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The increasing awareness of regional climate and water-cycle changes are putting under pressure the efficient
water use in agriculture. In developing countries, a reliable supply of energy is the key factor to enhance agricul-
tural productivity and water efficiency. A neat water resources management is required for building flexibility,
adaptable water distribution and reducing the extra amount of energy used. The “water-energy nexus” is a fun-
damental aspect for future planning and policy. The paper sheds the light on the application of an integrated
methodology based on a DSS knowledge, aiming at improving the water delivery service, energy and costs opti-
mization. The hydraulic simulationmodelling is combinedwith an economic analysis, related to the yearly cost of
energy, crops profitability and the impact of energy savings to the cost production. The analysis revealed that the
application of thismethodology focus on irrigation schemes critical aspects, providing optimized solutions for fu-
ture policies.
© 2020 The Author. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In developing countries, climate change in temperatures, rainfall
patterns, extremeevents and rising competingdemand forwater is con-
tinuously affecting the water cycle (Molobela and Sinha, 2010). There-
fore, there has been a growing need of integrating energy use in
irrigation schemes (Siddiqi and Diaz Anadon, 2011). In African coun-
tries, a reliable supply of energy is one of the requirements for the
growth in agricultural productivity and irrigation. The energy use relies
on system's design, theway it is operated andmaintained (Belaud et al.,
2020). It was stated that energy is globally consumed in pumped irri-
gated agriculture in a range of 23% - 48% and the steady increase of en-
ergy use is being a major issue for irrigated wter supply (Zhao et al.,
2020). A continuous monitoring is becoming significantly common, in
order to assess the effective use of energy and identify the policy to re-
duce energy consumption and costs. One possible strategy for lower en-
ergy bills deals with the reduction of water supply, since water savings
produce energy savings. The policy involves several actions that build
together the “water demandmanagement” (Pardo et al., 2013). The ef-
ficient use of water in agriculture represents an important aspect for fu-
ture planning and policy considerations, since water and energy are
linked in the “water-energy” nexus(Staupe-Delgado, 2019).. In Sub-
Saharan countries, the projected water use efficiency for the year 2050
Elsevier B.V. on behalf of KeAi Com
is 25%, significantly lower than the world average value, approximately
the 45% (Forslund and Mouel, 2017). Furthermore, as reported by the
World Bank, many irrigation infrastructures are affected by inflexible
water delivery services and are not able to reach farmers' needs
(Wold Bank, 2006). Poor performance of irrigation infrastructures and
low profitability are due to unconceiving use of water, poor farmers
skills and lack of know-how (Malanco et al., 2018), rather than to
water scarcity events. A deft water resources and energy management
is becoming more urgent, since it build resilience, sustainability and it
intensifies the agricultural productivity (Odo, 2017). thus producing en-
ergy recovering instead of extra-costs to high energy costs (Cabrera
et al., 2015) (Pérez-Sánchez et al., 2016). In these perspectives, a Deci-
sion Support System (DSS), which is a dedicated software-based sys-
tem, integrates hydrology, irrigation, energy and various aspects of
small and large scale irrigation schemes, with the following objectives:
providing valuable assistance to policymakers for improving guidelines
in agriculture (Jawale and Vaidya, 2016), (Asaolu et al., 2009); improv-
ing irrigation planning and management practices (Mira Da Silva et al.,
2001). A DSSwas developed for semi-arid agriculture, with the purpose
of enhancing crops productivity and providing assistance to small-
holder farmers in taking more strategical decisions (Churi et al., 2013).
Moreover, in the Middle Rio Grande area, a DSS was developed for the
monitoring of the water delivery service and water demand within
the scheme, in order to precisely and efficiently meet the water de-
mand, for further irrigation performance improvement (Zhai et al.,
2020). An assessment of the direct and indirect economic effects of
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policies subsidizing agriculture, targeting ‘water-saving’ techniques, has
been conducted in Morocco and Syria (Doukkali et al., 2015), (Aw-
Hassan et al., 2014). Results showed that the access to energy increases
the water use management in irrigation, water use efficiency and pro-
ductivity. A large-scale hydrological model was developed as an inte-
grated DSS, in the main stem of Tarim river, (Yu et al., 2015), aiming
at simulating new irrigation strategies, land use scenarios and possible
effects in water savings. Results of the study revealed that a DSS scien-
tific basis is an opportunity for decisionmakers to deal with agricultural
water consumption issues and water allocation in the study area. In
Egypt, a research study was conducted to demonstrate the use of DSS
by the Egyptian government, in rationalizing decision-making process
and better manage water resources with real-time operations, thus for
socio-economic development purposes (Kamel, 1997).

Agricultural production in Burkina Faso is mainly extensive and
dominated by small holder farmers, who own average land size (3–6
ha), characterized by low productivity (Combary et al., 2017). Surveys
conducted among local farmers and Water User Associations (WUAs)
proved that the Ben Nafa Kacha scheme is frequently over irrigated
and water distribution is not adequate to the cropped areas, due to
rigid irrigation rotation. Local farmers are not well equipped to use
drainage systems, therefore the amount of water oversupplied is con-
veyed back to the river. This results into wastewater events, meaning
extra-costs. As local WUAs confirmed, the energy cost is currently the
most critical expense, raging from the 30% to the 60% overall. Effective
water pricing is policy makers affected, frequently debated in develop-
ing countries with subsistence-driven agriculture (Wellens et al.,
2013). Since farmers are price takers, any variation in energy prices can-
not be managed and they have to accept any increase. As in small-scale
irrigation schemes, farmers agree and cooperate to adjust the water
rate, duration and the frequency of irrigation (Wang et al., 2013), local
WUAs are responsible for irrigation water management up to the sec-
ondary canals. Conversely, local farmers agree at the lower levels and
since farmers have a little knowledge of crop water requirements, this
may lead to inequity in the scheme. These gaps in knowledge prove
that a knowledge-based DSS is a real need for the context, towards en-
hances policies in agriculture and water resources management
(Zingaro et al., 2017), (Asaolu et al., 2009).

The paper was carried out with the following objectives: i) deploy
the knowledge-based DSS to the Ben Nafa Kacha scheme for constraints
and performance assessment ii) evaluate a first improved scenario from
the water-energy nexus perspective, aiming at monthly energy savings
andmore flexible water delivery service iii) develop a second improved
scenario, to assess the impact of energy savings per crop.

The paper is organized in four sections. The Material and methods
which describes the study area, the knowledge-based DSS in a compre-
hensive overview, the hydrological and climate data availability. The
Case study which refers to the data collection: the pumping station
Fig. 1. Pilot Area of the Ben Nafa Kach
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andwater supply, the cropping pattern and crop factors, the costs of op-
erations and energy, farms economics (crop production, costs and
profit). The Results giving evidence of the DSS application to the current
conditions (baseline scenario), alternative and improved scenarios (en-
ergy use and costs optimization, impact of energy saving on crops prof-
itability). Conclusions of the conducted research.

2. Material and methods

2.1. Study area

The Ben Nafa Kacha irrigation scheme is located in Sourou Valley, in
the north - western part of Burkina Faso (Fig. 1), a land locked country.
The irrigation scheme is currently undergoing a FAO conducted pilot
project to enhance crop water productivity and to increase the water
use efficiency in small-scale irrigation schemes. Two-thirds of Burkina
Faso belong to the Volta Basin, particularly 183,000 Km2 of the country
area are located within the basin. The study area is affected by a
unimodal rainfall pattern, which comprises the alternation between
two seasons: a long dry season and a short raining season. The wet sea-
son starts inMay and it ends in September. Thewettestmonths are July,
August and September. In the dry season, crops' yield can be increased
because of the abundant sunshine the country enjoys. The major con-
straint of water resources management is the high evaporation, which
increases continuously from the South to the North of the country,
with average values of 3020 mm in the North (Dori), 2720 mm in the
center (Ouagadougou) and 2356 mm in the South (Bobo-Dioulasso).

Sourou River is the main water resource of the irrigation scheme.
The river crosses the border from Mali to Burkina Faso and it is about
65 Km length. It becomes the tributary of Mouhoun River, which is
the most important and permanent water flow in the country. Sourou
Valley is known for its hydro-agricultural installation of dam valves at
the junction of Sourou and Mouhoun rivers in 1984. This led to a rele-
vant increasing of the water level in Sourou river, which corresponds
to an overall volume of 600,000,000 m3, through the valley (Rosillon
et al., 2012). Thanks to the dam valves installation in the river irrigated
perimeters, the Sourou valley became one of the most important wet-
land in the country. The valley represents the most significant agricul-
tural production zone, the so-called food basket of Burkina Faso
(Savadogo et al., 2013). The area considered in the pilot project is
275 ha, which is distributed among 247 farmers, comprising paddy
rice, maize, onions, green beans and tomatoes. The distribution of culti-
vated hectares among farmers comes from the cropping pattern survey,
which was conducted by FAO in December 2018. Results showed that
the majority owns 1 ha; 2 ha belong to some of them and only very
few of them hold 0.25 ha of cultivated land. Each irrigation provides
water simultaneously to 2 ha, via tertiary canals. The irrigation scheme
is not under water scarcity condition, but the poor practices in water
a irrigation scheme, Burkina Faso.
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resources management result in an inefficient water distribution in the
scheme. Farmers rely on a single water access: surface water resources
are used for agricultural purposes, while groundwater is for urban
utilization.
2.2. Decision support system

The knowledge-based DSSmethodology, previously deployed to the
Mubuku scheme (Uganda) (Bettili et al., 2019), is briefly described
(Fig. 2) for its application to the Ben Nafa Kacha scheme. The DSS con-
sists on the deployment of a versatile and flexible model, integrating
the FAO MASSCOTE approach with the hydraulic simulation modelling,
MIKEHydro Basin. The MASSCOTE is a step-by-step methodology ap-
plied to generate optimal strategies for irrigation management prac-
tices, aiming at providing more effective water management and
water delivery service (Renault et al., 2007). The first step of the
MASSCOTE is considered, namely the Rapid Appraisal Procedure
(RAP), which consists on spreadsheets, compiled with data gathered
in thefield and data obtained from themodelling. Threemain objectives
of the RAP are: i) assessing the overall performance thorough relative
indicators; ii) identify constraints in the schemes, for modernization
strategies considerations; iii) define options for performance improve-
ments. Internal indicators (the field flow rate capabilities, reliability,
flexibility and equity) provide a comprehensive understanding of the
processes that affect the water delivery service and the overall perfor-
mance. Each indicator is weighted from 0 (least desirable) to 4 (the
most desirable). Conversely, external indicators compare input and out-
put of the scheme, expressing the efficiency from the perspectives of the
water use efficiency, crop yield and budget. These are used as bench-
mark for monitoring the results of improved operations delivered to
the scheme. MIKEHydro Basin is implemented with required input
data, in order to provide the total amount of crop water demand, ac-
cording to the irrigation scheduling and cropping pattern (Fig. 2). Lastly,
the RAPwas integratedwith irrigation data, obtained as output from the
simulation modelling, in order to estimate the key performance indica-
tor. Moreover, the Participatory Rural Appraisal (PRA), as defined in the
MASSCOTE, represents the framework of the DSS implementation. It
was carried out through FAO surveys conducted in the field in 2018.
The PRA starts with the identification of the actors to be involved
(local farmers, WUAs, technical expertise), the organization of local
Fig. 2. The knowledge-based DSS applied to the Ben Nafa
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and remote activities, samples preparation, for further enhancements
of management models and lastly supporting stake holders in decision
making. It is proved that a participatory approach is the key factors to
fill the gap between theoretical and practical requirements (Lindblom
et al., 2016). Since energy is the most critical expense and local farmers
face inadequate water supply and distribution, the research is devel-
oped in this perspective. Recent studies stated that the high cost of die-
sel fuels and electric have a relevant impact on decision makers, when
considering the need to meet water and energy requirements for
crops (Pardo Picazo et al., 2018). Performance indicators are a fraction
of the irrigation water supply and they are generally expressed as per-
centage values (Burt et al., 1997. The Field Irrigation Efficiency (IE) is
chosen as the target indicator, since it is necessary to evaluate improve-
ments inwatermanagement practices and it is the primary value affect-
ing water delivery service and the scheme performance overall. The IE
indicator is computed as here below:

IE ¼ 100∙
CM of Total Net Water Irrigation

CM of Total Irrigation Water Delivered to Users
ð1Þ

In formula (1), the total net water irrigation is computed from the
crop water requirements, taking into account evapotranspiration at
the field level and special irrigation practices (the amount of water
needed for land preparation of specific crop, i.e. paddy rice); the total ir-
rigation water delivered to users represents the difference between the
amount of water supply and water losses through the estimated con-
veyance efficiency (80%).

The DSS approach represents the starting point to analyze the ineffi-
ciencies of the scheme, from both hydrological (available water re-
sources, irrigation scheduling flexibility and irrigation efficiency) and
energetic points of view (energy savings andoperating costs reduction).

2.3. Hydrological and climate data

The climate module in MIKEHydro Basin model accepts inputs data
(Taechatanasat and Armstrong, 2014) (rainfall time series, tempera-
tures, relative humidity, wind speed, solar radiation, irrigation data
and soil properties) to compute the reference evapotranspiration
(ETo), expressed in millimeters of water. It represents an important
component of the hydrological cycle, which significantly affects crop
water requirements and water resources management (Lopez-Moreno
Kacha irrigation scheme for performance assessment.



Fig. 4. The design of the Ben Nafa Kacha irrigation scheme (Source: FAO).

Fig. 5. Discharge measurements from the secondary canals.

Fig. 6. Cropping pattern.
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et al., 2009). The standard FAO-56 Penman-MonteithMethod is applied to
compute the reference evapotranspiration, (ETo) over time (Allen et al.,
1998). Finally, the evapotranspiration ETcrop, related to specific crop
type, is computed following the FAO56Model Dual Crop Coefficient, in-
ternationally accepted and inbuilt in MIKEHydro. The quantity is
expressed by the formula (2) and it is influenced by the dimensionless
Kc crop factors (Yu et al., 2015), which were computed by means of
data fields:

ETcrop ¼ Kc∙ETo ð2Þ

Climate data were provided by the local Meteorological Station Dori,
which is the closest meteo station to the Ben Nafa Kacha irrigation
scheme, located 12 Km north-western distance from it (Lat. 14.3,
Long. -0.03), in the northern “Sahel Region” Daily rainfall time series
cover a period of 5 years, from 2012 to 2017. The hyetograph is plotted
on a monthly basis representation (Fig. 3). The quality of data is good:
on a time range of 14 years daily observation, it encompasses the 82%
on the entire year and 80% in the wet season. Therefore, it is a reliable
source of data (Dembélé and Zwart, 2016). It can be observed a rainfall
amounts on average yearly basis of approximately 800 mm. It exceeds
150 mm in July and August. In conclusion, the rainfall peak-period is
from June to September, while in the rest of the year precipitations
are sporadic, particularly in winter, when it hardly ever rains.

3. Case study

3.1. Pumping station and discharge

The Ben Nafa Kacha is rainfed in the humid season (May–Septem-
ber) and under pumping irrigation during the irrigation campaigns (Oc-
tober–April).

The pumping station is composed by three electric Archimedes
screws, operating from the low-lying level of Sourou to the main
canal, with a height of 4.30 m and 300 l/s discharge of each. The
pumps are simultaneously used in order to obtain the maximum dis-
charge of 900 l/s. Each pump works for 4380 h/year. The main canal is
connected to 6 secondary canals (SCi) (Fig. 4), each providing water
by rotation to 5 tertiary canals. Even though the cost of energy is higher,
2 ha are under 12 h of pumped irrigation, per 5 days. Discharge mea-
surements were conducted by FAO in the field, under an irrigation cam-
paign. Discharge values plotted (Fig. 5) reflect the amount of water
supply on a monthly basis, which is diverted into secondary canals via
six modules à masques installed into the main canal. The standard type
is the model XX2, installed in SC1, SC2, SC3, SC4, SC5. The amount of
water discharge is diverted by XX2150, with a nominal flow rate per
unit of width of 150 l/s. Conversely, in SC6 the discharge is diverted by
XX290, with a nominal flow rate of 90 l/s. Results of discharge measure-
ments peak in April, May and December. SC1 and SC2 have the highest
discharge values. In the dry season (October–April) SC1 shows approx-
imately 155,000 m3/month on average, conversely SC2 provides an av-
erage value of 125,000 m3/month per season. The rest SCi have a
discharge of 91,000 m3/month, on average. The time period from May
to September has the lowest discharge values, since it represents the
Fig. 3. Global Rainfall Hyetograph.
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humid season, where rainfalls peak (Fig. 3). SC1 and SC2 have an aver-
age value of 115,000m3/month, equally to SC3 and SC6, with an average
discharge of 70,000 m3/month.

3.2. Cropping pattern and crop factors

FAOmeasurements were conducted in the command area to under-
stand the cropping pattern and Kc. More than 90% of the scheme is
cropped with paddy rice, onions, maize, tomatoes and green beans.
Only rice is produced in monoculture. There are two growing seasons:
the humid and the dry season (Fig. 6). The pilot area is divided into
one area devoted to the lowland rice (165 ha of paddy flooded rice)
and one to the horticultural crops (110 ha). In the horticultural area,
during the rainy season, almost 100% is devoted to maize and during
the dry season the main crop are onions, tomatoes and green beans.

In the horticultural area, during the rainy season, almost 100% is de-
voted to maize and during the dry season main crops are onions, toma-
toes and green. Crop water requirements (ETcrop)is the amount of water
needed tomeet thewater losses via evapotranspiration of a disease-free
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crop, which grows under non-restricting soil water, achieving full pro-
duction potential under given environmental conditions (Doorenbons
et al., 1997). The parameters included in themodel (Table 1) are sowing
days, root depth (RD), the maximum vegetation height (MH), Kc coeffi-
cients, the length of crops initial growing (INI), development (DEV),
middle (MID) and late stage (LAT). The nursery (NR) consists in the
5–10% of the total planted area (Brouwer et al., 1985).

3.3. Operating costs

The irrigation schemewas installed decades ago and the only signif-
icant modern aspect occurred in 2017, when the diesel pumps were
changed into electric, supplied by the SONABEL organization. According
to the WUAs, the composition of costs have been investigated per
humid and dry seasons (Fig. 7). A comparison between pumps types
was made (Table 2) in energy use and costs, on irrigation campaign
basis, assessing an increase in the total cost of 1000 USD on a yearly
basis.

Since farmers are price-takers, they cannot control the commodity
prices and this is reflected on their welfare purely dependent on exter-
nal factors. An increase in energy prices over time will have a high im-
pact on farmers, who cannot deal with prices. The irrigation turns are
scheduled between 6:00 am and 4:00 pm, with 10 h of operating
pumps, while the peak tariffs occur in the range of 10:00 am –
2:00 pm and 4:00 pm – 7:00 pm. The peak tariff is 118 CFAF/kWh, con-
versely the off-peak tariff is 54 CFAF/kWh. The cost of electricity is high,
because the water consumption for irrigation mostly occurs in the peak
time range. Therefore, it is required to reschedule the irrigation period
to the off-peak, including new rules for irrigation operations, without
any variation in the irrigation pattern.

3.4. Crops production and farm economics

The average yields per relevant crop were considered in the analysis
(Table 3). Local communities do not have storage areas for the har-
vested facilities and farmers using inappropriate means to quantify
products. Surveys were conducted in the field by FAO, among 60
farmers occurred via collective samples, divided in three sections ad-
dressed four topics:water use efficiency, cropwater productivity, irriga-
tion management, farmers' socio-economic.

The aims of the surveys are identifying the water use and energy
nexus, improving water delivery service, providing guidelines to en-
hance agricultural practices, evaluating the overall costs of irrigation
and farm economic key factors. Farms economics' aspect was carried
out through a quantitative analysis, with questions related to the per-
centage of crops produced per farmers, each crop; the amounts of
Table 1
Irrigated, crop factors and growing stages.

Dry season

Crops Length [Days]

INI DEV MID LAT

Paddy rice 15 25 50 20
Onions 10 15 45 30
Green beans 10 20 35 10
Tomatoes 15 20 40 20

Humid season

Crops Length [Days]

NUR INI DEV MID LAT

Paddy rice 15 15 25 55 20
Maize – 15 30 55 30

The initial stage of paddy rice includes the land preparation and nursery phases (sowing and tra
saturated and lands have to be flooded. Indeed, the percolation quantity has to be included in
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crops produced for self-consumption and addressed to the commercial
production. Rice, onions and tomatoes are considered. Results revealed
that 100% of crops are produced in multi-cropping system, 100% of rice
and maize are used for household consumption, 50% of onions and
others are addressed to commercial purposes. Data were provided
according to the off-season, pre-harvesting and harvesting period
(Tables 4–6), Recent studies have demonstrated that economic factors
(market prices, natural resources availability and agricultural subsidies)
led farmers' behavior towards a better water management in agricul-
ture (Wiggering and Steinhardt, 2015), (Gebrehiwot et al., 2016).

4. Results

4.1. Baseline scenario

The total amount of water demand (WD) and the total amount of
water supply (WS) were plotted into a single graph, in order to assess
the current water balance in the scheme (Fig. 8). The model application
revealed that, in spite of June and July, where crops are river basin irri-
gated and rainfed, the overall irrigation scheme is not affected by water
scarcity conditions, even though farmers rely on one single water ac-
cess. Where little water shortage events are observed, the cause is
found in the inadequate water distribution. The field irrigation effi-
ciency computed via the RAP results in 25%, a poor value if comparing
to the 40%, considered a reasonable efficiency for irrigation canal sys-
tems, by the “Irrigation water management training manual N.4”
(Brouwer et al., 1985).

The table below (Table 7) provides crop areas [ha] and crop water
requirements for the two seasons. Once the hydrological aspects are
evaluated, in order to assess the fluctuation of energy costs yearly, the
monthly water supply the monthly water supply is estimated in terms
of energy cost per month (Fig. 9).

Data taken into account were the total energy costs of the pumping
station, equal to 55,837 USD yearly and the overall amount of water
supply equal to 6,791,931 m3.

Results were obtained according to the current operating hours of
the pumping station, which is equal to 4380 h/year. The graph shows
a peak of energy cost in April equal to 5502 USD, where the amount of
water supply exceeds the water demand. This means that the energy
costs can be reduced if the water service is rescheduled according to
the crop water demand, in order to avoid any wastewater events. The
energy costs sharply decreased from May to August, where the humid
season occurs and crops are rain-fed too. A minimum value of 1895
USD is reached in August. Lastly, according to the beginning of the dry
season, it is clear the spread observed in the graph in terms of energy
costs, peaking with 5573 USD in December.
RD [mm] MH [m] Kc [−]

INI MID LAT

500 1.00 0.80 1.20 0.60
400 0.50 0.60 1.10 0.80
700 0.40 0.60 1.10 0.90
700 0.60 0.40 1.20 0.80

RD [mm] MH [m] Kc [−]

INI MID LAT

500 1.00 0.80 1.20 0.60
700 1.80 0.70 1.10 0.40

nsplanting). In the first one, a huge amount of water is required: the root zone needs to be
the model.



Fig. 7. Estimated costs per humid and dry season (Source: FAO data collection in the field).

Table 2
Energy used and cost per campaign (Source: bills of service providers).

Energy used per irrigation campaign Diesel Electric

Energy tariff of energy source [XOF/l] 675 64,387
Energy use of pumping station [l] 22,000 240
Total energy cost of pumping station [XOF] 14,850,000 15,452,880
Total energy cost of pumping station[USD] 27,770 28,897

Table 3
Crops and average yields (Source: FAO data, 2018).

Crop Yield [t/ha]

Rice 4–6
Tomato 40–50
Onion 15–20
Maize 2–4

Table 4
Farms economics of rice (Source: farmers surveys, FAO 2018).

Rice Off-season Pre-harvesting period Harvesting period

Yield [t/ha] 4 5 6
Farmers Price [XOF/t] 150,000 150,000 150,000
Cost [XOF/ha] 617,453 617,453 617,453
Income [XOF/ha] 600,000 750,000 900,000
Profit [XOF/ha] −17,453 132,548 282,548
Profit [USD/ha] −26 199 424

Table 5
Farms economics of onions (Source: farmers surveys, FAO 2018).

Onions Off-season Pre-harvesting period Harvesting period

Yield [t/ha] 20 20 20
Farmers Price [XOF/t] 326,923 246,154 96,154
Cost [XOF/ha] 1,444,590 1,444,590 1,444,590
Income [XOF/ha] 6,538,461 4,923,077 1,923,077
Profit [XOF/ha] 5,093,871 3,478,487 478,487
Profit [USD/ha] 8660 5913 813

Table 6
Farms economics of tomatoes (Source: farmers surveys, FAO 2018).

Tomatoes Irrigation season

Yield [t/ha] 50
Farmers Price [XOF/t] 60,000
Cost [XOF/ha] 1,032,255
Income [XOF/ha] 3,000,000
Profit [XOF/ha] 1,967,745
Profit [USD/ha] 2952

L. Bettili and M. La Rocca HydroResearch 3 (2020) 184–192
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As mentioned, farmers are price-takers meaning that if the energy
spreads owing to market trends variations, farmers must accept them
at market risk and the WUAs transmits the increases to the water fees.
Therefore, a flexible water service is required to decrease energy costs
and traduce them into savings, in order to provide guidelines to develop
appropriate management policies. The baseline scenario assessment,
from both hydrological and energy costs perspectives, provides the
basis for further analysis in terms of energy use, costs optimization
and more appropriate distribution of water supply. Indeed, according
to recent studies, it was proved the importance of maintaining good
performance levels in irrigation systems, since low irrigation water reli-
ability is needed to improve crop productivity (Lakmali et al., 2015). The
aim is to tackle energy savings and provide flexible water service in the
scheme, for proper management guidelines, policies and performance
improvements. The analysis on the energy costs required per crop will
assess the effective energy saving and its impact on the total profit.
4.2. Energy use and costs optimization

Small-scale irrigation schemes are putted under pressure to produce
more with less water supply, in order to reduce also the cost of energy
used (Levidow et al., 2014). The agricultural sector, in the major part
of sub-Saharan countries, linked to the direct and indirect energy sup-
ply. Therefore, policies are required to consolidate the relationship be-
tween the most important economic sector in Africa and the use of
energy, in order to meet farmers' welfare. This second scenario focuses
on the energy use optimization, with the objective of decreasing the
total operating expenses, according to the high impact of the costs of en-
ergy asmentioned by theWUAs and plotted in the graph (Fig. 7). Previ-
ous guidelines provided, in view of a more flexible water service,
recommended an irrigation rescheduling, in order to save the amount
of pumped energy, thus reducing the total cost of operations.

The exact amount of water needs to be supplied according to the
quantity required by crops to grow up, since farmers are facing high
fees on pumped water. The water service was rescheduled mostly to
the off-peak period range and decreasing the duration of irrigation
from 10 h/day to 7 h/day. The amount of water supply is stored in the
on-peak period of water tariffs, in order to turn off the water pumps.
Field analysis conducted in 2018 revealed that the main canal is wide
and deep enough to store water in the on-peak period, for a range of
time equal to 4 h per day. The water pumps are turn on again, from
2:00 pm – to 5:00 pm, as a second functioning time period on a daily
basis. Results (Fig. 10) show the comparison between the amount of
water supply andwater demand, after rescheduling the irrigation dura-
tion and water distribution. It was monthly assessed an appropriate
amount of water supply according to the water demand, in spite of
the humid seasonwhere some deficits can be observed, since these def-
icits are covered by rainfalls distribution. Therefore, only 4 h/day under
irrigation are sufficient to meet crops water needs. Discharge in excess,
pumped in 3 h/day related to the rescheduling irrigation period is better



Fig. 8. Overall Monthly Water Demand andWater Supply, Baseline Scenario.

Table 7
Crop Water Requirements, Dry and humid seasons.

Crop Dry season Area [ha] CWR [m3] CWR [m3/ha]

Paddy rice October–April 165 2,180,374 13,214
Onions October–April 80 464,471 5806
Tomatoes October–April 20 119,743 5987
Green beans October–April 10 49,196 4920

Crop Humid season Area [ha] CWR [m3] CWR [m3/ha]

Paddy rice May–September 165 1,779,782 10,787
Maize May–September 110 331,987 3018

Fig. 9. Energy cost fluctuation over time and overall monthly water supply.

Fig. 10. Overall Monthly Water Demand and Water Supply, Energy use optimization
Scenario.

Fig. 11. Energy cost trends per scenario, over time.

Fig. 12. Energy cost recovered by the optimized scenario, over time.
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allocated to satisfy the water balance. The field irrigation efficiency
reaches higher value of 38%. The overall amount of water supply ex-
ceeds the water required of 5%. This value can be accepted as an oppor-
tunity to reallocate the amount of extra water supply in the rainy
season, in case rainfalls are not sufficient to cover the crop water de-
mand. Moreover, the excess of water supply occurred in the months
of September and October can be accepted also if considering that the
initial land preparation phase of paddy rice takes place and the fields
need to be flooded by water supplied by the irrigation system itself,
since the dry season takes place. On a yearly basis, the total water dis-
charge to be supplied to the scheme is equal to 5,189,893 m3/year,
with 3347 working hours of the pumping station. The monthly amount
of water discharge was evaluated in terms of energy costs supply, for
both baseline and optimized scenario (Fig. 11). From data comparison,
it was assessed a sharply decrease of 37% from January to June. Also,
values reached with this alternative scenario are reduced by the 19%
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than the baseline scenario. The overall costs reduction assessed with
the optimized scenario reached the value of 24%, since the overall
water demand decreased and the number of working hours per year
was reduced too.

These results led to the computation of the amount of energy saved
per month, as plotted (Fig. 12). It can be observed that two peaks were
reached in April and May, accounting for 3500 USD and 3000 USD, re-
spectively. Indeed, according to the water balance assessed in the base-
line scenario, a huge amount of water supply is delivered to the scheme,
even though the water demand was significantly lower. A negative
value could be observed in December, meaning a little increase of en-
ergy costs of approximately 800 USD. The energy costs recovered with
the optimized scenario was about 12,400 USD on a yearly basis.

Thismeant that a flexiblewater service in terms of water adequately
distributed and consequently a more appropriate use of pumping sta-
tion have a significant impact on the energy costs over time (Fig. 7).
4.3. Impact of energy saving on crops profitability scenario

As statedpreviously, an efficient use of energy, both non-commercial
energy(seed,manureandanimateenergy)andcommercial (diesel, elec-
tricity, fertilizers) provides support to achieve increased productivity,
contributing to profitability and competitiveness of agriculture sustain-
ability (Canakci et al., 2005). In this scenario, the energy costswere eval-
uated in percentage, per main crops cultivated in the dry season (rice,
onions, tomatoes), in order to identifywhich one has the highest impact
on energy costs (Fig. 13). It was assessed rice has the major impacting
crop, since it requires the highest amount of water (Table 7).



Fig. 13. Energy costs distribution per main crop.

Table 8
Results in percentage, per crop.

Results Rice Onion Tomato

Total Cost [%] 82 32 34
Total Profit [%] 18 68 66
Energy Saving [USD] 11,924 396 45
Impact on Profit [%] 9.66 0.03 0.07
Crop Total Profit [%] 90.34 99.97 99.93
Energy Saving [%] 9.66 0.03 0.07
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Data related to the farm economics (Tables 4–6) are used to com-
pute the percentage of total costs and profit, per crop (Fig. 14). The
graph shows an evidence of significant higher costs and low profit of
rice. This means that, for local farmers, producing rice for commercial
purposes does not provide significant advantages.

Farmers confirmed that rice production represents the bottleneck of
the cropping pattern, since it consumes the highest amount of water,
thus it encompasses the lowest profitability value. Indeed, it is addressed
to self-consumption, rather than for commercial purposes. Rice repre-
sents the key staple crop in the western Africa (Ouedraogo, 2015): in-
creasing its production in a profitable way is critical to ensure food
security and the growth of a sustainable economy (Katic, 2014). Con-
versely, onion and tomato require lower costs for the production, ap-
proximately the 30% and 65% of profit, on average. Therefore, it is
convenient to deliver the half production of these two crops to the com-
mercial purpose. Definitely, rice revealed to be the onewith 82% of profit.
Fig. 14. Total profit compared to the total costs, per main crop.

Fig. 15. Total profit per crop rated to the total cost.
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Conversely, onion and tomato reach the values of 32% and 34%, respec-
tively. Lastly, the overall profitwas compared to the percentage of energy
saving within the improved scenario, per crop (Fig. 15). The impact of
energy saving is higher wherever crops have lower profitability. Rice
provided an evidence of 10% as the total amount of energy saved. It is
clear in the graph below, that the amount of energy saved is paltry if con-
sidered in terms of onion and tomato overall profitability (Table 8).
5. Conclusions

A knowledge-based DSS is the starting point to assess the existing
constraints within an irrigation scheme. As local farmers confirmed
over water supply conditions, in terms of duration, frequency of irriga-
tion and inadequate water distribution among upstream and down-
stream levels, a DSS is required. Indeed, the RAP application to the
baseline scenario provides a poor field irrigation efficiency of 25%:
water supply is significantly higher if compared to the water demand.
AsWUAs confirmed that the energy costs are the highest among the op-
erating expenses, water delivery service needs a rescheduling process,
mostly during the off-peak period of water tariffs, for lower energy
costs and enhanced flexibility. The improved scenario results into
higher field irrigation efficiency (38%) and overall reduction of energy
costs (24%). Moreover, the second alternative scenario proved that
rice, with the highest water requirement, needs the highest cost for its
production (80%), for the lowest profit (18%). A result of 10% of energy
saved from rice production is obtained. Therefore, it is confirmed that
rice production is more convenient for self-consumption, rather than
for commercial purposes.

However, some limitations occur in the study. The methodology
provides reliable results if surface irrigation schemes are taken into ac-
count. Data availability for the model implementation plays an impor-
tant role in results' accuracy. The hydraulic modelling is not an open
source software and the support of technical experts is required.

The research significantly contributes to science advance: it is based
on an integratedmethodology, that can be rapidly implemented, repro-
ducing real-time results and further scaled up to larger irrigation
schemes. Moreover, the methodology is target oriented: it introduces
the concept of “citizen science”, which refers to the participation of
local people to the methodology development. Indeed, local farmers,
WUAs and technical experts are involved through appropriate surveys
within the “Participatory Rural Appraisal (PRA)”. They can provide the
existing gaps in knowledge, immediate feedback of the applied model,
data collection and obtained results validation and lastly, strengthening
Sustainable Development Goals through smarter water management
and operations at local and regional level.
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