PV falls in the spring and summer, and in the winter (especially
in December), it drops to close to zero. This is due to many cloudy days, short days, the
distance from the equator, and thus the angle of incidence of rays on the surface of solar
panels [37].

The research aims to check the possibility of reducing the costs of pumping water
using a WPS by installing a low-power photovoltaic installation. The available area allows
for the construction of PV installations with a power of 3.0 kW to 6.0 kW (variants with a
power of 3.0 kW, 4.2 kW, and 6.0 kW were selected for the analysis). The tests were carried
out on an existing pumping station and an existing 3.0 kW PV installation. Data recorded
every hour were subject to the analysis of electricity production and consumption, with the
latest flows for the year. In the conducted research, the authors attempted to check to what
extent the production of electricity from the proposed variants of the PV installation will
cover the current demands of WPS for electricity.

2. Materials and Methods

The tested water intake setup consists of a well equipped with a multi-stage constant-
speed pump. The intake supplies water to one of the reservoirs that gravitationally supplies
Polanica-Zdrdj. The height difference between the intake and the reservoir is 50 m, and the
distance is about 2 km. A water meter with a connected telemetry data logger is installed
in the WPS. Flow data were recorded at 15-minute intervals.

Simulations and analyses were carried out for three power variants of photovoltaic
installations. These variants are marked:
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e PV 3.0 kW—installation with a power of 3.0 kW consisting of 10 panels with a power

of 300 W each;

e PV 4.2 kW—installation with a power of 4.2. kW consisting of 14 panels with a power
of 300 W each;

e PV 6.0 kW—installation with a power of 6.0 kW consisting of 20 panels with a power
of 300 W each.

The basis for determining the production of electricity from individual variants of the
installation was the energy produced in the existing 3.0 kW PV installation in Polanica-
Zdroj, and the energy production was calculated on this basis using 1 panel with a power
of 300 W (Formula (1)).

E
Epy ;= %m (kW] 1

Epy —simulated energy for a PV installation with power 7, kW;

Epy—energy produced by the existing PV installation with a capacity of 3.0 kW, kW;
i—power of the simulated PV installation, kW;

n—number of panels in the existing installation with a capacity of 3.0 kW;
m—number of panels in the installation with power 1.

In the article, we use two terms, sunny day and cloudy day. They mean:

e sunny day—a day with little cloudiness, on which the most energy was produced at
the PV installation in a given month;

e cloudy day—a day with heavy cloudiness, on which the least energy was produced at
the PV installation in a given month.

The surface and shape of the plot on which the water intake well with a pump is located
allow for the assembly of panels in variants of 10, 14, and 20 pieces. The arrangement of
the panels on the plot is shown in Figure 3.
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Figure 3. Diagram of the arrangement of PV panels on the water intake plot (1—PV 3.0 kW variant,
2—PV 4.2 kW variant, 3—PV 6.0 kW variant).

The research included the following stages:

1. Data collection and analysis of results from the existing 3.0 kW installation in Polanica-Zdrdj;

2. Collection of data and analysis of results on water production and electricity con-

sumption in WPS;

Measurements of the size and possibility of installing PV panels on the WPS plot;

4. Analysis of electricity production and coverage of WPS demand for electricity from
selected variants of PV installation power (3.0 kW, 4.2 kW, 6.0 kW).

The non-uniformity index of the pumped water was calculated using Formula (1) [38]
and data were measured on the water meter in WPS.

Qt,a

Qt mean
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where:
N;;—non-uniformity index (—);
Qi .—amount of water pumped into the water supply network over time t (m?/t);

Qt mean—mean amount of water pumped into the water supply network over time t (m3/1);
t—a unit of time (month, day, hour)

a—discriminant of the maximum or minimum index for a given unit of time, t.

3. Results and Discussion

3.1. Production of Energy from the Tested Installation with a Capacity of 3.0 kW in Seasons
3.1.1. Cloudy Days

One cloudy day from the middle month of each of the four quarters (spring, summer,
autumn, and winter) of 2021 was selected for the analysis. Figure 4 shows the value of
energy produced for a given hour on each of the analyzed days of the quarters.

M spring summer Mautumn B winter
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Figure 4. Energy production on cloudy days from the tested installation (3.0 kW).

Spring energy production starts at 7 a.m. and ends around 7 p.m. On the analyzed
day, the peak production power fell at 11 a.m. and 4 p.m. and reached the value of almost
1.00 kWh.

In summer, energy production starts at 8 a.m. and ends around 7 p.m. On the analyzed
day, the peak production power fell at 11 a.m. and reached the value of about 0.85 kWh.

In autumn, energy production starts at 8 a.m. and ends around 2 p.m. On the analyzed
day, the peak production power fell at 10 a.m. and reached the value of 0.26 kWh.

In winter, energy production starts at 11 a.m. and ends around 3 p.m. On the analyzed
day, the peak production power fell at noon and reached the value of 0.36 kWh.

3.1.2. Sunny Days

One sunny day from the middle month of each of the four quarters (spring, summer,
autumn, winter) of 2021 was selected for the analysis. Figure 5 shows the value of energy
produced for a given hour on each of the analyzed days of the quarters.

In spring, energy production starts at 5 a.m. and ends around 7 p.m. On the analyzed
day, the peak production power fell at 1 p.m. and reached the value of almost 2.21 kWh.
From 11 a.m. to 3 p.m., more than 2.00 kWh was produced each hour.

In summer, energy production starts at 7 a.m. and ends around 7 p.m. From 11 a.m.
to 2 p.m., more than 2.00 kWh was produced each hour. On the analyzed day, the peak
production power fell at noon and reached the value of about 2.49 kWh.
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In autumn, energy production starts at 7 a.m. and ends around 3 p.m. On the analyzed
day, the peak production power fell at 10 a.m. and reached the value of 1.67 kWh.

In winter, energy production starts at 7 a.m. and ends around 4 p.m. From 11 a.m. to
2 p.m., over 0.75 kWh was produced each hour. On the analyzed day, the peak production
power fell at noon and reached the value of 0.79 kWh.
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Figure 5. Energy production on sunny days from the tested installation (3.0 kW).

3.1.3. Daily Production

The minimum and maximum daily electricity productions from the tested installation
with a capacity of 3.0 kW are shown in Table 1. The installation produced less than 3.0 kW in
January, February, April, June, September, October, November, and December. In December,
days were observed when the installation did not produce energy. The minimum level
(close to zero) was also recorded in November. The highest minimum value of daily energy
production from PV installations was in July, i.e., 5.17 kWh.

Table 1. Minimum and maximum daily production of electricity from the tested installation (3.0 kW).

(kW}E g)a;y—l) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Min. 0.50 1.46 3.58 2.69 8.15 2.85 517 428 1.44 0.72 0.01 0.00
Max. 7.12 8.87 18.07 1910 20.01 2057 1928 1840 14.13 6.76 3.25 0.93

In December, the maximum daily electricity production did not exceed 1 kWh. In
the remaining months, the total daily energy production exceeded 3.0 kWh. In Novem-
ber, it amounted to 3.25 kWh. The highest daily electricity output was recorded in June
(20.57 kWh). In June and July, the daily production increased by more than 20 kWh.
From March to August, the maximum daily electricity production was three times the
installation’s capacity (i.e., production greater than 18.0 kWh per day).

3.2. Water Production and Its Unevenness during the Day and Year (Monthly)

The characteristics of pump operation at the water intake are presented in the form
of indicators of hourly water pumping irregularity in Figure 6. The features of filling the
reservoir from the information and water intake by the settlement unit require four periods
of water replenishment in the pool: from midnight to 4 a.m., from 4 a.m. to 6 p.m., from 6
p-m. to 8 p.m., and from 8 p.m. to midnight. In the second period, there are three moments
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of increased water pumping into the tank and two moments of reduced efficiency of water
pumping into the tank.

The variability of the amount of water pumped into the reservoir in a given month
during the year is presented as an indicator of monthly water pumping irregularity in
Figure 7. The nature of the settlement caused a significant increase in water demand in the
period from May to October. The highest demand falls in the summer period from July to
September (above 2.5 of the average monthly water consumption).

2.5
2.0
1.5

1.0

0.5

Non-uniformity index of pumped water [-]

0.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 6. Hourly non-uniformity index of pumped water during the day.

2.5

2.0

1.5

1.0

0.5

Non-uniformity index of pumped water [-]

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 7. Monthly non-uniformity index of pumped water during the year.

3.3. Demand for Energy about Production from Installation Variants

The electricity consumed by the pump pumping water into the tank is shown in
Figure 8. The pump’s electricity consumption strongly depends on the work involved
and the amount of water pumped from the well to the tank. In the period from May to
October, there is the highest water consumption in the settlement unit, which directly
translates into energy consumption. The tests on the facility also show that the frequency of
pump operation and the value of work (the value of the head and flow) affect the achieved
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values of electricity consumption for pumping 1 m® of water to the tank. The electricity

consumption for pumping 1 m> of water is presented in Table 2. The average electricity

consumption for pumping 1 m? of water varies from 0.233 kWh-m 2 to 0.544 kWh-m 3. The

minimum electricity consumption for pumping 1 m? of water differs from 0.161 kWh-m 3

to 0.408 kWh-m~3. The maximum electricity consumption for pumping 1 m® of water
5000

varies from 0.331 kWh-m 3 to 0.762 kWh-m 3.
4000
3000
2000
1000 I
[ — R
9 10 11

—
0 Ee=n = B 0 0 Bl -
1

electricity energy [kWh]

1 2 3 4 5 6 7 8 2
Month
s \V/PS E.C. =P\ 3.0 kW PV 4.2 kW PV 6.0 kW

Figure 8. Electricity production by 3.0 kW, 4.2 kW, and 6.0 kW installations and water pump station
electricity consumption (WPS E.C.).

Table 2. Pumping system consumption of electricity index—EC (kWh-m~3).

Month Avg Min. Max.
January 0.544 0.375 0.832
February 0.473 0.393 0.653
March 0.503 0.402 0.694
April 0.321 0.244 0.453
May 0.233 0.182 0.356
June 0.478 0.330 0.731
July 0.324 0.211 0.467
August 0.381 0.248 0.583
September 0.346 0.284 0.536
October 0.333 0.216 0.509
November 0.455 0.332 0.683
December 0.386 0.278 0.599

An analysis of electricity production from various installations with the power of
3.0 kW, 4.2 kW, and 6.0 kW was made. The energy production values from the proposed
system were determined based on tests carried out on a simple installation with a capacity
of 3 kW installed in the analyzed settlement and the converted values that could be
achieved in the case of expanding the installation to 4.2 kW and 6.0 kW. The simulated
energy production values are presented in Figure 8. The total energy production from
the variant PV installations exceeded the total monthly energy consumption of the pump
only in March and April. In the remaining months, the full value of the monthly energy
production from the PV installation in each variant is lower than the total value of energy
consumed by the facility. From March to September, the monthly energy production by
each analyzed PV installation variant is higher than the average monthly production for
the year. From October to February, the value of energy production from each analyzed PV
installation is lower than the average monthly production for the year.
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3.4. Analysis of Demand Coverage in a Given Month

The coverage of the total monthly electricity demand of the facility in relation to the
energy produced by the PV installation in individual variants was analyzed (Table 3).

The 3.0 kW PV variant provides only 13.2% of the pump station’s total demand during
the year. The total monthly production of the complete monthly request ranges from
2.6% in October to 185.1% in April. In March and April, the total monthly production
covers over 100% of the monthly electricity demand. In other months, this ratio is lower
than 50%.

Table 3. The total monthly percentage coverage of the pump’s demand for electricity from a kW installation.

The Total Monthly Percentage Coverage of the Pump’s Demand for
Electricity from a PV Installation

Month PV 3.0 kW PV 4.2 kW PV 6.0 kW
January 15.2% 21.2% 30.4%
February 37.1% 52.0% 74.3%
March 119.7% 167.5% 239.3%
April 185.1% 259.1% 370.1%
May 21.7% 30.3% 43.3%
June 12.2% 17.1% 24.4%
July 11.0% 15.4% 22.0%
August 8.0% 11.2% 16.0%
September 6.3% 8.8% 12.6%

October 2.6% 3.6% 5.2%

November 11.7% 16.3% 23.3%
December 6.9% 9.6% 13.8%

The 4.2 kW PV variant provides only 18.5% of the building’s demand in total during
the year. The total monthly production of the total monthly market covered from 3.6% in
October to 259.1% in April. In March and April, the total monthly production covers
over 100% of the monthly electricity demand. From February to April, the total monthly
production covers more than 50% of the monthly electricity demand. In other months, this
ratio is lower than 50%.

The 6.0 kW PV variant provides only 26.4% of the facility’s total demand during the
year. The total monthly production of the total monthly market ranges from 5.2% in October
to 370.1% in April. In March and April, the total monthly production covers over 100% of
the monthly electricity demand. From February to April, the total monthly production
covers more than 70% of the monthly electricity demand. In other months, this ratio is
lower than 50%.

3.5. Hourly Analysis of Demand Coverage

An analysis of the coverage of the facility’s hourly demand for electricity in relation to
the energy produced by the PV installation in a given hour in individual variants, months,
and for a cloudy day and a sunny day is here carried out.

The analysis considers changes in the demand for water in a settlement unit during
the year and during the day, changes in the average demand for electricity for pumping
1 m3 of water in a given month, and the distribution of hourly energy production for cloudy
and sunny days.

The hourly analysis allows one to identify the hours and values of energy production
and perform an actual comparison with the demand for energy in a given hour.

For cloudy days, the values of coverage of the hourly demand are:

In the PV 3.0 kW variant—from 0.00% to 452.9%, an average of 16.5%;
In the PV 4.2 kW variant—from 0.00% to 654.1%, an average of 23.2%;
In the PV 6.0 kW variant—from 0.00% to 905.8%, an average of 33.1%.

For sunny days, the values of coverage of the hourly demand are:



Energies 2023, 16, 7435

10 of 14

In the PV 3.0 kW variant—from 0.00% to 3220.2%, on average, 105.3%;
In the PV 4.2 kW variant—from 0.00% to 4508.3%, an average of 147.4%;
In the PV 6.0 kW variant—from 0.00% to 6440.4%, on average, 210.6%.

In the next step, an analysis is made of hours when no energy is produced, hours with
energy production from 0.00% to 100% of the demand, and hours with an output of more
than 100% of the energy demand for pump operation.

For cloudy days, the value of covering the hourly demand is:

e inthe PV 3.0 kW variant—34.7% of hours per year with energy production up to 100%
of the demand, 3.8% of hours with energy production over 100% of the annual demand;
e Inthe PV 4.2 kW variant—31.6% of hours per year with energy production up to 100%
of the demand, 6.9% of hours with energy production over 100% of the annual demand;
e Inthe PV 6.0 kW variant—29.9% of hours per year with energy production up to 100%
of the demand, 8.7% of hours with energy production over 100% of the annual demand.

For sunny days, the value of coverage of the hourly demand is:

e Inthe PV 3.0 kW variant—23.3% of hours per year with energy production up to 100% of
the demand, 15.3% of hours with energy production over 100% of the annual demand;

e Inthe PV 4.2 kW variant—18.1% of hours per year with energy production up to 100% of
the demand, 20.5% of hours with energy production over 100% of the annual demand;

o Inthe PV 6.0 kW variant—17.4% of hours per year with energy production up to 100% of
the demand, 21.2% of hours with energy production over 100% of the annual demand.

Table 4 shows the total coverage of the facility’s electricity demand based on hourly
energy production in individual PV installation variants for each month of the year in the
case of cloudy days. Coverage of the total hourly demand by the total hourly output on
cloudy days in each month varies:

e  From 0.0% to 35.8% for the 3.0 kW PV variant;

e  From 0.0% to 40.0% for the 4.2 kW PV variant;
e  From 0.0% to 42.7% for the 6.0 kW PV variant.

Table 4. The total day percentage coverage of the pump demand for electricity from the photovoltaic
installation for cloudy days.

Month PV 3.0 kW PV 4.2 kW PV 6.0 kW
January 3.4% 4.8% 6.9%
February 11.2% 14.0% 16.0%
March 35.3% 39.8% 42.6%
April 35.8% 40.0% 42.7%
May 20.3% 24.0% 28.9%
June 4.0% 5.6% 8.1%
July 6.1% 8.5% 11.9%
August 4.9% 6.8% 9.8%
September 2.4% 3.3% 4.8%

October 1.8% 2.5% 3.6%
November 0.4% 0.5% 0.7%
December 0.0% 0.0% 0.0%

Table 5 presents the total coverage of the facility’s electricity demand based on the
hourly energy production in individual variants of the PV installation for each month of
the year in the case of sunny days. Coverage of the total hourly demand by the total hourly
production on cloudy days in each month changes:

e  From 11.3% to 46.8% for the 3.0 kW PV variant;

e  From 15.1% to 48.9% for the 4.2 kW PV variant;
e  From 17.6% to 52.0% for the 6.0 kW PV variant.
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Table 5. The total day percentage coverage of the pump demand for electricity from the photovoltaic
installation for sunny days.

Month PV 3.0 kW PV 4.2 kW PV 6.0 kW
January 19.5% 20.8% 20.8%
February 20.8% 20.8% 20.8%
March 45.3% 46.7% 48.9%
April 46.8% 48.9% 52.0%
May 32.7% 38.9% 41.5%
June 22.0% 25.9% 31.7%
July 18.6% 22.9% 27.4%
August 17.5% 22.2% 26.3%
September 13.1% 15.1% 17.9%
October 11.3% 13.2% 15.3%
November 26.0% 28.0% 29.2%
December 14.5% 16.1% 17.6%

Table 6 shows the percentage share of overproduction of electricity in relation to the
total daily electricity production in a given variant of the PV installation for a cloudy day.
Overproduction is understood as the value of electricity produced in a given hour above
the value of WPS electricity demand.

The overproduction of electricity from the PV installation with regard to the energy
produced by the installation on cloudy days changes:

e  From 0.0% to 19.2% for the PV 3.0 kW variant;
e  From 0.0% to 32.1% for the 4.2 kW PV variant;
e  From 0.0% to 47.9% for the 6.0 kW PV variant.

The overproduction of energy above the WPS demand in a given hour occurs only
from February to April in each variant (on cloudy days).

Table 6. The percentage share of overproduction of electricity in relation to the total daily electricity
production in a given variant of the PV installation for a cloudy day.

Month PV 3.0 kW PV 4.2 kW PV 6.0 kW
January 0.0% 0.0% 0.0%
February 10.6% 23.5% 39.1%
March 18.9% 30.9% 46.9%
April 19.2% 32.1% 47 9%
May 5.9% 11.0% 15.6%
June 0.0% 0.0% 0.0%
July 0.0% 0.0% 0.9%
August 0.0% 0.0% 0.0%
September 0.0% 0.0% 0.0%

October 0.0% 0.0% 0.0%
November 0.0% 0.0% 0.0%
December 0.0% 0.0% 0.0%

Table 7 shows the percentage share of overproduction of electricity in relation to the
total daily electricity production in a given variant of the PV installation for a sunny day.
Overproduction is understood as the value of electricity produced above the value of
demand for electricity WPS in a given hour.

The overproduction of electricity from the PV installation with regard to the energy
produced by the installation on sunny days changes:

e  From 7.2% to 82.9% for the 3.0 kW PV variant;
e From 11.9% to 86.8% for the 4.2 kW PV variant;
e  From 18.1% to 89.8% for the 6.0 kW PV variant.
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Overproduction of energy over the WPS demand at a given hour occurs throughout
the year in every variant (on sunny days).

Table 7. The percentage share of overproduction of electricity in relation to the total daily electricity
production in a given variant of the PV installation for a sunny day.

Month PV 3.0 kW PV 4.2 kW PV 6.0 kW
January 61.9% 70.1% 79.1%
February 72.1% 80.1% 86.0%
March 76.8% 82.5% 86.7%
April 82.9% 86.8% 89.8%
May 17.6% 24.1% 41.7%
June 11.7% 17.7% 22.2%
July 7.9% 13.5% 19.2%
August 7.2% 11.9% 18.1%
September 27.3% 34.3% 39.5%
October 20.3% 27.6% 34.8%
November 53.2% 62.3% 72.9%
December 25.1% 40.5% 53.5%

4. Conclusions

Using RES in water pumping stations or water intake wells allows one to generate
savings related to the provision of electricity for pump operation. Providing results showing
the total annual production and comparing it with the total annual demand of pumps
makes owners or operators more willing to use such a solution. The amount of electricity
produced by a PV installation depends on its size (number of panels). In the case of
micro installations on small objects, the profits are not as impressive as in the case of
larger installations (12 kW—40 kW) [39,40]. In the analyzed case, the top variant of the
PV installation is 6.0 kW, which translates to providing from 15.3 to 48.9% of the daily
energy demand. The analysis of profitability or ensured self-sufficiency of a water supply
facility should be carried out based on a minimum of hourly data on energy production
and demand [40]. The study then shows the actual coverage of demand by production. The
energy produced that exceeds the demand will either be stored or resold to the power grid.

It should be remembered that the price of fuel sold and the cost of energy purchased
from the power grid is not the same. In the article, it was not decided to conduct economic
analyses based on changes in energy purchase and sales prices because electricity prices
have been subject to such strong fluctuations in recent periods (energy prices on the market,
prices of raw materials, legislative works, new regulations, armed conflicts) that the pre-
sented price effects would distort the image of the entire process of balancing the production
and consumption of electricity by the water pumping station (self-consumption).

Using a PV installation as a remedy for energy consumption by pumps is not a solution
in itself that will allow for a reduction in the purchase of energy from the grid. Still, it
will not solve the problem of high energy consumption by pumps. PV installations can
be a good solution, but only after applying the correct selection of pumps, devices, and
control methods. Only then should the guarantee of energy supplies from RES be taken
care of. The results and conclusions we obtain can be used to further research on and
the optimization of the processes of selecting the optimal pump size, pump operation
schedules, or pump operation control similar to research carried out on larger facilities with
a different work structure [26,30,31], as well as the modernization of water distribution
systems: the renovation of pipes or cooperation of the pumping station with the reservoir.
The obtained results relate to a PV installation with a permanent structure facing south.
We were not able to check the influence of the direction of construction and the angle of
inclination of the panels on the amount of electricity produced. This is the basis for further
research and the attempt to find an optimal solution to ensure the self-consumption of
energy from RES in the case of water pumping.
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