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Preface 
 

 
The Water-Energy-Food Nexus approach is a holistic vision of 
sustainability that recognises and tries to strike balance between 
the different goals, interests and needs of people and the 
environment. The challenges ahead are, increase global energy 
demand by 30-40%, global food demand by 70-100% and water 
use by 50% by 2050. Irrigation globally consumes around 70% of 
freshwater resources. This water is becoming increasingly scarce. 
Irrigation requires energy. Therefore, improving water and energy 
use efficiency and productivity in agriculture practices will be 
valuable. The old concept: Crops: “more crop per drop” has now 
changed to a new concept based on the Water Food Energy 
Nexus: “more crop per drop per kilowatt “.  
 

The nexus can stimulate innovation and use of new technologies for example if increasing irrigated land 
is limited by the available traditional energy sources, the authorities might adopt non-conventional 
innovative energy sources (hydropower, wind power, solar energy, etc.). In addition, the nexus could 
also lead to a better governance arrangement via cross-sectoral water-food-energy frameworks and 
polices. It could also lead to developing integrated management models accounting for WFE and 
impact of climate and population changes 
 
Benefits of WEF Nexus implementation at field level include, improvements in water productivity, better 
agronomic and engineering management, improved energy use efficiency, improved agriculture water 
management, e.g. rain water harvesting and soil water conservation technologies, improved crop 
varieties with high water use efficiency and improved agronomic practices, e.g. intercropping, micro-
irrigation systems (drip and sub-surface irrigation) in place of macro-irrigation systems (overhead and 
sprinkler type irrigation) and practicing deficit irrigation to increase water productivity. These are 
important in achieving SDGs 2, 6, 12, 13 and 15. 
 
At national level, the benefits of the nexus implementation include adopting more holistic approach in 
planning: e.g. if the national targets is to increase area under irrigation, then the plan should ensure 
matching available water and energy resources. In addition, the integrating plan will require 
investments in efficient irrigation schemes for enhanced economic development, resilient food systems 
and strengthening farmers’ capability to adapt to climate variability and change and promote the 
cultivation of less water consuming crops suitable to local environments.  
 
The objective of the workshop is to bring together experts from all over the world to share information, 
experience, and views on how to implement the water-energy food nexus in agriculture. The focus is on 
the practical application of the Nexus. The papers of the proceedings will show examples of application 
and address the three elements of the Nexus: Water, Food and Energy. The Workshop themes 
covered:  
 
  



Water-Energy-Food–nexus at field, regional and country scales. Examples of applications. 
 

• How the environment and ecosystem services benefit from the Nexus.  
• Economic analysis of food production within the nexus.  
• Management practices that promote the Nexus.  
• Institutional and Governance issues in implementing the Nexus. 

 
 
 
Prof. Dr Ragab Ragab  
ICID President and 
Chairman, Working Group on Water Food Energy Nexus (WG-WFE-N) 
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DEVELOPMENT OF WATER-ENERGY-FOOD NEXUS MODEL FOR 
BASIN-SCALE STUDIES 

 
Krishna Mondal1, Raja Babu Tantuway2, Chandranath Chatterjee3, Rajendra Singh3,* 

 

ABSTRACT 

Water-Energy-Food (WEF) nexus ensures the integrity of the ecosystem and under-
stands and manages the frequently-competing demands. With the help of the WEF 
nexus indicators, decision-makers have a framework for analyzing the extent to which 
WEF resources can be used in the short, medium, and long term. The present WEF 
nexus models usually fix a specific component and estimate the required demand of 
the main element without considering the interconnected aspects among the re-
sources. Besides, there is a lack of analytical tools for basin-scale WEF nexus studies. 
In this study, we have developed a spatially distributed (block-scale) WEF nexus model 
with the help of the Modified Pardee-RAND WEF security index equation, which con-
siders all interconnected indicators to meet the basin-scale WEF challenges. The 
model is coded in Python programming language and provides an operating system 
independent Graphical User Interface (GUI). The distributed database of the model is 
developed with the help of an external database server (MySql). The developed model 
will help understand the nexus among the water, energy, and food by calculating their 
respective sub-indices and WEF nexus index, which further implies the respective re-
sources security percentage over the basin. We have tested the model in the Kang-
sabati river basin for the model's credibility for the year 2011. The result shows that the 
basin's water, energy, food sub-indices, and WEF nexus index are 0.89, 0.74, 0.78, 
and 0.80, respectively. To validate the results, we calculated the Spearman rank cor-
relation (>0.7), which reveals that WEF sub-indices have strong positive correlate with 
water, energy, food accessibility, and availability and have a significant association with 
other indicators. This study will help influence the policy and resources planning pro-
cess. Likewise, basin-scale WEF management will ensure better management of WEF 
resources holistically and equitably.  
 
Keywords: Pardee RAND WEF Nexus Index, Block-scale, Basin-scale, Water sub-
index, Energy sub-index, Food sub-index 

1. INTRODUCTION 

Water, energy, and food (WEF) are considered "the pillars on which global security, pros-
perity and equity stand" (Hague, 2010). These resources are fundamentally linked as 
freshwater pumping, filtration, and distribution, and wastewater collection, transporta-
tion, and treatment require energy (Mohtar & Daher, 2012). Water is needed for energy 
production in hydropower and ocean energy, cooling power plants, and growing crops 
or cellulosic materials for biofuels. To grow crops, feed livestock, operate farms, create 
intricately processed foods, and manage the supply chain from production to distribu-
tion, it is necessary to have access to water and electricity. Additionally, food has been 
used as a raw material to create biofuels for energy production and transportation. As 
a result, there is a complicated web of interactions and relationships among these three 
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resources, fraught with challenges, including growing population density, rapid urbani-
sation, economic growth, poverty, hunger, changing diet habits and climate change. A 
useful idea known as the "Water-Energy-Food (WEF) Nexus" has arisen to describe 
and address the intricate interdependence of our world's resource system, which is 
essential to achieving sustainable development goals (SDGs). These three resources 
are already under stressful conditions but will be pushed to their limits by 2050. In 2050 
the world will have a total population of about 9.4 to 10.2 billion and need 20 to 30%, 
60% and 50% more water, food, and energy, respectively (Boretti and Rosa, 2019; 
Newell et al., 2021). India will have a population of about 1.62 billion and will need 30% 
and 32% more water and food, respectively, from the 2017 level (OECD, 2017). The 
SDGs 2 (zero hunger), 6 (clean water and sanitation), and 7 (cheap and clean energy) 
may all be achieved with the help of actions and policies that are well-informed by the 
nexus concept (Stephan et al., 2018). The inadequate understanding of the current 
situation of WEF securities, notably access and availability, is undermining attempts to 
attain SGDs 2, 6, and 7. 
 
The WEF Nexus is three-dimensional in its core because it may be utilized as a dia-
logue tool, a conceptual framework, or an analytical tool (Keskinen et al., 2016). WEF 
Nexus is an integrated strategy that derives cross-sectoral sustainability metrics. For 
the WEF nexus to be factual, it needs a decision support tool that examines the three 
sectors collectively, quantifies cross-sectoral interlinkages, visualizes imbalances, and 
holistically assesses resource development and usage (McGrane et al., 2019). One 
technique to assess resource management is utilizing sustainability indicators ex-
pressed through composite indices (Farinha et al., 2019). The performance and cur-
rent condition of resources at a specific spatial scale are captured by sustainability in-
dicators (Bell and Morse, 2018) and quantify the current or future trends in resource use 
(Ozturk, 2017). 
 
Some WEF nexus models (MuSIASEM, WEF Nexus Tool 2.0, CLEWS, WESim, 
ANEMI3) focus on particular facets of the nexus and provide significant advancements 
in resource system analysis as well as various approaches for examining distinct flows 
across the various systems. Multiscale Integrated Assessment of Society and Ecosys-
tem Metabolism (MuSIASEM) (Giampietro et al., 2013) mimics the WEF nexus by de-
scribing WEF metabolic processes based on contemporary energy metabolism.  
 
It can consider socioeconomic and environmental variables and be applied to a regional 
or national scale. However, only certain users can comprehend this complicated model.  
 
WEF Nexus Tool 2.0 (Daher & Mohtar, 2015) is a user-friendly, scenario-based tool. 
This model is developed to quantify the resource requirement for the national food sup-
ply. However, the agricultural sector is not considered a consumer of any resources. 
The climate, land-use, energy, and water systems (CLEWS) (Saif and Almansoori, 
2017) model focuses on assessing interlinkages between resources to understand how 
security depends on the production and use of food, energy, and water. Water-Energy 
Simulator (WESim) (Cooley et al., 2012) is based on the scenario to analyze how 
changes in the water system will affect energy use and greenhouse gas emission. Also, 
the ANEMI3 model (Breach and Simonovic , 2021) includes the integrated assessment 
of global    change. Water resources play an essential part in this model, which incorpo-
rates system dynamics simulation to allow users to experiment with various policy op-
tions in light of global climate change, but food and energy security is ignored.  
 
Thus, the current models target a specific element and estimate the significant compo-
nent's required demand without considering the interconnected elements among the 
resources. The present study aims at developing a WEF Nexus model by considering 
all the interconnected indicators. WEF nexus scenarios within a country are region-
specific. However, few attempts have been made to carry out basin-scale studies. Fur-
thermore, analytical tools for basin-scale WEF nexus studies are lacking. Therefore, 
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the objectives of this study are a) To develop a water-energy-food nexus model to es-
timate WEF security at the basin scale. b) To test the performance of the developed 
model in the Kangsabati river basin. 
 

2. METHODOLOGY 

2.1. Study Area and data 

We have selected the portions of the Kangsabati river basin within the West Bengal state as 
the study area. Kangsabati river originates from the Chota Nagpur plateau in West Ben-
gal, India, and finally drains into the Bay of Bengal. It lies mainly within West Bengal 
state, between coordinates 87°32' E and 85°57' E; 22°18' N and 23°28' N. It covers 24 
community development blocks (i.e., micro-level administrative unit of India) of Purulia, 
Bankura and West Midnapore districts and has an area of 5796 km2. The block area 
ranges between 65 km2 and 427 km2. The elevation ranges between 102 m and 656 m 
above mean sea level. The annual mean rainfall is about 1390 mm in the basin, with 
June to October being the monsoon months. The annual minimum temperature is 8°C, 
and the annual maximum temperature is 45°C. Table 1 presents the data used (sec-
ondary data) in this study. 

Table 1. Input data for WEF Nexus model simulation 

Data sets Data information Sources 

Energy Security • Population access to electricity connection in 
their house 

• Total number households, number of house-
holds that have LPG connection 

• Total electricity supply (thermal, solar, bio and 
hydro) (kwh) 

• Number of solar and lift irrigation pumps, num-
ber of tractors, agriculture worker 

• Energy requirement for per unit crop, chicken or 
meat, egg, milk, electricity production (kwh/ton) 

West Bengal (WB) 
Census report 
2011; Government 
of WB 2011a, b  

Food Security  • Agriculture area, aquaculture area (ha) 
• Total number of farmers, number of farmers' 

access to modern farm equipment 
• Number of farmers who benefited per solar and 

lift irrigation pump 
• Cropping intensity, crop productivity (ton/ha) of 

different crops (paddy, wheat, maize, potato) 
• Dietary requirement/per capita of different age 

groups (kg/year) 
• Total chicken, meat, egg, and milk production 

(ton/year) 
• Fish production per unit aquaculture area 

(kg/ha) 
• Number of the population under different age 

groups 
• Hunger index, food price level index 

Government of 
WB 2011b, WB 
Census report 
2011, Global Hun-
ger Index 2011, 
CEIC India data  

Water Security • Crop water productivity (kg/m3) of different 
crops (paddy, wheat, maize, potato 

• Water requirement/capita for domestic pur-
poses (lit/day) 

• Water requirement for per unit production of 
chicken or meat, egg, milk, electricity (m3/ton) 

• Population access to sufficient water for do-
mestic purposes 

• Annual groundwater storage and draft (m3) 
• Geographical area (ha), rainfall and evapotran-

spiration (mm) 

WHO 2003, 
Government of 
WB 2011c, WB 
Census report 
2011, India WRIS, 
NABARD 2018, , 
CAG, 2020 
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2.2. Model Development 

The WEF nexus model is developed to estimate WEF security at the basin level and 
has three modules: Water, Energy, and Food (Fig. 1). Table 1 presents the inputs for 
the different modules. Each module calculates the accessibility and availability index of 
respective resources. Furthermore, each module calculates its unique resources secu-
rity or sub-index using the accessibility and availability index. The output of these mod-
ules is the input to the water-energy-food nexus model, which estimates the WEF 
Nexus Index. The algorithm is based on Modified Pardee-RAND WEF Nexus Index 
(MPR-WEFNI). The Pardee-RAND WEF Nexus Index (Willis et al., 2016) has been 
modified by considering interconnected parameters like industrial and agricultural water 
requirements, renewal energy & water sources, modern farm equipment and use of 
efficient irrigation technology machinery & human labour energy, and hunger index. 
Moreover, we have used the water balance equation to determine the available water 
at the basin level. The detail of the MPR-WEFNI is given in section 2.2.1. 
 
The model is developed in python language using the Tkinter module to create the 
software's graphical user interface (GUI). The model is distributed at a block scale. The 
scale can be changed based on the database structure. An external database server 
(MySQL) has been used to develop the distributed database. Inside the programming, 
Pandas, NumPy, and Pandas tables have been used for data handling. This user-
friendly model uses a mouse-driven approach with pop-up windows, dialogue boxes, 
pull-down menus, toolbar, status bar, and options controls. 

2.2.1. Pardee-RAND WEF Nexus Index (PR-WEFN) 

Pardee-RAND WEF Nexus Index (PR-WEFNI) (Eq. 1) consists of three sub-indices, 
i.e., water sub-index, energy sub-index, and food sub-index representing the relative 
resources security proposition. The WEF sub-indices are calculated using the geomet-
ric mean of accessibility and availability index of respective resources. Moreover, the 
accessibility and availability indices are calculated using various indicators. As all indi-
cators have different dimensions and units, a normalization method (min-max) is used 
to eliminate the dimensionality of the data. 
𝑊𝑊𝑊𝑊𝑊𝑊 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁 = �𝑊𝑊𝑎𝑎𝑎𝑎𝑁𝑁𝑎𝑎 𝑆𝑆𝑁𝑁𝑆𝑆−𝑖𝑖𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁 × 𝑊𝑊𝐼𝐼𝑁𝑁𝑎𝑎𝐸𝐸𝐸𝐸 𝑆𝑆𝑁𝑁𝑆𝑆−𝑖𝑖𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁 × 𝑊𝑊𝐹𝐹𝐹𝐹𝐼𝐼 𝑆𝑆𝑁𝑁𝑆𝑆−𝑖𝑖𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁3  (1) 
 
Water Sub-index (WSI) 
 
The WSI is the geometric mean of water accessibility and water availability (Eq. 2). 
Under the WSI, the water accessibility index is the geometric mean of the per cent 
population having access to sufficient water for sanitation and improved drinking water. 
Water consumed compared to the minimum amount required for basic residential 
needs (eating, cooking, and sanitation) is known as water availability. 
𝑊𝑊𝑎𝑎𝑎𝑎𝑁𝑁𝑎𝑎 𝑆𝑆𝑁𝑁𝑆𝑆 − 𝑖𝑖𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁 = �𝑊𝑊𝑎𝑎𝑎𝑎𝑁𝑁𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑆𝑆𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝐸𝐸 × 𝑊𝑊𝑎𝑎𝑎𝑎𝑁𝑁𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑆𝑆𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝐸𝐸2                     (2) 
 
Energy Sub-index (ESI) 
 
The geometric mean of energy availability and accessibility is known as ESI (Eq. 3). 
The geometric mean of the % population with access to electricity and sufficient energy 
for cooking is the energy accessibility. The ratio of the logarithmic value of available 
electricity to the requirement/year is known as energy availability. 
𝑊𝑊𝐼𝐼𝑁𝑁𝑎𝑎𝐸𝐸𝐸𝐸 𝑆𝑆𝑁𝑁𝑆𝑆 − 𝑖𝑖𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁 = �𝑊𝑊𝐼𝐼𝑁𝑁𝑎𝑎𝐸𝐸𝐸𝐸 𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑆𝑆𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝐸𝐸 × 𝑊𝑊𝐼𝐼𝑁𝑁𝑎𝑎𝐸𝐸𝐸𝐸 𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑆𝑆𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝐸𝐸2                  (3) 
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Food Sub-index (FSI) 
 
The FSI is the geometric mean of food accessibility and availability (Eq. 4). The geo-
metric mean of per cent Calories/capita/day intake from non-starchy food and the re-
ciprocal value of the Consumer Food Price Index is used to calculate food accessibility 
in the food sub-index (CFPI). The yearly per capita food grain supplies relative to the 
food required is known as food availability. 
𝑊𝑊𝐹𝐹𝐹𝐹𝐼𝐼 𝑆𝑆𝑁𝑁𝑆𝑆 − 𝑖𝑖𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁 = �𝑊𝑊𝐹𝐹𝐹𝐹𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑆𝑆𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝐸𝐸 × 𝑊𝑊𝐹𝐹𝐹𝐹𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑆𝑆𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝐸𝐸2                                   (4) 
Using the available indicators data of different states and UTs of India, we have calcu-
lated the WSI, ESI, FSI, and WEFNI and then mapped them using Arc GIS software.  

2.2.2 Modified Pardee RAND WEF Nexus (MPR-WEFN) 

Many interconnected indicators are not considered in the Pardee WEF Nexus index, 
so we have modified the equation by adding all those indicators to calculate the WEF 
nexus. The different indicators and equations used to calculate the water, energy, and 
food sub-indexes are given in Table 2.  
 

 

Fig. 1. Overview of the model structure 
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Table 2. Indicators and equations used to calculate Modified Pardee RAND WEF 
Nexus Index (MPR-WEFNI) 

 
Sector Security In-

dicators 
Equation Variable definition (unit) 

Water Water Avail-
ability (WAv) 

(WAv) = wavi
wreq

 = 
P−ET+GWs

WRd+WRcp+WRch+WRm+WRml+WRe
 

 
ET calculated using the Har-
greaves equation 

wavi: water available (m3) 
wreq: water requirement (m3) 
P: precipitation (mm) 
ET: evapotranspiration (mm) 
GWs: groundwater storage (ha-m) 
WRd, WRcp, WRch, WRm , WRml , WRe: wa-
ter required for domestic purposes, crop 
production, chicken, meat production, 
milk production, egg production, respec-
tively (m3) 

Water Ac-
cessibility 
(WAc) 

WAc = �PDS ∗ FSWI
2  PDS: % population having access to 

sufficient water for drinking and sanita-
tion 
FSWI: % farmer having access to suffi-
cient water for irrigation 

Water Sub-
index (WSI) 

WSI =  √WAv ∗  WAc2  WAv : water availability (ratio) 
WAc: water accessibility (ratio) 

Energy Energy 
Availability 
(EAv) 

Eavi
Ereq

 = 
TES + 0.28 (ME + HLE)

ERd+ERcp+ERch+ERm+ERml+ERe
 

 
TES = TE+SE+HE+WE 

Eavi: energy available (kwh) 
Ereq: energy requirement (kwh) 
TES: total electricity supply (kwh) 
TE, SE, HE, WE: thermal, solar, hydro-
power, wind energy, respectively (kwh) 
ME: machinery energy (MJ) 
HLE: human labour energy (MJ) 
ERd , ERcp , ERch, ERm , ERml , ERe: energy 
required for domestic purpose, crop pro-
duction, chicken production, meat pro-
duction, milk production, egg produc-
tion, respectively (kwh) 

Energy Ac-
cessibility 
(EAc) 

EAc = �Pe+Hmf+Ffe+Fsei4  Pe: % population having access to elec-
tricity for household 
Hmf: % household having access to 
modern fuel 
Ffe: % farmers having access to modern 
farm equipment 
Fsei: % farmer having access to suffi-
cient electricity for irrigation 

Energy Sub-
index (ESI) 

ESI = √EAv ∗ EAc2  EAv: energy availability (ratio) 
EAc: energy accessibility (ratio) 

Food Food Availa-
bility (FAv) 

Favi
Freq

 = Cp+Fp+Chp+Mp+Mlp+Ep
∑ DRi∗Popii

 Favi: food availability (ton) 
Freq: food requirement (ton) 
Cp, Fp, Chp, Mp, Mlp, Ep: crop production, 
fish production, chicken production, 
meat production, egg production, re-
spectively (ton) 
DR: dietary requirement (kg/year) 
Pop: population 
i: different age group 

Food Acces-
sibility (FAc) 

FAc = �(1/FPLI) ∗ (1-HI)2  FPLI: Food price level index (ratio) 
HI: Hunger index (ratio) 

Food Sub-
index (FSI) 

FSI = √FAv x FAc2  FAv: food availability (ratio) 
FAc: food accessibility (ratio) 

Water-
Energy-
Food 

Water-En-
ergy-Food 
Nexus Index 

WEFNI = √𝑊𝑊𝑆𝑆𝐼𝐼 ∗ 𝑊𝑊𝑆𝑆𝐼𝐼 ∗ 𝑊𝑊𝑆𝑆𝐼𝐼3  WSI: Water Sub-index 
ESI: Energy Sub-index 
FSI: Food Sub-index 
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2.3  Model Testing and validation 
To test the developed model's credibility, we have used the collected data from the 
Kangsabati river basin. All the data (Table. 1) are available at the block level in West 
Bengal for 2011. We have tested the model for 2011. The collected data is classified 
into various file formats, i.e., water security-related data, energy security-related data 
and food security-related data. A database has been developed using the WEF-related 
data sets and placed within the model GUI for analysis. Finally, the model simulates 
the results (WEF Nexus indices) for each block within the basin and the entire basin. 
Moreover, to validate the model results, we have used Spearman’s rank correlation, 
which is referred to as “good” when it significantly correlates with the associate indices 
(Singh and Nayak, 2020).  

3. RESULTS AND DISCUSSION 

3.1. Graphical User Interface 

An operating system (OS) independent GUI is developed in Python programming lan-
guage for the WEF-Nexus tool. The GUI consists of Start, Main, Database, Execution, 
Output and Help Window. The following sections give a detailed explanation of each 
window's features and functions. 
 
3.1.1. Start and Main Window 
 
The Start window has a 'Start' bottom (Fig. 2a); after clicking this button, the tool will 
start and come to the main window. The Main window (Fig. 2b) consists of different 
tabs: Database, Execution, Output and Help. In every tab, the user has options to jump 
to the different sections. 

3.1.2. Database Window 

The Database window consists of two sub-tabs, the existing database and another for 
creating a new database (Fig. 2b-d). In the exiting database, the user can select the 
database; presently, only Kangsabati river basin data is available. When the user 
chooses the exiting database and clicks on the 'OK' button, the database preview tab 
opens automatically, where the user can see the data for the selected basin (Fig.2c). 
The user can choose the execution tab to start the calculation. Subsequently, the out-
puts can be seen using the output tab. 

The users can quickly develop a new database by inserting different input files, which 
are classified into different data file formats, i.e., basin information, water security-re-
lated data, energy security-related data and food security-related data (Fig.2d). The 
user should upload the data file in a particular format, which can be referred to using 
the 'i' button. The user can preview inserted data files under the different sections for 
various data files in the right side section. Under the same tab, there are the 'Add more 
data' and "Submit" buttons. If the user interested in analyzing multiple years for the 
same basin, the data can be imported using those two buttons. After inserting all the 
data files, data can be imported using the 'Submit’ button. This database will be further 
shown in the Execution window.  
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3.1.3. Execution and Output Window 

Fig. 2e shows the model execution, where the user has to choose the database and 
year for model simulation. After the simulation, the outputs will be saved in the database 
and can be visualized through the Output window. The Output window consists of two 
sub-tabs, a Tabular View and a Map View (Fig. 2f). Each view consists of different WEF 
nexus indices (i.e., Water Sub-index, Energy Sub-index, Food Sub-index and WEF 
Nexus Index). In the tabular view, the user can see the resources' accessibility and 
availability indices along with the WEF sub-indices. Moreover, the user can also ana-
lyze the output and rank the blocks per WEF security by double-clicking on the header 
to sort the actual result in ascending and descending order. In the map view, different 
colours are used for different ranges of indices so the user can quickly identify which 
blocks have index values in a specified range. 

3.2. Model testing results and validation 

The model testing results are presented in Table 3 and Fig. 3. Table 3 shows the value 
of WSI, ESI, FSI and WEFNI in different blocks under the basin and Fig. 3 shows the 
degree of water, energy and food sub-indices spatially in the basin. Table 3 shows that 
the maximum water sub-index is 1.0 in the Binpur-I, Binpur-II and Jaipur blocks, which 
shows that the water is 100 per cent secured, i.e., water is fully accessible and available 
in these blocks. In contrast, the minimum WSI is 0.652 in the Jhalda-II block, where the 
water is accessible but not available for all. Furthermore, the maximum ESI is 0.865 in 
the Binpur-II block, which means that the energy is not fully secured in the bloc k. It is 
due to the variation in energy availability (1) and energy accessibility (0.749) indices 
directly affecting the ESI. On the other hand, the Kharagpur-I block has the minimum 
ESI, i.e., 0.42, as energy is neither available (energy availability: 0.356) nor accessible 
(energy accessibility: 0.496). Only this block has an ESI less than 0.50, 
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Fig. 2. Graphical User interface of developed Water-Energy-Food Nexus model. 

Table. 3. Water-Energy-Food Nexus Indices of different blocks of the Kangsabati river basin 
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WEF  
Nexus  
Indices 

Ar
sh

a 

Ba
gm

un
di 

Ba
lar

am
pu

r 

Ba
ra

ba
za

r 

Bi
np

ur
-I 

Bi
np

ur
-II 

Bu
nd

wa
n 

Hi
rb

an
dh

 

Hu
ra

 

Ja
yp

ur
 

Jh
ald

a-
II 

Jh
ar

gr
am

 

Kh
ar

ag
pu

r-I
 

Kh
ar

ag
pu

r-I
I 

Kh
at

ra
 

Ma
nb

az
ar

-I 

Ma
nb

az
ar

-II
 

Mi
dn

ap
or

e 

Pu
nc

ha
 

Pu
ru

lia
-I 

Pu
ru

lia
-II

 

Ra
ip

ur
 

Ra
ni

bu
nd

h 

Sa
re

ng
a 

WSI 0.881 0.669 0.802 0.868 1 1 0.992 0.827 0.992 1 0.652 0.955 0.912 0.954 0.858 0.868 0.727 0.942 0.977 0.843 0.816 0.982 0.995 0.841 

ESI 0.711 0.752 0.72 0.72 0.801 0.865 0.776 0.84 0.736 0.82 0.548 0.748 0.42 0.741 0.822 0.725 0.725 0.605 0.762 0.661 0.667 0.801 0.805 0.82 

FSI 0.628 1 0.62 0.613 0.746 0.864 0.811 0.962 0.823 0.947 0.687 1 0.708 0.967 0.771 0.727 0.857 0.811 0.734 0.562 0.647 0.667 0.939 0.756 

WEFNI 0.733 0.795 0.71 0.726 0.842 0.907 0.855 0.874 0.844 0.919 0.626 0.894 0.647 0.881 0.816 0.771 0.767 0.773 0.818 0.679 0.706 0.807 0.909 0.805 
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which shows the energy insecure block of the basin. Energy insecurity in the region is 
primarily due to widespread underdeveloped energy systems and the high electricity 
cost (Ouedraogo, 2017). Moreover, the maximum FSI is 1 in Baghmundi and Jhargram 
blocks. Besides, the minimum food sub-index is in the Puruliya-I block having an index 
score of 0.562, where food is available to a satisfactory level (food availability: 0.936). 
However, food is not adequately accessible (food accessibility: 0.629). The WEFNI is 
a function of WSI, ESI, and FSI and implies the overall WEF security percentage. Rani-
bandh block has the highest WEF nexus index, followed by Jaypur and Binpur-II. On 
the contrary, the Jhalda-II block consists of the lowest WEFNI due to the lower water, 
energy and food sub-index values. 
 
In the map view (Fig. 3a), we can see that most of the blocks (92%) have a high or very 
high WSI. Only two blocks (8%), Jhalda-II and Baghmundi (parts of upper Kangsabati 
river basin), have a medium value of WSI. Ghosh et al. (2020) presented that 57%, 
29.33% and 17.34% area of the upper Kangsabati river basin have good, moderate 
and poor groundwater prospects, respectively, which justifies our results. Moreover, we 
can identify that 79% of the blocks under the basin has high energy security (Fig. 3b). 
Some blocks like Puruliya-II and I, Jhalda-II and Midnapur have medium energy secu-
rity. Besides, Kharagpur-I block has a lower ESI, implying that it is an energy insecure 
region of the basin. As a result of energy insecurity, many households are forced to rely 
on unreliable sources of energy, such as open fires for cooking and lighting, which can 
have serious adverse effects on one's health (Boateng et al., 2020). Hence, authorities 
must take appropriate steps to enhance the infrastructure and ensure proper electricity 
supply. Further, Fig. 3c shows that most of the blocks under the basin have high (45%) 
and very high (25%) FSI. However, Jhalda-II, Puruliya-I and II, Arsha, Balarampur, 
Barabazar and Raipur have medium FSI. In the food sector, a lack of infrastructures, 
such as storage facilities, farm-to-market highways to transport agricultural products to 
market areas, irrigation facilities, and fertiliser availability, can result in post-harvest 
losses and reduced food security.  
 
Furthermore, climate-related events such as floods and droughts may cause unequal 
food distribution and poverty (Nkiaka et al., 2021). Thus, the government should adopt 
such a policy to ensure that food availability and accessibility come closer to one 
through equal food distribution. Finally, Fig. 3d indicates that all the blocks under the 
basin have high and very high WEF security except Puruliya-II and Jhalda-II blocks. 
 
The overall WEF nexus index of the basin is 0.8, with WSI, ESI and FSI values of 0.89, 
0.73 and 0.79, respectively. Thus, the energy sub-index needs to be increased, fol-
lowed by the food and water sub-indices, to attain complete resource security in the 
basin. Therefore, special attention must be paid to implementing different policies and 
schemes to improve resource availability and accessibility. However, all bocks (except 
Kharagpur-I) have WEF nexus indices greater than 0.50, indicating that the blocks are 
on the path to achieving food security. 
 
The results given by the model have been validated using Spearman’s rank correlation 
(Table. 4). From the table, it can be observed that Spearman’s correlation coefficients 
for all the indices are greater than zero, so it reveals all indices are positively correlated 
with each other and have a significant association with other indicators. Furthermore, 
that WSI, ESI, FSI have strong positive correlation with resources accessibility and 
availability index as these have Spearman’s rank correlation >0.6 (Daniel, 1990). 

Table. 4. Spearman’s rank correlation for WEF nexus indices 

  WAc WAv WSI EAc EAv ESI FAc FAv FSI 

WAc 1 0.712 0.756 0.735 0.088 0.429 0.104 0.514 0.529 

WAv 0.712 1 0.895 0.155 0.234 0.107 0.191 0.72 0.78 

WSI 0.756 0.895 1 0.192 0.293 0.325 0.253 0.16 0.16 
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  WAc WAv WSI EAc EAv ESI FAc FAv FSI 

EAc 0.735 0.155 0.192 1 0.812 0.778 0.156 0.35 0.354 

EAv 0.088 0.234 0.293 0.812 1 0.883 0.309 0.272 0.292 

ESI 0.429 0.107 0.325 0.778 0.883 1 0.141 0.378 0.394 

FAc 0.104 0.191 0.253 0.156 0.309 0.141 1 0.821 0.879 

FAv 0.514 0.72 0.16 0.35 0.272 0.378 0.821 1 0.994 
FSI 0.529 0.78 0.16 0.354 0.292 0.394 0.879 0.994 1 

 
 

Fig. 3. Spatial variation of Water-Energy-Food Nexus Indices and their degree. 

4. CONCLUSIONS 

Water, energy and food are all interconnected, and these connections must be reflected 
in the planning and decision-making sceneries that govern their management. This pa-
per presents a spatially distributed Water-Energy-Food Nexus model, developed using 
a modified Pardee RAND WEF nexus equation. The developed model performs satis-
factorily at the basin level. This model can analyse the water, energy, food security, 
and interconnected relation by generating WEF sub-indexes and nexus index. Further, 
this model can analyse WEF nexus at any scale (local to national), mainly based on 
the input database structure. The model is efficient as generating the outputs takes two 
to three minutes. Future work will develop a policy analysis module to create and ana-
lyse different water, energy and food scenarios to ensure resource security. Based on 
the case study, results generated by the model identified that water, energy and food 
security are positively correlated. In addition, this model helps identify the blocks  within 
the basin with water, energy, and food availability or accessibility problems and needs 
related to policy implementation. This study will help influence the policy and resources 
planning process. 
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IMPACT OF TWO SCHEMES ON WATER, ENERGY AND FOOD 
NEXUS: EXAMPLES FROM INDIA 

[Avinash Mishra1 and Arunlal K.2 ] 

ABSTRACT 
 

Indian agriculture sector contributes about 16% of the country’s GDP and generates 
nearly 42% employment.  Following the partition of the country in 1947, the food 
problem for the Indian Union worsened as large parts of the highly developed canal 
irrigated areas were included in Western Pakistan. Thus, it became inevitable for 
India to utilize its water resources to the fullest extent practicable and the five-year 
plans gave prominence to the irrigation sector. In the 1960s, through Green 
Revolution, high yielding crops, fertilizers, pesticides, irrigation facilities and use of 
ground water for agriculture were promoted to achieve self-sufficiency in food 
production. In this exercise, optimum utilization of two important resources, Water and 
Energy, was largely overlooked and both were made available either at subsidized 
rate or at no cost. This paper examines the positive impacts brought in by two 
Government of India Schemes viz. Pradhan Mantri Krishi Sinchayee Yojana (PMKSY) 
introduced in 2015 which aimed to bring in assured irrigation and water use efficiency 
in the agriculture sector, and Pradhan Mantri Kisan Urja Suraksha evam Utthan 
Mahabhiyan Yojana (PM-KUSUM) introduced in 2019 to promote the use of 
renewable energy in agriculture sector. Electricity consumption by the agriculture 
sector was following a steady linear rise since 2019 from about 4400 Giga Watt Hour 
(GWh) in 1971 to 213400 GWh in 2019. Since 2019, the trend started flattening 
recording a slight dip to 211300 GWh in 2020. As a result of the micro irrigation 
schemes under PMKSY, the area covered under micro irrigation increased from 7.78 
million ha in 2015-16 to 14.53 million ha by 2021-22. This paper also discusses the 
role of ground water in the Indian irrigation sector and possible savings in water and 
energy owing to the transition into micro irrigation. Increase in crop yield and rise in 
production of major crops during the post PMKSY period are also presented. 

Keywords: Irrigation, Yield, Energy, Ground water, Micro Irrigation, PMKSY and PM-
KUSUM 
 

1. Introduction 
 

Proper understanding of the interrelation among water, food and energy and its 
effective management are crucial in arriving at sustainable approaches to optimize 
the water-food-energy nexus. Energy is an integral and inseparable component in the 
entire process of food production right from preparation of farm land, abstraction and 
supply of irrigation water, harvesting, post-harvesting till converting the farm produce 
to value added products. Past decades have witnessed successful efforts of 
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optimising the energy usage in various phases of the agricultural and allied activities. 
However, rising demand on food and growth of commercialisation contributed in 
raising the demand on water and energy for food production. In India, the agriculture 
sector accounts for about 16% to 18% of total electricity consumed while the 
consumption in the commercial sector is around 8% (NSO 2021). At the time of 
independence electricity consumption by the agriculture sector was 125 Giga Watt 
Hour (GWh) and has grown exponentially over the years to nearly 191151 GWh in 
2017 (CEA 2021) as seen in Figure 1. 

 
Figure 1. Graph showing trend of electricity consumption by agriculture sector from 1947 to 

2017 (Source: CEA, 2021) 

Green Revolution in India increased the agriculture production rapidly and helped in 
achieving self-sufficiency in food grains and poverty reduction. However, this also led 
to a surge of volume and pace of groundwater extraction in the 1970s. Intensive 
groundwater use was a result of subsidized electricity policy, easy availability of credit 
for constructing groundwater wells and buying pumps, and food procurement policies 
that guaranteed procurement of rice and wheat crops. These policies were introduced 
to encourage farmers to adopt Green Revolution technologies in its initial phases but 
have remained unchanged over decades, leading to groundwater extraction  which is 
energy intensive (Mukherji,  2022) . 
 

2. Irrigation in India 
 
In India, out of the net sown area of about 139 to 140 million hectare, 65 to 67 million 
hectare is under irrigation (RBI, 2021) which works out to be about 48%, while the 
figure is 21% globally (FAO, 2014). Interestingly, 63% of the irrigated area finds its 
water source from groundwater such as wells and tube wells, 30% from canals and 
tanks and the remaining 7% from other sources; and the same trend is followed in all 
size-classes as depicted in Figure 2. Minor Irrigation (MI) census data by the 
Government of India shows that the 15-year period between the 3rd (2000-01) and 5th 
(2015-16) MI census has witnessed an increase in the total ground water schemes by 
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2 million, due to the  steep rise in numbers of deep tube wells and shallow tube wells 
by 2.1 million and 0.7 million respectively and a decline in number of dug wells by 0.8 
million. 

 
Figure 2. Source-wise irrigation (in %) among different size-classes of farmers (Source: DES, 

2020) 

As seen from Figure 3, the area irrigated using surface water sources has been 
reduced from 18.72 million ha to 17.43 million ha, while the area under ground water 
irrigation rose from 38.36 million ha to 44.79 million ha during the 10 year period from 
2007 to 2017 (CWC 2021). On average, the area under ground water based irrigation 
has been increasing by 0.64 million ha every year, while surface water based 
irrigation remains either stagnant or reduced by 0.13 million ha annually. This 
suggests that the requirements of new areas brought under irrigation were met using 
ground water sources. As the number of deep tube wells increased, a larger quantity 
of energy is consumed. About 89% of total ground water withdrawal, i.e., about 218 
billion cubic meter is used for irrigation purpose.  

 
Figure 3. Change in area irrigated by surface and ground water sources from 2007 to 2017 

(Source: CWC 2021) 
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Ratio of volume of ground water extracted every year and annual ground water 
recharge, referred as stage of groundwater development, in the country is 61.6%. The 
stage of ground water extraction is very high in the states of Delhi, Haryana, Punjab 
and Rajasthan, where it is more than 100%, which implies that in these states the 
annual ground water consumption is more than annual extractable ground water 
resources. In the states of Tamil Nadu, Uttar Pradesh, Karnataka and Union 
Territories (UTs) of Chandigarh and Puducherry, the stage of ground water extraction 
is between 60-100% (CGWB 2020). These trends clearly establish the huge reliance 
on energy by way of lifting the ground water for irrigation purpose. Moreover, the 
decline of ground water table leads to the consumption of more energy every year to 
meet the irrigation requirements. 

3. Interventions for water and energy use optimization 
 
Low water use efficiency and a fragmented approach to water resources planning and 
development have always been a concern in the irrigation sector in India. As 
estimated by United Nations’ Food and Agriculture Organisation (FAO), water 
withdrawals in India are around 688 billion cubic meter (BCM)/year amounting to 90 
% of total water withdrawals, nationally well above China (64%), USA (39%) and the 
global average (69%). In the primary sector – the sector which makes use of the 
natural resources to produce food and raw matierals (predominantly the agriculture 
and allied sectors) - water is a critical resource for many activities and its 
management is spread across a number of administrative domains. Often this led to 
lack of co-ordination, duplication of interventions and inefficiency in resource 
management. 
 

3.1 Pradhan Mantri Krishi Sinchayee Yojana (PMKSY) 
 
In India, three major Ministries have been dealing with the schemes where water is 
the pivotal element, viz. Ministry of Water Resources, River Development & Ganga 
Rejuvenation (later became Ministry of Jal Shakti in 2019), Ministry of Agriculture and 
Farmers Welfare and Ministry of Rural Development. In 2015, the Government of 
India amalgamated various schemes in the water sector, which were under these 
three Ministries, under an umbrella scheme Pradhan Mantri Krishi Sinchayee Yojana 
(PMKSY) aiming at convergence of investments in irrigation at the field level, 
expansion of cultivable area under assured irrigation, improvement of on-farm water 
use efficiency to reduce wastage of water, promotion of adoption of precision-
irrigation and other water saving technologies. Component of ‘Per Drop More Crop’ 
(PDMC) was included under PMKSY in 2015 with a 5-year outlay of 163.00 billion 
INR, to enhance water use efficiency in the agriculture sector and to encourage 
farmers to use water saving and conservation technologies. The PDMC is a Centrally 
Sponsored Scheme (CSS) by the Government of India where the full or a major share 
of the project cost will be borne by the Government of India and the remaining by 
respective, sub-national, State Governments. In the areas coming under the direct 
administrative control of the Government of India, referred to as Union Territories, 
100% of the cost is borne by the Government of India. For the States in the North-
East part of India and in the Indian Himalayan Region 90% of the cost, and for other 
States 60% of the cost is funded by the Government of India. 
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Table 1. Area brought under micro-irrigation since 2015 
Year Area under micro 

irrigation (in million 
ha) 

Cumulative 
(in million ha) 

Till the year 2015 
 (Value as of 31.03.2015) 

 7.78 7.78 

2015-16 0.57 8.35 
2016-17 0.84 9.19 
2017-18 1.05 10.24 
2018-19 1.16 11.40 
2019-20 1.17 12.57 
2020-21 0.94 13.51 
2021-22 1.02 14.53 

In the seven-year period from 2015-16 to 2021-22, an area of 6.75 million hectare has 
been additionally brought under micro irrigation and thus the total area became 14.53 
million hectare. The year-wise break-up is shown in Table 1. It is also pertinent to 
observe that the net sown or gross sown areas have not increased during this period 
which implies that the PDMC benefitted area of 6.75 million ha was already under 
conventional irrigation. This has helped in bringing down the water extraction and also 
the corresponding energy consumption. 

3.2 Pradhan Mantri Kisan Urja Suraksha evam Utthan Mahabhiyan Yojana (PM-
KUSUM) 

 

As per the 5th Minor Irrigation (MI) census conducted by the Government of India 
there are about 4.9 million diesel pumps used by the minor irrigation schemes in the 
country. The Government of India approved the PM-KUSUM scheme in 2019 with the 
objective to provide clean energy to more than 3.5 million farmers and to enhance 
their income by providing the option to sell the energy generated in excess of their 
pumping requirement to the power distribution companies (DISCOMs). The scheme 
has three components viz., (A.) Addition of 10,000 MW of solar capacity through 
installation of small solar power plants of capacity up to 2 MW; (B.) Installation of 2.0 
million standalone solar powered agricultural pumps; and (C.) Solarisation of 1.5 
million existing Grid-connected Agriculture Pumps. The States which are dominant 
ground water users have been implementing the scheme with enthusiasm. Haryana, 
for example, has installed about 36800 stand-alone pumps, which is close to the 
number of diesel pumps in the State as per 5th MI census. As of now, 0.4 million 
stand-alone pumps and 1285 MW small solar plants are sanctioned across the 
country and are being installed. The scheme has also helped in spreading awareness 
among farmers about the advantages of using solar pumps. 
 

4. Discussion 
 
The interventions in the agriculture sector through PMKSY-PDMC and PM-KUSUM 
have helped to optimize the water-food-energy nexus by way of breaking the linear 
increase in energy consumption followed over the decades and by improving the 
quantity of production and yield of major crops. It is observed that year-on-year 
growth in the consumption of electricity by the agriculture sector has started flattening 
since 2018-19, as seen in Figure 4. The consumption which had rose from 140960 
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GWh in 2011-12 to 213409 GWh in 2018-19 dipped to 211295 in 2019-20. This 
flattening trend has been continuing in the 2020-21 as well with a nominal increase of 
0.75% from 2018-19.  

 
Figure 4. Year-wise consumption of electricity by agriculture sector (Source: NSO 2021) 

(a) This could be attributed to the following factors:PMKSY has helped in 
providing assured canal irrigation in the project area and this could have 
reduced dependency on ground water. Consequently, energy consumed for 
pumping ground water has been saved. 

(b) The major share of the 6.75 million ha area newly brought under micro 
irrigation was being irrigated using ground water and hence the water saved 
would have saved the corresponding quantity of energy used for pumping 

Table 2. Presumptive calculation of energy saving for 6.75 million ha area for a crop 
with an average depth of irrigation of 50 cm and 5 HP pump 

Water saved Pumping parameters* Energy saved 

[Hours x 5 x 750 W] 

(GWh)  
As depth of 
irrigation 

Volume Head Discharge Hours of 
operation 

(Volume/ 

Discharge) 

30% (15 cm) 10.1 BCM 25 m 6.3 cum./hr 1.60 x 109 6000.00 

30% (15 cm) 10.1 BCM 160 
m 

2.7 cum./hr 3.74 x 109 14025.00 

50% (25 cm) 16.9 BCM 25 m 6.3 cum./hr 2.68 x 109 10050.00 

50% (25 cm) 16.9 BCM 160 
m 

2.7 cum./hr 6.26 x 109 23475.00 

* Discharge corresponding to the head has been taken from the performance chart 
supplied by reliable pump manufacturers for 25 stage 5 HP pumps used in 4-inch 
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borewells. Assumptions: (i) Water saving due to micro irrigation is in the range of 30% 
to 50%. (ii) Head varies from 25 m to 160 m. 

The presumptive calculation shown in Table 2, with conservative assumptions, 
indicates that bringing 6.75 million ha area under micro irrigation would at least save 
10.1 BCM water and 6000 GWh electricity and at most 16.9 BCM water and 23475 
GWh electricity. For areas where the ground water table is deeper, electricity savings 
will be even higher than this. 

 (C) The launch of PM-KUSUM, associated discussions, campaigns and 
meetings spread awareness among farmers on disadvantages of use of energy in 
excess and might have triggered a behavioural change. 

 

Another positive change observed in the nexus is that the yield and production of 
major crops have been showing significant rise notwithstanding the reduction in 
electricity consumption and with the same area of cultivation. Figure 5, Figure 6 and 
Figure 7 depict the trend in yield and production of major crops from 2010-11 to 2019-
20.  

 
Figure 5. Yield of major crops (kg/ha) from 2010 to 2020 (Source: RBI 2021) 

It is evident that the yields of major crops (Fig. 5) were following a plateau trend for 
the period from 2010-11 till 2014-15. The yield started increasing since 2015-16 and 
follows the upward trend. The increase in yield of total food grains in the five years 
preceding the PMKSY was 111 kg/ha while that in the five years since 2015 showed 
a sharp rise of 302 kg/ha. Similarly, the yield of coarse cereals (the cereals other than 
wheat and rice such as sorghum, pearl millet, finger millet, small millets, maize and 
barley (DMD 2014))  increased by 412 kg/ha and pulses by 168 kg/ha from 2015-16 
to 2019-20. 
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Figure 6. Production of total food grains (in thousand tonnes) (Source: RBI 2021) 

 

Figure 7. Production of fruits and vegetables (in thousand tonnes) (Source: RBI 2021) 

Production of food grains has significantly and steadily increased from 240 million 
tonnes in 2015-16 to 297 million tonnes in 2019-20 (Fig. 6). In case of fruits and 
vegetables (Fig 7), the production has been following more or less similar trends 
before and after introduction of PMKSY. This could be due to the fact that only a 
small fraction of fruits and vegetables are covered by canal irrigation. This reinforces 
the argument that increase in yield and productivity of food grains which are 
significantly covered by canal irrigation is triggered by the inception of PMKSY.  

 
5. Conclusion 
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The PMKSY scheme could bring visible improvement in the water-food-energy nexus 
by increasing yield and production of crops under canal irrigation. The PDMC 
component of PMKSY helped in bringing an additional area of 6.75 million ha under 
micro irrigation during the period from 2015-16 to 2020-21. This could save a 
considerable volume of water and a significant quantity of electricity. The PM-KUSUM 
scheme in its initial two to three years of implementation has positively contributed to 
the gain of nexus in high ground water consumer states. The combined effect of 
PMKSY and PM-KUSUM might be the reason for the flattening of the electricity 
consumption in 2019 and 2020, which was on a rising trajectory. However, the trend 
for at least the next three more years needs to be observed to ascertain whether the 
electricity consumption continues to follow the plateau curve. 
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POLICY IMPLEMENTATION TO IMPROVE WATER-ENERGY-FOOD 
SECURITY IN INDONESIA 

Anissa Mayangsari1, Duki Malindo2 
 

ABSTRACT 
 
 
In the last decade, sustainable development goals were the major topic to implement 
human prosperities. The paradigm of the water-energy-food (WEF) nexus has 
emerged to strengthen the concept of sustainable development. Indonesia is a 
tropical country, which has abundant water resources and the 4th largest population 
in the world. The government of Indonesia (GoI) has a big challenge to optimize this 
framework. The policy implementation of optimizing the water-energy-food nexus is 
starting to notice with the drafting of the laws and regulations which support this 
concept. This paper analyses the implementation related to water, food, and energy 
in Indonesia through infrastructure and law. The methodology in this paper uses 
descriptive analysis with secondary data from the government institution. The GoI has 
been pushing the development of infrastructure to strengthen the WEF sector such as 
constructing 61 dams within 10 (ten) years which increase reservoir capacity to 3.82 
BCM and premium irrigation area rise to more than 385.000 ha. To optimize the 
benefit of dams, the plan is to install floating photovoltaics on the reservoir of several 
dams to generate electricity. On a law basis, some regulation has been created to 
optimize WEF nexus accessibility such as Water Law 2019 which focused on IWRM, 
Law No 41/2009 regarding the protection of sustainable food farming, and 
Government Regulation No. 79 of 2014 on National Energy Policy which focuses on 
renewable energy mix target is at least 23% by 2025 and 31% by 2050. However, 
there are still overlapping functions between government institutions to manage the 
watershed.  
 
Key Word: water security, dam, infrastructure, food, energy, law  
 
1. INTRODUCTION 
 
Water is one of the limiting factors that needs to be considered facing civilization in 
the 21st century (Simonovic, 2002). It is generally known, that the concept of 
sustainable development is the development without the next generation 
(Commission on Environment, 1987). United Nations mentioned that sustainable 
development goals, which are water security, zero hunger, and affordable and clean 
energy need to be solved in the next decade (United Nations, 2021). These goals 
become more challenging, since the world's population in 2019 is 7,8 billion and is 
expected to reach 9.7 billion people by 2050, and increase to 10,9 billion in 2100 
(United Nation, 2019). However, Southeast Asia countries face critical challenges 
around deforestation (Aditya Yumansyah et al., 2021), floods (Phung et al., 2021), 
infrastructure financing (Salim & Negara, 2018), and a high-rate population. Thus the 
increase in WEF demand, combined with population growth and economic 
development, is a recent global challenge. 
                                                
1
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Integrated water resources management (IWRM) aims to manage water and land 
from the catchment area through the downstream, which also includes the estuary, as 
a means of balancing resource protection with social, ecology, and economic balance 
(Davies & Simonovic, 2011). Appropriate IWRM is an essential factor to handle 
conflict among sectors and stakeholders to manage properly for prosperity. The 
implementation of IWRM has been successfully conducted in several countries such 
as Indonesia, Iran, Bolivia, and Sudan (Nagata et al., 2021). In 2008, the water-food-
energy-nexus was first introduced by World Economic Forum as a key development 
challenge. In World Economic Forum report, it is analyzing the global risk around the 
globe which affects people and companies, and emphasizes the interrelation between 
water, energy, and food security (WEF, 2014).  In this context, to correlate the 
understanding between management and natural resources, the context of water, 
energy, and food security comes from a different perspective (Yeh et al., 2019). Thus, 
the IWRM emphasizes on the water sector while the Nexus broadens the scope of 
analysis with food and energy as well.   
 
The main objective of this article is to describe the implementation of water, energy, 
and food in Indonesia through infrastructure and law enforcement. This study 
contributes to the literature on legal aspects related to water, food, and energy which 
spread among central and local government institutions. And also some infrastructure 
development is carried out to strengthen WEF security. Following this introduction, 
this paper analyses the mapping between government institutions that are in charge 
of optimizing water, energy, and food. The article concludes with suggestions for 
policy and research for policymakers and other relevant stakeholders. Alterations of 
the law in Indonesia, such as the omnibus law, impact some policies which need to 
be reformation including sector water, energy, and food security. 
 
 
2. MATERIAL AND METHODS  
 
2.1 Methods 
 
This article uses secondary data which come from the Indonesia's Ministry of Public 
Works and Housing (MPWH) and Ministry of National Development Planning. Water 
infrastructure including dam information and irrigation area is obtained from the 
Directorate General of Water Resources, MPWH.  Policy regarding water, food, and 
energy was taken from the Ministry of National Development Planning (MNDP) and 
other relared government institutions such as the Ministry of Agriculture and Ministry 
of Mineral and Energy Resources.  
 
Data were analyzed to associate the legal aspect of Indonesian Law with the 
implementation of the water-energy-food nexus. Analysis was done using descriptive 
analysis of the data obtained. Indonesia consists of 34 ministries and 34 provinces, 
among which 25 ministries are involved in water, energy, and food policy. Since so 
many government institutions get involved in the WEF nexus, the overlapping job 
desk within institutions tends to arise. The strategies to reach the implementation 
of the WEF nexus are also defined to describe the holistic approach of the Nexus in 
Indonesia. 
 
2.2 Location of Study: Indonesia 
 
Indonesia lies on the equator line (Figure 1) and is the largest archipelagic country, 
with a coastline of 54,716 km (Putiamini et al., 2022). Indonesia's population reached 
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270,2 million in 2020 with a fertility rate of about 0.98%, making Indonesia the fourth-
most populous country in the world, after China, India, and the USA (BPS, 2021). 
Bappenas (National Development Planning Board of Indonesia), BPS (Biro Pusat 
Statistik/Statistics Indonesia), and the United Nations Population Fund (UNFPA) have 
also projected that Indonesia's urban population will exceed 200 million by 2035. The 
distribution of population in Indonesia is uneven, most of the population settle on Java 
Island. The urban population in this country is more than 50% of the total population 
(Mardiansjah et al., 2021). Rapid population growth and increased urbanization affect 
the WEF security in Indonesia. 
  

 
 

Figure 1 Location of study: Indonesia (Badan Informasi Geospasial, 2017)  
 

Indonesia has a high potential water surface of around 2.78x106 MCM per year with 
0.69x106 MCM can be used. But only 32.2% per year of water is used for domestic 
water supply, farm, industry, and irrigation (PUPR, 2020). However, the distribution of 
water resources was uneven (World Bank, 2021). Overall, Indonesia has a high 
potential for water resources but the water is unevenly distributed. 
 
3. RESULT AND DISCUSSION 
 
3.1 A glimpse of the water-energy-food nexus in Indonesia 
 

As a tropical country, Indonesia has two seasons: wet and dry season. For some 
areas, in the wet season, flood is the main problem because of high rainfall. In the dry 
season, in some areas, water shortages are the main issue such as in east Indonesia 
which has an arid climate. Currently, only 11 percent of available water is used for 
various purposes. The unbalance of water availability is also exacerbated by urban 
areas where the population is concentrated in big cities. Only around 6 percent of all 
available water resources are found on Java, while the island is home to 57 percent 
of Indonesia’s population, resulting in localized water shortages (Figure 2). It affects 
economic growth, sanitation, and human health. Only 23 percent of the population 
have access to piped water, most of them almost 60% percent use groundwater to 
fulfill the water need for domestic use (Kementerian & World Bank, 2022). 
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Figure 2. Spatial variability of available water and population (Kementerian Pekerjaan Umum 

dan Perumahan Rakyat, 2020) 

On the other hand, managing the catchment area upstream of the watershed has 
another challenge. After the reformation era in 1998, the system of government in 
Indonesia has changed to decentralization which means derived regional 
governments have greater authority. It  leads to conflict in some areas including 
watersheds in the river basin. To clarify this problem, the concept of IWRM started as 
proposed by the stakeholder. The concept of IWRM has been applied since 2004 by 
legalizing the Water Law. This Law has a big impact on organizational structure 
changes at the Ministry of Public Work which establish river basin organizations as a 
representative of the central government in all of the regions in Indonesia.     
However, although the concept of IWRM has been accepted for more than a decade, 
the responsibility for managing and protecting water resources is still fragmented 
among government institutions. The responsibility of each agency (Figure 3) is 
described below: 
The strategic water resources management plan (Pola SDA)  is carried out by River 
Basin Organization. This strategy consists of planning for water resources for the 
short term (for the next 5 years), medium term (for the next 10 years), and long term 
(for the next 25 years) including an infrastructure plan, water balance, irrigation plan, 
and so on. 
The agency that is responsible for the catchment management plan is the Protected 
forest & watershed management office (MoEF/BPDAS-HL) which has responsibility 
for forests at the watershed.     
Groundwater Basin Management including the groundwater conservation map is 
regulated by the Ministry of Energy and Mineral Resources. 
The spatial plan in the region is carried out by the central, provincial, and local 
governments. This plan must be approved by the house of representatives and the 
Regional People's Representative Assembly.  
At the downstream, irrigation management is carried out by the Ministry of Public 
Work and Housing for irrigation infrastructure and the Ministry of Agriculture for crops. 
For water supply, wastewater and solid water management are carried out by the city 
of regency sanitation strategy (CSS) at the central, provincial, and local governments.  
Based on the explanation above, there is some overlap in the same area. To 
overcome this problem, the water resources council is formed to unite this overlap 
responsible among agencies.  
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Figure 3. Overlapping responsibilities and planning documents in a river basin (Kementerian 

PPN & World Bank, 2021) 

Rice is the staple food for Indonesian people, most of the agricultural land is rice 
fields. The production of paddy yields is the third highest paddy yield, after China and 
India (Kementerian & World Bank, 2022). Surrounded by the volcano, most of the 
region of Indonesia contains fertile soil. Around 80% of water availability in Indonesia 
is used for agriculture, with nearly half of the irrigation system depending on rainfall 
as the water source. Only 12% of agricultural land is supplied from water reservoirs 
(premium irrigation). Irrigation is managed by the central and local government, 
depending on the area of irrigation as we can see in Figure 4. The government has 
the responsibility to build the infrastructure of irrigation including operation and 
maintenance.   

 
Figure 4 Overview of irrigation system functioning across national, provincial, and district 

management (World Bank, 2021) 

Energy consumption in Indonesia (Figure 5) in industry, transportation, household, 
commercial and others tended to rise in recent times. In the energy sector, total 
primary energy production consisting of gas, oil, coal, and renewable energy is 441.6 

River Basin
Plan: Strategic Water Resurces Management Plan (Pola SDA)
Master Plan for River Management (Rencana)
Responsibility: River Basin Organization
(BBWS/BWS or Dinas PSDA)

Goundwater Basin (CAT) Management
Plan: Groundwater Conservation Map
Responsibility: Ministry of Energy and 
Mineral Resources
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million tons oil equivalent  (MTOE). To fulfill the energy consumption, the GoI 
imported energy especially crude oil and petroleum products of 43.2 million tons oil 
equivalent (MTOE). However, Indonesia also exported coal and liquefied natural 
gas (LNG) around 64% of the total production or 261.4 million tons oil equivalent 
(MTOE). Indonesia primarily uses coal (63 percent) and natural gas (21 percent) for 
electricity generation. Hydropower contributes only 6 percent of Indonesia’s electricity 
generation while only 8 percent of the country’s hydropower potential has been 
developed. Until now , the focus will be on completing outstanding dams from the 61 
dam target of the previous The National Medium-TermDevelopment Plan (Rencana 

Panjang Jangka Menengah Nasional (RPJMN)) 2015–2019. Indonesia and Southeast 
Asia, have specific needs in water supply, sedimentation rate, agricultural 
development, and energy production (Salim & Negara, 2018).     

 
Figure 5 Energy consumption in Indonesia 2013-2019 (IESR, 2021) 

Due to pandemic Covid-19, the government of Indonesia has allocated at least 6.76 
billion USD for different energy types as a government commitment to the national 
economic recovery, such as subsidies and incentives. Currently, the use of renewable 
energy is only 2% of the potential capacity (IESR, 2021). Energy consumption in 
Indonesia in industry, transportation, household, commercial, and others tends to rise 
in recent times (IESR, 2021). 

3.2 Legal aspect to support water-energy-food nexus 

The passing of the 2019 Water Law and the 2020 Omnibus Law provides an 
opportunity to address coordination and implementation challenges toward integrated 
water resources management in Indonesia. In addition, there are at least 12 
government regulations and at least 42 ministerial regulations relevant to water 
management that appear to be in force (Kementerian PPN& World Bank, 2022). 
Currently, the discussion about government regulation concerning water is still on 
work in MPWH.   
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As an agricultural country, the GoI emphasizes food security with issued Presidential 
Decree No. 83/2006, which contains food security and nutrition by establishing a 
Food Security Council.  This council can suggest the formulation of policies that 
regulate the supply and distribution of food, the development of food reserves, food 
diversification, and control of food quality. The Council is also responsible for 
monitoring and evaluating food security improvements as well as coordinating various 
stakeholders at the central, provincial, and district/city levels (Isharyanto et al., 2022). 

The National Action Plan for Food and Nutrition adopts a multi-sectoral approach 
involving 20 ministries and agencies and 3 coordinating ministries under the 
leadership of the Coordinating Ministry for Human Development and Culture who are 
assigned as heads of a special task force for the implementation of the National 
Action Plan on Food and Nutrition and report directly to the president. However, legal 
documents exist to limit this land conversion through adequate spatial planning: (a) 
Law No 41/2009 regarding the protection of sustainable food farming and (b) 
Government Regulation 1/2011 regarding the establishment and land function of 
sustainable food farming. However, in the regency/city spatial plans (Rencana Tata 
Ruang Wilayah, RTRW) formulated between 2008 and 2012, only about 50 percent of 
the existing agricultural land is currently protected. 

Meanwhile, in the energy sector, Government regulation No. 70/2009 was issued to 
adjust energy conservation by implementing measures to conserve energy, 
performing regular energy audits, and annually reporting the results of energy 
management to the government through the Energy Management Online Reporting 
System (POME). This process will make clear the energy policy process in Indonesia. 

At the end of 2015, the GoI revised Government Regulation (GR) No. 79 of 2010 to 
GR No. 27 of 2017 on Cost Recovery and Taxation in Upstream Business to promote 
investors to invest their capital in the oil and gas upstream sector. The revision of this 
GR is aimed at creating a more interesting oil and gas upstream business amid world 
competition tightness through tax deduction in exploration and exploitation period 
such as free of customs duty, VAT, and import tax. Besides that, the government has 
also issued Government Regulation No. 8 of 2017 on Gross Split PSC as a new 
scheme in the oil and gas upstream contract. With this new scheme, the capital and 
risk in oil and gas upstream activity are fully borne by the contractor. 

As stated in Government Regulation No. 79 of 2014 on National Energy Policy, the 
new and renewable energy mix target is at least 23% by 2025 and 31% by 2050. 
Presidential Regulation No. 4 of 2016 (Article 14) on Electricity Infrastructure 
Acceleration states that the acceleration in electricity infrastructure should prioritize 
the utilization of new and renewable energy (DEN, 2019).  

The current RPJMN 2020–2024 programs the construction of 18 additional 
multipurpose dams (including hydropower) and The National Electricity Development 
Plan 2019–2038 (Rencana Umum Ketenagalistrikan Nasional, RUKN) includes policy 
directives to develop attractive investment schemes, with competitive pricing for 
renewable energy to reach the targets set by the National Energy Policy (GR 
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79/2014). However, the 2019-2028 Electricity Provision Plan (RUPTL) requires the 
State Electricity Company to prioritize the development of renewable energy, 
alongside mine-mouth coal, gas, as well as wellhead power plants. According to the 
RUPTL, mine-mouth coal plants will still dominate the type of plant to be built (48 
percent). Mine-mouth coal plants will increase water demand to the existing river 
basin and caution needs to be exercised concerning water abstraction, possible 
thermal water pollution, and the quality of wastewater discharge. Sufficient measures 
need to be in place so that coal ash ponds in those installations will not contaminate 
water sources. 

3.3 Intended development strategies 

In line with the SDG's agenda which states that by 2030 Indonesia will eliminate 
hunger and tackle malnutrition and increase agricultural productivity inclusively and 
sustainably, Indonesia shaped two main frameworks for food security and nutrition 
policies. The first framework is the Long-Term Development Plan of the National 
2005-2025 which explicitly confirms the importance of food security and nutrition for 
the development of the nation. The document also highlights the importance of 
increasing domestic production capacity The second framework is the 2012 Food 
Law which adds and formalizes the goal of food jurisdiction in Indonesia's 
development agenda (Isharyanto et al., 2022). 

The National Mid-Term Development Plan 2020–2024 follows similar guidelines. This 
document sets out to increase food production and access, as well as improve the 
quality of food consumption as a priority. However, compared to the previous period's 
document, the National Medium-Term Development Plan 2020–2024 places greater 
emphasis on increasing water security and water productivity as a way to increase 
food production. This is placed as one of the priorities under infrastructure 
development carried out by MPWH. 

From 2014 until now, MPWH has constructed 29 dams that are already in 
operation and supply water for irrigation. The whole project of dams (Figure 6), for a 
decade, will increase by 3.82 BCM.  The policy and strategies for multipurpose dam 
and irrigation modernization as stipulated in strategic planning of the Directorate 
General of Water Resources, MPWH, are as follows: (1) increase reservoir capacity; 
(2) enhancement and utilization of existing reservoirs; (3) enhancement of dam 
performance and reduction of dam risk; (4) efficiency improvement of irrigation and 
implementation of modernization of irrigation; (5) water supply for high agriculture 
commodity.  
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Figure 6 Development of 61 dams to strengthen water, energy, and food security (Kementerian 
Pekerjaan Umum dan Perumahan Rakyat, 2020) 

The GoI has set a visionary target of 23 percent of renewable energy in the national 
energy mix by 2025, rising to 31 percent by 2050 (Kementerian & World Bank, 2022). 
This target is to be partly met by increased hydropower development. The 2011 
Hydropower Master Plan included 89 new sites for 13 GW. Between 2019 and 2025, 
it is estimated that hydropower capacity will increase from 5.9 GW in 2019 to 7.9 GW 
in 2025.   This amount is to nearly doubling hydropower capacity between 2000 and 
2025 (IESR, 2021). The government is currently tapping into this high potential of 
Floating Photovoltaic (FPV). Beyond the already listed FPV projects in PLN's RUPTL 
2019-2028 (totaling 857 MW), there are at least 3.8 GW of FPV technical potential—
assuming the 5% allowed area.  

The cooperation between multi-stakeholders to stimulate sustainable development 
regarding the global risks and nexus is also of great significance. Thus, agents must 
work together to manage specific resources sustainably as well as in providing 
suggestions on how to incorporate the nexus or manage resources more sustainably 
(de Amorim et al., 2018). 

4. CONCLUSION 
5.  
The paper describes a water-energy-food Nexus framework and policy 
implementation among stakeholders in Indonesia. In the legal framework, to manage 
water, energy, and food security, the government initiated reforming the law related to 
them. Omnibus Law 2020 provides an opportunity to address coordination and 
implementation challenges and move toward more integrated water resources 
management. In line with water, the energy sector under the Ministry of Energy and 
Mineral Resources declares some regulations to increase acceleration toward energy 
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development. Regarding the conflict between agriculture and land use land change, 
Law No 41/2009 has been issued which protects sustainable food farming. 

Coordination among stakeholders becomes challenging, between central and local 
government and also among ministries. The agents must work together to manage 
specific resources sustainably as well as in providing suggestions on how to 
incorporate the nexus or manage resources more sustainably. 

To strengthen the water-energy-food nexus, in the last decade, the acceleration of 
dam development and modernization of irrigation has been implemented to increase 
water reservoir capacity. The development of 61 dams will increase reservoir capacity 
to 3.82 BCM and premium irrigation will rise to more than 385.000 ha. The dam 
development not only increases the water security but also hydroelectricity, floating 
photovoltaic, irrigation, reducing flood control also strengthening energy and food 
security. The GoI also has a strong will to increase the renewable energy sector. By 
composing laws and developing infrastructure which supports water, energy and food 
security, the GoI commits to achieving sustainable development goals.  
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INTER BASIN WATER TRANSFER FOR SUSTAINABLE AGRICULTURAL 
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Abstract 
 

The planning and development of large irrigation projects in the Krishna river basin that already uses 
94% of utilizable flow was promoted by the three states that share Krishna water regardless of 
availability of water making lower Krishna river basin as deficit. During the years 2001-2004; 2012-
13 and 2015-16 severe drought was experienced and environmental flow to the sea was almost zero 
with available surface water used for human consumption. Further, the Krishna delta system is one 
of the first regions to be adversely affected with severe water shortages and a spatial redistribution 
of water during times of drought. Untimely receipt of surface runoff at Prakasam barrage caused 
delay in raising paddy nursery and transplantations at least by 30-45 days. With this context, the 
Government of Andhra Pradesh contemplated for interlinking of Godavari river which has surplus 
water to the Krishna river by transferring 2265 Mm3 during June-December (kharif season) to 
alleviate the water scarcity and to stabilize command area under Krishna delta to a tune of 0.514 
M.ha through Pattiseema Lift Irrigation Scheme (PLIS) with a discharge capacity of 240 m3/s. An 
attempt has been made to study the impact of Pattiseema Lift Irrigation Project on sustainability of 
agricultural production systems in Krishna delta region through accrued benefits and cost economics 
of the project. A study was also made to assess gross irrigation requirement for Krishna delta using 
simulation program CRIWAR 3.0, duly considering multiple uses of water such as domestic, 
livestock, aquaculture and industrial purpose. Total gross irrigation requirement for Krishna delta 
was estimated as 6266 Mm3), whereas water allocation to Prakasam barrage has been 4282 Mm3. 
The Krishna delta suffered due to non-uniform distribution of scanty rainfall during 2015-2021. The 
quantity of water transferred through PLIP were 1591.86, 2996.09, 274.65, 1217.55 and 1177.00 
Mm3 that forms 43.92, 67.41, 63.33, 23.90 and 22.77% of the total water utilization through canal 
releases during the years 2016-17, 2017-18, 2018-19, 2019-20 and 2020-21, respectively. The Net 
production advantage due to PLIP was estimated as 59.12, 258.08, 251.02, 93.36 and 93.36 million 
USD, respectively for the above-mentioned crop years. The energy costs towards pumping per MCM 
worked out to be varying from 5798 to 8757 USD during 2016 to 2021. Total energy consumption for 
lifting cumulative volume of 9727.16 Mm3 of water was recorded as 958.6 Giga watt-hour (GWh). 
Energy intensity per hectare of irrigated area was estimated as 459.81 Kilo watt-hour per hectare 
(kWh/ha) and energy productivity and water productivity on production advantage was estimated as 
3.63 kg/kwh and 345.52 kg/ha- Mm3. Benefit cost ratio of the project was estimated as 1.90. Further, 
on the negative side, there has been environmental concern that need attention due to lift irrigation 
schemes that utilize thermal powered electrical energy, as it has potential to emit greenhouse gases. 
Total CO2 equivalents emitted from PLIP was estimated to be 1.92 million metric ton of Carbon 
dioxide equivalent (MMTCDE.) 

Key words: Pattiseema Lift Irrigation Project, Inter basin water transfer, CRIWAR, Greenhouse gas 
emissions, energy productivity, water productivity, Energy intensity per hectare of irrigated area 
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Introduction 

India’s water crisis is a constant phenomenon due to changing weather patterns and repeated 
droughts and India is forced to face the challenge of ensuring access to adequate water resources 
for livelihood and agriculture, for food security, for the ever-expanding population and for the 
economy. Climate change is now beginning to exacerbate water resources vulnerability with the 
diminishing river flows and depletion of groundwater reserves triggering wider socio-economic 
impacts. India will face a serious water scarcity problem in the future, particularly the middle and 
north-west region of India, while there is surplus water in the eastern part and in some parts of 
southern India (Singh et al., 2013). Although India has 16 per cent of the world’s population, the 
country possesses only four per cent of the world’s freshwater resources.  As the economy of the 
country is currently witnessing rapid growth, management of freshwater resources becomes more 
important. In a report submitted by Central Water Commission (CWC)during June 2019, 
reassessment of Water Availability in India using Space Inputs was carried out and the basin-wise 
average annual flow in Indian rivers was estimated to be 1999.2 km3. The utilizable annual surface 
water of the country is estimated as 690 km3, which is 37% of the available water in India (National 
Commission on Integrated Water Resources Development, 1999). Basin wise average annual flow, 
utilizable flow and live storage of Godavari and Krishna rivers is shown in Table 1. 
 
At present, people of the water scarce region of India are mostly depending on the underground 
water and rainfall. India has become the world’s largest extractor of groundwater, accounting for 25 
per cent of the total, according to the most recent Central Ground Water Board data (Anonymous, 
2019) due to declining water table. Three-quarters of India’s rural families lack access to piped, 
drinkable water and rely on unsafe sources. Therefore, the concept of supplying water to the scarce 
region by the construction of reservoirs to store flood waters and interlinking all the river systems of 
India was conceived through the National River Linking Project (NRLP) in1982, with 14 probable 
links of the Himalayan river component and 16 probable links of the peninsular river component 
(Amarasinghe and Sharma, 2008). One probable link of peninsular river components is the 
Polavaram project, aimed at transferring 2265 Mm3 of water from the Godavari basin to the Krishna 
basin stabilizing the command area of Krishna delta.  
 
The Krishna River Basin in South India crosses the semi-arid Deccan Plateau from west to east. 
Since the 1850s, the Krishna Basin has seen an increasing mobilization of its water resources.  As 
per the Tribunal award, 5128 Mm3 of water has been allocated for the Krishna Delta Project, i.e., 
Prakasam Barrage at Vijayawada (Table 2). However, as per reallocation, the share of Krishna Delta 
is 4282Mm3.  The Krishna basin has witnessed a dramatic development of irrigation (1990-2000), 
with little regard for the limits of available water resources. This progressively led to closure of the 
basin (zero or minimal discharge to the ocean): by 2001-2004, surface water resources were almost 
entirely committed to human consumptive uses, increasing groundwater abstraction contributed to 
the decrease in surface water base flows and the discharge to the ocean was almost zero. Despite 
evidence of basin closure, the three states that share the Krishna waters continue to strongly 
promote their agriculture and irrigation sectors. The downstream areas of the Krishna Basin largely 
depend on the actions of upstream water users. The Lower Krishna Basin is one of the first regions 
to be adversely affected by any hydrological changes that take place elsewhere in the basin and to 
witness both severe water shortages and a spatial redistribution of water during times of drought. It 
was reported that for the Lower Krishna Basin during the last fifty years there was: (i) a decrease by 
more than half of the surface water inflow into the lower basin (~25.8 billion cubic meters (Bm3) a 
year in 1996-2000) due to water development in the upper basin; and (ii) an uncontrolled irrigation 
development in excess of existing formal allocation procedures in the Lower Krishna Basin itself. At 
the irrigation project level (notably in Nagarjuna Sagar), governmental decisions and 
recommendations of the World Bank have led to changes in the design and practices of protective 
irrigation that have resulted in increased water use. By 1996-2000, 77% of the Lower Krishna Basin 
net inflow was depleted and discharge to the ocean amounted to 17.9 Bm3/yr, defining a moderately 
modified ecosystem (Venot et al., 2007). During the drought of 2001-2004, with depletion amounting 
to 98.8% of the net inflow and a lack of discharge to the ocean, a dramatic overdraft of the aquifers 
resulted in the shrinkage of surface irrigated agriculture. Further, the command area and the 
cropping intensity in the Krishna delta increased from 0.52 to 1.3 million acres and 108 to 160%, 
respectively, from 1955 to 2015. Cultivating during the dry season became more common as, 
irrigation expanded utilizing the residual moisture in the field after kharif harvest. Ground water 
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irrigated area also increased by 14 times during the past 50 years (45% of all irrigated area in 2005, 
compared to 8% in1955). 
 
Post 2002, a delay in raising nurseries and transplantations by months due to lack of water in the 
Krishna River at the Prakasam barrage resulted in the harvest season to coincide with the cyclone 
season of November. Within this context, it had become imperative for the Government of Andhra 
Pradesh, to explore the means of alleviating the water scarcity through the interlinking of Godavari 
River which has surplus water to the Krishna River, that has deficit in water. Thus, the Government 
of Andhra Pradesh has contemplated the Polavaram Multipurpose Irrigation Project on the Godavari 
River in the West Godavari district of Andhra Pradesh with a design capacity of 5394 Mm3 . Further, 
the Government of India has recognized the Polavaram Irrigation Project with National Project 
status. However, as the construction of such a huge project will take appreciable time for completion, 
as a temporary measure, the Government of Andhra Pradesh contemplated the Pattiseema Lift 
Irrigation Scheme (PLIS) and was constructed with the  largest pump houses in Asia with 24 
pumping units with a combined capacity to discharge 240 m3/s of water (Fig 1). These pumps deliver 
water drawn from the river Godavari in Pattiseema into the Polavaram Project Right Main Canal and 
thereby interlinks the Godavari and the Krishna rivers. The project was constructed with a cost of 
USD 220 millions. The canal traverses 174 km through the districts of West Godavari and Krishna 
and finally linked with the Budameru Diversion Channel (BDC) that confluences with the Krishna 
River (Fig 2 and 3). In this study, an attempt has been made to study the impact of the Pattiseema 
Lift Irrigation Project on the sustainability of agricultural production systems in the Krishna delta 
region and accrued benefits, cost economics of the project and associated Greenhouse gas 
emissions owing to power generated in utilizing to lift the water in the Project.  
 
Methodology 
 
Study area 
 
The Pattiseema lift irrigation scheme was operational  in March 2016. in the area of the scheme lies 
between the coordinates of 81.637242°E and 17.227745°N. It is situated in Pattiseema village of 
Polavaram mandal (township) in West Godavari District of Andhra Pradesh, India. The salient 
features of the Pattiseema Lift Irrigation Project are presented in Table 3. The entire command area 
(529281 ha) is part of the Krishna delta system  and is located in the districts of Krishna, West 
Godavari, Guntur and Prakasam of Andhra Pradesh state and is divided into Krishna Eastern Delta 
(KED) and Krishna Western Delta (KWD). Fifty three per cent of the cropped area is sown more than 
once by utilizing residual moisture in the soil after kharif (June-November) harvest for raising 
irrigated dry (ID) crops like black gram, green gram and maize. The major crops grown in the 
Krishna delta command area during kharif season are Paddy Rice (87.04%), Sugarcane (11.489%), 
Maize (0.101%) and Pulses (0.101%). 
 
To carry out situation analysis of pre and post construction of the Pattiseema Lift Irrigation Scheme 
on stabilization of the command area of Krishna delta, the water demand and supply status was 
analysed. To estimate crop water requirement CRIWAR, a simulation program for calculating 
irrigation crop water requirement for cropped areas developed by International Land Reclamation 
Institute (ILRI) was used (Doorenbos and Pruitt, 1977; Bos et al., 1996).  Key input for calculating 
crop water requirement were: precipitation, minimum and maximum temperature, maximum and 
average relative humidity, wind speed, sunshine hours, sowing date and harvesting date. The above 
data were collected for the study period (2000-2015) from the weather station at the Regional 
Agricultural Research Station, Lam, Guntur, India. Crop coverage and cropping pattern data was 
collected from the authorities of the Water Resources Department, Agriculture Department. The crop 
water requirement was obtained for different temporal scales, day /week/ month wise. Water 
requirement at Project level was computed by considering field application efficiency of 60% 
(Brouwer et al., 1989; Srinivasulu, et al., 2003; Gupta et al., 2021). Multiple uses of water i.e., 
domestic use, livestock use, industrial use and aquaculture were consideration to arrive at the gross 
irrigation requirement. 
 
Gross Irrigation Requirement (GIR) was calculated based on net irrigation requirement (NIR), 
inclusive of losses and multiple uses of water for different sectors, applied through irrigation.  

                
              GIR= 𝑁𝑁𝑁𝑁𝑁𝑁

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑖𝑖𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  𝑂𝑂𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑖𝑖𝑂𝑂𝑖𝑖𝑒𝑒𝑒𝑒
                                                                 (1) 
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Comparison of demand and supply status in Krishna delta 
 
The estimated gross irrigation requirements of crops in the study area were compared with the 
actual amounts of canal water released during 2000-2015 to assess the necessity of the Pattiseema 
Lift irrigation Project. The supplies and average demands were compared by subtracting the 
supplies from the demands. Thereby the excess or deficient water supplies in Mm3 and as well as 
percentage were calculated. 
 
The supply status of canal releases to the Krishna delta, as well as supplementary inflows from the 

Pattiseema Lift Irrigation Scheme as part of trans-basin water transfer from Godavari basin to 
Krishna basin, was collected from the Water Resources Department, Government of Andhra 
Pradesh. 
 
Energy costs and associated Greenhouse Gas Emissions 

 Further, to assess energy costs associated with trans-basin water transfer and associated 
Greenhouse gas emissions, the month wise electrical energy consumption cost was collected from 
the Polavaram Irrigation Project Right Main Canal Division, Kovvuru, West Godavari, and Andhra 
Pradesh.  

 
As electrical energy used in the lift irrigation scheme has been mostly produced from coal fired 
thermal power stations, there will usually be emissions of carbon dioxide (CO2), sulphur dioxides 
(SO2), nitric oxides (NO), choloro fluoro carbons (CFC)s other trace gases and air borne inorganic 
particulates, such as fly ash and suspended particulate matter (SPM). CO2, SO2, and N2O are 
Greenhouse gases (GHGs). The amount of emission of GHGs from 1 kilo watt hour (kWh) unit of 
electricity generation when coal is used as a source of energy was estimated as 0.85 kg of CO2, 
0.84 kg of SO2, and 0.00398 kg of N2O (Mittal et al., 2012). Total GHG emissions were determined 
by multiplying total electrical consumption with quantity of GHG emissions per unit electricity 
generated.  
 
Estimation of gross value addition to agriculture 
 
 The gross value addition (GVA) to the agriculture due to supplemental irrigation from the 
Pattiseema Lift Irrigation Scheme was assessed by collecting crop yield data from the Agricultural 
Department, Government of Andhra Pradesh. Further, financial benefit-cost economic analysis of 
the benefits accrued from the PLI Project. 
 
Evaluation indicators  
 
The five indicators viz., water consumption (Wc), energy consumption (Ec), energy mass productivity 
(Ep), water economic productivity (WEP) and energy-economic productivity (EEP) were calculated 
as per procedure suggested with slight modifications based on a study by El-Gafy,2017 (Table 4). 
 
Results and discussions 
 
Estimation of Gross water requirement for Krishna Delta  
 

The crop water requirements for the crops of the Krishna Delta have been computed using CRIWAR 3.0 
software. All calculation procedures used in CRIWAR are based on the FAO guidelines as laid down in the 
publication No. 56 using Penman-Monteith method for computation of reference crop evapotranspiration (ETo) 
(Allen et al.,1998).   
 

 The allocation of water to the Krishna delta has been 4282 Mm3. However, due to changing climatic conditions 
net crop water requirements for the crops grown in Krishna delta using CRIWAR for various crops such as Paddy 
Rice, Sugarcane, Pulses and Maize were computed as 0.572, 1.849, 0.259 and 0.215 m, respectively (Table 5). 
The gross water requirement including domestic, livestock, industrial use and aquaculture has been workout as 
6266 Mm3 . This fact clearly establishes that demand for water in Krishna delta is more than its allocation.  The 
comparison of actual canal releases and average water demand is shown in Table 6. It was observed that there 
was a deficit in inflow of water for 12 years out of 16 years during 2000-01 to 2015-16, with the highest deficit of 
81% during 2015-16 and average deficit of 32% during the reported period. 
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Trans basin water transfer from Godavari river to Krishna river 
 
The Lower Krishna Basin is one of the first regions to be adversely affected by any of upstream 
activities affecting hydrological changes causing a spatial redistribution or re-appropriation of water 
during times of drought. During the years, 2015-2021, the Krishna delta suffered due to non-uniform 
distribution of rainfall. The Krishna barrage, which is the diversion structure, has a capacity of 84.95 
Mm3. Water inflows to the barrage over and above its capacity are let into the sea. Water inflows to 
the Prakasam barrage are obtained from upstream projects such as the Nagarjunasagar project 
(NSP), the Pulichintala project and from the Keesara rivulet. Godavari water diverted from the 
Pattiseema Lift Irrigation Project is discharged into the Budameru drain which in turn enters into the 
Prakasam barrage, 14 km of upstream of the barrage. Various inflows to the barrage, water releases 
from the barrage through the canal system, outflow through barrage crest, and command area 
irrigated during the years 2009-10 to 2020-21 are presented in Table 7. The percent of water 
transferred from the Pattiseema Project to the total water utilization through canal releases worked 
out to be 43.92, 67.41, 63.33, 23.90 and 22.77% during the years 2016-17, 2017-18, 2018-19, 2019-
20 and 2020-21, respectively. During the years 2016-19, flood water inflow to the barrage was 
mainly from the runoff water due to flash floods from the local catchment area downstream of the 
Pulichintala Project. As the Prakasam barrage is a diversion structure with a capacity of 84.94 Mm3, 
over and above the capacity, water is let into the Bay of Bengal. It became inevitable to supply water 
from the Godavari river basin to the Krishna basin to protect standing crop from water stress to avoid 
drought situation in the Krishna delta command area. A survey at field level conducted by the 
Department of Agriculture Personnel indicated that without supplemental irrigation from the diverted 
water, crop yields would have declined by 20-40%.  

 
Gross Value Addition (GVA) of the agricultural production due to trans-basin water transfer 
 
In order to quantify the additional benefit accrued to the agricultural production due to trans basin 
water transfer, efforts were made to compute GVA, duly considering the scenario of net production 
advantage achieved due to provision of supplemental irrigation from the water transferred from the 
Godavari River basin. While computing GVA of net production advantage, production data of paddy 
rice crop alone was considered and computed, as water was supplemented during kharif season 
only. Area and production status of various crops of the Krishna delta system during kharif (June-
November) and rabi (December-April) seasons for the years 2016-17, 2017-18, 2018-19, 2019-20 
and 2020-21 are depicted in Table 8. Net production advantage due to PLIS was assessed by 
making scenario analysis of possible reduction in paddy production in case of no supplementation of 
water from PLIS. As per field conditions based on interviews with the stakeholders, a net loss in 
production that would have occurred if no trans-basin water transfer from Godavari River taken place 
was assumed as 20, 50, 45, 15 and 15% for the years 2016-17, 2017-18, 2018-19, 2019-20 and 
2020-21, respectively.  Depending upon the minimum support price (MSP), declared by the 
Government for that particular year, the Gross value addition was computed by multiplying net gain 
in production with the MSP and was estimated as 5.90, 25.80, 25.10, 9.33 and 9.33 million USD $, 
respectively, for the above-mentioned crop years, thus, a total of 754.97 million USD$ benefit was 
accrued. Cropping intensities of 216, 185.10, 164.75, 167.07 and 167.10%, respectively, were 
achieved during 2016-17, 2017-18, 2018-19, 2019-20 and 2020-21 by utilizing comprehensive 
surface (canal + drain), ground water resources effectively to raise ID crops like pulses and maize.  

 
Energy costs and indicators associated with trans basin water transfer from the Godavari 
River 
 
The quantity of water pumped from the Godavari River, energy consumption for pumping and 
maintenance and associated energy costs are presented for different years 2016 to 2020 in Table 9 
and Figure 4.  It was noted that an amount of 162.20, 300.58, 271.88, 122.20, 118.02 GWh energy 
was consumed to lift 1594.87, 2996.09, 2744.65, 1217.55 and 1177 Mm3 of water during the years 
2016, 2017, 2018, 2019 and 2020, respectively. Thus, during 2016-2020, 974.72 GWh of energy 
was used to lift 9727.16 Mm3 of water by incurring a pumping cost of 71.69 million USD$. The 
average cost for lifting one Mm3 of water during 2016 to 2020 was found to be 7369.83 USD$.  
Figure 5 suggested that cost per unit volume (Mm3) of water lifted was in the range of 7039.14 to 
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7241.53 USD$ with an average of 7369.83 USD$. Due to repair and maintenance of motors, cost 
per unit Mm3 water lifted was recorded as 9184.29 USD$ during 2020. 

 Average energy intensity per hectare of irrigated area was estimated as 459.81 kWh/ha and energy 
productivity and water productivity on production advantage due to inter-basin water transfer was 
estimated as 3.63 kg/kwh and 345.52 kg/ha/Mm3, respectively. Energy mass productivity and energy 
economic productivity for PLIS was computed for the years 2016-2020. Energy mass productivity 
first decreased and then showed an increasing trend from the years 2017-2020. Possible reasons 
for the initial decrease could be the higher amount of energy used in lifting water and the 
maintenance cost during 2017-18.  Similarly, energy economic productivity was estimated as 3.04, 
2.36, 3.17, 6.81 and 6.19 (million USD$/ha)/(MWh/ha) during the years 2016, 2017, 2018, 2019 and 
2020, respectively (Fig 6).  
 
Greenhouse gas (GHG) emissions 
  
The climate change and energy policy in India has been showing mild concern for the environmental 
effects of energy production using thermal energy produced by coal. Coal, being the abundant 
energy source available in India, will continue to play the major role in future power generation. As 
the government policy is based on coal-based power generation, essentially, carbon dioxide 
emissions will take place as long as coal is used for power generation. GHGs emitted from the 
electricity generated from thermal power is shown in Table 10. The year 2017-18 utilized highest 
electrical energy to lift water and accordingly total GHG emissions was estimated as 509176.51 MT. 
CO2 equivalent of GHG emissions was computed and it was estimated as 1.92 thousand metric tons 
of Carbon dioxide equivalent (TMTCDE). Though, Pattiseema lift irrigation schemes ensure 
sustainability of agricultural production, CO2 mitigation strategies like improving efficiency of thermal 
power plants, clean coal technologies like the use of pulverized coal, disposal of CO2 in to biosphere 
sinks through afforestation, carbon sequestration and storage in aquifers offer great potential to 
absorb released GHG gases. 
 
CONCLUSIONS 
 

In this study, detailed crop water requirement for the Krishna delta was computed using the CRIWAR 
3.0 simulation programme. Multiple uses of water with sectoral water requirement was computed 
using secondary data. Here secondary data means statistics on population, livestock population, 
industrial allocation of water, were collected from the concerned Govt. Departments which were 
primarily collected by the Government agencies as part of census. 

The gross irrigation requirement in the Krishna delta was computed to be 6266 Mm3. However, water 
allocation was about 4282  Mm3 which clearly depicts allocation of water has been deficient and 
does not fully meet water demand in the region. Irrigation development upstream has further 
aggravated the situation challenging the sustainability of agricultural production to meet growing 
population in the densely populated coastal region of Andhra Pradesh. To maintain sustainability of 
agricultural production systems, it has become inevitable to explore alternate means using the water 
rich Godavari basin to supply the water scarce Krishna basin. To reap immediate benefit by facing 
challenges posed by water scarcity in Krishna basin, the Pattiseema Lift Irrigation Scheme, as a part 
of Polavaram Irrigation Project, was contemplated.  The study suggested that seasonal pressure on 
water demand for various sectors could be effectively addressed by water resources management in 
the region through inter basin water transfer from Godavari River by a lift irrigation system. The 
agricultural production sustainability in the Krishna delta region was ensured through water transfer. 
Without the water transfer, production in the Krishna delta would have fallen by 10-40%. Economical 
analysis suggested that benefit cost ratio of the project  was 1.90, showing that the project has been 
economically viable (Table 11).  However, care must be taken that the transfer does not result in 
increased water deficits during Rabi and summer months in the Lower Godavari Delta, which is 
being supplied with water through the Arthur Cotton Barrage at Dowleswaram. The water transfers 
should not lead water deficits being transferred from one basin to another. However, careful 
integrated planning and analysis is necessary to ensure that the proposed high investment schemes 
are able to operate as planned and can deliver the expected long-term benefits. Further, there has 
been environmental concern that needs immediate attention as PLIS is operated by electrical energy 
generated by thermal power which that has potential to emit greenhouse gases.  
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Table 1. Basin wise average flow and utilizable water (km3/ year) (Anonymous, 2021) 
River basin Average annual flow  Utilizable flow Live storage 

Godavari 117.74 76.30 45.14 

Krishna 89.04 58.00 54.80 

 

 
 

Fig 1. Index map of Krishna delta region 
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Fig 2. Location and site map of Polavaram Project and Pattiseema lift irrigation scheme 
 
 

 
 

Fig 3. Schematic layout of trans basin water transfer from Godavari river to Krishna river through Pattiseema lift 
Irrigation Scheme (PLIS) 

 
Table 2 Allocation of water from Bachawat Tribunal award in 1973 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Salient features of Pattiseema Lift Irrigation Project 
 

Total Discharge                :  240 m3/s 
Pump House                      :  221 x 36 m 

Diaphram Panels               :  189 Number, 1.20 m thick 
Delivery Cisterns              :  90 x 74 m 

No. of Pumps                    :  24 
Type of Pumps                  :  Vertical Turbine Pumps 

Type of Motors                 :   Synchronous motors 
Discharge of each pump    :   10 m3/s 
Head                                  :    33 m 

Capacity of each pump    :    5300 Horse Power, H.P (3.95 MW) 
Capacity of each motor     :    6300 H.P (4.70 MW) 

Total power required        :   113 MW 
 

Type of use  Allocation Mm3 

Irrigation needs during 
June- November.       Kharif 

Krishna Delta system 4582 

a) Krishna Eastern Delta (KED) 2580 

b) Krishna Western Delta (KWD) 2002 

Irrigation needs in Rabi 
December -April and 

domestic and industrial 
water supply 

 433 

Evaporation losses at 
Prakasam barrage 

 113 

  5128 
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Table 4. Evaluation indicators used in water-energy-food nexus approach 

 
Indicator Equation Notation 

Water mass productivity (Wp) 𝑌𝑌𝑌𝑌
𝑊𝑊𝑌𝑌

 Yc= Yield (MT/ha) 

Wc=Water consumption  (Mm3/ha) 

Energy mass productivity (Ep) 𝑌𝑌𝑌𝑌
𝐸𝐸𝑌𝑌

 Yc= yield (MT/ha) 

Ec = Energy consumption  (MW/ha) 

Water economic productivity 
(WEP) 

𝑁𝑁𝑌𝑌
𝑊𝑊𝑌𝑌

 Nc = Economic production advantage 
(mUSD) 

Wc=Water consumption  (Mm3/ha) 

Energy economic productivity 
(EEP) 

𝑁𝑁𝑌𝑌
𝐸𝐸𝑌𝑌

 Nc = Economic production advantage 
(mUSD) 

Ec= Energy consumption  (MW/ha) 

 

Table 5. Gross Irrigation requirement in Krishna Delta region 

Name of the Crop 
/Multiple uses of 

water  

Registered 
Ayacut*     (ha) 

   

Crop Wise 
Registered Ayacut 

(ha) 

Net Irrigation 
Requirement (m) 

  

Net 
Irrigatio

n 
Require

ment 
(Mm3) 

KED KWD  

Paddy 460911 229595 231316 0.572 2636.41 

Sugarcane 6685 6685 0 1.849 123.60 

Maize 538 538 0 0.215 1.15 

Pulses 538 538 0 0.259 1.39 

Aquaculture 60835 60835   1.000 608.35 

Domestic water Computed @ 55 lpcd( liter per capita per 
day)https://pib.gov.in/PressReleasePage.aspx?PRID=1604871   

110.00 

Water to livestock Computed @ 25 lpcd for big headed livestock, @5 lpcd medium 
headed and @0.3 lpcd for small headed livestock** (Renwick et 
al., 2007) 

94.32 

Water to industries 184.41 Mm3 has been allocated to industries in Krishna delta 
system 

184.41 
 

Total (Mm3) 3759.64 
 

Gross Irrigation Requirement considering application efficiency 
@60%  

6266  
 

*An ‘ayacut’ refers to all the lands which are entitled to irrigation under an irrigation scheme 
**Accounting for water consumption for animals according to their category 

 

Animals -Water 
consumption  type of animal  

liters/head/d
ay 

 
m3/head/a
nnual  

Big size Cattle, Buffaloes 25 9.125 

Medium Goats-Sheeps-pigs 5 1.825 

small Poultry  0.3 0.109 
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Table 6. Comparison of average demand and canal releases in Krishna delta 
 

Year Canal releases (Kharif +Rabi) 
 (Mm3) 

Average 
kharif 

Demand  
(Mm3) 

Excess or 
Deficient 

water 
supplies 

(Mm3) 

% Excess or 
Deficient 

water 

KED KWD Total (KDS) KDS KDS KDS (%) 

2000-01 3865.802 2485.644 6351.446 6266 85.45 1.36 

2001-02 3219.614 2037.107 5256.721 6266 -1009.28 -16.11 

2002-03 1895.806 1549.209 3445.015 6266 -2820.98 -45.02 

2003-04 1360.053 1119.078 2479.131 6266 -3786.87 -60.44 

2004-05 2130.835 1848.234 3979.069 6266 -2286.93 -36.50 

2005-06 3220.747 2184.071 5404.817 6266 -861.18 -13.74 

2006-07 3947.354 2909.263 6856.617 6266 590.62 9.43 

2007-08 3894.119 2321.407 6215.526 6266 -50.47 -0.81 

2008-09 3728.466 2698.303 6426.769 6266 160.77 2.57 

2009-10 3884.774 2749.273 6634.047 6266 368.05 5.87 

2010-11 2514.244 1593.383 4107.627 6266 -2158.37 -34.45 

2011-12 3197.244 2657.527 5854.771 6266 -411.23 -6.56 

2012-13 1317.578 984.5733 2302.151 6266 -3963.85 -63.26 

2013-14 3754.234 2109.314 5863.549 6266 -402.45 -6.42 

2014-15 3099.834 2232.209 5332.043 6266 -933.96 -14.91 

2015-16 715.281 471.757 1187.038 6266 -5078.96 -81.06 
 

*Kharif – Crops cultivated during June- November; Rabi – Crops cultivated during December- April 
  

Table 7. Water releases from Pattiseema Lift Irrigation Project and percent of water release to the 
total water utilized 

 

*Capacity of the Prakasam barrage, a diversion structure, is 84.95 Mm3 

Year Releases 
from 

Pattiseem
a head 

works to 
barrage  
( Mm3) 

Inflows to the Prakasam barrage  
(Mm3) 

Total 
water 

utilisation 
through 
canal 

releases  
(Mm3) 

Surplus 
flow to sea 
over crest 

of barrage* 
(Mm3) 

Percent of 
total water 

utilized 
supplied 
by PLIS 

NSP/PP 
Dam/ 

Wazinep
alli 

Keesar
a/Other

s 

Total 
Inflows to 

the 
barrage 

2009-10 0 19051.39 2124.06 21175.45 6634.11 14541.35 - 

2010-11 0 9554.44 7261.33 16815.77 4107.66 12708.10 - 

2011-12 0 9863.66 2692.66 12556.32 5854.54 6701.78 - 

2012-13 0 1551.21 3257.02 4808.23 2302.17 2506.05 - 

2013-14 0 10086.52 7419.90 17506.42 5863.60 11642.82 - 

2014-15 0 6759.27 627.79 7387.06 5332.37 2054.68 - 

2015-16 0 797.97 938.99 1991.53 1187.05 804.49 - 

2016-17 1591.87 4162.88 979.20 6514.61 3622.31 2892.30 43.92 

2017-18 2996.09 1711.76 786.93 5052.60 4444.35 608.25 67.41 

2018-19 2744.65 1898.65 1775.48 5978.85 4330.80 1648.05 63.33 

2019-20 1217.55 2679.07 1656.26 5091.11 5091.11 0.00 23.90 

2020-21 1177.00 1272.85 2957.71 5167.29 5167.29 0.00 22.77 
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Table 8. Estimation of Gross value addition on net production advantage due to inter basin water transfer 

  Kharif Rabi Kharif 
Production 
scenario in  
case of no 
inflows  from 
PLIS (MT) 

Net 
production  
advantage 
due to PLIS 
(MT)  

Minimum 
Support 
Price/MT 
(USD) 

GVA 

(Millio
n 
USD) 

Croppi
ng 
Intensi
ty (%) 

Remarks 

Crop Area (ha) Production 
(MT) 

Area (ha) Production 

(      MT) 

2016-17 

Paddy 364768 1468252.07 45088 219948.71 1174601.65 293650.41 201.33 
 

59.12 
 

216.0 43.92% of the water utilized in the delta was supplemented by PLIS. 
Supplemental irrigation provided during critical stages. If water 
through PLIS would not be supplemented, it was assumed that yield 
would have reduced by 20%. Cropping intensity was estimated as 
216% due to utilization of field residual moisture after harvest and 
supplemented through ground and surface water. Summer crop was 
raised as third crop. 

Pulses 2325 1939.18 262686 133056.98         

Maize 225 1029.84 37623 313294.77         

Sugarca
ne 

10053 974372.96             

Total 377371 2445594.05 345037        

2017-18 

Paddy 384454 2434800.11 28750 204768.45 1217400.06 1217400.06 212.00 
 

258.0
8 
 

185.1
0 

67.41% of the water utilized in the delta was supplemented by PLIS.  
Loss in crop yield without supplementation was assumed as 50%. 
Cropping intensity was estimated as 185.10%  

  

  

Pulses 752 734.14 224126 251771.17         

Maize 207 1229.90 41393 107218.41         

Sugarca
ne 

9742 905862.12             

 395155  3342626.27 336282        

2018-19 
 

Paddy 394745 2363708.44 39282 255615.42 1300039.64 1063668.80  
236.00(236.

00) 

251.0
2 
 

164.7
5 

 

63.33% of the water utilized in the delta was supplemented by PLIS.  
Loss in crop yield without supplementation was assumed as 45%. 
Cropping intensity was estimated as 164.75%   

  
Pulses 447 539.79 155992 191320.23         
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Maize 227 826.23 11884 83630.08         

Sugarca
ne 

12983 1289888.42             

 408402  3654962.88 264423        

2019-20 

Paddy 397357 2544155.25 73810 538806.60 2162531.96 381623.29 244.66 
 

93.36 
 

167.0
7 

23.90% of GIR is provided by PLIS 23.90% of the water utilized in 
the delta was supplemented by PLIS.  Loss in crop yield without 
supplementation was assumed as 10%. Cropping intensity was 
estimated as 167.07% Pulses 486 664.91 135849 189148.20         

Maize 123 767.16 14315 100512.42         

Sugarca
ne 

8916 852707.98             

 406882  3398295.30 272893        

2020-21 

Paddy 403990 2596491 
 

73810 538806.60 2207018 389473. 244.66 
 

93.36 
 

167.1
0 

22.77% of GIR is provided by PLIS 23.90% of the water utilized in 
the delta was supplemented by PLIS.  Loss in crop yield without 
supplementation was assumed as 10%. Cropping intensity was 
estimated as 167.10% 

  

  

  

Pulses      187811  241789.29          

Maize 440 2728 8198            

Sugarca
ne 

4294 389251.1              

 403990  2988470.1 269819     754.9
7 

 

 

*Kharif (June-November);  

Rabi (December-April) Net benefit has been calculated only on paddy production in kharif season only 
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Table 9. Details of pumped water, energy consumption and associated cost 
 
 

* 0.071 USD/kwh 
** 0.091 USD/kwh 
O&M Operation and Maintenance 
  

Month 2016 2017 2018 
Energy 
consumed 
(kWh) 

Water 
pumped ( 
Mm3) 

Energy 
costs  
(mUSD)* 

Energy 
consumed 
(kWh) 

Water 
pumped  
(Mm3) 

Energy 
costs        
(mUSD)*  

Energy 
consumed 
(kWh) 

Water 
pumped  
(Mm3) 

Energy 
costs 
(mUSD)
*  

June 463620 -  0.03 16903000 134.72 1.20 16084000 153.05 1.14 

July 16759360 167.55 1.19 51663000 546.58 3.67 53347000 522.08 3.79 

Aug 20482200 188.42 1.46 61642000 617.18 4.38 37215000 365.52 2.64 

Sept 27451140 265.05 1.95 61210000 607.77 4.35 60581000 603.79 4.31 

Oct 37752000 359.63 2.68 64069000 631.23 4.55 57871000 609.79 4.11 

Nov 54263000 538.02 3.86 44294000 458.61 3.15 44751000 473.96 3.18 

Dec 5154000 73.20 0.37     0 1390000 16.46 7.41 

O &M 346000   0.02 799000   4.26 644000   0.05 

Total 162207700 1591.87 11.53 300580000 2996.09 21.36 271883000 2744.65 19.32 
 2019 2020 Total (2016-2020) 
Month Energy 

consumed 
(kWh) 

Water 
pumped ( 
Mm3) 

Energy 
costs 
(mUSD)* 

Energy 
consumed 
(kWh) 

Water 
pumped ( 
Mm3) 

Energy 
costs        
(mUSD)** 

Energy 
consumed 
(kWh) 

Water 
pumped ( 
Mm3) 

Energy 
costs 
(mUSD)
**  

June 609000 5.52 0.04 16115000 151.68 1.48 50174620 444.98 3.89 

July 48169000 471.88 3.42 27658000 278.99 2.53 197596360 1987.08 14.60 

Aug 31013000 326.77 2.20 19625000 202.34 1.8 169977200 1700.23 12.48 

Sept 8621000 89.72 0.61 16005000 165.91 1.47 173868140 1732.24 12.69 

Oct 2043000 19.27 0.15 8065000 53.37 0.74 169800000 1673.29 12.23 

Nov 28241000 289.11 2.01 29915000 324.72 2.74 201464000 2084.43 14.94 

Dec 2019000 15.30 0.14   0 0 8563000 104.95 7.92 

O &M 1312000   0.09 645000   0.06 3746000 0.00 4.48 

Total 122027000 1217.55 8.67 118028000 1177.00 10.81 974725700 9727.16 71.69 
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Fig 4. Year wise Energy consumed, associated energy costs and water pumped from PLIS 

 

 

Fig 5. Associated energy cost for lifting one Mm3 of water during different years of operation 

 

Fig 6. Computed energy mass productivity and energy economic productivity due to trans basin water transfer 
during different years 
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Table 10. Greenhouse gas emissions from PLIS during 2016-2020 

Year Electrical 
Energy 
(kWh) 

Greenhouse gas emissions (MT) 

    *CO2 **SO2  N2O  Total 

2016-17 162207700 137876.55 136254.47 645.59 274776.60 

2017-18 300580000 255493.00 252487.20 1196.31 509176.51 

2018-19 271883000 231100.55 228381.72 1082.09 460564.36 

2019-20 122027000 103722.95 102502.68 485.67 206711.30 

2020-21 101913000 86626.05 85606.92 405.61 172638.58 

Total 958610700 814819.10 805232.99 3815.27 1623867.35 

CO2 eq - 814819.10 - 1136950.46 1951769.46 

*CO2 equivalent factors for GHG gases: CO2 -1; N2O – 298 (IPCC, 2007) 
**SO2 is not a direct greenhouse gas as it does not absorb and trap infrared radiation 

 
Table 11. Computation of Benefit-Cost, B/C ratio of PLIS 

 

Description 
Amount 
(mUSD) 

Capital expenditure (mUSD$) 221.33 

Life 10 years 

Interest rate 7% 

Depreciation 10 years 

Capital recovery factor 0.142 

Annual costs for 5 years of operation   

Depreciation (mUSD) 110.67 

Annual payment (mUSD) 157.56 

Housing cost@1% (mUSD) 11.07 

Insurance@1% (mUSD) 11.07 

Taxes @ 1% (mUSD) 11.07 

Total annual cost (mUSD) 301.43 

Operating costs for 5 years of operation   

Operating cost for 5 years (mUSD) 18.70 

Man power (mUSD) 12.80 

Repairs and maintenance@6% (mUSD) 66.40 

Total operating cost (mUSD) 97.90 

Total cost (mUSD) 399.33 

Total benefit (mUSD) 760.60 

B/C ratio 1.90 
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SPATIAL-SCALE WATER-ENERGY-FOOD NEXUS ANALYSIS IN INDIA 

– INSIGHT FROM IMPLEMENTED POLICIES 
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ABSTRACT 

 

Water, energy, and Food (WEF) are considered global security, prosperity, and equity 
pillars. Analysing the WEF nexus at the administrative boundary level of a country may 
help identify its adaptive capacity and future challenges. The Central Government has 
initiated several policies in India to ensure food, energy and water security. However, there 
is a regional disparity in the policy implementation as the responsibility to implement these 
policies lies with the State Governments. Moreover, water, energy, and food sustainability 
scenarios vary regionally; hence, policies relevant to WEF sustainability should vary as per 
requirement. We have quantitatively analysed India's WEF nexus at the State/Union 
Territory (UT) level using the Pardee RAND WEF Nexus Index (PR-WEFNI) for 2015-16 
and 2019-20. We have proposed an indicator-based approach, i.e., policy implementation 
score (PIS), to quantitatively analyse the impact of implemented policies on the WEF 
nexus. In most states/UTs, water and energy policies implementation over 2015-16 and 
2019-20 showed a positive impact on the Water Sub-index (WSI) and Energy Sub-index 
(ESI). However, food policy implementation impacted the Food Sub-index (FSI) negatively. 
India's overall WSI, ESI, FSI and WEFNI in 2019-20 increased by 7.4%, 6.6%, 1% and 
4.5%, respectively, due to various policy implementations during 2015-16 and 2019-20. 
The study showed the positive impact of the Government policies on the national scale but 
demonstrated regional disparity in policy implementation. The method can assist decision-
makers and government officials in determining the causes of policies' poor execution in 
the States/UTs and in modifying or developing region-specific policies to ensure resource 
security throughout India's States/UTs. The strategy can also be applied to other 
developing economies worldwide to assess and provide regional and national WEF 
security and equity. 

Keywords: Pardee RAND WEF Nexus Index, Policy implementation score, Food sub-
index, Energy sub-index, Water sub-index. 

INTRODUCTION 

The most critical assets in social and economic systems are water, energy, and food 
(WEF). These are the pillars of society's development and human well-being. They serve 
not only basic human requirements but also play an essential part in environmental 
security (World Economic Forum, 2011). Numerous studies have highlighted the 

                                                             
1 PhD. Student, Agricultural and Food Engineering Department, Indian Institute of Technology Kharagpur, West 
Bengal, 721302, India (Email – krishnamondal160@gmail.com) 

2 Professor, Agricultural and Food Engineering Department, Indian Institute of Technology Kharagpur, West 
Bengal, 721302, India 

*    Corresponding author (Email - rsingh@agfe.iitkgp.ac.in) 
 

mailto:rsingh@agfe.iitkgp.ac.in


  

2 
 

importance of nexus research in guaranteeing national social and economic sustainability. 
The World Economic Forum has identified three significant risk clusters, each highlighting 
the serious unintended consequences of policies focusing on only one portion of the WEF 
Nexus except its interrelated concerns (World Economic Forum, 2011). Climate change, 
soil degradation, rising population, migration, and growing urbanisation are just a few of 
the world's critical issues. All of which necessitate an interdisciplinary approach to 
effectively manage resources (water, energy, and food) and ensure long-term accessibility 
and availability (Gomiero, 2016, Abulibdeh and Zaidan, 2020). However, directed toward 
achieving United Nations Sustainable Development Goals (SDGs) 2, 6 and 7 (zero hunger, 
clean water and sanitation and affordable and clean energy) are being hampered by a 
lack of understanding of the present status of WEF security, especially accessibility and 
availability. Furthermore, a lack of understanding of how countries at risk of WEF scarcity 
can strengthen WEF-related policies and efforts by making them more contextually 
suitable and nationally controlled (Nkiaka et al., 2021). The WEF Nexus, which gained 
pace after the Bonn summit in Germany in 2011, is now widely recognised as an effective 
and holistic framework for long-term resource planning and management, especially in 
developing nations (Hoff, 2011; Kling et al., 2017, Kurian, 2017; Nkiaka et al., 2021). With 
a population of 1.35 billion, India is one of the world's most rapidly developing and newly 
industrialised countries (Census of India, 2011; UN DESA, 2020). The majority of Indians 
do not have access to high or even adequate quality food, energy, or water services. Even 
though India produces the most rice, vegetables, and fruits globally, 840 million people will 
be malnourished by 2030 (FAO, 2018; 2020). In India today, 9.1 crore people are without 
access to basic water supplies (WHO and UNICEF, 2019), and 13% of homes do not have 
access to electricity (NITI Aayog, 2020). WEF security is becoming a critical aspect of the 
country's development in India. Without access to WEF, social safety, national security, 
and economic well-being may be threatened (Willis et al., 2016). Despite the importance of 
WEF evaluations in disseminating information about WEF security challenges, no study on 
WEF security at a spatial scale has been conducted in India. The central government has 
implemented several measures to safeguard India's water, energy, and food security. 
However, because state governments are responsible for implementing these policies, 
there is a regional variation in policy execution; hence, policies relevant to WEF 
sustainability should vary as per requirement. Therefore, a relationship between the 
correctness of various implemented policies and resource security modifications at the 
administrative border level in India is required. Given the challenges mentioned above, we 
critically investigated the spatial-scale (state-level) WEF Nexus for two years (2015-16 and 
2019-20) to better understand WEF interactions across the country. Using an indicator-
based approach, we have also analysed the changes in the WEF nexus due to state-level 
government initiatives. 

METHODOLOGY 

2.1. Study Area and Data 

Spatial scale WEF Nexus have been conducted in 28 States and 8 Union Territories of 
India (latitude 6°N to 37° 6'N, longitude 68° 7'E to 97° 25'E). India is the world's 7th largest 
(area of 0.32 million km2) and 2nd most populous (1.35 billion) country in the world (World 
Bank, 2020). Most Indian states have high population density except for the Himalayan 
Mountains in the North and Western desert. India mainly relies on southwest monsoon 
rainfall, which accounts for 75–90 per cent of total annual precipitation (Varikoden et al., 
2019). Rain water is stored in reservoirs during the monsoon season to supply agricultural, 
energy, and drinking water throughout the year (Thatte, 2018). Each state of India has 
variations in population, rainfall, climate, and land use; each having a different WEF 
demand, supply, and security level. 
 
We used two types of data in this study, one for assessing the WEF nexus and the other 
for producing the policy implementation score (PIS). The WEF nexus study is based on 
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indicators relating to water, energy, and food accessibility and availability. In contrast, the 
PIS is based on indicators connected to the progress of various government initiatives. 
These data were collected from multiple sources, including surveys, official reports, and 
data banks. Different indicators and their data sources are shown in Table 1. Indicators 
one to seven of Table 1 are used for WEF nexus analysis. 
  

Table 1 Data (along with the sources) used for Water Energy Food (WEF) nexus and Policy 
Analysis. 

 
Sl. 

No. 

Indicator Data Source Area Purpose 

1 % of population access 
to sufficient water for 
sanitation and improved 

drinking water 

National Family Health 
Survey-5, 6, India  

Water WEF 
Nexus 

2 Amount of water 
withdrawal for domestic 
purposes  

India groundwater yearbook Water WEF 
Nexus 

3 Per capita minimum 
daily water required for 
domestic purposes 

 Water WEF 
Nexus 

4 Consumer Food Price 
Index (CFPI) 

National Statistical Office 
reports of India 

Food WEF 
Nexus 

5 % of Calories/capita/day 
intake from non-starchy 

food 

National Sample Survey 
Organization (66th & 68th) 

report 

Food WEF 
Nexus 

6 Annual per capita food 
grain minimum required 

and supply 

 Food WEF 
Nexus 

7 % of population has 
access to sufficient 
energy for cooking and 

heating 

Indiastat 
(https://www.indiastat.com/) 

Energy WEF 
Nexus 

8 % of population has 
access to sufficient 
electricity 

National Family Health 
Survey-5, 6, India 

Energy WEF 
Nexus 

9 Electricity available and 
requirement/year 

National Family Health 
Survey-5, 6, India 

Energy WEF 
Nexus 

10 % of rural households 

provided  tap water 
connection under 3JJM 

Indiastat  Water Policy 

Analysis 

11 % of District 
implementing 1JSA 

Indiastat Water Policy 
Analysis 

12 % of habitation 
achieved under 
1NWQSM 

Indiastat Water Policy 
Analysis 

13 % of agriculture area 
brought; Number  of 
ponds/unit agriculture 
area constructed under 
1PMKSY1 

Indiastat Food Policy 
Analysis 

14 % of stunted children 
benefited by 1NNM 

Indiastat Food Policy 
Analysis 

15 Normalised value of 

installed Cold storage 
capacity to the total 
number of projects 
completed under 
1PMKSY2 

Indiastat Food Policy 

16 % of households getting 
LPG connection under 
1PMUY 

Indiastat Energy Policy 
Analysis 

17 % of households 
electrified by 

Indiastat Energy Policy 
Analysis 

                                                             
3 See section 2.3 for the expanded form of JJM, JSA, NWQSA, PMKSY1, NNM, PMKSY2, PMUY, PMSBHGY, 
PM-KUSUM.  
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PMSBHGY to the un-

electrified family till 
2020 

18 Normalised value of 

installed capacity of 
solar power under PM-
KUSUM 

Indiastat Energy Policy 

Analysis 

 O
n the other hand, indicators eight to sixteen are used for calculating PIS. The data of WEF 
nexus indicators have been collected for 2015-16 and 2019-20. Moreover, the schemes 
associated with WEF security implemented by the Government of India (GOI) within the 
selected period (2015-2020) are identified for collecting policy data. Subsequently, the 
progress-related indicators for the chosen schemes are determined based on data 
availability. 

2.2. Spatial Scale WEF Nexus Analysis 

For spatial scale WEF nexus analysis, we have reviewed existing methodologies and 
models available in the literature. Among them, we have selected the Pardee Rand WEF 
nexus index (PR-WEFNI) approach given by Rand Corporation (Willis et al., 2016). This 
method can analyse the WEF nexus on a regional to national scale (Mohammadpour et al., 
2019). Additionally, this index provides a transparent, quantifiable, and standardised 
assessment of the link between WEF aspects that many stakeholders, such as 
researchers and policymakers, may successfully use (Mohammadpour et al., 2019; 
Abulibdeh and Zaidan, 2020). 

PR-WEFNI (Eq. 1) consists of three sub-index, water, energy, and food sub-index, 
representing the relative resources security proposition. Further, the WEF sub-indices are 
calculated using the geometric mean of accessibility and availability index of respective 
resources. Moreover, the accessibility and availability indices are calculated using different 
indicators (one to nine in Table 1). As all indicators are in various dimensions and units, a 
normalisation method (min-max) is used to minimise the dimensionality of the data (Willis 
et al., 2016; Jatav et al., 2022). 

𝑊𝐸𝐹 𝑁𝑒𝑥𝑢𝑠 𝐼𝑛𝑑𝑒𝑥 = √𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑏𝑖𝑛𝑑𝑒𝑥 × 𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑢𝑏𝑖𝑛𝑑𝑒𝑥 × 𝐹𝑜𝑜𝑑 𝑆𝑢𝑏𝑖𝑛𝑑𝑒𝑥3              (1) 
 

Water Sub-index 
 
Under the water sub-index, the water accessibility index is the geometric mean of the per 
cent population having access to sufficient water for sanitation and improved drinking 
water. Water consumed compared to the minimum amount required for basic residential 
needs (eating, cooking, and sanitation) is known as water availability. 
 
Energy Sub-index 
 

The geometric mean of the % population with access to electricity and sufficient energy for 
cooking is the energy accessibility. The ratio of the logarithmic value of available electricity 
to the requirement/year is known as energy availability. 
 
Food Sub-index 
 

The geometric mean of per cent Calories/capita/day intake from non-starchy food and the 
reciprocal value of the Consumer Food Price Index is used to calculate food accessibility in 
the food sub-index (CFPI). The yearly per capita food grain supply relative to the food 
required is known as food availability. 
 
Using the available indicators data of different states and UTs of India, we have calculated 
the WSI, ESI, FSI, and WEFNI and then mapped them using Arc GIS software.  
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2.3. Performance Analysis of Implemented Policies 

The GOI has implemented nine policies or schemes from 2015 to 2020 to achieve 
sustainability for water, energy, and food. We have analysed the impact of these 
schemes/policies on the water-energy-food nexus of Indian states and UTs. The Jal 
Jeevan Mission (JJM), National Water Quality Sub-Mission (NWQSM) and Jal Shakti 
Abhiyan (JSA) are related to water sustainability. The Pradhan Mantri Krishi Sinchayee 
Yojana (PMKSY1), National Nutrition Mission (Poshan Abhiyan) (NNM) and Pradhan 
Mantri Kisan Sampada Yojana (PMKSY2) are related to food sustainability. The Pradhan 
Mantri Ujjwala Yojana-1.0 (PMUY), Pradhan Mantri Sahaj Bijli Har Ghar Yojana 
(Saubhagya) (PMSBHGY) and Pradhan Mantri Kisan Urja Suraksha Utthan Mahabhiyan 
(PM-KUSUM) are related to energy sustainability. We have selected nine indicators (10 to 
18 in Table 1) based on data availability for different schemes to analyse the progress 
score within the specified period. These indicators vary based on the objectives and the 
way of implementation or progress of the schemes. All indicators were standardised using 
the min-max method to ensure that their values were within zero and one, irrespective of 
their dimension. The progress of water, energy and food policies is termed the Water, 
Energy and Food Policy Implementation Score (WPIS, EPIS, FPIS), respectively. These 
are calculated by averaging the indicator's value of respective resources. The individual 
scheme's progress percentage in different states of India is given in Table 2. Further 
Overall Policy Implementation Score (OPIS) is calculated by averaging WPIS, EPIS and 
FPIS. 

Table 2. Progress of schemes in different states & UTs of India in % 
Note: '0’ value' indicates the scheme is not implemented 

States & UTs Governmental Policies or Schemes (% progress) 

Water Security Related Energy Security Related Food Security Related 

JJM JSA NWQM PMUY PMSBH
GY 

PM-
KUSU

M 

PMKS
Y1 

NNM PMKSY2 

Andaman & Nicobar (AN) 53.98 33 2.26 13.94 100 0 1.02 24.3 0 

Andhra Pradesh (AP) 19.36 69 4.93 3.18 100 0 66.77 30.4 10.02 

Arunachal Pradesh (AR) 41.21 4 2.65 16.76 100 0 2.18 29.38 1.09 

Assam (AS) 25.14 3 1.35 54.7 100 0 1.86 35.33 5.91 

Bihar (BR) 86.85 32 4.87 45.4 100 0 1.09 48.22 2.34 

Chhattisgarh (CG) 8.45 7 1.35 53.23 100 49.87 6.34 38.91 2.71 

Chandigarh (CH) 100 100 0 0.04 97.56 0 0 28.7 0 

Daman & Diu (DD) 100 100 0 0.7 100 0 0 37.3 0 

Delhi (DH) 100 91 0 2.26 100 0.05 0 18.9 0 

Dadra & Nagar Haveli (DN) 100 50 0 19.34 100 0 0 41.7 0 

Goa (GA) 24.3 50 3.97 0.32 100 0 0.21 19.85 0 

Gujarat (GJ) 18.51 15 0.24 23.85 100 10.06 3.49 39.4 21.83 

Himachal Pradesh (HP) 11.05 47 0.32 44.47 100 22.62 1.35 26.34 23.65 

Haryana (HR) 45.21 33 13.81 9.2 100 1.38 25.71 25.23 14.05 

Jharkhand (JH) 42.96 86 4.39 15.12 100 38.62 0.75 32.35 12.9 

Jammu & Kashmir (JK) 10.5 8 3.18 52.74 100 26.19 114.48 44.97 0 

Karnataka (KA) 25.19 5 0.09 58.45 100 0 2.99 27.39 4.83 

Kerala (KL) 17.52 58 6.58 23.67 100 15.07 6.2 35.34 12.4 

Lakshadweep (LD) 13.56 14 0.38 3.27 100 12.98 4.22 19.16 4.34 

Maharashtra (MH) 24.37 100 0 2.52 100 0 0 27 0 

Meghalaya (ML) 33.8 22 1.02 18.26 100 98 1.46 35.2 61.99 
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Manipur (MN) 31.24 9 1.31 27.6 100 4.39 2.65 40.1 1.09 

Madhya Pradesh (MP) 53.16 6 0.03 28.2 100 0 1.38 30.96 1.39 

Mizoram (MZ) 25.2 21 5.57 47.79 100 100 2.24 42.01 7.2 

Nagaland (NL) 39.55 9 30.61 12.66 100 0 36.46 29.56 2.18 

Odisha (OD) 27.42 8 5.39 14.03 100 0 1.02 28.43 1.09 

Punjab (PB) 36.66 3 6.22 49.44 100 6.22 6.14 31.56 4.42 

Puducherry (PY) 42.95 87 6.72 22.32 100 21.01 0.12 26.6 21.66 

Rajasthan (RJ) 18.63 25 0 4.5 100 0 0.58 34.77 0 

Sikkim (SK) 9.83 88 3.03 50.52 100 94.33 2.8 25.3 19.11 

Telangana (TL) 11.75 25 1.59 6.83 100 0 0.65 39.07 0 

Tamil Nadu (TN) 70.99 73 54.45 12.48 100 0 17.64 26.93 7.59 

Tripura (TP) 22.13 71 0.31 17.56 100 93.51 3.7 30.8 13.75 

Uttarakhand (UK) 34.75 13 11.67 31.94 100 6.48 23.7 26.5 1.09 

Uttar Pradesh (UP) 40.62 8 3.95 19.78 100 0 4.86 31.42 25.2 

West Bengal (WB) 
14.63 4 1.95 43.69 100 0 10.08 32.7 13.64 

RESULTS AND DISCUSSION 

3.1. Spatial Variation of WEF Nexus Indices 

The water, energy and food sub-index refers to the security of the individual resources. 
Fig.1 shows the spatial variation of the water, energy, food sub-index and WEF nexus 
index in 2015-16 and 2019-20. In both years, the WSI (Fig. 1 (a, b)) varies from 
medium to very high range. In 2015-16 most states had high WSI (from 0.71 to 0.90). 
Only a few states, i.e., Punjab, Himachal Pradesh, Haryana, Kerala, had very high 
WSI, and Chandigarh, Maharashtra, Jharkhand, Meghalaya, Manipur, and Arunachal 
Pradesh had medium WSI in 2015-16. On the other hand, in 2019-20, most states 
have very high WSI (ranges from 0.91 to 0.98). However, some states like Gujarat, 
Dadra & Nagar Haveli, Daman & Diu, Maharashtra, Madhya Pradesh, Delhi, Odisha, 
Jharkhand, Bihar, West Bengal, Assam, Tamil Nadu, and Mizoram had high, and 
Meghalaya, Manipur, Nagaland, and Arunachal Pradesh had medium WSI in 2019-20. 
Besides, the overall water security of India changed from 0.795 to 0.869 (i.e., 7.4%). 
The figure also shows that the degree of WSI in most states changed from lower to 
higher over time. 
 
As evident, the accessibility of water in India increased from 88% in 2015-16 to 
92.67% in 2019-20 (WHO and UNICEF, 2017). The energy sub-index primarily 
depends on the energy accessibility and availability indices. Fig. 1 (c, d) shows the 
spatial variation of ESI in 2015-16 and 2019-20. Most states (69%) were under high 
ESI in 2015-16. Furthermore, only Tamil Nadu, Puducherry, Delhi, and Goa had very 
high ESI, and Uttar Pradesh, Chhattisgarh, Bihar, Jharkhand, Odisha, Meghalaya, and 
Assam had medium ESI. However, in 2019-20 except for Jharkhand, 67% of states 
come under high, and 31 % come under very high ESI conditions. Most states 
improved from lower to higher degrees of ESI over time except Jharkhand. 
Furthermore, the improvement of overall energy security in India is 6.6%. NFHS 2015 
report also shows that electricity accessibility increased in India from 88% in 2016 to 
97% in 2020 (NFHS, 2015). Furthermore, According to CEEW 2020 report, rural 
electricity supply has improved significantly in all states from 2015 to 2020 in India. 
The food sub-index (FSI) depends upon the food accessibility and availability records; 
consequently, changes in the individual subcomponents are reflected in the food sub-
index. The spatial variation of FSI among the Indian states is presented in Fig. 1 (e, f). 
It is observed that the FSI varies from very low to high in 2015-16 and 2019-20. Most 
of the states have high FSI in both years. On the contrary, Kerala, Daman & Diu, and 
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Delhi have very low FSI, and Mizoram and Andaman Nicobar have medium FSI. 
Besides, India has an overall FSI of 0.727 in 2015-16 and 0.728 in 2019-20. Therefore 
there is a minimal improvement (0.1%) in food security in India. The food sub-index  
decreased in 2019-20 in several states and UTs, possibly due to increased food price 
level index (FPLI) and food wastage. According to several reports, nearly 40% of the 
food produced is wasted every year due to inefficient supply chain and fragmented  
food systems in India (Chowdhuri, 2020; Zacharias, 2021). The water-energy-food 
nexus (WEFNI) index is a function of WSI, ESI, and FSI. WEFNI implies the overall 
WEF security percentage. Fig. 1 (g, h) shows the spatial variation of WEFNI in 2015- 
16 and 2019-20. Most states (72% in 2015-16 and 89% in 2019-20) have high WEFNI. 
However, only a few states Chandigarh and Daman & Diu, had lower, and Kerala, 
Odisha, Jharkhand, Bihar, Meghalaya, Manipur, Andhra Pradesh and Delhi had  
medium WEFNI in 2015-16. Besides, in 2019-20, Chandigarh, Delhi and Kerala have 
medium, and only Punjab has very high WEFNI. The overall WEFNI of India improved 
by 4.5%. Spatial variation in WEF security happened due to improper implementation  
of the different governmental schemes, less focus on renewal-energy sources, and 
reducing coal-dependent power (Tongsopit et al., 2016). 

Fig. 1 Variation of WEF Nexus indices (WSI, ESI, FSI, WEFNI) in the Indian States/UTs during 
2015-16 and 2019-20. 

3.2. Impact Analysis of Policies on WEF Security 

Fig. 2 presents the different degrees of PIS and percentage change of WSI, ESI, FSI 
and WEFNI within 2015-16 and 2019-20 in Indian states and UTs. From Fig. 2 (a) and 
(b), it is observed that a few states, like Goa, Haryana, Mizoram, and Punjab, have a 
low improvement in WSI despite having higher or medium WPIS. These states have 
higher water security in both years. Therefore, the changes in water security due to 
implemented policies are less. Besides, some states like Assam, Chhattisgarh, 
Jharkhand, Jammu & Kashmir and West Bengal have very low WPIS. However, still, 
there is a more significant improvement in WSI due to the effective and efficient use of 
resources. Most of the states have substantial WSI changes due to higher WPIS. 

a gec

hfdb

file:///E:/WEFN%20India_obj1/Zacharias
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Some states have very low or negative WSI changes due meagre value of WPIS. Due 
to the low value of WPIS, the water accessibility and per person water availability 
decrease. In the case of Delhi, the WSI is negatively changing despite having a higher 
value of WPIS. Due to rapid population growth and urban growth in Delhi, the water 
availability and accessibility are not increasing sufficiently as per the requirement 
(Tripathy, 2019). Moreover, WSI has no changes due to the equal water supply and 
demand value over  

 
Fig.2 WEF policy implementation score and WEF Nexus indices changes between 2015-16 and 

2019-20 in Indian states/UTs. 

time and achieving very high water security in both years. Furthermore, Fig.  2 (c) and 
(d) show that most states have a high and very high value of ESI improvement due to 
the higher value of EPIS. States like Assam, Bihar, Jharkhand, Lakshadweep, 
Manipur, Odisha and Uttar Pradesh have a very high gain in ESI due to high or very 
high EPIS. Although Chandigarh, Goa, Haryana and Puducherry have medium or high 
values of EPIS, there is low improvement in the ESI. This happens because of very 
high ESI present in both years. This indicates that there is overuse or misuse of 
policies. 
 
From Fig.  2 (e) and (f), it is observed that most states have a decrease in FSI due to 
the lower value of FPIS. Some states like Arunachal Pradesh, Assam, Chhattisgarh, 
Chandigarh, Lakshadweep, Nagaland, Odisha, Tripura, and Uttarakhand have no 
changes in FSI due to the lower value of FPIS. However, Andhra Pradesh, Jharkhand, 
Mizoram, and West Bengal have higher FPIS but decreased FSI. The reason may be a 
decrease in food accessibility. Food-related policies mainly increase the food supply, 
but food accessibility depends on food price, socioeconomic condition, etc. (Jatav et 
al., 2022). Besides, Gujarat, Maharashtra and Puducherry have a lower value of FPIS 
but more remarkable improvement in FSI due to the higher accessibility of food 
resources. 

a
) 

c
) 

e
) 

b
) 

d
) 

f
) 

h
) 

g
) 
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Furthermore, the OPIS and WEFNI spatially varied from very low to very high (Fig. 2 
(g, h)). Most states have a higher OPIS, but the WEFNI has not improved due to 
inconsistency in respective resources policy implementation scores and sub-indices. 
Measuring state-level water, energy, and food (WEF) security can be necessary for 
achieving sustainable development goals and global progress. Our analysis shows 
that the potential of policies or schemes is one of the primary drivers of WEF nexus 
changes and resource security. Water, energy and food security of Indian states 
changes every year; it is an increasing or decreasing trend. The government has 
focused on achieving a hundred per cent water security by implementing different 
policies but could not achieve it due to inconsistent policy implementation scores. 

CONCLUSIONS 

The study examines the changes in water, energy, and food security brought on by the 
execution of the relevant policies, with a particular emphasis on the quantitative and 
spatial scale WEF nexus evaluation in India. We have ranked the states' policy 
implementation scores (PIS) and WEF nexus sub-indices from very low to very high. 
The study identifies the diversity in the regional and temporal relationships between 
the WEF Nexus indices and policy implementation scores, i.e., some states have 
higher policy implementation scores but lower resource sub-indices, and vice versa. 
Most states have seen increase in the energy and water sub-indices but a fall in the 
food sub-index (FSI). Therefore, in most states, WPIS and EPIS have an incredible 
impact on WSI and ESI but negatively on FPIS and FSI. Additionally, India's overall 
WSI, ESI, FSI, and WEFNI increased by 7.4%, 6.6%, 1% and 4.5%, respectively, in 
2019-20. Analysis reveals that resource security varies both at the state and federal 
levels. State-level security is vastly overestimated; national-level resource security 
misunderstands state-level security. This study aids in the problem-solving and policy 
adjustment processes for decision-makers.  
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WATER - FOOD - ENERGY NEXUS IN EGYPT  
 

Zeinab Hussien BEHAIRY1 
  
  

ABSTRACT 
 

In the coming decades, the World will be facing severe challenges in terms of water, energy and 
food through increased water use, increased energy demand and increased food demand and 
shifting diets. Those challenges are foreseen to be amplified due to climate change effects. 

Egypt is a country struggling to achieve water, energy, and food security, which are key issues in 
achieving national security.  

Egypt is facing major challenges regarding the prospects of population growth, climate change 
threats, and geopolitical factors are affecting the availability of resources such as water, energy, 
and food. Various sectorial plans are being put in place to achieve security and sustainability.  

However, policies in one sector might affect other sectors, thus the nexus approach is employed to 
capture the interdependencies. 

So, the relevant state institutions in Egypt faced the problems of water scarcity, food and lack of 
energy sources by applying modern irrigation systems, lining canals, developing non-conventional 
water resources, limiting the areas of water-consuming crops such as rice, sugar cane and 
bananas, as well as expanding the areas of renewable energy in several regions across the 
country, and using modern scientific and technological methods to achieve the goals of the 
NEXUS. 

  
Keywords: Water-Food-Energy Security Nexus, Adaptation strategies, Climate change, Egypt. 
 
 

1. INTRODUTION 
 
WATER SITUATION IN EGYPT:  

WHY EGYPT IS WATER STRESSED COUNTRY? 

 
The majority of Egypt’s territory is desert, and the country’s inhabited land area, concentrated 
along the River Nile, comprises only 7.8% of the total area which is 1 million km². Fig.1  

 Annual population growth is high at 2.5%, putting pressure on a slowly growing water 
supply. 

 97% of the water resources originate from outside Egypt’s borders, making the supply 
highly vulnerable and sensitive to any uncoordinated upstream developments. 
 

Grand Ethiopian Renaissance Dam (GERD): 
 

 This 5 billion USD project on the Blue Nile in northwest Ethiopia will flood 1,680 square 
 kilometers feeding a reservoir holding up to 67 Bm3 of water. 

Climate change and global warming 
 North: rising sea levels could have a negative impact on in the Delta region 

o South: heat waves put pressure on Nile water levels (across all Nile Basin 
countries) and on household consumption of water. 
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Fig.1 Projected water scarcity in the Nile Basin countries in the year 2025 

https://www.researchgate.net/figure/Projected-water-scarcity-in-the-Nile-Basin-countries-in-the-year-2025-The-
figures-are_fig1_232679281 

 
 

2.  KEY STATISTICS 
 

According to the Ministry of Irrigation and Water Resources, Egypt needs more than 114 Bm3 of 
water supply each year to have full self- sufficiency in covering demand from agriculture, industry, 
and household consumption.  

However, only 60 Bm3 is available each year, creating an annual water deficit of 54 Bm3. The 
deficit is covered by: 

 Importing water-intensive crops such as rice and wheat: 
 

o Egypt is one of the biggest importers of water-intensive crops in the world. 
o These imports save more than 34 Bm3 of water each year. 

 

 Water recycling/reuse: 
 

o Represents 33% of annual water consumption (26.4 Bm3) 
o Egypt is the number one water recycler in Africa  
o Water recycling is highly affected by the degree of pollution in the water. A high 

level of water pollution puts pressure on Egypt’s water management system.[5] 
 

3. WHAT ARE THE MAIN SOURCES OF WATER IN EGYPT? 
 
 The Nile River inflow, the groundwater, as well as the rainfall represent the conventional 

water resources in Egypt. However, seawater desalination and the use of wastewater 
represent the non-conventional water resources. Fig.2 

https://www.researchgate.net/figure/Projected-water-scarcity-in-the-Nile-Basin-countries-in-the-year-2025-The-figures-are_fig1_232679281
https://www.researchgate.net/figure/Projected-water-scarcity-in-the-Nile-Basin-countries-in-the-year-2025-The-figures-are_fig1_232679281
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Fig 2. Water supply in Egypt (billion m3) (Ministry of water resources and irrigation, MWRI). 

https://www.sciencedirect.com/science/article/pii/S1687428520300200 
 
 

 Water consumption percentage by sector in Egypt is illustrated in Fig.3

 

Fig 3. Egypt's Water Consumption by percentage  
 

https://english.ahram.org.eg/NewsContent/1/64/359272/Egypt/Politics-/Egypts-water-challenges-Beyond-the-dam-saga-.aspx 

 

 

 

4. STRATEGY FOR MANAGING WATER –ENERGY-FOOD SECURITY NEXUS IN EGYPT 
 
A Four-pillar approach to sustain: 
 

https://www.sciencedirect.com/science/article/pii/S1687428520300200
https://english.ahram.org.eg/NewsContent/1/64/359272/Egypt/Politics-/Egypts-water-challenges-Beyond-the-dam-saga-.aspx
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Pillar 1: Water Desalination plants 

Fresh water harvesting and storage (from flash floods among other sources) 

Treating sewage water, industrial water and wastewater controlling pollution 

Pillar 2: Energy Expanding the use of solar energy in addition to hydropower  

Completion of the construction of the Dabaa nuclear power plant 

 

 

Pillar 3: Crop  Rationalizing crop cultivation 

Increasing irrigation efficiency 

Investing in farm technology (ex: a sensor was developed to measure the 
irrigation requirement for farmers to cut down on excessive water use) 

Improving water management 

Aggregating small land tenures into bigger areas (200+ acres) 

Pillar 4: Raising 
Awareness 

Capacity building  

Awareness campaigns 

Media coverage 

 
ATER, ENERGY AND FOOD NEXUS FOR EGYPT 

The Water-Energy-Food Nexus: Understanding and managing the complex interactions between 
water, energy and food so that, we can use and manage our limited resources sustainably.  

The water, energy and food security nexus according to the Food And Agriculture Organisation 
of the United Nations (FAO), means that water security, energy security and food security are very 
much linked to one another, meaning that the actions in any one particular area often can have 
effects in one or both of the other areas. [21] 

These three sectors (water, energy and food security nexus) are necessary for the benefit of 
human well-being, poverty reduction and sustainable development [19] 

Anticipating potential trade-offs and synergies, we can then design, appraise and prioritise 
response options that are viable across different sectors. 

Therefore, it is important to take a comprehensive look at the Inter-linkages between water, 
energy and food and their management in Egypt. 
 
4.1. INTER-LINKAGES IN EGYPT (W-F) 

To face water shortage in Egypt, the authorities has begun: 

 Re-considering the areas of high-water-intensive crops such as rice, sugarcane issuing 
instructions for each crop: 

 
Rice: 
The Ministry of Agriculture has identified 7 rice varieties of strategic water-saving crops, 
focusing on breeding.  

These varieties give high productivity, resistance to disease, and adapt to various water and 
climatic conditions, and have a short growth season, to achieve high efficiency in the use of 
irrigation water and a major rational in consumption, which saves water quantities that can be 
used for cultivating other crops. 

https://en.wikipedia.org/wiki/Water_security
https://en.wikipedia.org/wiki/Energy_security
https://en.wikipedia.org/wiki/Food_security
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The farmers' Union is promoting the use of modern irrigation system and cultivating dry rice 
varieties. 

Reducing rice cultivation areas by more than 30 percent.[8] 

Abdelhalim et al. (2017) from their research on Intermittent Irrigation of Rice to mitigate the 
expected water scarcity illustrated that in case of water scarcity, application of irrigation every 
12 days with 3 cm depth can be recommended because it resulted in similar water productivity 
value as application of irrigation every 6 days with 7 cm depth for both cultivars. The Giza178 
variety can use water more efficiently and attains higher water productivity, compared to 
Oraby2. Therefore, it was recommended to be used under water scarcity conditions in Egypt. 
In all cases, legume crop was recommended to be cultivate it before rice to improve soil 
quality and increase yield. [1] 
 
Sugarcane: 

The following policy options of water saving in sugarcane production are critically reviewed: (1) 
limiting the area cultivated with sugarcane to meet only the requirement of the existing sugar 
factories; (2) improving on-farm water use efficiency and sugarcane productivity; (3) importing 
sugar. [13] 

 Land Management Measures: 
 
 Increasing the agricultural area by about 1.5 million acres 
 Expansion of land reclamation in the south of the valley and east of Owainat – New Valley 

Governorate. 
 Expansion of intensive crop farming. 

 
 Increasing water-use efficiency in irrigation, adopt sustainable agricultural practices and 

promote cultivation of non-water intensive crop varieties. 
 
 Informing farmers about the benefits of implementing modern methods of irrigation, as 

opposed to the flood irrigation methods traditionally used in Egypt’s cultivated land to use 
Egypt’s limited water resources more efficiently. 
The benefits of modern methods of irrigation include the more efficient and more equitable 
distribution of water, the decreased use of fertilisers and pesticides, and hence fewer costs, 
and the increased productivity and competitiveness of Egyptian agricultural products. 

 Lining of canals would enhance water management and distribution, ensure the delivery 
of water to the ends of canals, and inhibit pollution. It is estimated that the lining project is to 
save 5 billion cubic meters in seepage losses. 
 

 Egypt has 146 wastewater treatment plants having a total daily capacity of five million cubic 
meters (Source: Aide to Minister of Housing for Utilities).  
Minister of Housing for Utilities pointed out that the total cost of those plants is LE* 29.5 billion, 
and that the cost of treating one cubic meter of water is LE* 10,000 **. 
 

 The ministry of housing is working on two other plants. One of them is Bahr Al Bakar 
whose daily capacity is equal to that of its 146 predecessors combined. 
Minister of Planning and Economic Development announced in January 2020 allocating 
LE 236 million for supplying the Bahr al Baqar wastewater treatment plant with electrical 
power. 
The facility is expected to treat 5 million cubic meters of water per day to reclaim and cultivate 
around 400,000 feddans*** in the east of Suez Canal. [6][7] 

 

 19 desalination plants worth a total of LE* 11 billion and whose total daily production is 
550,000 cubic meters were inaugurated.  
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Those will be built in Nabq, Ras Sidr, Abou Zanima, Dahab, Nuieba, Arish 1, Arish 2, Arish 3, 
Arish 4, Sheikh Zowayed 1, Sheikh Zowayed 2, Sidi Barani expansions, western Port Said, 
Dabaa, Marina 1, Marina 2, Marbella, and New Mansoura.  

 
 Egypt is expected to have 65 desalination plants distributed among six governorates, these 

are Matrouh, South Sinai, Suez, Ismailiyah, North Sinai, and the Red Sea. The total daily 
production of those is expected to be 750,000 cubic meters. 
 

 The projects are constructed within a strategy to increase Egypt's water resources, and secure 
water for irrigation. The value of the strategy – launched in 2020 - is LE* 435 billion and is 
scheduled to be accomplished by 2050. 
 
 
*    LE Livre Egyptian = USD 19.90 
**  Wastewater treatment and maintenance costs are expensive 
*** Feddan=0.42 hectare 
 
 

5.2 INTER-LINKAGES IN EGYPT (E-W) 
 
The Chairman of New and Renewable Energy announced that the amount of energy generated 
of such type of energy in 2020’s is 6,000 megawatts. 

The breakdown is 1,465 megawatts of solar energy generated in Aswan's Benban Solar Station, 
580 megawatts of wind energy generated in Hurghada's Gabal al-Zeit Wind Farm, 250 megawatts 
of wind energy generated in other wind farms, and 3,000 megawatts of hydropower. 

The total amount of renewable energy generated on grid at present is 5,800 megawatts. The share 
of renewable energy in the total amount of energy generated became 20 percent in 2022 and 42 
percent in 2035. 

Egypt has been ranked as the Arab country receiving the most sun hours annually, according 
to a study by the Environment and Climate change Research Institute (ECCRI) in April 2012, the 
government has started using solar-powered irrigation as a way to eco-friendly, low-cost system. 
This, coupled with Egypt’s irrigation potential of 4.42 million hectares. 
Moreover, gradual introduction of nuclear power starting from 2018 and of coal fired plants from 
2032 may be acceptable substitute of the depleting oil and gas resources.[11] 
 

Three sources of peaceful energy in Egypt are as follows: 

1. RaSeed Initiative Green Energy in Agriculture  

With 96 % of desert land, a high frequency of clear sky days and solar radiations ranging from 
2000 kW/h in the north up to 2600 kW/h (m²/year) in the south, Egypt is one of the most 
potential countries in the MENA region for solar energy. The introduction of solar powered 
pumps presents an opportunity to abandon non-sustainable and non-reliable fossil fuel 
powered generators. Furthermore, the implementation of solar powered irrigation helps 
overcoming the risk from fluctuations in both fuel and supply prices, and instead guarantees 
stable and reliable on farm energy supply. There with, crop losses that result from insufficient 
irrigation are avoided. 

For this reason, the German development programme “Agricultural Water Productivity as 
Adaptation to Climate Change” on behalf of the German Federal Ministry of Economic 
Cooperation and Development (BMZ) called into life the initiative ‘RaSeed'**** 

The initiative aims to promote the use of Photovoltaic (PV) systems in drip irrigation farming in 
order to support cost-effective and sustainable agriculture.  
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Therefore, the aim is to introduce high-capacity solar operated water pumps - of up to a pump size 
of 100kW - to the Egyptian agricultural sector.  

Furthermore, soil in the “New Lands” is mostly sandy, and water used for irrigation is ground 
water.  

Hence, it is crucial to use water efficient irrigation systems. RaSeed targets farm specific 
optimization of drip irrigation systems that enable maximum fuel savings and water efficiency by 
taking into account soil compositions and environmental conditions.  

In order to further the initiative, a Private Public Partnership (PPP) was established with a solar 
energy firm (Ashoff Solar] that is supported by the multi-donor initiative ‘Powering Agriculture - an 
Energy Grand Challenge for Development’.  
 

**** RaSeed is composed of the words Ra & Seed. Ra refers to the pharaonic god of the sun, which stands 
for energy and life, while a seed is the basis for all agricultural activities. At the same time, RaSeed can be 
translated to ‘Credit’ in Arabic. 

Together with its partners, RaSeed establishes a network, providing high quality solar energy 
technology and training in Egypt. 

Three pilot projects that were initiated mostly at the end of 2014 are supported by the RaSeed 
initiative in order to promote and assess the feasibility and efficiency of solar energy irrigation 
systems under different conditions - hot weather, high soil salinity and sandstorms. They are 
implemented across Egypt, allowing for a pluralistic analysis of solar irrigation systems in 
desert areas over time. 

The three pilot projects' locations were as follows: 
 

 SEKEM- the Bahareiya Oasis 
 WADI FOOD- in Wadi El Natroun 
 PICO- El Mansoureya [12] 

 
1.     Benban solar park 
 
Egypt has built the world’s largest solar power plant: Benban solar park, is currently the 4th largest 
solar power plant in the world. 

Benban Solar Park is a photovoltaic power station with a total capacity of 1650 MW nominal 
power which corresponds to an annual production of approximately 3.8 TWh. 

It is located in the western desert, approximately 650 km south of Cairo and 40 km northwest of 
Aswan. [4] 

The project was initiated as part of Egyptian government's Sustainable Energy Strategy 2035. 

Benban is set to generate the equivalent of 90% of the energy produced by Aswan’s High Dam. 
Already home to the most important electricity production plant in Egypt, Aswan is set to bear and 
implement Egypt’s dream of having 20% clean energy by 2022, and 37% clean energy by 2035. 

Benban will cover Egypt’s electricity needs and edge it forward on its path to becoming the 
region’s energy hub. [10] 
 
 2.    El Dabaa Nuclear Power Plant  
 
It is the first nuclear power plant planned for Egypt and it is located at El Dabaa, Matrouh 
Governorate, Egypt, about 320 Kilometers northwest of Cairo. [2][3] 

The plant has four VVER-1200 reactors of AES-2206 design, which are capable of producing 
1.2GW each. The first unit is expected to begin commercial operations in 2026 while 
commissioning of the remaining three reactors is scheduled for 2028, making Egypt the only 
country in the region to have a Generation III+ reactor. [17][18] 

http://www.aschoff-solar.com/
https://energypedia.info/wiki/Powering_Agriculture:_An_Energy_Grand_Challenge_for_Development
https://energypedia.info/wiki/Powering_Agriculture:_An_Energy_Grand_Challenge_for_Development
https://energypedia.info/wiki/Powering_Agriculture:_An_Energy_Grand_Challenge_for_Development
https://en.wikipedia.org/wiki/Photovoltaic_power_station
https://en.wikipedia.org/wiki/Nominal_power
https://en.wikipedia.org/wiki/Nominal_power
https://en.wikipedia.org/wiki/Nuclear_power_plant
https://en.wikipedia.org/wiki/El_Dabaa
https://en.wikipedia.org/wiki/Matrouh_Governorate
https://en.wikipedia.org/wiki/Matrouh_Governorate
https://en.wikipedia.org/wiki/Cairo
https://en.wikipedia.org/wiki/VVER#VVER-1200
https://en.wikipedia.org/wiki/Generation_III%2B_reactor
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Egypt signed an agreement with Russia in the peaceful uses of nuclear energy.  [16] 

A renewable energy share of ~26% and a nuclear share of ~13% of installed power are targeted 
by 2052.  
 
This would reduce the fossil fuel component to 58% as compared to the current value of 86%. 
Such a mix is believed to be most appropriate to meet Egypt’s energy demand till 2052.  
 

5.3     INTER-LINKAGES IN EGYPT (W-E) 
 
 Turning sludge into energy 
The increasing volume of sewage sludge from wastewater treatment facilities is becoming a 
prominent concern globally. The disposal of this sludge is particularly challenging and poses 
severe environmental hazards due to the high content of organic, toxic and heavy metal pollutants 
among its constituents. [14] 

Sewage sludge is a secondary product of the wastewater treatment 

It is a way to tackle water resources and waste management simultaneously. Sludge-to-energy 
systems separate, capture, and utilize the methane gas from sewage sludge for energy, instead of 
releasing it into the atmosphere. Treating and utilizing wastewater as a valuable resource — rather 
than discarding it as waste — can create a new stream from which water, nutrients, and renewable 
energy can be harnessed. 
 The Technology 
Wastewater is 99 percent pure water and 1 percent wastes — primarily in the form of organic 
matter and nutrients such as phosphorus and nitrogen. [20] 

During wastewater treatment, the solid sludge (the organic matter and nutrients) is separated from 
the combined, liquid wastewater. Many sludge-to-energy systems then treat this waste at a high 
temperature and pressure in a process known as thermal hydrolysis, to maximize the amount of 
methane that can be produced. [15] 
 

Sewage sludge is a residual and semi-solid substance produced during wastewater treatment. It is 
a threat to the environment as it is one of the major sources of environmental pollution. 

However, sewage sludge is rich in organic substance, which makes it a perfect substrate for power 
generation. 
 

 Alexandria’s unit to generate electricity from sludge  
A station to generate power from sewage sludge is established 2021 in Alexandria governorate 
with a cost of LE 3 billion ($168.2 million), is the first of its kind in Alexandria, two similar 
projects were established in Qalyubia’s al-Gabal al-Asfar. 

The project aims to build a unit to treat sludge through anaerobic digestion (also known as 
methanization) at the East Alexandria wastewater treatment plant. 

The project has a number of positive impacts, including reducing the quantity of sludge produced 
and increasing the magnitude of electricity generation given the biogas produced by the sludge 
treatment as well as creating market outlets for the sludge produced by selling it as a fertilizer to 
farmers. [9] 

 

5. Raising Awareness 
 

 Conducting awareness workshops to all the farmers 
 Attending the annual Cairo Water Week  
 Awarding the distinguished Farmers and research projects of the Universities' 

students Photo 1 and Photo 2 
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Photo 1. Awarding the distinguished Farmers 

 

 
Photo 2. Awarding the research projects of the Universities' students 
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EGYPT’S WORLDWIDE POSITION IN RELATION TO WATER-ENERGY-FOOD NEXUS 

The wefnexusindex.org***** shows the indicator of Water-Energy-Food Nexus in Egypt as 
illustrated in Fig. 4 

  

 

 

 

 

 

 

 

 

The Water-Energy-Food (WEF) Nexus Index is a composite indicator that aggregates 21 
globally available indicators. The WEF Nexus Index value for Egypt is 53.1, placing the nation 
in the 125th position for the countries assessed. Egypt has a value of 40.3 for the Water pillar, 
61.1 for the Energy pillar and 57.8 for the Food pillar. 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The WEF Nexus Index value for Egypt is 53.1, placing the nation in the 125th position among the 
countries assessed. 

***** https://wefnexusindex.org The WEF Nexus Index. A country-level composite indicator, developed using the water-
energy-food (WEF) nexus as its guiding framework.  
 
 

8/16/2021 Egypt - The WEF Nexus Index 

https://wefnexusindex.org/EGY 1/2 
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6. CONCLUSION 
 

We concluded from the foregoing, how the relevant state institutions in Egypt faced the problems 
of water scarcity, food and lack of energy sources by applying modern irrigation systems, lining 
canals, developing non-conventional water resources, decreasing the areas of water-consuming 
crops such as rice, sugarcane, as well as expanding the areas of renewable energy in multiple 
regions across the country, by using modern scientific and technological methods to achieve the 
goals of NEXUS. 

The WEF Nexus Index value for Egypt is 53.1, placing the nation in the 125th position among the 
countries assessed. 
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CATCHMENT BASED WATER-ENERGY-FOOD NEXUS  
ASSESSMENT: EXAMPLE OF THE CROCODILE RIVER  

CATCHMENT, MPUMALANGA, SOUTH AFRICA 
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Bhekiwe Fakudze2,5 and Tendai Sawunyama3  

 
ABSTRACT  

 
In South Africa there is increasing demand for the scarce water available, particularly 
from the agriculture, food and energy sectors which creates conflict, so a sustainable 
method of allocation is needed. The Water - Energy - Food (WEF) nexus approach 
quantifies water use and assists in understanding the linkages requiring trade-offs while 
identifying synergies for sustainable development and natural resources management 
at various temporal and spatial scales. Although there have been regional and country 
level assessments within the Southern African Development Community, SADC, there 
are few studies at local scale, such as catchment or municipality level analyses.  
 
The Crocodile River catchment in Mpumalanga serves as a pilot study to apply a 
detailed procedure of documenting all factors related to water, energy and agriculture 
in this area. The lnkomati-Usuthu Catchment Management Agency (IUCMA) actively 
operates a detailed computerised catchment management programme, meaning there 
should be sufficient water data available to use WEF nexus analysis tools. In addition, 
data was collected from various sources. Available WEF nexus tools, models and 
frameworks were reviewed, including an assessmmnet of their primary application at 
different geographic scales, noting whether software is developed to use in other areas. 
The selected short list of WEF tools was investigated and run on a historic dataset to 
establish a baseline.  
 
Stakeholder engagement, using a facilitative methodology, captured and documented 
their understanding of WEF nexus concepts and trade-offs using workshops, focus 
groups and surveys. Participatory scenario development was used to develop four 
scenarios – namely business as usual; climate change; socio-economic change and 
political and/or policy change, to assist in integration of WEF nexus outputs at different 
time and spatial scales for diseminatation to stakeholders. The anticipated outcome will 
be formulated actions to protect vulnerable communities, landscapes and biodiversity 
from degradation by cohesively integration of complex interrelated resource systems. 
WEF issues in the Crocodile River catchment will be addressed to provide guidelines 
to ensure inclusive socio-economic transformation and development.  
 
Keywords: lnkomati-Usutu catchment, WEF, indices, facilitative methodology, 
scenarios, South Africa. 
 
1. Introduction 
 
Climate change, population growth, and increasing urbanization are global pressures 
on the natural resources, especially water. But that does not prevent effective ways of 
addressing them by local action (Ostrom, 2012). Therefore, there is an ongoing 
challenge to manage water allocation in a balanced and equitable manner in the future. 
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As much of South Africa is semi-arid with an average rainfall of 450mm per annum, this 
increasing demand for the scarce water resources results in potential conflict situations. 
For example, as the urban demands increase, careful allocation of water is needed to 
balance the requirements of each of the agriculture, food, and energy sectors to avoid 
conflict. Therefore, a sustainable scientific method of allocation needs to be formulated 
to assit water managers with difficult decisions. Thus various temporal and spatial 
scales should be taken into account together with linkages across these sectors when 
planning interventions or development. 
 
The Water - Energy - Food (WEF) nexus integrated approach assists in understanding 
the details of linkages across these three sectors. Using a transdisciplinary system-
based approach to resource management, development and utilisation, the WEF nexus 
allows for coordinated, inclusive and equitable planning, management and 
development (Nhamo et al., 2018). WEF nexus can consider the required trade-offs 
while identifying synergies for sustainable development and natural resource 
management. As climate change affetcs all three sectors being multidimensional, WEF 
nexus can offer an important tool to blend interventions and adaptation opportunities 
while building resilience in communities (Conway et al., 2015, Nhamo et al., 2019). 
There have already been regional and country level assessments within the Southern 
African Development Community (SADC), however, only a few studies have been 
conducted at local scale, with catchment or municipality level analyses. Therefore this 
is the aim of this particular catchment level study in a summer rainfall area funded by 
the South African Water Research Commission.  
 
2. Methods 
 
A multidisciplinary team put together a combination of social and physical scientific 
mixed methods to be used in this project (Mohtar & Daher, 2019). Research methods 
include collection, analysis and interpretation of both quantitative and qualitative data. 
A recent review by Albrecht et al. (2018). showed that WEF nexus analyses have 
mostly focused on using quantitative approaches (nearly 75%) with few using social 
science methods (approximately 25%), and many being confined to disciplinary silos, 
with only 25% combining methods from diverse disciplines and less than 20% utilize 
both quantitative and qualitative approaches (Albrecht et al., 2018). This project seeks 
to combine quantitative analysis of water use with engagements with roleplayers and 
decsion makers in each sector at catchment and municipal levels. Therefore an 
evaluation and comparison of the WEF nexus tools and frameworks was conducted 
with a particular focus on the application at catchment and municipality level. This 
review highlights relevant indicators for each sector with their necessary inputs for the 
successful application considering usability of expected outputs in the Crocodile sub-
catchment of lnkomati-Usuthu water management area (Fig.1). Preliminary results of 
the WEF indicators for the Crocodile catchment are given in Masekwana et al. (2022) 
using WEF nexus tools identified - ALF framework, and the water footprint approach.  
 
The stakeholder engagement uses a facilitative methodology to capture and document 
the decision maker’s understanding of WEF nexus and how they grasp the options and 
trade-offs (Mohtar, & Daher, 2016). During a stakeholder workshop several scenarios 
were developed considering the future stresses and how they could affect water and 
energy allocation in the catchment using the participatory scenario development (PSD) 
method. The integration of the outputs from the tools at different time and spatial scales 
as well as the feedback to stakeholders has been delayed due to the COVID pandemic, 
but is currently ongoing at catchment and municipality level.  
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Figure 1. Map of Inkomati-Usuthu Water Management Area showing the sub-catchments, 

location of cities and wildlife area within Kruger National Park (IUCMA website 
https://www.iucma.co.za/) 

 
3. Results and Discussion 
 
3.1 WEF nexus Tools and Frameworks 
 
Many WEF nexus tools (Table 1) and frameworks have been developed and used over 
the last several years, as different users have different specific questions that need 
answers. Such users may be from government, private business, or civil society 
agencies, and be interested in different levels of detail and information regarding their 
resource allocation questions. Another aspect is that these different users may operate 
within different constraints of time, finances, infrastructure and human resources. In 
some cases, simplified or ‘rapid nexus assessment’ tools may be more suitable and 
provide a valuable initial overall assessment that can then be used as a bridge to use 
more advanced tools (Daher et al., 2017).  
 
The WEF nexus tools and models have been applied at a variety of scales, both 
temporal and spatial scales (as indicated in Table 1). These range from local / urban 
scale to national, regional and continental spatial scales with time scales being from 
daily through weekly and monthly to seasonal, annual and decadal time scales. The 
inputs needed and outputs generated from such models and tools will depend on both 
scales of application. Then the outputs from such models can be used for day-to-day 
management decisions by various role-players, or for medium term monthly planning 
activities or for tactical seasonal or strategic long-term planning for the catchment or 
country as a whole. Therefore, the selection of a WEF nexus model or tool will depend 
upon the stakeholders’ or clients’ needs, requirements and expectations. The most 
useful WEF nexus models and tools for this project have been investigated and are 
compared in a summary table showing various aspects (Table 1).  
 
In the evaluation of WEF nexus models one needs to consider that they are used for 
different purposes or applications by different users, therefore a ‘task or challenge level’ 
is included in the summary together with the geographic scale and information on the 
model type (Table 1). The three identified generalised purposes are for: a) knowledge 
generation about the WEF nexus where the data demonstrates linkages and identifies 
problems, risks or opportunities in the system; b) governance of the WEF components 
in the system to provide guidance at institutional and/or policy level; and c) to support 
management decisions within the WEF nexus with the purpose of providing a guide for 

https://www.iucma.co.za/
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technical interventions and/or policy adjustments to improve efficiency or effectiveness 
of resource use across sectors.  

 
Table 1. Summary of available methods for WEF nexus calculations showing different 

combinations of sub-components (Adapted from Dai et al., 2018 and Aboelnga et al, 2018) 
 

Method Geograph
ical scale Model type Soft 

ware Purpose Task 
level Authors 

Analytical 
Livelihoods 

Framework – 
ALF 

Multi-scale Integrated 
model No Trade-off analysis, integrated 

use 

Knowle
dge 

Generat
ion 

Mabhaudhi, et al., 
2019 

Nhamo et al., 2019; 
Mpandeli et al., 

2018 
Biophysical & 
Economical 
Modelling of 
WEF Nexus 

Systems 

Multi-scale 

Uses 
indicators 

(physical & 
socio-

economic) 

No 
Use crop &, economic models 
of land use, with water quality 

model 

Knowle
dge 

Generat
ion 

FAO, 2014; 
Giampietro et al., 

2009 

CLEWs - 
climate, land, 

energy & water 
Multi-scale Integrated 

model 

open 
source 

tool 

Assess climate impacts on 
resources and supply help in 

policies evaluation 

Implem
enting & 
manage

ment 

Ferroukhi et al., 
2015; 

Mpandeli et al., 
2018 

MuSIASEM - 
Multi-Scale 
Integrated 

Assessment 
Society & 

Ecosystem 
Metabolism 

Region / 
national 

Integrated 
model 

free 
online 
tool 

Assess metabolic pattern 
(energy, food & water) relate 
to socio-economy & ecology 

Governi
ng 

Giampietro et al., 
2009 

Water 
footprints - 
WEF nexus 

Multi-scale Footprint 
method No 

Ecological footprint, diet/food, 
virtual water trade, & water 

governance 

Govern
ance 

Van der Laan et al., 
2019, & 2021; 

Zhang et al., 2018 

WEF Nexus 
Tool 2.0 National Simulation 

model 
Online 

tool 
Quantitative assessment and 

forecast of WEFN 

Governi
ng & 

manage
ment 

Daher & Mohtar, 
2015; 

Brouwer et al., 2018 

NexSym 
Framework National 

Quantitative 
Analysis 
Model 

No 
Define & quantify 

interconnectivity between 
Water-Energy-Food 

Govern
ance 

Martinez-Hernandez 
et al., 2017; 

Nhamo et al., 2020 
 

The WEF nexus tools that are most useful at this stage are the ALF framework, WEF 
nexus Tool 2.0 and the water footprint approach (Table 1). In order to apply these WEF 
models, one must colect a comprehensive set of data across the full WEF scope for 
the specific selected area. This has proved to be a challenging task as data and 
information across sectors is often not aligned to the same spatial scale or area. So a 
real contribution is made as the nexus approach is really about widening perspectives 
to unexplored levels. Data acquisition processes included searching national 
databases, contacting sector representatives, and using simplified assumptions in 
order to quantitative WEF systems modelling the Crocodile catchment, in Mpumalanga 
province. Further details of the application of some of the models are presented as 
WEF indicators in Masekwana et al. (2022).  

 
3.2 Stakeholder Engagements 
 
The research done to date with stakeholders on decision-making and the WEF nexus, 
aimed to facilitate the development of a decision-support framework for the integration 
of WEF nexus assessments into the current methods in the Inkomati-Usuthu Water 
Management Area (WMA). So participatory stakeholder engagement has helped to 
unpack how it can and should be integrated into WEF nexus frameworks. The 
theoretical framework uses qualitative methodology, via a Network of Adjacent Action 
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Situations (NAAS) (McGinnis, 2011), together with the quantitative analytical 
methodology using indices and frameworks (see section 3.1). An overview of formal 
and informal institutions shaping WEF governance in South Africa and the Inkomati-
Usuthu WMA in particular, includes frameworks shaping decision-making and 
behaviour in WEF governance.  
 
A participative process was conducted, comprising a series of stakeholder 
engagements including one multi-stakeholder workshop on participatory scenario 
development (PSD), presentations at three Catchment Forum meetings in the 
Inkomati-Usuthu WMA, together with 15 semi-structured interviews, and two focus 
group discussions. This process of PSD was conducted in a consultative manner 
through workshops and focus group discussions with stakeholders in the WMA to 
facilitate primary data collection of lived experiences. The PSD qualitative and 
participatory technique (Fig. 2) aimed to encourage discussion, deliberation, and the 
exchange of thoughts and ideas by stakeholder from different sectors (Patel et al., 
2007). These engagements contributed to the qualitative perception-based 
components of the study conducted to date.  
 
Unless the trade-offs among policy goals pertaining to different sectors are addressed 
and policy coherence achieved, pressure on fragile resource systems will increase and 
may transgress the planetary boundaries (Srigiri & Dombrowsky, 2021). The broader 
conceptual framework of a WEF nexus governance structure is shown in Figure 3 
showing the linkages from the natural resource base to the threee sectors as action 
situations (AS) (Srigiri & Dombrowsky, 2021).  
 
During the stakeholder engagements, a wide range of issues that influence decision-
making emerged and diverse priorities were expressed across the stakeholders from 
different sectors. These include (but are not limited to) global competitiveness in 
agriculture, political interference in municipal and administrative functions, low 
maintenance of infrastructure and other resource limitations, as well as overall general 
limited capacity and awareness. Certainly, participatory stakeholder engagement in 
WEF nexus decision-making is considered to be critically important in the WMA, 
however, feedback loops, and processes of community validation of information 
gathered in participatory processes are lacking and will be addressed during the next 
stage. The scenarios included the following – Business as Usual; Climate Change (i.e. 
hotter, drier, floods); Socio-economic Change (global competition, inequality, 
sustainable access, support from industry) and Political &/or Policy Change (lack of 
commitment from government, change in political power).  
 
A critical view of this would point to ‘stakeholder engagement by stapling’ – that is, a 
paper exercise to demonstrate stakeholder engagement, almost like ‘window dressing’. 
As such engagements do not seem to be truly considered and internalised into 
decision-making processes by making changes. An attempt will be made to verify this 
in follow-up qualitative research and future workshops, focus group discussions (FGDs) 
and interviews. There are many areas which can be improved particularly with context-
specific practical as well as policy implementation guidance in both evaluation and 
planning. However, limitations such as budgetary constraints and human resource 
capacity are some of the challenges faced by government stakeholders thwarting 
meaningful coordination across sectors.  
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Figure 2. Participatory Scenario Design (PSD) process 
 

 
 

Figure 3. Conceptual framework of WEF nexus governance (Srigiri & Dombrowsky, 2021) 
 
In order for WEF resources to be managed in a holistically and equitably, ideally there 
should be locally based WEF management. However currently this does not occur due 
to little coordination, even within each sectors or across public and private enterprises. 
It is also clear that stakeholders know about the WEF nexus as a concept. However, 
for it to have a meaningful impact on stakeholder decision-making and move decision-
makers from conceptual thinking to ‘doing’ (i.e. to practical and relevant applications), 
sectoral coordination will be key. This could be achieved through the means explained 
in the conceptual framework, such as coercion, competition, or collaboration. At the 
same time, delays in the process of decision-making caused by ineffectiveness of time 
allocation to accommodate the various kinds of stakeholder’s interests should be 
prevented.  
 
Principles and perspectives for future WEF nexus framework development include 
making them more understandable, to ensure reliable and valid data, making them 
adaptable to many diverse situations, and being applicable across scales. This would 
be central to increasing the benefits and improving the role of the WEF nexus concept 
in influencing policy and resource planning processes. Continuous improvements, 

1. Introductions, context 
setting, overview of day

2. Review the current situation

3. Develop a vision of the 
future

4. Integrate vision into WEF nexus

5. Challenge vision with boundary 
conditions (e.g climate & socio-economic)

6. Review, identify & evaluate 
impacts & adaptation options

7. Develop adaptation pathways

8. Reportback from small groups

9. Reflect on the day
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especially in grounding the WEF nexus concept, indicate the urgent challenge to better 
manage the three resources of water, energy and food (IUCMA, 2015&2017).  
 
In order to inform real and relevant WEF nexus decision-making processes, further 
semi-structured interviews will be conducted with other stakeholders currently not 
represented in the interview sample. Several FGDs are also needed to triangulate 
findings with other stakeholder groups (private sector, community members, catchment 
forum members etc). Finally, a follow-up workshop is planned for November 2022 to 
give feedback to the participants of the PSD workshop held in November 2020, and to 
validate and refine the four scenarios discussed during that session. These 
interventions then need to be triangulated with the outputs from the WEF nexus tool at 
a catchment level and workshopped with IUCMA and Mbombela municipal officials. 
This will be a cross check process in the research as to whether both the quantitative 
and qualitative elements of this study are meaningful and practical and can inform their 
decision-making processes and polcy formulation in future.  
 
4. Conclusions 
 
Selected WEF nexus tools and frameworks can be applied at a catchment level in 
Mpumalanga province of South Africa. Those deemed most useful at this stage are the 
ALF framework, WEF nexus Tool 2.0 and the water footprint approach. Sourcing the 
necessary data at similar spatial and time scales is a difficult task and further work in 
needed to refine this process. The multi-stakeholder workshop on participatory 
scenario development  yield good insights into the challenges faced by both the public 
and private sectors in balancing the tradeoffs in the allocation of water to municipal, 
agriculture and energy sectors. Four future scenarios were developed and unpack for 
each of the sectos and across sectors – namely a business as usual, climate change, 
polictical/policy changes and lastly one taking socio-econonic changes into account. 
This project is continuing to work on integrating both the main aspects (modelling & 
stakeholders) into practical applications for the catchment water allocation. Continuous 
improvements, especially in grounding the WEF nexus concept, indicate the urgent 
challenge to better manage the three resources of water, energy and food. 
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Dual Use of Irrigation Water for Food Production and 
Hydropower Generation in Japan 

Yukiya SAIKA, Japan National committee ICID 

 Abstracts 
 

In Japan it is encouraged and subsidized by the government to install small-scale hydropower generators into 

irrigation systems. The electric energy generated using irrigation facilities by the support of the government is 

obliged to be used for the maintenance and management of irrigation facilities, hence for the reduction of the 

food production costs. This paper aims to introduce the government policy of Japan to utilize irrigation water 

flow for both food production and energy generation, and explain the effectiveness of this dual use on the 

basis of some examples. As a conclusion the paper discusses the required issued to be considered for the 

further promotion of small-scale hydro power generation using irrigation water. 

II.   Introduction and General Description 
About 70% of Japan's land area is mountainous or hilly, thus the rivers are short, and their gradients are quite 

steep, so are Japan’s irrigation channels developed along rivers. (See Fig. 1) These irrigation channels often 

require energy dissipaters such as falling drops in open canals or pressure reducing facilities like surge tanks 

in closed pipelines. Irrigation channels with these energy reduction facilities can be used for the production of 

hydroelectric power instead of reducing the energy of water flow.  

 

 
 

 



24th ICID Congress & 73rd IEC Meeting  
October 2022, Adelaide, Australia  

WS-WFE_N 
Paper No. 08 

 
 

                                                                      

 2 

10,000 
kWh 

No
 

Fig  3 Trend of small-scale 

Annual Generation 

Number of Generators 

 

Small-scale hydroelectric power generators 

using irrigation water flow have been 

attracting attention as a low-cost source of 

renewable energy in Japan. So far, 165 

small-scale hydropower generators have 

been installed into irrigation facilities such as 

agricultural dams, steep irrigation channels, 

and pipeline surge tanks.  

The total generation capacity of these 

small-scale generators is nearly 46,000 kW. 

Most of such generators can produce less 

than 1,000 kW each but their total production 

is estimated as 228 million kWh, correspond 

to the annual consumption of 76,000 

households. About 40 % of the total generation capacity is concentrated on Hokuriku region, the middle north 

of Japan, where rainfall is relatively abundant and rivers are relatively short and steep, so as irrigation 

channels. The region is also famous for general large-scale hydropower generation in Japan. (See Fig. 2) 

The government of Japan has been supporting the utilization of renewable energy including the use of 

irrigation water flows. The Ministry of Agriculture, Forestry and Fisheries provides several subsidies for the 

installation of small-scale hydropower generators into irrigation facilities. The Ministry of Economy, Trade and  

  

Fig.2 Installed small-scale hydropower generators into irrigation 

facilities 
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Industry established a feed in tariff (FIT) framework for the procurement of electricity generated from 

renewable energy sources. 

Fig.3 shows the trend of the number and production capacity of small-scale hydropower generators installed 

into irrigation systems. It was 1983 that the installation of small-scale hydropower generators into irrigation 

facilities was included in the governments’ irrigation project against the background of the necessity of energy 

saving due to soaring oil prices. The rapid increase of the number and production capacity of generators 

around the mid-2010s is due to the introduction of the FIT framework in 2012. 

Land improvement districts, farmers’ associations for the management and maintenance of irrigation facilities 

in Japan, manage these small-scale hydropower generators. The electricity generated by these generators is 

purchased by local general electric companies. But the revenues of generated electricity are restricted for the 

use of the management and maintenance of irrigation facilities by the Ministry of Agriculture, Forestry and 

Fisheries. The electricity is generated using irrigation flow without reducing the water flow for crop production 

because only the energy that irrigation water flow has is used and the amount of irrigation water is not 

basically consumed for the electricity generation. Therefore the electricity generation by these small-scale 

hydropower generators has positive effects on food production through the reduction of total costs for the 

management and maintenance of irrigation facilities. Here is the nexus of Water, Food and Energy. 

III.  Renewable energy policy of Japan 
 
In 1997, when Kyoto Protocol was adopted at COP3 held in Kyoto, Japan, the Act on Special Measures 

Concerning the Promotion of New Energy Usage (the New Energy Law) was enacted to promote new 

renewable energy production. Under the law, renewable energy is defined as solar energy generation, wind 

power generation, biomass generation, biomass fuel production, thermal energy convention, geothermal 

power generation and small hydropower generation less than 1,000kW. A feed-in-tariff (FIT) framework was 

introduced in 2012 and tariffs are set for each renewable energy category considering market conditions of 

generation for each renewable energy source. The FIT framework requires electric utility companies to 

purchase electricity produced from renewable energy sources at a higher price than that of electricity using 

conventional fossil fuel-based energy. The purchase period set for tariffs is 20 years. The additional cost 

incurred by the higher purchase prices is added to consumers’ bills. According to the FIT, the purchase price 

of hydropower varies depending on the scale. The 2022 tariffs for hydropower are as follows: 34 JPY/kWh 

(0.25 US$) for less than 200kW, 29 JPY/kWh (0.21 US$) for 200kW to 1,000kW, 27 JPY/kWh (0.20 US$) for 

1,000kw to 5,000kw, 16~20 JPY/kWh (0.12 ~ 0.15 US$) for 5,000kW to 30,000kWh. 

IV.  Examples of small-scale hydropower generation using a variety of irrigation systems 

IV-1. Utilization of the head difference of a pipeline system 

Under the national project for agricultural water supply in lower basin area of the Kuzuryu River, nine 

small-scale hydropower generators have been installed in a new semi-closed pipeline system. The purpose 

of the national project is to reconstruct a deteriorated open irrigation channels into a semi-closed pipeline 



24th ICID Congress & 73rd IEC Meeting  
October 2022, Adelaide, Australia  

WS-WFE_N 
Paper No. 08 

 
 

                                                                      

 4 

system in order to secure water flow and to improve the efficiency of the irrigation system. The area is located 

Hukui-Sakai plain spread over Kuzuryu lower basin of Fukui Prefecture, Hokuriku region, the middle-north of 

Japan. 

The size of the benefited field is 11,674 ha. The intake facility, Naruka headworks, is located at relatively 

higher altitude. Initially a closed pipeline system was considered to utilize the head difference effectively. 

However it is difficult to control the 

water flow because of the high 

pressure, thus a semi-closed system is 

introduced in order to make the control 

and maintenance of the system easier. 

Four pressure regulating facilities, 

surge tanks, were constructed to 

control the water pressures. (See Fig.4 

and Table 1)  

In order to utilize the height pressure of 

the pipeline system, four small-scale 

hydropower generators are installed 

downstream of each pressure 

regulating facilities. (See Fig.5 and 

Table 2)  

The downstream of these four 

generators is connected to secondary 

and tertiary pipeline systems which 

require head energy to provide 

agricultural water to the fields, so the 

head energy of the pressure 

regulating facilities cannot be used for 

the generation of electricity. If the 

head energy is consumed for the generation of 

electricity, the downstream pipelines will lose required 

energy to deliver the water to fields where head 

energy is required for irrigation facilities such as 

sprinklers. These hydropower generators are 

designed to use the water that is not required for the 

irrigation purpose. Depending on the crop season the 

maximum amount of water that can be used for 

irrigation (water right) is controlled by the 

Table 1 Pressure Regulating Facilities 

Name Dimension Structure Water Level  Picture 

Jyugou H=30.0 m 

D=36.0 m 

V=30,536 m3 

Prestressed 

Concrete 

NWL=EL24.0 m  

Haruehokubu H=20.1 m 

D=14.1 m 

V=3,139 m3 

Prestressed 

Concrete 

NWL=EL20.0 m  

Kawaiharuchika H=21.6 m 

D=11.5 m 

V=1,135 m3 

Steel  NWL=EL24.5 m  

Egami H=19.8 m 

D=11.0 m 

V=1,882 m3 

Steel NWL=EL22.0 m  
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government. Daily use of irrigation water is often less than this maximum limit.  

These four hydropower generators 

use the difference between the 

maximum limit and the actual use of 

water. Therefore the maximum 

amount of agricultural water right is 

46.605 m3/s though, the water flow 

that can be used for hydropower 

generation is limited to 6.830 m/s. 
(See Fig. 6) 

 
The other five generators are installed in 

division works from the main pipeline to 

branch channels. In this case the 

downstream of these division works is 

connected to open channels, so the head 

energy is not required to maintain. The 

total head energy that the pipeline 

system has can be used for electricity 

generation. (See Table 3 and Fig. 7) 

  

Table 2 Small-scale hydropower generators utilizing head pressure 

Name Maximum 

Output 

Annual 

Production 

Maximum 

Water Flow 

Effective 

 Head 

Jyugou 180 kW   923 MWh 1.20 m3/s 20.5 m 

Haruehokubu  47 kW   372 MWh 0.62 m3/s 12.1 m 

Kawaiharuchika 360 kW 1,572 MWh 2.45 m3/s 19.2 m 

Egami 400 kW 1,747 MWh 2.56 m3/s 19.9 m 

Table 3 Small-scale hydropower generators utilizing division works 

Name Maximum 

Output 

Annual 

Production 

Maximum 

Water Flow 

Effective 

Head 

Takaboko 155.0 kW 1,049 MWh 1.49 m3/s 15.7 m 

Ishimori  76.4 kW 3,602 MWh 0.74 m3/s 18.0 m 

Nakanogou  63.0 kW   399 MWh 1.27 m3/s  7.4 m 

Hutakuchi 103.0 kW   669 MWh 1.36 m3/s 11.0 m 

Takagi  85.7 kW   736 MWh 0.71 m3/s 18.0 m 
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Fig.7 Water right seasonal distribution for Takaboko generator 

 

The construction costs of these small-scale hydropower generators ranges from US$ 1.0 to 4.4 million. Their 

annual revenue are from US$ 0.08 to 0.77 million. Because the FIT purchase price is guaranteed for 20 years, 

the revenue of electricity generation, US$0.08 ~ 0.77 million × 20 years = US$ 1.6 ~15.4 million, well exceeds 

the construction costs (US$ 1.0 ~ 4.4 million). The profit is used for the management and maintenance of the 

irrigation facilities. Thus contributes to the food production of the area. 

Table 4 Costs and Benefit (* calculated as US$ 1.0 = JPY 135.0) 

Name Construction 

Costs 

Maximum Annual 

Production 

FIT Price per 

kWh 

Maximum Annual  

Revenue 

1 Jyugou US$ 2.6 million 923 MWh US$ 0.215 US$ 0.20 million 

2 Haruehokubu US$ 1.0 million 372 MWh US$ 0.215 US$ 0.08 million 

3 Kawaiharuchika US$ 3.7 million 1,572 MWh US$ 0.215 US$ 0.34 million 

4 Egami US$ 3.5 million 1,747 MWh US$ 0.215 US$ 0.38 million 

Subtotal US$ 10.8 million 4,614 MWh US$ 0.215 US$ 0.99 million 

5 Takaboko US$ 2.1 million 1,049 MWh US$ 0.215 US$ 0.23 million 

6 Ishimori US$ 1.9 million 3,602 MWh US$ 0.215 US$ 0.77 million 

7 Nakanogou 
US$ 4.4 million 

399 MWh US$ 0.215 US$ 0.09 million 

8 Hutakuchi 669 MWh US$ 0.215 US$ 0.14 million 

9 Takagi US$ 1.9 million 736 MWh US$ 0.215 US$ 0.16 million 

Subtotal US$ 10.3 million 6,455 MWh US$ 0.215 US$ 1.39 million 

The four small-scale hydropower generators (from No.1 to 4 in the table 4), which are installed downstream of 

pressure regulating facilities, are managed and maintained by Naruka Headworks Land Improvement District, 

farmers’ association to manage and maintain major irrigation facilities in the area. Actual annual revenue of 

fiscal year 2021 from those four generators was US$ 0.68 million, 70% of the maximum revenue. The annual 

costs of the management and maintenance of those generators was US$ 0.17 million, therefore the net profit 

was US$ 0.51 million. Annual costs to manage and maintain their total irrigation facilities is US$ 0.64 million. 

Nearly 80% of the management and maintenance costs of their irrigation facilities paid off by the revenue of 

the electricity generated by the small-scale hydropower generators. Thus, the generated electricity 

contributes to the food production in the area by providing the maintenance costs. 

0.800 m3/s 
1.133 m3/s 

1.492 m3/s 
1.169 m3/s 1.146 m3/s 

0.800 m3/s 
Flow (m

3
/s) 

Hydropower Generation Right 
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IV-2.  The reconstruction of drop falls into hydropower generation systems 

Tedorigawa Miyatake Land Improvement District is an organization established to maintain irrigation facilities 

spread over the left side area of the Tedorigawa River flowing Kaga plain in Ishikawa prefecture, Hokuriku 

region. The size of the irrigated area is 1,983 ha. The Dainichigawa dam was constructed to supplement 

agricultural water for right and left sides of the Tedorigawa River. The water is firstly conducted to the right 

side channel, then introduced into the left side channel, Miyatake irrigation channel, through a siphon 

constructed under the Tedorigawa River.  

The upper stream of Miyatake irrigation channel has a steep slope, so that it is required to construct a number 

of drop falls to reduce the speed of the water flow. Two small-scale hydropower generators have been 

installed to utilize the head difference of Miyatake irrigation channel. (See Fig. 8) 

The first Miyatake small-scale generator was installed in 1995. In order to utilize the head difference of 15.4m 

along Miyatake irrigation channel, a diversion pipeline (1.6 km) was constructed and small-scale hydropower 

generator was installed at the end of the pipeline. The maximum water flow is 6.5 m/s, and maximum effective 

head is 12.7 m. The first generator’s maximum output is 690 kW and it can produce 4,454 MWh per year. 

The second Miyatake small-scale hydropower generator was constructed at the upper site of the first 

generator in 2018. As for the first generator a diversion pipeline was constructed to utilize the maximum head 

difference along the Miyatake irrigation channel. The maximum water flow is 6.5 m/s, and maximum effective 

head is 11.65 m. The second generator’s maximum output is 580 kW and it can produce 4,036 MWh per year. 

 

Fig.8 Hydropower generator installed into Miyatake irrigation channel 

The upper stream of Miyatake irrigation channel has a relatively small number of irrigated fields, so the large 

amount of water can be diverted for the generation of electricity. During the high irrigation season for paddy 

fields, 6.5 m/s out of 10.2 or 13.32 m/s of agricultural water right can be diverted for electricity generation, and 

during lower irrigation season, 4.5 m/s out of 4.87 m/s of agricultural water right can be diverted for electricity 

generation. (See Fig. 9) 

 

Tedorigawa River 

Head works 

Division works 

Intake facility 

Diversion Pipeline 
Generator 

Open Irrigation channel 

and Drop falls 
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When the first Miyatake generator was constructed in 1995, the FIT framework was not yet introduced. 

Therefore the electricity generated by the first Miyatake generator was purchased at normal price the same as 

the electricity generated by conventional fuel power plants. However half of the construction costs was 

subsidized by the Ministry of Agriculture, Forestry and Fisheries, so nearly 30 years of electricity generation 

revenue paid off the initial construction costs.  

Tedorigawa Miyatake Land Improvement District, a farmers’ association managing the irrigation facilities and 

two small-scale hydropower generators, is now considering the reconstruction of the first Miyatake generator. 

In this case FIT framework will be applied, so that the purchase price will be JPY 21.0 (US$ 0.16). This price 

will cover the reconstruction of the first Miyatake generator. 

The second Miyatake generator was constructed in 2018, thus covered by the FIT system. The construction 

costs will be paid off within 20 years. 

Table 5 Costs and Benefit 

Name Construction 

Costs 

Expected Annual 

Production 

Price per kWh Expected Annual  

Revenue 

First Miyatake US$ 12.3 million 4,454 MWh US$ 0.074 US$ 0.330 million 

Second Miyatake US$ 15.8 million 4,036 MWh US$ 0.215 US$ 0.868 million 

* calculated as US$ 1.0 = JPY 135.0 

The generated electricity contributes to the food production in the area by providing the maintenance costs of 

irrigation facilities other than the hydropower genrators. The revenue of fiscal year 2021 by first and second 

Miyatake generator was US$ 0.33 million and US$ 0.93 million respectively. Of this US$ 0.15 million was 

necessary for the management and maintenance of the generators and US$ 0.30 million was used for the 

management and maintenance of the other irrigation facilities that is under control of Tedorigawa Miyatake 

Land Improvement District. The annual physical maintenance costs of its irrigation facilities other than 

small-scale generators is US$ 0.35 million, thus more than 85% of the maintenance cost is covered by the 
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electricity generation, hence support the food production of the area. The rest of the revenue is allocated for 

the future reconstruction and payment for the initial construction costs. 

IV-3.  The utilization of dam discharge water for hydropower generation 

Kajigawa area is located at the north of Niigata prefecture, Hokuriku region. Paddy and upland fields of 6,100 

ha spread over the alluvial plain of the Kajigawa River. Agricultural water has been provided by three head 

works constructed on the river. The Uchinokura dam was constructed to provide supplementary water in the 

case of shortage of river flow. 

The Uchinokura dam is a multipurpose dam constructed as a hollow-concrete dam with a height 82.5 m and a 

length 166.0 m. The dam has an effective storage capacity of 22.2 million m3, out of which 16.9 million m3 is 

for irrigation, 1.1 million m3 is for city water, and 4.2 million m3 is for flood control.  

A small-scale hydropower generator system was constructed in 1990 to utilize discharge water from the 

Uchinokura dam. The maximum water flow is 5.0m/s, and the maximum effective head is 70.5m, and the 

maximum output is 2,900kW. When discharge water is less than 2.0m/s, electricity generation is prohibited.  

Irrigation water for the Kajigawa area is provided by three headworks located middle and lower area of the 

Kajigawa River. When the water flow of the Kajigawa River is not sufficient to irrigate the area, the Uchinokura 

dam discharges its reserved water into the Kajigawa River. The small-scale hydropower generator installed 

into the Uchinokura dam uses this water discharge. The maximum amount of discharge is 16.0 m3/s, but 

taking into account normal discharge level the maximum water discharge for the generator is limited to 5.0 

m3/s. The generator can also use dead outflow of the dam when its storage is maximum. Because the 

electricity generation is dependent on the required amount of irrigation, the expected annual production is 

11,084 MWh and the average operational rate is about 44%. 

Since the Uchinokura dam generator was constructed in 1990, the purchase price of the electricity generated 

is not covered by the FIT framework (US$ 0.074 per kWh). The annual revenue is about US$ 0.8 million. The 

management and maintenance of the generator requires US$ 0.26 million, and US$ 0.22 ~ 0.26 million is 

used for the management and maintenance of the irrigation facilities of the area. The generated electricity 

contributes to the food production in the area by providing the maintenance costs of irrigation facilities other 

than the hydropower generator. US$ 0.30 ~ 0.33 million is allocated for future reconstruction of the generator, 

which is estimated as US24.4 million.  

V. Conclusion 

Taking into account above examples the following issues are to be considered by the government in order to 

promote full utilization of irrigation water for energy generation and to utilize the generated energy for the 

production of foods. 

V-1  Water right for generating electricity during non-irrigation seasons 

Because the flow of irrigation channels is subject to farming seasons, in the case of Japan from May to 

October, the efficiency of these hydropower generators is limited. It is desirable to obtain water rights to intake 

water during non-irrigation seasons. But the water flows of rivers in Japan are not so abundant and water 
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rights are strictly controlled by the governments, so it is not easy to obtain additional water rights for 

hydropower generation. Only 25 hydropower generators out of 165 were able to obtain additional water rights 

to produce electricity during non-irrigation seasons. 

In order to facilitate the procedures to obtain water right for small-scale hydropower generation, several 

enhancement orders under the River Act were amended in 2013; they are, 

 For electricity generation within the limit of already granted irrigation water right, the procedures to obtain 

the water right from the Ministry of Land, Infrastructure, Transport and Tourism is no longer required, only 

registration is required. 

 In the case of a generation capacity less than 1,000 kW, the water right authorization is decentralized 

from central government to prefectural governments in order to reduce the required duration for the 

procedures. 

 Research work for the ecosystem and required minimum river flow, which are required to obtain water 

right, can be substituted by ready-made documents in the case of non-farming seasons. 

 Historical water rights that are not entitled by the River Act become to be treated as same as entitled 

irrigation water rights. 

In order to utilize a full capacity of irrigation facilities for electricity generation, further amendment of water 

rights allocation system is required. 

V-2 Government support to promote the triple use (for food, energy and the environment) of irrigation water 

flow 

It is estimated by the Ministry of Agriculture, Forestry and Fisheries using an economy and environment 

assessment tool developed by the National Agriculture and Food Research Organization that the 17 

small-scale generators installed into irrigation facilities can reduce 12,992 t/year of greenhouse gas. The 

construction costs of these 17 generators are US$ 63.0 million and the annual operation costs are US$ 0.96 

million. The annual profits are estimated at US$ 5.85 million provided that the electricity is purchased through 

FIT framework. If the electricity is to be purchased at a price as same as that of general large-scale 

generators, the profits will be reduced to 1/3 of the present estimation.   

Under the global emergent necessity to reduce greenhouse gas emission, irrigation water has to be used not 

only for the food production but also for the reduction of greenhouse gas, which requires government 

supports such as FIT framework or government subsidies for the initial construction costs in order to make it 

possible to operate and maintain small-scale generators installed into the irrigation facilities. 
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SOLAR – POWERED MICRO – IRRIGATION DEMONSTRATIONS 
FOR FOOD SECURITY, YOUTH AND WOMEN EMPOWERMENT IN 

MALAWI AND ZAMBIA 
Isaac R. Fandika1*, Cheelo H. Mudenda, Horace Kakhiwa2, Herbert Kumwenda1, 

Collin Zalengera3, Grivin Chipula4, Geoffrey Mwepa5 

 

ABSTRACT  
 
Food security is being challenged in Malawi and Zambia by extreme weather, incited 
by climate change, which worsens water scarcity and energy demand for irrigation. In 
the face of this encounter, six solar – powered micro – irrigation systems (SPIS) were 
set to demonstrate how water and energy can be efficiently used for food production, 
youth and women empowerment. Malawi had set three SPIS and Zambia had set 
three SPIS as platform for dialogue and consultation around the water – energy – 
food nexus. Farmers were initially briefed and trained in solar –powered micro - 
irrigation management. Stakeholder mapping and knowledge exchange visits held. 
Food and value crops were grown upon which yield and water use measurements 
were recorded. The demonstrations registered 228 direct young men and women 
beneficiaries from both Malawi (142) and Zambia (86). Indirect beneficiaries totaled 
2673 – Malawi (2193) and Zambia (480). At least 228 youths, 30 technicians, two 
scientists and two policymakers were trained in SPIS business and management. It 
was found that the established SPIS efficiently and sustainably provided access to 
irrigation to areas without electricity and river sources thereby ameliorating farmer’s 
conditions by producing two crops per year. This helped rural farmers to become 
resilient to the impact of climate change and their food and nutrition security as water 
use efficiency increased by 25%. Use of solar energy eliminated cost of water 
pumping whilst drip irrigation use reduced water losses thereby increasing returns. 
The SPIS demonstrations provided direct employment and business creation to the 
youths and women. SPIS also led to social reunion, youth and elderly women as well 
as men and women worked together. It was demonstrated that SPIS is a technology 
that can increase energy and water use efficiency for enhanced food production in 
order to assist farmers adapt to the effect of climate change.  It combines efficient 
ways to manage water and energy for food production. Integration of the youths, 
creates employment for them as it is attractive as well as sustainable adoption of 
innovative technology. We can conclude that combination of efficient water and 
energy use is the best Water Energy Food Nexus in Africa. It can help many to 
achieve food security and sustainable Agriculture.  
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Keywords: Climate change, solar powered irrigation, food securing, youth and 
women 

1. INTRODUCTION 
 
Food security is the greatest need to be achieved by Malawian and Zambian people. 
However, the need has been constrained by short rainy season (3 - 4 months), 
drought and erratic rainfall under rain-fed agriculture – which consists of more than 
80% of farmers in the region. Rain-fed production has offered low return in the 
Southern Africa region in the past consecutive two seasons of 2014 – 2015 and 2015 
– 2016 due to devastating drought and floods that led to poor yields. For instance, 
Malawi has been hit by drought with about 3 - 6 million Malawian  required food aid in 
December, 2016 – due to climate change impacts. Subsequently, the drought hit 
Malawi turned its budget of 38,800US$ from fertilizer subsidy to irrigation in order to 
cab drought effects on crop production. The country bought diesel and electrical 
engine pumps; manual pumps such as treadle pumps for 250,000 smallholder 
farmers. This is because amidst climate change, beneficiaries of fertilizer and seed 
subsidy with dependency on rain-fed agriculture continue being haunted by hunger. 
Irrigated agriculture has been considered the best way to increase resilience to 
climate change impacts.   

Malawi embarked on ambitious Irrigation Master Plan that is aiming at increasing the 
current irrigated area of 104,000 ha by a total of 116,000 ha within an investment of 
2.4 billion U$ by 2035. However, most of the irrigation system and technology being 
advocated are surface irrigation and gravity fed irrigation which are inefficient, 
laborious, costly and not reliable to substitute rain-fed agriculture and adaptation to 
water scarcity. Poor rainfall in 2015 - 2016 failed most gravity fed irrigation schemes 
in Malawi as most of them dried before maturity of irrigated crops. Besides, demands 
on the limited water supplies for crop irrigation often are in sharp conflict with other 
needs such as industrial and urban activities. Farmers in Sub – Saharan African 
countries of Malawi and Zambia needed an efficient irrigation method, reliable 
groundwater and reliable energy source that can easily adapt them to an increasing 
demand for water by industries.  

Treadle pump technology has been tried to be cumbersome, diesel pumps have high 
maintenance costs, greenhouse gas emissions and diesel not readily available to 
farmers. Grid electricity is not available to rural areas where irrigation is mostly 
required, where available, the state of grid electricity load shading and high prices 
cannot promote crop production and productivity that reduces food security. So as 
fossil fuel and grid electricity supplies become limited and more costly to rural 
farmers, farmers who use motorised pump irrigation will attempt to reduce the costs 
by adopting practices that conserves energy and water. Provision of efficient, cheap 
irrigation and reliable renewable energy technology would increase crop productivity 
and resource conservation as well as environment.   

Volume of irrigation water depends on crops consumptive water use and irrigation 
practices. The surface irrigation system being promoted in Malawi and Zambia loses 
and waste three times the amount of water actually needed to satisfy consumptive 
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use in the process of delivery and applying water to the land. This paper discusses 
the impact of solar-powered micro-irrigation demonstrations on food-water-energy 
nexus and how this empowered youth and women in Malawi and Zambia.  

 
2. SOLAR-POWERED MICRO-IRRIGATION ESTABLISHMENTS 
 
2.1  Project site and beneficiaries 

Six solar-powered micro-irrigation demonstrations were established in Malawi at 
Kasinthula in Chikwawa, Tchauya in Ntcheu and Mtiya in Salima district and in 
Zambia at Mwanamhangwe Agricultural Camp in Katete district of Eastern Province, 
Keembe Farmer Institute in Chibombo district of Central Province and Mujika 
Agricultural Camp in Monze district of Southern Province between 2018 and 2020 
(Fig. 1). The demonstrations project started with beneficiary selection and a total of 
228 direct beneficiaries (both men and women, according to UN regulations), where 
142 were from Malawi and 86 from Zambia. Besides, the project indirectly benefited 
2,673 with 2193 from Malawi and 480 from Zambia. The selection criteria for 
beneficiaries was based on the closeness of the surrounding villages to the selected 
sites of the solar – powered micro – irrigation demonstration, gender, commitment 
and age following household list from Agricultural Development Extension Officers 
within the designated area. Beneficiariery identification and selection involved district 
irrigation officers, agricultural extension officers, district youth officers and village 
leaders. Figure 1 is the map for the project sites in Malawi and Zambia. 
 
Kasinthula site was characterised in terms of soil that included infiltration tests, 
percolation tests, profile pits, auger holes, soil sampling and analysis. 
 

 

Figure. 1 : Map for the project sites for Malawi and Zambia 
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2.2  Household Baseline and focus group discussions 
 

At the begging of the project, household surverys and focus group discussions were 
conducted with a purpose of getting baseline information for the targeted sites to  be 
used as benchmarks against which changes, and progress of achievements can be 
measured and evaluated using verifiable indicators.  Household baseline survey data 
was collected using open data kit (ODK) program and analysed using SPSS.  

2.3 Feasibility study and Design 

Feasibility studies were conducted followed by topographic surveying (Figure 2) and 
mapping that  provided detailed topographic maps showing infrastructure, features 
and water courses. The maps were then used in designing and placement of any 
related hydraulic structures. Topography played a pivotal role on the choice of 
abstraction method, conveyance and distribution methods in an irrigation system. 
Water for the proposed scheme would generally be supplied through pumping system 
of pipes and pipelines from underground and Lake Malawi at the pump house running 
towards the scheme. At field level, the design made use of the manifolds, laterals and 
emitters. Water flowing into laterals was designed to be controlled by the butterfly 
valves. To avoid water logging during rainy season, a drainage system was 
incorporated as part of the irrigation system. Meteorological and hydrological studies 
analyzed the available climatic and hydrological data of the water sources which 
determined if irrigation water was adequate for the proposed crops without 
compromising on water resource needs for humans, flora and fauna. The quality of 
the water source was analyzed at Bvumbwe Research Station laboratory . Data 
collected from the beneficiaries also showed their previous experience of the water 
source ability to sustain crop production safely with no contamination to toxic levels. 

 

 
Figure 2: Surveyor from Department of irrigation at Tchauya Micro – Irrigation 

Social and Environmental screening were determined following-up procedures 
required in the Environmental Management Act. The Environmental and Social 
Impact Assessment (ESIA) was  in accordance with the Environmental Management 
Act considering the scale of the area to be developed and type of development. The 
different project activities and their possible effects on the environment and the social 
structures were described and mitigation measures proposed. 
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2.4   Solar-powered micro irrigation system installation 
 
Six solar – powered irrigation system designs established (figures 3 - 8), three each 
country, Malawi (19ha) and Zambia (3ha). These designs included that of Kasinthula 
Agricultural Research Station in Chikwawa District within Mitole Extension Planning 
Area (EPA), Mtiya section of Chipoka Extension Planning Area (EPA) in Salima 
District and Tchauya section of Kandeu EPA in Ntcheu District for Malawi. For 
Zambia, three designs included Mwanampangwe site in Katete District, Bulimo site in 
Monze and Keembe site in Chibombo District. 
 
The installation solar – powered irrigation scheme involved drilling and flashing of a 
borehole for groundwater pumping, installation of pumps, solar panels, erecting tank 
stands and mounting a tank, drip irrigation equipment installation and finally the 
establishment of solar – Powered demonstration scheme fields. At least six solar – 
powered micro – irrigation schemes with a total of 21ha were finally established. 
 

 

Figure 3: Solar –Powered irrigation system. 

 

Figure 4: Tanks storing water provided by 
solar pump for micro-irrigation. 

 

Figure 5: Solar pump house. 

 

Figure 6 :Centrifugal solar pump pumping 
from lake Malawi 
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Figure 7 : Solar system integrated with drip 
irrigation system. 

 

Figure 8 : Crop establishment to achieve 
the water – energy – food nexus. 

2.5 Training and capacity enhancement in solar-powered micro-irrigation crop 
production. 

Group dynamic, agribusiness, maintenance and operation trainings (figure 9 - 10) 
were organised and conducted by Kasinthula Agricultural research station and its  
partners from Lilongwe Univeristy of Agriculture and Natural Resources, Zambia 
Agriculture, Mzuzu University and Department of Irrigation Services in Malawi. 
Farmers were trained in crop production of various high valued crops as per scheme 
choice that included – banana, potatoes, common beans and tomatoes. At least 75 
young farmers in Malawi were trained in agribusiness and group dynamics. The 
young farmers trained comprised of 11 males and 14 females from Mtiya scheme in 
Chipoka EPA in Salima, 17 males and 8 females from Kasinthula research site in 
Mitole EPA in Chikwawa district and 18 males and 7 females from Kandeu EPA in 
Ntcheu district. 
 

 

Figure 9 : Farmers learning solar-powered 
micro-irrigation operation by 
doing. 

 

Figure 10 :Technical staff trained in design 
and installation of solar – powered 
micro – irrigation system. 
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2.6  Monitoring soil moisture changes under micro – irrigation using soil moisture      
 sensors. 

Soil moisture sensors “Chameleon Readers/sensors” and wetting front detectors were 
installed at solar-powered micro-irrigation schemes in Malawi to monitor soil moisture 
changes (Figure 11- 14). Installation of Chameleon soil sensors went together with 
fertilizer application in the trials at Mtiya irrigation scheme in Salima to the field trials. 
Fertilizer was applied to all farmers’ fields from both under surface and drip irrigation 
systems. Installation of monitoring tools in the experimental plots comprised of  (1) a 
set of soil moisture sensors which will help farmers to monitor the level of soil 
moisture in the field hence helping them to make a decision of when to irrigate their 
crops (2) a set of Wetting Front Detector (WFD) which would help farmers to 
determine the depth of water during irrigation hence help them to make a decision of 
when to stop irrigating during an irrigation event, (3) Wi-Fi field reader which is 
connected to the soil moisture sensors and help the farmers to determine the level of 
soil moisture by observing the colors of the lights 
. 

 
Figure 11 : Installing soil moisture sensor. 

 
Figure 12: Monitoring soil moisture 

using chameleon sensor 
system. 

 
Figure 13: Women participating in managing the 

water-energy-Food Nexus using 
sensors. 

 

 

 
Figure 14  : Expatriate learning and 

policy maker involvement. 
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3. Experiences with solar-powered micro-irrigation and the water-energy-
 food-nexus demonstration 

 
3.1 Baseline 

 
Baseline indicated that the targeted project sites were characterized by a distribution 
of 60% male headed households and 40% female headed households where at least 
60% are married couples, low education levels and with agriculture as the main 
source of income and livelihoods. Over 19% of the respondents in Chipoka EPA 
(Salima), Kandeu EPA (Ntcheu) and Mitole EPAs (Chikwawa) indicated that they 
practiced irrigation during the dry season. 35% of the respondent practicing irrigation, 
irrigate twice a week while 20% of those practicing irrigation indicated that they do 
irrigate once a week. Farmer practicing irrigation usually allocated about 0.5 ha of 
land for irrigation. Commonly grown crops included maize, tomatoes, sweet potato 
and irish potatoes. Farmers expressed numerous benefits realized from irrigation as 
irrigation made them have more than one harvest, improved crop quality and yield 
and increased income. Over 52% of the respondents reported that the youth were 
rarely involved in irrigation farming. However, in Chipoka EPA, 53% of the 
respondents reported that youth were highly involved in irrigation farming compared 
to 49% and 41% in Mitole and Kandeu EPAs respectively. By bringing in solar – 
powered micri-irrigation, Department of Agricultural Research Services and its 
partners wanted to demonstrate how this technology can impact their life in terms of 
water – energy – food nexus. 
 
3.2 Solar-powered micro-irrigation impact on water – energy – food nexus 

Beneficiaries for the solar – powered irrigation system in both countries firstly 
observed the water and energy nexus when solar started providing them with energy 
in a remote areas without electricity to move water in its cycle - from its surface or 
ground source and then collecting and distributing it to the designated place for 
irrigated agriculture production. The established SPIS efficiently and sustainably 
provided access to irrigation to areas without electricity and river sources thereby 
ameliorating farmer’s conditions by producing two crops per year. It took this water – 
energy relationship for farmers to produce different food staffs in the six irrigation 
schemes in both Malawi and Zambia. An integration of micro-irrigation advanced 
water-saving techniques that contributed to both surface and groundwater savings of 
up to 25 - 50% and increased yield by 12%, demonstrating that such technologies 
could reduce electricity and water usage without compromising crop production.  

Solar-powered micro-irrigation helped rural farmers to become resilient to impact of 
climate change and their food security as water use efficiency and access increased. 
Use of solar energy eliminated cost of water pumping whilst drip irrigation use 
reduced water losses thereby increasing returns. It was demonstrated that SPIS is a 
technology that can increases energy and water use efficiency for enhanced food 
production in order to assist farmers adapt to the effect of climate change. 

Solar-powered micro-irrigation combines efficient ways to manage water and energy 
for food production. Integration of the youths, creates employment for them as it is 
attractive as well as sustainable adoption of innovative technology. This show that by 
adopting solar-powered micro-irrigation to smallholder farmers, it can improve trade-offs 
by providing less resource-intensive energy and water services while creating 
employment compared to conventional energy technologies. That’s it, combination of 
efficient water and energy use is the best Water Energy Food Nexus in Africa. It can 
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help many to achieve food, nutrition security and sustainable Agriculture regardless 
climate change. 
 

Achievement of nexus was demonstrated on various crops grown using solar 
irrigation that included crops like banana, green maize, tomato, Onion, cabbage and 
leafy vegetables in both Malawi and Zambia (Figure 15 - 16). 
 

  
 

Figure 15 : Banana under Micro-irrigation Figure 16: Cabbage under micro-irrigation 
 

World Food programme in Malawi has also reported that solar-powered irrigation 
scheme has  gradually improved the food security, livelihoods and economic 
opportunities of the Domwe community. The irrigation scheme is now providing  more 
predictable yields and a more diverse diet, and the scheme has opened new business 
opportunities for some smallholder farmers  in that particular area (Figure  17). 
 

 

Figure 17: Sample of high tech:  Solar-powered irrigation for climate-smart integrated resilience 
programme, supported by WFP and the UK in Malawi. 
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3.3 Impact of integrating soil moisture monitoring in solar-powered micro-irrigation 

system. 

The soil moisture monitoring system gave farmers new frames of reference in water 
and nutrient management; improved farmers on time, labour and water-saving by 
reducing irrigation intervals by 50%; and also reduced conflict for irrigation water by 
75% between users apart from improving crop yield and water and nutrient use 
efficiency. This tool use expanded farmers’ knowledge on water management, 
initiated a new way of thinking and alter their behaviour in water and energy use for 
crop production. Furthermore, the change in behaviour led to measurable 
improvements in yield and financial outcomes among farmers. Youthful farmers were 
now able to identify irrigation related problems and act on the information provided by 
the soil moisture monitoring tools. As such, this action led to yield increase by more 
than 80 percent across all irrigation schemes and crops (Table 1 ). This also 
contributed to average gross margins increased by more than threefold across all 
schemes and crops (Figure 18). Based on the findings outlined, it can concluded that 
improving farmers’ knowledge and skills in water-energy-food nexus is beneficial to 
both  irrigators and the environment. It can transform smallholder irrigation schemes 
into profitable and sustainable investment. 

Table 1: Change of average crop yields between pre and post introduction of 
soil moisture monitoring tools. 

 
Crop Average Yields (t/ha) Percent of increase between 

Ave 2014-6 and 2018 yields 
(%)  2014-

16 
2017 2018 

Maize 0.74 0.97 2.01 131 
Maize 1.47 1.52 2.8 88 
Beans 0.49 0.5 1.34 170 
Maize 1.82 1.98 3.88 104 

Beans 0.47 0.5 1.27 160 

Maize 0.74 0.74 3.17 328 
Beans 0.42 0.51 1.2 153 

Note : 2014-16 = Average scheme yields before farmers started using soil water monitoring tools (source: 
Agricultural production estimate survey (APES) 2014-2016). 

3.4  Solar-powered micro-irrigation impact on youth and women empowerment 

The SPIS demonstrations provided direct employment and business creation to the 
youths and women. The SPIS also led to social pacification, youth and elderly women 
as well as men and women worked together. For instance, this project directly 
provided an agricultural employment to 228 young men and women beneficiaries 
from both Malawi (142) and Zambia (86). There were another 2673 who indirectly 
benefited from solar-powered micro-irrigation – 2193 from Malawi and 480 from 
Zambia. The youths either worked in the agricultural sector or civil works on solar – 
powered micro – irrigation scheme establishment whilst others worked in the 
agribusiness sector, selling the produce from the solar-powered micro-irrigation 
schemes. 
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Figure 18: water – energy – food nexus and employment for the youths and women. 

Women are jubilant in both Malawi and Zambia once water is brought to the 
community for domestic use and farming purpose (Figure 19). There is over 40 million 
people lacking access to water supply for domestic use and irrigation and its access 
greatly empower them, especially women. Lack of reliable water services is a major 
stumbling block for health and nutrition, as well as a constraint for nutrition-sensitive 
agriculture (Burner, et..al., 2010). Laia Domenech (2015) in his discussion on 
linkages between improved irrigation water access, women’s empowerment, and 
nutrition outlined that there is gender-irrigation nexus (Domenech, et…..al., 2013). It 
is clear that irrigation interventions have differential effects on different members in 
the household and in the community (children, and women). In order to equally 
empower all gender categories design and implementation must be well organised to 
effectively maximize gender, health, and nutrition outcomes there is therefore need to 
focuses irrigation on all the water – energy – food nexus toward becoming an integral 
component of poverty-reduction strategies in the region. 

  

Figure 19: Women jubilations after borehole drilling for solar-powered micro-irrigation in 
Zambia 

http://www.ifpri.org/blog/how-can-reliable-water-access-contribute-nutrition-security-africa-south-sahara
http://www.ifpri.org/blog/how-can-reliable-water-access-contribute-nutrition-security-africa-south-sahara
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3.5  Opportunities and challenges revealed by solar-powered micro-irrigation 
demonstration. 

3.5.1 Opportunities and advantages of solar-powered irrigation in Malawi 
 
Irrigated agriculture as a productive business requires a very reliable source of 
energy to run the water pumping machinery at right time to meet the crop water 
requirement. Major sources of energy for irrigation in Malawi has been man-power in 
terms of treadle pump and watering cane, gravity, electricity, liquid fuel (diesel and 
petro) and renewable energy in terms of solar and wind energy (Fandika, et.al, 2012). 
Apart from gravity powered and man-power, electricity and diesel has been the 
commonest source of energy powering irrigation system in most irrigation schemes in 
Malawi. Overtime, it has been observed that solar-powered irrigation has more 
opportunity and advantageous in the water-energy – food nexus (FAO 2018) over 
electrical and diesel powered irrigation system in the following ways: 
 

• Solar-powered irrigation is independent (flexible and accessible) in 
remote areas where there is no access to electric and diesel. 

Solar-powered irrigation enable irrigation access in remote areas, where 1.2 billion 
people are living within Sub-Sahara and South Asia without access to electricity and 
liquid fuel. Most farmers live in such remote areas experiencing high cost of securing 
diesel and the distance to water source farm from the grid which makes irrigation 
prohibitively difficult for most of these smallholder farmers (Burney, et..al., 2010). This 
common in many low- and middle-income countries, Malawi inclusive either due to 
lack of the financial capacity to expand their grids to isolated rural areas or choose 
not to do so because of the low return on investment. This makes rural consumers to 
rely on traditional biomass, kerosene, and batteries, which are expensive and not 
climate-smart. Chipula et…al., (2020) reported that introduction of a solar-powered 
water pump greatly reduced the amount of time spent fetching water for the dairy 
farm. This outcome was due to a reduction in the distance to the water source and in 
the time spent at the water source because the farm was initially using a communally 
owned borehole (hand pump) making them independent. 
 

• Solar- powered irrigation help to mitigate climate change by reducing 
gas emission. 

Solar-powered irrigation is climate-smarter than fuel and electrical solutions that pose 
environmental, safety, and health risks. Moreover, diesel and grid electricity energy 
sources are insufficient to power irrigation machinery needed to improve agricultural 
productivity, trapping farmers in a cycle of low agricultural productivity and income. 
Solar-powered irrigation override this challenge as it utilizes an in inexhaustible 
energy source that is pollution and noise free thus reduced greenhouse emission to 
the environment. This help to mitigate climate change. 

• Solar-powered irrigation increase resilience and adaptation to climate 
change impacts. 

Solar-powered irrigation provide access to water that is used for irrigation to stabilize 
yields and avoid crop failure during drought caused by climate change impacts. This 
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helps to stabilize, increase and diversify production even during bad season thereby 
complementing staple production. Increased food availability helps the community’s 
resilience and adaptation to the impacts of climate change thereby improving lives of 
people. 

• Solar – Powered irrigation is more profitable than electrical and diesel 
powered irrigation in remote areas. 

Solar-powered irrigation has high initial costs coupled with low operation and 
maintenance costs. This makes it cheaper in the longer –run than electrical and 
diesel powered irrigation system. For instance, the price of a solar pumping system 
varies according to its power but it is a lot more expensive than a diesel pump. In 
case of Claro, a 2-horse power (HP) solar pump costs around USD 4,266 while a 2 
HP diesel pumps costs around USD 683. However, the two differ significantly in terms 
of their running and maintenance costs. The high cost of diesel translates into an 
additional USD 1,706 of annual running cost while solar pumps have no operating 
costs. With cost savings on diesel and improved farm productivity due to continuous 
supply of power, farmers are able to achieve break even after two years. 
Consequently, solar-powered irrigation has the potential to increase income 
dramatically, particularly for most remote people.  
 
The profitability that is realised in SPIS can help alleviate rural poverty in the Sub- 
Saharan Africa and South Asia where it is estimated that 1.5 billion people have no 
access to electricity. Increasing access to energy is critical to ensuring socioeconomic 
development in the world's poorest countries (Legros, G. et al., 2009).  
 
3.5.2  Challenges of solar-powered micro-irrigation system in Malawi and Zambia 

• Limited capacity in terms of personnel and equipment for solar – 
powered micro-irrigation 

There is limited capacity in terms of professional personnel and equipment for solar – 
powered micro-irrigation and this is one of the greatest challenge that the water-
energy –food nexus faces in Malawi and Zambia. Shortage of personnel heavily 
impact on the quality of the solar irrigation infrastructure whilst shortage of equipment 
affect affordability. This project tried to train staff and farmers to partially solve the 
technical skill challenge – scientist visited Jain Irrigatin Ltd in India, technicians 
underwent technical training on solar –powered micro-irrigation and farmers 
underwent SPIS maintenance and operation trainings. At least 75 young farmers in 
Malawi were trained in agribusiness and group dynamics. In Zambia all the 
beneficiaries received trainings on operation and maintenance, water management 
and Agribussines focussing mainly on market research, crop selection, crop ranking 
and crop calender. The young farmers trained comprised of 11 males and 14 females 
from Mtiya scheme in Chipoka EPA in Salima, 17 males and 8 females from 
Kasinthula research site in Mitole EPA in Chikwawa district and 18 males and 7 
females from Kandeu EPA in Ntcheu district.  

• Limited financing and coordination in the solar-powered irrigation 
projects among state actors   

Most smallholder farmers cannot afford to purchase solar-powered micro-irrigation 
due to lack of proper financing. There is need of more public support to to reduce the 
capital cost of solar pumps, and therefore make them more affordable for farmers.  
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4. CONCLUSION AND RECOMMENDATIONS 
 
This project demonstrated that solar-powered micro-irrigation system is clean 
technology option for water-energy-food nexus, allowing the use of solar energy for 
water pumping for food production, replacing fossil fuel as energy source and 
reducing gas emission from irrigated agriculture. It is one of the combined practices 
that farmers can use to save energy directly and to use water more efficiently and 
effectively whilst empowering the youths and women. In addition, farmers can apply 
soil moisture sensor technology to monitor the changes of moisture for next irrigation 
and can also change cropping patterns that require less water, while others could 
improve irrigation practice to make more efficient use of water. Conservation of 
energy is more cost effective with improved selection and maintenance of irrigation 
facilities that reduce pump size requirements and improve overall efficiency of the 
system like micro – irrigation system. It can be concluded that combination of efficient 
water and energy use is the best Water Energy Food Nexus in Africa. It can help 
many farmers to achieve food security and sustainable Agriculture regardless climate 
change. For this to be achieved, the following recommendation need to be taken care 
of by the governments: 

• Since the potential for energy saving is so great in sustainable agriculture 
intensification for food security, research on Water-Energy-Food nexus 
should receive high priority as it target high returns from low input and low – 
cost approach.  
 

• Capacity building of farmers and technical professionals on the effective use 
of solar pumps and groundwater management.  
 

• Promoting water use efficiency by 1) combining solar pumps with micro-
irrigation technologies like drip systems; 2) leveraging surface water sources 
and creating water storage capacity, 3) Advancing monitoring soil moisture 
using soil moisture sensors and 4) promoting regular cleaning and 
maintenance to prevent leakages and breakdowns. 
 
 

• Establish formal coordination mechanisms on solar-powered irrigation, such 
as interdepartmental bodies and convergence and steering committees for 
WEF nexus policies. 
 

• Explore financing schemes or partnerships with financial institutions, such as 
banks, to help finance subsidies through the Agriculture Infrastructure Fund 
and scale up implementation. 
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APPLICATION OF WATER-ENERGY-FOOD NEXUS FRAMEWORK 
TOOLS AT DIFFERENT SCALES: PRELIMINARY ASSESSMENT. 

Nwabisa Masekwana1, 3, Sue Walker1, 2 and Michael van der Laan1, 3 

ABSTRACT 
 

A Water-Energy-Food (WEF) nexus tool research study was specifically formulated 
through a combined quantitative modelling process. The framework tools were applied 
at provincial (Mpumalanga), municipal (Mbombela) and catchment (Crocodile River) 
scales. The process was conducted through the collection of and documentation of 
provincial, municipal and catchment-specific data and statistics to analyse WEF 
components. The purpose was to increase natural resource use efficiencies and inform 
coherent strategies for sustainable natural resource management, through the 
calculation of integrated relationships and links between the three resources. The data 
was compared and refined using current WEF nexus framework approaches including 
Analytical Livelihoods Framework (ALF), where indices such as availability and access 
were calculated. Sustainability Performance Indicators (SPI) were integrated into the 
study and used to calculate stress indicators on resources. These preliminary results 
and assessments led to the development of suitable WEF nexus framework indices, 
and will be discussed with stakeholders at provincial, catchment and municipal levels in 
the near future. A spider diagram, maps and tables were used for the analysis of the 
interactions and linkages. The provision of water and energy to households by the 
municipality was efficient. However, water and energy stresses were high at catchment 
and provincial levels. Food security is high however, sugar is the base crop and is 
produced for export. Agriculture also did not form the main source of income and 
cultivated land was limited to commercial farming whereby food in the form of sugar as 
the main crop is produced for export purposes. Similar more detailed assessments will 
be made in future. 

Keywords: Mpumalanga, Crocodile River catchment, Mbombela, Analytical Livelihoods 
Framework, Sustainability Performance Indicators 

 
1. INTRODUCTION 

Water, energy and food sectors are interlinked, however, imbalances in the nexus may 
lead to challenges that can potentially aggravate, and transfer stress that is detrimental 
to other sectors. This may lead to a lack of sustainability and development of that 
particular resource. The application of WEF nexus framework tools through the 
calculation of indices helps seek integrated relationships between the three resources 
(Nhamo et. al. 2020a). Each sector has pillars, which may include affordability, security, 
and accessibility as stated by Nhamo et al. (2020a). Simpson and Berchner (2017) 
state that the resource pillars may not be independent, but have a multitude of 
interconnections and trade-offs. This conceptual tool provides a framework for 
understanding the complex interrelations, synergies, and possible trade-offs among 
water, energy, and food sectors by decision-makers (Lawford, 2019; Nhamo et al., 
2020a).  The WEF nexus is a transformative approach that aims to increase and protect 
these natural resources and inform coherent strategies for sustainable natural 
resources management (Nhamo et al., 2020b).  

 
1  ARC-NRE, Arcadia, Pretoria, South Africa: Email: masekwanan@arc.agric.za; 2University of the Free State, 
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VanderLaanM@arc.agric.za 
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The WEF nexus approach has been used to highlight food security, using WEF 
indicators, and related to SDGs (Sustainable Development Goals) indices by 
Fernández-Ríos et al. (2021). The most favourable goals for WEF sectors are SDGs 2, 
6 and 7 (Srigiri & Dombrowsky, 2021). When considering the SDGs and links to WEF, 
Mabhaudhi et al. (2019) used the Analytical Livelihoods Framework (ALF) as one of the 
tools for WEF nexus analysis as it can be assessed through measurable indicators at a 
national level. This tool was developed by defining indicators for three resource 
components with societal impact to assist in integrating the effects of these three 
resources' interactions within the catchment as applied by Mabhaudhi et al. (2019).  

The indicators were calculated into a composite score as in Nhamo et al., (2020a). The 
calculated indices describe each of the resources in terms of each pillar which include 
access, availability, sustainability and even stress. These preliminary outputs include a 
summary of framework tools that have been applied including the use of Sustainable 
Productivity Indicators (SPI) by Zarei et al. (2021) which speak to the integration of 
SDG goals into the WEF nexus. The procedures used include a quantitative process to 
calculate a range of indices for each of the component sectors that can be used to 
assess WEF nexus trade-offs. 

2. METHODS 

2.1  Case study situation analysis  

Mpumalanga Province, Crocodile River Catchment, Mbombela Municipality 

Despite being South Africa’s second smallest province, Mpumalanga contains almost 
half of South Africa’s high potential arable land and has vast coal resources (Simpson 
et al., 2019). The Crocodile River is one of the most important rivers in South Africa and 
is located in the Mpumalanga province. The Crocodile River Catchment is dominated by 
agricultural activities (rainfed and irrigated cultivation), forestry, and rural and urban 
settlements. The middle region of the Crocodile catchment is characterized by 
increased urbanization. The river flows through the major towns of Mbombela 
(previously known as Nelspruit), Kaapmuiden and Malelane, as well as commercial 
farming activities (mostly sugarcane, fruit and nut orchards and vegetable production), 
which are important characteristics of this catchment. There are also mining activities 
along the Kaap River and the Ngodwana paper mill in the Elands River sub-catchment 
a short way (18 km) before the junction with the Crocodile River. The Inkomati-Usuthu 
Water Management Agency (IUCMA) has a catchment size of 28 757 km2 (McLoughlin 
et al., 2021). The Elands River and Kaap River are two large tributaries of the Crocodile 
River system. The significant dams include the Kwena, Ngodwana, Witklip, Klipkoppie, 
Longmere and Primkop. Consumptive water uses associated with the Crocodile River 
include industry, irrigated agriculture, and domestic water supply (McLoughlin et al., 
2021). WEF nexus by its nature used secondary data from a number of sources.   
 

2.2   Application of WEF Framework tools 

2.2.1  Analytical Livelihoods Framework (ALF) tool  
 
ALF includes indicators for each of the three sectors, namely water, energy and food 
that are important aspects of the current project. However, some alternative methods 
and additional indices were included to address catchment specific aspects and 
broaden the reach of this approach with calculations at catchment and provincial 
scales. This can also assist in making the WEF nexus methodology more useful to 
decision-makers. Information has been identified from different sources for water 
needs: available sources; access / needs, consumption and withdrawal requirements. 
For energy, the information needed is to identify sources of energy used by the water 
sector, energy for agricultural production, and energy used in other sectors such as 
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municipalities. In terms of food: local food production (e.g. sugarcane) versus imported 
(e.g. maize), food processing at mills, as well as other crop production activities.  
 
2.2.2 Calculation method for Sustainability Performance Indicators (SPI) 

 
Sustainable development depends on the sustainability of water resources and the link 
between society and the environment. The calculation of the effect of WEF components 
using SPIs to assess the sustainability of agricultural activities is critical. These SPIs 
can then be used in an integrated assessment and for decision-making based on WEF 
nexus thinking to support optimal resource management while taking the wide range of 
economic, social, and environmental components into consideration. The selected SPIs 
for each sector are directly linked to SDGs for the results to be interpreted within the 
South African development strategies.  
 

The calculation of indices was as follows as suggested by Zarei et al., (2021):    

Water Stress:   
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑆𝑆𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼 =   
𝐷𝐷𝑊𝑊𝐷𝐷𝑊𝑊𝐼𝐼𝐼𝐼 

Water Efficiency:   
𝐶𝐶𝑊𝑊𝐶𝐶𝑆𝑆 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 
𝑅𝑅𝑊𝑊𝑅𝑅𝑆𝑆𝑅𝑅𝑊𝑊𝑊𝑊𝐷𝐷𝑊𝑊𝐼𝐼𝑊𝑊  

        𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝑅𝑅𝑊𝑊𝐼𝐼𝐸𝐸𝑆𝑆  𝐼𝐼𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼 =    
(𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐸𝐸𝑊𝑊𝐶𝐶𝐷𝐷 
𝐼𝐼𝑊𝑊𝑊𝑊𝑅𝑅𝐼𝐼𝑊𝑊𝑊𝑊𝑅𝑅𝐶𝐶𝐼𝐼+𝑅𝑅𝑊𝑊𝑅𝑅𝐼𝐼𝐸𝐸𝑊𝑊𝑆𝑆𝑆𝑆) 

Calculated land:                                                                                                 

                                                                                                          𝐶𝐶𝑆𝑆𝑆𝑆𝑊𝑊𝑅𝑅𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝐼𝐼  𝐿𝐿𝑊𝑊𝐼𝐼𝐼𝐼                                                                                                                     

                                                     𝐶𝐶𝑆𝑆𝑆𝑆𝑊𝑊𝑅𝑅𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝐼𝐼 𝐿𝐿𝑊𝑊𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼𝑊𝑊𝐼𝐼 =       

                                                                                                              𝐿𝐿𝑊𝑊𝐼𝐼𝐼𝐼 Cover                                                                                                                    

3.  RESULTS AND DISCUSSION  
 

3.1  Situation analysis of the study area: Mpumalanga province 
 
The Mpumalanga province has a population of about 4 400 000 people (StatsSA, 
2017). There has been about a 1% growth in the population every year shown by 
values of 4 039 939 in 2011, 4 400 000 in 2016 and an estimated 4 743 584 by 2021 
(StatsSA, 2017). The total area of the province is 76 495 km2, which means it is the 
second-smallest RSA province after Gauteng, and yet has the fourth-largest economy 
in South Africa. Mbombela is the capital city of the province and the administrative and 
business centre of the Lowveld. Other important towns are Witbank, Standerton, Piet 
Retief, Malelane, Ermelo, Barberton and Sabie. A major challenge in the catchment is 
uncontrolled urbanization (City of Mbombela, 2020). In the more recent past, urban 
migration has been centred on the town, with many nearby rural areas included in the 
Mbombela Municipality. A range of land cover is present in the catchment including 
wetlands, indigenous forests, dense bush, open bush and grasslands. Most land cover 
is taken up by forest plantations and cultivated lands, which include sugarcane, and 
other annual and perennial crops as shown in Fig.3.1 (ARC-NRE, 2022). 
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Figure 3.1 Land cover across the Crocodile River Catchment (unpublished ARC-NRE, 

2022).   
 

 

3.2  Application of Water-Energy-Food Nexus 
 
3.2.1  Water sector    
 

South Africa is a water-scarce country, with a national average consumption of around 
233 litres per capita-1 day1, and the estimate for the Mpumalanga province is 205 litres 
per capita-1 day-1  (Green Cape, 2021). In Mpumalanga, 91% of the households have 
access to water, and this is mainly through the provision by municipalities in towns. The 
mean annual rainfall in the catchment is 800 mm per annum (Bate et al., 1999) 
depending on the location of the area (lower, upper, west and east) in the catchment, 
with the west receiving more rainfall. Simpson et al. (2019) specify that Mpumalanga is 
characterised by annual rainfall that ranges from 400 - 600 mm per annum in the north-
east, and 600 - 800 mm per annum in the west, while portions of the central zone 
receive annual rainfall exceeding 1000 mm per annum (Simpson et al., 2019). 
McLoughin et al. (2021) stated that the mean annual runoff is at 3188 000 mm3. The 
total volume of water allocated 2019/2020 was 958 419 m3 annum -1 (IUCMA, 2020).  
The main use of catchment water is for irrigation of crops within the agriculture-food 
sector, followed by forestry and the ecological reserve. Of the surface water in the 
province, 75% is utilized for irrigation, 9% is utilized for electricity generation, 9% for 
mining and bulk industrial users, 9% for afforestation, and 8% for urban water usage 
(including 3% for rural use) (Simpson et al., 2019). The other sectors where the water 
demand is increasing include domestic and industrial use, which were both, less than 
5% in 2010 (Jackson, 2014). From the data, the assurance of supply percentage values 
shows that the water available will continue to be insufficient to distribute to all the 
critical sectors as the demand exceeds the supply. The IUCMA report of 2021/2022 
concurs with this result.   

Table 3-1 Calculated water sector indicators  
 

Measure Units  Values  References  

Available freshwater resources per 
capita (availability)   m3 capita-1  198  Calculated according to 

Jackson (2014)  
Economic Value of Water   $USD m-3  $1,83  City of Mbombela data 

(2020)  

Water Stress  %  87  
Calculated by Jackson 
(2014)  

Water Requirements Demand  
Mm3 year-1  999  

Calculated by Jackson 
(2014)   

Households with access to water   %  91%  Simpson et al. (2019)  
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SPIs for the water sector are shown in Table 3-1. The proportion of available water 
resources per capita was calculated as 198m3 per capita calculated from data provided 
by Jackson (2014). The economic value of water is $1,835 USD per m3 as stated by the 
Mbombela municipality in 2021. The amount of stress on the catchment is at 87% when 
calculated as the available water supply divided by total water demand across all 
sectors of 999.9 Mm3 year-1 compared to the 870.9 Mm3 year-1 available as supply.  
Households with access to water were calculated according to Nhamo et al. (2021) with 
data provided by Simpson et al. (2019), similar to that of SatsSA, (2017). The results 
show that there is adequate water for human use at the household level from the 
municipality water reticulation system pipes (City of Mbombela, 2018); however, there 
are insufficient sanitation facilities despite the water being available in most households 
(Simpson et al., 2019). The water stress index in the catchment is rather high meaning 
the catchment is not able to provide adequate water to meet the demand from all the 
sectors. Other indices often use the water quality that shows that mining and industries 
contribute to lowering the water quality in the Crocodile River; however, the water has 
been classified as Class C: Moderate quality (Palmer et al., 2013). Irrigation of crops is 
beneficial for food production; however, some pollution can come with the drainage 
water thus reducing the water quality. This water quality concern results in 16.5% of the 
households being subjected to polluted water (Simpson et al., 2019). These indices will 
be explored in future studies.  

3.2.2  Energy sector  
 
Most of South Africa’s coal-fired power stations are located in Mpumalanga. South 
Africa produced about 253 TWh of power in 2014, 92% of which was generated using 
coal (Simpson et al., 2019). There were 583 505 households with access to electricity in 
the province and 219 375 households had access to free basic electricity in 2008 (DLG, 
2009). For Mpumalanga in 2016, the percentage of households that use electricity for 
cooking was 74.2% (StatsSA, 2017). The percentage of households connected to 
electricity in Mpumalanga increased from 75.9% in 2002 to 87.8% in 2015, which is 
slightly higher than the national average of 85.5% (StatsSA, 2017). The Mbombela 
Municipality reported increases in electricity supply for all periods since 2001, with 71 
418 (79.8%) households added to the grid between 2001 and 2011, and by 2016, the 
number of households with electricity was 190 065. Although much progress has been 
made, rural areas still need electrifying. The municipality in partnership with Eskom is 
upgrading existing power stations to be able to cater for the whole of the municipal area 
(City of Mbombela, 2020). The total energy consumed in Mpumalanga in 2016 was 34 
049 000 000 GWh (Monyei & Adewumbi 2017). The energy consumed per individual 
was 3200 kWh per capita-1 year-1 (Monyei & Adewumbi, 2017). This data shows that 
sufficient electricity is provided to the population in Mpumalanga province. Some of this 
energy is distributed to the food sector showing linkages across sectors.  

Table 3-2 Energy sector indicators 
 

Measure Units  Values  References  

Population with access to 
electricity (accessibility)  %  90  Simpson et al (2019), Monyei 

& Adewyumi (2017)  

Energy (annual energy 
consumption) 2016  

kWh capita-1 
year-1  3200  

Monyei & Adewumbi  

(2017)   

Energy (farm gate)  KWh ha-1  2 118  Sugar data (Pryor et al. 2017)  
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GHG Emission for energy use  g CO2 kwh-1  900  Simpson et al. (2019)  

Total electricity used for 
sugarcane   kWh yr-1  130 602 234  Calculated  

Total energy consumed 
Mpumalanga per year  KWh  34 049 000 000  Monyei & Adewumbi (2017)  

Percentage of energy used for 
sugarcane  %  3  Calculated   

Residential energy use per 
year  GWh  12 530,03  Monyei & Adewumbi (2017)  

  
In Mpumalanga, sugar is considered the most cultivated crop on an area basis and 
uses an estimated 130 602 234 KWhr year-1 (Pryor et al., 2017). However, this only 
comprised 3% of the total energy produced in Mpumalanga (Table 3.2). As 
Mpumalanga province is the energy hub of South Africa it can provide sufficient energy 
for its population and food production activities. In terms of energy, the indices used 
were calculated by Zarei et al. (2021) similar to those used by Nhamo et al. (2021) 
where the Energy Performance Index was calculated as the energy used per unit area 
or capita per year. Greenhouse Gas (GHG) an emission from energy generation 
activities, accounts for about half of greenhouse gas emission per farm, so in this case, 
a value of 0.55 was used (DEA, 2014).   

3.2.3  Food sector  
 
The City of Mbombela has in the past devised various means to curb poverty with 
initiatives such as job creation, support for small agricultural businesses, and 
implementation of ‘Food for Waste’ programmes (City of Mbombela, 2020). Food 
production flourishes when water, energy and land are abundant resources (Lawford, 
2019) and is limited when these resources are scarce. Lawford (2019) also states that 
food security is essential to sustain human societies and therefore needs to be 
promoted. Sectors such as Agriculture have lost approximately 20% of jobs between 
the 1st quarter of 2009 and 2010 (Anonymous, 2011). Agriculture is responsible for 
about 3.4% of Mpumalanga’s total GDP of ZAR 269 863 million in 2013, which gives a 
GDP per capita for the province of ZAR 64,910 (OECD Stats, 2018). Only about 19% of 
Mpumalanga land area is used for agricultural production (Anonymous, 2022) of which 
Lotter (2015) stated about 1 477 934 ha or 19.31% is cultivated land (Table 3.3). Fruits 
(tropical and sub-tropical), nuts and vegetables are major contributors to the provincial 
and national export basket. There is still scope for expansion in this food sector for local 
produce and subsistence farming.  

Food Insecurity Index was calculated by an alternative method using the available 
statistics at a provincial level, unlike Mabhaudhi et al. (2021) who assessed it using 
cereal productivity. In Mpumalanga province, the statistics show that the proportion of 
the population that has adequate food is 72.6 %, those with an inadequate supply of 
food is 8.4% and those with severely inadequate food supply are 19% (StatsSA, 2017). 
Another index related to food is the amount of cultivated land calculated using the same 
method as Nhamo et al. (2020b),  which stands at 19.3%.  These values will be readily 
available for different periods and under different conditions so that one can adapt the 
values according to the possible scenarios in the future. For the current calculation, the 
cultivated land is 1 477 934 ha as a proportion of the total land area of Mpumalanga at 
7 652 076. Therefore the Cultivated Land Index becomes 0.19 (Table 3.3) or showing 
that just under 20% of the land is used for food production. Zarei et al. (2021) also 
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suggested the calculation of a Price Index, which is the price of selected goods in a 
current period, compared to the prices of goods in a base period. As this is a commonly 
used index in RSA, the Consumer Price Index (CPI) was obtained for the Mpumalanga 
province. In RSA, they use 2016 as a base year set at 100%, so one can expect the 
CPI to have risen since then. During 2019, the CPI was at 118%, and so a useful index 
for this will be 0.18 indicating that it has risen since the base year of 2016 (Table 3.3). 
 

Table 3-3 Food sector measurements 
 

Measure Units  Values  References  
Food security  %  72.6  Simpson et al. 

(2019) 
Water Footprint (sugar)  m3 t-1  800   Calculated 
Water requirement (sugar)  m3 ha-1 year-1  9 000   Calculated 

Water productivity (sugar)   kg m-3  13.09  Calculated  
Total irrigation water for 
sugarcane  mm3  524 136  Calculated  

Average sugarcane yield  t ha-1  90  Pryor et al. (2017)  
Cultivated land   %  19.3  Calculated by  

CPI: Weight   %,  118, 6.89 StatsSA (2021) 
2019 info 

 
 

 

Figure 3.2 Spider diagram of WEF nexus Sustainability Performance Indicators to show the 
interlinkages in the Mpumalanga catchment about water, food and energy for 2014-2019. 

 
The spider diagram shows the interlinkages within the WEF Nexus of the Crocodile 
River Catchment in Figure 3.2. The data points nearer to zero, in the middle of the 
diagram, show a low value for those components, while the values closer to 1.0 show 
where there are stresses for Mpumalanga province.  It can be seen that Mpumalanga is 
not performing well in terms of Water Stress with the supply of water being unable to 
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satisfy the demand across the province. Considering the household level, nearly all the 
households in the province can obtain piped water (>90%), which is a great 
improvement over the last 25 years. The Water Efficiency Index relates only to the 
production of sugarcane at this preliminary stage, showing that it is more than 80% 
efficient use of water. As Mpumalanga is the province where most of the energy is 
generated from coal, it is good to see that 90% of the population benefits from this 
availability of electricity. The emissions of Greenhouse gases (GHG) are 55%, and so 
attention should be given to reducing these emissions (Table 3.4). 

Table 3-4 Calculation of Sustainability Performance Indicators for (2014/2019).  
 

Measure Indices  References  
Water Stress  0.87 Calculated using Zarei, et al. (2021) Data 

from IUCMA (2020)  

Water Efficiency Index  0.83 Jarmain et al. (2014)  
GHG Emission for energy use  0.55 GHG Inventory: 2000-10 (DEA, 2014), National 

GHG Inventory: 2017 (DFFE, 2021)  
% energy use sugar  0.38 Calculated by Pryor et al. (2017)  
CPI Mpumalanga   0.18 2019 data as increase from base 2016 (1.0) 

 
To relate the energy consumption of the province to the production of sugar as a 
foodstuff, the amount of energy used in sugar production is compared to the total 
energy used across the province. However, to gain more perspective, these values for 
sugar production should be compared with the energy used in other food processing 
plants and with values from across the world. They also need to be related to the 
revenue generated by sugar sales, particularly by the exports. Compared to the rest of 
RSA, Mpumalanga generated 11.6 % of the total agricultural income in 2017 (StatsSA, 
2017).   

The values of food insecurity are relatively high, meaning that the population of 
Mpumalanga does not produce their staple food but other foodstuffs for export. The 
amount of cultivated land in ratio to the whole land surface of Mpumalanga is relatively 
low. This could superficially suggest that agriculture can be expanded, however, one 
needs to consider other land uses such as a large amount of land used for coal mining 
and tree plantations in mountainous and rocky areas which are not arable. These 
concepts will need to be unpacked in more detail to understand how land could be 
developed into productive agricultural land in future. The surface water available in the 
Crocodile River only accounts for commercial-scale crops such as sugarcane and other 
fruit and nut trees, where the bulk of the irrigation water is used. The province has 
shown growth in GDP and agriculture provides income to the province as it exports fruit, 
nuts and vegetables. This can be proven through the CPI weight of the province at 6.89 
and the index of 118% relative to the 100% value from 2016.  
   
4. CONCLUSIONS   

 
WEF nexus framework has been applied at the Crocodile River catchment level to 
obtain the synergies and trade-offs to be applied between the three different sectors. 
The results show that despite Mpumalanga being considered a developing South 
African Province it has an inadequate supply of water that does not meet the increasing 
demand and it has low food insecurity amongst most of the population. However, there 
are some inconsistencies in the distribution of resources to the critical sectors, and this 
can be addressed by applying similar analysis for an urban area such as Mbombela 
and smaller catchments like the Lower Komati area. The water sector is facing the 
challenge of increased demands from sectors such as mining and industry. Urban 
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development or urbanisation means that more water resources need to be diverted 
toward household use and human residential developments. The water resource, 
though available in the Crocodile basin, is used for food production under irrigation and 
for energy production via coal power stations. The energy sector has contributed to 
improved livelihoods by supplying almost all domestic requirements, as more 
households have steadily been electrified. The amount of electricity consumption by the 
water and food sectors is still unclear and seems to be insignificant, but needs 
clarification in future. The majority of energy in the Crocodile Catchment is used in the 
industrial and transport sectors and very little is used for food production. The proposed 
use of clean and renewable energy is still a challenge and is developing at a very slow 
pace. With time, the issue of the increasing prices from the main electricity provider in 
South Africa will become a disadvantage to consumers who are mostly low-level 
earners. The agricultural industry sector only contributes low employment volumes that 
are partly seasonal (e.g. tropical and sub-tropical fruit harvesting) even though the GDP 
of the province is largely brought in through agricultural produce. The results show a 
low proportion of cultivated land, low irrigation levels, and even low energy supply 
contributing to the production of food in the province. The future calculation of indices 
for other agricultural food products in comparison with the main crop of sugar will help 
the stakeholders in allocation of resources. This will give a broader view of the food and 
agricultural sector, by not focusing only on sugar production but by expanding the 
analysis to other newly introduced crops such as Macadamia nuts.  
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