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Abstract. In recent decades, climate change has put pressure on farmers to invest in efficient irrigation
systems to keep their crops competitive. Given the importance of agriculture in securing food resources in
the years to come, the reduction of water sources and the benefits of using renewable energy sources, the
topic of irrigation using efficient photovoltaic panel-powered systems has been often discussed in the
literature, especially in countries with a warm climate. Romania has a temperate-continental climate,
beneficial for growing cereals, such as maize, but in recent years, especially in areas with low rainfall, the
integration of irrigation systems has become strictly necessary. Thus, this research aims to contribute to the
literature by providing an analysis of possible solutions for the development of such an efficient drip
irrigation system powered by photovoltaic panels for an agricultural field in Romania. The use of such a
system ensures crop yields are economically efficient and contributes to reducing emissions by replacing
the use of fossil fuels. The information provided in this article is of interest to farmers, landowners or
farmers' associations interested in developing such a system. The article provides information on
components, possible sizing options, approximate costs and benefits, and aims to highlight the advantages
of these systems.

Keywords: irrigation systems, photovoltaic panels, drip irrigation system, efficiency, maize crops,
economic efficiency.

Introduction

In recent decades, climate change has put food security for the future in doubt. Rising temperatures
coupled with prolonged periods of drought, particularly in the summer months, are having negative
effects on crops. In Romania, due to pedo-climatic conditions, maize cultivation has been one of
the main agricultural activities, but in recent years harvests have declined because of climate
change.

One solution to ensure the water needs for growing cereals such as maize is the use of
irrigation systems. In Romania, due to socio-economic conditions, irrigation was carried out in
certain areas and the systems used had low efficiency, so nowadays farmers are faced with no
irrigation systems at all or non-functional ones (Micu et al., 2017). Currently, irrigation systems
are powered by fossil fuel engines that have high emissions of CO> and other harmful substances.
During dry periods, air currents are lower so much of the pollution generated remains locally,
depositing on soil and plants. Moreover, rising prices for conventional fuels have in recent years
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begun to reduce farmers' incomes. Many farmers have preferred to irrigate for minimum plant
water requirements rather than maximum yields because the cost of purchasing the fuel was not
covered by the additional production achieved.

In general, the need for irrigation is found in areas with the highest solar radiation, which
1s the main cause of soil and plant water evaporation. At the same time, another effect of climate
change, particularly in these areas, is the reduction of water resources. As water resources become
increasingly scarce, it is becoming necessary to use drip irrigation where possible. This provides
the optimal amount of water needed by the plant without wasting it. A suitable and efficient
solution is to replace fossil fuel systems and use the high solar potential to power the pumps used
for drip irrigation. Thus, the main purpose of this article is to highlight the economic and
environmental benefits of investing in a drip irrigation system powered by energy produced by
photovoltaic panels.

The article is organized as follows. The next section presents a survey of the need for
irrigation systems, water requirements for maize crops and other such systems analysed. Next, the
article highlights the research methodology based on an analysis of solutions for the
implementation of the irrigation system. This was followed by the economic analysis of the two
solutions, the current one using conventional fuels and the proposed one using energy produced
from photovoltaic panels. It also highlights the expected economic and environmental benefits of
adopting a panel system. Finally, the article presents the main conclusions from this research.

Literature review

The last decades have been marked by increasing mean monsoonal temperatures, with Europe
experiencing a warm-season (June-August) temperature increase of more than 1 °C and extreme
droughts over the last three decades (Calugar et al., 2024; Micu et al., 2017).

Maize is the most widespread crop in Romania, both because of its importance for human
and animal consumption, but also because of the favourable growing conditions (climate, soil). In
2019, Romania accounted for 30% of the total area cultivated with maize in the European
Community. The optimal temperatures for maize development are between 16 and 20 °C in May,
19 and 21 °C in June, 20 and 23 °C in July, 19 and 20 °C in August and 14 and 17 °C in September,
with maize cultivation generally taking place from the second decade of April until the end of
September (Vatca et al., 2021). The July-August monthly interval is the period with the highest
seasonal heat stress load. The record duration of a heatwave was recorded in Giurgiu, between July
19 and August 10, 2012, with temperatures between 32 and 43 °C (Micu et al., 2017).

Since 2017 to date, summer temperatures have exceeded the multi-year average (by 2.7°C
in June). Uneven rainfall distribution and high temperatures have negatively affected maize crops.
In 2019, drought in the summer months affected the crops (Calugar et al., 2024). Climate data for
the period 2021-2023 indicate an increase in air temperature and solar radiation (sunshine duration
reached 10-12 hours/day) and a deficient precipitation regime, concentrated in April-June (Mincu
& Neculau, 2024). In addition to being a drought year, 2022 was also characterized by temperatures
above 35°C in all three summer months resulting in the lowest maize crop yield. In 2023, increased
temperature values from July associated with a lack of rainfall until near the end of the month
negatively affected the crop (Calugar et al., 2024; Nitu et al., 2024).

In the period 2007-2011, irrigation of maize crops was carried out only in the dry areas
located in the south of the country, with an amount of 300 - 400 m?/ha (Dobocan et al., 2013).
Irrigation of the soil with a volume between 200-400 m*/ha to ensure the active moisture index at
50% at depths of 0-40 cm and 0-80 cm has significant effects in increasing crop yield (Nitu et al.,
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2024). The average daily water consumption for maize crops varies between 17-57 m*/ha, reaching
62 m*/ha in July (Drienovski et al., 2016). To maintain maize crop yield, a plant consumes daily
15-25 m’/ha in May, 35-45 m*/ha in June and August, 50-60 m*/ha in July. Crop yield can be
reduced by about 30-70% in case of lack of water before tassel emergence and by up to 45% in
case of low water supply for four consecutive days in the interval between tassel emergence and
kernel development (Vatca et al., 2021).

The negative effects of prolonged droughts can be significantly reduced through the use of
irrigation systems. Irrigation helps to compensate for the water deficit by providing the necessary
moisture for healthy plant development (Siphiwe et al., 2024). Especially during the period of
maximum plant consumption, irrigation systems play a decisive role in maintaining and increasing
crop yields. Drip irrigation is considered a very effective method because it ensures optimal
moisture at the plant root for long periods and reduces soil salinity (Nitu et al., 2024). Drip
irrigation, also called micro irrigation or localized irrigation, releases a controlled volume of water
and nutrients at the plant root, helping to save water and fertilizer. It is composed of a network of
valves, pipes and narrow tubes that deliver water directly to the base of the plant (Gulve et al.,
2018). The use of drip irrigation leads to a reduction in water consumption by 20 to 76% leading
to increased crop productivity with reduced water consumption (Grant et al., 2024).

High-efficiency irrigation systems using photovoltaic panels are the main solution for areas
that are not connected to utility grids. They help maintain or improve production and minimize the
effect of drought, bringing economic, environmental and social benefits. The benefits will motivate
farmers to produce crops, contributing to poverty alleviation in rural areas (Raza et al., 2021,
Raghad et al., 2019). The sizing of the system requires studying several variations in the required
energy depending on the two pumps used. A submersible pump pumps water into a reservoir, from
which water is taken for drip irrigation. The introduction of an energy storage device (battery)
improves performance and reduces the volume of the water reservoir (Stoyanov et al., 2021).

Methodology

The research presented in this paper aimed to replace a conventional irrigation system with a more
efficient one by utilizing the high photovoltaic potential in the area where the farmland is located.
The research was carried out in several stages. First, the case study was presented. Next, a possible
solution for the realization of an irrigation system using energy produced by photovoltaic panels
was analysed. Finally, the two solutions were compared, highlighting the most economically
efficient solution.

Case study

The research presented in this article uses as a case study an agricultural land with a total area of
about 10 hectares (105,000 m?), located in Buturugeni, Giurgiu County (Figure 1). The land is used
for maize production and is irrigated with a drip irrigation system consisting of two conventional
fuel powered pumps, a water tank and a fuel tank. The first pump takes water from the source and
stores it in the tank, while the second pump is used to feed the field irrigation piping system with
water from the tank.
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Figure 1. Location of the irrigated field chosen as case study
Source: Realized by the author using Google maps online application (https://maps.google.com/).

Sizing of the drip irrigation system powered by energy produced using photovoltaic panels

Sizing the system involves two successive steps:

Water supply to the irrigation system - will be provided by two pumps and a reservoir,
modelled after the current field irrigation system. The two pumps will have the same capacity as
the fossil fuel pumps but will use electricity.

Ensuring energy needs - to supply the two pumps required for irrigating during the day and
after sunset. The system consists of photovoltaic panels and a storage system (batteries). The
Photovoltaic Geographical Information System application made available by the European
Commission was used to dimension the system.

An example of a drip irrigation system powered by energy produced from photovoltaic
panels supported by an energy storage system is illustrated in Figure 2.
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Figure 2. Layout of a drip irrigation system powered by photovoltaic panels and batteries
Source: Adapted after Raza et al., 2021; Raghad et al., 2019; Stoyanov et al., 2021.

Proposed solutions for the irrigation system

This section presents the two solutions for implementing the irrigation system. From these,

following detailed analysis, the solution with the highest economic efficiency will be chosen.
Figure 3 shows the optimal amount of water needed to irrigate the maize crop. As the

literature survey carried out earlier has shown a continuous increase in temperatures in recent years,

especially in the analysed period (April-September), the use of the upper limits of the optimal

irrigation water quantities was preferred for the calculations.
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Figure 3. Water requirements for irrigating the maize each month
Source: Adapted after Nitu et al., 2024; Drienovski et al., 2016; Vatca et al., 2021.

In the following, a comparative analysis will be carried out to determine the economic
efficiency of the photovoltaic panel irrigation solution. In both solutions, the land is irrigated with
the same monthly water quantities with the help of two pumps, the main difference being the power
source of the pumps.

Existing solution

In the existing solution, a gasoline powered pump with a maximum flow rate of 48 m*/h is used to
pump water from the source to the tank, with an average fuel consumption of 1.75 I/h. According
to the data in Table 1, the annual gasoline consumption will be approximately 2,527 litres. This
pump will fill a 50 m? tank.

Table 1. Fuel consumption of the pump filling the water tank

Month Total water required Operating Fuel consumption
[m’/day] [h/day] [Vday] [Umonth]
April 310 6.46 11.30 226.04
May 250 5.21 9.11 282.55
June 450 9.38 16.41 492.19
July 600 12.5 21.88 678.13
August 450 9.38 16.41 508.59
September 310 6.46 11.30 339.06
Total per year [l] 2,526.56

Source: Authors’ own research.

For pumping water from the reservoir into the pipes of the irrigation system, a gasoline
powered pump with a maximum flow rate of 40 m*/h will be used with an average fuel consumption
of 0.882 1/h. The data in Table 2 shows an annual consumption of 1,528 litres. Thus, the total
gasoline consumption is approximately 4,055 litres/year.
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Table 2. Fuel consumption of the field drip system feed pump

Month Total water required Operating Fuel consumption
[m’/day] [h/day] [Vday] [Umonth]
April 310 7.75 6.84 136.71
May 250 6.25 5.51 170.89
June 450 11.25 9.92 297.68
July 600 15 13.23 410.13
August 450 11.25 9.92 307.6
September 310 7.75 6.84 205.07
Total per year [l] 1,528.07

Source: Authors’ own research.

Proposed solution based on energy supply from photovoltaic panels sustained by a storage
system (batteries)

This solution will use the same water tank of 50 m? with a diameter of 3 m and a length of 7.58 m.
A horizontal centrifugal pump (filling pump) with a flow rate between 9 and 48 m*h and an
electrical consumption of 4 kW/h will be used to supply the reservoir with water. Total annual
consumption is approximately 5,775 kWh/year. All the detailed data by months of operation is
summarized in Table 3.

Table 3. Energy consumption of the pump filling the water tank (Filling pump)

Month Total water required Operating Energy consumption
[m’/day] [h/day] [kWh/day] [kWh/month]

April 310 6.46 25.83 516.67
May 250 5.21 20.83 645.83
June 450 9.38 37.5 1,125
July 600 12.5 50 1,550
August 450 9.38 37.5 1,162.5
September 310 6.46 25.83 775
Total per year [kWh] 5775

Source: Authors’ own research.

The pump for supplying water from the tank (irrigation pump) to the irrigation pipes of the
system is a horizontal centrifugal pump with a flow rate of 42 m*/h and an electrical consumption
of 3 kW/h. The detailed data of the irrigation pump per months of operation has been summarized
in Table 4. Thus, the total energy consumption is approximately 10,972.5 kWh/year.

Table 4. Energy consumption of the field drip system feed pump (Irrigation pump)

Month Total water required Operating Energy consumption
[m’/h] [h/day] [kWh/day] [kWh/month]

April 310 7.75 23.25 465
May 250 6.25 18.75 581.25
June 450 11.25 33.75 1,012.5
July 600 15 45 1395
August 450 11.25 33.75 1,046.25
September 310 7.75 23.25 697.5
Total per year [kWh] 5,197.50

Source: Authors’ own research.
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Sizing the photovoltaic system for powering the pumps
To meet the energy needs, an installed capacity of 20 kW was approximated using the platform
provided by the European Commission. If photovoltaic panels of 450 W, measuring 1.722 x 1.134
m, are installed, it will be necessary to purchase 45 panels. In order to save space, it is proposed to
install the panels horizontally, in three rows, two with double support systems of nine panels each
and one row consisting of a single system of nine panels, placed over the area where the buried
tank is mounted and occupying a total area of approximately 218 m?. A 25-kW inverter will also
be purchased.

As can be seen in Figure 5, by superimposing the annual consumption curve and the
monthly production curve of the PV system approximated by the platform, the entire energy
requirement is covered.

Consumption VS PV production
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Figure 5. Providing energy for pumps with photovoltaic panels
Source: Realized by the author using Photovoltaic Geographical Information System

(https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html#).

The sizing of the battery storage system will consider the coverage of the energy needs for
the operation of the pumps after sunset. To cover the energy needs in the month with the highest
consumption, it is necessary to purchase a battery of approximately 19 kW, as shown in Table 5.
To cover possible losses in the system and for reasons of resilience, a 25-kW system will be
purchased.
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Table 5. Sizing the storage system (batteries) to provide the necessary irrigation during periods

without sunshine

Month Total solar Filling | Uncovered | Irrigation | Uncovered | Battery power
irradiation pump hours pump hours consumption
[h/day] [h/day] [h/day] [h/day] [h/day] [kW/day]
April 10 6.46 0 7.75 0 0
May 10.5 5.21 0 6.25 0 0
June 11.5 9.38 0 11.25 0 0
July 11.5 12.50 2 15 3.5 18.5
August 11 9.38 0 11.25 0.25 1.05
September 10 6.46 0 7.75 0 0

Source: Authors’ own research.

Analysis of the economic viability and benefits of the proposed solution

At this stage, the calculation of the investment required to purchase all the equipment necessary to
realize the two solutions was made. A cash flow analysis was also performed, and economic and
environmental benefits were highlighted.

Results and discussions
After presenting the two solutions, the existing and the proposed one, a comparative analysis
follows to justify the investment in the use of photovoltaic panels. The analysis aims to determine
whether the proposed solution is more economically efficient than the existing one.

The option will be to keep the existing drip irrigation pipes. The investments required to
realize the two solutions are shown in Table 6.

Table 6. Capital costs for the two solutions

Irrigation system using gasoline powered Irrigation system using electric pumps powered
pumps (Existing solution) by photovoltaic panels (Proposed solution)
Equipment Cost [€] | Equipment Cost [€]
Filling fuel pump 372 Filling electric pump 1,080
Water tank 13,990 Water tank 13,990
Irrigation fuel pump 703 Irrigation electric pump 980
Fuel tank 888 PV panels 2,208
Transportation, installation 500 Inverter 2,692
Energy storage 8,090
Transportation, installation 4,500
Total cost 16,453 Total cost 33,540

Source: Authors’ own research.

To make a comparative analysis of the economic efficiency of the existing and the proposed
solution, it is necessary to establish the hypotheses used. Over the last 5 years, during the period of
study (April-September), the average price of gasoline has been about 1.37 €/1. The first hypothesis
used in this study is a gasoline price of 1.37 €/1. This leads to a total cost of purchasing gasoline of
about 5,555 €/year.

In addition to fossil fuel consumption (gasoline), according to the technical data provided
by the manufacturer, the chosen gasoline pumps require an oil change after 25 hours of operation.
Each pump requires 1.1 litres of oil. Over the course of a year, the two pumps run for approximately
3,176.25 hours, which means that approximately 140 litres of oil need to be purchased annually.
The cost per litter of oil is €10, so the total cost will be €1,400.
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Table 7. Annual costs for the gasoline-powered irrigation system VS photovoltaic powered system

Annual equipment operating expenditure Irrigation system using | Irrigation system using electric
gasoline powered pumps pumps powered by PV

Fuel cost [€/year] 5,555 -

Oil cost [€/year] 1,400 -

Maintenance and repair cost [€/year] 50 20

Annual cultivation expenditure

Seed cost [€/year] 1,655 1,655

Fertilizer cost [€/year] 1,567 1,567

Fertilizer spreading cost [€/year] 402 402

Herbicide cost [€/year] 1,145 1,145

Herbicide spreading cost [€/year] 804 804

Seeding cost [€/year] 502 502

Harvesting cost [€/year] 1,005 1,005

Transport cost (fertilizer, herbicide, seeds) [€/yr] 820 820

Total annual expenditure [€/year] 14,905 7,920

Source: Authors’ own research.

According to Ciobotaru, the yield increase obtained by proper irrigation in an agricultural
year under normal climatic conditions is 3 tons more per hectare. In a particularly dry year, the
difference is 0 to 8-9 tons (Ciobotaru, 2023). Thus, two other hypotheses used in this study are the
approximate yield of 9 tons/ha and the selling price of maize of 0.2 €/kg. At a price of 0.2 €/kg and
an annual yield of 9,000 kg/ha, the total yield from the field will be 90,000 kg/year and the revenue
will be about 18,000 €/year.

In both irrigation systems, the most used equipment are the pumps, both gasoline and
electric. Depending on the environment, the integration into the system, the water quality or
frequency of use, the pumps may have a shorter or longer lifespan. In general, according to some
manufacturers, centrifugal suction irrigation pumps have a lifespan between 5 and 15 years.
Regular maintenance, timely repairs and compliance with pump operating instructions contribute
to prolong the lifespan of the pumps. Thus, in the present study, a period of 10 years was chosen
as the period of analysis, which is considered as the average lifespan of the pumps. Also, the cash
flow discount rate used in this paper is 5%. Table 9 shows the cash flows for fossil-fuel irrigation
system. In this case, the cash flows generated led to a net present value (NPV) of €7,446.

Table 9. Net Present Value for the irrigation system with gasoline powered pumps

Year | Investment Operating expenses Income | Cash Flow Actualization
€] €] [€] €] €]

0 -16,453 0 0 0 -16,453
1 14,905 18,000 3,095 2,947.62
2 14,905 18,000 3,095 2,807.26
3 14,905 18,000 3,095 2,673.58
4 14,905 18,000 3,095 2,546.26
5 14,905 18,000 3,095 2,425.01
6 14,905 18,000 3,095 2,309.54
7 14,905 18,000 3,095 2,199.56
8 14,905 18,000 3,095 2,094.82
9 14,905 18,000 3,095 1,995.06
10 14,905 18,000 3,095 1,900.06

NPV 7,446

Source: Authors’ own research.
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In the case of the proposed solution of supplying the irrigation system with energy produced
by photovoltaic panels, the investment is more than twice as high than in the case of the system
with gasoline powered pumps. However, due to lower annual operating costs (zero fuel costs), the
net present value is significantly higher at €44,295, as shown in Table 10.

Table 10. Net present value for irrigation system using electric pumps powered by energy
from photovoltaic panels

Year | Investment | Operating expenses Income Cash Flow | Actualization
€] [€] [€] €] [€]

0 -33,540 0 0 0 -33,540
1 7,920 18,000 10,080 9,600
2 7,920 18,000 10,080 9,142.86
3 7,920 18,000 10,080 8,707.48
4 7,920 18,000 10,080 8,292.84
5 7,920 18,000 10,080 7,897.94
6 7,920 18,000 10,080 7,521.85
7 7,920 18,000 10,080 7,163.67
8 7,920 18,000 10,080 6,822.54
9 7,920 18,000 10,080 6,497.66
10 7,920 18,000 10,080 6,188.25

NPV 44,295

Source: Authors’ own research.

The payback period for the existing solution (irrigation system with gasoline pumps) is
6.338 years, which proves that the investment is recovered in about 6 years. For the proposed
situation (irrigation system with electric pumps using photovoltaic panels), the results obtained
show a payback period of 3.734 years, which proves that in this case the investment will be
recovered in less than 4 years. In both cases, the payback is realized before the 10-year analysis
period. Finally, given the fact that in this study the criterion for choosing the solution is the highest
Net Present Value (NPV), it emerges that the solution with the highest economic efficiency is the
one using photovoltaic panels.

In addition to the economic benefits, the reduction in gasoline consumption will lead to the
elimination of carbon dioxide emissions. One litre of gasoline releases about 2,392 kg of carbon
dioxide (EEA, 2017). Replacing fossil-fuel pumps with renewable energy systems, therefore, has
led to the avoidance of about 9,700 kg of carbon dioxide emissions annually.

According to Raza et. all, in Pakistan the replacement of fossil fuel-based irrigation systems
for about 8,093ha with photovoltaic panel powered irrigation systems totalling a capacity of 17.30
MW led to an annual saving of 6,600,000 litres of diesel and thus cost savings of about
€2,481,145.66/year and avoidance of 17,556,000 kg of annual carbon dioxide emissions (Raza et
al., 2021).

Conclusion
Irrigation systems are an important pillar in maintaining and increasing the yield of maize crops,
and the need for them has become increasingly apparent in recent years as climate change has
intensified.

The analysis carried out in this paper highlights the economic and environmental benefits
of supplying irrigation systems with photovoltaic panels. The results emphasize that the proposed
solution (drip irrigation system powered by photovoltaic panels) has higher Net Present Value and
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shorter payback period than the existing case with a conventional fuel powered irrigation system.
Also, the implementation of the proposed system leads to a reduction of carbon footprint by about
9.7 tons of CO». The use of renewable energy sources for the pumps is a solution that can be applied
in any irrigation system, regardless of its type or size. The difference between the system studied
and others is that in the case of drip irrigation, there is no need for high hourly flow rates and high
pressures, which means lower electricity consumption. Thus, the analyses performed in this study
can be used as a reference for the sizing of various types of irrigation systems.

The main limitation of this study is that the research was limited to the analysis of a single
agricultural land located in a specific geographical area and its adaptation to certain particularities.
Another limitation is to analyse the use of a single renewable energy source. Thus, in the future,
the research can be extended by analysing a larger number of agricultural lands located in different
locations and with different characteristics. Other renewable energy sources, such as wind turbines
or even hybrid systems with several combinations of renewable energy sources, can also be used
in the irrigation system.
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