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Abstract
Sustainable management of natural resources is a pressing global challenge that requires the prevention of loss and waste. 
Egypt is facing an acute water crisis due to insufficient water supplies throughout the country. To address this issue, it is 
essential to implement a range of solutions to improve the situation. This study aims to alleviate the stress on multiple 
resources and environmental impacts in one of Egypt's earliest reclaimed areas (Wadi El-Natrun, Western Desert), by apply-
ing systematic modeling to achieve sustainable development objectives and mitigate resource stress. To promote a more 
sustainable and resilient future, a pilot model ecovillage has been designed for a community of three thousand inhabitants, 
promoting integrated resource management and considering the Water-Energy-Food (WEF) nexus concept. The ecovillage 
design incorporates collaborative engagement of groundwater reservoirs for water supply, agricultural production for food 
demands, power generation, and community sensitivity. Evaluating key aspects related to water supply, power generation, 
agricultural production, and environmental impact within the proposed pilot design aims to provide insights into the complex 
interactions among these systems. A four-step methodology for evaluating and implementing the nexus at a local level, which 
includes identifying linkages, mapping interconnections, focusing on core foundations, and applying the findings to improve 
project execution was investigated. An understanding of the WEF nexus, demonstrating how such frameworks can enhance 
the management of scarce resources was provided. The “TORAY DS2” design is employed to analyze model parameters and 
quantify their values. The study’s findings aim to support decision-makers and stakeholders in developing effective strategies 
to navigate the complexities of the WEF Nexus, promoting optimal resource management. These findings are promising, 
indicating a low environmental risk while aligning with both the WEF Nexus and the Sustainable Development Goals.  
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Introduction

The effective management of multiple, including water, 
energy, food, and ecosystems, has become increasingly 
crucial due to numerous factors such as economic develop-
ment, climate change, population growth, and ecosystem 
degradation. Conserving freshwater resources improves 
living standards and facilitates the expansion of agricul-
tural and industrial activities, which is vital for present and 
future generations in terms of resource quantity and qual-
ity. The current food crisis is deeply rooted and multifac-
eted, reflecting longstanding issues compounded by recent 
global events [1]. Challenges and opportunities within the 
agricultural sector were explored through the lens of the 
WEF Nexus [2, 3]. Their work addresses critical issues 
such as water scarcity, agricultural practices, energy use 
in irrigation, the integration of renewable energy, and the 
development of policy strategies. Egypt, with a popula-
tion of over 106 million people, ranks third in Africa in 
terms of population and twelfth in terms of land area. The 
country's rapid population growth has raised demand for 
Water-Energy-Food (WEF) resources, posing significant 
challenges for sustainable development. Egypt faces sig-
nificant challenges in food and water security due to its 
limited water resources, despite having the capacity to 
produce electricity. According to the International Energy 
Agency, fossil CO2 emissions have risen sharply [4], and 
Egypt's energy sector remains heavily reliant on conven-
tional sources despite progress in renewable energy [5]. 
The high fuel costs and frequent outages highlight the 
need to expand solar energy use and reduce pressure on 
the electricity grid. This calls for strategies to cut energy 
consumption, lower carbon emissions, improve energy 
efficiency, and promote sustainability, especially in resi-
dential buildings. Egypt's vast desert landscape adds to 
the difficulty of ensuring food, water, and energy security. 
This geographical feature influences population distri-
bution, resulting in congestion in the Nile Valley and its 
Delta. The country's 2030 National Water Vision aims to 
secure basic needs such as water, energy, and food for its 
citizens. Egypt has taken significant strides in managing 
its water resources, concentrating on desert reclamation, 
desalination, and groundwater treatment [6]. Reclamation 
projects play a pivotal role in the country's development 
and the expansion of urban and agricultural areas, even 
though the desert covers up to 90% of Egypt's territory. In 
a country with limited water resources, groundwater plays 
a significant role in making reclaimed areas habitable and 
expanding agricultural and industrial zones to alleviate 
population pressure in the constrained Nile Valley.

The ongoing water crisis and Nile River disputes 
pressure governments and researchers to explore 

unconventional solutions. The Great Ethiopian Renais-
sance Dam (GERD) is now 90% complete (Office of 
National Coordination for the Construction of the Dam). 
Its filling poses significant challenges, affecting surface 
water allocation and inducing land deformation [7, 8].

Untreated domestic wastewater and excessive fertilizer 
use from agriculture are major pollution sources, with sig-
nificant discharge into surface water. Effective water man-
agement must account for socioeconomic and international 
political factors to ensure stability and sustainable develop-
ment [9, 10]. To address these challenges, it is necessary to 
view water, energy, and food as an integrated system. Each 
of the three elements is inherently linked. Therefore, merg-
ing water resources with food and energy production enables 
farmers to grow cost-effective crops that promote agricul-
tural communities and provide water to designated activities.

There are several effective strategies for sustainable 
natural resource management, such as implementing con-
servation practices, promoting renewable energy sources, 
adopting efficient resource use, and fostering ecosystem 
protection. Therefore, the primary goal of this research is to 
examine the feasibility of relocating and establishing new 
urban communities in deserts areas that face challenges 
such as limited freshwater resources, scarcity of raw mate-
rials, fossil fuels, and power. Additionally, these communi-
ties aim to address the five key Sustainable Development 
Goals, which include ensuring access to clean water and 
sanitation, eradicating poverty, promoting clean energy and 
decent work, improving health and well-being, and fostering 
afford-ability and economic growth. This study presents a 
conceptual WEF nexus design for Ferdaws Village (longi-
tude 30° 24′ E & 30° 24′ 30″ E; latitude 30° 19′ N & 30° 20′ 
N) to address challenges in reclaimed desert areas, such as 
high-water pumping costs, limited energy access, low liv-
ing standards, and poor water quality. The proposed model 
aims for 100% green energy through solar and biomass, 
improves water quality with reverse osmosis (RO) desalina-
tion, and promotes sustainability. It also considers locating 
Nile Valley farmers to the desert, supporting new metro-
politan centers, and aligning with Sustainable Development 
Goals (SDGs) 2 and 11. The study assesses the feasibility 
and impacts of this strategy on agricultural and urban devel-
opment for balanced and resilient growth.

Study area

For this study, Wadi El-Natrun, as shown in Fig. 1, has been 
selected as the location to establish our design, Ferdaws 
Village (FV). Wadi El-Natrun is a major narrow depres-
sion situated in Egypt's Western Desert, which falls within 
the Saharan zone. It was chosen as a case study due to its 
convenient accessibility, being located northwest of Cairo 
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and running parallel to the Cairo-Alexandria Desert Road. 
Additionally, Wadi El-Natrun lacks access to surface water 
and relies mainly on groundwater for various purposes [11, 
12]. It's notable for its salt lakes, which include Ferdwas 
Lake and a group of other lakes. Ferdaws Lake like the other 
lakes in the depression, is characterized by high salinity and 
alkaline conditions, which plays a role in the local ecosystem 
and has historical significance due to its role in ancient salt 
production and early Christian monasticism. The high salin-
ity of the water can also lead to the formation of salt crusts 
and unusual patterns on the lake’s surface. The salinity range 
of lakes in this region is (283–557) g L−1, which is signifi-
cantly higher than seawater [13, 14]. It is essential to recog-
nize that the discharge of brine effluents from desalination 
plants can pose significant risks to marine ecosystems when 
released into coastal environments [15]. To eliminate this 
issue, our village is established on the outskirts of a hypersa-
line natural lake, which allows for the safe discharge of brine 
without compromising the ecosystem, and by designing a 
high-recovery RO system to reduce the brine. Our concep-
tual design aims to be effective, sustainable, and integrated. 
The cost of desalination plants is significantly influenced 
by energy prices. Therefore, membrane-based technologies 
like reverse osmosis (RO) are being explored as alternatives 
to energy-intensive thermal desalination methods [16]. By 
incorporating renewable energy sources, we can reduce the 
costs of desalination and decrease dependence on fossil 
fuels, aligning with international climate commitments [17]. 

Figure 2 [18] shows the climate data for the entire year, 
with Fig. 2a focusing on annual temperature variations, 
showing seasonal fluctuations. Meanwhile, Fig. 2b illustrates 
the monthly solar radiation values for the FV, which range 
from 162.77 to a peak of 234.12. These figures emphasize 

the seasonal variations in both temperature and solar radia-
tion, offering important insights into energy efficiency 
and climate conditions throughout the year. The interplay 
between global energy prices and groundwater irrigation is 
indeed critical. When energy prices rise, the cost of pumping 
groundwater increases, which can strain agricultural budgets 
and potentially reduce the availability of water for irrigation. 
This scenario poses significant challenges for governments, 
as they must balance the need for sustainable water man-
agement with the economic impacts on agriculture. Addi-
tionally, fluctuating energy costs can affect investments in 
water infrastructure and technology, complicating efforts 
to promote efficient water use and ensure long-term water 
security [19, 20].

Water‑energy‑food nexus model design

The Ferdaws Village (FV) is a promising city for the imple-
mentation of the proposed design, with an estimated popula-
tion of 3000 people. Food security is significantly attached 
to water and energy [21–23]. Figure 3 depicts the developed 
model in a network diagram among the three NEXUS pillars 
(WEF model subsystems and their interconnections) regard-
ing environmental and socioeconomic constraints.

Several hurdles faced (FV); summarized as follows:

1)	 High-cost groundwater pumping,
2)	 Poor water quality for drinking and some crops,
3)	 No easy access to fossil fuels,
4)	 Deficiency in good agricultural practices,
5)	 Absence of a well-established community due to lack of 

infrastructure.

Water‑energy‑food nexus assessment

In this section, the various parameters applied in the WEF 
model are listed below.

Energy supply and demand

The main energy needs in Ferdaws village are for water 
pumping, residential housing electricity needs, Reverse 
Osmosis (RO) desalination plant, and residential heating 
and cooling requirements. Two main systems are sought to 
provide the required electric loads: a Photovoltaic (PV) plant 
and a Biomass-based Combined Heating and Power (CHP) 
generator.

Before estimating the required electricity generation 
plants, a rough estimate of the maximum total electricity 
demand throughout the year is needed. According to annual 
reports from the Egyptian Ministry of Energy, the average 
power consumption per capita is about 601.6 kWh or a total 

Fig. 1   Location map of the Ferdaws Village-Wadi El-Natrun, Egypt
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of 1804.8 MWh/year for 3000 village [24]. As per the water 
requirement for drinking, crop irrigation, and others, it is 
estimated that there is a maximum 17,000 m3 water pumping 
requirement per day, which is mainly distributed between 
residential needs, open field crops. The pump power con-
sumption can be evaluated through Eq. 1 as follows:

where Pp is the pump power in Watts, Q is the volumetric 
flow rate in m3/s, ρw is the density of the water (kg/m3), h 

(1)pp =
Q̇𝜌wgh

𝜂p

is the required water head assumed 150 m, and ηp is the 
efficiency of the pump assumed at 80%. The pumping is 
assumed for 12 h per day (about 1417 m3/h) to make the 
most use of the PV electricity generation during the day. 
Thus, the energy consumption of the water pump will be 
about 3171 MWh/year.

The other major electricity consumption system is the 
RO desalination plant. It is assumed that the total fresh-
water requirement per day is about 3000 m3. This amount 
represents the total water needs for residential purposes 
and some food crop production. TORAY DS2 software 

Fig. 2   The climate data of designated areas throughout the year a temperature in °C and b solar radiation in kWh per m2
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[25] is used to design and project the water properties and 
energy consumption of the RO desalination plant [26–29].

To supply all these electricity requirements, two systems 
are used. The first system is a PV plant with an assumed 
total peak capacity of 2.5 MW. The generation of the PV 
plant at (FV) is estimated through the PVWatts tool devel-
oped by the National Renewable Energy Laboratory [30]. 
The chosen technology is typical polycrystalline PV mod-
ules without tracking at a fixed tilt angle of 30°. This is to 
reduce the re-quired initial capital cost of the plant. Under 

these conditions, it is estimated that the annual electricity 
yield from the PV plant is about 3904 MWh/year. The other 
system is a biomass-based Combined Heating and Power 
(CHP) generator with an assumed capacity of 500 kW and 
a biomass consumption rate of 500–600 kg/h based on the 
typical commercial products on the market. The selection for 
the biomass-based generator is due to the availability of bio-
mass in the village and the nearby communities as well. The 
CHP plant will operate on Biogas generated from an agricul-
tural waste-based gasifier unit and a domestic waste-based 

Fig. 3   A schematic chart of 
the interrelation in the WEF 
model connected to the strategic 
management of water, energy, 
and food nexus

Fig. 4   Energy supply flowchart 
for Ferdaws Village
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Anaerobic digester as shown in Fig. 4. The CHP plant will 
generate electricity for different purposes in addition to hot 
water use for domestic needs and during summer to drive a 
thermally-powered chiller for cooling production [31, 32].

Finally, for the residential cooling and heating loads 
requirements, heat will be recovered from the CHP plant 
to supply hot water that can be used for domestic hot water 
needs and to drive the absorption chiller (with a typical coef-
ficient of performance of 0.8 at 95 ℃ driving hot water) 
during summer to provide cooling. The use of a central dis-
trict cooling plant depending on the absorption chiller will 
significantly reduce the required electricity during summer 
used for conventional vapor compression-based technologies 
and thus reduce carbon emissions. Additionally, this system 
needs to be coupled with passive cooling measures such as 
good building insulation and natural ventilation. The general 
energy supply flow chart is shown in Fig. 4.

Water supply and demand

Globally, the agricultural sectors consume a significant 
amount of freshwater, up to 77%. In the proposed con-
ceptual design, water demand is driven by household use, 
agriculture, and other activities. The only available water 
supply resource in the area is groundwater, with a capacity 
of 17,000 m3/day. However, groundwater salinity in Wadi 
El Natrun and the West Delta region varies significantly 
as follows; Low to Moderate Salinity: TDS levels between 
200 and 1500 mg/L are suitable for most crops, though 
specific crop tolerance may vary, high salinity TDS above 
1500 mg/L experience reduced crop growth due to decreased 
water uptake and nutrient imbalances. Soil can also degrade, 
impacting water infiltration and root development, very high 
salinity TDS levels exceeding 3000 mg/L cause severe stress 
to crops, leading to wilting, poor growth, and potential plant 
death. [12, 33].

To overcome this salinity issue, an RO desalination 
plant is used, which is known for its typical high electricity 

Fig. 5   Distribution of water demand across different activities, and the technical details of the RO plant in TORAY DS2 software
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consumption [34]. The recovery rate of the RO plant is 
assumed at 60% and a pump efficiency at 80%. The feed 
water from groundwater is considered about 250 m3/h. 84% 
of generated brine will be reused for brine aquaponics and 
man-groves agriculture, which leads to a total recovery of 
the RO plant to 90%. Figure 5 illustrates the distribution 
of water needs through different use cases in (FV) and the 
technical details of the RO modeling in TORAY DS2 soft-
ware. The distribution of water for domestic use is 900 m3/
day (Salinity < 200  mg/L), for greenhouse & aquapon-
ics is 650  m3/day (salinity < 500 mg/L) and brine aqua-
ponic & mangroves cultivation require 350 m3/day (salin-
ity > 30,000 mg/L) [35, 36].

Food production

The emerging issue of food insecurity is exacerbated due to 
population growth and a deficiency in both water and arable 
lands. In the local context, the agricultural sector consumes 
86% of the total water supply, while domestic demand faces 
a significant shortage of over 40%. Egypt, as the world's 
largest grain importer, imports approximately 60% of its 
annual food needs (18.8 million tons) [37]. Climate change 
in Egypt is projected to reduce crop yields for most crops. 
Specifically, wheat yields are expected to decrease by up to 
9% by 2030 and 20% by 2060 [38].To enhance food security 
without negatively impacting the socioeconomic landscape, 
it’s essential to implement strategies that ensure sustainable 
agricultural practices, equitable food distribution, and eco-
nomic stability. This approach should focus on boosting 
local food production, supporting smallholder farmers, and 
improving supply chain efficiencies, all while safeguarding 
livelihoods and fostering economic growth [39]. Hence, 
exploring alternatives to wheat, including flours derived 
from legumes, pseudocereals, minor cereals, and milling by-
products like bran [40]. The growing reliance on nonconven-
tional water resources, such as desalination, along with the 
reuse of drainage water and groundwater, is being integrated 

into comprehensive water management strategies aimed at 
enhancing sustainable agricultural practices and optimizing 
crop yield while minimizing water consumption [41].

This paper aims at mitigating water scarcity, particularly 
through the cultivation of crops with high tolerance to salin-
ity presents a promising strategy for optimizing the utiliza-
tion of marginal water resources, such as saline groundwa-
ter and agricultural drainage water, thereby sustaining food 
production amidst the constraints of limited freshwater 
availability.

Crop diversification offers a viable solution by provid-
ing economic advantages to farmers while simultaneously 
promoting environmental conservation through the enhance-
ment of soil properties [42]. Moreover, abiotic stress-tolerant 
genotypes of crops such as maize, safflower, quinoa, barley, 
and perennial grasses, demonstrate substantial salt toler-
ance and stable yields under varying salinity levels, indicat-
ing their adaptability to marginal environments. Their low 
water requirements, combined with diverse applications in 
food, feed, and industry, make them valuable candidates for 
diversifying production systems and enhancing economic 
sustainability [43, 44].

The current study focuses on the management of 966 fed-
dans in Egypt, addressing critical issues of water scarcity 
and soil salinity. Evaluating water use and salinity tolerance 
is essential for optimizing agricultural practices. To conserve 
water and energy, the study recommends adopting crops that 
require significantly less water and energy compared to tra-
ditional crops. For instance, barley is noted to consume less 
water than potatoes [45]. The irrigation system employs a 
drip network, and more than 30 feddans of wood trees will 
be irrigated by treated wastewater at a rate of 20 m3/Fd. The 
cost of crop cultivation varies depending on several factors, 
including drip irrigation installation and maintenance, seed 
procurement, land preparation, soil amendments, pest con-
trol, weed management, and labor. Effective management 
and treatment of saline water are crucial for sustaining agri-
cultural productivity in affected areas. For example, tomato 

Table 1   Agronomic and economic characteristics of various crops, including salinity tolerance, yield, water consumption, and cost of production 
per feddan

Crops Salinity Yield (feddan/Ton) Water consumption (m3/
feddan/season)

Cost of produc-
tion ($) per 
feddanBotanical name Common name

Triticum aestivum Wheat 3–5 3 1984 200–350
Hordeum vulgare L Barley 4–6 2.5–4 1511 122–177
Gossypium hirsutum L Cotton 5 0.5–0.7 3945 275–408
Zea mays L Maize 2.5–3 3–4.5 2450 255–408
Carthamus tinctorius Safflower 7–8 1–1.5 2730 153–306
Chenopodium quinoa Willd Quinoa 20–40 1–2 2500–4000 306–410
Solanum lycopersicum Tomato 1.8–2.1 24–42 1500–3000 408–612
Trifolium alexandrinum Forage (Berseem) 2–2.5 7–10 2741 153–224
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cultivation is affected by salinity levels, with thresholds of 
1.8 dS/m in semi-humid areas and 2.1 dS/m in arid areas 
[46]. Table 1 [47–50] summarizes the projected values for 
optimal capacity expansion in various aspects, including 
water, food, salinity, yield and cost per season.

In Beheira governorate, including Wadi El-Natrun, the 
productivity of wheat is approximately 2.85 tons per fed-
dan, valued at $ 1615 per feddan (567$/ton) based on cur-
rent world prices [51]. In Al-Maghara area, the total water 
consumption for wheat cultivation under drip irrigation is 
estimated at 2100 m3/Fd over the growing season, however, 
actual consumption may vary depending on factors such as 
soil type, climate, and irrigation efficiency [52]. Interest-
ingly, the two common wheat varieties, Sakha 95 and Misr 
1, demonstrate notable yield potential and robust salinity 
tolerance at levels up to 7 dS/m, indicating their potential 
suitability for cultivation in soils affected by moderate salin-
ity [53].

Halophytic plants, such as quinoa, show promise for cul-
tivation under harsh conditions. The application of organic 
manure to sandy soil improves quinoa's salt tolerance up to 
34 dS m⁻1, providing a sustainable solution for food pro-
duction in arid, degraded soils. However, seedlings begin 

to experience negative effects at salinity levels of approxi-
mately 8 dS/m [54, 55].

Barseem (Trifolium Alexandrinum), also known as Egyp-
tian clover, is a crucial forage crop in Egypt. It is valued for 
its high nutritional value for livestock and its ability to fix 
nitrogen, enhancing soil fertility. In conclusion, integrating 
these findings into water management and crop selection 
strategies is vital for optimizing agricultural productivity 
while addressing the challenges posed by water scarcity and 
soil salinity.

To convert electrical conductivity (EC) in deciSiemens 
per meter (dS/m) to total dissolved solids (TDS) in parts per 
million (ppm), TDS (ppm) = EC (dS/m) × 640.

To meet the growing demand for aquatic products, an 
innovative aquaponic system is adopted (Fig. 6). Aquaponics 
is a modern aquaculture technique that incorporates aqua-
culture and hydroponic plant cultivation in a closed loop 
[56, 57]. In this integrated system, plants absorb nutrients 
from nutrient-rich water, preventing wastage, and the water 
is returned to the fish [58]. The closed-looped system also 
maintains a stable pH level. This study focuses on breeding 
tilapia, artemia, algae, and mangroves [59]. The aquaponic 
system uses 650 m3/d of water with a salinity of 500 ppm, 
which is treated using reverse osmosis. The system includes 

Fig. 6   A visual representation 
of water consumption for food 
and crop production

Table 2   Total water 
consumption of aquaculture

Aquaculture Water consumption Cultivated area Salinity (ppm) N. blocks Production

Sea bass 245 m3/d 1 fed > 3000 40 123 kg/y
Shrimp 100 m3/d 2 feds > 3000 50 3000 kg/y
Tilapia 360 m3/d 1000 m 3300 5 1400 kg/y
Total 705 m3/d ~ 3.25 fed – – 4523 kg/y
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90 Tilapia fish tanks, with a feeding rate of 1.170 ton/d. 
Brine water with a TDS level above 3000 is used for shrimp 
farming on 2 feddans, producing 3000 kg/yr. Additionally, 
1 feddan is allocated for sea bass, yielding 123 kg/d and 
requiring 245 m3/d of water. Two feddans are dedicated to 
a mangrove lake ~ 360 tree and 3.7 feddan are used for herb 
cultivation, producing around 8 tons (see Tables 2 and 3).

Figure 7 illustrates the application of a constructed 
wetland with a free water surface in Ferdaws Village. To 
pretreat the water, a reverse osmosis desalination method 
was employed, utilizing green energy. This approach is 
eco-friendly, with low initial and operational costs, and 
does not require additional chemicals or consumables. 
The development of a PV-RO integrated desalination 
plant, which combines a desalination plant with a pho-
tovoltaic solar system due to the absence of an electrical 
power source [60]. Moreover, a produced brine could be 
used to recover up to 60% of the energy used by using a 
pressure exchanger. The generated brine wastewater from 
the desalination plant will be exploited for Artemia breed-
ing, which is a good protein source for shrimp nutrition. 
Furthermore, brine can be used in the mariculture of the 
blue tuna nanno-chloropsis. Municipal effluent can be 
treated using an integrated forward osmosis membrane 

bioreactor (FOMB) and the resulting fertilizer can be used 
in agriculture and other food-producing processes can use 
the produced water.

Environmental impact assessment (EIA)

The Environmental Impact Assessment (EIA) is a systematic 
process designed to evaluate the environmental and social 
impacts of proposed projects, with the goal of avoiding, 
minimizing, or managing adverse effects [61]. A prospective 
EIA study serves as a critical tool for assessing the ecologi-
cal status and potential environmental impacts of a region 
or industrial activity. In the context of Ferdaws Village (FV) 
in Wadi El-Natrun, the EIA plays a vital role in examining 
the implications of infrastructure development on the water-
energy-food-ecosystem (WEFE) nexus. The village depends 
on green energy sources, and mangroves, which contribute 
significantly to groundwater treatment and wastewater man-
agement. The EIA process for (FV) involves several stages: 
screening, scoping, alternatives, evaluation, and mitigation. 
The structured approach facilitates a comprehensive strategy.

Screening

Screening determines whether an EIA is required based on 
the project’s scale, location, and potential environmental 
impacts. For FV, this stage focuses on assessing the village's 
size, infrastructure needs, and potential effects on critical 
natural resources, particularly water and energy. Ground-
water is a key resource, especially in areas with limited 
surface water availability. Communities such as FV rely on 
groundwater for daily consumption, agriculture, and overall 

Table 3   Total water consumption of the barn

Barn Feed Water consumption Production

Poultry 0.1 m3/d 6 m3 5000/round 111 kg/d
Cow 1.5 m3/d 15 m3 100/round 66 kg/d
Packhouse – 10 m3/d 2.7 tons/d
Slaughterhouse – 3 m3/d 70 kg/d beef

Fig. 7   Free water surface 
constructed wetland for Ferdaws 
Village



	 Innovative Infrastructure Solutions (2025) 10:223223  Page 10 of 14

well-being. Changes in groundwater availability can pro-
foundly impact agriculture, drinking water supplies, and 
community health.

Scoping

Scoping identifies the key environmental issues that need 
to be addressed. In FV, several factors must be considered 
in relation to groundwater use. The primary concern is the 
over-pumping of groundwater, which is essential for agri-
culture and drinking water but poses risks when extracted 
in excess which include:

a.	 Depletion of groundwater reserves: prolonged over-
extraction can deplete groundwater resources, threaten-
ing long-term availability.

b.	 Degradation of water quality: excessive extraction can 
deteriorate water quality, making it unsuitable for agri-
cultural use and/or drinking.

c.	 Ground subsidence: high abstraction rates can cause 
subsidence, leading to infrastructure damage and land-
scape alteration [62–64].

Studies have shown significant drawdown values indi-
cating a notable decline in groundwater levels in Wadi El 
Natrun. For instance, between 1960 and 2010, groundwater 
levels dropped by approximately 25 m, in the southern part 
of the region, [65]. Furthermore, Switzman et al., 2015 esti-
mated a decline in the water table at a rate of 1 m per year, 
driven by increased extraction and reduced recharge rates 
[66]. Groundwater has also increased in Wadi El-Natrun, 
with salinity levels rising from 1.79 to 3.87 dS/m during 
the baseline period (1966–2014), and the highest recorded 
electrical conductivity (EC) projected to increase from 6.68 
to a 16.37 dS/m by 2050 [67]. Other critical factors include 
public awareness and governmental legislation related to 
groundwater management.

Alternatives

The EIA process evaluates alternative approaches to mini-
mize environmental impacts. In FV, these alternatives 
include:

a.	 Rainwater Harvesting: implement systems to collect and 
store rainwater from rooftops and other surfaces. This 
can be used for irrigation, industrial processes, or even 
drinking water after proper treatment.

b.	 Infrastructure Development: invest in infrastructure such 
as canals, pipelines, and reservoirs to capture and dis-
tribute surface water efficiently.

In line with the WEFE nexus, FV’s strategy emphasizes 
green energy and reliance on renewable energy sources, zero 
fossil fuels use, implementing robust waste management 
practices, and mangroves for ecological balance.

Mitigation

Mitigation strategies play a crucial role in safeguarding 
environmental integrity and supporting sustainable develop-
ment as they are designed to address and minimize negative 
impacts. Mitigation strategies can be summarized as follows:

a.	 Sustainable Groundwater Management: to avoid over-
abstraction of groundwater and its profound nega-
tive environmental impacts, it is necessary to regulate 
pumping rates and construct surface channels to reduce 
groundwater extraction.

b.	 Efficient Irrigation Systems: advanced irrigation sys-
tems, such as drip irrigation, will be used to minimize 
water waste and ensure that water resources are utilized 
efficiently. These systems reduce water demand and pre-
vent salinization of the soil. Improving water use effi-
ciency: adopting efficient water practices and exploring 
sustainable techniques.

c.	 Mangrove Agriculture and Aquaponics: Part of the 
rejected brine from the Reverse Osmosis (RO) plant 
will be reused in mangrove agriculture and aquapon-
ics systems. These systems are designed to utilize brine 
without harming the environment, transforming waste 
into a productive resource.

d.	 Hyper-Saline Lakes: The remaining brine, which can-
not be reused, will be disposed of in nearby hyper-
saline lakes. These lakes naturally have salinity levels 
far exceeding that of the brine, and geological and 
hydrological studies have confirmed that there is lim-
ited hydraulic connectivity between the lakes and the 
groundwater aquifers, minimizing the risk of ground-
water contamination.

e.	 Salt-Tolerant Crops: The project includes the cultiva-
tion of crops that are tolerant to higher levels of salinity. 
This will mitigate the negative effects of saline irrigation 
water and reduce the need for large volumes of freshwa-
ter.

f.	 Soil Monitoring: Regular soil testing will be conducted 
to monitor salt levels and nutrient content, ensuring that 
agricultural activities do not lead to soil degradation.

g.	 Photovoltaic (PV) Solar Plant: A solar-powered energy 
system will be used to supply the majority of the energy 
needed for the village and the RO plant, significantly 
reducing the carbon footprint of the project. The choice 
of renewable energy will help mitigate the impact of 
greenhouse gas emissions and reliance on non-renewa-
ble energy sources.
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h.	 Long-Term Monitoring and Adaptive Management: 
Long-Term Monitoring and Adaptive Management: A 
continuous environmental monitoring program will be 
implemented to assess the effectiveness of the mitigation 
strategies. Adaptive management practices will allow 
the project to respond to unforeseen environmental 
changes by adjusting operations to reduce any emerg-
ing impacts.

Evaluation

The low-risk assessment reflects the effectiveness of current 
practices and green initiatives, while ongoing monitoring 
and evaluation are essential for maintaining sustainability 
and mitigating potential impacts.

In Ferdaws Village (FV), the conceptual strategy for the 
water-energy-food-ecosystem (WEFE) nexus focuses on 
green energy, zero fossil fuel, and mangrove-based solutions. 
The city's activities, including groundwater treatment, waste-
water treatment, and lighting, are all dependent on these 
sustainable energy sources. The EIA for Ferdaws Village 
underscores the importance of sustainable groundwater 
management and the integration of green energy solutions 
within the WEFE nexus. By addressing critical issues such 
as groundwater over-abstraction and exploring alternative 
water sources. Improved irrigation practices can help man-
age high salinity. Drip irrigation can be more effective in 
minimizing salt build-up. Adding organic matter or gypsum 

to soil can help improve soil structure and reduce the effects 
of salinity. Planting crops that are more tolerant to saline 
conditions can help maintain productivity in areas with high 
TDS levels.

Recommendations

The WEFE nexus holds a dual significance in literature, the 
first definition refers to the relationship between multiple 
resources, while the second definition views the nexus as 
a modern approach to address WEFF nexus systems with 
varying interpretations. However, WEFE nexus can be seen 
as an integrated system research framework by employing 
integrated nexus management, these definitions can be com-
bined to mitigate unexpected effects, and sectoral trade-offs, 
and enhance the overall sustainability and resilience of the 
nexus system. The 2030 Agenda for Sustainable Develop-
ment, approved by the United Nations in 2015, is more like 
a road map of action for the five Pꞌs (People, Planet, Pros-
perity, Peace, and Partnership). Within this plan, there are 
17 specific Sustainable Development Goals (SDGs) [68, 
69]. Current study in this field focuses on internal relation-
ship analysis, external effect analysis, and coupled system 
evaluation. In Ferdaws Village (FV)-Wadi El-Natrun, Egypt, 
key factors influencing the success of the WEFE nexus for 
establishing a new life include wastewater treatment, smart 

Fig. 8   The environment, economy, and social sustainability in relation to each other
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farming, green energy, waste management, and seawater 
desalination using PV-RO, as depicted in Fig. 8.

The government's support in funding the city's infrastruc-
ture, such as roads and transit networks, is crucial for moti-
vating individuals to start a new life in a reliable and trust-
worthy city (Fig. 9). The main objective of this work is to 
provide an accurate solution and analytical framework for a 
real case study, aiding policymakers, investors, and the local 
community in pursuing sustainable development and estab-
lishing sustainable communities despite limited resources. 
The proposed model emphasizes the expansion of nature-
based solutions (NBS) and offers site-specific insights into 
nexus challenges, facilitating informed decision-making. It 
is important to consider updated statistics from this case 
study considering accelerated climate change or additional 
factors.

Conclusion

Herein, an integrated model has been developed to assist 
decision-makers and stakeholders in achieving sustainabil-
ity and management of concepts of WEFE nexus. This 
work assists in combining efforts to address the challeng-
ing processes in nexus research by developing resilient 

and sustainable water, energy, and food systems. The 
model addresses the challenges of nexus research by pro-
mooting resilience and sustainability. It proposes a four-
step approach to assess and apply the nexus at the local 
level, including identifying linkages, mapping connec-
tions, emphasizing the foundation, and using the results 
to enhance project implementation. The case study of Fer-
daws Village in Egypt demonstrates the practical appli-
cation of the model, revealing the intricate connections 
between sustainable energy, water, and food activities. 
This model serves as a bridge between nexus research and 
real-world resource management, providing a circular and 
synergistic system. It offers valuable insights for decision-
makers and stakeholders to optimize resource management 
and implement cost-effective projects in related fields.
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