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Abstract. The agricultural land of the Pandes Asri I experiences limited
agricultural water supply. This is caused by agricultural land being far from
access to electricity and water sources so that the agricultural productivity is
not optimal. Therefore, there is a need for Photovoltaic Water Pump System
(PVWPS) technology intervention as a solution. The purpose of this research
is to design PVWPS based on water need in the defined location. Analysis
of water needs is carried out based on climate and plant conditions using
CROPTWAT 8.0 and CLIMAT 2.0 software. Furthermore, the design of
PVWPS is based on pump capacity, solar panels which all relate to water
needs. The Analysis shows that water needs are influenced by soil type,
weather, planting patterns and crop management. The results of the analysis
show that the peak daily water need for 1000 m2 of agricultural land occurs
in September at 0.5184 m3, thus requiring minimum power for the pump
(P_e) of 86,6 watts, 0,98 m2 PV module, and 136 Ah/12 Vdc Battery.

1 Introduction

The lack of local facilities and technology to support agricultural irrigation is one of the
causes of the ongoing water shortage in remote areas. The FAO European Union's research
program and implementation in Africa, utilizing local technology and socio-cultural
approaches, can support the continued availability of water [1]. In another aspect, the
availability of irrigation for agriculture affects agricultural income. Farms with good water
availability and quality will significantly increase farmers' incomes compared to those with
poor water quality and quantity [2]. To address this issue, this research will utilize nearby
irrigation channels to generate independent energy through solar power plants and water
pumps. The use of Photovoltaic Water Pumping System (PVWPS) as a power source for
irrigation has been widely implemented and proven to have positive impacts in areas with
limited access to water and electricity [3].
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Furthermore, water availability is crucial in agriculture, but the quality of that water is
significantly affected by the seasons and irrigation systems. For example, during the rainy
season, water supply exceeds demand, while during the dry season, water supply is
insufficient. Therefore, appropriate irrigation technology and management systems are
required [4]. There are many sources to meet agricultural water needs, such as building
irrigation infrastructure, water reservoirs, wells, and developing technologies for drawing
water from other sources. Furthermore, conserving agricultural ecosystems (soil, crop types,
organic fertilizer use, crop diversification, and sustainable agriculture) can also maintain the
balance and availability of water resources for agriculture.

Photovoltaic Water Pumping System (PV WPS) can be used as a solution to meet the
electricity needs for irrigation and lighting at integrated farming locations [5], [6]. PVWPS
do not require connection to the commercial electricity grid (PLN), making them an off-grid
energy source. Furthermore, this electricity source requires only minimal operational costs,
particularly for system maintenance. However, the initial investment cost of PVWPS is quite
substantial, particularly for the components and supporting infrastructure. Therefore, this
study will attempt to design a PVWPS system and determine the optimal capacity of its
components, taking into account the environmental conditions on the farm and the type of
farming system being implemented. The components that need to be designed and their
capacities determined are the water pump, MPPT, solar panel, and battery based on water
requirements using CROPWAT 8.0.

2 Off-grid Photovoltaic Water Pump Systems

As shown in Figure 1, the PVWPS system consists of several interconnected parts. The first
is a well containing a pipe instillation as a water channel. The pipe is connected from the
bottom of the well surface to the pump at a vertical height of 5 meters. This pump is powered
by solar radiation through a photovoltaic system connected to the pump via a charge
controller. The charge controller used is an MPPT. The MPPT is also connected to a battery
for electrical energy storage. In addition to being connected to the electrical instillation, the
pump is also connected to a water storage tank containing 300 L.
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Fig. 1. Off-grid PV water pumping system.
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2.1 Pumping System

The pump is the primary load of the photovoltaic system, used to draw water from the well
and push it into the water storage tank. The pump capacity will be adjusted based on the
agricultural water needs and the optimal design of the photovoltaic system. Furthermore, the
water discharge rate, the height of the reservoir tank above the water surface, and the pipe
size are also considerations when designing a pump system using PVWPS to optimize the
design [7].

Fig. 2. Centrifugal DC Pump.

As shown in Figure 2, the pump specification used is a 12-volt DC system with the
nominal power regarding calculation of the pump minimum power required based on the
condition of the water requirement for the agricultural land in Pandes I. This pump is
connected to an MPPT and a battery which energizes it when the power supply of PV is
insufficient during some interval times, for instance at night or shading appearances.

2.2 Maximum Power Point Tracking (MPPT) and Photovoltaic Module

MPPT, or Maximum Power Point Tracking, is an algorithm used to extract maximum
electrical energy from sunlight from solar panels. The MPPT value is based on the energy
capacity generated by the PV and the energy requirements for agricultural irrigation.

MPP
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Fig. 3. V-1 MPPT Curve and PV Module.

As shown in Figure 3 above, if the solar panel system's operating voltage falls to the area
to the left of Vmp (the operating voltage is lower than Vmp), the solar panel's operating
voltage will be increased until it reaches Vmp. Conversely, if the solar panel's operating
voltage is higher than Vmp, the solar panel's operating voltage will be decreased until it
reaches Vmp. After reaching the maximum operating voltage, the solar panel's output power
will automatically reach its maximum power [8]. And the type of panel used is
monocrystalline with a manufacturer's efficiency specification of 21.3%.
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2.3 Battery System

In this system, batteries are used to store the energy generated by the solar panels. Energy
storage is used to address situations where there is no sunlight, such as during cloudy days
or at night. Economically, battery storage systems for local load support have shown positive
and profitable results. Research conducted at the University of Bologna found a 25% cost
reduction when battery storage systems are implemented to support electrical loads [9].

In this PVWPS design, a LiFePO4 battery is used due to several considerations. In the
study [10], this battery is suitable for use because it is economically profitable, easy to
maintain, and has a longer service life. This battery is equipped with a Battery Management
System (BMS) that controls battery operation. In addition, this battery pack is composed of
3 battery cell units arranged in series to obtain a battery voltage of around 12 Volts DC.

3 Off-grid Photovoltaic Water Pump Systems

3.1 Geographical of the Research Site

Geographically, Pandes 1 is located in Bantul Regency, Yogyakarta Special Region. Bantul
Regency is located on the coordinate lines between 07° 44’ 04" — 08° 00’ 27" South Latitude
and 110° 12" 34" — 110° 31’ 08" East Longitude. The surface elevation of Pandes I above sea
level is relatively low, namely below 50 meters above sea level. The climate is the same as
other areas in Bantul Regency. The rainy season in this Regency is from October to March,
and the dry season is from April to September. The average annual temperature is relatively
the same, namely 30 degrees Celsius. The highest rainfall in Bantul is in December, January,
and February with an average quantity of 90.76 mm, on the other hand the average air
humidity is 84%-85%, solar irradiation is 4 kWh/m? - 5.6 kWh/m?, and wind speed is 2.5-5
m/s in the Special Region of Yogyakarta in general.
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Fig. 4. Zoomed Pandes I Maps in Yogyakarta.

The research site is approximately 1000 m? of annual secondary cropland along a riverbank.
The river has a stable annual flow. The river surface is approximately 3 meters above the
agricultural land. Therefore, the well was designed to be 5 meters deep from the surface of
the agricultural land.
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3.2 Analysis of Water Needs Based on Geographical Location using
CROPWAT 8.0 and CLIMAT 2.0 Software

CROPWAT 8.0 is open-source software developed by the Food and Agriculture
Organization of the United Nations (FAO) to determine water requirements at agricultural
sites based on weather conditions, soil type, and crop type. Furthermore, the software can
analyze and manage water use based on the actual needs of agricultural land. To analyze
water requirements, the software requires input parameters. Daily or monthly rainfall data is
also used as a reference in analyzing water requirements. Finally, crop patterns and types also
influence the amount of water a farm requires. Reference Crop Evapotranspiration (ETo), in
equation (1), can be determined using the FAO Penman-Montieth equation based on monthly
data on air temperature, relative humidity, solar irradiation, and wind speed [11].

A
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The value of A is determined from the amount of evapotranspiration energy from sunlight
and temperature, while the value of B is the amount of energy re-radiated from plants at night.
So, in this case (A-B) is the energy balance between incoming and outgoing radiation as
described in equation (2), where G is the radiation loss due to the ground surface.

(A—B) =A(Rn —G) 2)
Based on equation (1), Ea is a drying effect that is influenced by humidity levels and wind
speed, as in equation (3).
Ea= Pan(es —€,) (3)

Therefore, the value of the Penman-Monteich equation can be detailed in equation (4),
where ra is the heat transfer model from the evaporating soil surface to the air and rs is the
evaporation resistance of plants and the soil surface.
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CROPWAT 8.0 is based on the equation applied by FAO. In this FAO adopts the Penman-
Montieth equation and simplifies the equation such as equation (4) so that it is practical to
use in analyzing water needs in various locations.

ET, = 0,408 A(Rn—G)+y%u2(es—ea) %)
A+y(1+0,34u3)
Where:
ETo reference evapotranspiration [mm day™],
Ra net radiation at the crop surface [MJ m* day™].
G soil heat flux density [MJ m~ day™].
T mean daily air temperature at 2 m height [°C],
u wind speed at 2 m height [m 5],
[ saturation vapour pressure [kPa],
€ actual vapour pressure [kPa],
€-€:  saturation vapour pressure deficit [kPa],
A slope vapour pressure curve [kPa °C™],
Y psychrometric constant [kPa °C™].
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Furthermore, CLIMATWAT 2.0 is a database that can be integrated with CROPWAT 8.0
software. CLIMATWAT 2.0 is distributed across 500 locations worldwide and across many
regions in Indonesia, including Karanganyar, Central Java. In this study, researchers used
Karanganyar, Central Java, as a reference for weather conditions because it is the closest
station to Yogyakarta and also has similar weather to Yogyakarta.

3.3 PVWPS System and Component Specification and Determination Process

In this study, the PVWPS design was determined based on an analysis of irrigation water
requirements based on the conditions of the agricultural land being studied. As shown in
Figure 6 below, the system design begins with the agricultural land conditions, water
requirements analysis, energy requirements calculation, PVWPS system determination, and
cost analysis.

. . Water requirement analysis using
Observation and determination of CROPWAT 8.0 and

agricultural land conditions CLIMATWAT 2.0 software

Designing the system and
Calculation of energy requirements determining the components of the
PPS system

Fig. 5. PVWPS design process diagram.

Observations on the agricultural land were conducted to determine the condition of the
land area, soil type, crop type, planting pattern, well depth, and water source conditions.
These conditions were all used as parameters to analyze the agricultural land's water needs,
as described in section 3.2. The analysis was conducted using FAO's CROPWAT 8.0 and
CLIMATWAT 2.0 software, with CROPWAT 8.0 as the software for analyzing water needs
based on the CLIMATWAT 2.0 database.

Next, the system design and selection of off-grid PVWPS components were carried out.
The off-grid PVWPS system design was based on the environmental conditions on the
research farm, beginning with the analysis and calculation of water needs. The water source
here was considered stable because it was located near a river with a stable flow. Next, the
energy requirement to draw water from the well bottom was calculated by analyzing the Total
Dynamic Head (TDH) of the piping system. Finally, the pump, battery, and solar panel
options were determined.

3.3.1 Sizing the Water Pumping Capacity

The determination of pump capacity in this study is based on Figure 1 and equation (9). This
means that environmental conditions such as land area, plant type, weather, and tank location
determine the pump capacity to be applied. Environmental conditions will determine water
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requirements, which can be analyzed using CROPWAT 8.0 and CLIMATWAT 2.0 software.
Furthermore, the water level difference to the head tank will also affect the power value
required by the pump to draw water into the storage tank.

3.3.2 Sizing of the Battery and Solar Panel

In the design, the 12 Vdc input and output voltage parameters were chosen for the battery
due to considerations of optimizing component purchasing costs for a small-scale pump
system. Therefore, the DC pump load and MPPT output also have a voltage value of 12 Vdc.
The voltage value in this battery will experience changes during charging and discharging,
where during charging the voltage value will increase to reach a maximum voltage of around
14.6 Vdc and during discharging it reaches a minimum voltage of up to 11 Vdc.

Next, battery capacity is determined based on the LiFePO4 battery's C-rate specification.
The C-rate used is 0.25C, which extends the battery's lifespan. The following equation
explains the relationship between the C-rate and the battery's charging and discharging speed
[12]:

C=1Ixt (6)

Where:

C = Battery Capacity (Ah)
I = Current (Ampere)

t = Time (hour)

Furthermore, the relationship between the C-rate and the time required for charging or
discharging can be done using equation (7). This means that the higher the C-rate, the faster
the charging or discharging will be, conversely, if the C-rate is lower, the charging and
discharging will take longer.

60 (minutes) @)
t

C —rate =

Furthermore, the value of electrical energy in the battery during charging can be
determined using equation (8). This means that the greater the current or charging time, the
greater the energy stored in the battery, and vice versa.

E = [ V(t).L(t).dt (®)

4 Off-grid Photovoltaic Water Pump Systems

4.1 Analysis of Water Requirements in Agricultural Land

The CROPWAT 8.0 software can analyze water requirement values based on environmental
parameter values in the research object, namely agricultural land. These environmental
parameters are taken from the CLIMATWAT 2.0 software database spread across many
regions in Indonesia. The first parameter that needs to be found is the reference
evapotranspiration (ETo), the value of which can be determined using equation (5). Analysis
of the ETo value can be carried out with values based on the maximum and minimum
temperature values, humidity, wind speed, duration and intensity of solar irradiation around
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the research location. The results of the ETo value can be found using CLIMATWAT 2.0
and CROPWAT 8.0 with values as shown in Figure 7 below.

Month Min Temp Max Temp Humidity Wind Sun Rad ETo
E e % km/day hours MJ/m?/day mm/day
January 22.0 32.1 86 69 6.5 19.9 4.17
February 22 o 32.7 86 69 6.6 20.2 4.28
March 22.1 32.7 86 69 6.7 20.0 4.22
April 22.1 32.2 86 69 7.8 20.4 4.19
May 21.3 31.7 86 69 7.6 18.4 3.72
June 19.7 31.1 85 69 7.6 17.5 3.44
July 18.3 30.7 84 69 7.4 17.6 3.40
August 18.5 30.8 83 69 7.0 18.4 3.61
September 19.5 31.2 82 69 6.3 18.8 3.82
October 20.6 31.5 79 69 5.9 18.9 3.96
November 21.8 31.6 85 69 6.7 20.1 4.18
December 22.1 31.6 86 69 6.4 19.6 4.08
Average 20.8 31.7 84 69 6.9 19.2 3.92

Fig. 6. Climate and reference evapotranspiration (ETo) around the research location.

In addition, rainfall is used as a parameter in determining water requirements in
agriculture, as shown in Figure 8 below:
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Fig. 7. Rainfall conditions around the agricultural land location.

The data above shows the average and effective monthly rainfall levels at the research
site using the standard USDA Soil Conservation Service formula. The data indicate that the
highest rainfall occurs at the end of the month to the beginning of the year, but rainfall
decreases automatically around the middle of the year. This rainfall significantly affects plant
water requirements. Additionally, soil and crop types also influence water requirements. In
this study, the soil type analyzed was black clay. General soil data was obtained from the
CLIMATWAT 2.0 database, which determined soil evaporation values and plant root
configurations. Furthermore, the types of crops grown on the farmland were vegetables and
tomatoes. These agricultural commodities are currently being developed in the agricultural
area. Water requirement values can be seen in the following figure.
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Fig. 8. Conditions of water requirements for tomato and vegetable plants with black clay soil over a
10-day period (mm/dec).

The analysis results in the image show that peak water consumption occurs in September,
with a water consumption value of 15.8 mm/dec for agricultural land with black clay soil and
tomato and vegetable crops. Based on the analysis of the environmental and agricultural
conditions using software on the agricultural land, the water requirement schedule can be

seen in Figure 10.
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Fig. 9. Agricultural land irrigation schedule.

Figure 10 shows that groundwater reserves continue to decline in line with plant growth
and environmental conditions. Water requirements continue to increase with plant growth
until 70 days after planting and remain relatively constant until harvest. Therefore,
agricultural land water requirements can be determined based on a comprehensive analysis
using CROPWAT 8.0 software, as shown in Figure 11.
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Precipitation deficit
1. Tomato 0.0 0.0 0.0 0.0 0.0 0.0 4.1 25T 33.0 0.0 0.0 0.0
2. Small Vegetables 0.0 0.0 0.0 0.0 0.0 0.0 5.4 9.1 28.4 3.6 0.0 0.0

Net scheme irr.req.

in mm/day 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 1.0 0.1 0.0 0.0
in mm/month 0.0 0.0 0.0 0.0 0.0 0. 4.8 55 30.7 1.8 0.0 0.0
in 1/s/h 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.12 0.01 0.00 0.00
Irrigated area 0.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0 100.0 50.0 0.0 0.0

(% of total area)

Irr.req. for actual area 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.12 0.01 0.00 0.00
(1/s/h)

Fig. 10. Actual water requirements on agricultural land based on crop type and environment.

The analysis results in Figure 11 show that the actual agricultural land demand at the
research site is greatest from July to October. Water demand peaks in September, at 0.12
liters/hectare. This data serves as the basis for determining the energy requirements and
PVWPS components at the research site.

4.2 Pump Sizing on Agricultural Land

The energy determination that underpins pump selection is based on an analysis of the water
requirements of the agricultural site, as described in section 4.1. The analysis results in Figure
11 indicate that the water requirement is 0.12 liters/second per hectare. The agricultural land
in this study covers 1,000 m?, or 0.1 hectare. Therefore, the minimum water requirement for
agricultural land at the site is 518.4 liters, or 0.5184 m3/day.

Furthermore, the condition of the agricultural land requires that the pump be able to
deliver 1 m® of water in 30 minutes. This is based on the assumption that farmers use 1 m> of
water per hour for watering plants and other agricultural needs. Furthermore, water is often
used for other purposes during irrigation. Therefore, the minimum water discharge (Q) for
the pump is 0.00056 m3/second. In addition, this pump piping system has a Total Dynamic
Head (THD) of 7 m according to Figure 1, ignoring the head losses. The neglect of head
losses is due to the position of the pump and the reservoir being almost parallel to the particle
and the few bends, connections, and pipe valves. To determine the pump power capacity,
equation (9) can be used [13].

P, = pQgH 9

Research conducted by [14] [15]on solar water pumping systems showed that DC pumps
connected to solar panels have an average efficiency of 44% to 59.5%. Therefore, the
minimum input power (P_e) required by the pump, after accounting for efficiency, is between
66.4 and 86.6 watts. In this case, the pump power specification must be higher than the
minimum input power, and it has 12 Vdc system in order to match the output dc voltage of
battery and panel controller.

4.3 Determining the Size of Solar Panels and Batteries

Determining the panel size (A_array) can be done using equation (10), where the hydraulic
pump power value (P_h), the overall system efficiency p_sys and the average annual solar
irradiation (G) determine the size of the solar panel.

—Pn (10)

Aarray = hoys XG

10
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In this study, the average annual irradiation value was used as a reference in designing
and selecting solar panels. The average annual irradiation data, as shown in Figure 12, shows
a value of 19.2 MJ/m?%day or 5.3 kWh/m?/day. The average daily solar irradiation duration
around the research location is 6.9 hours. Therefore, the daily irradiation value (G) was
calculated to be 0.768 kW/m2. Finally, the average efficiency of the entire PVWPS system
[13] (1_sys) was 5.27% to 7.68%. In this study, the average efficiency of the entire PVWPS
system was taken from the lowest value, namely 5.72%. With all the data obtained, according
to equation (10), the panel size (A_array) was obtained as 0.98 m?. Therefore, a 1 m? panel
was selected for installation.
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Fig. 11. Average annual irradiation value around the research location.

Finally, the battery type and capacity were determined. The type of battery used is a
LiFePO4 battery due to its longer service life and ease of maintenance. To determine the
battery capacity, the battery storage capacity is determined first. In the PVWPS system
design, the battery is designed to be able to supply the pump load for 7 days even if the system
does not receive sunlight or there is a problem with the panel. Equation (11) explains the
determination of the LiFePO4 battery storage capacity for a 7-day supply of agricultural
water reserves.

Egp = (P_ext+ Lossesy, + Lossesynppt) /DoD (1D

The amount of energy stored in the battery (Esb) is determined based on the total energy
required by the pump. If the pump operates for 0.5 hours in a day, then in 1 week the pump
operates for 3.5 hours. In addition, the depth of discharge (DoD) uses a value of 80% so that
the battery can only be used in the 80% range. Finally, the total energy losses in the battery
(Losses_tb) and MPPT (Losses_tmppt) are both 5% each.

Esp = ((86,6 watts x 3,5 hours) + (86,6 watts x 3,5 hours)0,05 +
((86,6 watts x 3,5 hours) — (86,6 watts x 3,5 hours x 0,05)) 0,05 )/DoD

The calculation above shows that the battery stores energy of 415.8 Wh. If the nominal
voltage used is 12 Volts, then the battery capacity (C) can be known to be 34 Ah. This
capacity value when the C-rate value is 1C. According to equations (6), (7) and (8), the
battery selection in this design uses a C-rate value of 0.25C so that lifespan and storage
capacity can be further increased. Thus, the battery capacity installed in Pandes I with
equations (6) and (7) is obtained at 136 Ah. It is enough to power the pump running for 30
minutes per day for 7 days although without input energy from solar panels.

11
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5 Conclusion and Prospective

1. This study shows that the environmental conditions of agricultural land and the type of
agriculture significantly influence the design of PVWPS. Several important factors are
involved. First, if rainfall is high, agricultural land water needs are very low because
most of the needs are met by rainwater, for example, at the end of the year. Furthermore,
the scheduling of crop planting also has a significant impact; for example, from the
beginning of planting until the age of two months or more, water needs continue to
increase. Finally, the type of plant that absorbs a lot of water and soil with a high
evaporation rate also significantly influence water needs, in addition to the weather
around the agricultural land. Calculations using the two software show that water
requirements in September are 0.12 liters/s/hectare.

2. When determining pump power, the daily water demand value is used as a benchmark.
In this case, the peak water demand value is taken and used as a parameter for
calculating pump power requirements. Importantly, determining pump capacity must
take into account water usage patterns. For example, if watering is only done for one
hour and depletes the water tank's reserves, a larger water flow rate must be considered
when refilling. A higher flow rate means a higher pump power must also be used. Based
on the analysis and calculation, the minimum input power value for the pump is 86.6
watts.

3. Lastly, the size of the solar panel is determined. The size of the PV panel is determined
by the level of solar irradiation and the size of the pump used at the farm site.
Furthermore, the efficiency of the entire system is directly impacted by the size of the
panel module installed. Therefore, the greater the power losses (lower efficiency) due
to power electronics, batteries, pumps, or installation components, the larger the panel
module will be. This is not good for both technical and economic reasons. In this case,
the minimum panel area required is 0.98 m2 and the required battery capacity is 136 Ah
with a battery system voltage of around 12 Vdc.

This PVWPS research can be further developed through direct field validation by placing
sensors in PVWPS system components to obtain updated data and potentially more accurate
analysis results. Furthermore, further comprehensive research on system design and
economic optimization is needed.
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