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ABSTRACT 

Agriculture is a major source of livelihood in semi-arid North Africa and is shifting toward 

becoming climate-smart by the introduction of solar-powered water pump irrigation systems 

and promotion of renewable energy for general use. These technologies are being promoted by 

the government, with funding from organizations to help farmers with the transition from 

diesel-powered pumping to solar pumping for irrigation. On the other hand, the adoption of this 

technology might be a threat to the sustainable use of groundwater, such that more policies are 

needed to minimize the possibility of groundwater depletion.  

Egypt is particularly vulnerable to water insecurity. Egypt has limited arable land (96% is 

desert), low rainfall, water from river Nile for use in agriculture is decreasing, and a substantial 

amount of its groundwater is over exploited. In terms of energy, energy subsidies are being 

removed from fossil fuels and SPIS projects are being promoted in off-grid areas and desert 

regions as solar potential is high. In this region, land reclamation (desert converted to 

agricultural land) is achieved by irrigation and agriculture is linked to about 85% of total water 

withdrawal. Therefore, there is a need to manage groundwater withdrawals, especially, with the 

use of solar pumps as it is considered to utilize “free energy” with low maintenance and 

operating costs.  

The water-energy-food (WEF) nexus approach is used in this study as a framework to assess 

the benefits and trade-offs associated with the adoption of solar pump irrigation systems (SPIS) 

in Egypt. The study was carried out to answer the question: What are the opportunities and 

challenges involved in the adoption of solar pump irrigation system (SPIS), the effects on water 

and food security, and what governance strategies can be proposed to mitigate the rate of water 

withdrawals 

Data were collected through structured literature review, desk study, and interviews with 

experts and SPIS projects. The data was used to conceive policy strategies and predict future 

scenarios through a system modelling tool (fuzzy cognitive mapping using the mental modeler 

software). Positive and negative scenarios were developed by simulating combinations of 

policy options in the modeler. The key outcomes of the positive scenarios show a 46% decrease 

in groundwater withdrawals, 42% increase in farmer’s income, 60% increase in water 

efficiency, 23% increase food security, 17% decrease in greenhouse gases (GHG) 15% increase 

in the end-of-life water pollution. 
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The key findings from this study shows that solar pump irrigation system is indeed beneficial 

for farmers, as it promotes climate-smart agriculture and can improve their income. With the 

implementation of better policies, use of policy instruments (well permits, energy tariffs, drip 

irrigation), the use of smart meters and collaboration between relevant stakeholders during the 

design of solar projects, over exploitation of groundwater can potentially be controlled. In 

addition, the primary findings of the system-represented projection show that, without the 

presence of well implemented policies, the continuous adoption of solar energy for irrigation in 

sun-rich and renewable groundwater-scarce Egypt is projected to negatively impact 

groundwater supplies. 

  

Keywords: Solar pump irrigation systems, North Africa, climate change, groundwater 

governance, food security, solar potential, solar projects, WEF nexus, fuzzy cognitive mapping 
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INTRODUCTION 

1.1. Overview 

North Africa is a semi-arid region and very vulnerable to the impacts of climate due to its 

economic dependence on rain-fed agriculture and high incidence of drought (Schilling et al., 

2020). North Africa includes the countries of Algeria, Morocco, Egypt, Tunisia, Libya, Sudan 

and Western Sahara (UNSD, 2022). More generally, a high percentage of Africa's gross 

domestic product (GDP) depends on agriculture, making it a crucial sector for the continent 

(Dube et al., 2016; Taylor, 2015). Agriculture accounts for about one-fifth to one-third of 

Sudan’s gross domestic product (GDP) (FAO, 2021), 11.3 percent of Egypt’s GDP (USAID, 

2022) and 15 percent of Morocco’s GDP (ITA, 2020; USAID, 2016). Also, the poor and 

vulnerable communities in Africa predominantly depend solely on agriculture as a livelihood 

(Dube et al., 2016). 

Agriculture is recognized as one of the major contributors to the severity of climate change 

related impacts because of land use changes, such as deforestation and irrigation activities 

(Gupta, 2019). It contributes to 26.1% of the total greenhouse gas emission in Sudan (USAID, 

2017), 10% in Egypt (USAID, 2015), and 24% in Morocco (WRI CAIT, 2014). Agriculture 

can either be rain-fed or through irrigation. More than 80% of the world’s water withdrawal is 

consumed by irrigation, including groundwater withdrawal (FAO, 2016). In the Middle East 

and North Africa (MENA) region, agriculture accounts for more than 80% of water use, which 

is higher than the global average of 70% (UNICEF, 2020). Agriculture in North Africa depends 

on both rainfall and irrigation, and the region consists of the world’s second largest irrigated 

areas, after Asia, with about 43 million hectares of irrigation potential (FAO, 2011; Ringler et 

al., 2020). Although, North Africa has historically had extensive use of surface irrigation for 

agriculture, the irrigation system is presently supported and sustained by groundwater resources 

(Massuel et al., 2017).  

Apart from its input to increasing food production and food security, irrigation has lessened the 

reliance of North Africa on food importation (Ringler et al., 2020). However, due to growing 

population, persistent conflicts, rapid increase in agricultural demand, governance challenges, 

poor water management, deteriorating water infrastructures and the extension of irrigated area 

using non-renewable deep aquifers, such the Nubian Sandstone Aquifer (UNICEF, 2020), 

North Africa's water supplies for irrigation expansion are nearly depleted, as the region suffers 
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from “hydrological water scarcity” (Ringler et al., 2020). Furthermore, “the region’s 

withdrawals for irrigation exceed renewable resources due to groundwater overdraft and 

recycling” (FAO, 2011, p.42).  

Without the aid of adequate and effective policies and guidelines, ground and surface water 

withdrawals will continue at higher rate. The use of solar pumps for irrigation, especially in 

arid regions, has been seen as a promising solution to improve agriculture during drought and 

reduce GHG emissions from diesel generators (Chandel et al., 2015). Since the operating and 

maintenance costs of solar-powered pumps are minimal compared to diesel pumps, water 

withdrawals can be more frequent and sustained longer, which could further lead to 

groundwater exhaustion and land subsidence in arid regions, hence affecting future food 

security (Aeschbach-Hertig & Gleeson, 2012). In addition, not much research has captured the 

impacts of solar pumping irrigation in North Africa region. 

1.2. Scope of the Study 

This study broadly examined North Africa, reviewing the cases of Egypt, Sudan, and Morocco 

because these countries are considered as medium and high baseline water stress regions 

according to the World Resources Institute, the country is considered as high baseline water 

stress region (Hofste et al., 2019). Also, the governments of these countries have been 

promoting the adoption of SPIS to achieve emissions mitigation, while securing water resources 

for agriculture.  

Moreover, this study ultimately focused on the cases of Egypt in-depth. Egypt was selected 

because apart from the Nile valley, 96% of its total land area is covered by desert. Also, there 

is more pressure on the groundwater resources due to the reduced allocated share of the river 

Nile (caused by the Grand Ethiopian Renaissance Dam).  

This study considered groundwater-related projects executed by government agencies and those 

supported by international organizations. Such projects have implementation durations of no 

less than four years and are expected to influence the livelihood of farmers as well as reduce 

environmental emissions. By implication, food security and water resources are affected. 
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1.3 Research Objectives 

This research analyzed the effects of solar pumping irrigation on water security and food 

security in arid regions, using the WEF Nexus approach, to suggest possible pathways for 

adequate policy making and ways to implement the technology more sustainably. 

1.4. Research Questions 

Main question 

What are the opportunities and challenges involved in the adoption of solar pump irrigation 

system (SPIS), the effects on water and food security, and what governance strategies can be 

proposed to mitigate the rate of water withdrawals? 

Sub-questions 

• What are the water resources available and the environmental regulatory in place, and 

how do they influence the adoption of SPIS?  

• What are the effects of solar pumping on water, food and energy resources? 

• How can the in-field context be represented in a systematic way to model policy 

scenarios?  

• How might SPIS be successfully adopted without overexploitation?  

• What governance strategies can be proposed to temper the rate of agricultural water 

withdrawals using SPIS?  

This section majorly outlined the background and justification of the study, as well as research 

questions that streamlined and directed the key findings of the research towards governance 

and water-energy-food (WEF) nexus effects of solar pump irrigation systems (SPIS). The next 

chapter will presents information about the condition of water resources in correlation with the 

widespread of solar pump irrigation systems (SPIS) in Egypt, and the North Africa at large. 
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BACKGROUND 

A discussion about the severity of groundwater depletion in North Africa, the factors 

exacerbating the issues and the repercussions in terms of food security, as well as groundwater 

governance. Thereafter, a review of the water condition and the rate of adoption of solar pump 

irrigation systems (SPIS) in North African countries. All these information indicate that SPIS 

significantly improve the agricultural productivity of this region, however, groundwater 

resources might take the fall for it. 

2.1. Water Security in Semi-Arid Region 

According to Cook & Bakker (2012), various policymakers and researchers have given diverse 

connotations to water security, from discipline-based to multidisciplinary definitions. However, 

for the purpose of this study, water security involves the access and availability of water in 

order to achieve long term sustainability (Hoekstra et al., 2018). In addition, water scarcity is 

generally referred to unavailability of sufficient water quantities for social and environmental 

purposes (White, 2014). The essential aspects of water security are water demand and water 

supply and both are important in sustainable development (Wegerich et al., 2015). Therefore, 

water security management approaches target demand reduction and supply improvement.  

In the face of climate change, water resource security in semi-arid and arid regions is most 

threatened since climate change can also mean less rainfall. Since most semi-arid areas rely on 

groundwater resources, groundwater recharge is reduced as the maximum temperature 

increases and yearly precipitation decreases (Emam et al., 2015). Simmers (2003) speculated 

the significance of considering local hydrological processes in the actions plans for water 

resources management in semi-arid regions since almost one-third of the earth is categorized as 

semi-arid or arid.  

While several studies and analysis blame climate change for worsening water scarcity in semi-

arid areas, socio-economic factors such as income, occupation, and education are also 

significant in contributing to water scarcity. An analysis carried out by Droogers et al. (2012) 

indicated that climate change contributes to 22 percent of water shortages in the Middle East 

and North Africa (MENA) regions while socio-economic factors contribute to the remaining 

78 percent. Poor or low-income communities in landlocked countries, where water supply 

service is the role of the public sector, mostly suffer from water insecurity because of  poor road 
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access and tele-communication systems, and expensive groundwater extraction (Raditloaneng, 

2012). 

Poor water management practices are presently recognized as an important part of the threats 

to water security, mainly in regions where the climate is getting drier (Bieber et al., 2018). In 

the climate change adaptation discourse, it is essential to include basin management and water 

security as the effect on water resources becomes consequential. Also, water management for 

agricultural productivity will require a re-evaluating, merging solutions for domestic, industrial, 

and environmental purposes (Falkenmark, 2013). Drier climate countries require strategies and 

approaches that address the low-hanging fruit, such that, water policy is flexible. 

2.1.1. Water Security in Africa 

The effects of climate change significantly cripple the social, economic and ecological 

development of Africa and affects water availability, as the region only contributes 4 percent 

to total global greenhouse gas emission. Therefore, strategies are required to ensure that specific 

financial aid is channelled to water insecure regions (GWP, 2022).  

Africa is the second most populous continent (World Population Review, 2022), and North 

Africa is one of the most water-scarce regions in the world (Hofste et al., 2019). The growing 

population in Africa contributes to the water situation in North Africa where more than half of 

the population resides in water-scarce regions (Emam et al., 2015; Gude, 2017). This population 

growth is considered rapid and exacerbated by rural-urban migration as people move to find 

better economic and livelihood opportunities. An example of migration caused by water 

insecurity was observed in the case of Angola, a Southern African country which was presumed 

to have the highest water use efficiency according to the assessment of Africa’s water security 

done by the United Nations (Oluwasanya et al., 2022). Several people migrated from Angola 

in search of basic needs and economic convenience due to the recent dry period during what 

was supposed to be the rainy season between 2020-2021 (GWP, 2022). 

There are studies which have examined ways to improve the water challenges faced by many 

vulnerable communities in Africa. A study carried out in the semi-arid regions of Ethiopia 

highly recommended the use of water saving technologies such as drip irrigation which conveys 

water precisely to the roots of plants, for semi-arid regions where drought is frequent (Gebru 

et al., 2021). Water reuse technologies which are cost effective and energy efficient are also 

suggested as one of the solutions to increasing African water demand (Gu et al., 2017). The use 
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of solar-powered pumps for sustainable access to sufficient water for irrigated farming was also 

recommended (Lefore et al., 2021; Massuel et al., 2017).  

2.2. Groundwater Governance  

Groundwater depletion is detrimental to areas that depend on agriculture and groundwater 

irrigation and this can cause future ecological degradation if not properly monitored (Döll et 

al., 2014). Moreover, over abstraction of groundwater resulting to global water depletion crisis 

is also affected by the improved access to affordable water pumping technologies (Wada et al., 

2012). Inadequate governance of groundwater can lead to social issues where indigent urban 

and rural households would be forced to search for alternate water sources, the economic burden 

of extracting water at deeper depths, and environmental consequences of land subsidence which 

can damage infrastructure and buildings (Lezzaik et al., 2018). Therefore, policymakers, water 

users associations and water managers are encouraged to monitor and manage groundwater in 

order to curb over-reliance on this water source.   

In a bid to ensure the accessibility of people to clean and quality water, effective management 

of groundwater is paramount for areas depending greatly on groundwater for survival. 

Therefore, in the decision making for management, the interests and perspectives of 

stakeholders should be considered, especially the inclusion of farmers that access groundwater 

for drinking and irrigation purposes in the dry season in particular (Bastakoti et al., 2020). A 

study in a semi-arid region of Iran shows the relation between electricity prices, food security 

and water security such that a 50 percent increase in electricity cost scenario reduces the benefits 

from agricultural products by 10 percent and increases groundwater level by 51 percent 

(Zamani et al., 2022). However, the increase in water price can affect the livelihood of farmers. 

Therefore, Ghafoori-Kharanagh et al. (2021) points to the need for the participation of actors 

from water, energy and food sectors to ensure better governance because of their 

interdependencies. Another option is a policy that offers subsidies for agricultural products as 

a tool to control ground water withdrawal and at the same time maintain food security (Zamani 

et al., 2022). 

2.3. Food Security in Africa 

Food security is classified into four aspects by the Food and agriculture organization of the 

United Nations (FAO): food availability, access, stability, and utilization (WFP et al., 2017). 

For the past 50 to 100 years, climate change continues to contribute adversely to food security 
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and desertification in Africa since there is increasing water scarcity and poor agricultural yields 

(UNFCCC, 2020). In addition, the recent Covid-19 pandemic has worsened the economic 

situation in this region, hence, the number of people affected by hunger continues to increase 

(Chirisa et al., 2020). According to a report by the Food and Agriculture Organization (FAO) 

in 2021, more than one-fifth of Africans encountered hunger in 2020 which is higher than the 

statistics from the previous year (FAO et al., 2021). This indicates that Africa is far from 

achieving sustainable development goal (SDG) 2 which intends to end hunger. Drought also 

causes a decrease in soil moisture content, resulting in lower crop yields (Emam et al., 2015). 

Issues concerning food security, deteriorated water supplies, rising water demand and decreased 

land availability in Africa have encouraged the development of numerous novel and 

sophisticated food production methods using emerging soilless technologies (Obirikorang et 

al., 2021). The application of soilless culture systems which include hydroponics, aquaponics, 

aeroponics and supportive mediator’s agriculture, saves about 90 percent of water and avails 

enough land for other crops (Elkazzaz et al., 2017). Hydroponics is a technology which involves 

the cultivation of vegetables, fruits, herbs and flowers in water without soil, thereby eliminating 

the complications from soil such as soil-borne diseases (Elkazzaz et al., 2017; Savvas, 2003). 

Aeroponics system is a sustainable plant growing technique in which plants grow in closed 

controlled conditions with air or sprayed mist (Elkazzaz et al., 2017; Lakhiar et al., 2018). 

Aquaponics system is a technology that combines fish production with hydroponics in a closed-

loop system such that water and nutrients are recirculated and reuse (Danish et al., 2021; dos 

Santos, 2018; Elkazzaz et al., 2017). 

There is a causal relationship between conflicts and food security (Martin-Shields & Stojetz, 

2019). Developing countries such as those in Africa significantly depend on imports for 

consumption where an increase in international commodity prices can lead to conflicts and 

grievances against the government but at the same time set a good opportunity for the local 

producers (Bazzi & Blattman, 2014). In general, reduced labour demand, increased desolation, 

starvation, migration, or exacerbated social disparities are all examples of how lower 

agricultural output can directly trigger societal problems (Raleigh & Kniveton, 2012).  
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2.4. Solar Pump Irrigation systems (SPIS)   

Solar energy is the most abundant renewable source of energy. The application of solar energy 

for irrigation is widely spreading since it offers access to reliable source of energy and can be 

used in off-grid areas for smallholder irrigated agriculture or large-scale irrigation (Hartung, 

2018). They can provide a very flexible and climate-friendly alternative energy source in rural 

locations where diesel fuel is expensive or when reliable connection to the electrical grid is 

limited. Solar pump irrigation systems are also recognised as a climate-smart solution to reduce 

the carbon footprint of agriculture, since renewable source of energy is utilized (Verma, 2020). 

Figure 1 shows a simple schematic diagram of a solar water pump for irrigation.  

 

 

(source: Solar Water Irrigation System -, 2021)  

 

There are multiple factors promoting the adoption of this technology globally. The increasing 

concerns of greenhouse gas emissions from agricultural activities, the recent hike in diesel 

prices and the decline in the cost of photovoltaic (PV) panels have encouraged policy makers 

and government bodies to consider the development of solar energy for irrigation (Bassi, 2015).  

Another factor is that water pumping using solar energy can be a cost-effective solution to 

ensure food production and support livelihoods, as solar pumps are less expensive than diesel 

water lifting technologies (Hartung, 2018). Aside cost, solar pumping system do not contribute 

Figure 1. Solar-powered water pump irrigation system (SPIS)  
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to noise pollution compared to diesel pump (Osman Elzubeir, 2016). Figure 2 shows a 

comparison between diesel pumps and solar pumps in terms of costs. This technology has 

contributed to increased food production in food-insecure areas such that there is affordable 

access to water for small farms, thereby contributing to the alleviation of hunger (Lefore et al., 

2021). 

 

 

(source: Salman et al., 2022 p.27) 

Figure 2. Comparison between diesel-powered and solar-powered water pump in terms of 

installation and maintenance costs 

 

Aside from agriculture, solar energy is used for other purposes such as pumping of water for 

domestic use or for community water supply, lighting purposes, heating purposes, food 

processing and telecommunication (Sampaio & González, 2017). Solar irrigation technologies 

are becoming a feasible choice for farmers of different agricultural scale as investment prices 

for solar powered irrigation systems (SPIS) decrease and incentive schemes for SPIS are 

implemented  (Hartung, 2018). Countries such as Morocco, India, Bangladesh, have been 

providing subsidies and incentives for solar pump irrigation. Even governments of  other North 

African countries have been providing subsidies and credits for farmers to purchase this 

technology, coupled with financial aid from international organizations (Brunet et al., 2018; 

Shah et al., 2018). 

On the other hand, there are arguments proposing that solar pumps are not entirely economically 

viable for farmers, especially in the rural areas. According to (Bassi, 2015), subsidies made the 

solar pumps economically viable, but only the rich farmers benefits the most in India. Also the 

article argues that the efficiency of solar irrigation pumps is low compared to diesel pumps 
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because it takes longer for a solar pumps to achieve the same result that a diesel pump of the 

same horsepower can achieve. More so, many rural areas lack technical know-how for proper 

maintenance of the solar pumps, hence, affecting the system lifespan (Bassi, 2015). However, 

a study in Bangladesh shows that solar pumps are profitable for the cultivation of certain high 

value crops like cotton, strawberry, potatoes etc., compared to diesel pumps (Khan et al., 2014).  

In Yemen, an exponential increase in SPIS usage in the last decade and the enthusiasm of 

farmers to use solar pumps were ascribed to its low cost of maintenance and operation (Aklan 

& Lackner, 2021). Poor governance and unmonitored water pumping (Aklan & Lackner, 2021) 

have led to the digging of illegal wells and there is no charge per power unit after construction 

(Schaer, 2021). Therefore, it is vital to remember that SPIS run the risk of enabling 

unsustainable water use if they are not properly monitored and regulated.  

However, there are cases where groundwater abstraction were properly monitored. For 

example, a solar pump irrigation scheme in Gujarat, India consists of a Solar Energy Data 

Management (SEDM) system which collects data from all involved stakeholders, that tracks 

groundwater impacts of solar irrigation (Power Sector Reform Programme (PSRP), 2021). 

“Baseline data on crops, existing pumps, and energy use, solar pump usage (hours of use, rate 

of water pumped and sales from net metering). Remote monitoring system (RMS) devices do 

not typically display the quantity of water discharged by pumps” (Palit et al., 2021, p.72). The 

RMS database can be accessed via a GIS program. Although, the impacts are not only ascribed 

to solar pumps but assess the larger WEF context of the area (Palit et al., 2021).  

2.5. Water situation and Agriculture in North Africa 

North Africa, being one of the most water-stressed regions in the world, is highly dependent on 

agriculture as source of livelihood and it is also an area combating hunger, varying weather 

conditions, growing population, increasing transborder conflicts and the effects of climate 

change on agricultural and rural populations (Baconi, 2018). Therefore, increasing food and 

agricultural demand are some of the crucial factors worsening the water resources depletion in 

North Africa (UNICEF, 2020). The circumstances of each North African country are briefly 

examined, except for that of Egypt, which is more elaborated. 

Morocco is a water-scarce, low-income country in Northern Africa with a 710,000-kilometer-

long coastline and a typically moderate Mediterranean climate (World Bank, 2018). Agriculture 

is a key export industry and major economy driver in Morocco, as it accounts for almost 15 
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percent of the country’s GDP and employs 45 percent of the population (ITA, 2020; OECD, 

2020). Its useful agricultural area (UAA) is approximately 9,500,000 hectares (95,000 square 

kilometres) which is 3.11 bigger than the size of Belgium, with about one-seventh being 

irrigated (Adghough, 2018). It is one of the few Arab countries that has the potential to achieve 

self-sufficiency in food production. Such that, Morocco initiated a new intensive agriculture 

policy known as the Green Morocco Plan in 2008 which aims to utilize agriculture as a strategy 

to alleviate rural poverty, and promote sustainable development and food security (Adghough, 

2018; Faysse, 2015). 

In 2015, the country experienced 42.7% less rainfall during the planting season due to the El 

Nino climate pattern, thereby leading to a 70 percent decrease in agricultural output (DTE, 

2016). The erratic weather patterns have driven the government to channel investment 

incentives to help small scale farmers and expand irrigation (Ministerie van Landbouw, 2021). 

Little progress was achieved since the incidence of drought has increased the dependence of 

the sector on rainfall in 2019, nevertheless, more investments of over US$500m were allocated 

to modernize agriculture in 2021 (Ministerie van Landbouw, 2021).    

Rainfall potential in Morocco is approximately 130 billion cubic metres (BCM)/year where 108 

BCM/year is lost to evapo-transpiration and water resources per capita is predicted to reduce 

below 500 m3/capita.year in 2025 (Dahchour & el Hajjaji, 2019). Morocco was one of the first 

countries to build big dams, with 1.1 million hectares of irrigated land, boosting agricultural 

production (Adghough, 2018). Thirteen big dams with capacity above 150 mm3 each, have 

been built for irrigation since the 1960s (Boelee & Laamrani, 2004). Morocco's water usage is 

comparatively high (Figure 3), with annual water withdrawals of 60% of the country's potential 

freshwater resources (Diaco et al., 2020). Morocco faces depleting groundwater reserves, as 

well as a high reliance on rain-fed agriculture, in addition to being water stressed and drought-

prone (Bouchaou et al., 2011). Due to groundwater depletion, the Moroccan government 

encourages the use of drip irrigation since it is cost-effective and water-saving (Kooij, 2016). 
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(source: Diaco et al., 2020; FAO AQUASTAT, 2022 p.10) 

Figure 3. Water withdrawal per capita in North Africa in comparison with other countries 

(Year indicates time of measurement) 

 

Sudan is located at the connection between the Arab region and Sub-Sahara Africa, and it is 

bordered by seven countries, (FAO, 2021), and it has a subtropical climate characterized by 

desert climate in the dry north and tropical rain forests in the south (Basheer, 2008). The 

economy of Sudan largely relies on agriculture. About 80 percent of Sudan’s population 

depends on agriculture for survival and this sector amounts for about one-fifth to one-third of 

the country's GDP (FAO et al., 2021). 

The reoccurrence of drought and conflict history have negatively impacted the agricultural 

sector, such that around 12% of the population is predicted to be malnourished in the coming 

years (FAO, 2021). In a recent report by the Integrated Food Security Phase 

Classification (IPC), 20% of Sudan’s population (especially rural communities) is predicted to 

face adverse food insecurity in the coming lean periods (between June-September), therefore, 

the Ministry of Agriculture solicits for accelerated investments in food production from active 

organizations of the United Nations and the government (IPC, 2021; WFP, 2021). Most rural 

farms are rain-fed and intensely cultivated. The large mechanized farming practice in Sudan, 

with water-intensive cotton as the major export crop grown, has led to more spreading of the 

arid condition of Sudan, particularly due to the kind of irrigation system used which is flood 

irrigation (Abdalla & Abdel Nour, 2001). In addition, irrigation has been regularly mentioned 
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and identified as a method of advancing food security and economic growth, poverty reduction 

and climate adaptation in Sudan (Burney et al., 2010; Polak & Yoder, 2006). 

Sudan's survival is dependent on its excessive usage of its water resources, where 97% of water 

consumption is from agriculture (Barton, 2022). About 30% of its agriculture is irrigated by 

“small traditional spate irrigation and via khors, small mostly hand dug canals, or via huge 

irrigation projects, such as the Gezira project, which uses about 35 percent of Sudan’s water, 

and the many giant sugar irrigation schemes” (Sullivan, 2010, p1). Sudan has a great aquifer 

reserve ranging from the Great Nubian Sandstone to the Umm Ruwaba, as well as the Nile 

River Basin which supplies about 855 percent of water consumed in Sudan (Basheer, 2008; 

Sullivan, 2010). The majority of its groundwater reserves, such as the unregulated Nile River 

Basin, is shared with neighbouring countries like Egypt, and this often cause rivalry (Barton, 

2022). However, increasing water demand and desertification became an issue as rural 

Sudanese frequently flee their homes due to water scarcity and low food production (Barton, 

2022).   

 

2.5.1. Solar pump irrigation system (SPIS) in North Africa  

Generally in North Africa, renewable energy usage remains significantly underdeveloped in 

comparison to its potential (IEA, 2020). In 2017, fossil fuels accounted for more than 80% of 

total energy consumption as seen in Table 1. Sustainable energy usage and access to energy in 

the agricultural sector has advanced notably in Morocco, particularly with the expansion of 

electricity between 1992 and 2013 (Malabo Montpellier Panel, 2019). Morocco has great solar 

energy potential of  “an average incident solar radiation ranging from 4.7 to 5.5 kWh/m2/day, 

with a number of sunshine hours varying from 2700 hours/year in northern 

Morocco to over 3500 hours/year in the South” (Mergoul et al., 2018, p.2). As a result, the 

development of solar power helps to decrease the energy imports of the country and cater for 

electricity and water demand in rural areas (Abdourraziq et al., 2017). 

In Morocco, the utilization of renewable energy, particularly solar energy for water pumping, 

is crucial for both drinking and agricultural purposes, particularly in light of the country's new 

energy policy. According to a market survey in Morocco, the market for solar pumping in 

Morocco has grown significantly in recent years, compared to the usage of wind energy 

(Mergoul et al., 2018). The country has been making efforts to monitor the use of its water 

resources by supporting water-saving methods of irrigation and solar pumping, since it was 
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discovered that the prolonged traditional irrigation systems are not water-conserving (Mergoul 

et al., 2018). The use of solar pumps by farmers has further become more prominent because 

of the fuel subsidy that was ceased in 2014, and also because it is more cost-effective than the 

diesel pump (Mergoul et al., 2018). Energy, water and environment government agencies often 

collaborates to execute solar pump irrigation projects, where solar pumps are installed to replace 

diesel pumps. 

 

Table 1. Selected water, energy and food indicators in North African countries  

 Total renewable 

water resources per 

capita 2017 

(m3/inhab/yr) 

Employment in 

agriculture 2019 

(% of total 

employment) 

Share of fossil fuels 

in total primary 

energy demand 

2017 (%) 

Algeria 282 9 100  

Egypt 596 21 97 

Libya 106 16 99 

Morocco 815 33 89 

Tunisia 404 14 89 

Sudan 926 38 80 

Note: A country is recognized as water-scarce if it has less than 1 000 m3/inhabitant/year 
(source: EIA, 2019; FAO AQUASTAT, 2022; IEA, 2021; World Bank, 2021) 

 

Solar potential in Sudan is high, especially in the Northern state which has a desert climate and 

less cloudy skies (Omer, 2007) and solar energy has generally become the main source of 

primary energy for rural areas in Sudan (Osman Elzubeir, 2016). The majority of Sudan's 

climates are conducive to solar pumping which can both be used for clean drinking water and 

irrigation (Omer, 2001). Most of the agricultural farmlands are far from electricity grid, 

therefore, rural farmers mostly depended on diesel pumps for irrigation (Osman Elzubeir, 

2016). 

The adoption of solar pump irrigation in Sudan was initially difficult since it has to compete 

with the conventional irrigation systems (diesel and electric) because of its high initial cost and 

solar radiation fluctuations (Ali, 2018; Trainer, 2013). A study in selected places in Sudan 

shows that solar pumping for irrigation is economically and technically better than diesel pump 
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irrigation system (AbdelGadir & Hammad, 2014), and another study shows that photovoltaic 

water pumping is the most cost-effective solar irrigation system to use and to promote 

sustainable development in Sudan’s agriculture (Ali, 2018). The government of Sudan has been 

collaborating with United Nations specialized agencies in projects involving the replacement 

of diesel-powered pumps with solar-powered pumps (Osman Elzubeir, 2016). Authorities are 

also encouraging solar-powered drip irrigation, especially during the dry season (Burney et al., 

2010). 

2.6. Water situation and Agriculture in Egypt  

Egypt is an arid country located in the far North-Eastern part of Africa with 96 percent of its 

land area occupied by desert (Khalifa & Abdelall, 2019). The country’s climate varies from 

semiarid in the north to hyper-arid in the south and it’s predicted to go drier as 2050 approaches 

(USAID, 2018). The Western Desert in Egypt is one of the most arid regions in the world and 

it occupies about 66 percent of the country’s total land area (Khalifa & Abdelall, 2019). Since 

rainfall is scarce, Egypt has depended largely on the Nile river for centuries (Abd Ellah, 2020) 

and most of the Egyptian population are located in the Nile Delta, concentrated along the banks 

of the river (Ibrahim et al., 2018). The Nile river provides 90% of Egypt’s overall water demand 

and 85% of this is used by agriculture (Devaux, 2019; International Crisis Group, 2019). As 

there are limited water resources because of its stipulated share of the Nile resources, Egypt is 

among the list of countries that will experience water problems in future due to increased 

population, limited groundwater and reduced rainfall (Abd Ellah, 2020; International Crisis 

Group, 2019; USAID, 2018).  

Agriculture is a significant part of the Egyptian economy, accounting for 11.3 percent of the 

country's GDP, as it contributes to food security and exports revenue (Devaux, 2019). 

Agriculture employs 28 percent of the workforce, while it employs almost 55 percent of the 

workforce in Upper Egypt (USAID, 2022). Nevertheless, the cultivable land area is just 2.8% 

of the total land area and it is mostly in the “Nile area” and few “Sinai Peninsula oasis” (USAID, 

2018). Agriculture is primarily irrigated and totally reliant on the Nile river’s flow, therefore 

global warming and the reduction in the already scarce rainfall are projected to increase the 

amount of water required for crop production (USAID, 2018). Since 1978, the United States 

Agency for International Development (USAID) has been supplying technical support worth 

about 1.4 billion dollars to rural Egyptian farmers to improve rural agri-business (USAID, 

2022). 
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In Egypt, there are challenges with water resources as concerns arise concerning water 

availability in the Nile River for agriculture, particularly after the construction of the Grand 

Ethiopian Renaissance Dam (GERD) (Devaux, 2019). While the constructed dam means less 

water downstream. The Egyptian government speculated that the dam will effect farmer’s 

livelihoods (International Crisis Group, 2019), but it is presently difficult to estimate the extent 

of the impact of Ethiopian’s dam on Egypt’s food production (Devaux, 2019). Groundwater 

resource in the Nile and desert aquifers are hardly renewable and account for only 12% of 

Egypt’s water needs (A. M. M. Soliman & Solimsn, 2019). Due to Egypt's excessive 

groundwater usage, the safe yield has been exceeded, the aquifer systems have been 

overexploited and some aquifers are under threat by saltwater intrusion (Abd Ellah, 2020).  

  

2.6.1. Solar pump irrigation system (SPIS) in Egypt 

As a sunbelt country, Egypt possesses high solar radiation intensity (2600kW/h) and aims to 

achieve 20 percent of its power consumption as solar-generated according to the national energy 

goal for 2027 (Abdou & Ibrahim, 2019). Solar-powered pumping is being widely used in Egypt 

for the supply of drinking water and for irrigation purposes. In Egypt, solar water pumps have 

enabled people to move from the congested areas to the deserted part of the country where they 

take advantage of the sun to extract groundwater resources for livelihood and agriculture 

(Abdou & Ibrahim, 2019). Initially, farmers explored the Western desert using diesel-powered 

pumps since diesel was subsidized by the government, but now, “self-contained concentrated 

photovoltaic (PV) systems” steer the whole irrigation system (Abdou & Ibrahim, 2019). As fuel 

subsidies are reduced due to economic issues, solar pumps have gradually became competitive 

replacements for diesel pumps (A. Soliman et al., 2017). Residents of off-grid areas also took 

advantage of solar-powered water pumps since diesel prices increased and it became more 

difficult to move fuel to where it was needed (Ramsey & Mustard, 2012). 

The development of solar-powered pumping systems offers a fantastic opportunity to forego 

the use of unreliable and unsustainable diesel-powered generators, thereby helping to mitigate 

the risk of fuel price fluctuations (A. Soliman et al., 2017). As a result, crop losses from 

inadequate irrigation will never occur. Similar to other North African countries, the initial cost 

of SPIS is high but on the long run, it is economically viable because 1m3 of irrigation water is 

estimated to be 0.45 L.E. (Egyptian pound) with diesel pump as against 0.28 L.E. of solar pumps  

(Abdou & Ibrahim, 2019; A. Soliman et al., 2017). 
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This section reviewed the water resources and adoption of solar pumps in different countries in 

North Africa, especially Egypt, thereby showing effect of climate change on food security and  

water resources, and the positive acceptability of solar irrigation system among farmers in semi-

arid region. The previous discussion of water and food needs in North Africa requires us to 

think across multiple governance fields and inter-sectoral discourse in order to make better 

decisions concerning agricultural water-related technologies. The next chapter will describe the 

water-energy-food (WEF) nexus framework which serves as a guide to define gathered research 

data.  
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CONCEPTUAL FRAMEWORK 

In theory, possible conceptual frameworks for this study include the water-energy-land 

nexus/framework (El et al., 2016; Johnson et al., 2019), water-energy-environment framework 

(Asgharnejad et al., 2021), water-energy-food (WEF) nexus (Simpson & Jewitt, 2019), 

environmental-livelihood-security nexus (Shannak et al., 2018), water-energy-greenhouse gas 

nexus using life cycle assessment (LCA) (Nair et al., 2014). For this study, I have chosen WEF 

Nexus, because the framework efficiently matches the scope of the study and include the basic 

elements of agriculture. Other framework are too broad (wide cross-sector capacity) for this 

study, with complex methodologies that require further development. 

3.1. Water-Energy-Food (WEF) Nexus 

This section reviews and identifies the literature on the nexus framework, nexus interlinkages 

and nexus governance.  

The WEF nexus approach minimizes the one-dimensional (silo) decision making process and 

incorporates the complex interdependencies between sectors as an integrated process. "The 

WEF nexus is, therefore, the study of the connections between these three resource sectors, 

together with the synergies, conflicts and trade-offs that arise from how they are managed" 

(Simpson & Jewitt, 2019). Hoff (2011)presents the new nexus approach that considers the 

interdependencies of WEF and climate policy; a framing that identifies synergies and trade-

offs; and guiding principles that entails the sustainability of ecosystem services, resource 

efficiency and accessibility (Figure 4). The interlinkages include water for food and food for 

water, energy for water and water for energy, and food for energy and energy for food (Hoff, 

2011). For the purpose of this study, water for food, energy for water and energy for food 

will be assessed. 
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(source: Hoff, 2011, p.16) 

Figure 4. The Water-Energy-Food Security Nexus.  

In the past years, there have been different framings of the nexus and various analytical tools 

due to the ambiguity of its meaning, as well as various debates concerning the omission of 

social issues such as inequality, and including only the technical aspects in the framing of the 

nexus (Allouche et al., 2015). Criticism also emanated because governance, livelihood and 

environment discourse were not regarded by the nexus (Leese & Meisch, 2015; Simpson & 

Jewitt, 2019). The conceptualization of the WEF nexus has also been criticized to be water 

centric since according to WEF (2011), ground water is depleting globally and water has no 

alternative unlike energy resources. The WEF nexus started to gain recognition in policy and 

development matters since 2008, and through 2011, there has been readjustment with new 

additions such as considerations for climate change, land, ecosystem and livelihood. (Allouche 

et al., 2015; Simpson & Jewitt, 2019). There are also tailored and collaborative frameworks 

which are developed with the perspective of WEF nexus, such as WEF nexus and sustainable 

livelihood (of farmers) framework used to evaluate the impacts of hydropower development in 

a river basin in China (Zhong et al., 2022).  

In relation to water governance, the Integrated Water Resources Management (IWRM) 

approach has been adopted in the Millennium Development Goals (MDGs), however, there 

have been arguments that condemn the insufficiency of IWRM for sustainable development 
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(Benson et al., 2015; Bogardi et al., 2012). This is due to the water-centric nature of the 

framework which doesn’t include the expertise of other sector such as food and energy. (Benson 

et al., 2015)Apart from the WEF nexus approach, another framework for analysing nexus is the 

Climate, Land, Energy and Water (CLEW) framework which was initially adopted by the 

International Atomic Energy Agency for biofuel chain analysis (Ramos et al., 2021). 

Furthermore, with the advent of water-energy-food nexus, the way we think about our natural 

resources has changed (McGrane et al., 2018).  

The concept of Water-Energy-Food nexus is relevant for this study because of the inclusion of 

food, which is the basis of agricultural production and also, food security is the one of the major 

reasons for the adoption of solar pump irrigation systems. The world is facing rapid population 

growth, economic growth and environmental degradation, and North Africa is at the verge of 

water scarcity and desertification. The framework will help identify the linkages between water 

resources and food security by considering the adoption of solar-powered pump irrigation 

system and the projects promoting it. SPIS ensures the pumping of water for irrigation to 

improve agricultural yields (water for food); involves the extraction of water with the aid of 

renewable source of energy (energy for water); and promote the expansion of agricultural land 

using “free” energy from the sun (energy for food). Irrigation is significant in the nexus thinking 

because improving irrigation means more land productivity, which equally leads to more water 

requirements that increases energy usage (Rost et al., 2009).  

3.2. Interlinkages across the nexus 

3.2.1. Water for food production 

Agriculture is the  largest consumer of water, responsible for about 70% of the global freshwater 

and Africa and Asia use over 80% of water for agriculture (FAO, 2009). Also, irrigated 

farmlands accounts for 40% of total food production in developing countries and the percentage 

is expected to increase up to 50% by 2030 (FAO, 2009). This implies that irrigation activities 

will relatively increase as much as food demand increases. Therefore, food demand is directly 

(crop growth) or indirectly (animal rearing) influenced by the presence of in-situ water 

resources (D'Odorico et al., 2018). The interdependencies between water and food is 

substantial, therefore, blue water (water extracted from surface or groundwater sources) can 

determine the increase in crop yields. 

Carr et al. (2013) projected agriculture's water footprint to be 11.8 x 1012 m3 per year in 2010 

with green water (plant transpiration of rain water) accounting for roughly 78 percent and blue 
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water (surface and groundwater reserve) for 22 percent. Because some of this water is not 

"evapo-transpired" and can be reused downstream, the global consumption of blue water for 

irrigation is 0.90–1.28 x 1012 m3 /year which is less than the global water withdrawals for 

agriculture (2.41–2.56 x 1012 m3 /year) (D'Odorico et al., 2018; D'Odorico & Rulli, 2013). 

Because the green and blue water involved have different alternative uses and thus opportunity 

costs, it's vital to distinguish between rainfed and irrigated agriculture since blue and green 

water serve different purposes and require different energy sources (Hoff, 2011).  

Food's water footprint varies greatly depending on the kind of diet, calorie absorption and how 

it is allocated among plant and animal sources (D'Odorico et al., 2018). Consequently, water 

requirement in agriculture can also depend on the type of crop cultivated. Agricultural 

production could be boosted in drought-prone areas shifting to drought-tolerant crops, lowering 

water demand and making water available for other uses in the nexus. Micro-irrigation, on the 

other hand, could cut water usage but may raise total energy usage (Skaggs et al., 2012).  

 

 

3.2.2. Energy for water 

 The interlinkages between energy and food can include pumping, moving, distributing and 

treating water (Hoff, 2011). Energy is required for water supply, and lately, the quantity of 

energy necessary for irrigation, supply of safe drinking water and wastewater treatment has 

received more attention (IEA, 2016; Vora et al., 2017). Almost 50% of total irrigation water 

comes from groundwater (Siebert et al., 2010) and the pumping from this water source is 

relatively energy intensive compared to surface water bodies, depending on the increasing 

depth. Alternatively, transporting surface water where gravity cannot work, can require extra 

energy, for example, the South-to-North water transfer project of China (IEA, 2015).  

Pumping of groundwater for irrigation requires a large amount of energy supply (WEF, 2011), 

such that 20% of India's electricity and half of its hydropower generation are used for water 

pumping for irrigation (Hoff, 2011). According to the FAO (2009), Africa has only used about 

5 percent of its renewable energy sources, thus, capacity to greatly improve agricultural 

irrigation is possible. Therefore, solar energy can be leveraged on since the source is cheap, 

however, water overdraft can become an issue.  

 

Input Water Output Food 

Input Energy Output Water 
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3.2.3. Energy for food 

Energy in food production activities has contributed immensely to increasing farm yields 

through mechanization and other measures that reduce human labour, ranging from 

"cultivation, processing, packaging, transporting, refrigerating, to the preparing of food" 

(Ingram, 2011). However, there has been a large increase in energy inputs for irrigation land 

preparation, etc. (Hoff, 2011). As the fear of the difficulty in meeting future food demand is 

increasing and lingering, future energy demand for agriculture is bound to increase too. Despite 

the fact that agriculture's share of total global energy consumption is significantly lower than 

agriculture's share of total global water usage, intensive agriculture is extremely energy 

demanding (Hoff, 2011). Consequently, about 30% of total world energy demand is accounted 

for by the food production and supply system (Hoff, 2011). The close relationship between food 

and oil prices reflects agriculture's substantial energy need (Kim, 2009), such that agriculture 

becomes less cost effective with high energy charges.  

The interrelation between energy and food can be observed in the electricity subsidies available 

to farmers for water pumping (Bardi et al., 2013). FAO (2017) highlighted the various means 

by which food systems can be "energy-smart" which are substitution of energy source with 

renewables, increasing access to sustainable sources and increasing efficient usage of energy. 

The adoption of solar-powered pump irrigation system is a promising initiative that could help 

farmers towards becoming energy-smart, which is a synergy between food and energy sectors. 

 

 

3.3. System representation and modelling of nexus approaches 

The nexus frameworks offer a systems thinking approach that explains the advantages and 

trade-offs across WEF systems, aids in understanding the complexity and natural boundaries of 

our environment, and develops successful sustainable development strategies (Liu et al., 2018). 

However, this frequently increases model complexity, data requirements, and computing effort. 

The nexus notion must therefore be transformed into understandable frameworks and tools that 

can be used in decision-making (Vinca et al., 2021). Some of the useful WEF modeling tools 

include: 

Nexus simulation system (NexSym) - NexSym is a software that is being used to examine the 

sustainability of a local production system for food, energy, water, and other goods and services 

Input Energy Output Food 
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(University of Oxford, 2022). In comparison to other tools, it  focuses on local/regional scale, 

providing comprehensive projections for any given design ("in terms of the choice of 

technological options, scale of operations, and connections between the technological system 

components and ecosystem components") (University of Oxford, 2022). NexSym was used in 

the assessment of a UK eco-synergistic town's nexus design by Martinez-Hernandez et al., 

(2017), "to enhance local nutrient balance and meet 100% of electricity demand, while 

providing higher carbon capture, biomass provisioning, water reuse, and food production, with 

a significant impact on land use". 

Integrated multisector multiscale modelling (IM3) - Using a combination of open-source 

process-based human and natural system models, IM3 is able to predict the susceptibility and 

resilience of the United States (US) from local to global scales to both short- and long-term 

impacts of natural occurrences and socio-economic factors (PNNL, 2022). Researchers in the 

United States used computer simulations to investigate the co-evolution between human and 

natural landscape change in response to both sudden and long term events, by exploring the 

responses of interconnected energy, water, land, and urban systems to these changes (PNNL, 

2022; Voisin et al., 2020). 

WEF nexus tool 2.0 - This modeling tool was use to evaluate and quantify domestically 

produced foods in Qatar (WEF NEXUS Tool 2.0, 2014). The inter-relation existing between the 

water-energy-food systems was established water requirement, energy needs, land requirements 

and cost of local production (Daher & Mohtar, 2015). The WEF Nexus Tool allows inputs that 

depict national food, water, and energy strategy alternatives and enables the design and 

evaluation of various scenarios. Then, “the tool assesses the given scenario by calculating total 

water requirement for the scenario (cubic metres ), total land requirement (hectares), local 

energy requirement (kilojoules), local carbon footprint (ton CO2), financial cost (US dollars), 

energy consumed through import (kilojoules), carbon emission through import (ton CO2)”  

(Daher & Mohtar, 2015 p.9). 

WEAP ("Water Evaluation And Planning" system) tool - Freshwater management issues 

are becoming more prevalent, therefore, supply, demand, water quality, and ecological factors 

must now be fully integrated when allocating limited water resources among “agricultural, 

municipal, and environmental applications” (SEI, 2021). The software is user-friendly and 

adopts an integrated strategy (policy scenarios, water balance, stakeholder process) for planning 

water resources (ranging from surface and groundwater sources to run-off and wastewater 

treatment) (Momblanch et al., 2019; SEI, 2021). 
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Global Hydro-economic Model (ECHO) - The ECHO model is a “bottom-up system analysis 

tool” used to create comprehensive, long-term plans for the water infrastructure (IIASA, 2021). 

It can help us prepare for the effects of evolving socioeconomic and climatic conditions on the 

water system and make policy decisions that are both efficient and long-term (IIASA, 2021). 

Kahil et al. (2018) suggested ECHO as a suitable instrument for analyzing potential water-

related scenarios and assessing alternative management strategies. 

COFFEE (Computable Framework For Energy and the Environment model) - The 

COFFEE models were created in Brazil, and are used to evaluate the efficacy of various 

climate, land, energy, and environmental policies by informing experts and policymakers about 

the range of feasible approaches to future development and the consequences of various climate 

change scenarios (IAMC, 2020).  The model provides long-term (up to 2100) evaluations of 

the relationship between the economy, energy and land-use systems (IAMC, 2020; Rochedo, 

2016).  

Integrated Model to Assess the Global Environment (IMAGE 3.2) – IMAGE was first 

created in the 1980s which concentrated primarily on climate change, however the recent 

version was developed in 2020 focusing on environmental challenges and sustainability 

(Netherlands Environmental Assessment Agency, 2021). IMAGE models the impacts of human 

activities on global environmental and portrays the interactions between society, the ecosystem, 

and the climate system to analyze climate change, biodiversity, and human well-being 

(Netherlands Environmental Assessment Agency, 2021). IMAGE explores the long-term 

dynamics and repercussions of global changes caused by socio-economic and environmental 

causes, by building  environmental assessment scenarios and presenting the implications of 

the response approaches (Netherlands Environmental Assessment Agency, 2021). Van Vuuren 

et al. (2019) applied IMAGE to build scenarios that show 60% increase in global food and 

energy needs, and 20%  in water demand if no new global policies for resource efficiency are 

taken up. 

These above-mentioned models are basically quantitative data driven, and less focused on 

possible scenarios. IMAGE, which focused on several scenarios development, specifically 

models human activities and their effects on ecosystem, which is out of the scope for this study. 

In this study, fuzzy cognitive mapping (FCM) was used instead, as the basis of system 

modelling, FCM is more focused on making relationships more obvious between multiple, 

interdisciplinary or socio-economic sectors, whereas, others tend to describe a single 

representation of relationality between nodes in the system. 



25 

 

Fuzzy cognitive mapping (FCM) – FCM is a graph-based and network-based analytical 

technique that helps to understand complex system coherently and organize concepts in semi-

quantitative models (Obiedat & Samarasinghe, 2016). In FCM, relationships between these 

concepts can be dynamically coordinated in a way that brings meaning to the relationships 

between system elements. FCM can create economic, social or ecological scenarios around 

different components of a system, and also show the structural effects (positive or negative) of 

these "what if" situations on the components in statistical manner. FCM is also described as a 

simulation model that analyses the causality relationships of complex systems by presenting 

these systems as a whole system, thereby enabling experts to observe the results of scenarios 

before they really occur (Kosko, 1986). Different scenarios of the socio-ecological and 

economic effects of human activities can be observed using FCM and the earth's future capacity 

to endure, can be predicted (Olazabal & Pascual, 2016). This, in turn, can influence the kind of 

policy decisions to make (Solana-Gutiérrez et al., 2017). 

There is a growing trend in nexus research toward combining qualitative and quantitative 

methods, as an integrated approach necessary for robust modelling, usually if the qualitative 

definition is generated in collaboration with local stakeholders (Sušnik & Staddon, 2021). A 

few number of studies have used FCM as a modelling tool for WEF nexus approach. Martinez 

et al. (2018) applied fuzzy cognitive mapping, originating from a qualitative social science 

knowledge, to identify local perspectives on WEF nexus linkages, improving the quantitative 

integrity of a formerly qualitative method to mapping a nexus. Purwanto et al. (2019) and Ziv 

et al. (2018) created causal models of the WEF nexus generated through fuzzy cognitive 

mapping to identify how different WEF actors perceive the water-energy-food interactions and 

their significances in attaining sustainability. Through a nexus viewpoint, a study in a semi-arid 

region of Austria collect the opinions of actors involved in nature conservation, agriculture, RE, 

tourism, water management, hunting and the civic society hunting in order to create a 

consolidated cognitive map (Kropf et al., 2021).  

In their paper which evaluates WEF nexus for future studies, Sušnik & Staddon (2021) 

observed that many research use quantitative approaches to "quantify the nexus", and that these 

publications show that causal mapping is utilized at an initial point to understand the 

whole system design and the primary interactions in order to construct quantitative models as 

the most visible outcomes. 
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This section reviewed the water-energy-food (WEF) nexus framework and the system 

representation of nexus approaches. The next chapter will describe the methodology used in the 

research. 
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METHODOLOGY 

This chapter describes the steps taken during this research and how the theories mentioned in 

the preceding sections are operationalized. It contains the research methods, data sources, and 

data collection. Then, the selection of projects and data analysis.  

4.1. Research Design 

4.1.1. Research Framework 

A research framework which is adapted from Verschuren & Doorewaard (2010), was designed 

to show the overview of the steps that were followed to answer the research questions. 

According to the schematic representation in Figure 5, the first step (a) involved data gathering 

and thereby obtaining knowledge of current policies and water situation in the study area. The 

second step (b) involved the application of nexus approach to assess the SPIS projects. The 

third step (c) involved creating a system model of solar pump projects using fuzzy cognitive 

mapping (FCM), data analysis and reasoning. And the last step (d) entailed translating the 

results into proposals for feasible policies to improve the adoption of SPIS without stressing 

the groundwater resources.   

 

(adapted from Verschuren & Doorewaard, 2010) 

Figure 5. The Research Framework  
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4.1.2.  Research Strategy 

This study was based on desk research coupled with interviews to evaluate the proposed 

governance strategies. The strategy of this research required a case study approach to examine 

the selected SPIS projects (research objects) by utilizing qualitative and semi-quantitative 

methods to gather the needed data. Using data gathered from  grey and scientific literature, the 

study identified and analysed the interlinkages between the nexus resources using the Water-

Energy-Food Nexus approach. Linkages between concepts and variables identified during the 

desk research and interviews were analysed using fuzzy cognitive mapping (FCM), which form 

the basis for policy recommendations. 

4.1.3.  Research Unit 

This research focused on solar-powered pump irrigation system projects in North Africa, their 

benefits and challenges as well as the project implementers as the unit of this research.  Due to 

the availability of data, focus was directed to the case studies in Egypt. Fuzzy cognitive 

mapping is also a unit of the research. 

4.1.4.  Research Boundary 

For the timely completion of this research and to ensure that the study objectives are achieved, 

the following research boundaries used are: 

• Focus on solar-powered pump irrigation system as a promising agricultural technology 

being promoted by the government 

• Focus on groundwater extraction for irrigation only  

• Focus on projects only promoted by the government of the selected country and their 

effects on water, food and energy dimensions at the farm level 

4.2. Research Methods and Data Collection 

A preliminary document review was done to understand the present status of the adoption of 

solar pump irrigation systems (SPIS) in North Africa as well as the governance structure in 

place. SPIS projects in Egypt were then identified. The implementation process and the status 

of these projects were assessed by reviewing government documents, international 

organizations' databases, and policy documents. 

The previously described framework and theory were used to analyze the effects of these 

projects on the nexus resources. This further clarified the opportunities and benefits of these 
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projects and more generally, the promotion of the technology. Comparison between solar pump 

and diesel pump for irrigation are also established through the desk study. 

The methods used for this research are structured literature review and desk study, fuzzy 

cognitive mapping, and expert interviews. These methods gathered inferences from prior 

publications and  experiences of experts to propose policy options and predict future outcomes 

of the continual adoption of solar pump irrigation system. The rationale for using these methods 

is described in Table 2. 

Table 2. Data sources and collection methods 

Sub-Question Information 

required to answer 

the question 

Data source and 

collection methods 

What are the water resources available, the 

environmental regulations in place, and 

how do they influence the adoption of 

SPIP?  

Water resources and 

irrigation policies 

* Secondary data 

* Documents from 

desk study and 

structured review 

What are the effects of solar pumping on 

water, food and energy resources? 

Opportunities, 

benefits and 

challenges of using 

solar pumps at the 

farm level  

* Secondary data 

* Documents from 

desk study and 

structured review 

How can the in-field context be represented 

in a systematic way to model policy 

scenarios? 

Concepts associated 

with the solar pump 

irrigation projects 

and irrigation 

terminologies, to 

create a mind map 

* Primary data - 

Semi-structured 

interview with experts  

* Secondary data - 

Documents from desk 

study, structured 

review 
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* Fuzzy cognitive map 

scenarios 

How might SPIS be successfully adopted 

without overexploitation? 

* Importance and 

responsibilities of 

solar irrigation 

stakeholders 

* Significant factors 

that increase 

groundwater 

abstraction 

* Primary data - 

Semi-structured 

interview with experts  

* Secondary data - 

Documents from desk 

study, structured 

review, and Fuzzy 

cognitive map 

scenarios 

What governance strategies can be 

proposed to improve the rate of water 

withdrawals using SPIS? 

Possible policies 

that should be 

enforced and 

improved 

* Primary data 

Semi-structured 

interview with experts 

* Fuzzy cognitive map 

scenarios 

 

4.2.1. Projects and experts selection 

Experts were selected based on availability, experience and willingness to provide relevant 

information. The project case studies were selected through the review of grey literature. The 

search keywords are "Solar pumps irrigation in Egypt", "Solar-powered irrigation projects in 

Egypt". The selection criteria for the projects are; 

• Projects sponsored by the government bodies in partnership with international 

organizations 

• Projects with documents containing their descriptions, design and implementation 

processes and lists of stakeholders 

• Projects available in English language 

• Projects with contact information and willingness of project Managers to grant an 

interview 
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The list of potential solar pump irrigation system projects with brief description and status is 

given below (Table 3).  

Table 3. List of experts and potential SPIS projects in North Africa 

Project name Description 

Clean-tech entrepreneurship 

and market development 

project in Egypt (IFC, 2020b) 

International Finance Corporation (IFC) partnered with 

Agricultural Bank of Egypt (ABE) to help farmers access 

funding for farmers to purchase and switch to solar pumps 

for irrigation at affordable prices, to save them US $875 

million annually in diesel fuel costs 

Desert-to-power Initiative 

(budget-US$ 21.781 million) 

(AFDB, 2021) 

The project aims to increase the replacement of diesel-

powered pumps with solar-powered by installing 1,170 solar 

PV pumps in North and West Kordofan, Sudan. Duration is 

from 2019-2024 and sponsored by African Development 

Bank 

Solar water pumps for 

sustainable agriculture in 

Sudan (UNDP, 2019) 

The Korea International Cooperation Agency (KOICA) 

(US$6.4 million) and United Nations Development 

Programme (UNDP)  (US$0.6 million) are financing the  

project between 2019 - 2023. The project aims to directly 

help 450 small and medium farmers in northern Sudan.  

Promoting the development 

of photovoltaic pumping 

system for irrigation 

A 4-year project, implemented between 14 October 2016 

and 13 October 2020, and co- financed by the Government 

of Morocco (41,837,000 USD), private banks (up to 

28,966,000 USD), Global Environment Facility (up to 

2,639,726 USD) and UNDP (up to 100,000 USD) co-

financed the 4-year project. The aim of the project is to 

establish a framework conducive to the development of solar 

pumping and the creation of favourable conditions for its 

success.  
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Promoting the use of solar 

pumps in Western Egypt for 

irrigation (Tawfeek, 2018) 

The project aims to support Egypt's transition to renewable 

energy source by providing funds for farmers to switch to 

affordable irrigation system through solar power. FAO 

signed an agreement with the Egyptians government for a 

grant of US$276,000 to promote the use of solar pumps in 

Western Egypt for irrigation 

Projects with positive response interviewed and examined  

- Clean-tech entrepreneurship and market development project in Egypt 

 

- Promoting the use of solar pumps in Western Egypt for irrigation 

Expert Date interviewed 

Project Manager A  16th May, 2022  

Project Manager B 31st May, 2022  

Agricultural Water 

Management Expert and SPIS 

Researcher A 

2nd June, 2022   

Agricultural Water 

Management Expert and SPIS 

Researcher B 

20th May, 2022  

WEF Nexus Researcher A 27th May, 2022 

WEF Nexus Researcher B 6th June, 2022  

Agricultural Water 

Management Expert and SPIS 

Researcher C 

8th August, 2022   

Note: Photos in Appendix C 
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What are the water resources available and the environmental regulatory in place, and 

how do they influence the adoption of SPIS? (descriptive) 

4.2.2.  Structured review and desk study 

The structured review and desk study was carried out using Google Scholar and Web of Science 

databases to assess peer reviewed publications and articles. Desk research of grey literatures 

was used to obtain country-related information about environmental policies, water resources 

and amount available. Keywords used include "water resources in Egypt", "water policies and 

governance" and "solar pumps and irrigation policies in Egypt". The WEF framework will also 

provide insight about the amount of water being used for agriculture in relation to crop water 

requirement and hydro-electricity generation. 

 

What are the effects of solar pumping on water, food and energy resources?  

4.2.3.  Desk research 

With the use of google scholar and web of science databases, relevant peer reviewed 

publications and articles were identified. Information regarding the opportunities, benefits and 

challenges of using solar pumps irrigation in semi-arid region were obtained. This information 

was classified using the WEF nexus interlinkages. SPIS projects documents, grey literatures 

and official websites for statistical databases such as FAOSTAT and World Bank were also 

used. Keywords used in the document search include "Benefits, trade-offs and opportunities of 

solar pump irrigation", "nexus interlinkages for solar irrigation", "groundwater overexploitation 

and stakeholders" and "Diesel pumps and solar pumps for irrigation". Data obtained aid the 

general description of the contributions of solar pump irrigation to sustainable development. 

 

How might SPIS be successfully adopted without overexploitation?  

4.2.4.  Semi-structured interviews 

Semi-structured interviews with projects implementers, agricultural water management experts 

and solar irrigation researchers were conducted. Projects were identified through internet search 

and review of reports and documents. The interviewees were contacted through emails. 

Questionnaires with open questions was prepared. The questions were themed and structured 

such that information about irrigation policies, available water resources, implementation 

process, outcomes so far, opportunities and challenges, important factors during the adoption 



34 

 

of solar pump irrigation system and the way forward, were obtained. The purpose of this is to 

gather information about implementation process of solar pump irrigation system projects and 

also obtain opinions and evaluate the proposed strategies for feasibility and credibility.  

4.2.5.  Fuzzy cognitive mapping 

Concepts and factors were identified through content analysis of scientific literatures and 

interviews of experts. Causality relationships between concepts were established and edge 

weight assigned in a fuzzy manner with confirmation from experts. ‘What if’ scenarios were 

developed to understand the dynamics of solar pump irrigation systems and to understand the 

concepts and factors that should be emphasized and incorporated in order to address 

groundwater overexploitation. These were translated into policy options. 

 

How can the in-field context be represented in a systematic way to model policy scenarios? 

4.2.6.  Interviews and desk research 

Selected experts were interviewed and relevant concepts were identified which was used in 

creating the fuzzy cognitive mapping. Variables and their connections with each other were 

also establish through literation review of documents. Report and scientific articles were 

reviewed in order to obtain the rationale behind the established connections between variables.  

4.2.7.  Fuzzy cognitive mapping 

A mind map that shows concepts and their interactions was created using the mental modeler 

software. Causality relationships between concepts were established and weights were assigned 

in a fuzzy manner with confirmation from experts. 

 

What governance strategies can be proposed to temper the rate of agricultural water 

withdrawals using SPIS? 

4.2.8.  Expert interviews 

Experts in solar irrigation were interviewed through open interviews (Appendix A), based on 

their experience with solar pump irrigation system, their interactions with farmers and their 

involvement with solar pump projects. The interviewees were contacted through emails. 

Suggestions for better sustainable use of groundwater resources and governance of solar pump 

irrigation systems, as well as the results obtainable from the suggested strategies were gathered 

from these discussions.  
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4.2.9.  Fuzzy cognitive mapping 

‘What if’ scenarios were developed to understand the dynamics of suggested governance 

strategies with the present situation regarding groundwater withdrawals. The results were used 

to predict policy options that could be incorporated. 

4.3. Design system representation of SPIS situation 

In this study, the FCM analysis approach used was adapted from the FCM steps for ecological 

models described by (Özesmi & Özesmi, 2004) and the Mental Modeler Software (modelling 

tool) (https://www.mentalmodeler.com/, n.d.) as applied by (Gray et al., 2013) for adaptive 

environmental management 

i. Creating a mind map: Concepts, variables and factors associated with the use of 

SPIS and the causal relationship between them were identified texts and data from 

desk research (scientific literatures, project documents) and open interviews. 

Individual interviews identified concepts that they recognised as being important in 

the design, implementation and adoption of solar pump irrigation system. Resultant 

mind-maps were aggregated into a single-represented fuzzy cognitive map. The 

scientific database is used to find articles to populate variables (Jetter & Kok, 2014) 

and linkages, using the following search keywords; “Solar pump irrigation and food 

security”, “Solar pump irrigation and water security “Solar pump irrigation in arid 

region”, “Solar pump irrigation and climate change”, “Solar pump irrigation and 

rural development”, “Solar pump irrigation and farmer’s livelihood”, “Solar pump 

irrigation and economic viability”, “Solar pump irrigation and groundwater 

resources”, “Solar pump irrigation and water policies” and “Solar pump irrigation 

and WEF nexus” (Table 8). 

ii. Assigning numerical strength to causal relationship: The existence of a 

connection between variables, identified in the literature in step (i), is translated into 

a square numerical matrix by the Mental Modeler. In this causality matrix Wij, the 

concepts are repeated as rows and columns, and therefore each element of the matrix 

represents the strength of connection (interaction) between concept of row i and 

concept of row j.  A numerical strength between -1 and 1 is assigned to represent 

the causal increase or decrease between concepts, and their verbal expression is 

presented in Table 4. The degree of interactions were decided based on the 
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information obtained from literature review and interviews; and adjustments to 

values were cross-checked by key experts. 

 

 

 

Table 4. The ranges of strength of interactions(Gray et al., 2013; Jetter & Kok, 2014; Kok, 2009) 

Linguistic expression Semi-quantitative values 

Very High connection 0.8-1 

High connection 0.55-0.75 

Medium connection 0.3-0.5 

Low connection 0.1 – 0.25 

No Connection 0 

Note: Negative connections are coded as the inverse of positive connections 

 

 

iii. Building scenarios: Using the mental modeler software, scenarios were developed 

to explore the current situation and the potential modifications that could be done in 

the system to improve the sustainable adoption of solar pump irrigation system. 

First, preferred state was identified based on the problem statement. Three scenarios 

were built using the hyperbolic tangent function to portray different situations 

including: a baseline scenario to represent the present situation, a negative scenario 

that shows the system state when things go wrongly and a positive scenario that 

addresses the possible pitfalls of SPIS. The hyperbolic tangent hyperbolic function 

has values with wider range of -1 to 1 which allows the worst-case scenarios to be 

evenly represented by strong negative values (Kokkinos et al., 2020). Scenario 

assumptions were done by increasing or decreasing some of the components to 

achieve the preferred state scenario (Table 5). The graphical outcomes from the 

scenarios were further analyzed to understand the effects of the changes done in the 

system.  

iv. Drawing conclusions from the result: Based on this analysis and using scientific 

data, ranges of policy options for achieving the preferred state in real life were 

proposed. Policy instruments in form of regulatory instrument (well permits), 

financial incentives (energy feed-in tariffs) and techno-regulation (smart irrigation) 
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are adjusted to indicate the trend and direction of results. In addition, the 

combination of policy options that shows the highest tendencies of output is 

indicated and used to draw policy conclusions. 

The purpose of using fuzzy cognitive mapping is to identify probable variables that are 

important in the adoption of SPIS and give direction towards possible policies after identifying 

the drivers (variables that are affecting others but they themselves are not affected), receivers 

(variables that are affected by others but they themselves are not affecting any variable), 

ordinary (variables that are neither receivers nor drivers), indegree (number of ties entering a 

variable), outdegree (number of ties leaving a variable) and degree centrality (Variable with the 

highest number of ties). 

The conditions for the scenarios were decided upon after taking into account the knowledge 

gained from the interviews with projects/experts (to be presented in the results section). Policy-

options proposals for solar pump irrigation system were made based on desk research and 

system model of the best scenario.  

 

Table 5. Overview of Scenarios 

Scenario Preferred State Percentage 

increase/decrease 

A  Increased well permits 50% 

Increased smart irrigation 50% 

B Increased Energy feed-in 

tariff  

50% 

Increased Water-Energy-

Food sectoral 

collaboration 

50% 

C Reduced irrigation 

policies  

50% 

Reduced financial aids 50% 
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4.4. Data Analysis 

The data obtained from desk research, literature review and expert interviews were used to 

obtain information about the experiences of farmers, project managers and government 

agencies in the application and adoption of SPIS through triangulation of data from various 

sources and content analysis. The interviews were also analysed based on the question theme 

through triangulation of data. For the purpose of this study, "triangulation has been adopted in 

social science in the study of the same phenomenon through applying and combining several 

data sources, research methods, investigators, and theoretical schemes" (Wang & Duffy, 

2009). Content analysis is a research tool used to determine the characteristics of concepts or 

topics of a given qualitative data (Wang & Duffy, 2009). 

4.5. Ethical Considerations 

This research guarantees transparent and independent view without any commercial 

relationship that could infer potential conflict of interest.  Data were gathered from peer 

reviewed literatures, publicly available documents and interviews with experts which complies 

with the ethical standards set by the ethics committee of the Faculty of Behavioural, 

Management, and Social Sciences of the University of Twente. Also, an informed consent form 

(Appendix B) which allows interviewees to exercised their rights was used during the interview. 
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RESULTS 

This section describes the outcomes of the interview with experts and projects, as well as the 

results of the fuzzy cognitive mapping, thereby resolving the research questions of this study. 

PROJECTS PROFILE 

Clean-tech entrepreneurship and market development project in Egypt (IFC, 2020b) 

With the support of the Agricultural Bank of Egypt (ABE), the International Finance 

Corporation (IFC) provides funds to Egyptian farmers so that they could afford to switch to 

solar pumps for irrigation, saving an estimated $875 million per year on diesel fuel. Since the 

ABE caters for about 4 million farmers, the scheme aims to reach as much. According to the 

interview with Project Manager A, market surveys were carried out to determine the 

profitability of the project and consultations with water resources agency provides information 

on available water resources and relevant stakeholders. Farmers were also selected based on 

farm size and evidences of well permits. 

Promoting the use of solar pumps in Western Egypt for irrigation (Tawfeek, 2018) 

The duration of this project is 3 years (2019-2021) goal of this initiative is to help Egyptian 

farmers make the switch to a solar-powered, lower-cost irrigation system and so aid the 

country's clean energy transition. The Food and Agriculture Organization (FAO) provided a 

grant to the Egyptian government in the amount of $276,000, used to encourage the use of solar 

pumps in Egypt’s western desert for irrigation purposes. Farmers and Water User Association 

members were also given training on how to operate and maintain the system. The FAO 

provided technical and financial support while the Egyptian government chose the participating 

farmers. This project aimed decrease greenhouse gas emissions and provide affordable, clean 

energy to farmers. 

WHAT ARE THE WATER RESOURCES AVAILABLE AND THE ENVIRONMENTAL 

REGULATORY IN PLACE, AND HOW DO THEY INFLUENCE THE ADOPTION OF 

SPIS? 

5.1. Available water resources 

Generally, Egypt has limited water resources consisting both conventional and non-

conventional sources. The major water resources include Nile River (Abd Ellah, 2020; Swain, 

2011). Other sources include groundwater (underground aquifers of Nile valley and Delta, the 
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Nubian Sandstone Aquifer in the Western Desert, the Sinai Peninsula and other minor aquifers 

mainly around the coastal and Delta regions), rainwater, reuse of drainage wastewater 

(agricultural drainage water and treated waste water) and seawater desalination, which all 

together sum up to a total of 76.4 billion cubic metres (BCM) as at 2015 (Figure 6) (Table 6) 

(Abd Ellah, 2020; EEAA, 2018; El-Rawy et al., 2020). The Egyptians water consumption 

mainly comprises of agriculture, domestic and industrial purposes, and also include hydropower 

generation (Fobissie & Shalaby, 2021), and agriculture sector have the highest consumption 

(Mostafa et al., 2021).  

 

Table 6. Water resources in Egypt (CAPMAS, 2016; EEAA, 2018) 

 

 

5.2. Agricultural water resources  

5.2.1. Surface water resources 

Nile river is the most abundant surface water available in Egypt , covering an area of up to 2.9 

million km2 and it’s 6,695 km in length (Tadese, 2020). Nile water is the main freshwater 

resource in Egypt with an apportioned share of 55.5 billion cubic meters (BCM) per year 

(Figure)  according to the treaty agreement with Ethiopia and Sudan, and this represents up to 

97 percent of the available renewable water resources (EEAA, 2018; El-Rawy et al., 2020; Gad, 

2017). In the interview with project Managers A and B also confirms river Nile ss the main 

source of surface water for the Egyptians for many years, explaining that most agricultural 
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activities and majority of the Egyptian population are concentrated along its bank. “For most 

of the farms that have been cultivated around the river Nile, they have been using the flood 

irrigation for decades” (Project Manager B). 

Agriculture consumes up to 39.2 billion cubic meters/year alongside its irrigation canals of 

33,550 km long (AbuZeid, 2020). As an hyper-arid region, rainfall is not a reliable source of 

water. Annual rainfall ranges from 0-200mm depending on the location and the amount of 

rainwater is around 1.3 billion cubic meters/year which has been projected to decrease in the 

coming years (Abd Ellah, 2020; AbuZeid, 2020). Rainfall is limited to the coastline along the 

Mediterranean in winter (Gad, 2017).  

5.2.2. Groundwater Resources 

Nile aquifer, desert aquifer and coastal aquifer are the main source of groundwater resources in 

Egypt. Nile and Desert aquifers are difficult to recharge especially the deep desert groundwater 

which are not renewable (Gad, 2017). The Nile aquifers in the Nile delta and valley are fed by 

the infiltration of Nile water and excess irrigation water (Gad, 2017). Other factors influencing 

groundwater are rainfall and drainage water. Freshwater of the coastal aquifer is formed by 

rainfall at the coastline, although it is vulnerable to salt water intrusion and climate change 

affects the recharge rate of all these aquifers (Abd Ellah, 2020). “About 2.1 BCM/year are 

withdrawn from non-renewable groundwater aquifers for agriculture purposes. In addition, 

about 5.5 BCM/year are abstracted from return groundwater recharge within the Nile Valley 

and Delta aquifers” (AbuZeid, 2020). Interviews with Project Manager A and B confirmed the 

use of solar pumps to access groundwater in the off-grid and desert region. 

5.2.3. Reuse of agriculture drainage and treated wastewater 

According to an interview with Project Manager B, the Egyptian government are placing more 

importance on finding alternative sources of water such as desalination and water reuse, 

especially with the construction of the Ethiopia dam on the river Nile. The reuse of treated 

drainage water is one of the new source that provides a reasonable amount of water for the 

Egyptians (Abdin & Gafaar, 2009). Although this is a non-conventional source that cannot be 

added to the amount of fresh water available in Egypt. However, this water recycling method 

improves water use efficiency and saves water (Gad, 2017). In 2013, quantity of water reused 

amounts to about 13 BCM. Most of the reused water is the water drained from agricultural and 

irrigated land, which then returns to the Nile (Abd Ellah, 2020). “About 9.31 BCM/year of 



42 

 

agriculture drainage is being reused in agriculture, in addition to about 4.19 BCM/year of 

treated wastewater which is directly or indirectly reused in agriculture” (AbuZeid, 2020).  

 

 

Figure 6. Water resource availability in Egypt (in billion cubic metres) (Abd Ellah, 2020, p.2) 

 

5.3. Environmental Regulatory 

The main environmental policies concerned with solar pump irrigation systems are land 

policies, water policies and energy policies. Land policies in Egypt are centred around land 

reclamation and fragmentation, such that strategies are directed towards efficient use of the 

available arable land, reclamation of land through the irrigation of desert areas, and the 

improvement of irrigation system for higher agricultural productivity (Tellioglu & Konandreas, 

2017). The government policy for land fragmentation started in 1952, stating 190 feddans 

(feddan is a unit area and one feddan equals to 4,200 m2 or 0.42 hectare) as the maximum land 

that can be owed per person which was later reduced to 100 feddans per person in order to help 

small scale farmers and promote equity (El-Nahrawy, 2011; Tellioglu & Konandreas, 2017). 

The present tax law provides incentives that would discourage land sales or combining, and 

also exempt owners of lands less than, 2 feddans from paying taxes. Land reclamation in Egypt 
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is one of the strategies employed to promote agricultural development by expanding agricultural 

land through reclaiming desert regions (Tellioglu & Konandreas, 2017). Reclaimed lands 

(Deserts converted into new agricultural lands) are usually achieved by irrigation. 

The Egyptians water policy (EWP) aims to improve water quality, reduce water pollution, 

mitigate groundwater withdrawal and encourages drainage water reuse. Present policies 

according to the national water resources plan (NWRP) adopted integrated management 

approach which is supposed to foster coordination among governmental institutions and water 

users association. Both structural and non-structural measures are stipulated. These include; 

“rehabilitation of irrigation structures”, “improvement of the irrigation system”, “installation of 

water level monitoring devices linked to telemetry systems”, “improvement of the drainage 

system”, “increased exploitation of deep groundwater”, “establishment of the irrigation 

advisory service and the expansion of the water users association (WUAs) for ditches and 

irrigation canals” (Abdin & Gafaar, 2009), “the establishment of water boards on branch canals, 

the promotion of public awareness programs as well as the involvement of stakeholders” (Abdin 

et al., 2011). 

Egypt’s energy policy reform programme is aimed at achieving an energy mix comprised of 

40% renewable sources by 2035 (UNDP, 2022). Solar projects are being designed and 

implemented all over the country since the country has an abundance of solar potential. Since 

2014, the Egyptian government has been reducing fuel subsidies (diesel by 64 percent) which 

has led to the increase in the prices of petroleum products (WRI, 2021). This in turn, 

strengthened the market for solar pump irrigation system. Project Manager A also affirmed 

since 2026, the Egyptians government had started removing diesel subsidies which hiked the 

diesel prices, thereby accelerating the acceptance of the SPIS project. 

The Country Programming Framework (CPF) Outputs for Egypt between 2012 and 2017, that 

aligns with solar pump irrigation systems are “Priority Area B: Improving productivity and 

efficiency in the agricultural sector, especially on irrigation modernization; Priority Area D: 

Conserving natural resources and adapting to impacts of climate change” (FAO, 2020). Solar 

pump irrigation systems are being encouraged in agricultural sector in Egypt’s framework of 

national action plans against climate change, as a form of mitigating greenhouse gas (GHG) 

emissions in the sector (FAO, 2020). “Egypt included climate smart agriculture (CSA) in its 

NDC adaptation contributions, which allows farmers to increase agricultural production while 

enabling them to adapt to climate change” (Fobissie & Shalaby, 2021). 
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WHAT ARE THE EFFECTS OF SOLAR PUMPING ON WATER, FOOD AND ENERGY 

RESOURCES?  

5.4. Comparison between diesel pump irrigation systems and solar pump irrigation 

systems 

The differences between diesel-powered irrigation system and solar-powered irrigation system 

are presented in Table 7. 

Table 7. General comparison between diesel pump irrigation systems and solar pump 

irrigation systems 

 Diesel Pump Irrigation 

System 

Solar Pump Irrigation 

System 

References 

Components/ 

Technical 

- Components include 

diesel generator, pump, 

pump-motor, 

controller/inverter  

-Installation is faster and 

easier 

-Efficiency of a diesel 

generator reduces with 

time, although it works 

continuously at certain 

efficiency on both cloudy 

and sunny days 

- Components include 

photovoltaic array, 

pump, pump-motor, 

controller/inverter 

- Installation and repair 

usually require skilled 

technicians 

- Power produced is 

constant throughout life 

span as long as solar 

panels are still intact, 

however, efficiency 

depends on the sun 

intensity, panel angles, 

size of PV panels and 

day-type (cloudy or 

sunny day) 

- Aids technical 

empowerment of locals 

- Increases the rate of 

rural electrification 

(Abu-aligah, 

2011; Al-

Smairan, 2012; 

Chandel et al., 

2015; Kelley et 

al., 2010; Meah 

et al., 2008; 

Odeh et al., 

2006) 

Life Span - 5-10 years - 10-20 years (Abu-aligah, 

2011; Chandel 

et al., 2015; 

Kelley et al., 

2010; Meah et 

al., 2008) 

Climate 

requirement 

- No climate or weather 

conditions are required for 

use 

- Requires solar 

radiation which strongly 

depend on latitude and 

climate 

(Abu-aligah, 

2011; 

Armanuos et 

al., 2016) 
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Economic - High diesel cost 

- High maintenance and 

operating cost due to 

regular maintenance of 

generator 

- Higher life cycle cost 

considering present value, 

capital cost, fuel, 

transportation, replacement, 

operating and maintenance 

cost 

- Free energy from the 

sun 

- No fuel cost 

- Low maintenance cost 

and no operating cost 

- High investment cost 

but decreases 

significantly when 

supported with financial 

aids (about 22-56% of 

diesel pumps’ cost) 

- More lucrative for 

water-intensive crops 

(Al-Smairan, 

2012; Dadhich 

& Shrivastava, 

2018; Hossain 

et al., 2015; 

Kelley et al., 

2010; Khan et 

al., 2014; Meah 

et al., 2008; 

Odeh et al., 

2006; 

Parvaresh Rizi 

et al., 2019; 

Xie et al., 

2021) 

Environmental - Noise pollution 

- Air pollution, contributing 

to carbon emissions 

- Less noise for health 

reasons 

- Use of renewable 

energy, thereby 

reducing dependency on 

fossil fuel 

- Facilitates the shift 

towards climate-smart 

agriculture 

(Al-Smairan, 

2012; Khan et 

al., 2014; Meah 

et al., 2008; 

Odeh et al., 

2006) 

Limitation  - Expensive to use in 

remote areas due to cost of 

fuel transportation 

- Suitable for remote 

water pumping, where 

either electric 

transmission lines are 

unreachable or diesel 

fuel is high 

- Water can only be 

pumped during the day 

since the energy source 

is from the sun 

- Challenges associated 

with solar panel 

disposals in the future 

e.g. pollution of water 

resources 

(Al-Smairan, 

2012; Hossain 

et al., 2015; 

Meah et al., 

2008) 

 

In the life cycle assessment (LCA) of diesel-powered and solar-powered irrigation system 

carried out by (Armanuos et al., 2016), it was discovered that the environmental impacts of 

diesel pumps for groundwater pumping on resources depletion and human health is far higher 

than that of solar pumps. Nevertheless, for better comparison, a complete cradle-to-grave LCA  
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carried out shows the negative environmental impacts of solar systems. Silicon-based PV 

exhibit higher negative impact, but higher efficiency and longer life span than organic solar PV 

(Tsang et al., 2016). Therefore the type of solar panels and recycling processes determines the 

advantages of solar pumps over diesel pumps. “The potential of increasing the ecological 

advantage of solar pumping systems compared to diesel powered pumping systems even further 

lies in increasing the efficiency and lifetime of OPVs and in the implementing of full-scale 

silicon recycling processes, which are right now not existing” (Tsang et al., 2016). 

5.5. Water-Energy-Food Security Nexus 

One of the most crucial benefits of solar pump for farmers is the assurance that there is water 

available to continue their agricultural activities.  Food security is already in a dangerous spot 

in Egypt (Ramadan, 2015) and “as a strategic framework for food production, Egypt is taking 

positive measures to employ solar energy as a renewable energy source for water pumping 

in reclaimed desert regions” (El-Bably & Abd El-Hafez, 2019). Solar pump irrigation system 

can improve food production by using sustainable irrigation to provide prompt irrigation. 

However, this food challenge should not be prioritized at the detriment of the nation's water 

security, since any attempt to ensure food security is usually intertwined with water security 

discourse. 

Due to the substantial amount of rural Egyptians and their reliance on agriculture, it is crucial 

to employ the most efficient and water-conserving irrigation methods.  As solar pump is 

relevant for food production, (Aklan & Lackner, 2021) mentioned that the most ideal sites for 

solar-powered pumps are regions which have yearly precipitation between 300 and 400 

millimetres. However, more than 90 percent of Egypt experiences mean annual rainfall of less 

than 100mm/year (Abdel-Shafy et al., 2010), contributing to the Nation’s long-standing 

dependence on groundwater resource. Even though Alexandria (city located along 

Mediterranean sea coast) (World Bank, 2020) experiences annual rainfall of almost 

200mm/year and Rosetta (city located at the Nile Delta) encountered the highest annual rainfall 

of 441.1mm in 2020 (Abdel-Shafy et al., 2010). About 50-60 percent of Egypt’s food supplies 

is supported by import and Wheat imports from Egypt are among the highest in the world. To 

lessen Egypt's reliance on foreign food imports and improve domestic food production, the 

government seeks to expand reclaimed land through the use of solar pump irrigation systems 

and extend the cultivation of maize and wheat (El-Bably & Abd El-Hafez, 2019). 
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Energy is a very essential input for food production. Solar-powered pump irrigation system is 

introduced as one of the climate smart agriculture (CSA) practices that supports food security 

in a dynamic climate (Fawzy & Shedeed, 2020). Therefore, the adoption of SPIS is a bid 

towards taking advantage of the abundant sun radiation and achieve the goal of 40 percent 

renewables in 2035 (FAO, 2020; UNDP, 2022). Small scale farmers who own solar pumps can 

also have access to affordable energy for other agricultural and food operations (IRENA & 

FAO, 2021). Consequently, the promotion of SPIS can provide basic services such as domestic 

water and electricity to a large populace that may not initially have access to them (Aklan & 

Lackner, 2021). 

HOW CAN THE IN-FIELD CONTEXT BE REPRESENTED IN A SYSTEMATIC WAY 

TO MODEL POLICY SCENARIOS?  

5.6. Mind Map 

The fuzzy cognitive mapping is represented as a mind map in Figure 7 as computed by the 

mental modeler software. This indicates the concepts related to solar pump irrigation projects 

as mentioned by interviewees with connections showing the direction of influence and 

relationships. Table 8 shows the justification for each relationship which represents the baseline 

scenario. The outcomes of negative and positive scenarios will be represented later in the 

chapter. 
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Figure 7. Mind map and components (Baseline scenario) 



49 

 

Table 8. The justifications for the strength of interaction of the links shown in the FCM 

Source 

Components 

Linked 

Components 

# Justification (from literature and interviews) 

Solar pumps 

usage 

End-of-life 

water 

pollution 

+0.45 Although this relationship is not yet prominent, water 

management experts thinks it is important to plan for 

the end of life of solar panels considering the rate of 

adoption of solar pumps, because chemical elements 

of PV panels can leach into water bodies 

Solar pumps 

usage 

Rural 

development 

+0.5 Solar pump irrigation is gaining prominence among 

farmers in rural areas, as it ensures energy accessibility 

for agriculture, and for other users for which reliable 

energy is a challenge or people living in areas where 

cost of diesel is high (FAO, 2020). “This project focus 

is in off grid areas, so areas that are not covered by the 

electrical network and in these areas, the main benefit 

I think in this case would be, Lower costs for the 

farmers, higher savings” (Project Manager A) 

Solar pumps 

usage 

Water 

efficiency 

-0.2 Solar pump may promote water efficiency when 

coupled with drip irrigation, otherwise, it could 

negatively affect water efficiency (WEF Nexus 

Researcher A). Also the use of solar pumps has 

increased awareness on flood irrigation consequences 

Solar pumps 

usage 

Food Security +0.8 “…we can have more irrigation, more water for 

irrigation with expanding the agricultural land for 

farmers…having more food production, better 

livelihoods for these families” (Project Manager B) 

Solar pumps 

usage 

Water 

availability 

+0.5 If farmers have access to such free energy, they could 

be promoted to pump more water for their crops and 

earn more income (Agricultural Water Management 
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Expert and SPIS Researcher A). “…we can have more 

irrigation, more water for irrigation…” (WEF Nexus 

Researcher B) 

Solar pumps 

usage 

Greenhouse 

gases (GHG) 

-0.6 The replacement of diesel pump with PV-operated 

pumps will help create a cleaner environment (IFC, 

2020a). The use of solar-powered water pump 

irrigation reduces the amount of carbon dioxide (CO2) 

released into the atmosphere by agricultural activities 

(Meah et al., 2008) 

Solar pumps 

usage 

Irrigated land +0.7 Through the project that provides financial products 

for the purchase of solar pumps, farmers will be able 

to increase irrigated farmlands (IFC, 2020a) 

Solar pumps 

usage 

Groundwater 

withdrawals 

+0.5 Free power without incentives to limit usage can result 

to more groundwater pumping and reducing water 

levels, in agreement with an interview with a SPIS 

expert and researcher. “So you will save energy but at 

the same time solar pumping will allow you to extract 

more water which may affect sustainability of 

groundwater resources” (WEF Nexus Researcher A)  

Installation 

costs 

Solar pumps 

usage 

-0.75 An interview with a WEF policies researcher reveals 

that a 70 – 80% subsidy scheme provided by 

government had rapidly declined, thereby making it 

easier and viable for farmers to adopt solar irrigation 

systems. There are also projects which involve the 

allocation of loans to farmers, which can be repaid 

conveniently over a certain period of time (IFC, 

2020a) 

Well permits 

Groundwater 

withdrawals 

-0.7 For the solar projects, one of the criteria used to select 

farmer’s participation is the issuance of well permits 

which is necessary to ensure that illegal wells are not 
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dug up in unsuitable locations (Project Manager A). 

However, such documentation takes a long time to 

process, thereby affecting the progress of the project 

Irrigation 

policies 

Water 

efficiency 

+0.8 Irrigation policies including the use of sprinkler and 

drip irrigation methods improve water efficiency 

(Senol, 2012). “Policies that modify economic 

parameters can motivate farmers to choose crops and 

irrigation methods that are consistent with public 

goals” (Wichelns, 2010) 

Irrigation 

policies 

Smart 

irrigation 

+0.8 The development and amendment of policies is 

encouraging the use of smart irrigation comprising of 

soil moisture data to determine the irrigation 

requirement of certain farm land and the installation of 

drip irrigation techniques  (DIT) (Rezk, 2016) 

Drought Food Security 

-0.8 As an arid region, Egypt is at risk of suffering from 

climate-induced impacts such as drought, which 

adversely affect food supplies, especially with the 

continuous increase in population (Abdelfattah, 2021) 

Diesel cost 

Solar pumps 

usage 

+0.55 “For the farmer it's lower cost energy and accessibility 

to energy…” (Project Manager A). Generally, in 

Egypt, the double increase in diesel cost has 

accelerated the switch to solar pumps irrigation among 

farmers, especially those in remote areas (Parvaresh 

Rizi et al., 2019) 

Diesel cost 

Diesel Pumps 

Usage 

-0.7 “It's less of an effort because they need to go and get 

the diesel and there's always an issue of 

availability…the diesel powered pump requires a lot 

of upkeep and operational maintenance. So it's not just 

a matter of the cost of the diesel, it's a cost of the oil 

and the maintenance, which is rather significant cost 
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actually and being able to save on that as well and 

spare themselves that hassle” (Project Manager A) 

Water 

efficiency 

Solar pumps 

usage 

+0.2 Because solar pump helps to spread the awareness of 

drip irrigation. Hence the need for water efficiency 

through smart irrigation increases the promotion of 

solar pump irrigation system (Agricultural Water 

Management Expert and SPIS Researcher A and B) 

Water 

efficiency 

Groundwater 

withdrawals 

-0.5 Efficient agricultural water reuse and the treatment of 

wastewater provides quality water for agricultural 

activities, thereby reducing reliance on the already 

stressed groundwater resources (Frascari et al., 2018) 

Water 

availability 

Irrigated land +0.7 “…we can have more irrigation, more water for 

irrigation with expanding the agricultural land for 

farmers…” (WEF Nexus Researcher B). In Egypt, 

desert land are reclaimed for agriculture and other 

purposes through irrigation (Tellioglu & Konandreas, 

2017)  

Ministry of 

water 

resources and 

irrigation 

Solar pumps 

usage 

+0.5 Project implementation team had some Consultations 

with the ministry to ensure that the project doesn’t 

conflict with any plans from the Ministry, and the team 

was supported in the identification of stakeholders 

(Project Manager A) 

Energy 

agencies 

Solar pumps 

usage 

+0.8 The Ministry of Electricity and Renewable Energy 

hold a mandate to assist to government to achieve “20 

percent clean energy by 2022, and 37 percent clean 

energy by 2035”, therefore, building the largest solar 

power park and advocating for farmers to switch to 

solar pump irrigation are some of the strategies being 

employed (Reda, 2019)  
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Agricultural 

yields 

Farmer's 

income 

+0.7 “Another issue that affects the return on investment is 

the size of the land, the larger the land, the quicker it is 

” (Project Manager A) 

Greenhouse 

gases (GHG) 

Solar pumps 

usage 

+0.25 The need to achieve 37% clean energy in order to 

reduce greenhouse gases emission and attain climate 

smart agriculture has increased the utilization of solar 

pump irrigation, thereby promoting such projects 

(FAO, 2020; Reda, 2019) (Project Manager A and B)   

Greenhouse 

gases (GHG) 

Climate 

change 

+0.7 The largest contributors to global warming are the 

greenhouse gases emissions (Elbasiouny et al., 2020). 

The rise in temperature in arid regions exacerbate the 

impact of climate change on the water resources of 

such region (Mostafa et al., 2021) 

Irrigated land 

Agricultural 

yields 

+0.6 Farmers, through the free source of energy solar 

pumps, will be able to irrigate more lands. Hence, 

more yields (IFC, 2020a). “Another issue that affects 

the return on investment is the size of the land, the 

larger the land, the quicker it is” (Project Manager A) 

Groundwater 

withdrawals 

Land 

subsidence 

+0.85 Land subsidence is one of the main challenges of 

largely populated area like Egypt and groundwater 

pumping is one of the major factors contributing to its 

occurrence (Aly et al., 2009). “Excessive pumping 

from the Nile Delta aquifer to meet the increasing 

demands for water could lead to aquifer system 

compaction and land subsidence” (Abd-Elhamid et al., 

2022). Infrastructures and buildings are put in jeopardy 

by land subsidence, which also affects agricultural 

resources. 

Water-

Energy-Food 

Water 

efficiency 

+0.4 There are speculations stating that actors in the water, 

energy and food sector are interested in discussing 
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sectoral 

collaboration 

water and agriculture altogether, so that water 

efficiency can be achieved but there are not yet proofs 

that shows that the collaboration had led to better 

policies or not (Agricultural Water Management 

Expert and SPIS Researcher A) 

Financial aids 

Installation 

costs 

-0.85 According to the interview with project managers A 

and B, the financial aids provided by international 

organizations and Ministry of foreign affairs of allied 

countries supported farmers with about 70 percent of 

the installations cost, and financial institutions giving 

out loans. “Then the issue was that they're not able to 

afford the high upfront cost of the PV systems and the 

only way to support them with that would be financial 

support through the financial institution” (Project 

Manager A) 

Smart 

irrigation 

Solar pumps 

usage 

+0.45 According to a statement by WEF Nexus Researcher 

and SPIS Expert B, drip irrigation is always linked 

with solar pumping, therefore enhancing water 

security and efficient use in agriculture 

Smart 

irrigation 

Water 

efficiency 

+0.8 Among the important points mentioned by the Project 

Managers in Egypt is that one of the financial 

institutions offering financial aids are focusing on 

using smart irrigation methods, considering water 

scarcity issues and the fact that the focus areas are off-

grid and desert areas. “We are asking the PV firms to 

also recommend the use of drip irrigation, for example, 

to become more water conscious” (Project Manager 

A). Project Manager B also confirms that water use is 

reduced when pumping systems are linked to modern 

irrigation system such as drip irrigation.  
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Solar 

Potential 

Solar pumps 

usage 

+0.55 “In general, Egypt is a good area for solar, but there 

are areas that are more intensely profitable to use that 

technology. So basically we did a geographical heat 

map of this area…” (Project Manager A) 

Low 

maintenance 

cost 

Solar pumps 

usage 

+0.6 “…from replacing their cost of diesel as well as 

maintenance cost and replacement cost for the diesel 

powered pump because the lifetime of the solar pump 

is almost like as in a conservative calculation up to 20 

years while the life of a diesel pump is much less up to 

like,  five years” (Project Manager B) 

Low 

maintenance 

cost 

Farmer's 

income 

+0.7 The low cost of maintenance will help farmers to save 

more money (IFC, 2020a). “For the farmer it's lower 

cost energy and accessibility to energy and more 

savings…so the main benefit I think in this case would 

be, Lower costs for the farmers and higher savings” 

(Project Manager A) 

Energy feed-

in tariff 

Farmer's 

income 

+0.65 The feeding of energy back to the grid can serve as 

additional source of income for the farmers regardless 

of the income from their agricultural produce 

(Agricultural Water Management Expert and SPIS 

Researcher A and C) 

Energy feed-

in tariff 

Water 

efficiency 

+0.3 The use of tariff could help farmers to conserve water 

and practice efficient use of water, since they can 

exchange excess energy for income instead of 

pumping more water (Agricultural Water Management 

Expert and SPIS Researcher A, B and C) 
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5.6.1. Structural analysis of FCM model 

The structural analysis system indicated that the FCM consists of 27 components with 34 

connections, 11 driver components, 7 receiver components and 9 ordinary components, 

showing the indegree, outdegree, centrality, variable type, density, connection per component 

and complexity score (Figure 7) (Table 9). Indegree defines the total strength of connection 

entering a component while outdegree defines the total strength of connection exiting a 

component. Centrality is the sum of indegree and outdegree. The three variables with the most 

significant indegree values are solar pumps usage, farmer’s income and water efficiency. Also, 

the three variables with the most significant outdegree values are solar pumps usage, irrigation 

policies and low maintenance cost. The three variables with the most considerable centrality 

values are solar pumps usage, water efficiency and groundwater withdrawals. Solar pump usage 

has the highest values of indegree, outdegree and centrality which signifies that solar pump 

usage is the most central and most connected component in the system.  

Drivers are variables affecting other concepts and cannot be controlled by other variables (i.e. 

zero indegree); Receivers are variables being affected by other concepts and cannot influence 

other variables (i.e. zero outdegree); and Ordinary components possess both non-zero indegree 

and outdegree. Connection per component is 1.26, which is obtained by dividing the total 

number of connections by the total number of components, indicating the connectedness of 

each node connection. The complexity score of 0.636 is obtained as the ratio of the number of 

receivers to the number of drivers while the density is 0.048, which is calculated by dividing 

the number of links by the maximum number of possible connections. The density is a 

clustering coefficient that indicates how well connected the whole system is. 

 

Table 9. Structural Analysis of Concepts (Model Metrics) 

Component Indegree Outdegree Centrality Type 

Solar pumps usage 4.65 4.25 8.9 Ordinary 

Installation costs 0.85 0.75 1.6 Ordinary 

Well permits 0 0.7 0.7 Driver 

End-of-life water pollution 0.45 0 0.45 Receiver 

Irrigation policies 0 1.6 1.6 Driver 

Diesel Pumps Usage 0.7 0 0.7 Receiver 

Farmer’s income 2.05 0 2.05 Receiver 
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Drought 0 0.8 0.8 Driver 

Climate change 0.7 0 0.7 Receiver 

Diesel cost 0 1.25 1.25 Driver 

Rural development 0.5 0 0.5 Receiver 

Water efficiency 2.5 0.7 3.2 Ordinary 

Food Security 1.6 0 1.6 Receiver 

Water availability 0.5 0.7 1.2 Ordinary 

Ministry of water resources and 

irrigation 

0 0.5 0.5 Driver 

Energy agencies 0 0.8 0.8 Driver 

Agricultural yields 0.6 0.7 1.3 Ordinary 

Greenhouse gases (GHG) 0.6 0.95 1.55 Ordinary 

Irrigated land 1.4 0.6 2 Ordinary 

Groundwater withdrawals 1.7 0.85 2.55 Ordinary 

Water-Energy-Food sectoral 

collaboration 

0 0.4 0.4 Driver 

Financial aids 0 0.85 0.85 Driver 

Smart irrigation 0.8 1.25 2.05 Ordinary 

Solar Potential 0 0.55 0.55 Driver 

Low maintenance cost 0 1.3 1.3 Driver 

Energy feed-in tariff 0 0.95 0.95 Driver 

Land subsidence 0.85 0 0.85 Receiver 

 

Total Components 27 Number of driver components 11 

Total Connections 34 Number of receiver 

components 

7 

Density 0.048 Number of ordinary 

components 

9 

Connections per component 1.26 Complexity Score 0.636 
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HOW MIGHT SPIS BE SUCCESSFULLY ADOPTED WITHOUT 

OVEREXPLOITATION? 

Using the system representation derived above, scenarios that show the outcomes of a couple 

of policy options obtained from the interviews with experts, are formed. The policy options 

selected were based on the most mentioned policies proposed during the interviews with 

experts. 

 

5.6.2. Scenario Development 

The preferred scenarios were formed from the information extracted in the interviews with 

experts which were then computed by the mental modeler software into a graphical 

representation. Figures 8, 9 and 10 present the results of the projected scenarios given an 

assumed combination of policy options. These scenarios shows a prediction of the extent of 

benefits and damages that could ensued in the presence of certain policy options or when a 

particular situation continues to occur. 

Scenario A – This scenario was formulated based on the interviews with projects, as monitoring 

strategy. Project Manager A and B, in their interviews, projected the relevance and importance 

of well permits which is an important criteria in the selection of farmers. This is to ensure that 

solar pumps are not used to extract groundwater from illegal wells. WEF Nexus Researcher A 

and Agricultural Water Management Expert and SPIS Researcher C also emphasized the 

installation of drip irrigation with SPIS. In general, all the interviewees suggested the usage of 

smart meters. The results of the scenario in percentage increase (+) and decrease (-) are shown 

in figure 8. The key outcomes are 37% decrease in groundwater withdrawals,  11% increase in 

farmer’s income, 34% increase in water efficiency, 20% increase food security, 15% decrease 

in greenhouse gases (GHG), 11% increase in the end-of-life water pollution. 
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Figure 8. Scenario A – Increased well permits & increased smart irrigation 

 

Scenario B – Interview with Project Manager A depicts poor collaboration and communication 

between solar firms (who are interested in the pumps, inverters and PV panels), the agriculture 

department (those interested in water needs of crops and crop productivity), the water resources 

department (those discussing about water resources) and the project implementation team. 

Therefore, Agricultural Water Management Expert and SPIS Researcher C suggested that 

establishing a relationship between the local solar companies or solar retailers and the involved 

farmers will do a lot of good for the sustainability of SPIS projects, especially where farmers 

cannot afford repair services or access spare parts, since such firms are likely to remain longer 

the region even after the end of the projects. According to Agricultural Water Management 

Expert and SPIS Researcher C, “it's important that they work much closer with the companies 

and don't see the companies just as a technology supplier for their project”. In addition, an 

interview with Agricultural Water Management Expert and SPIS Researcher A inspired the 

adoption of the strategy used in a project named SPaRC (Solar Power as a ‘Remunerative 

Crop’), in India which involved grid connected solar pumps where farmers are being paid for 

extra energy generated (Energy fed-in tariff) in order to control the rate of water withdrawals. 

All these influenced scenario B, in order to determine if the successful approach in India is 

applicable in Egypt. The results of the scenario in percentage increase and decrease are shown 

in figure 9. The key outcomes are 13% decrease in groundwater withdrawals,  34% increase in 
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farmer’s income, 33% increase in water efficiency, 5% increase food security, 3% decrease in 

greenhouse gases (GHG), 3% increase in the end-of-life water pollution. 

 

 

Figure 9. Scenario B - Increased energy feed-in tariff & increased Water-Energy-Food 

sectoral collaboration 

 

Scenario C – Interviews with Project Managers confirms that the basic aim of SPIS projects, 

among others is to provide financial products (that are easily repayable) such that small scale 

farmers are able to purchase solar pumps, and enjoy both the environmental and economic 

benefits of using solar-powered pumps for irrigation. Therefore, farmers are not able to afford 

the capital-intensive solar-powered pumps without additional funding. All interviewees 

acknowledge the importance of the role of the government agencies for water resources in 

providing stringent irrigation policies to monitor irrigation activities in arid regions. Therefore, 

scenario C shows the worse situation that could occur if the above-mentioned variables are not 

properly supervised. The results of the scenario in percentage increase and decrease are shown 

in figure 10. The key outcomes are 40% increase in Installation costs,  38% decrease in smart 

irrigation, 54% decrease in water efficiency, 36% decrease food security, 28% increase in 

greenhouse gases (GHG), 19% increase in climate change. 
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Figure 10. Scenario C - Reduced irrigation policies and reduced financial aids 

The results of the scenarios and the meaning of the numbers (in percentage) are further 

explained in the discussion chapter. 

WHAT GOVERNANCE STRATEGIES CAN BE PROPOSED TO TEMPER THE RATE 

OF AGRICULTURAL WATER WITHDRAWALS USING SPIS? 

5.7. Proposed governance strategies 

During the design process of one of the projects, farmers are being introduced to pumping 

cycles (for example, five hours 6 hours for only two days per week) based on the water 

requirements of their crops, through the coordination between the Ministry of Irrigation and 

Agriculture. Monitoring the amount of water withdrawn by farmers is one of the means by 

which overexploitation of groundwater can be curtailed. All the respondents in the interview 

agreed that monitoring should be enforced and it is the role of the Ministry of Agriculture and 

Irrigation.  Suggested strategies by the Egypt-based projects and agricultural water management 

experts include; 

- Fewer amount of large withdrawals. Farmers operating large scale agriculture should be 

coordinated to withdraw larger amount of water but the numbers of such farms should 
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be kept at a minimum. This is because, in reality, large scale and mechanized farming 

requires large amount of water, and such kind of agriculture significantly influence the 

economic conditions of the country 

- Energy feed-in tariffs enables the monitoring of the amount of energy generated, it 

therefore serves as a proxy to monitor water withdrawals. Solar Pumps that are 

connected to the grid such that energy used and generated can be monitored and by 

implication, the amount of water withdrawn 

- Mandating the coupling of drip irrigation or any other form of smart irrigation systems 

with solar pump irrigation installations 

- Installation of flow meters to measure flowrates and determine the amount of water 

moving through a pipe of the solar pump systems 

- Encouraging agriculture in wetter part of the countries e.g. Nile valley and Delta 

- Incentives for crops with lesser water requirements by the Ministry of Agriculture and 

this could minimize the cultivation of water-intensive crops among the farmers that 

depends on groundwater for irrigation 
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DISCUSSION 

WHAT ARE THE WATER RESOURCES AVAILABLE AND THE ENVIRONMENTAL 

REGULATORY IN PLACE, AND HOW DO THEY INFLUENCE THE ADOPTION OF 

SPIS?  

According to the results above, about 80 percent of water consumption in Egypt is attributed to 

agriculture and irrigation activities which differs from the general notion that domestic and 

industrial uses are the major usage of water. Over the years, Egypt as had a major control of the 

Nile resources, almost 90%, because of the colonial-era treaty. Recently, neighbouring 

countries like Ethiopia is taking advantage as an upstream country to gain more dominance over 

the Nile with the construction of the great Ethiopian renaissance dam GERD for hydropower 

generation. The major issue posed is the Egyptians’ concerns over the decrease in the allocated 

share of the Nile. Since the concerned countries, Sudan and Egypt, related their disagreement, 

there had been the occurrences of water conflicts.  

The initial abundance of the Nile water has encouraged the use of flood irrigation in agriculture 

and this behaviour towards water use might be difficult to change in reality. However, as 

population increased and the volume of water flowing into the Nile reduced, there are 

campaigns aimed at rationalizing water utilization. “As Egypt has already been experiencing a 

sharp decline of renewable freshwater per capita (from 900 cubic meters in 2000 to 600 cubic 

meters in 2017 ), it is expected that the effect of the GERD - in addition to climate change 

impacts - would only exacerbate the water issue in Egypt, edging the country closer to severe 

water scarcity of 500 cubic meters per capita in the future” (Gad, 2017). All these above factors, 

along with the effects of climate change on water resources, could increase Egypt’s reliance on 

groundwater resources, especially during the dry months.  

Desalination is another option to provide water for irrigation purposes and it could be lucrative 

for Egypt who has abundant solar potential as source of energy and seawater. The process is 

energy intensive and very expensive even though the energy source is renewable. As the Middle 

East and North Africa (MENA) region is expected to experience incessant heatwaves, it is 

smarter to also intentionally direct policies towards water conservation technologies to preserve 

the natural underground water reserves. 

The actual agricultural land in Egypt is limited. Land fragmentation in policy has the potential 

to reduce the sustainable use of agricultural land and water resources. In the Sustainable 
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Agricultural Development Strategy (SADS) 2030, no regulation protects arable land from 

fragmentation, instead land extension is being encouraged (Tellioglu & Konandreas, 2017). 

According to the interview with one of the project coordinators, it was stated that one of the 

factors considered during the selection of farmers is the size of the farmland. For profitability 

when using solar pumps, farmers with less than one feddan of lands are not considered. In 

Egypt, reclaimed lands are easily converted for residential or tourism purposes, such that the 

aim of land reclamation, that is, agricultural development, is neglected. However, land 

reclamation policies can promote the use of solar pump irrigation on a larger scale in desert 

areas. Water policies encouraging the exploitation of deep groundwater resources are some of 

the policies boosting the adoption of solar pump irrigation for groundwater withdrawal. The 

issue with this is the determination of depth which is deep enough for safe groundwater 

abstraction and also deeper depths means increased costs. 

Generally, solar pump irrigation system is introduced in order to contribute to the transition to 

renewables, achieving climate-smart agriculture (CSA) and reduction of GHG emissions. 

Therefore, the shift of farmers towards solar pump irrigation is included in the National 

Determined Contributions (NDC) of Egypt towards climate change mitigation. 

 

WHAT ARE THE EFFECTS OF SOLAR PUMPING ON WATER, FOOD AND ENERGY 

RESOURCES?  

The adoption of solar pump irrigation tends to increase groundwater abstraction because it 

involves the use of “free energy”. Since the extraction of water is not monitored, it can be used 

for both irrigation or for other purposes, and it potentially increase the amount of irrigated land 

and food production. Solar pump irrigation systems projects are usually directed at remote areas 

and desert areas in North Africa. The solar irrigation system is very capital intensive even 

though most of the initial cost is bore by financial aids from government. On the other hand, 

water extracted and energy should be utilized to their full capacity. Therefore, it is essential that 

the energy produced by the PV panels own by farmers is not wasted in anyway. 

In some of the projects, solar pumps are designed based on the water requirement of the farm. 

During the design of SPIS projects, consultants take the optimal water requirements of crops 

cultivated on the farm into consideration in order to determine the size of PV pumps for specific 

farms. These requirements are usually published by the Ministry of Agriculture and Irrigation. 
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This kind of approach is essential to ensure that energy use and water use is optimal for food 

production. 

SPIS irrigation improves food production and retrieves groundwater resources using a 

sustainable energy source, such that, regional government is focusing on the improvement of 

irrigation systems. Yet, both the activation of conventional rainwater collection systems and 

the development of rain-fed agriculture are of similar significance, as many regions lack 

accessible and renewable groundwater supplies. When promoting solar-powered pumps, food 

security, the use of renewable energy, and the sustainability of groundwater resources should 

be considered in every instance.  

 

HOW CAN THE IN-FIELD CONTEXT BE REPRESENTED IN A SYSTEMATIC WAY 

TO MODEL POLICY SCENARIOS? 

Researches on the system representation of WEF nexus have thus far used the following 

modeling tool: NexSym, IM3, WEF nexus tool 2.0, WEAP, ECHO, COFFEE, IMAGE. In this 

research, I used fuzzy cognitive mapping to set up a simple model and found that it is also quite 

effective. The use of the fuzzy cognitive mapping displayed a system representation of different 

aspects of SPIS projects, its design and adoption, such that the circumstances and policy 

scenarios are easily computed numerically. 

 

HOW MIGHT SPIS BE SUCCESSFULLY ADOPTED WITHOUT 

OVEREXPLOITATION?  

Having the highest centrality value, solar pump usage is both mainly affected by other 

components and mainly influencing other components in the system. The outputs of scenario 

A (Increased well permits & increased smart Irrigation) and scenario B (Increased Energy 

feed-in tariff & increased Water-Energy-Food sectoral collaboration) are presented in 

Table 10. Both scenarios show the same characteristics but with different quantity. A exhibits 

37% decrease in groundwater withdrawal while B is 13%. This shows that the policy options 

combination in A has the highest probability to minimize withdrawals and also improve food 

security better than B. Smart irrigation will help conserve water and avail more water for 

cultivation. However, B projects the highest income (34%) for farmer, taking cognisance of the 

importance of livelihood for farmers.  
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According to the interview with Agricultural Water Management Expert and SPIS Researcher 

A, Farmers tend to cooperate with policies that will improve their savings and income, 

especially the rural dwellers which is evident in the Indian project that involved energy feed-in 

tariffs. Both scenarios projected almost the same level of water efficiency. Scenario A also 

show better decline in greenhouse gas emission and climate change, which is one of the main 

reasons why solar pump irrigation was introduced. Rural development and agricultural yield 

increase more in scenario A than in B. However, the end of life pollution of A is higher than B 

because A encourages more adoption of solar pump irrigation system, hence, PV panel waste 

to deal with in future. Both scenarios have their strength and weaknesses, but scenario B shows 

a good balance if farmer’s income and end of life pollution are considered, even though the 

reduction in groundwater withdrawal is more favourable in A. Nonetheless, combining all the 

four policy options gave valuable results in the design and implementation of solar pumps 

projects (Table 10). The key outcomes are 46% decrease in groundwater withdrawals, 42% 

increase in farmer’s income, 60% increase in water efficiency, 23% increase food security, 17% 

decrease in greenhouse gases (GHG) 15% increase in the end-of-life water pollution. The 

graphical representation of this ‘new’ scenario is presented in Appendix D. 

 

Table 10. Positive scenarios A and B evaluation 

Concepts Percentage Change 

Scenario A Scenario B All four policy 

options 

Main outcomes Groundwater 

withdrawals 

↓ 37% 13% 46% 

Farmer’s income ↑ 11% 34% 42% 

Water efficiency ↑ 34% 33% 60% 

Food security ↑ 20% 5% 23% 

Greenhouse gases 

(GHG) 

↓ 15% 3% 17% 

Additional 

outcomes 

Solar pumps usage ↑ 25% 6% 29% 

Land Subsidence ↓ 31% 11% 38% 

Rural 

development 

↑ 12% 3% 15% 
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Climate change ↓ 10% 2% 12% 

Water Availability ↑ 12% 3% 15% 

Agricultural yields ↑ 15% 4% 18% 

Irrigated land ↑ 26% 6% 30% 

Consequences End-of-life water 

pollution 

↑ 11% 3% 13% 

Note: ↑ means Increase and ↓ means decrease 

 

Scenario C (Reduced irrigation policies and reduced financial aids) (Table 11) is the 

negative scenario that projected a 40% increase installation costs of solar pumps since financial 

aids are being reduced and small scale farmers won’t be able to afford the technology, therefore 

solar pump usage reduces. Water efficiency and smart irrigation reduced because the adoption 

of solar pump irrigation created more shift towards smart irrigation systems, and groundwater 

withdrawals increased due to lesser irrigation policies. Therefore, withdrawals can still continue 

even with the use of the old diesel pumps which led to a 28% increase in greenhouse gases 

emission. Food security, irrigated land and agricultural yield decreased since the supposed 

water availability decreased also. Climate change increased as well, since greenhouse gases 

emission hiked. Endeavours to reduce the use of solar pump irrigation systems have its own 

repercussions, therefore, this technology has come to stay. 

 

Table 11. Negative scenario C evaluation 

Concepts Percentage 

Change 

Main outcomes Installation costs ↑ 40% 

Groundwater 

withdrawals 

↑ 4% 

Smart irrigation ↓ 38% 

Water efficiency ↓ 54% 

Food security ↓ 36% 

Greenhouse gases 

(GHG) 

↑ 28% 
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Additional 

outcomes 

Solar pumps usage ↓ 47% 

Rural 

development 

↓ 23% 

Water Availability ↓ 23% 

Agricultural yields ↓ 27% 

Irrigated land ↓ 46% 

Farmer’s income ↓ 18% 

End-of-life water 

pollution  

↓ 21% 

Consequences Land Subsidence ↑ 3% 

Climate change ↑ 19% 

Note: ↑ means Increase and ↓ means decrease 

6.1. Relation with WEF nexus interlinkages (Causal loop diagrams) 

The water-food causal loop (Figure 11) presents the water-for-food relationship from the mind 

map in figure 7, as water being pumped to irrigate more land and produce more foods. Therefore 

irrigation policies in the form of smart irrigation ensures the efficient use of water on 

agricultural land and reclaimed land. Such policies can also discourage the use of solar pumps 

for flood irrigation. The energy-for-food causal loop (Figure 12) shows the influence of high 

solar potential on the shift towards the adoption solar pumps, resulting to more agricultural 

yield and turning ‘energy into food’. Energy feed-in tariff can aid to channel this high solar 

potential into more income for the farmers. The energy-for-water causal loop diagram (Figure 

13) describes the utilization of abundant energy and high diesel cost to drive the promotion of 

solar pumps for water withdrawals. Energy feed-in tariff and well permits could curb the rate 

of groundwater withdrawals. All these aforementioned policies can determine the systemic 

change and the weight of effects of these causal loop in the mind map. 
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Figure 11. “Water for food” causal loop 

 

 

Figure 12. “Energy for food” causal loop 
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Figure 13. “Energy for water” causal loop 

 

According to interviews with Agricultural Water Management Expert and SPIS Researcher A 

and Project Manager A, the adoption of solar pump irrigation systems is spreading rapidly  and 

farmers are relatively enthusiastic to adopt this technology. Groundwater plays a very important 

role as buffer against drought in higher temperature region and should be protected. Otherwise, 

the vulnerability of farmers to climate change especially in drier regions will worsen 

significantly since reduced groundwater levels increases the effects of drought. However, if 

solar pumps are promoted such that famers can still make profits or sustain their livelihood even 

during drought, then groundwater can be protected. Energy feed-in tariff as a policy instrument 

can achieve this, such that farmers can sell energy generated to the government.  

Consequently, as the adoption of solar pump is of a greater cause towards the shift to climate 

smart agriculture, new challenges arises as the usage intensifies in arid regions. Therefore, 

combinations of several policy instruments are essential from the design stage of solar pump 

irrigation projects, up until the consuming stage, as well as the involvement of relevant 

stakeholders at all stages of the projects. 
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WHAT GOVERNANCE STRATEGIES CAN BE PROPOSED TO TEMPER THE RATE 

OF AGRICULTURAL WATER WITHDRAWALS USING SPIS? 

In the discussions with Solar pump irrigation project design and implementation team, it was 

inferred that despite consultations with ministry of water resource and irrigation, most projects 

have little or no contributions from them. In addition, government agencies of energy resources 

and solar energy firms tend to have more control over such projects and the participants. This 

shows the weak link of coordination among actors in water, food and energy sectors. While 

solar pump irrigation is good for the energy and food sector, the water sector can only continue 

to develop better ways to ensure that water withdrawal is kept at a minimum. 

Monitoring the amount of water withdrawn by farmers could be very expensive especially if 

people are being employed to do so. In Egypt, a national monitoring program that monitors 

water pollution in the main stream channels of the Nile river was carried out in 2018, in which 

smart monitoring devices called “YSI sondes” were installed in about 20 monitoring station 

along the river and data are collected using cellular GPRS modems every 30 minutes (Gabr, 

2020; WaterWorld, 2018). The sondes measure broad ranges of water quality parameters and 

real time data is sent to the Ministry of Environment (WaterWorld, 2018). Such smart 

monitoring could also be employed for groundwater monitoring. According to WaterWorld 

(2018), smart monitoring devices that uses cellular modems as are less costly than satellite. 

As governmental bodies of Agriculture can also offer incentives to farmers for using less water-

intensive practices, they should also be sensitized to the environmental benefits of water 

conservation and the economic value of less water-intensive crops. In addition, large number 

of farmers withdrawing in smaller amounts can be costly and difficult to monitor unlike few 

farmers withdrawing in large amounts. Enforcement of the installation of smart irrigation 

systems such as drip and sprinkler irrigation systems with solar pump irrigation system (SPIS) 

and this should be mandated for any solar pump related projects involving any form of water 

resource. 

A pilot project in India, SPaRC (Solar Power as a ‘Remunerative Crop’), which involved grid 

connected solar pumps is the world’s first solar irrigation cooperative aced by the International 

Water Management Institute (IWMI) (IWMI, 2016; Shah et al., 2016). This was successfully 

carried out in a village, and then the government of Gujarat (Western India) introduced another 

project that installed about 4500 solar pumps (“with a total capacity of 106.47 MW and a Feed 

in tariff set at Rs. 3.5 per kW”) which are connected to the feeder (India Water Portal, 2022). 



72 

 

However, an interview with Agricultural Water Management Expert and SPIS Researcher A 

reveals that researches are ongoing to understand the experiences of the farmers. Farmers are 

being monitored based on the amount of energy generated and they are being paid according to 

the differences between energy generated and energy used for pumping water. That way, “Solar 

irrigation pumps… can be a composite Energy-Water-Livelihoods-Carbon solution rather than 

just 'green' pumping tools” (Verma et al., 2016). This strategy as a pilot project can also be 

adopted in regions where over-exploitation or over dependency on groundwater is high in 

Egypt.   
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CONCLUSIONS AND RECOMMENDATIONS 

Experts on irrigation in arid climates believe that at a particular point, choices have to be made 

between two pump-types, one operated by fossil fuels or the other by solar energy. Based on 

the observation from solar projects, results of this study, investments should be channelled 

towards increasing the efficiency of solar pumps, and regional government should continue to 

designed schemes and initiatives to educate farmers and encourage them to pump water 

reasonably. There are speculations that farmers just wants to earn more money since they 

depend on agriculture for livelihood, therefore it will be smart for policy makers to include 

strategies that will improve the savings of farmers, particularly in areas where groundwater 

depletion is inevitable. Areas with aquifers that are not rechargeable should be given special 

attention. If groundwater abstraction continues and water levels keep decreasing, inhabitants 

might experience environmental crisis in future which might force them to migrate out of their 

homes, putting more pressure on the population density and resources of other locations where 

they will move to. Such displacement can negatively influence the economic stability of a 

country. 

Most of the respondents during the interview confirms that pumping of more water by farmers 

does not guarantee that they can produce more food. Instead, there is higher tendency that 

farmers can become more wasteful. Observations in this study include the fact that project 

design focus are centred around market study, financing and energy transition. It is suggested 

that the same effort should be directed at considering and obtaining data related to geographical 

groundwater levels, available groundwater resources and rechargeable aquifers. This could help 

project implementers select regions where large adoption of solar pump irrigation system is 

viable and also contribute to sustainable withdrawals of groundwater. 

In this study, the importance of the collaboration between food, water and energy sectors is 

presented. However, one of the challenges being experience during the design of solar pumps 

irrigation projects is the communication issues between solar firms (who are interested in the 

pumps, inverters and PV panels), the agriculture department (those interested in water needs of 

crops and crop productivity) and the water resources department (those discussing about water 

resources). For a successful project implementation, there is need to speak a common 

‘language’ while considering the perspective of each group. Therefore, joint workshops and 

trainings among these different groups can improve their communication and collaboration. 
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50% of the interviewees mentioned water security as the priority when considering the 

promotion of water-related technology like solar pump irrigation in semi-arid regions because 

those areas are already battling water scarcity and are consistently looking for new water 

resources such as desalination. While others focus on the effects of greenhouse gases on the 

environment, as solar pumping is one of the strategies to reduce agriculture’s contribution to 

climate change. And moreover, climate change negatively affects water resources. 

Nevertheless, all the respondents agreed that solar pumping should continue to be promoted 

among farmers while we continue to develop policies and monitoring schemes in form of 

information/awareness and incentives to support the sustainable withdrawal of water. As 

demonstrated in India, government should establish schemes that create opportunities for 

farmers to sell excess energy from the PV system to the grid since governments can buy 

electricity from energy companies. This kind of synergy can benefit both farmer’s livelihood 

and energy security in rural areas. 

Solar pump irrigation systems projects are increasing year in, year out and are being included 

in future plans to reduce greenhouse gases.  In addition, the use of solar pumps began about 10-

15 years ago and some PV panels were installed, which means that in few years times, old 

panels will be abandoned. Therefore, there is the urgency to develop strategies for the disposal 

of solar PV panels.  Hence, separate and several sets of policies should be specifically designed 

for solar pumps addressing financing, awareness, trainings, monitoring, evaluation of farmers 

performance and disposal of PV cells. Beyond energy transition and reduction of green-house 

gases, sustainability factors such as prospective underground water withdrawals, amount of 

water available and accessible should be considered and investigated before the approval or 

conceptualization of any SPIS project. 

Local technicians should be trained to understand and operate the solar pumps irrigation and 

should be allowed to join the installation team of projects in order to familiarize themselves 

with the system. This could contribute to the rural development aspect of solar pumps and the 

maintenance of the irrigation system to reach up to its 20-year life span. Another 

recommendation is that financial aids for the purchase of solar pump irrigation system should 

be targeted. In addition, Further monitoring of projects by financing institutions and the 

engagement of related stakeholders (e.g. NGOs) can buttress the accountability of project 

implementers. Integrated policies approach coupled with incentives, tariffs, permits and techno-

regulations can improve the sustainable implementation of the project and adoption of solar 

pump irrigation systems (SPIS) while protecting groundwater reserves. 
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Certainly, one of the biggest problems to feeding an ever-growing society while supporting an 

already pressured ecosystem is the effects of climate change on water availability for 

agricultural activities in dry places (Abdelfattah, 2021). The fundamental conclusion of this 

study is that solar-powered pump irrigation systems need continuous regulation improvement 

and management revision together with other improvised groundwater abstraction methods, 

particularly in agriculture but also for household, industrial and other purposes. This is 

important for the sustainable management of Egypt's limited freshwater supplies. The primary 

findings of the system-represented projection is that, without the presence of well implemented 

policies, the continuous adoption of solar energy for irrigation in sun-rich and renewable 

groundwater-scarce Egypt is projected to negatively impact groundwater supplies. In addition, 

the most important factor influencing the appeal of SPIS to farmers has been the low marginal 

cost of solar pump irrigation after the first expenditure. Therefore, SPIS is another system that, 

if not properly controlled, might exacerbate overall water shortage of arid regions.  
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APPENDIX A 

QUESTIONNAIRE/ INTERVIEW GUIDE 

Introduction 

• Introduce myself  

• State the aim of the research and interview 

• Confirm whether the information from the interview can be recorded and used for the 

interview 

General Questions 

1 What is your job position and your responsibilities/interests? 

2 Which sector are you part of or which sector do you work for? How experienced are 

you with solar pump irrigation (either in the implementation, the technical aspects, how 

it has been used in the field etc.)? 

3 In your opinion, what are the most important synergies and trade-offs of this technology 

in terms of water for food; energy for water; and energy for food? Could you describe 

why you think so? 

PROJECT IMPLEMENTERS 

Project-related 

4 What is the duration of the Solar pumps irrigation systems (SPIS) project and how was 

it funded?  

5 In your opinion, what are the water resources generally available in the concerned 

country?  

6 In your opinion, what are the top priority factors considered before the implementation 

of solar irrigation projects? 

7 What are farmers reactions to the use of solar pumps for irrigation, especially when you 

introduced your projects to them? 

9. What are your criteria for selecting farmers’ participation? 

10. Project A- One of the reports mentioned “water security for farmers” as one of the 

objectives of the initiative. In what way? And how did the SPIS project impact that? 

11. Project B- One of the reports mentioned that “farmers struggle with limited water”. In 

your own opinion, could this be due to the farmers not owning a diesel pump or there is 

no access to water resources in that region? And how did the SPIS project impact that? 
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12. Before the implementation of the project, are there consultations with national water 

resources management institutions? 

(a) If yes, did the consultation poses any challenge to the progress/success of 

SPIS adoption? 

(b) Are the farmers monitored and guided on the sustainable use of this 

technology such that water withdrawal do not go overboard? 

Evaluative 

13. What do you think are the most important advantages of solar pumps over diesel pumps, 

and the differences between them? 

14. Do you think solar pumps should continue to be promoted regardless of the aridity of 

the area and the available water resources? Why? 

 

AGRICULTURAL WATER MANAGEMENT EXPERTS/RESEARCHERS 

Water resources and solar irrigation related 

15. In the organizational structure of agricultural water management, are there inclusions 

that involve monitoring technologies that are related to water resources? 

16. From my research on solar pump irrigation systems (SPIS), food security, reduction of 

greenhouse gases, farmer’s livelihood, rural development, access to finance and water 

availability for farmers are the most important factors to consider while promoting the 

adoption of solar irrigation systems (SPIS) in arid/semi-arid regions? In your opinion, 

is this true? 

17. What do you think are the most important differences and similarities between solar 

pumps and diesel pumps? 

18. Do you think the promotion/widespread of solar pump irrigation system will worsen the 

effect of climate change in water-scarce region? Kindly elaborate. 

Governance-related 

19. In a semi-arid region such as North Africa where agriculture is predominant and food 

security is an integral challenge, What do you think are the most important 

variables/aspects to improve on in order to ensure sustainable adoption and governance 

of solar pump irrigation systems (SPIS) without overexploitation of groundwater? 
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20. To what extent do you foresee groundwater governance being standardized in 

agricultural water management policies?  

21. Do you think there should be policies that governs the average amount of water 

withdrawn by farmers as the adoption of SPIS widely spreads? 

22. Who do you think should be in charge of monitoring water withdrawals by farmers 

(municipality, state government of private company) and why? 

23. Some researchers think that policies related to different sectors (food, water, and energy) 

are too siloed, or departmentalized, and this is creating policies that are not effective or 

unable to connected with the actual situation on the ground—Do you think policies that 

synergize or coordinate between sectors will benefit the adoption and implementation 

of SPIS? If so how? Do you know of any cases where this has worked? 

Strategies and recommendations related 

24. What should be done to ensure that groundwater overexploitation do not worsen as solar 

pump irrigation is being adopted globally? 

25. In your own opinion, which country in N. Africa is leading the way or is demonstrating 

best practices when it comes to SPIS implementation and governance? 

26. What policies and guidelines should ministry of agriculture, water resources 

management and irrigation put in place to monitor the use of such water withdrawal 

technology?  

27. What policy suggestion do you have for preserving and balancing the use of 

groundwater at the time of climatic risk such as drought in water stress region like North 

Africa? 

28. What recommendations would you give to reduce over-exploitation of groundwater by 

farmers using solar pumps? 

29. What changes should be made to improve general agricultural water management? 
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APPENDIX B 

INFORMED CONSENT FORM FOR “A NEXUS APPROACH TO SOLAR PUMPING 

IRRIGATION SYSTEMS IN NORTH AFRICA: OPPORTUNITIES AND 

CHALLENGES” 

 

YOU WILL BE GIVEN A COPY OF THIS INFORMED CONSENT FORM 

 

General information: Agriculture, being a major source of livelihood in North Africa, is 

shifting towards becoming climate-smart by the introduction of solar-powered water pump 

irrigation system. This technology is being promoted by government, with funding from other 

organizations in other to help farmers with the transition from diesel-powered pump to solar 

pump. On the other hand, the adoption of this technology might be a threat to the sustainable 

use of groundwater, such that more policies is needed to be adopted in other to minimize this 

threat. 

The aim of this study is to obtain information about the effect of solar pump irrigation system 

on food and water security in North Africa and to suggest possible ways to adopt the technology 

more sustainably.  

The study was previously approved by the ethics committee of the Department of Behavioural, 

Management and Social Sciences (BMS for the English abbreviation). The participant is free 

to withdraw from the research at any time, i.e. during the interview(s) and the writing of the 

thesis, namely that the information provided, if applicable, is not used or cannot be used or 

modified by the participant. That being said, it is important to state that any information 

collected will be used solely for the purpose of answering the research questions and will be 

protected for the duration of the research, which ends on August, 2022. After that, Once the 

thesis is published, the only existing information is contained in the document (information that 

is pre-approved by the participant). In any case, the participation can is anonymous; no names 

will be shared in the document. 
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Please tick the appropriate boxes Yes No  

Taking part in the study    

I have read and understood the study/research, or it has been read to me. I have been able to ask 

questions about the study and my questions have been answered to my satisfaction. 

□ □  

I consent voluntarily to be a participant in this study and understand that I can refuse to answer 

questions and I can withdraw from the study at any time, without having to give a reason.  

□ □ 

 

 

I understand that taking part in the study involves a video or audio-recorded interview or 

answering a survey. For interview, the information will be transcribed as text and 

only be used for the research and no other.  

 

Risks associated with participating in the study 

□ 

 

□ 

 

 

I understand that taking part in the study involves the following risks: [Discussing the problems 

encountered in your SPIS projects] 

 

□ 

  

 

□  

Use of the information in the study    

I understand that information I provide will be used to develop the research 

results and help answer the research questions 

□ 

 

□ 

 

 

I understand that personal information collected about me that can identify me, such as name 

and address, will not be shared beyond the study team.  

□ 

 

□ 

 

 

Future use and reuse of the information by others    

I give permission for the data and information that I provide to be archived as coded anonymized 

transcripts or audio recording in a cloud data storage (google drive/one drive) so it can be used 

for future research and learning. 

Signatures    

 

_____________________         _____________________           _____________  

Name of participant [printed]                        Signature                 Date 

   

    

I have accurately read out the information sheet to the potential participant and, to the best of my 

ability, ensured that the participant understands to what they are freely consenting. 

 

   

□ 

 

 

 

 

 

 

 

 

□ 
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Popoola Olayemi Deborah                 

Researcher name [printed]  Signature                 Date 

 

Study contact details for further information: Popoola, Olayemi Deborah, 

o.d.popoola@student.utwente.nl 

Contact Information for Questions about Your Rights as a Research Participant: 

+31685791792, o.d.popoola@student.utwente.nl  

If you have questions about your rights as a research participant, or wish to obtain information, 

ask questions, or discuss any concerns about this study with someone other than the researcher(s), 

please contact the Secretary of the Ethics Committee/domain Humanities & Social Sciences of 

the Faculty of Behavioural, Management and Social Sciences at the University of Twente by 

ethicscommittee-hss@utwente.nl  
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APPENDIX C 

 

Source: IFC (2020b) 

 

 

Source: FAO, (2018) 
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Source: Reda (2019) 
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APPENDIX D 

Combining all the four proposed policy options: 

 


