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This study introduces a developed Water Energy Food nexus (WEF) framework based on Geographic
Information Systems. The objective of the developed framework is to enable stakeholders in Food,
Water, and Energy sectors to evaluate resources utilization for sustainable productivity. The framework
shows that the interdependence of water and energy requirements can be modeled using public domain
data. Three different scenarios were structured using five components: location of the farm and market,
irrigation system, crops and area. The scenarios were applied in the study area which is Moghra as a part
of the Egyptian national 1.5 million feddan project to investigate the effect of crop type, size and location
of the farm on the water and energy consumption. Based on the scenarios’ results, the model is a helpful
tool for stakeholder to include their data in the model to design their scenarios to get quantitative and
spatial information about the WEF.

� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction Although significant advances have been made by the scientific
The goal of the nexus method is to formalize linkages and pro-
vide tools to evaluate resource utilization [8]. It’s a system-wide
strategy that acknowledges the food, water, and energy sectors’
intrinsic resource interdependencies, attempts to maximize
trade-offs, and synergies as well as considers social and environ-
mental implications [4]. Understanding the connections between
food, energy, and water may lead to more efficient resource usage,
as well as improved cooperation and policy coherence between the
three sectors. The nexus viewpoint should help in the promotion of
cross-disciplinary and mutually beneficial actions [34].

Planning for water, energy, and food requirements necessitates
studies and tools that aid decision-making, employing a
multi-criteria analysis. As shownbyanumberof studies, various dif-
ferentWEF-Nexusapproacheshavebeendescribed [12,6,8]andusu-
ally conclude that a nexus approach should be used when making
policydecisions in anyof the areas ofwater security, energy security,
or food security rather than acting independently [5,23]. This con-
cept can even be extended to transportation Infrastructure, renew-
able energy Sources, and economic Growth [41].
community to comprehend and quantify persisting challenges,
open questions still remain on how information could be applied
most effectively to truly support evidence-based policy and
decision-making. Endo and colleagues concluded in a recent meta-
review [12] that ‘‘there are no standalone methods and tools for
practicing and implementing the nexus approach” and hence ‘‘a
nexus methodology should be developed by combining multiple
methods and tools, including qualitative and quantitative, and nat-
ural and social science mixed methods”. Similarly, [29] found that
‘‘the similarity index between the content messages of the aca-
demic articles and the project implementers’ reports show a low
similarity” indicating an ‘‘imbalance in understanding and adapt-
ing nexus concepts” In addition,Taguta and coworkers [37]
observed that there ‘‘is a critical mismatch between the require-
ments of geospatial capabilities in most WEF nexus tools and the
dynamic nature of WEF resources whose nexus they are supposed
to quantify, analyse, and visually map”. Therefore, there is still a
need for a general, comprehensive framework that takes into
account interconnections between the systems and uses geo-
graphic information system to provide decision- and policymakers
with a strong framework for deliberation, discussion, and action.

By starting the 1.5 million Feddans project, Egypt took impor-
tant steps towards greening the desert and building new commu-
nities to produce more food locally, create more jobs and increase
commercial activities. The 1.5 million feddan project is the first
assess-
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step of a four-million-feddan redevelopment plan. According to the
2030 strategy, the project aims to increase agricultural land by 20%
while also creating promising investment opportunities in a vari-
ety of fields, including agricultural land reclamation, food industry
projects, and logistics areas, as well as developing these urban
areas to create an integrated and sustainable environment [35,1].
However, in the past ‘‘Egypt’s Desert Dreams” of occupying and
greening the desert have proved challenging and good planning,
as well as sound resource utilization, are required to achieve eco-
logical, cultural and socioeconomic sustainability [36].

The main goal of this research is to further the development of a
framework through GIS linked models for WEF nexus Assessment.
The target is modelling different forms of water and energy con-
sumption rates and correlate them to different crop patterns, to
enable the user to choose the best scenario for sustainable produc-
tivity. Towards achieving this goal and maximising food produc-
tion, a multi-stage methodology was adopted: first, a literature
review was conducted on WEF nexus assessment approaches to
identify the key WEF performance indicators as well as their exist-
ing assessment algorithms, and to collect all necessary data and
information on the investigated case study area. Using the data
gathered in the first stage, for each of the studied crops, WEF inter-
relationships were assessed and assembled into a functional
model. Furthermore, a geospatial data analysis of the generated
outcomes, using the ArcGIS platform, was performed to visualise
and investigate the WEF potential for each proposed crop.
2. Tool design principles

2.1. Operating procedure

The operational procedure of the model is shown in Fig. 1,
which shows the data flow between the three main parts, which
is available data and data input, calculation, and results. First, data
input is designed, so users can enter their chosen parameters for a
specific scenario as described below. The databases utilised in the
Model include geodatabases and non-geodatabase, as detailed
below. Second part includes the employed formulae and equations
described below. Based on the inputs provided by the user and
scenario settings relevant values are retrieved form database and
processed, using the formulae and equations for measuring and
simulating the WEF nexus assessment. Finally, the results of the
Fig. 1. Operating proce
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model are saved as a table in Excel file format which provides esti-
mates for total water and energy requirements (direct and indirect
energy consumption) as well as crop yields. The main objective of
these calculations is, to assess the sustainable productivity of the
farming sector by modelling different forms of water and energy
consumption rates and correlating them to different crop patterns.

2.2. User interface

The model has been built using ArcPy. ArcPy has been selected
because of its demonstrated practical and efficient method for
using Python, to execute geographic data analysis, data translation,
and data management. The model has been written on ArcPy and
transferred to be toolboxes that can be run on any ArcGIS software.

3. Technical background

3.1. Conceptual model

The suggested conceptual framework provides a basis to
describe the interconnectedness between the three systems. In
order to accurately evaluate various different scenarios and to pro-
vide guidance for decision-making, explicit quantification of these
linkages is essential, by calculating the following:

� Total energy requirement (direct and indirect energy consump-
tion) for the scenario

� Total water requirement for the scenario (m3/ha and m3/ area).
� The Estimated food production

Fig. 2 depicts inputs and outputs representing food, water, and
energy that enable the design and evaluation of multiple scenarios
at different locations. In the block diagram Fig. 2, the value of a
pixel of each raster is identified by the input location by the user,
and the other inputs from the user select the specific values from
the other database. In the end, the user builds the scenario by
selecting one of the options below:

� Location: is used to get the values from raster (GIS Static data)
like evapotranspiration, water salinity, groundwater level . . .etc.

� Irrigation system: is used to determine irrigation efficiency, and
water head to run the irrigation system.
dure of the model.



Fig. 2. Block diagram demonstrating the water–energy–food nexus framework.

A. Azzam, G. Samy, M.A. Hagras et al. Ain Shams Engineering Journal xxx (xxxx) xxx
� Crop: is used to calculate the irrigation recruitment from the Kc
value, number of days for the growing period and fertilization
needs.

� Location of the market is used to calculate the average esti-
mated transportation energy consumption.

� Area of the land is used for scaling and to calculate the average
irrigation head, depending on the surrounding topography.

� Soil salinity: used to calculate the water requirements for leach-
ing and estimated desalinisation requirements.

� Spacing between the trees or crops is a function on the work
width on (Eq. (10)), used to calculate the cultivation and har-
vesting energy.

� The start and end months are used to obtain estimated values
from the climate rasters.

The amount of water needed (m3) for a proposed crop depends
on the plants’ water requirements, which are predominantly
affected by the climate, the type of irrigation system, timing and
the technology used, soil type and water salinity. Other factors, like
plant variety are increasingly likely to play a role, but due to lack of
available structured data, were not considered in this version of the
model. Energy is required to secure water through pumping for the
irrigation system and groundwater.

In addition to the energy required to secure water, energy is
also needed for food production, including cultivation, harvest, fer-
tiliser production and logistics, like local transport. To cater for the
selected scenario, because its aim is to provide input for stakehold-
ers in newly reclaimed desert areas, including the study locations
used to test the model.

Food products are quantified in tons (t). Depending on the type
of food product and their respective local yields (tone/hectare).

Based on the aforementioned inputs and the characteristics of
the study area, all values will be calculated through the equation
on section 3.3 and the tool evaluates the set scenario.

3.2. Data

The model utilises two kinds of data, first the input data which
are entered into the model by the user. Second, the databases used
3

in the model which are utilised for particular sites or scenarios, as
described below.

3.2.1. Model data requirement
Several vector layers, databases, and remote sensing Data were

used to achieve the model’s objective. These include the following
datasets to investigate the spatiotemporal variability of water eval-
uation, energy consumption, and food production, to delineate the
nexuses. Table 1 lists datasets, data types, and spatial scope.

3.3. Model calculation

3.3.1. Water consumption
The water requirement (in m3), which refers to water consump-

tion, is categorised based on the following parameters.
1. Crop water requirement. A crop’s rate of evapotranspiration

(measured in millimeters per day) is influenced by its growth
stage, the environment, and crop management practices to maxi-
mize crop output. Etc calculated by means of the penman monteith
equation (Eq. (1)) [3].

ETc ¼ Kc � ETo ð1Þ
ETc: crop evapotranspiration (mm/day).
Kc: presents the crop factors for the three crops stages utilised

and were retrieved from FAO [3].
ETo: reference evapotranspiration, values are collected as raster

for 12 months though API from WaPORFAO portal [13].
2. Water requirement for Leaching The amount of irrigation

water needed to remove the excess salt from the root zone
depends on the leaching fraction, which is calculated from
Rhoades, 1974 as follows.

LF ¼ ECw=5ECe � ECw ð2Þ

WRl ¼ ETc � LF=1� LF ð3Þ
LF: the minimum leaching requirement fraction.
ECe: the average soil salinity tolerated by the crop as measured

on a soil saturation extract (dS/m), entered by the user. Alterna-
tively, it can be taken as 1 dS/m (default).



Table 1
Data type and description.

Data Set Description Data
Type

Spatial scope

1 Boundaries present the boundaries of the study area and its climatic zone Vector
polygon

Water/Energy
demand

2 Local single crop coefficient
(Kc) for the proposed crops

The crop coefficient (Kc value) describes the crop type and its development. Depending mainly
on the growth stage of the crop, the type of crop and the climate, a single crop may have three-Kc
values. The model incorporates the Kc values for the proposed crops, as published [3]

Database
Table

Water Demand

2 Elevation (DEM) Depicts the topographic surface of the earth’s bare ground (bare earth) without trees, buildings,
or other surface covering. The DEM used on the model for calculation of the dynamic from
topographic maps. The DEM used in the model is developed by the United States Geological
Survey (USGS) [38].

Raster Water/Energy
demand

3 Solar radiation Solar radiation is the most significant energy source, capable of converting significant amounts
of liquid water into vapour [3], and pivotal to consider when building PV facilities. For efficient
use of solar resources, it is therefore required to identify regions with high levels of solar
radiation, based on forecast, as well as geographical and temporal distribution [7]. Furthermore,
it effects evapotranspiration and plant growth.

Raster Water Demand/
Energy Supply

4 Groundwater level data processed using ArcGIS tools for interpolation predicting values for cells in a raster using
data from water wells (points) as basis.

Raster Water/Energy
demand

5 Fertiliser amounts required for
different crops

Fertiliser use by crop as reported by the Food and Agriculture Organization [14], It considers the
average fertility status of Egyptian soils and the production, imports, exports and consumption
of fertilisers. The database generated from the report was used as one reference for indirect
energy consumption.

Database
Table

Energy
consumption

6 Groundwater quality data processed using ArcGIS and interpolation to predict the value for each cell in a raster, based
on data of total dissolved solids from water wells

Raster Water/Energy
demand

7 WaPOR (Reference
Evapotranspiration)

predicts the behaviour of a well-watered grass surface and is defined as the evapotranspiration
from a fictitious reference crop. Each pixel’s value corresponds to the total daily reference
evapotranspiration for that particular month [13]. The model connects with the WaPOR portal
through an Application Programming Interface (API(to get the value of the Reference Evapo-
transpiration from the input location

Raster
API

Water Demand

8 (WaPOR) Precipitation Data derived from the CHIRPS (Climate Hazards Group InfraRed Precipitation with Station)
quasi-global rainfall dataset, which covers the years 1981 to present. The value of each pixel
represents the year total of daily precipitation in mm [13]. The model connects with the WaPOR
portal through an API to get the value of the effective Precipitation from the input location

Raster
API

Water supply

9 Crop Yield Yield in tons (t) (‘‘ [17]. Food and Agriculture Data.,” 2022) Database Food production

A. Azzam, G. Samy, M.A. Hagras et al. Ain Shams Engineering Journal xxx (xxxx) xxx
ECW: the salinity of the applied irrigation water (dS/m). ECw is
coming from the water quality raster (TDS), and it includes an
equation to switch from PPM to dS/m.

WRl: the leaching water requirement.
3. Effective precipitation The effective component of the pre-

cipitation which utilized by plants is the water retained in the root
zone. It can be calculated by Eq. (4) [3].

Pe ¼ 0:7� P ð4Þ
P presents precipitation. It was collected as raster for the

12 months connected through API to the portal WaPor FAO. The
value of each pixel represents the total of daily precipitation in
the month expressed in mm (1 mm = 1 L/m2).

4 Crop water Need.
It is the quantity of water required for different crops to thrive

at their best.

NIR ¼ ETc þ LFð Þ � Pe ð5Þ
NIR: The irrigation water requirement during the growing

period.
Etc: crop evapotranspiration [mm/day] for the month, calcu-

lated through Eq. (1).
LF: leaching [mm/day], calculated through Eq. (2 and 3).
Pe the effective precipitation [mm/day], calculated through Eq.

(4).
5 Seasonal scheme water demand (m3).
it is one of the main elements for estimating the electrical con-

sumption necessary for pumping throughout a season.
Seasonal scheme water demand M3 = Monthly crops water

needed � Crops area � Irrigation efficiency.
Where:
The Monthly water crops needed is calculated by.
Monthly water crop water needs (m3/ha) = NIR*10.
4

Where NIR is a net irrigation requirement which calculated by
Eq. (5).

Crop area: the area of the land input by the user.Irrigation effi-
ciency: taken from the model database.

3.4. Energy consumption

Energy requirements for agriculture can be divided into direct
and indirect energy demands. Examples of direct energy include
energy used for land preparation (including lowing, tilling, and
seeding), cultivation (including weed control applications), irriga-
tion, harvest, post-harvest processing, food production, and storage
of agricultural inputs and outputs. All of these activities are
directly measurably at the farm or further down the agro-food
value chain. On the other hand, sequestered energy is regarded
as indirect energy and can be found in fertilizers, herbicides, pesti-
cides, and insecticides [15].

� Direct Energy.

1 Energy requirement for pumping (PE).

The energy consumed to supply irrigation water from the water
well and via the irrigation system. The following formula is used
to calculate the amount of electrical power required to drive the
pump motor:

Pe ¼ Q qghð Þ=l 3:6� 106
� �

ð7Þ
Pe: power delivered to the fluid by the pump expressed in kW.
Q: fluid flow expressed in m3/h,
q : fluid density expressed in kg/m3 (water),

h: differential head expressed in meters.

l : pump efficiency.



Fig. 3. Energy consumption for RO ([30]).
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g: acceleration of gravity (9.81 m/s2).
2 Harvesting energy (HE).

Harvesting energy refers to the volume of diesel fuel consumed
(in litres per hectare) to power the tractor needed to cultivate
the land. The harvesting energy calculated by (Eq. (8)) [24].

HE ¼ HHV � CF ð8Þ

HE: the amount of energy consumed as diesel fuel to operate a
tractor used to harvesting the field.

HHV: the higher heating value of diesel fuel (41.24 MJ/kg).
CF: the amount of fuel required in L/ha calculated by [24] as

followed:

CF ¼ TDC � s ð9Þ
TDC: the tractor diesel consumption (L/h).
s: the seeding time or the harvesting time (h/ha) and by [25] as

followed.

s ¼ 1000workwidth� Workspeed� 1000ð Þ � effectivness% ð10Þ
Regarding the Guide for Machinery Cost, the diesel consump-

tion of a harvesting machine with a 140 kW engine is 7.50 L per
hour [25]. At the same time, the working width, speed, and effec-
tiveness are six meters, 5.0 km/h, and 90%, correspondingly. As a
result, the harvesting time (t) is projected to be 0.37 h per hectare.

3 Cultivation energy (CE).
cultivation energy is the amount of diesel fuel needed (mea-

sured in litres per hectare) to power the tractor and operating
the machinery used to cultivate the land, (Eq. (8)) is used to deter-
mine the Cultivation energy (Eq. (9)) is used to get the value of the
CF, while (Eq. (10)) is used to determine the value of.s

According to Lubbe and Archer [25], the fuel consumption of a 4
wheel drive (4 WD) regular-size tractor is 3.62 L/h the working
width, working speed, and effectiveness are 1.5 m, 3.0 km/h, and
85 percent, respectively [24]. As a result, the CE and t (seeding
time) are projected to be 2.6 h/ha and 9.4 L/ha, respectively.

4 Desalination Energy.
Over 80% of the desalination brackish water is produced using

reverse osmosis (RO), which dominates the desalination capacity
worldwide [20]. [30] calculated the energy consumption of the
RO (without energy recovery) as a function of salt removal (Rs),
shown in Fig. 3 which has been included in the model to calculate
the energy consumed by desalination depending on the feed salin-
ities. The value of the feed salinity (groundwater salinity) got from
the water quality raster by the location. The model is developed to
neglect calculation of desalination energy when the value of the
feed salinity is less than 2000 ppm.

5 Total direct energy consumption (DE).
The summation of energy consumed by machinery used for

field operations, including preparing and maintenance in the field,
irrigation, and harvesting of the product.

The direct energy is calculated by (Eq. (11))

DE ¼ PEþ HEþ CE ð11Þ
PE: the energy requirement for pumping.
HE: the harvesting energy.
CE: the cultivation energy.

� Indirect Energy.

1 Fertiliser production energy (FE).
The energy needed to produce the three main types of mineral

fertilisers: potassium, phosphorus, and nitrogen. Based on the
results of Lewis and Kongshaug [22,21], nitrogen (N) fertiliser
(40.3 MJ/ kg), phosphorus (P) fertiliser (8.6 MJ/ kg), and potassium
5

(K) fertiliser (6.4 MJ/ kg) are the three relevant elements. Conse-
quently, the following equation is used to get the FE (MJ/ha):

FE ¼ 40:3� N þ 8:6� P þ 6:4� K ð12Þ
The value of the N, P, and K included in a database is specific for

each proposed crop in the study area. Due to the lack of available
structured data sets, soil type and other parameters (like farming
method – eg. no tillage) that determine fertiliser requirements
can currently not be considered in the model.

2 Transportation Energy (TE).
It represents the energy needed to go back and forth from the

farm (TF) to the market (TM).

TE ¼ 2� Fuel consumption� HHV � TF þ TM FieldArea ð13Þ
Fuel consumption: According to Lubbe and Archer [25], for a

truck size of 8 t, the fuel consumption rate is assumed at 30.0 L
diesel/100 km.

HHV: the higher heating value of diesel fuel (41.24 MJ/kg).
TF: present the farm location, entered by the user.
TM: the nearest market for the selected crop, entered by the

user.
Due to the lack of structured data on truck type and size, load-

ing capacity, road quality, permissible and realizable speeds etc,
actual fuel consumption can not be estimated more precisely.

3 Crop protection energy (CPE).
The crop protection energy is the energy needed to produce

fungicides, insecticides, and herbicides (I, H, F). The energy conver-
sion factors of insecticides, herbicides, and fungicides are 200 MJ/
kg, 240 and 96 MJ/kg respectively [16]. Hence, the CPE (in MJ/ha)
is calculated as shown in Table 2.

4 Total indirect energy consumption IE.
Consumption comprises of energy consumed to refine oil into

diesel, transport and distribution of processed fuels, energy con-
sumed for manufacturing and maintaining (including lubrication)
the machines used, production, storage and transport of seeding
materials, production, storage and transport of fertiliser (chemical
or natural), production, storage waste disposal and transport of
chemicals used.IE can be calculated by (Eq. (14))

IE ¼ FEþ TEþ CPE ð14Þ



Table 2
Energy content for Crop Protection input [15].

Input Typical rate of
application (kg/ha)

Sequestered
energy (MJ/kg)

Energy content of crop
produce (MJ/ha)

Insecticide 0.14 200 28
Herbicide 5 240 1,200
Fungicide 3 92 276
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FE: Fertiliser production energy (MJ/ha).
TE: Transportation Energy of consumable inputs (MJ/ha).
CPE: Crop protection energy (MJ/ha).

3.4.1. Food yield
The FAOSTAT database is considered the primary source of the

database of the food production for each crop. It is based on official
and estimated, FAOSTAT offers a useful preliminary assessment of
country-specific agricultural activity. However, currently, the FAO-
STAT database cannot be used to estimate crop yield at local scales
or to get more accurate, site-specific data. Recent research efforts
[19] indicate that in the future, monthly physical area data on pro-
duction, yield, and harvested area might become available.

3.5. Model assumptions

Historical data on solar irradiation and precipitation are consid-
ered sufficiently predictive for future events. Evapotranspiration is
considered representative of a large variety of crop varieties [18].
Similarly, fertilization requirements and the use of crop protection
agents assumes conventional agricultural methods. However,
breeding efforts concentrate on better water management in
plants, and organic agriculture significantly impacts fertilization
requirements, the use of crop protection agents, and crop yield,
but might also influence the water storage capacity of the soil
and yield. Hence the inclusion of further parameters and correction
factors for water requirements might become pertinent once vali-
dated structured datasets become available.

Similarly, the model assumes an off-grid scenario, with PV-
supplied electricity, and diesel-driven machinery. It also assumes
the average efficacy of PV panels to remain constant, necessitating
Fig. 4. Model d
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regular cleaning in dusty environments, the availability of suffi-
cient energy and water storage and/or the alignment of solar
energy provision with energy needs although advances have been
mad recently to model photovoltaic system performance under
varying condition [10]. Since irrigation is most effective between
dusk and dawn, suitable correction factors remain to be deter-
mined and implemented. Other energy-related assumptions
include the aforementioned fertiliser production, but also factors
for harvesting and transportation. Currently, no suitable structured
data are available to differentiate between different storage and
transportation requirements, for example for vegetables, grains
or fodder crops.

Last, but not least, crop yield is currently determined by FAO-
STAT data and area size, assuming that water and fertiliser avail-
ability allow for predictable growth. However, soil type, water
quality, solar irradiation, cultivation method, are also likely to have
an impact thus providing the opportunity to refine the model, once
suitable datasets become available. Thus, the current use of aver-
age values that might improve by adding further complexity to
the model.
4. Model implementation

4.1. Data entry

Specific data are entered in a simple mask as shown in Fig. 4. It
requires essential data including inputs on location and area, used
irrigation system, salinity and crop, targeted market or retailer,
spacing and density, the month of planting and harvesting. It thus
allows the comparison, of different scenarios, or changes of one or
more parameters.

4.2. Study area

Several regions were considered in the areas of the 1.5 million
feddan desert reclamation project implemented by the Egyptian
Government, for initial evaluation of the model. They encompassed
different climate zones, groundwater levels, water quality
ata entry.
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scenarios, etc. They were identified on the basis of being as diverse
as possible, by being connected to different aquifers, in different
climatic zones, with different levels of solar radiation. Variation
in soil quality was also considered but with less priority, because
it is quite heterogeneous within each region. Based on these initial
considerations and the availability of local data, the Moghra region
was identified as best suited for initial characterisation of the
model.

Moghra region is located between longitudes 28� 100 and 29�
100 E and latitudes 29� 500 and 30� 410 N in the northeastern exten-
sion of the Qattara Depression, about 250 Km from Cairo city. It has
a total area of about 245,000 feddans (approx 103.000 ha) [40]. The
highest average temperature in Moghra Oasis is 41.4 �C in August
and the lowest is 10.7 �C in December. The humidity varies from
39.5 % in December to 19 % in June. Wind speed is at its highest
point in September (3.7 m/s) and at its lowest point in January
and February (2.8 m/s). The yearly precipitation in this region fluc-
tuates between 25 and 50 mm, which is insufficient for normal
plant growth or rain fed agriculture [28,39]. Due to saline lakes
to the east, seepage of saltwater from the Mediterranean Sea in
the north, limited groundwater recharge, and leaching of clay
and shale layers, the Moghra groundwater is brackish with TDS
generally reported to vary from 3090 ppm to 5350 ppm with an
Table 3
The three scenarios inputs on the model.

Scenarios Location of the Farm Irrigation system

Scenario 1 Location 2 Sprinkler irrigation
Scenario 2 Location 2 Drip irrigation

Scenario 3 Location 1 Drip irrigation
Location 2
Location 3
Location 4
Location 5

Fig. 5. Locations of the different Sc
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average of 4220 ppm. To the north-west, ion and TDS concentra-
tions rise. Due to the alkaline chemical makeup of the aquifer rocks
and the influence of the ocean, the Moghra aquifer has pH values
that vary from 7.2 to 8.7 with an average of 8.0 [35]. Previous stud-
ies on sustainable groundwater management in Moghra indicate
that using 1000 wells to harvest 1.2 Mm3/d of water for a total area
of 85,714 acres is the optimal management scenario (360 km2).
The project requirement that allows a maximum drawdown of less
than 1 m/year is satisfied by this scenario [33,32].
4.3. Scenario and location descriptions

There are three scenarios investigated in this study to show the
developed model capabilities. Scenario one is designed to show the
effect of the change in the size of the farm. Scenario two is
designed to show the effect of change of the crops type at the same
site and finally scenario 3 is designed to show the impact of change
the location of the farm on the water and energy consumption.

Table 3 summaries the components of each scenario: location of
the farm, irrigation system, crops, location of the market and area.
Five locations for farms have been selected and two locations as a
market as shown in Fig. 5.
Crops Location of the Market Area (Hectare)

Canola Market 1 Changeable
Sorghum Market 1 8.4
Sunflower
Olives
Wheat
Canola
Bean (green)
Canola Market 2 8.4

enario on the case study area.
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4.4. Results and discussion of model outputs

4.4.1. Scenario one
Scenario one is designed to show the effect of the change in the

size of the farm on the results of the model. Therefore, the input
data like sprinkler irrigation system, canola crop, location one
and location of the market are fixed for eight different farm area
values. As would be predicted, increasing the area used at any loca-
tion increases the other values. As shown in Fig. 6 present the rela-
tion between the water consumption (m3) and area (Ha) are
correlated. The increase in the area affects the increase in water
consumption in a linear manner.

Fig. 7 presents the relation between the energy consumption
(MJ) and the area (Hectare) it shows the effect of the area increas-
ing on energy consumption, like the desalination energy require-
ments, energy requirements for planting and harvesting, as well
as fertilizer use and crop protection in a linear manner. The water
salinty on this location is around 4000 ppm, which has impact on
the energy concumed on the desalination process.

However, the calculation of the water head and the related
water pumping energy take into account differences in topography
within the area and hence adjusts for water supply requirements
to irrigate the highest point identified, as shown in Fig. 8, which
present the relation between the area, the difference on elevation
and irrigation head.
Fig. 6. Scenario one, the impact of change in the size of the farm on the water
consumption.
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Fig. 9 which presents the relation between the area (hectare)
and the energy consumption (MJ). This is one factor that influences
the total direct energy consumption, which scales in a non-linear
manner. since the volume or weight of the yield and assumed truck
size do not perfectly match, and hence efficiency savings can be
factored in at scale. Interestingly, additional slight efficiency effects
appear to affect the total indirect energy at scale, although this
effect does not seem to reach operational relevance.

Since Food production and water consumption are function of
the area, the water productivity, which is water consumed in M3

to produce a value of kg of the canola crop in the exact location
is in a linear manner with the size of the farm, as shown in
Fig. 10, which present the relation between the area (hectare)
and the water productivity.

4.4.2. Scenario two
Scenario two was designed to show the effect of change of the

crops type at the same site. Therefore, the input data like drip irri-
gation system, location of the farm, area and location of the market
are fixed for six different crops types. The results of scenario two
shows the effect of different crops, planting date and growth dura-
tions on water consumption as shown in Fig. 11.

Regarding energy consumption, fertilizer needs are factored
according to the crop plant modelled, and the latter have different
growth durations, affecting each crop’s water consumption. There-
fore, modelling different crops at the same site has major effects on
all energy related parameters as shown in Fig. 12. As would be
expected, these largely remain between sites with similar ground-
water and reference evapotranspiration levels but can be exacer-
bated by the latter further.

The results of the second scenario show that the model is effec-
tive as a decision-support tool for the stakeholder to show the
effect of different crops on the water and energy consumption.

4.4.3. Scenario 3
Scenario 3 designed to show the impact of change the location

of the farm on the water and energy consumption Therefore, the
input data like drip irrigation system, area, canola crop, location
one and location of the market are fixed for eight different area val-
ues. Fig. 13 showed the water consumption and the water salinity
level on different locations, which the total water consumption
directly correlated with water salinity, due to the influence of soil
4 12.6 21 29.4 42

a (Hectare) 

e size of the farm on energy consumption.
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Fig. 9. Scenario one, the impact of change in the size of the farm on Energy Consumption.
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salinity, evapotranspiration, and other factors. As mentioned
before, salinity below 2000 ppm was not included in the desalina-
tion calculations. The effect can be observed in location 3, which
has a salinity level of less than 2000 ppm. Water consumption is
higher than in other locations, because of the leaching water
consumption.

Regarding the energy consumption on scenario 3 as shown in
Fig. 14 the indirect energy is fixed because the planting and har-
vesting as well as fertilizer use and crop protection for a specific
9

crop are the same in any location. The direct energy is variable
because the change on groundwater level, elevation, level of water
salinity and others.

As shown from the third scenario results, different locations
affect the water and energy consumption for a small region in
Egypt with approx. 103.000 ha. As a result, the model is effective
as a decision-support tool for the stakeholder to show the effect
of different locations on water and energy consumption and the
advantage of location.
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Fig. 13. Scenario three, the impact of change in the locations of the farm on Water consumption.

Fig. 14. Scenario three, the impact of change in the locations of the farm on direct and indirect energy consumption.
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5. Conclusion

Governments and policymakers need concrete evidence that
brings a comprehensive knowledge of the complexity and inter-
connectivity of factors affecting farm production, water consump-
tion and energy consumption in order to improve evidence-based
policy. Constructive intervention techniques could be developed
as a result. Additionally, in order to implement a wide range of
decisions that lead to more efficient resource usage, a broad spec-
trum of stakeholders and practitioners in the agriculture sector
should be provided with, contribute to and utilize location-
specific data The designed tool is the first attempt to connect the
WEF nexus through the geographic information system on small-
scale farming.to characterise and visualise the complex interac-
tions and dependencies of the Water-Energy-Food nexus. The
Model demonstrated that the needs for geospatial capabilities
and the dynamic nature of WEF resources are compatible. In addi-
tion, the tool enables the user to assess several scenarios and
include new data for other regions or even a different country.

As has been observed for other complex systems, it is not fea-
sible to devise models with maximum complexity initially. As
has been showcased for climate modelling and predictions about
climate change, conceptual models are succeeded by
11
mathematical ones that subsequently incorporate energy bal-
ances, developing toward increasingly comprehensive coupled
and interlinked representations of the entire system [11]. As
argued by [27] using model pluralism can further the study of
complex systems that allows the application of a robustness
scheme. It is thus not a disadvantage that similar models are
being developed elsewhere, based on similar or different
assumptions and with a variety of aims. [31] conducted Water-
Food-Energy Security Nexus-based dynamic modelling of sus-
tainable groundwater water resources management. Recently
[2] used the successfully calibrated and validated Soil and Water
Assessment Tool (SWAT) to demonstrated that climate change
might in the future reduce potential irrigable areas, due to
changes in dependable flow and diversion water requirements.
Furthermore, a recent publication by [9] suggests that climate
change has a negative impact on food security and has been
responsible for the reversal of past improvements. Therefore,
additional climate change related parameters related to the
FAO food insecurity experience scale (FIES) might impact the
WEF-Nexus overall. Similarly, Ma and Ma [26] found that it
might become necessary to incorporate mitigation responses
for insects into prediction models, to account for climate change
related changes in the distribution of invasive crop pests.
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The usability of the tool is demonstrated with a case study in
Moghar, Egypt. For this purpose, three sets of scenarios were
described. S1: The first scenario analyses the effect of area size,
S2: the second scenario discusses the effect of different crop types,
while S3: the third one addresses the impact of the location of the
farm. The results of S1 show the impact of the change in the farm
area on water consumption, energy consumption and food produc-
tion. The effect of the farm area on water consumption was linear.
On the other hand, some parameter of the indirect energy con-
sumption was nonlinear. S2 results showed the impact of the
change in the crop types on water and energy consumption. Due
to different crops, planting dates and growth durations the effect
of the results was noteworthy. S3 results showed the effect of
the location of the farm when the other inputs were fixed, due to
the change of the values connected by the location like evapotran-
spiration, water quality and groundwater level, etc. The energy and
water consumption have different results for the same crop. Based
on the results of the three scenarios, the model is a helpful tool for
stakeholder to include their data in the model to design their sce-
narios to get quantitative and spatial information of the WEF
nexus.

Further work is required to improve the existing framework,
including data for farming methods, offering storage and trans-
portation requirements, and connecting the framework with
remote sensing data to calculate the food yield. Modifications to
the framework and tool would then be made to include the climate
change scenarios data to predict the effect on water and energy
consumption on agriculture. Additionally, the development of
future scenarios will enable an analysis of the WEF nexus based
on a temporal scale.
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