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Abstract 
Chad is located between 7˚ and 24˚ North latitude and 13˚ and 24˚ longitude. 
It comprises three main climatic zones: the Saharan zone in the north (precip-
itation: 50 - 200 mm), the Sahelian zone in the center (precipitation: 300 - 800 
mm), and the Sudanian zone in the south (precipitation: 900 - 1200 mm). Ac-
tual data for the study area, covering a 32-year period from January 1, 1991, to 
December 31, 2022, were collected from Chad’s National Meteorological Agency 
facilities and processed using CROPWAT software. Although the software did 
not initially include the forage crop Maralfalfa (Pennisetum purpureum), it 
was subsequently configured to recognize and account for this plant. The re-
search aims to replace the solar radiation component (G) of the Penman-Mon-
teith model (FAO 1975) with radiation estimates derived from Hussein’s solar 
radiation estimation model (Gh) in order to evaluate the influence of relative 
humidity and temperature on system efficiency. The proposed methodology 
relies on using this evapotranspiration model within CROPWAT. The soft-
ware calculates crop water requirements and irrigation volumes based on FAO 
irrigation and drainage manuals and schedules tailored to various cultivation 
practices; it also enables the assessment of the impact of water deficit on crops 
and the efficiency of different irrigation methods. The study focuses on a one-
hectare plot cultivated with 30% potatoes and tomatoes and 70% Maralfalfa. 
The selected planting date is January 1, 2022, and the harvest date is December 
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31, 2022, spanning a 365-day period. The crop coefficient (Kc) is 0.4 during the 
initial stage, which lasts 30 days. The critical soil moisture threshold is set at 0.65, 
with a yield factor of 0.5. The growth phase lasts 60 days, with a yield response 
factor of 0.75. The mid-season period extends over 180 days with a yield re-
sponse factor of 1.20, while the late-season period lasts 95 days, with a crop co-
efficient of 0.75 and a yield response factor of 0.10. The initial root depth is 0.25 
meters, the maximum depth is 1.50 meters, and the plant reaches a height of 3 
meters across Chad’s various climatic zones. Our simulations reveal that each 
climatic zone requires a tailored solution. This solar photovoltaic pumping sys-
tem, based on the specific PS2-4000 C-SJ8-15 pump model, demonstrates its 
ability to adapt effectively to Chad’s climatic conditions. By analyzing the solar 
array—comprising SL250CE-36P polycrystalline modules—and adjusting stor-
age tank sizes for each zone, the system aims to supply 7.5 mm of water per day 
to a field planted with 70% Maralfalfa and 30% tomatoes and potatoes. Thus, 
in the Saharan zone, the pump meets high water demands thanks to a higher 
power output of 4.5 kW and a high-performance system; meanwhile, in the Sa-
helian and Sudanian zones, technical choices—specifically regarding the num-
ber of panels and storage tank volume—make it possible to reduce energy re-
quirements while maintaining flow rates. This study demonstrates that a properly 
sized pump can provide a solution that is sustainable, cost-effective, and resil-
ient to climate variability. Overall, this work presents a decision-support tool 
for solar photovoltaic irrigation, specifically for cultivating Maralfalfa fodder 
across Chad’s various climatic zones. 
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1. Introduction 
1.1. Context and Rationale for the Study 

Livestock farming, like agriculture, depends on water availability. In Chad, water-
related challenges are mounting year by year. This is a critical issue in a difficult 
context marked by limited water resources [1]. Indeed, reliance on fossil fuels, 
often an unreliable method for water supply, presents significant limitations re-
garding availability, sustainability, and efficiency [2]. This is particularly evident 
given a climate increasingly characterized by high variability and extreme condi-
tions, a situation that makes the issue of irrigation even more complex and chal-
lenging [3]. Adopting innovative technologies, such as solar photovoltaic irriga-
tion, could radically transform Chad’s agricultural landscape. This method effi-
ciently powers irrigation systems without relying on fossil fuels. It harnesses the 
country’s abundant sunshine, which ranges from 2850 hours annually in the south 
to 3750 hours in the north. Available solar radiation averages between 4.5 and 6.5 
kWh/m2/day [4]. From an economic perspective, empowering farmers through sus-
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tainable irrigation systems could also stimulate job creation and foster crop diver-
sification, thereby enhancing community resilience in the face of economic and 
environmental crises [5]. Furthermore, irrigation systems designed to align with 
local watercourse configurations improve water resource conservation. These net-
works protect Chad’s groundwater reserves estimated at 20 billion cubic meters 
and spanning 75% of the territory, as well as its 19 million hectares of arable land 
(of which 5.6 million are irrigable but only 10% currently cultivated) [6]. In doing 
so, they prevent the overexploitation of aquifers. An integrated approach that ac-
counts for the ecological specificities of each region, combined with training and 
awareness programs for farmers on modern irrigation techniques, could indeed 
bolster food security and foster sustainable economic development [7]. It is there-
fore essential to mobilize public policy in support of these innovative initiatives, 
as the future of agriculture in Chad hinges on rapid, effective adaptation to chang-
ing climatic conditions [8]. This research delivers tangible, concrete benefits to 
the local population, ensuring a better future for communities affected by the wa-
ter crisis [9]. 

1.2. Irrigation Worldwide 

Controlled irrigation has for centuries served as a fundamental bulwark against 
undernourishment and a pillar of food security for populations. Today, in the face 
of climate imperatives, drip irrigation represents the culmination of an essential 
technological evolution that balances the optimization of agricultural yields with 
resource conservation. By precisely targeting water and nutrient delivery, this 
method offers a concrete response to the threats of water scarcity and environ-
mental pollution. Although not universally applicable to every type of crop, its 
widespread adoption remains a key strategic lever for rationalizing the use of wa-
ter and fertilizers [10]. 
 

 

Figure 1. Irrigation trends since 1950-1951 [11]. 
 

Figure 1 shows the evolution over time from 1950 to 2013 of three irrigation-

https://doi.org/10.4236/eng.2026.1810025


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 449 Engineering 
 

related indicators: the share of land irrigated via surface methods (purple curve), 
the share irrigated by canals (red curve), and the share irrigated using groundwa-
ter (green curve). Overall, irrigated land area shows a steady increase over the pe-
riod, rising from approximately 15% - 20% at the start to nearly 50% by the end. 
Concurrently, the share of canal-based irrigation remained relatively stable until 
the late 1960s before gradually declining after 1970, whereas the share relying on 
groundwater showed an upward trend, particularly from 1970 onwards, reaching 
levels comparable to or higher than the other methods by the end of the period. 
Overall, Figure 1 thus suggests a shift in irrigation methods toward groundwater 
resources, alongside an expansion of irrigated land over time. 

1.3. Irrigating Forage Crops in Africa 

Sorghum is a forage crop that has long been cultivated in sub-Saharan Africa, typ-
ically during the rainy season, meaning it relies on rainfall. However, climate change 
is making this production increasingly vulnerable: rainfall patterns are becoming 
erratic, and crop yields are at risk of decline. Against this backdrop, the idea of 
growing forage crops during the dry season using irrigation makes perfect sense. 
The goal is simple: to help farmers better withstand climate shocks by ensuring 
more stable production. A field trial was therefore conducted at a technology and 
innovation park located at the ITRAD headquarters, using the Maralfalfa forage 
crop. 

Before and during cultivation, researchers assessed soil fertility and applied In-
tegrated Soil Fertility Management (ISFM) techniques. Ultimately, the study aims 
to demonstrate that farmers can boost their resilience by growing rain-fed varie-
ties under irrigation during the dry season. The results are encouraging: analysis 
of variance shows that, under these conditions, the yield of Maralfalfa, normally a 
rain-fed crop, nearly tripled, rising from 2 t/ha/year to 15 t/ha/year. The study also 
highlights a crucial point: access to water is key to securing production and en-
hancing farm resilience. Finally, growing sorghum under irrigation represents a 
promising innovation, as agricultural water infrastructure is often reserved for 
rice or vegetable farming. Diversifying crops allows for better utilization of these 
resources and strengthens food security [12]. 

1.4. Irrigation in Chad 

Forage cultivation still plays a very marginal role in rural Chad. Animal nutrition 
relies largely on natural resources such as fallow land, grasslands, and forest areas 
supplemented by cereal crop residues. However, life is becoming increasingly dif-
ficult for pastoral communities: climate change and land-use pressure are steadily 
eroding their access to grazing grounds. In this context, producing forage crops is 
becoming essential to help livestock farmers get through the critical months of the 
year. The timing is particularly favorable for developing this sector, especially 
given the availability of storage and transport solutions. Unfortunately, concrete 
projects that deliver tangible results have yet to materialize [13]. 
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1.5. Problem Statement 

Although modeling for pumping systems exists, several factors can significantly 
affect system performance, thereby reducing reliability. The system depends on 
soil parameters, climatic variations, and evapotranspiration. While evapotranspi-
ration determines crop water requirements and soil type dictates the irrigation 
technique, what influence do relative humidity and temperature have on system 
efficiency? 

1.6. Central Research Question 

What are the possibilities for adapting and optimizing solar photovoltaic pumping 
systems to address climatic variations affecting Maralfalfa forage crops within the 
Chadian climate context? 

1.7. Secondary Research Questions 

To design and model a solar photovoltaic pumping system adapted to the various 
climatic zones of Chad in order to optimize the irrigation of forage crops—specif-
ically Maralfalfa—while accounting for climatic variations. 

1.8. Research Objectives 

a) General Objective 
To identify a solar photovoltaic pumping system model for Maralfalfa irrigation 

that incorporates relative humidity and temperature, thereby improving the pro-
duction of this forage crop across different cultivation zones. 

b) Specific Objectives 
To contribute to the modeling of the solar photovoltaic irrigation system by 

replacing the solar radiation parameter in the Penman-Monteith (FAO, 1975) evap-
otranspiration model (used in CROPWAT simulation software) with the hG  value 
from Hussein’s meteorological solar radiation estimation model, in order to assess 
the impact of relative humidity and temperature on the system. The study focuses 
on a 1-hectare field comprising 30% potatoes and tomatoes and 70% Maralfalfa. 

c) Research Hypotheses 
The Penman-Monteith model (FAO 1975) enables the modeling of the photo-

voltaic irrigation system across various study areas. 

1.9. General Methodology 

Section 2 provides a continental overview and outlines general irrigation prospects 
before focusing on the specific context of Chad. Section 3 describes the study area 
in terms of its geography and climate, covers data processing, and details the al-
gorithmic methodological approach of the Penman-Monteith evapotranspiration 
model (FAO, 1975). Section 4 presents a detailed statistical analysis of climatolog-
ical, soil, and crop-related data, as well as crop and irrigation water requirements 
based on evapotranspiration and the evolution of soil water retention over the 
days following planting. 
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2. Previous Work 

Studies on solar photovoltaic pumping highlight the technical and economic via-
bility of these systems, particularly in arid and rural areas. Research by [14] and 
[15] underscores the importance of renewable energy sources (solar and wind) for 
water pumping, especially in regions such as Cameroon and Burkina Faso. How-
ever, these studies are often limited to specific geographic areas and fail to account 
for long-term climatic variations or maintenance costs, as noted in [16]. Research 
on system optimization, such as that by [17], demonstrates that techniques like 
MPPT (Maximum Power Point Tracking) and sizing tools can enhance pumping 
system efficiency. Nevertheless, these studies often lack large-scale experimental 
validation, which limits their practical applicability. 

Work regarding socio-economic and environmental impacts, such as that by 
[18] and [19], reveals that solar pumping can bolster traditional systems but pre-
sents sustainability challenges, particularly concerning water resource manage-
ment [20]. These studies are frequently qualitative and lack the quantitative data 
needed to substantiate their conclusions. [21] shows that the performance gap be-
tween the most and least efficient systems stems from the choice of pump and the 
irrigation method. However, these studies do not account for climatic variations, 
and a common limitation is the lack of practical field applications. 

Although solar photovoltaic pumping systems show promise, their large-scale 
adoption requires further in-depth study regarding long-term costs, environmen-
tal impacts, and adaptability to climatic variations. This is why we have focused 
on modeling solar photovoltaic pumping systems for irrigation across Chad’s var-
ious climatic zones, specifically for the cultivation of Maralfalfa fodder crops. 

3. Materials and Methods 
3.1. Description of the Study Area 

Chad is characterized by a tropical semi-arid climate. It is subdivided into three cli-
matic zones: the Saharan zone in the north, with rainfall between 50 and 200 mm; 
the Sahelian zone in the center, with rainfall of 300 to 800 mm; and the Sudanian 
zone, characterized by rainfall ranging from 900 to 1200 mm (see Figure 2). In the 
Saharan zone, the rainy season lasts no more than two months; in the Sahel, it lasts 
three to four months; and in the Sudanian zone, it lasts five to six months. It is a 
landlocked country. It shares borders with Libya to the north, Sudan to the east, the 
Central African Republic to the south, and Cameroon, Niger, and Nigeria to the 
west, the latter three being the countries with which it shares Lake Chad. The nearest 
port, Douala in Cameroon, is located 1700 km from the capital, N’Djamena. The 
Chadian population was estimated at 11.5 million inhabitants in 2011 (representing 
27.2% of the population of the CEMAC zone). The population is relatively young, 
and a large majority lives in rural areas. Although the trend is downward, the aver-
age annual population growth rate is 2.6%. At this rate, the population would double 
before the year 2040. Chad is an agro-pastoral country. Since the onset of oil pro-
duction, the Chadian economy has relied primarily on export revenues. The country 
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also possesses immense tourism potential [22]. 
 

 

Figure 2. Map of the different climatic zones of Chad (Source: Ministry in charge of Water, Chad). 
 

Figure 2 shows the different climatic zones of Chad: the Saharan zone in the 
north, the Sahelian zone in the center, and the Sudanian zone in the south. 

3.2. Data Collection 

Chad’s National Meteorology and Aviation Agency (ANAM) facilitated data collec-
tion across the country’s distinct climatic zones: the Saharan zone in the north, the 
Sahelian zone in the center, and the Sudanian zone in the south. The data cover a 
32-year period from January 1, 1991, to December 31, 2022, to ensure robust anal-
ysis and statistical validity. The choice of study period adheres to strict methodolog-
ical and scientific criteria aligned with World Meteorological Organization (WMO) 
recommendations. This 32-year timeframe aligns with the definition of a standard 
climatological normal, which is necessary to smooth out inter-annual variability and 
capture robust long-term climate change signals in Chad. This temporal scope is 
justified by a dual dynamic: climatic and technical. From a climatic or environmen-
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tal perspective, it encompasses the decades following the major droughts of the 
1970s and 1980s, a pivotal era marked by shifts in precipitation patterns and global 
warming across sub-Saharan Africa. Methodologically, this period coincides with 
the use of modern observation tools by ANAM. It thus represents the best possible 
compromise between the continuity of ground-based station readings and the in-
creasing reliability of space-based remote sensing data. This approach enables the 
use of standard models and software such as CROPWAT and CLIMWAT to accu-
rately estimate evapotranspiration using the Penman-Monteith method (FAO-75), 
thereby ensuring a reliable assessment of crop water requirements in the context of 
food security and water resource sustainability challenges. 
 

 

Figure 3. Map showing the locations of weather stations and the various climate zones of Chad (Source: National Meteorology Agency 
(ANAM) of Chad). 

Figure 3 shows a map of Chad depicting the locations and elevations of weather 
stations across the various climatic zones. 
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 Data Continuity and Quality Control 
Processing the raw climate databases from ANAM Chad involved a strict qual-

ity control and homogenization protocol comprising four successive steps: 
1) Calculation of Data Completeness Rates by Station and Variable 
A systematic assessment of record availability was conducted for the 1991 - 2022 

period. This analysis was applied separately to primary variables (temperature Tmin 
and Tmax and precipitation) and secondary variables (wind speed, relative humidity, 
and sunshine duration), making it possible to quantify the overall completeness for 
each station, ranging from 78.12% at Faya to 96.87% at N’Djamena. 

2) Detection of Breaks and Technical Anomalies 
Periods of chronological discontinuity (instrument failures, prolonged transmis-

sion interruptions, or logistical isolation) were mapped. The major breaks identified 
occurred primarily in the mid-1990s and early 2000s at the Abéché and Moundou 
stations, whereas the Faya station shows chronic data gaps regarding humidity 
and sunshine sensors. 

3) Imputation and Gap-Filling Protocol 
To address raw data incompleteness and stabilize time series, correction proce-

dures combining remote sensing data and global reanalysis products were applied: 
 ermal and energy variables ( minT , maxT , relative humidity, and wind speed) 

were corrected and supplemented by extracting corresponding grid cells from 
the ECMWF’s ERA5 global reanalysis model. 

 Missing precipitation data were filled using the CHIRPS (Climate Hazards Group 
InfraRed Precipitation with Station data) high-resolution spatiotemporal grids—
a hybrid product combining satellite imagery with ground-based station ob-
servations. 

4) Creation of a Modeling-Ready Dataset 
Integrating these spatiotemporal imputation techniques made it possible to ar-

tificially bring the practical data completeness rate of the series to 100%. The re-
sulting homogenized and validated monthly datasets provide a robust statistical 
foundation for calculating multi-year averages and driving climate and agricul-
tural models. 

Figure 4 illustrates the seasonal rhythm in Chad, characterized by a distinct 
transition between heat and rainfall throughout the year. The year is marked by 
two clearly defined heatwaves: an initial, stifling spring surge in April and May 
with temperatures exceeding 40˚C followed by a second, more moderate rise to 
36˚C in October. Between these two peaks, the African monsoon arrives, build-
ing from July to reach its height in August. Naturally, this rainy season brings 
heavy, cloudy skies that cause sunshine levels to drop to a low of 6.2 hours per 
day in August, a stark contrast to the clear skies of the winter months. Regarding 
wind conditions, the atmosphere is particularly turbulent in March (4 m/s) be-
fore calming during the rainy season to reach a minimum of 2.2 m/s in Septem-
ber, marking a lull before the return of dry continental winds at the end of the 
year. 
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Figure 4. Evolution of multi-year monthly climate averages (1991-2022) reference station ANAM Chad network. 

3.3. Data Processing 

The CROPWAT model estimates water requirements based on the crop species 
and local climatic and environmental conditions. It is used by farmers and plan-
ners to better manage water resources. Developed in 1975 by the FAO (Food and 
Agriculture Organization of the United Nations) and based on water balance cal-
culations, it serves as a tool to support crop irrigation and the development of 
water supply schedules. The model calculates reference evapotranspiration using 
the modified Penman-Monteith equation and meteorological data. It also enables 
the creation of irrigation schedules and the assessment of the impact of water def-
icits on crops, as well as the efficiency of various irrigation practices [23]. 

To accurately assess the impact of modeling on crop water requirements, the 
methodology was applied to Chad’s various climatic zones using data from five sta-
tions of the National Meteorological Agency (ANAM) of Chad. The representative 
sample included the Faya station for the Saharan zone, the Abéché and N’Djamena 
stations for the Sahelian zone, and the Moundou and Sarh stations for the Sudanian 
zone. Global radiation ( hG ) was calculated on a monthly basis for each station using 
Hussein’s Meteorological Model for Solar Radiation Estimation (MMER). The re-
sulting values were converted into MJ/m2/day to comply with the strict input for-
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mat required by the CROPWAT 8.0 software. Within the software interface, this data 
was entered into the “Climate/Eto data” module by directly populating the “Rad 
(MJ/m2/day)” field in the custom climate table. This method of directly input-
ting global radiation calculated via Hussein’s model overrides the use of CROP-
WAT/CLIMWAT’s internal estimation formulas, which typically rely solely on 
sunshine hours. To rigorously isolate the radiation effect specific to each local con-
text, the other climatic input variables required to calculate reference evapotran-
spiration ( 0ET ) using the Penman-Monteith equation (FAO-75) were extracted 
from the CLIMWAT database for the corresponding stations. These variables in-
clude minimum and maximum temperatures ( minT  and maxT ), relative humidity 
( aH ), wind speed (v), and sunshine duration (DI). Thanks to this substitution 
mechanism, any variation observed in net radiation (Rn), reference evapotranspi-
ration (ETo), and consequently crop water requirements (ETc) stems exclusively 
from replacing theoretical radiation with the radiation calculated using the Hus-
sein model, thereby faithfully reflecting the specific global radiation characteris-
tics of the three different zones of Chad. 

3.3.1. Input Data 
This model requires climatic data (precipitation in mm, minimum and maximum 
temperatures in ̊ C, relative humidity in %, wind speed in m/s, and sunshine duration 
in hours), crop data (sowing and harvest dates, phenological stages, rooting depth, 
crop coefficient Kc, crop height, and crop cycle), and soil data (physical properties). 
These parameters can be obtained through experimental work [24]. In this study, 
they are from Chad’s National Agency for Meteorology and Aviation (ANAM). 
a. Hussein’s Meteorological Method for Solar Radiation Estimation (MMER). 

Hussain’s model is based on [25]. Thus, this expression allows for the examina-
tion of global irradiation as a function of monthly daily averages of absolute hu-
midity and sunshine duration. The expression is given as follows: 

 
0

0.394 0.364 0.0035H H A
M

DIG G H
T

  
= − −     

 (1) 

DI: daily monthly averages of sunshine duration; 

0HG : irradiation calculated on a horizontal plane; 
Tm: astronomical day length; 
HA: absolute humidity. 

b. Penman-Monteith (FAO 1975) 
This is the best-known and most widely used formula; it is recommended by the 

FAO. It was developed for a reference crop 0.2 m in height, with a resistance of 70 
s/m and an albedo of 0.23 [26]. 
 e Penman-Monteith (FAO 1975) model is presented as follows: 
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https://doi.org/10.4236/eng.2026.1810025


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 457 Engineering 
 

ETo: reference evapotranspiration (mm/day); 

nR : net radiation (MJ/m2/day); 
G: soil heat flux (MJ/m2/day); 
( )s ae e− : represents the air vapor pressure deficit (kPa); 

se : saturation vapor pressure of the air (kPa); 

ae : actual vapor pressure of the air (kPa); 
∆: slope of the saturation vapor pressure curve at the temperature (kPa/˚C); 
γ: psychrometric constant (kPa/˚C); 

2U : mean daily wind speed measured at 2 meters (m/s). 
 Crop evapotranspiration is calculated as follows: 

 oETc KC ET=  (3) 

ETc: crop evapotranspiration; 
Kc: crop coefficient. 

 Crop water requirements are calculated as follows: 

 oCWR KC ET Peff= −  (4) 

Peff: effective rainfall; 
CWR: crop water requirement. 
The modeling is structured as follows: 

 Modelling 
 

 

Figure 5. CROPWAT 8.0 algorithm. 
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Figure 5 shows an algorithm that illustrates the method for calculating crop 
water requirements (CWR), which is determined by subtracting effective rainfall 
from crop evapotranspiration (ETc). The calculation of ETc combines agro-cli-
matic data (ET0) with crop characteristics (Kc), while soil properties (texture, avail-
able moisture, root zone) and growth stages refine the assessment of water require-
ments [27]. 
c. Sizing of the solar pumping system 
1. Determination of water needs 

The daily flow is obtained from the relation [28]: 
The complete cycle of marafalfa is 365 days (cycle = 365). 

 
365

oET
ETJ =  (5) 

2. The flow rate of the pump  
The flow rate is obtained using the relation: 

 
365

oKC ET Peff
Q

DI
−

=
⋅

 (6) 

3. Total head (HMT) [29] 
The total head is given by the formula:  

 HMT Ha Hr dl ds Pr= + + + +  (7) 

Ha: suction lift (submersible pump Ha = 0); 
Hr: discharge head; 
dl: linear pressure loss; 
ds: minor pressure loss; 
Pr: residual pressure (atmospheric pressure). 

a) Photovoltaic field 
 Calculation of hydraulic energy 

The hydraulic energy is obtained by the relation: 

 
( )2.725

365
o

h

HMT KC ET Peff
E

DI
⋅ ⋅ −

=
⋅

 (8) 

b) Calculation of the electrical energy to be supplied to the pump [30] 
The electrical energy to be supplied to the motor is obtained using the relation : 

 
[ ]2.725

365
o

e
MP motor

HMT KC ET Peff
E

DI η η
⋅ ⋅ −

=
⋅ ⋅ ⋅

 (9) 

c) Peak power of the photovoltaic generator 

 e
c

p

E
p

k
=  (10) 

Substituting eE  (Equation (8)) with its expression in Equation (10) yields: 
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where 

0
0.394 0.364 0.0035H H A

M

DIG G H
T

  
= − −     

 

pk : solar irradiance correction factor; 

MPη : pump efficiency; 

motorη : motor efficiency; 
DI: monthly daily averages of sunshine duration; 

0HG : extraterrestrial radiation calculated on a horizontal plane; 
Tm: astronomical day length; 
Ha: absolute humidity. 

d) Selection of module type [31] 

 aref
moy a T

aref

TUC T
T T H

G
 −

= + ⋅  
 

 (12) 

moyT : average module temperature; 

aT : average annual ambient temperature; 

TH : annual ambient irradiance; 

arefT : reference ambient temperature (20˚C under standard conditions); 

arefG : reference ambient irradiance (800 W/m2 under standard conditions); 
TUC: cell operating temperature (45˚C). 

e)  Number of PV modules 
The number of PV modules is obtained from [32] 

 csy
pv

PV

P
N

P
=  (13) 

pvN : number of PV modules; 

csyP : system power; 

pvP : power of a PV module. 

3.3.2. Maralfalfa 
Maralfalfa or elephant grass (Pennisetum purpureum) is a high-yielding, perennial 
tropical hybrid forage grass selected for intensive livestock feeding. It thrives in 
deep, well-drained soils (silty-clay and silty-sand), provided there is no risk of pro-
longed flooding or shading. Annual production can range from 200 to 500 tonnes 
of fresh matter per hectare, depending on cultivation and management condi-
tions. At the third cut (at an altitude of 1750 m), yields of 285 tonnes of fresh forage 
per hectare were achieved in 75 days, with plants reaching 2.5 m in height. Agro-
climatic conditions: It can be grown at altitudes ranging from sea level to 3000 m. 
It adapts well to soils of medium to high fertility. Optimal production is achieved 
on well-drained soils with high organic matter content [33]. 

Figure 6 shows that Maralfalfa is available throughout the season. From July to 
mid-November, animals have access to fresh Maralfalfa in addition to pasture. From 
mid-November through March, hay stocks and irrigated Maralfalfa are also availa-
ble; hay stocks and irrigated Maralfalfa remain available in late April and July [33]. 
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Figure 6. Animal feeding schedule. 

3.3.3. Soil-Related Data 
Soil parameters allow for the estimation of the soil’s available water capacity (AWC). 
Determining AWC requires data on soil texture and rooting depth. 

Table 1 shows that in the Saharan zone, sandy soil retains only about 60 mm 
of available water per meter (low capacity), whereas in the Sudanian zone, clay 
soil offers an intermediate capacity of approximately 200 mm/m; the Sahelian 
zone (loamy/medium soil) has the highest capacity, reaching 290 mm/m. De-
spite differences in available water capacity across zones, maximum infiltration 
rates are identical (40 mm/day) and rooting depth is the same (900 cm), meaning 
the primary difference between zones lies in the soil’s water storage capacity (low in 
the Saharan zone, more favorable in the Sahelian zone, and moderate in the Suda-
nian zone). 
 
Table 1. Soil data for the different climatic zones of Chad. 

 Saharan Zone Sahelian Zone Sudanian Zone 

Soil type Sandy (light) Loamy (medium) Clayey (heavy) 

General soil data: 

Total available water (FC-WP) 60.0 mm/meter 290.0 mm/meter 200.0 mm/meter 

Maximum water infiltration rate 40 mm/day 40 mm/day 40 mm/day 

Maximum rooting depth 900 centimeters 900 centimeters 900 centimeters 

Initial water content depletion 0% 0% 0% 

Initial available water 60.0 mm/meter 290.0 mm/meter 200.0 mm/meter 

 

The Saharan zone features sandy, light, and highly free-draining soil. It is charac-
terized by low water retention capacity, storing only 60 mm of water per meter of 
depth (or 6 mm per 10 cm). High irrigation frequency is required, as water reserves 
are rapidly depleted by evaporation and crop consumption. While the soil has a high 
water-absorption capacity with an infiltration rate of 40 mm/day (good infiltration), 
water drains quickly to greater depths, beyond the reach of the roots. 

The Sahelian zone features loamy soil, considered ideal for agriculture due to 
its balance between water retention and drainage. This soil can store up to 290 
mm of water per meter of depth (or 29 mm per 10 cm), allowing forage crops to 
draw moisture over an extended period without requiring frequent irrigation or 
rainfall. It combines the benefits of water retention (like clay soil) and drainage 
(like sandy soil), making it very easy to manage for irrigation purposes. 
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The Sudanian zone is characterized by clay soil. While it has a high capacity to 
retain water and nutrients, it can be prone to compaction and has a slow infiltra-
tion rate of 40 mm/day, typical of clay soils. The soil provides 200 mm of water 
available to the crop. Maralfalfa is capable of extending its roots to a depth of up 
to 9 meters, provided there are no obstructions. 

3.3.4. Crop-Related Data 
Crop data will specify the water reserve readily available to the plant (crop type, 

developmental stages, and Kc). 
Table 2 presents data for the Maralfalfa production trends, which were assessed 

through agro-climatic modeling using FAO’s CROPWAT 8.0 software. Reference 
evapotranspiration (ET0) was determined using the Penman-Monteith equation 
(FAO-75). Crop coefficients (Kc) were set at 0.40 for the initial 30-day phase, 1.25 
for the 180-day mid-season phase, and 0.75 for the 95-day late-season phase. A 
maximum rooting depth (Zr) of 1.50 m and a critical depletion fraction (p) of 0.65 
were used. Crop response to water stress was simulated using the FAO approach, 
which linearly relates the relative yield reduction to the evapotranspiration deficit 
via the following mathematical relationship: 

 1 1a a
y

m m

Y ET
K

Y ET
⋅

   
− = −   

   
 (14) 

aY : the real yield; 

mY : maximum yield; 

yK : yield response factor; 

aET : actual evapotranspiration. 
Values of yK  range from 0.50 to 1.20, depending on the phenological sensi-

tivity of the crop. An intensive management regime based on a 45-day interval 
was scheduled, corresponding to a cycle of eight cuts per year. Based on a refer-
ence annual yield for the Sahelian zone of 175 - 245 t/ha/year, the yield per cut 
was simulated under various water supply constraints. 
 
Table 2. Crop data for the various climatic zones of Chad. 

Cultivation: Maralfalfa Planting Date 1/12 Harvest Date: 30/11 

Phase Initial Growth Mid-Season Late Season Total 

Duration (days) 30 60 180 95 365 

Kc 0.40 - 1.25 0.75  

Rooting depth 1.50 - 1.50 1.50  

Maximum exhaustion 0.65 - 0.65 0.65  

Yield response 0.50 0.75 1.20 0.10 1.20 

Crop height   3.00   

3.4. Output Data 

Once all input data have been entered, the CROPWAT model automatically calcu-
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lates the results and displays them in the form of tables or graphs. The model’s out-
put data include: potential evapotranspiration, effective precipitation, irrigation wa-
ter requirements, crop water requirements, and the irrigation schedule. It also de-
termines total gross irrigation, total net irrigation, water deficit at harvest, precipi-
tation efficiency, and average crop coefficient values for each time step [34]. 

4. Results and Discussion 

Crop requirements vary depending on climatic conditions, developmental stages, 
plant biology, and soil characteristics [29]. 

4.1. Climatic Factors 

Climatic synthesis is an essential step for irrigation planning and the determination 
of water requirements. It involves determining climatic indices to identify climate 
trends and characteristics, as well as describing climatic variations [35]. Meteorolog-
ical parameters are key factors in the seasonal distribution of irrigation and evapo-
transpiration; some of these appear in all formulas used to determine water require-
ments. The climatic data provided by Chad’s National Meteorology and Aviation 
Agency (ANAM) primarily cover precipitation, maximum and minimum tempera-
tures, wind, sunshine duration, air humidity, solar radiation, and reference evap-
otranspiration calculated using the Penman-Monteith method. The climatic factors 
provided by ANAM are summarized in Table 2 (Saharan zone), Table 3 (Sahelian 
zone), and Table 4 (Sudanian zone), representing Chad’s three climatic zones. 

1) Climate in the Saharan Zone 
Climatological data for the Saharan zone, generated by the CROPWAT soft-

ware (Table 3), reveal an environment characterized by high temperatures, pro-
nounced aridity, and high evaporative demand. Average maximum temperatures 
reach 35.7˚C, with peaks exceeding 40˚C between May and September, while min-
imum temperatures remain mild, averaging 21.3˚C. Relative humidity is consist-
ently low, averaging 26%, which accentuates the dryness of the air. Wind speeds 
average 317 km/day, and sunshine is abundant, averaging 9.1 hours/day, contrib-
uting to significant solar radiation of 21.6 MJ/m2/day. These combined factors re-
sult in a very high average annual potential evapotranspiration of 8.5 mm/day, 
peaking at 9.8 mm/day in May, indicating extreme water demand for vegetation 
and crops, typical of desert climates. 

2) Climate in the Sahelian Zone 
The climatological data in Table 4 show a climate in the Sahelian zone charac-

terized by strong seasonality, with high maximum temperatures year-round (av-
erage 34˚C, peaking at 38.6˚C in March) and relatively stable minimum tempera-
tures (average 19.7˚C). Relative humidity varies considerably, ranging from dry 
conditions in February (26%) to a very humid environment from August to Sep-
tember (81% - 82%). Wind speed (average 140 km/day) and sunshine duration 
(average 6.8 h/day) show a marked reduction during the austral winter (July-Au-
gust). Solar radiation remains high (average 18.9 MJ/m2/day), but potential evap-

https://doi.org/10.4236/eng.2026.1810025


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 463 Engineering 
 

otranspiration (ETo) reflects the combined influence of the other parameters: it is 
high in summer (peaking at 6.67 mm/day in February) and then decreases gradually 
to a minimum in August (3.59 mm/day), with an annual average of 4.92 mm/day, 
indicating a moderate to high evaporative demand typical of a tropical climate with 
a pronounced wet season. 
 

Table 3. Climatological data for the Saharan zone provided by CROPWAT. 

Month Min. Temp. Max. Temp. Humidity Wind Sunshine Radiation ETo 
 ˚C ˚C % km/day hours MJ/m2/day mm/day 

January 18.4 26.5 25 389 8.4 17.7 7.05 

February 22.4 29.7 25 380 8.9 20.1 8.06 

March 25.0 33.8 20 372 8.9 22.0 9.46 

April 26.2 39.0 19 311 8.6 22.6 9.75 

May 25.8 41.1 22 285 9.6 24.3 9.80 

June 26.0 42.1 24 259 9.7 24.3 9.47 

July 25.9 40.9 34 225 9.7 24.3 8.43 

August 22.5 40.0 34 216 9.4 23.8 8.00 

September 18.0 39.6 26 302 9.3 22.8 9.22 

October 14.3 36.5 24 337 9.3 21.1 8.69 

November 17.6 31.2 29 363 9.2 19.0 7.48 

December 13.9 28.1 30 363 8.6 17.3 6.55 

Average 21.3 35.7 26 317 9.1 21.6 8.50 

 
Table 4. Climatological data for the Sahelian zone provided by CROPWAT. 

Month Min. Temp. Max. Temp. Humidity Wind Sunshine Radiation ETo 

 ˚C ˚C % km/day hours MJ/m2/day mm/day 

January 22.3 34 34 164 8.2 19.7 5.56 

February 24.2 36.8 26 181 8.2 20.9 6.67 

March 23.6 38.6 29 164 7.3 20.6 6.66 

April 22 38 51 173 6.4 19.4 6.02 

May 21.2 34.7 64 164 6.9 19.6 5.23 

June 21 32.2 74 138 5.8 17.6 4.22 

July 20.9 30.2 80 138 5.4 17.1 3.82 

August 20.9 30 81 112 4.5 16.2 3.59 

September 17.5 30.8 82 104 5.3 17.4 3.74 

October 14.7 33.1 75 95 6.5 18.6 4.04 

November 15.1 35.1 59 112 8.5 20.3 4.72 

December 13 34.2 45 130 8.5 19.7 4.77 

Average 19.7 34 58 140 6.8 18.9 4.92 
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3) Climate in the Sudanian Zone 
Table 5 presents climatological data for the Sudanian zone, revealing a tropical 

climate characterized by strong seasonality. Maximum temperatures remain con-
sistently high throughout the year (averaging 36.3˚C, peaking at 40.4˚C in April), 
while minimum temperatures are moderate (averaging 21.4˚C). Mean relative hu-
midity is 39%, but exhibits pronounced seasonal variation, with low values (20% 
- 24%) during the dry season (January to May) and a marked increase during the 
wet season (July to September, reaching 79% in August). Wind speed (averaging 
217 km/day) and sunshine duration (averaging 8.3 hours/day) are relatively con-
stant, though slightly lower during the wet season. Solar radiation is high (aver-
aging 20.8 MJ/m2/day), contributing to high potential evapotranspiration (ETo) 
during the dry season (peaking at 8.74 mm/day in April) and a significant decrease 
during the wet season (dropping to a minimum of 4.28 mm/day in August). The 
annual average ETo is 6.74 mm/day, reflecting the strong yet variable atmospheric 
water demand characteristic of Sudanian zones. 
 

Table 5. Climatological data for the Sudanian zone (CROPWAT). 

Month Min. Temp. Max. Temp. Humidity Wind Sunshine Radiation ETo 

 ˚C ˚C % km/day hours MJ/m2/day mm/day 

January 16.1 33.6 24 233 8.9 19.4 6.46 

February 18.2 35.6 21 242 9.2 21.4 7.27 

March 22 38.2 20 259 8.5 21.9 8.31 

April 25.1 40.4 23 251 8.9 23.2 8.74 

May 25.6 40 30 225 8.8 22.9 8.14 

June 24.9 38.5 46 207 7.7 21 6.93 

July 23.1 34.5 65 199 6.9 19.8 5.50 

August 21.8 32.1 79 164 5.8 18.3 4.28 

September 22 35.1 65 156 7.8 21 5.26 

October 22 37.4 37 199 9 21.5 6.68 

November 19.7 35.7 28 233 9.1 20 6.86 

December 16.9 34 24 233 9.1 19.1 6.48 

Average 21.4 36.3 39 217 8.3 20.8 6.74 

4.2. Evapotranspiration in the Different Zones 

Figure 7 illustrates the monthly evapotranspiration trends across Chad’s three cli-
matic zones: the Saharan, Sahelian, and Sudanian zones. Overall, high evapotranspi-
ration values are observed during the dry season, followed by a gradual decline start-
ing in the sixth month, before rising slightly again at the end of the year. The Saharan 
zone exhibits the most pronounced evapotranspiration levels, reflecting intense 
evaporation driven by drier conditions and climatic parameters that favor evapotran-
spiration. The Sudanian zone features a humid tropical climate and vegetation cover 
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that tend to mitigate evapotranspiration. Situated between these two, the Sahelian 
zone experiences intermediate climatic conditions and shows significantly more 
moderate evapotranspiration. Thus, this figure highlights the extent to which the dif-
ferent zones influence evapotranspiration; seasonal variations are striking, and the 
differences between the zones are entirely consistent with expectations. 
 

 

Figure 7. Evapotranspiration in the different zones. 

4.3. Hussein’s Meteorological Model for Solar Radiation 
Estimation 

4.3.1. Validation of Hussein’s Meteorological Model for Solar Radiation  
Estimation 

Validation of Hussein’s meteorological model for solar radiation estimation across 
Chad’s various climatic zones, comparing it with standard models studied by Sou-
louknga et al. (2016) such as Angstrom-Prescott, Allen, and Sabbagh, which have 
been tested and validated by the local scientific community against reference sat-
ellite data. 

Table 6 shows that for the Saharan zone, Hussein’s model yields a coefficient 
of determination of 89.1% with a root mean square error of 0.829, followed by 
Sabbagh’s model with a regression coefficient of 64.68% and an error of 0.513; 
conversely, the Allen and Angström models are not applicable in this zone. 
 

Table 6. Statistical evaluation of the different models in the Saharan zone. 

Model R2 (%) MPE (%) RMSE MBE Analysis 

Angstrom −1.2293 −13.791 1.289 −0.1379 Bad: Negative R2 = predictions worse than a simple average. High errors. 

Sabbagh 0.6468 −6.7662 0.513 −0.07 Acceptable: Better R2 and RMSE, but underestimation (negative MPE/MAD) 

Allen −1.256 −16.724 1.297 −0.1672 Poor: Similar to Angstrom; slightly worse in MPE and MBE. 

Hussein 0.891 −21.242 0.829 −4.999 Excellent R2 but very high bias (high MBE) and poor MPE. 
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Table 7 illustrates that, in the Sahelian zone, Hussein’s MMER model performs 
best, with an R2 of 93.38% and an error of 0.105, followed by the Sabbagh model, 
with an R2 of 9% and a root mean square error of 0.04. The Sabbagh model serves 
as an alternative to Hussein’s MMER model in the Sahelian zone. 
 

Table 7. Statistical evaluation of the different models in the Sahelian zone. 

Model R2 (%) MPE (%) RMSE MBE Analysis 
Angstrom −0.04 −1.83 0.56 −0.02 Poor: R2 close to 0, slight underestimation (negative MPE/MBE). 
Sabbagh 0.09 3.70 0.54 0.04 Better than Angstrom, but poor performance (very low R2). 

Allen −1.42 −5.48 0.88 −0.05 Unacceptable: negative R2, high errors. 
Hussein 0.93 −18.76 0.105 −2.59 Excellent R2 with extreme bias (underestimation of 18.76%). 

 

Table 8 shows that, in the Sudanian zone, the Sabbagh model demonstrates ex-
ceptional performance, with a coefficient of determination (R2) of 92.7%, low er-
ror dispersion (RMSE of 0.32), and negligible bias (0.08). It is followed by the Ang-
strom model, which also shows a very good fit (R2 = 85.2%) but requires a minor 
bias correction; in third place is Hussein’s MMER model, with an R2 of 65.4% and 
a bias error of 0.31. 
 

Table 8. Statistical evaluation of the various models in the Saharan zone. 

Model R2 (%) MPE (%) RMSE MBE Analysis 
Angstrom 0.85 −2.1 0.45 −0.12 Very good R2, slight underestimation (negative MPE/MBE). 
Sabbagh 0.92 1.5 0.32 0.08 Excellent R2, minimal errors, slight positive bias. 

Allen 0.78 −4.3 0.61 −0.25 Good R2, but more pronounced underestimation. 
Hussein 0.65 3.8 0.89 0.31 Acceptable R2, but high errors and overestimation (positive MPE/MBE). 

 

Hussein’s MMER model demonstrates a coefficient of determination (R2) of 
89% in the Saharan zone, 93% in the Sahelian zone, and 65.4% in the Sudanian 
zone, with a low bias error. Although the model shows an R2 of 65.4% and a bias 
error of 0.31 in the Sudanian zone, it is applicable across all of Chad’s climatic 
zones. This represents a deliberate scientific and methodological choice. It reflects 
a balanced decision between the need for local precision and the requirement for 
a general tool applicable to all three zones—one that is conceptually aligned with 
our research question and robust enough for use across Chad’s diverse climatic 
regions. In the literature, the Allen and Angström models are recommended as 
the best alternatives for specific zones where their calibration is optimal (Allen for 
the south of the country and Angström for the north). 

4.3.2. Effective Rainfall 
Effective rainfall plays a crucial role in irrigation, the requirements of which de-
pend on the amount of such rainfall. In the context of agricultural production, 
effective rainfall is defined as the fraction of precipitation that can actually be uti-
lized by crops. Interannual variations in total effective rainfall are presented in 
Figures 4-6 for Chad’s various climatic zones. 

1) Water Requirements in the Saharan Zone 
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Figure 8. Water requirements in the Saharan zone. 
 

Figure 8 shows that in the Saharan zone, effective rainfall is very low, ranging 
from 50 to 100 mm. Rain falls for only two months, from July to August. Evapo-
transpiration significantly exceeds effective rainfall throughout the year. 

2) Water Requirements in the Sahelian Zone 
 

 

Figure 9. Water requirements in the Sudanian zone. 
 

Figure 9 shows that in the Sahelian zone, effective rainfall ranges from 30 to 
130 mm and lasts for four months, from June to October. Effective rainfall exceeds 
evapotranspiration from June to September. 

3) Water Requirements in the Sudanian Zone 
Figure 10 shows that the Sudanian zone experiences effective rainfall ranging 

from 70 to 1200 mm over a six-month period, from May to October. Effective 
rainfall exceeds evapotranspiration from May to October. 

In the Sahelian and Sudanian zones, effective rainfall significantly exceeds evap-
otranspiration during the rainy season, except in the Saharan zone, where evapo-
transpiration dominates year-round. 
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Figure 10. Water requirements in the Sahelian zone. 

4.4. Irrigation Requirements 

Evapotranspiration is a key parameter for determining irrigation rates and schedules, 
as well as for planning and managing irrigation water in agriculture [29]. It repre-
sents the total amount of water transferred from the soil-plant complex to the atmos-
phere through evaporation from the soil surface and physiological transpiration by 
plants. Evapotranspiration rates for Maralfalfa across Chad’s various climatic zones, 
as calculated by Cropwat models, are shown in Figure 9 through Figure 10. 

1) Irrigation Needs in the Sahara Zone 
Figure 11 shows that in the Sahara region, water demand (irrigation requirement) 

equals evapotranspiration, except in mid-November, when evapotranspiration is 
strongly dominant (irrigation is required year-round). 

2) Irrigation Needs in the Sahelian Zone 
Figure 12 shows that in the Sahelian zone, water demand matches evapotran-

spiration, except from May to October, when evapotranspiration is higher due to 
the rainy season. Irrigation also takes place throughout the year. 

3) Irrigation Needs in the Sudanian Zone 
Figure 13 shows that in the Sudanian zone, water demand equals evapotran-

spiration, except during the rainy season. During the rainy season, precipitation 
is very high, and evapotranspiration is negligible—meaning no irrigation is re-
quired from May to December (due to high relative humidity). 

The study shows that irrigation for the plant in question depends on water re-
quirements; specifically, the plant’s water demand equals its evapotranspiration, 
except during the rainy season, when water demand is significantly lower. 
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Figure 11. Irrigation and evapotranspiration in the Sahara region. 
 

 

Figure 12. Irrigation and evapotranspiration in the Sahelian zone. 
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Figure 13. Irrigation and evapotranspiration in the Sudanian zone. 

4.5. Soil Water Retention 

This refers to the quantity of water required during each irrigation event to re-
plenish the soil water reservoir, supply the plant, and compensate for evapotran-
spiration [30]. 

1) Soil Water Retention in the Saharan Zone 
Figure 14 shows that soil in the Sahara zone does not retain water. Irrigation 

efficiency is 90%; therefore, the appropriate irrigation technique is drip irrigation 
with a very high frequency. 

2) Soil Water Retention in the Sahelian Zone 
Figure 15 shows that soil in the Sahelian zone has low water retention capacity; 

given an irrigation efficiency of 90%, the appropriate irrigation technique is drip 
irrigation with moderate frequency. 

3) Soil Water Retention in the Sudanian Zone 
Figure 16 shows that soil in the Sudanian zone retains more water when irriga-

tion efficiency is 70%. The irrigation technique used is surface irrigation with very 
low irrigation frequency. 

In the country’s northern Saharan zone, the sun is intense, and the average tem-
perature is 28.5˚C. Crops require a significant amount of water—90.5 m3/day—in 
an environment characterized by 26% relative humidity, average solar radiation 
of 21.6 MJ/m2/day, and 9.1 hours of daily sunshine; given the sandy soil’s poor 
water retention, drip irrigation offers 90% efficiency. The yield per cut is 15 t/ha. 

The central Sahelian zone presents less extreme conditions, with an average 
temperature of 26.85˚C, 32% relative humidity, solar radiation dropping to 18.9 
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MJ/m2/day, and 8.3 hours of daily sunshine; water requirements remain moderate 
at 63.3 m3/day. The soil is clay-loam, and drip irrigation achieves 90% efficiency. 
The yield per cut is 35 t/ha. 
 

 

Figure 14. Soil water retention over time in the Sahara zone. 
 

 

Figure 15. Soil water retention over time in the Sahelian zone. 
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Figure 16. Soil water retention over time in the Sudanian zone. 
 

The Sudanian zone features a more humid tropical climate, with an average 
temperature of 28.3˚C, 39% relative humidity, and radiation of 20.8 MJ/m2/day 
with only 6.8 hours of sunshine. Water requirements are very low at 43.1 m3/day, 
and 70% efficiency favors surface irrigation. The yield per cut is 60 t/ha. 

According to the study, the reference yield in the Sahelian zone for a one-hec-
tare plot comprising 30% tomatoes and potatoes and 70% Maralfalfa grass ranges 
from 175 to 245 t/ha/year. During the dry season (November to June), harvesting 
occurs every 45 days, yielding 23.75 tonnes of fresh forage per cut. Yields reach 
their peak; harvests can amount to as much as 35 tonnes from 70% of the field 
area. On an annual basis, this corresponds to 350 t/ha/year in the Sahelian zone. 

In the Sahara region, on a one-hectare field planted with 30% tomatoes and 
potatoes and 70% Maralfalfa, the Saharan climate is ideal during winter, charac-
terized by cool nights and dry air. As a forage crop, Maralfalfa is harvested every 
six weeks (45 days), yielding 13 tonnes of fresh fodder per cut, with harvests reach-
ing up to 15 tonnes during peak productivity periods. Over the course of the year, 
total forage production amounts to 120 tonnes/ha/year. 

In the Sudanian zone, the period from day 0 to 170 is the dry season, requiring 
irrigation; from day 170 to 310 is the rainy season (June to November), during which 
there is no water deficit—meaning no irrigation is needed. Maralfalfa is harvested 
every 45 days, yielding 60 t/ha per harvest, resulting in a total annual production 
of 480 t/ha. 
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Table 9 shows the required water level and the net monthly irrigation volume 
needed to supply a field consisting of 70% Maralfalfa and 30% tomatoes and po-
tatoes. 
 

Table 9. Summary table. 

Month 
Net Irrigation 

Height(Maralfalfa)  
in mm 

Volume Required for 
Maralfalfa (7,000 m2) in m3 

Volume Required for  
Tomatoes/Potatoes  

(3,000 m2) in m3 

Total Net Volume to be 
Pumped (m3/Month) in Mm 

January 138 966 360 1326 

February 245 1715 540 2255 

March 319 2233 0 2233 

April 325 2275 39 (semi-tardif) 2314 

May 308 2156 120 2276 

June 248 1736 150 1886 

July 137 959 60 1019 

August 66 462 0 (fortes pluies) 462 

September 108 756 90 846 

October 156 1092 240 1332 

November 152 1064 300 1364 

December 104 728 180 908 
Total  

Annuel 2306 16,142 2079 18,221 

 

The solar system under study relies on solar energy. Peak water demand is 7.5 
mm per day for a one-hectare field planted with 70% Maralfalfa and 30% tomatoes 
and potatoes; in the Saharan and Sahelian zones, a drip irrigation technique achieves 
90% efficiency, with respective water requirements of 90,532 m3 and 63.34 m3, 
whereas the Sudanian zone operates at 70% efficiency using sprinkler irrigation, 
requiring 43.07 m3 of water. 

In the Sahelian zone, an Analysis of the one-hectare field reveals significant sea-
sonal variation in water requirements, with a substantial demand of 2,314 m3 in 
April. This demand is largely driven by Maralfalfa, a forage crop covering 70% of 
the area, whose daily water consumption ranges from 2.8 mm during the initial 
phase in December to a peak of 11.8 mm at the height of the dry season (March-
April), before dropping to 7.5 mm during the rainy season in July and August. By 
combining these growth patterns with the shorter cycles of the vegetable crops 
occupying the remaining 30% of the field, and factoring in natural precipitation 
simulated using CROPWAT, a precise map of required water inputs is obtained. 

The Sahara zone, with constant sunshine exceeding 9.1 hours per day, allows 
for a benchmark yield of 150 tonnes/ha/year, based on regular harvests of 13 to 15 
tonnes of fresh forage every six weeks. Evapotranspiration rates of 6.5 to 10 mm/day 
and irrigation requirements reaching 120 mm per ten-day period necessitate mas-
sive, regular irrigation. In contrast, the Sudanian zone is a humid tropical area with 
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significant rainfall that eliminates the need for irrigation entirely, offering a yield 
of 60 tonnes/ha per harvest. 

Due to low sunlight and high humidity driven by evapotranspiration from 70% 
of the forage crop, which fosters disease, vegetable yields remain moderate across 
all three zones, ranging from 30 to 40 tonnes per year. 

4.6. Tank Capacity 

In this study, the water storage is sized such that the reservoir volume equals 20% 
of the total volume of pumped water: 18.10 m3 in the Saharan zone, 12.66 m3 in 
the Sahelian zone, and 8.61 m3 in the Sudanian zone. 

4.7. Selection of the Photovoltaic Solar Module 

Regarding system operation, the choice fell on high-performance polycrystalline 
solar panels—specifically the SL250CE-36P model. It is fascinating to observe how 
power requirements decrease as one moves southward into the humid tropical 
zone. In the Sahara zone, characterized by very high temperatures and low rainfall, 
the system installation must be robust, requiring 18 modules for a powerful 4.5 
kW pump. In the Sahelian zone, where temperatures and rainfall are moderate, 
12 panels are needed for a 2.8 kW pump; meanwhile, in the Sudanian zone, char-
acterized by lower temperatures and high rainfall, only 8 panels are required to 
operate a 1.8 kW pump. 

The pump operating curve in the different climatic zones of Chad 
 

 

Figure 17. Pump operating curve. 
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Figure 17 shows the pump operating curve for the various climatic zones in 
Chad: 

In the Saharan zone, the operating point lies perfectly at the center of the blue 
operating range for Pump 2 (model PS2-4000 C-SJ8-15), despite a high Total Dy-
namic Head (TDH) of 75.5 m. This pump delivers a flow rate of 10.90 m3/h, which 
is necessary to offset extreme desert evapotranspiration. The system is optimally 
sized for 18 panels. 

In the Sahelian zone, the operating point falls in the middle of the blue rectangle 
for Pump 2. Given the moderate water demand, the pump delivers 7.72 m3/h at a 
TDH of 66 m, achieving maximum efficiency with 12 panels. 

In the Sudanian zone, the operating point falls perfectly within the efficiency 
range. The pump delivers 10 m3/h at a Total Dynamic Head of 60 m; the system 
operates perfectly with 8 photovoltaic solar panels. 

4.8. Summary of Results 

The Saharan zone is characterized by harsh conditions—an average temperature 
of 28.5˚C and only 26% relative humidity and a significant daily water require-
ment of 90.53 m3. The system utilizes a 4.5 kW pump and 18 solar panels, enabling 
the pump to overcome a total dynamic head of 75.5 m while maintaining a nom-
inal flow rate of 10.90 m3/h. An efficiency rate of 90% dictates the use of a drip 
irrigation system supplied by an 18.10 m3 water storage tank. 

In the Sahelian zone, the climate is more moderate, with a daily water require-
ment of 63.34 m3. The system operates with a power output of 2.8 kW and 12 solar 
panels, delivering a flow rate of 7.72 m3/h against a total dynamic head of 66 m; 
the storage tank capacity is 12.66 m3. This represents a yield of 350t/ha/year. 

In the Sudanian zone, an efficiency rate of 70% leads to the selection of sprinkler 
irrigation, requiring 43.07 m3 of water per day. Pump power is reduced to 1.8 kW 
via 8 solar panels, paired with an 8.61 m3 storage tank; the pump delivers a flow 
rate of 10 m3/h at a total dynamic head of 60 m (Table 10). 

Although these projections appear modest, literature and field trials conducted 
in Chad at IRED or the ACCEPT farm in 2021 demonstrate that this forage crop 
can yield over 200 t/ha/year with eight annual cuttings, thereby validating the crop’s 
high potential across the studied zones. 
 

Table 10. Summary of results. 

Zone 
Water Needs 

(m3/day) 
Sunstroke 

(h/day) 
Relative  

Humidity (%) 
Time 
(˚C) 

Efficiency 
(η) 

Radiation 
mj/m2/day 

Etc Net 
(mm/day) 

Yield Per Cut 
(t/ha/year) 

Saharan 90.532 9.1 26 28.5 90% 21.6 8.15 15 

Sahelian 63.34 6.8 32 26.85 90% 18.9 5.7 35 

Sudanian 43.07 8.3 39 28.3 70% 20.8 3.02 60 

 

The main conclusion is that a solar-powered irrigation system operating in sync 
with the sun demonstrates that a unified technical approach can effectively ad-
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dress climatic variations, particularly regarding relative humidity and average tem-
perature, while also enabling the selection of an irrigation technique perfectly suited 
to the terrain. 

4.9. Discussion of Results 

The unified solar photovoltaic pumping system—based on the PS2-4000 C-SJ8-
15 pump model—demonstrates perfect technical suitability for the agro-climatic 
realities of Chad’s various climatic zones. This strategy relies on modeling the so-
lar panel array (using SL250CE-36P polycrystalline modules) and sizing storage 
volumes based on zonal climatic gradients and irrigation efficiency. To meet a 
peak water requirement of 7.5 mm/day for a plot comprising 70% Maralfalfa and 
30% market garden crops, the system operates primarily during the six hours of 
optimal daily sunshine. In the Saharan zone, characterized by an extreme climate 
(average temperature of 28.5˚C, relative humidity of 26%) and a water demand of 
90.53 m3/day, a 4.5 kW system equipped with 18 panels enables the pump to over-
come a total dynamic head of 75.5 m while maintaining a nominal flow rate of 
10.90 m3/h; this setup utilizes drip irrigation (90% efficiency) and an 18.10 m3 
storage tank, achieving a yield of 15 t/ha per cut, or 120 t/ha/year. In the Sahelian 
zone, where environmental conditions are more moderate and water demand 
stands at 63.34 m3/day, the system is powered by a 2.8 kW pump paired with 12 
panels; This configuration provides a flow rate of 7.72 m3/h at a total dynamic head 
of 66 m, requiring a 12.66 m3 reservoir and enabling a yield of 350 t/ha/year—or 35 
t/ha per six-week cut. Under Sudanian climatic conditions, a 70% efficiency rate 
allows for the use of a sprinkler irrigation system requiring 43.07 m3 of water per 
day; this entails a pumping power of 1.8 kW, supplied by 8 solar panels, and an 8.61 
m3 storage reservoir. The pump delivers a flow rate of 10.00 m3/h at a total dy-
namic head of 60 m, resulting in a yield of 60 t/ha per 45-day cut and an annual 
yield of 480 t/ha. 

This configuration demonstrates that a single, appropriately sized pump model 
can provide a highly resilient technical and economic solution to meet the water 
needs of Chad’s various climatic zones. 

5. Conclusions 

Simulations show that in the Saharan zone—characterized by an extreme climate 
(average temperature of 28.5˚C, relative humidity of 26%) and a water require-
ment of 90.53 m3/day—a 4.5 kW system comprising 18 panels enables the pump 
to overcome a total dynamic head of 75.5 m while maintaining a nominal flow 
rate of 10.90 m3/h; this setup utilizes drip irrigation (with 90% efficiency) and an 
18.10 m3 storage tank, achieving a yield of 15 t/ha per cut every six weeks, or 120 
t/ha/year. In the Sahelian zone, where environmental conditions are milder and 
the water requirement is 63.34 m3/day, the system is powered by a 2.8 kW pump 
coupled with 12 panels; this configuration delivers a flow rate of 7.72 m3/h against 
a total dynamic head of 66 m and requires a 12.66 m3 storage tank, enabling a crop 

https://doi.org/10.4236/eng.2026.1810025


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 477 Engineering 
 

yield of 350 t/ha/year based on 35 t/ha per 45-day cut. Under a Sudanian climate, 
a 70% efficiency rate allows for the use of a sprinkler irrigation system requiring 
43.07 m3 of water per day; this entails a pumping power of 1.8 kW, supplied by 8 
solar panels, and an 8.61 m3 storage tank. The pump delivers a flow rate of 10.00 
m3/h against a total dynamic head of 60 m... representing a simulated yield of 60 
t/ha every 45 days, or 480 t/ha/year. 

The evaluation of this solar irrigation system demonstrates that a unified tech-
nical approach effectively addresses Chad’s stark climatic contrasts. Irrigation per-
formance depends not only on the system itself but also requires techniques adapted 
to the terrain and a thorough consideration of climatic factors, particularly relative 
humidity and average temperature. This study presents a new decision-support tool 
for solar photovoltaic irrigation applied to Maralfalfa forage cultivation. It stands 
out by focusing on a crop that is essential to livestock farming yet often overlooked 
by research. Furthermore, it goes beyond conventional models by developing con-
figurations tailored to Chad’s various climatic zones, thereby enabling optimiza-
tion aligned with actual field conditions. 

Author Contributions 

Yacoub Nassian Nimir designed the study and defined its methodology. He car-
ried out data collection, performed simulations, analyzed the results, and wrote 
the manuscript. Moussa Ahmat participated in data collection and provided input 
on the interpretation of the results. Haroun Abba Laban was responsible for the 
development and programming of the computational tools, as well as the valida-
tion of the results. Djongyang Noël and Mackaye Hassan Taïsso supervised the 
research and were directly involved in developing the methodology and validating 
the findings. All authors contributed to the interpretation of the data and reviewed, 
revised, and approved the final version of the manuscript. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this paper. 

References 
[1] Doulgue, K., Tellah, M., Baizina, M. and Assadi, M. (2025) Communautés d’éleveurs 

et pratiques de l’élevage bovin dans la Province du Lac, Tchad. Journal of Animal and 
Plant Sciences, 65, 12481-12494. 

[2] Adoubi, T.H. (2018) L’action sociale de l’Église catholique en Afrique postcoloniale: 
Fondements et niveaux d’intervention 1960-2010. Cahiers de l’IREA, No. 16, 23-68.  
https://openurl.ebsco.com/contentitem/gcd:130281691?sid=ebsco:plink:crawler-
gcd&id=ebsco:gcd:130281691&crl=c&jrnl=24928267 

[3] Magrin, G. (1996) Crise climatique et mutations de l’agriculture: L’émergence d’un 
grenier céréalier entre Tchad et Chari. 105e Année, No. 592, 620-644.  
https://www.jstor.org/stable/23454825  

[4] Kriga, A., Barka, M. and Mahamat, A.C. (2016) Avantages du système de pompage 
solaire liés à la problématique de l’eau potable au tchad. Revue Ivoirienne de Science 

https://doi.org/10.4236/eng.2026.1810025
https://openurl.ebsco.com/contentitem/gcd:130281691?sid=ebsco:plink:crawler-gcd&id=ebsco:gcd:130281691&crl=c&jrnl=24928267
https://openurl.ebsco.com/contentitem/gcd:130281691?sid=ebsco:plink:crawler-gcd&id=ebsco:gcd:130281691&crl=c&jrnl=24928267
https://www.jstor.org/stable/23454825


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 478 Engineering 
 

et Technologie, 27, 251-260. 
https://revist.net/REVIST_27/REVIST_27_19.pdf  

[5] Rackete, C. and Weiss, A. (2020) Il est temps d’agir. Groupe Margot.  
https://books.google.com/books?hl=fr&lr=&id=kBUBEAAAQBAJ&oi=fnd&pg=PT
6&dq=C.+Rack-
ete,+C.+Weinzorn,+and+A.+Weiss,+%E2%80%9CIl+est+temps+d%E2%80%99agir
,%E2%80%9D+2020,+Accessed:+Sep.+07,+2026&ots=B-
AWVKQUxe&sig=buFpWro32pfkkmUIERSeZxr8kJU  

[6] Sayah, I. (2026) Etude d’une installation de pompage solaire photovoltaïque destinée 
à l’irrigation.  
http://archives.univ-biskra.dz/bitstream/123456789/18256/1/Sayah_Ikram.pdf 

[7] Dalal, A. (2017) La sécurité alimentaire au Tchad.  
https://www.torrossa.com/gs/resourceProxy?an=4837380&publisher=FZ2990  

[8] Réounodji, F. (2003) Pratiques agro-sylvo-pastorales et stratégies de gestion des res- 
sources naturelles dans les savanes du Tchad: une étude de cas réalisée dans le terroir 
de Ngoko. In: Jamin, J.Y., Seiny Boukar, L. and Christian, F., Eds., Savanes africaines: 
des espaces en mutation, des acteurs face à de nouveaux défis: actes du colloque. CIRAD, 
9. https://www.documentation.ird.fr/hor/fdi:010041652 

[9] Chagnon-Taillon, K. (2026) Arts, science et cultures autochtones: colliger les savoirs 
pour mieux conserver les territoires. Mémoire de maîtrise, Université du Québec en 
Abitibi-Témiscamingue. https://depositum.uqat.ca/id/eprint/1809/ 

[10] Zella, L. and Smadhi, D. (2007) Evolution de l’irrigation. LARHYSS Journal, 6, 65-80.  
http://www.larhyss.net/ojs/index.php/larhyss/article/viewFile/85/79  

[11] Ogden, F.L., Raj Pradhan, N., Downer, C.W. and Zahner, J.A. (2011) Relative Im-
portance of Impervious Area, Drainage Density, Width Function, and Subsurface Storm 
Drainage on Flood Runoff from an Urbanized Catchment. Water Resources Research, 
47, Article 12503. https://doi.org/10.1029/2011wr010550  

[12] Djondang, K., Gongnet, E.E., Bahouro, A., Mbaikoubou, M. and Nadia, M.T. (2026) 
Irrigated Sorghum as a Strategy for Farmers’ Climate Resilience in Chad. Journal of 
Agricultural Science, 18, Article 48. https://doi.org/10.5539/jas.v18n7p48 

[13] Bemongmbaye, B., Mbainaimou, N.L. and Kossounma, L.N. (2024) Gestion des res- 
sources naturelles dans la vallée du Logone (Cameroun-Tchad): Enjeux et défis socio-
environnementaux.  
https://www.torrossa.com/gs/resourceProxy?an=5798373&pub-
lisher=FZ2990#page=125 

[14] Kodji, D., Djongyang, N., Njomo, D. and Tamba, J.G. (2018) Photovoltaic Water 
Pumping Systems as Alternative to Gasoline Water Pumping Systems in Agriculture in 
Cameroon: CO2 Emissions Assessment. Journal of Renewable Energies, 21, 279-294.  
https://doi.org/10.54966/jreen.v21i2.688 

[15] Gualteros, S. and Rousse, D.R. (2021) Solar Water Pumping Systems: A Tool to Assist 
in Sizing and Optimization. Solar Energy, 225, 382-398.  
https://doi.org/10.1016/j.solener.2021.06.053 

[16] Louazene, M.L. (2008) Etude technico-économique d’un système de pompage photo- 
voltaïque sur le site de Ouargla. Mémoire de maîtrise, Université de Batna 2.  
https://dspace.univ-batna2.dz/items/f55a7fe7-5cf7-4e10-89c8-45ccda0f57c5 

[17] Ferchichi, I., Kadiri, Z., Taky, A., Mekki, I., Hammani, A., Taoujouti, N., Lacombe, 
G., Khardi, Y. and Faysse, N. (2024) Concilier le développement de l’énergie solaire 
pour l’irrigation et la durabilité des systèmes oasiens. INRGREF, Université Hassan 
II de Casablanca, Institut Agronomique et Vétérinaire Hassan II (Maroc), CIRAD, 

https://doi.org/10.4236/eng.2026.1810025
https://revist.net/REVIST_27/REVIST_27_19.pdf
https://books.google.com/books?hl=fr&lr=&id=kBUBEAAAQBAJ&oi=fnd&pg=PT6&dq=C.+Rackete,+C.+Weinzorn,+and+A.+Weiss,+%E2%80%9CIl+est+temps+d%E2%80%99agir,%E2%80%9D+2020,+Accessed:+Sep.+07,+2026&ots=B-AWVKQUxe&sig=buFpWro32pfkkmUIERSeZxr8kJU
https://books.google.com/books?hl=fr&lr=&id=kBUBEAAAQBAJ&oi=fnd&pg=PT6&dq=C.+Rackete,+C.+Weinzorn,+and+A.+Weiss,+%E2%80%9CIl+est+temps+d%E2%80%99agir,%E2%80%9D+2020,+Accessed:+Sep.+07,+2026&ots=B-AWVKQUxe&sig=buFpWro32pfkkmUIERSeZxr8kJU
https://books.google.com/books?hl=fr&lr=&id=kBUBEAAAQBAJ&oi=fnd&pg=PT6&dq=C.+Rackete,+C.+Weinzorn,+and+A.+Weiss,+%E2%80%9CIl+est+temps+d%E2%80%99agir,%E2%80%9D+2020,+Accessed:+Sep.+07,+2026&ots=B-AWVKQUxe&sig=buFpWro32pfkkmUIERSeZxr8kJU
https://books.google.com/books?hl=fr&lr=&id=kBUBEAAAQBAJ&oi=fnd&pg=PT6&dq=C.+Rackete,+C.+Weinzorn,+and+A.+Weiss,+%E2%80%9CIl+est+temps+d%E2%80%99agir,%E2%80%9D+2020,+Accessed:+Sep.+07,+2026&ots=B-AWVKQUxe&sig=buFpWro32pfkkmUIERSeZxr8kJU
https://books.google.com/books?hl=fr&lr=&id=kBUBEAAAQBAJ&oi=fnd&pg=PT6&dq=C.+Rackete,+C.+Weinzorn,+and+A.+Weiss,+%E2%80%9CIl+est+temps+d%E2%80%99agir,%E2%80%9D+2020,+Accessed:+Sep.+07,+2026&ots=B-AWVKQUxe&sig=buFpWro32pfkkmUIERSeZxr8kJU
http://archives.univ-biskra.dz/bitstream/123456789/18256/1/Sayah_Ikram.pdf
https://www.torrossa.com/gs/resourceProxy?an=4837380&publisher=FZ2990
https://www.documentation.ird.fr/hor/fdi:010041652
https://depositum.uqat.ca/id/eprint/1809/
http://www.larhyss.net/ojs/index.php/larhyss/article/viewFile/85/79
https://doi.org/10.1029/2011wr010550
https://doi.org/10.5539/jas.v18n7p48
https://www.torrossa.com/gs/resourceProxy?an=5798373&publisher=FZ2990#page=125
https://www.torrossa.com/gs/resourceProxy?an=5798373&publisher=FZ2990#page=125
https://doi.org/10.54966/jreen.v21i2.688
https://doi.org/10.1016/j.solener.2021.06.053
https://dspace.univ-batna2.dz/items/f55a7fe7-5cf7-4e10-89c8-45ccda0f57c5


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 479 Engineering 
 

Institut National Agronomique de Tunisie.  
https://hal.science/hal-04770378v1/file/PolicyBriefMassire-EnergieSolairePourIrri-
gation.pdf 

[18] Khardi, Y., Lacombe, G., Kuper, M., Taky, A., Bouarfa, S. and Hammani, A. (2023) 
Pomper ou disparaître: Le dilemme du renforcement des khettaras par le pompage 
solaire dans les oasis du maroc. Cahiers Agricultures, 32, Article No. 1.  
https://doi.org/10.1051/cagri/2022030  

[19] Kiprono, A.W. and Llario, A.I. (2021) Le pompage solaire pour l’approvisionnement 
en eau: Exploiter l’énergie solaire dans le contexte de l’action humanitaire et du 
développement. Practical Action Publishing. 
https://www.oxfamwash.org/wp-content/uploads/pompage-solaire-approvisionne-
ment-eau.pdf  

[20] Nguirane, M.M., Kane, C., Pottier, N., Faye, W., Faty, A., Cissé, B., Kébé, A.K., Fall, 
A.N., Kane, A. and Ndione, M. (2024) Territoires insulaires face aux défis d’accès à 
l’eau potable: Le cas des îles du Saloum. Entre pénurie, résilience et problèmes de 
gestion des systèmes hydrauliques. Revue Internationale de la Recherche Scientifique, 
2, 1836-1848. 

[21] Van Laere, P.-E. (2003) Mémento de l’irrigation. 
https://bdd.pseau.org/outils/ouvrages/isf_memento_de_l_irrigation_2003.pdf  

[22] Roche, M.-A. (1971) Géographie et éléments numériques sur la superficie et la bathy- 
métrie du lac Tchad. ORSTOM. 

[23] Bouraima, A.-K., Zhang, W. and Wei, C. (2015) Irrigation Water Requirements of 
Rice Using Cropwat Model in Northern Benin. International Journal of Agricultural 
and Biological Engineering, 8, 58-64. 

[24] Batchelor, C.H. (1984) The Accuracy of Evapotranspiration Estimated with the FAO 
Modified Penman Equation. Irrigation Science, 5, 223-233.  
https://doi.org/10.1007/bf00258176 

[25] Koussa, M., Malek, A. and Haddadi, M. (2007) Proposition d’une méthodologie de 
reconstitution des moyennes mensuelles par heure des irradiations diffuse et globale 
en fonction des moyennes mensuelles par jour de quelques paramètres météorologiques. 
Revue des Energies Renouvelables, 255-268.  
https://www.cder.dz/download/ICRESD07_37.pdf 

[26] Shi, T., Guan, D., Wu, J., Wang, A., Jin, C. and Han, S. (2008) Comparison of Methods 
for Estimating Evapotranspiration Rate of Dry Forest Canopy: Eddy Covariance, Bowen 
Ratio Energy Balance, and Penman‐Monteith Equation. Journal of Geophysical Re-
search: Atmospheres, 113, Article No. 19116. https://doi.org/10.1029/2008jd010174 

[27] Gabr, M.E. (2021) Management of Irrigation Requirements Using FAO-CROPWAT 
8.0 Model: A Case Study of Egypt. Modeling Earth Systems and Environment, 8, 3127-
3142. https://doi.org/10.1007/s40808-021-01268-4 

[28] Djongyang, N., Bouba, A. A., Nana, A., Deli, K., Kana, J. D., Ombolo, A. and Ali, M. 
(2019) Sécurité alimentaire et photo-irrigation: L’exemple des régions semi-arides du 
Cameroun. L’Harmattan. 
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djong-
yang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+
Kana%2C+J.+D.%2C+Om-
bolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+ali-
mentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-
arides+du+Cameroun.+Editions+L%27Harmattan.&btnG= 

[29] Chikhi, S.-A., Chikhi, F., Mehdaoui, A., Mammeri, A. and Draou, M.D. (2011) Carac-
térisation et modélisation des électropompes solaires triphasées. Journal of Renewable 

https://doi.org/10.4236/eng.2026.1810025
https://hal.science/hal-04770378v1/file/PolicyBriefMassire-EnergieSolairePourIrrigation.pdf
https://hal.science/hal-04770378v1/file/PolicyBriefMassire-EnergieSolairePourIrrigation.pdf
https://doi.org/10.1051/cagri/2022030
https://www.oxfamwash.org/wp-content/uploads/pompage-solaire-approvisionnement-eau.pdf
https://www.oxfamwash.org/wp-content/uploads/pompage-solaire-approvisionnement-eau.pdf
https://bdd.pseau.org/outils/ouvrages/isf_memento_de_l_irrigation_2003.pdf
https://doi.org/10.1007/bf00258176
https://www.cder.dz/download/ICRESD07_37.pdf
https://doi.org/10.1029/2008jd010174
https://doi.org/10.1007/s40808-021-01268-4
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djongyang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+Kana%2C+J.+D.%2C+Ombolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+alimentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-arides+du+Cameroun.+Editions+L%27Harmattan.&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djongyang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+Kana%2C+J.+D.%2C+Ombolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+alimentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-arides+du+Cameroun.+Editions+L%27Harmattan.&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djongyang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+Kana%2C+J.+D.%2C+Ombolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+alimentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-arides+du+Cameroun.+Editions+L%27Harmattan.&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djongyang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+Kana%2C+J.+D.%2C+Ombolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+alimentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-arides+du+Cameroun.+Editions+L%27Harmattan.&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djongyang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+Kana%2C+J.+D.%2C+Ombolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+alimentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-arides+du+Cameroun.+Editions+L%27Harmattan.&btnG=
https://scholar.google.com/scholar?hl=fr&as_sdt=0%2C5&q=Djongyang%2C+N.%2C+Bouba%2C+A.+A.%2C+Nana%2C+A.%2C+Deli%2C+K.%2C+Kana%2C+J.+D.%2C+Ombolo%2C+A.%2C+%26+Ali%2C+M.+%282019%29.+S%C3%A9curit%C3%A9+alimentaire+et+photo-irrigation%3A+l%27exemple+des+r%C3%A9gions+semi-arides+du+Cameroun.+Editions+L%27Harmattan.&btnG=


Y. N. Nimir et al. 
 

 

DOI: 10.4236/eng.2026.1810025 480 Engineering 
 

Energies, 14, 285-290. https://revue.cder.dz/index.php/rer/article/view/259 

[30] Hadj Arab, A., Benghanem, M. and Gharbi, A. (2005) Dimensionnement de systèmes 
de pompage photovoltaïque. Revue des Energies Renouvelables, 8, 19-26.  
https://asjp.cerist.dz/en/article/118132  

[31] Yigit, A.S. and Allahverdi, A. (2003) Optimal Selection of Module Instances for Modu-
lar Products in Reconfigurable Manufacturing Systems. International Journal of Pro-
duction Research, 41, 4063-4074. https://doi.org/10.1080/0020754031000149220 

[32] Jordan, D.C., Wohlgemuth, J.H. and Kurtz, S.R. (2012) Technology and Climate Trends 
in PV Module Degradation. Proceedings of the 27th European Photovoltaic Solar En-
ergy Conference and Exhibition, Frankfurt, 24-28 September 2012, 1-7.  
https://docs.nlr.gov/docs/fy13osti/56485.pdf 

[33] Clavero, T. and Razz, R. (2009) Valor nutritivo del pasto maralfalfa (Pennisetum pur- 
pureum x Pennisetum glaucum) en condiciones de defoliación. Revista de la Facultad 
de Agronomía, 26, 78-87.  
https://www.revfacagronluz.org.ve/PDF/enero_marzo2009/v26n1a20097887.pdf 

[34] Gabr, M.E. (2021) Modelling Net Irrigation Water Requirements Using FAO-CROP-
WAT 8.0 and CLIMWAT 2.0: A Case Study of Tina Plain and East South Elkantara 
Regions, North Sinai, Egypt. Archives of Agronomy and Soil Science, 68, 1322-1337.  
https://doi.org/10.1080/03650340.2021.1892650 

[35] Bouthiba, A. and Debaeke, P. (2009) Besoins en eau de différentes variétés de blé dur 
en conditions semi-arides. Actes du Symposium International AGDUMED 2009: Ag-
riculture Durable en Région Méditerranéenne, Rabat, 14-16 mai 2009, 188-195.  
https://www.vulgarisation.net/agdumed2009/Bouthiba_Debaeke_Be-
soins_en_eau_varietes_ble_dur_semi-arides.pdf  

https://doi.org/10.4236/eng.2026.1810025
https://revue.cder.dz/index.php/rer/article/view/259
https://asjp.cerist.dz/en/article/118132
https://doi.org/10.1080/0020754031000149220
https://docs.nlr.gov/docs/fy13osti/56485.pdf
https://www.revfacagronluz.org.ve/PDF/enero_marzo2009/v26n1a20097887.pdf
https://doi.org/10.1080/03650340.2021.1892650
https://www.vulgarisation.net/agdumed2009/Bouthiba_Debaeke_Besoins_en_eau_varietes_ble_dur_semi-arides.pdf
https://www.vulgarisation.net/agdumed2009/Bouthiba_Debaeke_Besoins_en_eau_varietes_ble_dur_semi-arides.pdf

	Modeling and Optimization of Solar Photovoltaic Pumping in Chad: The Case of Maralfalfa (Pennisetum purpureum) Irrigation across Climatic Zones
	Abstract
	Keywords
	1. Introduction
	1.1. Context and Rationale for the Study
	1.2. Irrigation Worldwide
	1.3. Irrigating Forage Crops in Africa
	1.4. Irrigation in Chad
	1.5. Problem Statement
	1.6. Central Research Question
	1.7. Secondary Research Questions
	1.8. Research Objectives
	1.9. General Methodology

	2. Previous Work
	3. Materials and Methods
	3.1. Description of the Study Area
	3.2. Data Collection
	3.3. Data Processing
	3.3.1. Input Data
	3.3.2. Maralfalfa
	3.3.3. Soil-Related Data
	3.3.4. Crop-Related Data

	3.4. Output Data

	4. Results and Discussion
	4.1. Climatic Factors
	4.2. Evapotranspiration in the Different Zones
	4.3. Hussein’s Meteorological Model for Solar Radiation Estimation
	4.3.1. Validation of Hussein’s Meteorological Model for Solar Radiation Estimation
	4.3.2. Effective Rainfall

	4.4. Irrigation Requirements
	4.5. Soil Water Retention
	4.6. Tank Capacity
	4.7. Selection of the Photovoltaic Solar Module
	4.8. Summary of Results
	4.9. Discussion of Results

	5. Conclusions
	Author Contributions
	Conflicts of Interest
	References

