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A B S T R A C T

To attain food security, sub-Saharan Africa needs to increase its use of irrigation to improve agricultural
productivity and resilience to climate change-induced droughts and erratic rain patterns. Stand-alone solar-
powered irrigation systems are a promising technology to power irrigation where grid electrification is
unavailable. However, these systems’ economic viability and sustainability are affected by spatially varying
factors such as climate, water availability, and solar potential, making it challenging to plan their roll-out. This
study addresses the planning challenge by developing a novel open-source reproducible geospatial methodology
to determine irrigation water demand, peak power demand, life cycle cost, and locations where solar-powered
irrigation systems would be cheaper than alternative off-grid irrigation technologies. The method considers
spatial–temporal data for meteorological conditions, soil quality, water distance and depth, solar resource
potential, technology efficiency and local equipment and fuel costs. Maize cultivation in Kenya is taken as a
case study to demonstrate the method. We find the median peak irrigation water demand in Kenya to be 65,000
l/ha/day and the median peak power demand to be 2.6 kW/ha. The levelized cost of solar-powered irrigation
systems ranges from US$ 0.09/kWh to US$ 0.25/kWh, making solar irrigation cheaper than diesel-powered
irrigation in all Kenyan regions. The results from the method offer valuable insights to governments, farmers
and investors on where water use regulations are required for sustainable water use, where subsidies and
innovative financial models are needed for the affordability of solar irrigation and where alternative uses of
energy from the solar systems beyond irrigation are possible.
1. Introduction

This paper investigates the spatial feasibility of solar-powered ir-
rigation systems (SPIS) to improve agricultural productivity in sub-
Saharan Africa (SSA). It develops a novel geospatial SPIS planning
method and applies it in the case of maize farming in Kenya.

Crop yields in SSA are very low compared to the rest of the
world [1]. A key reason for the low yields is that over 90% of the
continent’s agriculture is rainfed, making the sector vulnerable to
climate change-induced droughts and erratic rainfall patterns [2]. This
low agricultural productivity has affected the continent’s food security,
with over 300 million of its people categorised as food insecure by the
Food and Agricultural Organization (FAO) as of 2020 [3]. To achieve
food security and climate change adaptation, Africa could embrace
irrigation in its agricultural systems—irrigation can increase yields by
at least 50% and build resilience to climate shocks [4,5].

A primary challenge to implementing irrigation is the continent’s
low electrification rate of 48% with the majority of the unelectrified
population being in rural areas where most agriculture happens [6–
8]. An emerging solution for irrigation in low and medium-income
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countries (LMICs) where electrification rates are low is the use of off-
grid solar-powered irrigation systems (SPIS) [9,10]. However, planning
for SPIS requires systems thinking, considering the food-energy-water
nexus and both economic and environmental sustainability [11,12]. As
the factors affecting SPIS’s size, cost, profitability and sustainability
vary spatially and temporally, geospatial tools can be useful to as-
sess and visualise SPIS deployment potential and help governments,
investors and farmers in planning and decision-making [13].

Existing peer-reviewed methods for sizing SPIS (e.g., [14–18]) fol-
low a standard procedure of estimating the crop irrigation water re-
quirements and then sizing the pump based on the water demand
and the type, distance and depth of the water source to be used. In
terms of SPIS sustainability, a review article by Agrawal et al. [19]
lists 14 factors to consider in ensuring that the deployment of SPIS
is environmentally sustainable, socially acceptable and economically
viable. The economic factors are peak daily water requirement, depth
or distance of water source, solar irradiance, system quality and after-
sale services, the scale of farming, access to inputs and crop markets,
utilisation factor and cost of alternative solutions. Environmental sus-
tainability factors are water use efficiency, carbon emissions abatement
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and SPIS’s end-of-life management. Social acceptability factors are
threats to safety and security, system quality and after-sale services,
technology awareness and co-benefits.

However, despite this knowledge on how to size and ensure the
sustainability of SPIS being available, little has been done to apply
it geospatially. Schmitter et al. [20] used a case study of Ethiopia
to map the suitability of SPIS on a scale of one to five (where one
is unsuitable and five is most suitable) using physical factors like
slope, weather (e.g., irradiance), water depth and the distance to
the nearest market. That study incorporates the various factors by
giving them percentage weights based on expert knowledge. This,
however, makes the method challenging to reproduce in other regions
as new context-specific weighting will be required. Yu et al. [21]
considered precipitation and slope of the ground surface as indicators
when analysing the viability of SPIS for grassland irrigation in China.
As precipitation and slope are not the only factors affecting SPIS
viability, the study relies on background knowledge of other factors
like irrigation water demand in China, making it hard to reproduce
in other regions. Nilsson et al. [22] introduce a method for spatially
estimating the power and energy requirements for groundwater irriga-
tion in Uganda. However, the method does not consider surface water
resources. In addition, the method in [22] does not provide a code for
its reproduction in other regions and is not self-contained as it requires
calculations for water requirements to be performed using the FAO
AquaCrop application. No existing geospatial studies have assessed the
SPIS utilisation factor, a key parameter in assessing the SPIS economic
viability according to [19,23].

Therefore, although several researchers and scientific publications
have provided insights on geospatial SPIS, different research gaps
still need to be addressed. First, the existing methods are not easily
reproducible due to their location specificity or reliance on pre-existing
expert knowledge (research gap 1). Second, the existing methods do
ot consider both groundwater and surface water sources (research
ap 2). Third, no study has geospatially assessed how the SPIS utili-
ation factor affects their levelized cost of electricity (LCOE) and cost
ompetitiveness against other technologies (research gap 3).

This research proposes and demonstrates a novel geospatial SPIS
lanning method overcoming existing research needs in the litera-
ure. The novelty lies in an open-source, comprehensive, reproducible
ethodology for spatial sizing, life cycle costing and determining the
tilisation factor of SPIS by considering spatial–temporal data for mete-
rological conditions, soil quality, water distance/depth, solar resource
otential, technology efficiency, and SPIS costs. The research addresses
esearch gap 1 by building and availing Python code for the methodol-
gy publicly on GitHub. This gap is further addressed by demonstrating
he use of the method through a case study of Kenya and providing
he relevant peer-reviewed geospatial datasets that can be used to
eproduce the analysis for other regions. Research gap 2 is addressed
y having the developed methodology consider both groundwater and
urface water sources and choosing to use whichever requires less
nergy. Research gap 3 is addressed by geospatially calculating the
COE of SPIS and comparing it to the LCOE of diesel-powered irrigation
ystems (DPIS), Kenya’s most common off-grid irrigation technology.
urthermore, the gap is addressed by examining how the utilisation
actor of SPIS affects its cost competitiveness with DPIS. The main
ontributions of the paper are:

• An open-source reproducible methodology is developed for spa-
tially assessing SPIS viability by sizing, life cycle costing and
determining how the SPIS utilisation factor impacts their cost
competitiveness against other common off-grid irrigation tech-
nologies, such as DPIS.

• The results from the case study in Kenya offer insights into
where water usage regulations will be required to avoid water
over-abstraction, where SPIS is the most cost-competitive irri-

gation technology, where the SPIS utilisation factor needs to

2 
be increased to improve their cost-competitiveness, and where
subsidies and flexible payment plans will be required to enable
farmers to acquire SPIS.

Kenya, a country in East Africa, was selected for the case study
s agriculture is a vital sector of the country’s economy, contributing
irectly to 33% of gross domestic product (GDP) and indirectly to
7% of GDP through linkages to other sectors such as manufacturing
nd distribution [24]. 78% of the country’s food production is by
mallholder farmers who rely on rainfed agriculture and are therefore
xposed to climate shocks [25,26]. The country’s frequency of droughts
as increased from every 5–10 years to every 2–3 years [27]. With 83%
f the country’s land being arid and semi-arid land (ASAL), the effects
f these droughts have been devastating to the country’s food security.
n ongoing drought, which began in late 2020, has since affected 14.9
illion people (as of March 2022) [28]. Irrigation is, therefore, urgently
eeded for the country’s food security. In the case study, maize is used
s the reference crop. Two scenarios are studied: (1) an average-case

scenario representing normal climatic conditions, and (2) a worst-
ase scenario representing drought. Openly available geospatial data
re obtained, processed and applied for the case study, showing how
his same methodology can be repeated for any other country across
frica and any other geography where the relevant geospatial data are
vailable. The Kenya case study results can partly contribute to filling
he gap identified by Mwendwa et al. [29] in estimating agricultural
nergy demand, which is needed for the country’s sub-national and
ational energy planning.

The remainder of this paper proceeds as follows. In Section 2, the
eveloped methodology is presented. Section 3 discusses the appli-
ation of the method in the case study of Kenya, and the results of
he application are shown in Section 4. The results are discussed in
ection 5 and conclusions are drawn, and potential areas for future
esearch are identified in Section 6.

. Methods

This section outlines the equations underlying the developed
ethodology and how the methodology can be implemented using
ython programming and QGIS.

.1. Summary of the methodology

Fig. 1 summarises this study’s methodology. First, the spatial refer-
nce evapotranspiration is determined using meteorological geospatial
ata. This is then multiplied by the crop coefficient to obtain the crop
vapotranspiration, equivalent to the crop water demand. Then, to de-
ermine the net water needed from irrigation, the effective precipitation
s subtracted from the crop water demand. The gross irrigation water
emand is then obtained by considering the irrigation efficiency. With
he demand determined, to size the SPIS, the available sources of water,
olar resources, and pump efficiency are considered. Using the sized
PIS, the annual irrigation energy demand, the local SPIS costs and
he expected drought frequency, the LCOE of the SPIS and that of
lternative technologies are calculated and compared. Each step of the
rocess is described in further detail in the sub-sections below.

.2. Determining crop water demand

The FAO defines crop water demand as equivalent to crop evapo-
ranspiration (𝐸𝑇𝑐) [17,30], which is a product of an area’s reference

evapotranspiration (𝐸𝑇𝑜) and the crop coefficient (𝐾𝑐):

𝐸𝑇𝑐 = 𝐾𝑐𝐸𝑇𝑜 (1)

To calculate 𝐸𝑇𝑐 , 𝐸𝑇𝑜 is first obtained using the standard Penman–
Monteith equation [17]:

𝐸𝑇𝑜 =
0.408𝛥(𝑅𝑛 − 𝐺) + 𝛾 900

𝑇+273 𝑢2(𝑒𝑠 − 𝑒𝑎)
(2)
𝛥 + 𝛾(1 + 0.34𝑢2)

https://github.com/danielmutia/SPIS-Code.git
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Fig. 1. A flow chart summarising the methodology.
𝑁

c

where 𝑅𝑛 is the net radiation at the crop surface in MJ/m2/day, 𝐺
s the soil heat flux density in MJ/m2/day, 𝑇 is the air temperature

at 2 m above ground-level in ◦C, 𝑢2 is the wind speed at 2 m above
ground-level in m/s, 𝑒𝑠 is the saturation vapour pressure in kPa, 𝑒𝑎
s the actual vapour pressure in kPa, 𝑒𝑠 − 𝑒𝑎 is the saturation vapour
ressure deficit, 𝛥 is the slope vapour pressure curve in kPa/◦C, and 𝛾

is the psychrometric constant in kPa/◦C.
The Penman–Monteith equation has been proven to work correctly

for most locations and has provisions for making estimations where
meteorological data is insufficient [17,31]. The equation has been used
in studies such as [16,18,32]. Both the Penman–Monteith equation
and the associated estimation of unavailable meteorological data are
implemented using the Python ETo (PyETo) library [33]. The spatial
inputs to PyETo are solar irradiation, minimum temperature, maxi-
mum temperature, average temperature, the location coordinates and
elevation.

The other input to the 𝐸𝑇𝑐 calculation is 𝐾𝑐 . Different crops have
different 𝐾𝑐 values as indicated by FAO [17]; additionally, the 𝐾𝑐
for any given crop varies depending on its growth stage, commonly
reaching its maximum during the mid-season [34]. The crop growth
calendar is used to allocate the 𝐾 value for each month accordingly.
𝑐

3 
2.3. Determining net irrigation water demand

The net crop irrigation water demand (ND) is the difference between
𝐸𝑇𝑐 and the effective precipitation (𝑃𝑒):

𝐷 = 𝐸𝑇𝑐 − 𝑃𝑒 (3)

𝑃𝑒 accounts for the fact that not all the rainfall received on a piece
of land is effectively consumed by its crops. Due to surface runoff,
evaporation, and percolation below the crop root zone, some rainwater
is missed by crops [35]. The 𝑃𝑒 is determined according to formulae
developed by Ali et al. [36], which calculates the 𝑃𝑒 based on climatic
conditions, crop rooting and whether the crop is grown on dryland or
wetland. For dryland crops, 𝑃𝑒 is calculated as:

𝑃𝑒 = 𝐶𝑃𝑡 (4)

where 𝑃𝑡 is the total precipitation in mm/month and 𝐶 is a multiplica-
tion factor based on soil type, climate and whether the crop is shallow
or deep-rooted. For shallow-rooted crops (i.e., with root depth of up to
two feet), 𝐶 is between 0.8 and 0.95, while for medium to deep-rooted
rops, it is between 0.7 and 0.9 [36]. When applying this method, the 𝐶
values should be geospatially scaled according to soil available water
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holding capacity (AWHC), which can be drawn from public datasets
(e.g., [37]).

2.4. Determining gross irrigation water demand

Next, the gross irrigation demand must be determined. When sizing
the SPIS, the pump must have a higher capacity than the net demand
to accommodate for water losses and inefficiencies. Losses (i.e., where
not all irrigation water is effectively consumed by the crop) are caused
by factors like deep percolation, surface run-off, and water distribution
method ineffectiveness. To calculate these losses, we use indicative val-
ues for both the conveyance efficiency (𝜀𝑐), which is dependent on both
he type of soil and size of the farm, and the application efficiency (𝜀𝑎),
hich is dependent on the method of irrigation used, obtained from the
AO (i.e., 60% for surface irrigation, 75% for sprinkler irrigation, and
0% for drip irrigation) [38]. This study uses the conveyance efficiency
or lined canals or pipes, which is 0.95 [38]. The gross water demand
GD) is then obtained according to:

𝐷 = 𝑁𝐷
𝜀𝑐𝜀𝑎

(5)

2.5. Estimating peak power requirements

Best-fit SPIS sizing depends on the irrigation water requirements,
the type of water source used, the elevation head, solar irradiance, and
the efficiency of the pumping system. Peak power demand (𝑃 ) for a
PIS in kW is calculated as:

=
𝑄𝜌𝑔𝐻
𝜂𝑝𝑢𝑚𝑝

× 10−3 (6)

where 𝜌 is the density of water (taken as 1000 kg/m3), 𝑄 is the pumped
olume flow rate of water in m3/s, 𝑔 is the acceleration due to gravity
taken as 9.81 m/s2), 𝐻 is the total dynamic water head in metres,
nd 𝜂𝑝𝑢𝑚𝑝 is the efficiency of the pumping system [15]. Each of these
nput variables is calculated through different relationships, which are
escribed in detail in Appendix A.

.6. SPIS sizing and utilisation

The most common way of SPIS sizing is the worst month method
WMM) described in [39]—the month with the highest energy demand
s used for the sizing. The required PV system power rating is calculated
s:

𝑝𝑣 = 1.2 ×
𝐸𝑑

𝑃𝑉𝑜𝑢𝑡
(7)

where 𝑃𝑝𝑣 is the power rating of the PV system in kW, 𝐸𝑑 is the monthly
energy demand in kWh, and 𝑃𝑉𝑜𝑢𝑡 is the average solar generation
potential for the month with the highest demand in kWh/kWp. The
𝑃𝑝𝑣 value obtained is scaled by a safety factor; in this case, a factor of
20% is used. Monthly energy demand (𝐸𝑑) in kWh is estimated as:

𝐸𝑑 = 𝑃 × 𝑡𝑑 × 𝑑𝑚 (8)

The annual demand is calculated by adding up all the monthly de-
mands. Using this, the utilisation (𝑈) of the installed PV system is
calculated as a ratio of energy demand to energy produced:

𝑈 = 100 ×
𝐸𝑑
𝐸𝑠

(9)

where 𝐸𝑠 is the energy produced in kWh, calculated as:

𝐸𝑠 = 𝑃𝑝𝑣 × 𝑃𝑉𝑜𝑢𝑡 (10)

where 𝑃𝑉𝑜𝑢𝑡 is the average solar generation potential for the respective
month in kWh/kWp.

2.7. Levelized cost of electricity

The LCOE is calculated to determine the cost competitiveness of

using SPIS for irrigation compared to alternative technologies. LCOE

4 
is a standard benchmark for determining the lifetime cost of supplying
electricity using a particular technology [40] and is calculated as:

𝐿𝐶𝑂𝐸 =

∑𝑛
𝑡=1

(

𝐶𝑡+𝑂𝑡
(1+𝑟)𝑡

)

∑𝑛
𝑡=1

𝐸𝑡
(1+𝑟)𝑡

(11)

where 𝐶𝑡 is the capital expenditure in year t, 𝑂𝑡 is the operational
expenditure in year t including maintenance, 𝑛 is the lifetime in years, 𝑟
s the discount rate, and 𝐸𝑡 is the electricity consumed in year t. The 𝐸𝑡
alues for this irrigation application are determined based on whether
he year receives average rainfall or experiences drought. Where there
re no reliable rainfall predictions, the drought frequency of a region
an be used to approximate 𝐸𝑡.

Based on information from area-specific equipment sellers, the av-
erage capital cost per kW is calculated for both the surface and ground-
water options; this is used to estimate the cost of the required irrigation
system based on its size. The maintenance costs are estimated as a
percentage of the capital cost depending on the irrigation technology.
The fuel costs are calculated depending on whether the irrigation
technology requires fuel.

2.8. Code development and data processing

This method was implemented as an open-source Python code avail-
able at the project repository. It builds on the Agrodem code developed
by Korkovelos et al. [41,42]. The following additions and expansions
were made:

• The crop growing calendar was changed from one planting season
a year to a biannual planting season to accommodate planting in
the two rainy seasons.

• The crop coefficients for maize were adjusted to match the maize
water demands in arid regions.

• The method for calculating effective rainfall was modified, as the
method initially used in Agrodem was based on a study in the US.

• The method for calculating the friction head for surface water
and groundwater sources was adjusted as the initial method had
outdated assumptions.

• The methods for sizing the required solar PV, calculating the
system utilisation factor, and determining the LCOE of the SPIS
and other irrigation technologies were added.

The input to the Python code is a CSV file that must have monthly
data on solar irradiation, maximum, minimum, and average tempera-
ture, precipitation, crop coefficient, wind speed at two metres, and solar
potential. The CSV must also have spatial data on groundwater depth,
elevation and soil water holding capacity. The CSV is generated by first
dividing the study area into polygons, with each polygon representing
a unit of analysis. The polygon size is decided by considering factors
such as the distance over which there would be a significant variance
of climatic and soil conditions, the processing time and the lowest
resolution dataset used. Data from raster datasets can then be read into
the polygons using spatial software such as QGIS. The polygons become
the rows of the CSV developed.

3. Case study setup

This section discusses the sources of data for the case study and the
assumptions made to implement the methods discussed in Section 2.
The datasets used for the case study are shown in Table 1. The input
CSV files developed are in the project repository.

3.1. Spatial resolution and scope

A total of 6138 hexagonal polygons of ∼100 km2 were used as
he unit of analysis in this case study, as hexagons offer numerous
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Table 1
Summary of datasets used in the case study.

Dataset Resolution Year Source Coverage

Protected Areas Vector 2006 WRI [43] Kenya
Land cover 30 m 2017 RCMRD [44] Eastern Africa
Min and Max temperature 4.5 km 2009–2018 WorldClim [45,46] Global
Precipitation 4.5 km 2009–2018 WorldClim [45,46] Global
Elevation 90 m 2007 WRI [47] Kenya
Solar potential and irradiation 250 m 1994–2018 Solargis [48] Global
Wind speed 4.5 km 1970–2000 WorldClim [45,46] Global
Groundwater depth 5 km 2020 IGRAC [49] Africa
Soil water holding capacity 1 km 2017 ISRIC [37] Africa
Lake and reservoirs Vector 2018 RCMRD [50] Africa
Rivers Vector 2016 WRI [51] Kenya
Dams Vector 2016 WRI [51] Kenya
Table 2
Monthly Kc value for different stages of maize growth.

Month of growth 1 2 3 4 5

Kc 0.4 1.1 1.2 1.2 0.6

benefits over a rectangular grid in spatial analysis [52]. 6138 is more
than double Kenya’s 2427 administrative locations [53]. The climate
and resident activities within an administrative location are usually
uniform, and hence, the unit of analysis chosen for this study can be
regarded as high-resolution.

Not all of Kenya’s 582,646 km2 landmass was considered in this
study. Protected areas and water bodies were excluded as they are not
viable for agriculture [54], reducing the considered area to 466,390
km2 (∼80% of the total area). While forest lands should not be consid-
ered viable for agriculture in Kenya, as the government is committed to
preserving and increasing the country’s tree cover [55], forested areas
were kept under consideration here as the unit of analysis was 100 km2,
meaning that forests and farming can coexist in many locations.

3.2. Scenarios

Two scenarios were analysed in the case study: an average-case and
a worst-case scenario. The average-case scenario used average precip-
itation and temperature data for the last ten years for which reliable
and high-resolution data could be found (i.e.,2009–2018 from [45]).
The worst-case scenario used the lowest rainfall and the highest tem-
perature mean in the same time period to simulate drought. These two
scenarios were used as evapotranspiration is directly proportional to
temperature [56].

3.3. Crop selection and parameters

Maize was evaluated as the reference crop in this case study since
it is grown by over 90% of Kenyan farmers and is the country’s
main staple food with consumption of 88–103 kg/person/year [57–59].
Maize also has one of the highest crop coefficients, meaning that an
SPIS that can satisfy water demands for maize will also be able to satisfy
the demands for other crops (i.e., vegetables, legumes) [17].

The crop coefficient for maize was determined using an FAO re-
port [17], which states that maize in arid areas takes 140 days to grow,
with 25 days in the initial stage, 40 days in the development stage,
45 days in the mid-season stage, and 30 days in the late season stage.
According to [17,60], the 𝐾𝑐 of maize is 0.3 at the initial stage, 1.2 at
the mid-season stage and 0.6 at the late season stage. We extrapolated
𝐾𝑐 values from these values throughout the growth period, as shown
in Fig. 2. Additionally, we estimated the 𝐾𝑐 values at different months
by taking the highest value in the month as shown in Table 2.

The maize growing calendar used in this study was obtained from
the FAO [61]. In Kenya, maize planting for the long rainy season
commences in March. Given that maize typically requires five months
5 
Fig. 2. Maize 𝐾𝑐 at different days of growth.

Table 3
The biannual maize planting calendar used in the case study.

Season 1 Season 2

Initial stage Late stage Break Initial stage Late stage Break

March July August September January February

Table 4
Effective rainfall multiplier (C).

AWHC Effective rainfall factor (C)

Shallow rooted Deep rooted

10–20% 0.83 0.74
20–30% 0.845 0.76
30–40% 0.86 0.78

to mature and about one month to prepare the land for the next
growing season, we developed the biannual maize growth calendar
shown in Table 3. For the first season, planting begins in March, and for
the second season, planting begins in September. August and February
are designated as the intermission months.

As discussed in Section 2.3, a multiplication factor 𝐶 is required to
calculate the effective rainfall. Values of 𝐶 were calculated using an
available water holding capacity (AWHC) raster dataset [37], which
shows AWHC values for Kenya ranging from 14% to 32%. The effective
precipitation factor 𝐶 was scaled according to the decile in which the
AWHC value fell, as shown in Table 4. Maize is a shallow-rooted crop
according to [62].

3.4. Irrigation system

Drip irrigation was assumed to be the irrigation method as this
reduces the water used for irrigation (i.e., thereby prioritising sus-
tainability). In addition to reducing water use, drip irrigation has
other advantages, such as weed growth reduction and plant nutrition
optimisation [63].
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The SPIS was assumed to work eight hours a day, as all parts of
Kenya experience a consistently high solar capacity factor between 8
am and 4 pm throughout the year [64]. For code modularity, a month
was assumed to be 30 days.

3.5. Levelized cost of electricity

The LCOE of SPIS was calculated and compared to the LCOE of
diesel-powered irrigation systems (DPIS), the most common irrigation
technology among smallholder farmers in Kenya [65]. The irrigation
systems were sized for 0.47 ha farms, the average size for smallholder
farms in Kenya [66].

Based on Kenya SPIS sellers [67–70], the average cost per kW
of submersible SPIS (pumps for groundwater) was found to be KES
133,134 (US$ 925) while that of a surface SPIS (pumps for surface
water) was obtained as KES 155,433 (US$ 1079). These costs include
both the solar panels and the pump required to deliver a power of
1 kW. The cost average per kW of DPIS was obtained as KES 18,000
(US$ 125) from prices in [71] by assuming a standard 70% loading
for the generator. The conversion rate used was US$ 1 = KES 144, the
conversion rate for 22nd February 2024 [72].

The operation costs for the SPIS are mainly the maintenance of the
pumping accessories, as the solar panels only require cleaning. For the
SPIS maintenance costs, a rule of thumb of 1% of the capital costs
was used according to Santra et al. [73]. For DPIS, operational costs
include fuel and maintenance costs. The maintenance cost of DPIS was
taken to be 5% of capital costs also according to Santra et al. [73]. The
diesel fuel costs were calculated based on irrigation energy demand by
assuming that 0.3 l of diesel produces 1 kWh of electricity according
to [74]. The diesel cost per litre was KES 201.47 (US$ 1.4), which was
the cost as of January 2024 [75]. An escalation rate of 2% every year
was used for the diesel price, according to Xie et al. [76]. The cost per
kWh of electricity in January 2024 was KES 36.81 (US$ 0.26) [77].

The lifetime in the LCOE calculation was taken to be 20 years,
the lower end of the lifetime of solar panels [78]. The diesel pump
and the solar pump will be replaced in year 10, as indicated by Islam
et al. [79]. This 10-year replacement period aligns with the warranty
period offered by one of the pump suppliers in Kenya [80]. The cost
of replacing a solar pump was taken to be KES 25,000 (US$ 174) per
kW [81] while that of replacing the diesel pump was taken to be KES
18,000 (US$ 125) per kW [71]. A discount rate of 13% was used based
on the Central Bank of Kenya rate as of February 2024 [72].

In calculating the energy demand for irrigation, two drought fre-
quency scenarios were considered: two years and three years, as the
drought frequency in Kenya is 2–3 years [27]. In the case of a 2-year
frequency, the drought scenario was taken to happen every two years,
and the same logic was used for the 3-year frequency scenario.

4. Results

This section discusses the results obtained by applying the methods
discussed in Section 2 in the case study of Kenya. The results presented
are for peak water needs, power demand, system utilisation factor and
the LCOE for SPIS and DPIS. The results files can be found on the
project repository. The averaged results at the county level are shown
in Appendix B.

4.1. Water demand

Fig. 3 shows the normalised average monthly peak water demand
across the year. As expected, there was no water demand in February
and August, the intermission months in the biannual growing cycle
used. The highest water demands in the worst-case scenario are in
December, while in the average-case scenario, these are in October.
There are lower demands in March and September, corresponding to
the months which are planting months. Beyond the planting months,
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Fig. 3. Normalised monthly average irrigation water demand for maize using a
biannual cropping calendar. The normalisation was done by dividing the monthly water
demands by the maximum monthly water demand.

April has the lowest water demand for both the average and the
worst-case scenarios.

The spatial peak crop water requirements (PCWR) for the worst-case
and average-case scenarios are shown in Fig. 4. For the biannual crop-
ping of maize considered in the study, all the Kenyan areas investigated
would require some irrigation both in the average and the worst-case
scenarios. The highest PCWR in the average case scenario would be
82,052 l/ha/day in a region in Turkana County in northern Kenya. In
the worst-case scenario, the highest PCWR would be 75,093 l/ha/day,
and it is also in an area in Turkana.

At the county level, in the average scenario, the highest PCWR is in
Isiolo County (67,020 l/ha/day), followed by Turkana County (65,090
l/ha/day), both in northern Kenya. In the worst scenario, the highest
PCWR is also observed in Turkana and Isiolo counties, with a PCWR of
73,340 l/ha/day and 69,765 l/ha/day, respectively. Generally, there is
higher PCWR in north and northeast Kenya than in central, western,
and coastal Kenya.

4.2. Power demand

The peak power demand (PPD) was calculated based on the month
with the most demand. The spatial PPD for the average-case and
worst-case scenario is shown in Fig. 5. The maximum PPD for the
average-case scenario is 5.9 kW/ha, observed in a region in Turkana
County in northern Kenya. In the worst-case scenario, the maximum
PPD is 6.5 kW/ha, also observed in an area in Turkana.

With the worst-case scenario SPIS sizing used, four counties would,
on average, require SPIS greater than 4 kW/ha: Wajir, Mandera,
Garissa, and Marsabit. Twenty-nine counties would mainly require SPIS
smaller than 1 kW/ha. In terms of landmass, 22.5% of areas would
require SPIS less than 1 kW/ha, 11.8% of areas would require 1–2
kW/ha, 27.1% of areas will require 2–3 kW/ha, and 34.3% will require
SPIS greater than 5 kW/ha.

4.3. Utilisation factor

The SPIS annual utilisation factor was calculated as the percentage
of annual energy consumption to the total annual energy production.
The average monthly energy produced by the SPIS and the energy
consumed for irrigation is shown in Fig. 7. For the SPIS sizing based
on the peak monthly power demand of the worst-case scenario, we
observe that the average annual energy supply is 10,873 kWh/ha; the
highest average monthly energy supply is 1029 kWh/ha in January;
the highest average energy demand for the worst-case scenario is 694
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Fig. 4. Peak irrigation water requirements in litres/ha/day for average-case and worst-case scenarios. N/A represents protected areas and wetlands which were excluded from the
analysis.
Fig. 5. Peak irrigation power demand in kW/ha for average-case and worst-case scenarios. N/A represents protected areas and wetlands which were excluded from the analysis.
kWh/ha in December while that of the average-case scenario is 611
kWh/ha in October; and the annual average demand for the worst-
case scenario is 5416 kWh/ha while that of the average-case scenario
is 4307 kWh/ha. The results for the spatial utilisation factors for the
average-case scenario and the worst-case scenario are shown in Fig. 6.

In the average scenario, the highest annual utilisation factor is
54.8% observed in a region in Marsabit County, while in the worst-
case scenario, the highest annual utilisation factor is 56.4% observed
in a region in Tana River County. At the county level, in the average
scenario, Marsabit County has the highest utilisation factor average of
46.9%, while Kisii County has the lowest at 13.2%. In the worst-case
scenario, Kwale County has the highest average utilisation factor of
52.8% while Kisii County has the lowest at 33.1%.

Overall, in the average scenario, the utilisation factors across Kenya
are as follows: 3.5% of areas have a utilisation factor of 10%–20%,
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8.9% fall within the 20%–30% range, 31.3% have a utilisation factor
of 30%–40% and 49.7% of areas have utilisation factors of 40%–50%.
In the worst-case scenario, all the SPIS have a utilisation factor greater
than 30%, with the majority (96%) having a utilisation factor greater
than 40%.

4.4. Levelized cost of electricity

The results for the LCOE of SPIS for two-year and three-year drought
frequency scenarios are shown in Fig. 8. The LCOE results for DPIS
are shown in Fig. 9. The LCOE of SPIS ranges from US$ 0.087/kWh to
US$ 0.219/kWh in the two-year drought frequency scenario and from
US$ 0.088/kWh to US$ 0.25/kWh in the three-year drought frequency
scenario. For DPIS, the LCOE ranges from US$ 0.490/kWh to US$
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Fig. 6. Annual SPIS utilisation factor for average-case and worst-case scenarios. N/A represents protected areas and wetlands which were excluded from the analysis.
Fig. 7. Average monthly energy demand and supply in kWh/ha.

0.511/kWh in the two-year drought frequency scenario and from US$
0.490/kWh to US$ 0.518/kWh in the three-year drought frequency
scenario. SPIS is cheaper than DPIS for all the regions investigated.
On average, the LCOE of SPIS is more than four times lower than
that of DPIS in both the two-year drought frequency scenario and the
three-year frequency drought scenario.

To demonstrate the relationship between the SPIS utilisation factor
and LCOE, we used a standard SPIS size for the mean peak power
demand of 3 kW/ha under different utilisation factors. Fig. 10 shows
the results with a discount rate of 13% and a lifetime of 20 years.
Fig. C.11 in Appendix C shows the relationships at double and half the
13% discount rate. We note that the utilisation factor impacts the LCOE
of SPIS more than the LCOEs of DPIS and grid-powered irrigation. With
this discount rate and lifetime, SPIS are cheaper than DPIS when the
annual utilisation factor is greater than 9.5% and cheaper than grid-
powered irrigation when the utilisation factor is greater than 17.5%.
Doubling the discount to 26% increases the utilisation factors at which
SPIS would be cheaper than DPIS and grid-powered irrigation to 18%
and 34%, respectively. Halving the discount rate to 6.5% decreases the
utilisation factors at which SPIS is cheaper than DPIS and grid-powered
irrigation to 5.5% and 10.5%, respectively.
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5. Discussion

The results of this work provide valuable insights into irrigation
water demand, the required size and cost of SPIS, the expected SPIS
utilisation factor, and where SPIS would be the least-cost technology
to power irrigation. These are discussed in the sections that follow.

5.1. Water demand

The regions with the highest water demand in the drought scenario
correspond to those identified to be drought-prone by Orindi et al. [82],
the United Nations Development Program [83], and FAO [61]. This
congruence verifies that the methods used in this paper for simulating
the drought scenario are plausible.

Considering that the average smallholder farm in Kenya is 0.47
ha [66], and that the highest water demand is about 82,000 l/ha/day,
it means the highest required water flow rate would be 5125 l/h if
pumping is done for eight hours a day. This means that there are SPIS in
the Kenyan market [67–70] that can satisfy the highest water demand
in the country.

However, regions with high irrigation water demand should con-
sider groundwater and surface water sustainability. A way to assess
water sustainability would be to ensure that the total rate of water
abstraction for all water uses in the area does not exceed the replenish-
ment rate of the underground aquifer or surface source. Datasets such
as [84], which gives aquifer productivity in l/s, can guide national or
local governments to develop regulations on water use for irrigation.

5.2. Power demand

With 77.5% of regions investigated needing SPIS greater than 1
kW/ha, it means the SPIS for average smallholder farms (0.47 ha)
would cost above US$ 500 and above US$ 2000 per farm for the 38%
of regions with power demand greater than 4 kW/ha. The majority of
farmers are unlikely to afford these high initial costs, considering that
the majority of Kenyan counties have a gross county product (GCP)
per capita of below US$ 1400 [85]. Innovative financing models and
subsidies will be necessary to make SPIS affordable to most farmers as
recommended by FAO [86]. In regions with very high power demand



D.M. Mwendwa et al. Applied Energy 377 (2025) 124461 
Fig. 8. Levelized cost of electricity of SPIS for two-year and three-year drought frequency scenarios at a discount rate of 13%. N/A represents protected areas and wetlands which
were excluded from the analysis. The currency conversion rate used was US$ 1 = KES 144, the rate for 22nd February 2024.
Fig. 9. Levelized cost of electricity of DPIS for two-year and three-year drought frequency scenarios at a discount rate of 13%. N/A represents protected areas and wetlands which
were excluded from the analysis. The currency conversion rate used was US$ 1 = KES 144, the rate for 22nd February 2024.
(i.e., >4 kW/ha), a cost–benefit analysis will be needed to determine
whether it is ‘‘worth it’’ to use SPIS.

A way to optimise the SPIS sizing is needed to avoid the need
for very large SPIS. The SPIS size can be reduced by: (1) reducing
the peak water demand, which can be achieved by shifting the crop
growing calendar to avoid the months with the highest demand or by
practising deficit irrigation during the drought scenario, as discussed
by [87,88], (2) reducing the system friction head by increasing the
diameter of the pipes used, and (3) increasing the pumping system
efficiency through technical innovation. Another option is sizing the
SPIS for the average scenario and adopting a model such as that used in
India, where entrepreneurs provide water-pumping energy as a service
to farmers [89], especially during peak demand months and drought.
Water storage could also be incorporated to pump and store water
9 
during periods of low irrigation demand to cover the deficit during high
water demand.

5.3. Utilisation factor

When a biannual cropping calendar is used, the annual utilisation
factors are generally high (>30%) in most of Kenya’s regions. This
high utilisation rate underscores the demand for power to irrigate
Kenya’s agriculture so that it can be productive throughout the year.
Additionally, the fact that the majority of the annual utilisation factors
are below 50% means that there is an opportunity for the excess SPIS
power to be used for alternative uses. These alternative uses could
include the electrification of the local households and the provision of
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Fig. 10. Relationship between LCOE and utilisation factor for SPIS, DPIS and grid-
powered irrigation at a discount rate of 13%. The mean peak power demand of 3
kW/ha was used for this simplified analysis.

drinking water for humans and livestock. Having the excess SPIS energy
power alternative uses will further reduce their LCOE.

5.4. Levelized cost of electricity

Considering that IRENA’s PV global weighted average for 2022 was
$0.049/kWh [90], we believe our SPIS LCOE range of $0.09/kWh to
$0.25/kWh is plausible. Additionally, a study by Lorenzo et al. [91]
for large-scale SPIS in seven countries in West Africa gives the LCOE
in the countries to be in the range of $0.067/kWh to $0.174, which
compares well with our results. Our LCOE for DPIS range of $0.49/kWh
to $0.52/kWh was sanity checked against the diesel power LCOE of
$0.31/kWh given by Sigarchian et al. [92] in 2015, taking into account
the fact that the price of diesel in 2024 is higher than it was in 2015.

As expected, the LCOEs for the three-year drought frequency sce-
nario are higher than those for the two-year drought frequency scenario
because having less frequent droughts reduces the energy demand for
irrigation, increasing the LCOE. This difference in LCOE between the
two scenarios is more for SPIS, where the majority of costs incurred
are capital, and less for DPIS, where most of the costs are fuel costs
depending on energy demand. We observe a bigger range in LCOE
values for SPIS than for DPIS as the utilisation factor has more impact
on the LCOE of SPIS than that of DPIS; this is again because the costs
of SPIS are dominated by capital expenditure while those of DPIS are
dominated by expenditure on fuel.

Whether SPIS has the least cost compared to DPIS will depend
on the utilisation factor of SPIS. Considering that the SPIS utilisation
factors are high in Kenya, SPIS is cheaper than DPIS in all regions. How-
ever, for farmers to benefit from SPIS in the long term, interventions
such as flexible payment plans discussed in Section 5.2 will be required
to afford the high upfront costs of SPIS.

6. Conclusions

This paper presents a novel open-source reproducible methodology
for geospatially assessing the viability of solar-powered irrigation sys-
tems (SPIS). The methodology incorporates meteorological conditions,
crop type, soil qualities, water sources, solar resource potential, and
technology efficiency to estimate the size of SPIS required in various
locations. Additionally, it uses local equipment and fuel costs to de-
termine SPIS’s levelized cost of electricity (LCOE) and compares this
with the LCOE of other technologies. The methodology is tested and

validated through a case study focusing on maize cultivation in Kenya.
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The code for this methodology is publicly available on GitHub, enabling
its application to different regions and crops by leveraging geospatial
data. The results from the methodology highlight areas of interest
in SPIS development, allowing for better targeting of more detailed
studies.

The study’s findings highlight several key observations specific to
Kenya. It emphasises the necessity of implementing water usage reg-
ulations in regions with high water demands to prevent water over-
abstraction. Furthermore, innovative approaches to sizing SPIS are
needed to meet the peak power demand during months with signif-
icantly higher demand than others. To ensure SPIS affordability for
farmers, the paper recommends the provision of government subsidies
for SPIS products and providing flexible payment plans to the farmers.
Additionally, the study highlights the importance of alternative uses
for energy from SPIS beyond irrigation to increase their utilisation and
economic viability.

The methodology and findings have significant implications for
long-term irrigation planning, especially considering the increasing
occurrence of droughts and the unpredictability of rainfall patterns.
Farmers can utilise this approach to accurately determine irrigation
water demands and appropriately size SPIS. Governments can make
informed decisions regarding subsidy allocation based on the required
SPIS sizes in different regions and use this information for improved
planning in the energy sector. Entrepreneurs, manufacturers, and fi-
nanciers can identify opportunities for value creation using SPIS. The
results generated by the method can be a starting point for achieving
multiple benefits of food security, water sustainability, and electricity
access.

Future work in this field encompasses expanding the analysis to
cover more crops other than maize. Additionally, performing cost–
benefit analyses will help determine SPIS profitability and payback time
in different regions. Water sustainability considerations should also be
integrated into the assessment of SPIS viability. Lastly, exploring the
cost and technical aspects of using SPIS for alternative uses is essen-
tial. These research avenues will contribute to a more comprehensive
understanding of the viability of solar-powered irrigation systems.
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Appendix A. Peak power demand equations

As discussed in Section 2.5, peak power demand (𝑃 ) for a SPIS in
W is calculated as:

=
𝑄𝜌𝑔𝐻
𝜂𝑝𝑢𝑚𝑝

× 10−3

The input variables to this equation are calculated through the relation-
ships described below.

• Pump efficiency (𝜂𝑝𝑢𝑚𝑝) is given by:

𝜂𝑝𝑢𝑚𝑝 = 𝜂𝑚𝑒𝑐ℎ × 𝜂𝑒𝑙𝑒𝑐 (12)

where 𝜂𝑚𝑒𝑐ℎ is the mechanical efficiency of the pump and 𝜂𝑒𝑙𝑒𝑐
is the electrical efficiency of the pump. 𝜂𝑚𝑒𝑐ℎ is assumed to be
70% while 𝜂𝑒𝑙𝑒𝑐 is assumed to be 81% (i.e., a motor efficiency of
85% and drive efficiency of 95%) according to [93,94], giving an
overall pump efficiency of 57%.

• Volume flow rate (𝑄) depends on the total water demand per
day and the number of hours the SPIS operates in a day as follows:

𝑄 = 𝐺𝐷
𝑑𝑚 × 𝑡𝑑 × 3600

(13)

where 𝑑𝑚 is the number of days in a month and 𝑡𝑑 is the irrigation
hours per day.

• Total dynamic head for groundwater pumping (𝐻𝑔𝑤) is esti-
mated according to Eq. (9), and for surface water pumping (𝐻𝑠𝑤)
it is estimated as per Eq. (10):

𝐻𝑔𝑤 = 𝐻𝑑𝑒𝑝𝑡ℎ +𝐻𝑝 +𝐻𝑓 (14)

𝐻𝑠𝑤 = (𝑍𝑓𝑎𝑟𝑚 −𝑍𝑠𝑤) +𝐻𝑝 +𝐻𝑓 (15)

where 𝐻𝑑𝑒𝑝𝑡ℎ is the depth of the groundwater in metres and 𝐻𝑝 is
the pressure head (i.e., the pressure at which the water should
reach the end of the pipe) [95]. (𝑍𝑓𝑎𝑟𝑚 - 𝑍𝑠𝑤) is the height
difference between the source of water and the farm in metres,
and 𝐻 is the friction head (i.e., due to loss of pressure resulting
𝑓
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from friction in the transmission pipes). A decision metric is
needed to decide whether to use groundwater or surface water;
typically, the source with the least power demand is chosen. 𝐻𝑝
for drip irrigation and sprinkler irrigation can be assumed to be
2 m based on [96].

• Friction head (𝐻𝑓 ) is approximated using the Darcy formula:

𝐻𝑓 = 4𝐾𝑓 × 8𝑙𝑄2

𝐷5𝜋2𝑔
(16)

where 𝑘𝑓 is a Reynolds number-dependent empirical factor which
describes friction loss, 𝑙 is the length of the pipe in metres, 𝐷
is the diameter of the pipe in metres, and 𝑔 is the acceleration
due to gravity. 𝑘𝑓 can be obtained from a Moody diagram such
as the one in [97] by deciding the pipe material to be used, its
relative roughness, and the expected water flow rate Reynolds
number [98]. As a starting point, a 𝑘𝑓 of 0.013 can be used
by assuming the use of PVC pipes with absolute roughness of
0.0015 mm [99] and a typical irrigation water flow Reynolds
number of 5 × 105 was used [98].

• Pipe diameter (𝐷) is estimated mathematically as:

𝐷 =
√

4𝑄
𝜋 × 𝑣

(17)

where 𝑣 is the maximum allowable water velocity in m/s. 𝑣 can
be assumed to be 1.5 m/s which is the maximum recommended
velocity for water pipes according to [100,101].

Appendix B. Average irrigation parameters by county

See Table B.5.

Appendix C. Relationship between levelized cost of irrigation and
utilisation factor

See Fig. C.11.
Table B.5
Table showing the averages for main irrigation parameters for Kenyan counties that require some irrigation. The table contains the values for
peak water demand (in litres/ha/day) during a drought scenario, peak power demand (in kW/ha) during a drought scenario, annual energy
demand (in kWh/ha) during a drought scenario, utilisation factor (in %) during a drought scenario, and the SPIS and DPIS LCOEs (in US$/kWh)
in a 2-year drought frequency scenario. The currency conversion rate used was US$ 1 = KES 144, the rate for 22nd February 2024.

County Water demand Power demand Energy demand Utilisation SPIS LCOE DPIS LCOE

Baringo 63 652 0.5 911 47.1 0.12 0.49
Bomet 54 168 0.7 944 36.3 0.16 0.5
Bungoma 57 754 0.4 576 39.6 0.17 0.5
Busia 60 564 0.6 791 39.9 0.16 0.5
Embu 58 124 0.8 1266 48.8 0.12 0.5
Garissa 64 829 4.4 8041 51.6 0.1 0.49
Homa Bay 59 637 0.8 1174 41.5 0.14 0.5
Isiolo 69 765 2.9 5301 46.3 0.1 0.49
Kajiado 61 006 2 3589 49.3 0.11 0.49
Kakamega 59 642 0.5 653 37.4 0.17 0.5
Keiyo-Marakwet 63 289 0.4 626 45.2 0.14 0.49
Kericho 55 721 0.4 541 37.9 0.16 0.5
Kiambu 56 106 0.6 993 45.4 0.14 0.5
Kilifi 55 954 1.7 3055 52.1 0.12 0.49
Kirinyaga 56 675 0.4 600 43.7 0.14 0.5
Kisii 55 626 0.8 1049 33.1 0.19 0.51
Kisumu 61 777 0.8 1183 42 0.14 0.5
Kitui 60 437 1.8 3164 48.8 0.11 0.49
Kwale 57 074 1.5 2759 52.8 0.11 0.49
Laikipia 59 255 0.6 969 45.5 0.12 0.49
Lamu 60 911 2.3 3580 44.2 0.13 0.5
Machakos 58 836 0.9 1590 48.2 0.12 0.49
Makueni 60 558 1.1 1937 48.6 0.11 0.49
Mandera 67 242 4.5 7809 49.3 0.1 0.49
Marsabit 68 088 4 7412 49.7 0.1 0.49

(continued on next page)
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Table B.5 (continued).
County Water demand Power demand Energy demand Utilisation SPIS LCOE DPIS LCOE

Meru 65 922 1.4 2140 39 0.13 0.5
Migori 59 062 0.6 920 39.8 0.15 0.5
Mombasa 61 321 1.3 2087 48.9 0.13 0.5
Murang’a 55 627 0.5 778 43.1 0.16 0.5
Nairobi 58 331 0.4 660 49.9 0.12 0.49
Nakuru 56 812 1.2 2107 43.9 0.12 0.49
Nandi 56 065 0.6 925 40.7 0.16 0.5
Narok 59 173 0.8 1252 43 0.13 0.5
Nyamira 53 941 0.5 705 33.8 0.18 0.51
Nyandarua 50 495 0.7 1076 40.8 0.13 0.5
Nyeri 54 474 0.4 521 39.1 0.17 0.5
Samburu 64 234 1.6 2806 46.8 0.11 0.49
Siaya 60 762 0.6 889 41.5 0.14 0.5
Taita Taveta 57 150 1.4 2397 51.1 0.11 0.49
Tana River 60 807 3.6 6607 52.4 0.11 0.49
Tharaka 60 789 0.5 847 48.3 0.12 0.49
Trans Nzoia 57 904 0.4 648 42.7 0.15 0.5
Turkana 73 340 3.4 6237 51 0.1 0.49
Uasin Gishu 59 176 0.5 718 45.8 0.14 0.5
Vihiga 57 875 0.4 510 34.8 0.18 0.51
Wajir 65 852 4.9 8718 48.3 0.1 0.49
West Pokot 64 690 0.5 804 47.1 0.12 0.49
Fig. C.11. Relationship between LCOE and utilisation factor for SPIS, DPIS and grid-powered irrigation at discount rates of 6.5% and 26%. The mean peak power demand of 3
kW/ha was used for this simplified analysis.
References

[1] Ritchie H. Increasing agricultural productivity across sub-Saharan Africa is one
of the most important problems this century. Our World Data 2022. [Online].
Available: https://ourworldindata.org/africa-yields-problem.

[2] Alemaw BF, Simalenga T. Climate change impacts and adaptation in rainfed
farming systems: A modeling framework for scaling-out climate smart agri-
culture in sub-Saharan Africa. Am J Clim Change 2015;04:313–29, [Online].
Available: http://dx.doi.org/10.4236/ajcc.2015.44025.

[3] Roser M, Ritchie H. Hunger and undernourishment. Our World Data 2019.
[Online]. Available: https://ourworldindata.org/hunger-and-undernourishment.

[4] You L, Ringler C, Nelson G. What is the irrigation potential for Africa? Int Food
Policy Res Inst 2010. [Online]. Available: https://www.ifpri.org/publication/
what-irrigation-potential-africa#:~:texty.

[5] Malabo Montpellier Panel. Water-wise: Smart irrigation strategies for Africa.
2018, [Online]. Available: https://www.mamopanel.org/resources/reports-and-
briefings/water-wise-smart-irrigation-strategies-africa/.

[6] World Bank. Access to electricity (% of population) - sub-Saharan Africa.
2021, [Online]. Available: https://data.worldbank.org/indicator/EG.ELC.ACCS.
ZS?locations=ZG.

[7] IFAD. Renewable energy for smallholder agriculture (RESA). 2020, [On-
line]. Available: https://www.ifad.org/documents/38714170/41937394/resa.
pdf/715e1a75-35df-bafc-f491-7effde867517.

[8] Alegre-Bravo A, Lindsay Anderson C. Exploring the influence of multidimen-
sional variables on access to electricity in rural areas of the global south.
Appl Energy 2023;333:120509, [Online]. Available: http://dx.doi.org/10.1016/
j.apenergy.2022.120509.

[9] FAO. The benefits and risks of solar powered irrigation. 2018, [Online].
Available: https://www.fao.org/3/I9047EN/i9047en.pdf.
12 
[10] Hilarydoss S. Suitability, sizing, economics, environmental impacts and limita-
tions of solar photovoltaic water pumping system for groundwater irrigation—a
brief review. Environ Sci Pollut Res 2021. [Online]. Available: http://dx.doi.
org/10.1007/s11356-021-12402-1.

[11] FAO. Water–energy–food nexus. 2022, [Online]. Available: https://www.fao.
org/land-water/water/watergovernance/waterfoodenergynexus/en/.

[12] Zhang J, Campana PE, Yao T, Zhang Y, Lundblad A, Melton F, Yan J. The water-
food-energy nexus optimization approach to combat agricultural drought: a case
study in the United States. Appl Energy 2018;227:449–64, [Online]. Available:
http://dx.doi.org/10.1016/j.apenergy.2017.07.036. Transformative Innovations
for a Sustainable Future – Part III.

[13] Khan Z, Linares P, Rutten M, Parkinson S, Johnson N, García-González J. Spatial
and temporal synchronization of water and energy systems: Towards a single
integrated optimization model for long-term resource planning. Appl Energy
2018;210:499–517, [Online]. Available: http://dx.doi.org/10.1016/j.apenergy.
2017.05.003.

[14] Cuadros F, guez FL-R. A procedure to size solar-powered irrigation (photoir-
rigation) schemes. Solar Energy 2004;76:465–73, [Online]. Available: http:
//dx.doi.org/10.1016/j.solener.2003.08.040.

[15] Barrueto A, Barraza R, Ardila-Rey J, Id E, Ahumada Nn, Araya A, Moreno G.
A cost-effective methodology for sizing solar PV systems for existing irrigation
facilities in Chile. Energies 2018;11. [Online]. Available: http://dx.doi.org/10.
3390/en11071853.

[16] Xu H, Liu J, Qin D, Gao X, Yan J. Feasibility analysis of solar irrigation system
for pastures conservation in a demonstration area in Inner Mongolia. Appl
Energy 2013;112:697–702, [Online]. Available: http://dx.doi.org/10.1016/j.
apenergy.2013.01.011.

[17] Allen R, Pereira L, Raes D, Smith M. Crop evapotranspiration - guidelines
for computing crop water requirements. FAO Irrig Drain 1998;56. [Online].
Available: https://www.fao.org/3/x0490e/x0490e00.htm#Contents.

https://ourworldindata.org/africa-yields-problem
http://dx.doi.org/10.4236/ajcc.2015.44025
https://ourworldindata.org/hunger-and-undernourishment
https://www.ifpri.org/publication/what-irrigation-potential-africa#:~:texty
https://www.ifpri.org/publication/what-irrigation-potential-africa#:~:texty
https://www.ifpri.org/publication/what-irrigation-potential-africa#:~:texty
https://www.mamopanel.org/resources/reports-and-briefings/water-wise-smart-irrigation-strategies-africa/
https://www.mamopanel.org/resources/reports-and-briefings/water-wise-smart-irrigation-strategies-africa/
https://www.mamopanel.org/resources/reports-and-briefings/water-wise-smart-irrigation-strategies-africa/
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS?locations=ZG
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS?locations=ZG
https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS?locations=ZG
https://www.ifad.org/documents/38714170/41937394/resa.pdf/715e1a75-35df-bafc-f491-7effde867517
https://www.ifad.org/documents/38714170/41937394/resa.pdf/715e1a75-35df-bafc-f491-7effde867517
https://www.ifad.org/documents/38714170/41937394/resa.pdf/715e1a75-35df-bafc-f491-7effde867517
http://dx.doi.org/10.1016/j.apenergy.2022.120509
http://dx.doi.org/10.1016/j.apenergy.2022.120509
http://dx.doi.org/10.1016/j.apenergy.2022.120509
https://www.fao.org/3/I9047EN/i9047en.pdf
http://dx.doi.org/10.1007/s11356-021-12402-1
http://dx.doi.org/10.1007/s11356-021-12402-1
http://dx.doi.org/10.1007/s11356-021-12402-1
https://www.fao.org/land-water/water/watergovernance/waterfoodenergynexus/en/
https://www.fao.org/land-water/water/watergovernance/waterfoodenergynexus/en/
https://www.fao.org/land-water/water/watergovernance/waterfoodenergynexus/en/
http://dx.doi.org/10.1016/j.apenergy.2017.07.036
http://dx.doi.org/10.1016/j.apenergy.2017.05.003
http://dx.doi.org/10.1016/j.apenergy.2017.05.003
http://dx.doi.org/10.1016/j.apenergy.2017.05.003
http://dx.doi.org/10.1016/j.solener.2003.08.040
http://dx.doi.org/10.1016/j.solener.2003.08.040
http://dx.doi.org/10.1016/j.solener.2003.08.040
http://dx.doi.org/10.3390/en11071853
http://dx.doi.org/10.3390/en11071853
http://dx.doi.org/10.3390/en11071853
http://dx.doi.org/10.1016/j.apenergy.2013.01.011
http://dx.doi.org/10.1016/j.apenergy.2013.01.011
http://dx.doi.org/10.1016/j.apenergy.2013.01.011
https://www.fao.org/3/x0490e/x0490e00.htm#Contents


D.M. Mwendwa et al. Applied Energy 377 (2025) 124461 
[18] Campana PE, Li H, Yan J. Dynamic modelling of a PV pumping system
with special consideration on water demand. Appl Energy 2013;112:635–45,
[Online]. Available: http://dx.doi.org/10.1016/j.apenergy.2012.12.073.

[19] Agrawal S, Jain A. Sustainable deployment of solar irrigation pumps: Key
determinants and strategies. WIREs Energy Environ 2018;8. [Online]. Available:
http://dx.doi.org/10.1002/wene.325.

[20] Schmitter P, Kibret KS, Lefore N, Barron J. Suitability mapping framework for
solar photovoltaic pumps for smallholder farmers in sub-Saharan Africa. Appl
Geogr 2018;94:41–57, [Online]. Available: http://dx.doi.org/10.1016/j.apgeog.
2018.02.008.

[21] Yu Y, Liu J, Wang H, Liu M. Assess the potential of solar irrigation systems
for sustaining pasture lands in arid regions – A case study in northwestern
China. Appl Energy 2011;88(9):3176–82, [Online]. Available: http://dx.doi.org/
10.1016/j.apenergy.2011.02.028.

[22] Nilsson A, Mentis D, Korkovelos A, Otwani J. A GIS-based approach to
estimate electricity requirements for small-scale groundwater irrigation. ISPRS
Int J Geo-Inf 2021;10(11). [Online]. Available: http://dx.doi.org/10.3390/
ijgi10110780.

[23] Raymond A, Jain A. Solar for irrigation: A comparative assessment
of deployment strategies. Counc Energy Environ Water (CEEW) 2018.
[Online]. Available: https://www.ceew.in/sites/default/files/CEEW-Solar-for-
Irrigation-Deployment-Report-17Jan18_0.pdf.

[24] FAO. The agriculture sector in Kenya. 2022, [Online]. Available: https://www.
fao.org/kenya/fao-in-kenya/kenya-at-a-glance/en/.

[25] D’Alessandro S, Caballero J, Simpkin S, Lichte J. Kenya agricultural
risk assessment. World Bank Group; 2015, [Online]. Available: https:
//documents1.worldbank.org/curated/en/380271467998177940/pdf/100299-
BRI-P148139-PUBLIC-Box393227B-Kenya-Policy-Note-web.pdf.

[26] Dalberg. A ‘big bet’ on irrigation for Kenya’s smallholder farmers. 2020,
[Online]. Available: https://dalberg.com/our-ideas/a-big-bet-on-irrigation-for-
kenyas-smallholder-farmers/.

[27] Mateche DE. The cycle of drought in Kenya a looming humanitarian crisis. Inst
Secur Stud 2011. [Online]. Available: https://issafrica.org/iss-today/the-cycle-
of-drought-in-kenya-a-looming-humanitarian-crisis.

[28] ACAPS. Kenya: Impact of drought on the arid and semi-arid regions. 2022,
[Online]. Available: https://reliefweb.int/report/kenya/acaps-thematic-report-
kenya-impact-drought-arid-and-semi-arid-regions-29-march-2022.

[29] Mwendwa DM, Tchouambe J, Hu E, Lanza MF, Brener AB, Hwang G, Khanfar L,
Leonard A, Hirmer S, McCulloch M. Spatial data starter kit for OnSSET
energy planning in Kitui county, Kenya. Data Brief 2022;45:108691, [Online].
Available: http://dx.doi.org/10.1016/j.dib.2022.108691.

[30] Brouwer C, Heibloem M. Crop water need. FAO; 1986, [Online]. Available:
https://www.fao.org/3/S2022E/s2022e07.htm.

[31] Zotarelli L, Dukes MD, Romero CC. Step by step calculation of the Penman–
Monteith evapotranspiration (FAO-56 method). University of Florida; 2015,
[Online]. Available: https://www.agraria.unirc.it/documentazione/materiale_
didattico/1462_2016_412_24509.pdf.

[32] Zhang J, Liu J, Campana PE, Zhang R, Yan J, Gao X. Model of evapotran-
spiration and groundwater level based on photovoltaic water pumping system.
Appl Energy 2014;136:1132–7, [Online]. Available: http://dx.doi.org/10.1016/
j.apenergy.2014.05.045.

[33] Kittridge M. FAO-56 penman-Monteith method. 2015, [Online]. Available:
https://pyeto.readthedocs.io/en/latest/fao56_penman_monteith.html.

[34] Todorovic M. Crop evapotranspiration. Water Encyclopedia 2005. [Online].
Available: http://dx.doi.org/10.1002/047147844X.aw57.

[35] Dastane NG. Effective rainfall in irrigated agriculture. FAO; 1978, [Online].
Available: https://www.fao.org/3/X5560E/X5560E00.htm.

[36] Ali MH, Mubarak S. Effective rainfall calculation methods for field crops: An
overview, analysis and new formulation. Asian Res J Agric 2017. [Online].
Available: http://dx.doi.org/10.9734/ARJA/2017/36812.

[37] Leenaars JG, Claessens L, Heuvelink GB, Hengl T, Ruiperez González M,
van Bussel LG, Guilpart N, Yang H, Cassman KG. Mapping rootable
depth and root zone plant-available water holding capacity of the soil of
sub-Saharan Africa. Geoderma 2018;324:18–36, [Online]. Available: https:
//data.isric.org/geonetwork/srv/eng/catalog.search#/metadata/5ac0b40e-
a45f-4a9c-bbf9-3d1946a448c3.

[38] Brouwer C, Prins K, Heibloem M. Irrigation water management: Irrigation
scheduling. Annex I: Irrigation efficiencies. FAO; 1989, [Online]. Available:
https://www.fao.org/3/t7202e/t7202e08.htm#annexi:irrigationefficiencies.

[39] Ebaid MS, Qandil H, Hammad M. A unified approach for designing a pho-
tovoltaic solar system for the underground water pumping well-34 at disi
aquifer. Energy Convers Manage 2013;75:780–95, [Online]. Available: http:
//dx.doi.org/10.1016/j.enconman.2013.07.083.

[40] Aldersey-Williams J, Rubert T. Levelised cost of energy – A theoretical jus-
tification and critical assessment. Energy Policy 2019;124:169–79, [Online].
Available: http://dx.doi.org/10.1016/j.enpol.2018.10.004.

[41] Korkovelos A, Koo BB, Malik K. Agrodem: An open-source model that
quantifies the electricity requirements of irrigation. World Bank Group;
2022, [Online]. Available: https://openknowledge.worldbank.org/server/api/
core/bitstreams/30d60532-a67a-5664-a971-385ff48045a2/content.
13 
[42] KTH dESA. Welcome to agrodem user’s guide!. 2022, [Online]. Available:
https://agrodem.readthedocs.io/en/latest/.

[43] World Conservation Union (IUCN) and UNEP/WCMC. World database on pro-
tected areas. WRI; 2006, [Online]. Available: https://datasets.wri.org/dataset/
protected-areas-in-kenya.

[44] RCMRD. The eastern and Africa land cover viewer. Reg Cent Map Resour Dev
2020. [Online]. Available: http://data.rcmrd.org/CCDC-LandCover/Rasters/.

[45] Harris I, Osborn TJ, Jones P, Lister D. Version 4 of the CRU TS monthly
high-resolution gridded multivariate climate dataset. Sci Data 2020;7. [Online].
Available: https://www.worldclim.org/data/monthlywth.html.

[46] Fick SE, Hijmans RJ. WorldClim 2: new 1-km spatial resolution climate surfaces
for global land areas. Int J Climatol 2017;37:4302–15, [Online]. Available:
http://dx.doi.org/10.1002/joc.5086open_in_new.

[47] NASA, NIMA, DLR, and ASI. SRTM data collection. WRI; 2007, [Online].
Available: https://datasets.wri.org/dataset/kenya-digital-elevation-model-90m-
resolution.

[48] World Bank, ESMAP and SOLARGIS. Global solar atlas: Map and data
downloads. 2019, [Online]. Available: https://globalsolaratlas.info/download/
kenya.

[49] MacDonald AM, Bonsor HC, Dochartaigh BÉÓ, Taylor RG. Quantitative maps of
groundwater resources in Africa. Environ Res Lett 2012;7(2):024009, [Online].
Available: https://ggis.un-igrac.org/view/groundwater-resources-africa/.

[50] World Bank. Africa water bodies. 2018, Energydata.info. [Online]. Available:
https://datacatalog.worldbank.org/search/dataset/0040797.

[51] World Resources Institute. Kenya GIS data. 2016, [Online]. Available: https:
//www.wri.org/data/kenya-gis-data.

[52] ArcGIS. Why hexagons? Clim Compat Growth 2020. [Online]. Avail-
able: https://pro.arcgis.com/en/pro-app/2.8/tool-reference/spatial-statistics/h-
whyhexagons.htm.

[53] DBpedia. Locations of Kenya. 2008, [Online]. Available: https://dbpedia.org/
page/Locations_of_Kenya.

[54] Kenya Wildlife Service. Kenya parks and reserves. 2022, [Online]. Available:
https://www.kws.go.ke/content/overview-0.

[55] Ministry of Environment and Forestry. National strategy for achieving and
maintaining over 10% tree cover by 2022. 2019, [Online]. Available: https:
//faolex.fao.org/docs/pdf/ken189997.pdf.

[56] Yin J, Yuan Z, Wang R. The long-term projection of surface runoff in the regions
above danjiangkou in hanjiang river basin based on water-energy balance.
MATEC Web Conf 2018;246:01099, [Online]. Available: http://dx.doi.org/10.
1051/matecconf/201824601099.

[57] Food and Agriculture Authority. Overview - food crops. 2022, [Online].
Available: http://food.agricultureauthority.go.ke/index.php/sectors/overview#.

[58] Marenya PP, Wanyama R, Alemu S, Woyengo V. Trait preference trade-offs
among maize farmers in western Kenya. Heliyon 2021;7(3):e06389.

[59] International Maize and Wheat Improvement Center. Quarterly bulletin of the
drought-tolerant maize for Africa. 2022;4(3). [Online]. Available: http://hdl.
handle.net/10883/4477.

[60] Kennedy C, Rientjes T, Booij M, Nelson A. Satellite rainfall bias assessment
for crop growth simulation – A case study of maize growth in Kenya.
Agricult Water Manag 2021;258:107204, [Online]. Available: http://dx.doi.org/
10.1016/j.agwat.2021.107204.

[61] FA0. GIEWS - global information and early warning system. 2023, [Online].
Available: https://www.fao.org/giews/countrybrief/country.jsp?code=KEN#.

[62] Ryker J. Vegetable garden irrigation. University of California Cooperative
Extension; 2021, [Online]. Available: https://pcmg.ucanr.org/files/158613.pdf.

[63] University of Rhode Island. Drip irrigation. Water Encyclopedia 2022.
[Online]. Available: https://web.uri.edu/safewater/protecting-water-quality-at-
home/sustainable-landscaping/drip-irrigation/.

[64] Pfenninger S, Staffell I. Long-term patterns of European PV output using
30 years of validated hourly reanalysis and satellite data. Energy 2016;114.
[Online]. Available: https://www.renewables.ninja/.

[65] Kang’au S, Home P, Gathenya J. Evaluation of the performance of small-
holder pumped irrigation systems, in arid and semi-arid areas of Kenya. CIGR
J 2011;13. [Online]. Available: https://cigrjournal.org/index.php/Ejounral/
article/view/1665.

[66] Food and Agricultural Organisation. The economic lives of smallholder farmers.
2015, [Online]. Available: https://www.fao.org/3/i5251e/i5251e.pdf.

[67] Water Pumps. Solar water pumps Kenya. 2023, [Online]. Available: https:
//www.waterpumps.co.ke/solar-water-pumps-prices-in-kenya.html.

[68] Grekkon Limited. Solar water pump price. 2023, [Online]. Available: https:
//grekkon.com/solar-water-pump-price/.

[69] Makimara. Solar water pump prices in Kenya. 2022, [Online]. Available: https:
//makimara.co.ke/2022/05/09/solar-water-pump-prices-in-kenya/.

[70] The Green Camel Ltd. Solar water pumps. 2020, [Online]. Available: https:
//thegreencamelltd.com/solar-water-pumps-kenya.html.

[71] Water Pumps. Diesel water pump price in Kenya. 2023, [Online]. Available:
https://www.waterpumps.co.ke/diesel-water-pumps-prices-in-kenya.html.

[72] Central Bank of Kenya. Foreign exchange rates. 2024, https://www.centralbank.
go.ke/.

http://dx.doi.org/10.1016/j.apenergy.2012.12.073
http://dx.doi.org/10.1002/wene.325
http://dx.doi.org/10.1016/j.apgeog.2018.02.008
http://dx.doi.org/10.1016/j.apgeog.2018.02.008
http://dx.doi.org/10.1016/j.apgeog.2018.02.008
http://dx.doi.org/10.1016/j.apenergy.2011.02.028
http://dx.doi.org/10.1016/j.apenergy.2011.02.028
http://dx.doi.org/10.1016/j.apenergy.2011.02.028
http://dx.doi.org/10.3390/ijgi10110780
http://dx.doi.org/10.3390/ijgi10110780
http://dx.doi.org/10.3390/ijgi10110780
https://www.ceew.in/sites/default/files/CEEW-Solar-for-Irrigation-Deployment-Report-17Jan18_0.pdf
https://www.ceew.in/sites/default/files/CEEW-Solar-for-Irrigation-Deployment-Report-17Jan18_0.pdf
https://www.ceew.in/sites/default/files/CEEW-Solar-for-Irrigation-Deployment-Report-17Jan18_0.pdf
https://www.fao.org/kenya/fao-in-kenya/kenya-at-a-glance/en/
https://www.fao.org/kenya/fao-in-kenya/kenya-at-a-glance/en/
https://www.fao.org/kenya/fao-in-kenya/kenya-at-a-glance/en/
https://documents1.worldbank.org/curated/en/380271467998177940/pdf/100299-BRI-P148139-PUBLIC-Box393227B-Kenya-Policy-Note-web.pdf
https://documents1.worldbank.org/curated/en/380271467998177940/pdf/100299-BRI-P148139-PUBLIC-Box393227B-Kenya-Policy-Note-web.pdf
https://documents1.worldbank.org/curated/en/380271467998177940/pdf/100299-BRI-P148139-PUBLIC-Box393227B-Kenya-Policy-Note-web.pdf
https://documents1.worldbank.org/curated/en/380271467998177940/pdf/100299-BRI-P148139-PUBLIC-Box393227B-Kenya-Policy-Note-web.pdf
https://documents1.worldbank.org/curated/en/380271467998177940/pdf/100299-BRI-P148139-PUBLIC-Box393227B-Kenya-Policy-Note-web.pdf
https://dalberg.com/our-ideas/a-big-bet-on-irrigation-for-kenyas-smallholder-farmers/
https://dalberg.com/our-ideas/a-big-bet-on-irrigation-for-kenyas-smallholder-farmers/
https://dalberg.com/our-ideas/a-big-bet-on-irrigation-for-kenyas-smallholder-farmers/
https://issafrica.org/iss-today/the-cycle-of-drought-in-kenya-a-looming-humanitarian-crisis
https://issafrica.org/iss-today/the-cycle-of-drought-in-kenya-a-looming-humanitarian-crisis
https://issafrica.org/iss-today/the-cycle-of-drought-in-kenya-a-looming-humanitarian-crisis
https://reliefweb.int/report/kenya/acaps-thematic-report-kenya-impact-drought-arid-and-semi-arid-regions-29-march-2022
https://reliefweb.int/report/kenya/acaps-thematic-report-kenya-impact-drought-arid-and-semi-arid-regions-29-march-2022
https://reliefweb.int/report/kenya/acaps-thematic-report-kenya-impact-drought-arid-and-semi-arid-regions-29-march-2022
http://dx.doi.org/10.1016/j.dib.2022.108691
https://www.fao.org/3/S2022E/s2022e07.htm
https://www.agraria.unirc.it/documentazione/materiale_didattico/1462_2016_412_24509.pdf
https://www.agraria.unirc.it/documentazione/materiale_didattico/1462_2016_412_24509.pdf
https://www.agraria.unirc.it/documentazione/materiale_didattico/1462_2016_412_24509.pdf
http://dx.doi.org/10.1016/j.apenergy.2014.05.045
http://dx.doi.org/10.1016/j.apenergy.2014.05.045
http://dx.doi.org/10.1016/j.apenergy.2014.05.045
https://pyeto.readthedocs.io/en/latest/fao56_penman_monteith.html
http://dx.doi.org/10.1002/047147844X.aw57
https://www.fao.org/3/X5560E/X5560E00.htm
http://dx.doi.org/10.9734/ARJA/2017/36812
https://data.isric.org/geonetwork/srv/eng/catalog.search#/metadata/5ac0b40e-a45f-4a9c-bbf9-3d1946a448c3
https://data.isric.org/geonetwork/srv/eng/catalog.search#/metadata/5ac0b40e-a45f-4a9c-bbf9-3d1946a448c3
https://data.isric.org/geonetwork/srv/eng/catalog.search#/metadata/5ac0b40e-a45f-4a9c-bbf9-3d1946a448c3
https://data.isric.org/geonetwork/srv/eng/catalog.search#/metadata/5ac0b40e-a45f-4a9c-bbf9-3d1946a448c3
https://data.isric.org/geonetwork/srv/eng/catalog.search#/metadata/5ac0b40e-a45f-4a9c-bbf9-3d1946a448c3
https://www.fao.org/3/t7202e/t7202e08.htm#annexi:irrigationefficiencies
http://dx.doi.org/10.1016/j.enconman.2013.07.083
http://dx.doi.org/10.1016/j.enconman.2013.07.083
http://dx.doi.org/10.1016/j.enconman.2013.07.083
http://dx.doi.org/10.1016/j.enpol.2018.10.004
https://openknowledge.worldbank.org/server/api/core/bitstreams/30d60532-a67a-5664-a971-385ff48045a2/content
https://openknowledge.worldbank.org/server/api/core/bitstreams/30d60532-a67a-5664-a971-385ff48045a2/content
https://openknowledge.worldbank.org/server/api/core/bitstreams/30d60532-a67a-5664-a971-385ff48045a2/content
https://agrodem.readthedocs.io/en/latest/
https://datasets.wri.org/dataset/protected-areas-in-kenya
https://datasets.wri.org/dataset/protected-areas-in-kenya
https://datasets.wri.org/dataset/protected-areas-in-kenya
http://data.rcmrd.org/CCDC-LandCover/Rasters/
https://www.worldclim.org/data/monthlywth.html
http://dx.doi.org/10.1002/joc.5086open_in_new
https://datasets.wri.org/dataset/kenya-digital-elevation-model-90m-resolution
https://datasets.wri.org/dataset/kenya-digital-elevation-model-90m-resolution
https://datasets.wri.org/dataset/kenya-digital-elevation-model-90m-resolution
https://globalsolaratlas.info/download/kenya
https://globalsolaratlas.info/download/kenya
https://globalsolaratlas.info/download/kenya
https://ggis.un-igrac.org/view/groundwater-resources-africa/
https://datacatalog.worldbank.org/search/dataset/0040797
https://www.wri.org/data/kenya-gis-data
https://www.wri.org/data/kenya-gis-data
https://www.wri.org/data/kenya-gis-data
https://pro.arcgis.com/en/pro-app/2.8/tool-reference/spatial-statistics/h-whyhexagons.htm
https://pro.arcgis.com/en/pro-app/2.8/tool-reference/spatial-statistics/h-whyhexagons.htm
https://pro.arcgis.com/en/pro-app/2.8/tool-reference/spatial-statistics/h-whyhexagons.htm
https://dbpedia.org/page/Locations_of_Kenya
https://dbpedia.org/page/Locations_of_Kenya
https://dbpedia.org/page/Locations_of_Kenya
https://www.kws.go.ke/content/overview-0
https://faolex.fao.org/docs/pdf/ken189997.pdf
https://faolex.fao.org/docs/pdf/ken189997.pdf
https://faolex.fao.org/docs/pdf/ken189997.pdf
http://dx.doi.org/10.1051/matecconf/201824601099
http://dx.doi.org/10.1051/matecconf/201824601099
http://dx.doi.org/10.1051/matecconf/201824601099
http://food.agricultureauthority.go.ke/index.php/sectors/overview#
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb58
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb58
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb58
http://hdl.handle.net/10883/4477
http://hdl.handle.net/10883/4477
http://hdl.handle.net/10883/4477
http://dx.doi.org/10.1016/j.agwat.2021.107204
http://dx.doi.org/10.1016/j.agwat.2021.107204
http://dx.doi.org/10.1016/j.agwat.2021.107204
https://www.fao.org/giews/countrybrief/country.jsp?code=KEN#
https://pcmg.ucanr.org/files/158613.pdf
https://web.uri.edu/safewater/protecting-water-quality-at-home/sustainable-landscaping/drip-irrigation/
https://web.uri.edu/safewater/protecting-water-quality-at-home/sustainable-landscaping/drip-irrigation/
https://web.uri.edu/safewater/protecting-water-quality-at-home/sustainable-landscaping/drip-irrigation/
https://www.renewables.ninja/
https://cigrjournal.org/index.php/Ejounral/article/view/1665
https://cigrjournal.org/index.php/Ejounral/article/view/1665
https://cigrjournal.org/index.php/Ejounral/article/view/1665
https://www.fao.org/3/i5251e/i5251e.pdf
https://www.waterpumps.co.ke/solar-water-pumps-prices-in-kenya.html
https://www.waterpumps.co.ke/solar-water-pumps-prices-in-kenya.html
https://www.waterpumps.co.ke/solar-water-pumps-prices-in-kenya.html
https://grekkon.com/solar-water-pump-price/
https://grekkon.com/solar-water-pump-price/
https://grekkon.com/solar-water-pump-price/
https://makimara.co.ke/2022/05/09/solar-water-pump-prices-in-kenya/
https://makimara.co.ke/2022/05/09/solar-water-pump-prices-in-kenya/
https://makimara.co.ke/2022/05/09/solar-water-pump-prices-in-kenya/
https://thegreencamelltd.com/solar-water-pumps-kenya.html
https://thegreencamelltd.com/solar-water-pumps-kenya.html
https://thegreencamelltd.com/solar-water-pumps-kenya.html
https://www.waterpumps.co.ke/diesel-water-pumps-prices-in-kenya.html
https://www.centralbank.go.ke/
https://www.centralbank.go.ke/
https://www.centralbank.go.ke/


D.M. Mwendwa et al. Applied Energy 377 (2025) 124461 
[73] Santra P, Pande P, Singh A, Kumar P. Solar PV pumping system for irrigation
purpose and its economic comparison with grid-connected electricity and diesel
operated pumps. Indian J Econom Dev 2016;4.

[74] Frazier R. Comparative energy costs for irrigation pumping. Oklahoma State
University; 2017, [Online]. Available: https://extension.okstate.edu/fact-sheets/
comparative-energy-costs-for-irrigation-pumping.html.

[75] Energy & Petroleum Regulatory Authority. Maximum retail petroleum prices in
Kenya for the period 15th december 2023 to 14th january 2024. 2023.

[76] Xie H, Ringler C, Mondal MAH. Solar or diesel: A comparison of costs
for groundwater-fed irrigation in sub-Saharan Africa under two energy solu-
tions. Earth’s Future 2021;9(4). [Online]. Available: http://dx.doi.org/10.1029/
2020EF001611.

[77] Shah S. Historic electricity cost data for Kenya. 2024, [Online]. Available:
https://www.stimatracker.com/historic.

[78] Sangwongwanich A, Yang Y, Sera D, Blaabjerg F. Lifetime evaluation of grid-
connected PV inverters considering panel degradation rates and installation
sites. IEEE Trans Power Electron 2018;33(2):1225–36, [Online]. Available:
http://dx.doi.org/10.1109/TPEL.2017.2678169.

[79] Islam MT, Hossain ME, Baki CAA. Life cycle costs comparison between
solar, diesel and grid electricity powered small irrigation pumps: Evidence
from northern Bangladesh. J Sustain Sci Manag 2022;17(10):88–97, [Online].
Available: http://dx.doi.org/10.46754/jssm.2022.10.007.

[80] Future Pump. Our 10-year warranty means it’s built to last. 2021, https:
//futurepump.com/our-10-year-warranty-built-to-last/.

[81] Water Pumps. About water pumps in Kenya. 2023, [Online]. Available: https:
//www.waterpumps.co.ke/.

[82] Orindi V, Nyong A, Herrero M. Pastoral livelihood adaptation to drought and
institutional interventions in Kenya. UNDP human development report office
occasional paper 2007/54, 2007, [Online]. Available: https://hdl.handle.net/
10568/2511.

[83] United Nations Development Program (UNDP). Kenya natural disaster profile.
Enhanced Secur Unit 2005. [Online]. Available: https://meteorology.uonbi.ac.
ke/sites/default/files/cbps/sps/meteorology/Project%20on%20Disasters.pdf.

[84] British Geological Survey. Africa groundwater atlas. 2022, [Online]. Available:
https://www2.bgs.ac.uk/africagroundwateratlas/downloadGIS.html.

[85] Kenya National Bureau of Statistics. Gross county product (GCP). 2021, [On-
line]. Available: https://africacheck.org/sites/default/files/media/documents/
2022-05/GCP%202021%20Report.pdf.

[86] Schnetzer J, Pluschke L. Solar-powered irrigation systems: A clean-energy, low
emission option for irrigation development and modernization. FAO; 2017,
[Online]. Available: https://www.fao.org/3/bt437e/bt437e.pdf.

[87] Chai Q, Gan Y, Zhao C, Xu HL, Waskom RM, Niu Y, Siddique KH. Regulated
deficit irrigation for crop production under drought stress. A review. Agron Sus-
tain Dev 2016;36:1–21, [Online]. Available: http://dx.doi.org/10.1007/s13593-
015-0338-6.
14 
[88] López-Luque R, Reca J, Martínez J. Optimal design of a standalone di-
rect pumping photovoltaic system for deficit irrigation of olive orchards.
Appl Energy 2015;149:13–23, [Online]. Available: http://dx.doi.org/10.1016/j.
apenergy.2015.03.107.

[89] Hunt D, Schmitter P. How do we scale solar irrigation? Here’s what the experts
think. Thrive 2021. [Online]. Available: https://wle.cgiar.org/thrive/2019/10/
28/how-do-we-scale-solar-irrigation-hereE28099s-what-experts-think.

[90] IRENA. Renewable power generation costs in 2022. 2023, [Online]. Available:
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-
Costs-in-2022.

[91] Lorenzo C, Almeida R, nez MM-N, Narvarte L, Carrasco L. Economic as-
sessment of large power photovoltaic irrigation systems in the ECOWAS
region. Energy 2018;155:992–1003, [Online]. Available: https://doi.org/10.
1016/j.energy.2018.05.066.

[92] Sigarchian SG, Paleta R, Malmquist A, Pina A. Feasibility study of using a
biogas engine as backup in a decentralized hybrid (PV/wind/battery) power
generation system – case study Kenya. Energy 2015;90:1830–41, [Online].
Available: https://doi.org/10.1016/j.energy.2015.07.008.

[93] Santra P. Performance evaluation of solar PV pumping system for providing
irrigation through micro-irrigation techniques using surface water resources in
hot arid region of India. Agricult Water Manag 2021;245:106554, [Online].
Available: http://dx.doi.org/10.1016/j.agwat.2020.106554.

[94] NSW Department of Primary Industries. Electric irrigation pumps - performance
and efficiency. 2015, [Online]. Available: https://www.dpi.nsw.gov.au/__data/
assets/pdf_file/0003/564780/electric-pumps-performance-and-efficiency.pdf.

[95] Elrefai M, Hamdy R, ElZawawi A, Hamad M. Design and performance evalua-
tion of a solar water pumping system: A case study. 2016, p. 914–20, [Online].
Available: http://dx.doi.org/10.1109/MEPCON.2016.7837005.

[96] Moore K, Moss J. Managing pressure in the home irrigation system. Oklahoma
University; 2019, [Online]. Available: https://extension.okstate.edu/fact-sheets/
managing-pressure-in-the-home-irrigation-system.html#.

[97] Takacs G. Chapter 2 - a review of production engineering fundamentals. In:
Takacs G, editor. Sucker-rod pumping handbook. Boston: Gulf Professional
Publishing; 2015, p. 13–56, [Online]. Available: http://dx.doi.org/10.1016/
B978-0-12-417204-3.00002-9.

[98] Martin D, Heermann D, Madison M. Hydraulics of sprinkler and microirrigation
systems. 2007, [Online]. Available: http://dx.doi.org/10.13031/2013.23698.

[99] Saldarriaga J, Ochoa-Rodriguez S, Rodriguez D, Arbelaez J. Water distribution
network skeletonization using the resilience concept. 2009, p. 1–13, [Online].
Available: http://dx.doi.org/10.1061/41024(340)74.

[100] Westlake Pipe and Fittings. Pressure surges on PVC pipes. 2021, [Online].
Available: https://www.lascofittings.com/fluid-dynamics#:~:text.

[101] Howell T, Barinas F. Pressure losses across trickle irrigation fittings and
emitters. Trans ASAE 1980;23. [Online]. Available: http://dx.doi.org/10.13031/
2013.34690.

http://refhub.elsevier.com/S0306-2619(24)01844-0/sb73
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb73
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb73
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb73
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb73
https://extension.okstate.edu/fact-sheets/comparative-energy-costs-for-irrigation-pumping.html
https://extension.okstate.edu/fact-sheets/comparative-energy-costs-for-irrigation-pumping.html
https://extension.okstate.edu/fact-sheets/comparative-energy-costs-for-irrigation-pumping.html
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb75
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb75
http://refhub.elsevier.com/S0306-2619(24)01844-0/sb75
http://dx.doi.org/10.1029/2020EF001611
http://dx.doi.org/10.1029/2020EF001611
http://dx.doi.org/10.1029/2020EF001611
https://www.stimatracker.com/historic
http://dx.doi.org/10.1109/TPEL.2017.2678169
http://dx.doi.org/10.46754/jssm.2022.10.007
https://futurepump.com/our-10-year-warranty-built-to-last/
https://futurepump.com/our-10-year-warranty-built-to-last/
https://futurepump.com/our-10-year-warranty-built-to-last/
https://www.waterpumps.co.ke/
https://www.waterpumps.co.ke/
https://www.waterpumps.co.ke/
https://hdl.handle.net/10568/2511
https://hdl.handle.net/10568/2511
https://hdl.handle.net/10568/2511
https://meteorology.uonbi.ac.ke/sites/default/files/cbps/sps/meteorology/Project%20on%20Disasters.pdf
https://meteorology.uonbi.ac.ke/sites/default/files/cbps/sps/meteorology/Project%20on%20Disasters.pdf
https://meteorology.uonbi.ac.ke/sites/default/files/cbps/sps/meteorology/Project%20on%20Disasters.pdf
https://www2.bgs.ac.uk/africagroundwateratlas/downloadGIS.html
https://africacheck.org/sites/default/files/media/documents/2022-05/GCP%202021%20Report.pdf
https://africacheck.org/sites/default/files/media/documents/2022-05/GCP%202021%20Report.pdf
https://africacheck.org/sites/default/files/media/documents/2022-05/GCP%202021%20Report.pdf
https://www.fao.org/3/bt437e/bt437e.pdf
http://dx.doi.org/10.1007/s13593-015-0338-6
http://dx.doi.org/10.1007/s13593-015-0338-6
http://dx.doi.org/10.1007/s13593-015-0338-6
http://dx.doi.org/10.1016/j.apenergy.2015.03.107
http://dx.doi.org/10.1016/j.apenergy.2015.03.107
http://dx.doi.org/10.1016/j.apenergy.2015.03.107
https://wle.cgiar.org/thrive/2019/10/28/how-do-we-scale-solar-irrigation-hereE28099s-what-experts-think
https://wle.cgiar.org/thrive/2019/10/28/how-do-we-scale-solar-irrigation-hereE28099s-what-experts-think
https://wle.cgiar.org/thrive/2019/10/28/how-do-we-scale-solar-irrigation-hereE28099s-what-experts-think
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-Costs-in-2022
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-Costs-in-2022
https://www.irena.org/Publications/2023/Aug/Renewable-Power-Generation-Costs-in-2022
https://doi.org/10.1016/j.energy.2018.05.066
https://doi.org/10.1016/j.energy.2018.05.066
https://doi.org/10.1016/j.energy.2018.05.066
https://doi.org/10.1016/j.energy.2015.07.008
http://dx.doi.org/10.1016/j.agwat.2020.106554
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0003/564780/electric-pumps-performance-and-efficiency.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0003/564780/electric-pumps-performance-and-efficiency.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0003/564780/electric-pumps-performance-and-efficiency.pdf
http://dx.doi.org/10.1109/MEPCON.2016.7837005
https://extension.okstate.edu/fact-sheets/managing-pressure-in-the-home-irrigation-system.html#
https://extension.okstate.edu/fact-sheets/managing-pressure-in-the-home-irrigation-system.html#
https://extension.okstate.edu/fact-sheets/managing-pressure-in-the-home-irrigation-system.html#
http://dx.doi.org/10.1016/B978-0-12-417204-3.00002-9
http://dx.doi.org/10.1016/B978-0-12-417204-3.00002-9
http://dx.doi.org/10.1016/B978-0-12-417204-3.00002-9
http://dx.doi.org/10.13031/2013.23698
http://dx.doi.org/10.1061/41024(340)74
https://www.lascofittings.com/fluid-dynamics#:~:text
http://dx.doi.org/10.13031/2013.34690
http://dx.doi.org/10.13031/2013.34690
http://dx.doi.org/10.13031/2013.34690

	GIS-based method for assessing the viability of solar-powered irrigation
	Introduction
	Methods
	Summary of the methodology
	Determining crop water demand
	Determining net irrigation water demand
	Determining gross irrigation water demand
	Estimating peak power requirements
	SPIS sizing and utilisation
	Levelized cost of electricity
	Code development and data processing

	Case study setup
	Spatial resolution and scope
	Scenarios
	Crop selection and parameters
	Irrigation system
	Levelized cost of electricity

	Results
	Water demand
	Power demand
	Utilisation factor
	Levelized cost of electricity

	Discussion
	Water demand
	Power demand
	Utilisation factor
	Levelized cost of electricity

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A. Peak power demand equations
	Appendix B. Average irrigation parameters by county
	Appendix C. Relationship between levelized cost of irrigation and utilisation factor
	References


