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Abstract: Jordan was late in adopting seawater and brackish water desalination as a source until the
late 1990s and early 2000s. However, ongoing studies are still discussing the technical, economic, and
socio-political aspects of brackish water reverse osmosis (BWRO) desalination plants. In this study,
the water—energy nexus was considered, in order to highlight the main challenges facing BWRO
desalination. We discuss the use of photovoltaic (PV) technology, together with BWRO desalination,
as an approach to compensate for ecological, financial, and social challenges in Jordan. For this
purpose, the performance of nine existing BWRO desalination plants in the agricultural, domestic, and
industrial sectors is assessed. The water performance is assessed based on water consumption, safe
yield extraction, plant recovery rate (R, %), and compliance to local and international water quality
standards; the Specific Energy Consumption (SEC, kWh/m?) is taken as the main evaluation criterion
to assess the energy performance of the BWRO desalination plants; and economic performance
is assessed based on the overall cost of water produced per cubic meter (USD/m3). The main
environmental component is the brine disposal management practice utilized by each plant. Based
on this assessment, the main challenges in BWRO desalination are the unsustainable patterns of
water production, mismanaged energy performance, low recovery rates, and improper brine disposal.
The challenges in domestic and industrial BWRO desalination, which are completely dependent on
the electricity grid, are associated with critical energy and costs losses, as reflected by the high SEC
values (in the range of 2.7-5.6 kWh/m?) and high water costs per cubic meter (0.60-1.18 USD/m?).
As such, the use of PV solar panels is suggested, in order to reduce the electricity consumption of the
assessed BWRO plants. The installation of PV panels resulted in significantly reduced energy costs
(by 69-74%) and total costs (by 50-54%), compared with energy costs from the electricity grid, over
the lifetime of the assessed BWRO desalination plants.

Keywords: water—energy nexus; brackish water reverse osmosis desalination; solar energy; photo-
voltaic panels; recovery rate; brine discharge management; water conservation; economic feasibility;
specific energy consumption

1. Introduction

Water scarcity is a challenge in Jordan that has been aggravated over the past few
decades, placing it on the list of most water-scarce countries. The severity of water short-
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ages in Jordan can be attributed to the rapid increase in population, refugee crisis, the
poor management and high non-revenue water, frequent and prolonged droughts, and
groundwater over-abstraction [1]. Most recently, several official reports have been pub-
lished, warning Jordanian citizens about the severity of water shortages during the summer
seasons, as well as the anticipated impacts that different sectors will subsequently face [2].

The Government of Jordan (GoJ) has been seeking alternatives to secure water supply,
but these alternatives are rather short-term and will not satisfy the long-term growth
demand of the different sectors in Jordan [3]. In 2017, the GoJ launched the National Green
Growth Plan (NGGP), aiming to shift the economic growth in Jordan toward a greener
and more resilient pathway [3]. The water sector is one of the six priority sectors for green
growth, and, according to the NGGP, it is imperative to seek green projects and initiatives
which ultimately provide affordable and equitable access to clean water for all societal
groups, as well as securing sufficient water to support the growth of various economic
sectors. In particular, the agricultural sector is one of the key economic sectors in Jordan,
due to its role in food supply as well as the social character associated with farming in
Jordanian society [4]. One promising solution to green the water sector and deal with water
scarcity and drought is the desalination of seawater and ground brackish water; however,
there are several techno-economic and environmental barriers to large-scale desalination in
Jordan, such as the use of energy for desalination and the discharge of brine resulting in
environmental impacts on land, air, and water [5,6]. Therefore, it is necessary to determine
the environmental performance of BWRO plants in this country.

1.1. Water and Energy Challenges

The severity of the water crisis in Jordan has led to the necessity of adopting desalina-
tion plants, although they are energy-intensive and associated with critical environmental
effects, attributed mainly to their high carbon footprint and brine disposal. Therefore, many
studies have shown that, while desalination might be the only option to compensate for
the disastrous water situation in the country, they also indicated the critical importance
of suggesting techno-economically feasible remedies for the associated energy, cost, and
environmental problems. Therefore, it is important to highlight the main energy, economic,
and environmental performance indicators associated with the existing desalination plants
in the country, specifically those for BWRO desalination. The annual renewable water
resources are less than 100 m® per capita, much below the 500 m® per capita threshold
limit [7]. The lack of water in Jordan threatens the health of the population, especially for
vulnerable groups in under-served communities [6]. In addition, the predicted decrease in
precipitation due to global warming and climate change accompanied by unsustainable
urbanization has led to a tremendous decline in the available natural water supplies in Jor-
dan [8]. According to the Ministry of Water and Irrigation (MWI) statistics of 2015, the water
sources in Jordan were estimated to be around 79% from renewable freshwater sources,
including 239 MCM from surface water and about 433 MCM from renewable groundwater.
The rest of the water comes from non-renewable groundwater sources (75 MCM) and
treated wastewater (102 MCM) [7]. This demonstrates that renewable groundwater sources
are the primary source of water supply in Jordan; meanwhile, the primary brackish ground-
water sources in Jordan come from the Jordan Valley, Red Sea, Wadi Araba, Azragq, Sirhan,
and Hammad. However, the abstraction of groundwater sources, especially in Azraq, has
increased beyond the safe yield, causing water quality degradation in the aquifers [8,9].
Thus, water scarcity in Jordan can be considered the most significant challenge to achieving
sustainable development goals by 2030 [10].

According to MWI and the World Bank, the water deficit for the drinking water in
Jordan can be estimated as 45 MCM while the water deficit for all water needs could be
more than 450 MCM. This is critically alarming and, by 2040, at least 90% of the low-
income population is expected to suffer from drastic water insecurity [11]. In addition, the
progression in water deficit accompanied by the rapid increase in water demands due to
population growth has created intensive pressure on energy demands, mainly for electricity.
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Electricity is considered a primary factor for the country’s economic growth, including the
domestic, agricultural, and industrial sectors [12]. This threatens the country’s economic
growth, as most of the electricity generation in Jordan is dependent on fossil fuels, mainly
oil and gas. Jordan imports about 97% of its fossil fuels for energy supply, and imported
energy prices are drastically changing due to the unstable political situation in the Middle
East and North Africa (MENA) region [11]. This has contributed to rapid inflation of
electricity tariffs in response to the financial crisis facing the energy sector in Jordan [13].
Thus, the energy sector has become deleterious to the country’s GDP, due to the heavy
reliance on imported fossil fuels; on the other hand, it is supposed to be a vital component
of the country’s economic and social development [14]. In the food—-water-energy nexus,
population growth and the intensifying pressure on the country’s resources, especially food
and water, has led to a continuous increase in electricity demand, reflecting the prolonged
inflation in electricity prices. Electricity prices have increased by at least 60% since 2005. In
2022, the price of electricity per kWh reached 0.12 USD for the domestic sector, 0.24 USD for
the industrial sector, and 0.08 USD for the agricultural sector [15]. In fact, the water sector
is considered one of the most electricity-demanding sectors, due to the water pumping
systems. The Water Authority of Jordan (WAJ) has been assessed as the largest electricity
consumer in Jordan [16]. Therefore, it can be concluded that water and energy are crucial
components such that, in the context of the intensifying pressure created on the Jordanian
water sector—where the water demand has highly exceeded the supply—the pressure on
the energy sector is of equal importance [17]. The limited collaboration between Jordan’s
water and energy sectors represents a main challenge to achieving sustainable development;
specifically, Sustainable Development Goals 6 and 7 (SDG7 and SDG6), which are most
closely related to ensuring access, affordable, reliable, and sustainable water and energy
dimensions. This necessitates changing the current water and energy systems, shifting
towards sustainable approaches such as substituting conventional energy with renewable
energy sources [18].

1.2. Future Perspectives of Renewable Energy Policies

The use of renewable energy sources has become much more critical, especially in
countries such as Jordan, which has depended on imported fuels for many decades [14].
Technologies that use renewable energy have become a necessity to compensate for the
effects of climate change and to reduce GHG emissions, while improving energy security
at the same time [14]. As stated earlier, Jordan is surrounded by countries that suffer
from an unstable political situation, impacting energy security in the country, as has been
shown in terms of a remarkable increase in electricity prices [19]. To respond to this
crisis, which worsened especially after the influx of Syrian refugees following the Syrian
crisis, the Jordanian government has acknowledged the critical importance of establishing
policies that promote the use of renewable energy sources and influence local energy
production [14]. Many calls have been made to start utilizing renewable energy sources to
repair the drastic increase in the electricity tariffs that threatened the country’s economic
development by hindering the survival of many industrial businesses in Jordan.

Over the past few decades, the acknowledgment of renewable energy legislation and
policies has become global. In this regard, the first law concerning Renewable Energy
and Energy Efficiency—Jordanian law No. 13 of 2012—was enacted in 2012 [18]. This
law emphasizes the use of renewable energy, especially solar energy, which is the most
abundant renewable energy source in Jordan, in order to achieve a safe energy supply,
especially for energy-intensive sectors such as the industrial sector, to sustain their water
and energy needs sustainably and environmentally [18]. The use of renewable energy has
improved in Jordan since 2010, increasing from less than 1% in 2010 to 7% in 2018 in the total
energy supply. Yet, the energy demand continues to grow, and the current efforts are not
enough to reduce the energy consumption and patterns while simultaneously meeting the
demands of the population [20]. Therefore, the question arises whether Jordan’s energy law
needs to be revised or if its implementation is effective regarding renewable energy projects.
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In this regard, the UN Economic and Social Commission for Western Asia (ESCWA) has
stated the need for more studies on policy reforms to promote renewable energy in Jordan.
Under the Jordan vision 2025, the NES 20152025 aims for the 11% renewable energy target
by 2025, with increasing energy supply from local energy sources [20].

1.3. Background of BWRO Desalination in the MENA Region

Desalination technology is considered one of the central options to meet the growing
water demands in water-scarce countries, such as those in the MENA region. The MENA
region holds about 48% of the total global desalination capacity, especially in the Gulf
countries [21]. These pioneer countries in desalination are typically allocated in coastal
sea areas, except for Jordan, with only one coast (Red Sea coast), which is located 400 km
from its capital, Amman. Due to the extensive future pressure in demands and supplies
challenged by the prolonged decline in freshwater sources, local and international studies
have shown that BWRO desalination can be considered a primary management approach in
countries such as Jordan [21,22]. Hence, Jordan relies on brackish water (BW) desalination
as its primary conventional water source, and is ranked fifth in this aspect, compared
with the 19 other countries in the MENA region; particularly, Saudi Arabia has the largest
capacity for BW desalination, followed by Iraq, Iran, Algeria, Jordan, Egypt, the UAE, and
others. RO is the most common desalination technology used in Jordan [21,22].

1.4. Potential of PV-BWRO Desalination in Jordan

Jordan is significantly dependent on the importation (around 97%) of fossil fuels for the
production of electricity. This represents a high cost for different sectors (e.g., 30% of cost for
some industrial operations), adding to the pressure to increase wind and solar technology to
meet energy demands and targets for emissions reductions [3]. This is a barrier, for example,
to increasing the water supply though desalination, and also affects development and food
security. BWRO desalination is less energy-intensive and, thus, less costly than other forms
of desalination technologies such as seawater desalination [23]. Still, many challenges
regarding BWRO desalination remain, related to the high electricity consumption and
prices, as well as operational costs [24]. It has been assessed that about 95-100 MCM/ year
comes from brackish water desalination. The average specific energy consumption of RO
desalination in Jordan has been estimated as 3.5 kWh/m? on average. This is associated
with at least 35 M USD of annual cost losses due to the energy consumption of the few
operating desalination plants in Jordan, which is significantly high concerning the relatively
small-medium economy of Jordan [7].

Another concern that exists regarding the current desalination plants in Jordan is poor
brine discharge management [21]. At present, approaches for proper brine disposal remain
unclear for many ongoing BW desalination plants. In the context of the water—energy
nexus, the poor spotlight on proper brine management approaches related to desalination
plants constitutes a central environmental concern in Jordan, which can harm the soil, flora,
and the quality of nearby water resources [3,21]. To address these challenges, a previous
study has shown that implementing PV energy in energy-intensive technologies such as
desalination could represent a great solution to improve energy and economic efficiency
for various economic sectors and industries in Jordan [21]. Based on the results of this
study, PV panels were installed at multiple BW desalination plants in Jordan, especially
those related to the agricultural sector, contributing to favorable reductions in overall water
and energy losses and costs. Solar energy is considered plentiful in Jordan, as shown in
Figure 1.
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Figure 1. Jordan Photovoltaic Power Potential [20].

The average solar radiation has been estimated to reach 6.8 kWh/m?/day, one of
the highest globally [21]. As such, the implementation of PV solar panels to meet the
energy demands of the BWRO desalination plants may be an optimal solution, in terms of
lessening water scarcity in the domestic, industrial, and agricultural sectors, in order to
ensure water and food security for the country.

1.5. Generated Brine Quantities and Disposal Methods

It was estimated that the combined daily amount of generated brine for all operating
plants in the country is 61,148 m®/d (about 22.3 MCM/yr), with the average salinity of
the brine being 8274 ppm, measured as TDS. Figure 2 depicts the brine disposal practices
of desalination plants in Jordan. Basically, 30% of plants discharge their generated brine
into valleys or nearby seas, 8.4% of the plants use the brine for irrigation (with or without
blending it with low-salinity water), 4.7% of the plants have evaporation ponds, 14% of the
plants dispose of their brine into an on-site wastewater treatment facility, and about 40% of
the plants did not offer any data in this regard.
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Figure 2. Brine disposal practices in Jordan.

1.6. Study Scope and Main Objectives

This study aims to discuss the challenges that some of the selected BWRO desalina-
tion plants face in different sectors in Jordan, including the agricultural, domestic, and
industrial sectors, in the context of the water—energy nexus. We aim to propose a process
for techno-economic analysis of BWRO desalination plants in Jordan, considering water
consumption and production, energy use, operation costs, and environmental performance
(e.g., brine generation management). The process takes into consideration the recovery rate,
practical brine management approaches and, most importantly, reducing energy and costs
by integrating the assessed BWRO plants with PV solar panels. The successful planning,
design, and implementation of PV-BWRO desalination in all sectors requires governmental
support and the collaboration of WAJ, MWI, and the Ministry of Energy. Thus, the main
objective of this study is to show the techno-economic feasibility of PV-BWRO desalina-
tion in Jordan, in terms of increasing water supply while reducing the associated energy
consumption and costs at the same time [7].

Our ultimate goal is to suggest economically feasible solutions to improve the over-
all water, energy, and environmental performance of the assessed desalination plants.
This study of the water-energy nexus in Jordan represents a holistic view of the BWRO
desalination process, which is essential for achieving sustainability. As such, the main
objectives of this report are to: (1) Evaluate the water consumption trends of the assessed
BW desalination plants in the context of water conservation and the water recovery rate;
(2) evaluate the operation performance of the BW desalination plants in terms of water and
energy production and consumption; and (3) propose effective methods to optimize the
performance of the assessed RO plants for the purpose of reducing the energy consumption
by integrating the RO plants with renewable energy sources, such as PV panels.

2. Materials and Methods

A quantitative methodological approach was used to evaluate the performance of
existing BW desalination plants in the Hashemite Kingdom of Jordan, in the context of
water—energy nexus components. The data collection methods used in this study included
the following: (1) Audit data for the domestic BWRO desalination plants, obtained from
WAJ; (2) monthly water quality monitoring reports from several domestic RO plants;
(3) farmer responses to survey questionnaires were computed for RO agricultural plant
assessments; and (4) performance operating data on multiple BWRO desalination plants
in the domestic, agricultural, and industrial sectors. In this sense, data related to about
100 BWRO desalination plants were collected in Jordan during the period of 2019-2021.
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However, most of the collected data were scattered and lacked accuracy, which could
be related to the fact that desalination technology is still limited in Jordan; therefore,
the data obtained for this assessment were associated with some uncertainties, mainly
related to the accessibility of data in all sectors, including the agricultural, domestic, and
industrial sectors.

In the agricultural sector, many farmers denied having desalination plants, likely
due to their violation by exceeding the allowable water quantities allocated to their farms.
The domestic and industrial sectors lack proper technical and water quality monitoring
systems, so the collected data related to water quality monitoring were minimal. Data
screening was conducted to inspect the missing data, remove errors, and select the BWRO
desalination plants that were most viable to assess in the context of this study, in terms of
the water—energy nexus. Accordingly, three BWRO desalination plants from each sector,
including those intended for drinking, agricultural, and industrial water, were selected for
the analysis.

The main parameters that were used to represent the overall performance of the BWRO
desalination plants in Jordan, in terms of economic/cost and environmental aspects, were:
(1) plant recovery rate (R%); (2) specific energy consumption (SEC); (3) Jordanian Water
Quality Standards (JWQS) [6], MWI water irrigation, and JS 893 /2006 reclaimed domestic
wastewater standards; and (4) brine characteristics and disposal. The costs and financial
benefits related to optimizing the energy consumption patterns for the existing RO plants
were considered by assessing the overall operational costs before and after installing the
PV solar renewable energy source. Costs of electricity supplied by the national grid were
calculated based on the Jordan electricity tariff which ranged between 0.069 USD/kWh
and 0.33 USD/kWh for households, industrial, and agricultural users [5]. Assuming the
average solar irradiation of Jordan as 7 kWh/m?/day and a maximum power capacity of
350 W for one PV panel, the techno-economic feasibility of the BWRO plants in each of the
agricultural, domestic, and industrial sectors was assessed.

2.1. The Surveyed BWRO Desalination Plants

All of the assessed BWRO desalination plants were configured as two-stage RO
units. Table 1 details the locations, size, and the associated sector of the surveyed BWRO
desalination plants considered in this study.

Table 1. Details of the Surveyed BWRO Desalination Plants.

Station Location Plant Size Groundwater Basin Sector
Al-Jawasra BWRO plant Balgaa govern Large Dead sea basin Agricultural
Al-Kafrain (Banana) BWRO plant Balgaa govern Small Dead sea basin Agricultural

Al-Kafrain (Banana and Vegetables)

BWRO plant Balgaa govern Small Dead sea basin Agricultural

Mudawwara borders,

Mudawwara border BWRO plant Small Disi and Mudawarah Domestic
south Jordan
Meshtal Fasial BWRO plant Jerash, northern Jordan Large Amman-Zarqa Basin Domestic
. Zarqa Governorate, . .
Abu Zeighan BWRO plant northeast Jordan Very Large Amman-Zarqga Basin Domestic
Aquaduva BWRO plant Al]ee]zoal;(il?man, Small Amman-Zarqa Basin Industrial
Arab Potash BWRO plant Karak governorate, Small Dead sea basin Industrial
southeast Jordan
Zarqa Power BWRO plant Zarqa, northeast of the Small Amman-Zarqa Basin Industrial

capital (Amman)
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The desalination plants are typically classified into very large-scale industrial use, large
capacities/small operations, and very small-scale in-home applications; however, in order
to obtain a broader and deeper view of the size of the plants, the following classification
was proposed (see Table 2).

Table 2. Desalination plant size classification.

Plant Size Production Capacity (m3/d)
Very small 10-100
Small 100-1000
Large 1000-10,000
Very large 10,000-100,000
Super large >100,000

The locations of the assessed BWRO desalination plants are identified on the map
shown in Figure 3.
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Figure 3. Locations of the Surveyed BWRO Desalination Plants.
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2.2. Water and Energy Assessment

Table 3 summarizes the collected data, which were used to conduct the water and
energy audits of the selected BWRO desalination plants in the agricultural, domestic, and
industrial sectors.

Table 3. Surveyed data for the assessment of BWRO desalination plants/stations.

. Feed Permeate Brine Delta Water Unit Operational Feed TDS Permeate Brine TDS
Station @3h)  (m3/h) (m3/h) P (ban) Cost Costs (ppm) TDS (ppm)
(USD/m?) (USD/year) (ppm)
Al-Jawasra BWRO plant 83 52 31 1.8 0.32 150,921 4000-5000 300 10,206
Al-Kafrain (Banana)
BWRO plant 33 20 13 1.2 0.21 37,729 4000 300-500 9384
Al-Kafrain (Banana and
Vegetables) BWRO plant 35 27 8 1 0.18 43,099 2500-4600 <600 8912
Mudawwara border 45—
BWRO plant 48 34-36 12-13 2.6 0.37 114,598 256 63-94 684
Meshtal Fasial
BWRO plant 58 49 8.7 2.5 0.32 164,585 3053 177 19,356
Abu Zeighan
BWRO plant 1800 1350 450 25 0.37 4,430,402 3673 145-500 13,192
Aquaduva BWRO plant 27 19.2 8.3 39 0.68 80,732 850 125 2475
Arab Potash BWRO plant 50 33 17.2 3 0.56 113,868 1098 198 2811
Zarga Power BWRO plant 24 19.2 4.8 24 0.42 98,861 512 230 1640

One of the main water assessment criteria is to ensure the water conservation and
water quality components within the assessed BWRO desalination plants. The performance
of the selected BWRO desalination plants, in terms of water demand patterns, was assessed
with respect to the associated groundwater basin safe yield (shown in Table 4) and the
recovery rate. The water recovery rate is one of the main components to improve the
efficiency of any desalination plant. The recovery in desalination plants is the amount of
water produced or permeated per unit time, as shown in Equation (1).

B p
Recovery Rate % = F — T* 100% = T* 100%, (1)

where F is the feed flow (m3/h), B is the brine (concentrate) flow (m?/h), and P is the perme-
ate or product flow (m?/h). The quality of the product water from the BWRO desalination
plants from all sectors was assessed according to the Jordan Drinking Water Standards
(JDWS) [7], while the water quality of the discharged brine was assessed according to
MWTI’s water reuse standards for irrigation and Jordanian standards for reclaimed domestic
wastewater (JS 893/2006) [12]. In addition, multiple Jordanian water laws, policies, and
standards were used in the water assessment conducted for this study, including the Water
Authority Law of 1988 and its Amendment for 2014, Groundwater Control Regulation
No. (85) of 2002, Brine Disposal Regulations, and Wastewater Standards in Jordan, which
include the JS893 /2006 related to reclaimed wastewater [25-27].
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Table 4. Abstraction from groundwater basins in Jordan and their safe yields in 2019 [3].
Abstraction (MCM)
. . . Safe Yield Balance Safe Number of
Groundwater Basin Domestic i Agriculture v
Livestock Industrial 8 Recreation  Total (MCM) (MCM) Yield % Wells
Private Governmental Remote Areas Private = Governmental

Disi and Mudawarah 0 116.18 0 0 25.93 2.84 0 144.95 125 —19.95 116.0 112

Dead Sea 1.2 44,94 7.33 0.56 25.14 457 0.25 83.99 57 —26.99 1474 467
Amman Zarqa 4.79 81.83 4.22 1.05 71.65 0 0.05 163.59 87.5 —76.09 187.0 1022
9.27 345.41 25.41 1.96 209.38 26.27 0.33 618.03 4135 —204.53 149.5 3183
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One of the main motives of this study was to evaluate the current energy consumption
trends of the operating plants, in order to suggest renewable energy sources for the reduc-
tion in water production costs. The energy consumption trends of the assessed BWRO
plants were calculated based on the total specific energy consumption (SEC, kWh/m?), as
shown in Equation (2) [21], which includes the hydraulic work conducted by the pump and
the total electric energy consumed. Most of the electric consumption comes from the pumps,
as shown in Equation (3) [21], while the rest comes from other utilities, such as energy
losses, wasted energy, and lighting system, which can be estimated in the range of 30-35%
(based on personal communication with the operators/engineers of the assessed BWRO
desalination plants). The ideal thermodynamic minimum SEC was used as a reference. The
ideal thermodynamic SEC gives a rough estimate for the least energy needed to produce
one cubic meter of water without any energy losses, calculated using Equation (4) [21].

EHP
SEC = o +0.35%SEC, 2)
Enp = grPo =Pt 3)
H
SEC ideal = Posmotic 1 In 1 4)
- R 1-R )’

where SEC is the specific energy consumption (kWh/m3), EHP is the power consumed by
the high-pressure pump (kW), QP is the permeate flow rate (m3/h), QF is the feed flow
rate (m3/h), P, is the reject (output) pressure (bar), P; is the feed (inlet) pressure (bar), y is
the pump efficiency (assuming the use of HPP, n = 90%), SEC ideal is the minimum SEC
(kWh/m?3), P,g,0ic is the osmotic pressure of the feed water, and R is the recovery ratio.

The SEC benchmark was set as 1.3 kWh/m? for this study, as determined based on
previous studies in the literature review [21].

The PV Philadelphia Solar panels were considered a good option, which are manufac-
tured locally in Jordan. The average solar irradiation of Jordan in regions such as Zarqa
and Amman is about 4 kWh/m?/day in winter, reaching 8 kWh/m?/day in summer. The
techno-economic feasibility of the combined PV-BWRO desalination was assessed assum-
ing an average solar irradiation in Jordan of 6.8 kWh/m?/day (direct normal irradiation)
and a maximum power capacity of 350 W per PV panel. Previous studies have shown
that the lifetime of a BWRO desalination plant could reach 20 years, if the specific energy
consumption were between 1.5 and 3 kWh/ m?3 [28]. Thus, the estimated lifetime of BWRO
plants in the agricultural and domestic sectors was taken as 20 years, while that for those
in the industrial sector was set as 15 years, due to their higher SEC values. The PV system
lifetime could be up to 25 years, based on Philadelphia’s manufacturing specifications for a
350 W PV panel system. Philadelphia’s PV system operational and maintenance costs are
approximately 13.8-21.4 USD/kW /year.

3. Results and Discussion
3.1. Water and Energy Assessment

Using the data presented in Tables 1-4, the performance of the selected BWRO desali-
nation plants in the agricultural, domestic, and industrial sectors was assessed. Table 5
presents the output variables that were used to investigate the water, energy, and environ-
mental performance of these plants. The water and energy audits were carried out based on
the performance results for the assessed BWRO desalination plants. The water performance
was assessed based on the recovery rate and compliance to Jordanian Water Standards.
As mentioned earlier, the recovery ratio represents the primary indicator for water losses
and brine discharge; meanwhile, the energy performance was assessed based on the SEC,
which directly indicates the amount of energy required in the desalination process.
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Table 5. Water and Energy Performance of the Assessed BWRO Plants.

Station Recovery Production SEC Overall Water Unit Total Plant Costs
(%) Capacity (m3/day)  (kWh/m®) Cost (USD/m?) (USD/Lifetime)
Agricultural Sector
Al-Jawasra 62% 1248 2.7 0.62 5,615,275
Alkafrain (banana) 60% 480 1.7 0.21 1,415,958
Alkafif;‘eg;?;r)‘a and 77% 648 15 0.18 1,204,317
Domestic Sector
Mudawarra 75% 840 3 0.65 3,985,632
Mashtal Faisal 85% 1176 2.7 0.6 5,204,393
Abu Zeighan 75% 32,400 3 0.65 153,832,995
Industrial Sector
Aquaduva 70% 460.8 5.6 1.18 2,976,470
Arab Potash 65% 787 4.5 0.95 4,111,259
Zarqa Power Plant (RO2), 80% 576 3.6 0.8 2,497,300

3.1.1. Water Assessment
Water Consumption and Safe Extraction Yield Comparison

Among the assessed BWRO desalination plants, the Abu-Zeighan plant—considered a
prominent water consumer for the domestic sector—showed the most alarming consump-
tion trends from the associated groundwater basin. It was estimated to consume about
22.4% of the Amman-Zarqa basin’s annual safe extraction yield. This is justifiable, based
on the location of the basin and the huge number of people this plant served. On the other
hand, it could be concluded that the agricultural sector showed the most unsustainable
water consumption practices, as reflected by the low recovery rates shown in Table 4. This
was achieved by scaling up of water consumption percentages from the assessed agri-
cultural BWRO desalination near the Dead Sea groundwater basin (3% of the safe yield),
assuming similar rates for the rest of the farms in the Jordan Valley, which is significant for
the Jordanian agricultural activities. An over-extraction pattern was indicated, reaching
212% on average of the Dead Sea basin safe yield for the desalination plants in the Balqa
region. Indeed, this is considered a primary challenge threatening the ecosystems in the
Jordan Valley. In fact, the over-extraction of water accompanied by water pollution and
mismanaged agricultural development has been affecting food security in the country by
leading to a substantial reduction in cultivation activation, determined based on statistical
data for irrigated crop production in the Jordan Valley [12].

On the other hand, the other assessed BWRO desalination plants in the domestic
and industrial sectors showed medium water consumption patterns from the associated
groundwater basins. The average plant capacity of the Mudawwara and Mashtal Faisal
water treatment plants in the domestic sector was much smaller than that of the Abu-
Zeighan plant, which thus does not constitute a real threat, in terms of over-pumping
from the nearby groundwater aquifers, as these plants are supplying water to many fewer
people. As for the industrial sector, the capacities of the assessed BWRO desalination
plants were small, with an average of 576-1200 m?/day. The average capacity of industrial
plants, indicated in Table 4, indicates that their estimated safe yield in water utilization
was less than 1% for the three industrial BWRO stations; however, this suggests that the
industrial sector is being challenged by a shortage in water supply, which may hinder the
establishment of new industries due to increased costs related to water and energy utilities.
Thus, there is a critical need to develop non-conventional water resources for the industrial
sector, which requires sustainable water management approaches.
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Water Quality

The data analysis conducted on the collected monthly water quality monitoring data
showed that the produced water quality for all the assessed BWRO desalination plants in
the agricultural, domestic, and industrial sectors complied with the MWI water irrigation
standards and the Drinking Water Jordanian Standards. However, it was noted that most of
the assessed BWRO desalination stations did not have a rigorous water quality monitoring
system. This represents a central challenge, especially for the domestic sector, as it falls
under the drinking water category; therefore, more precautions should be taken in terms
of maintenance and monitoring, and strict regulations must be promoted for monitoring
of the produced water quality. On the other hand, referring to the feed TDS values given
in Table 3, it can be concluded that the quality of the associated groundwater basins is
threatened by the high salinity records shown, especially in the Dead Sea basin. Table 3
indicates that the salinity of the Dead Sea groundwater at the site locations of the farms was
about 4000-5000 ppm. Groundwater quality data for Jordan in 2009 showed that the TDS
value for the Dead Sea groundwater basin was only about 755 ppm, which even complied
with the Jordanian Standards for Drinking Water [29]. Meanwhile, the TDS for the Amman-
Zarqa basin at the location of plants was estimated at 3053-3673 ppm. Based on the 2015
groundwater quality data for the Amman-Zarqa basin, the maximum recorded TDS value
was about 1200 ppm [30]. This demonstrates that the TDS in the Amman-Zarqa basin has
increased by about three times since 2015, indicating an alarming salinization trend for the
Dead Sea groundwater. The recorded high salinity for the assessed groundwater sources
in this study further confirm the continuing groundwater over-abstraction in Jordan and
the deterioration of its quality. This is in line with previous assessment studies conducted
on groundwater sources in Jordan and desalination technology. Those studies have also
indicated a significant degradation in groundwater sources, in terms of quantity and quality,
which constitutes a significant threat to Jordan’s future water supply and demand [1].

In the long- and short-term perspectives, BWRO desalination could represent a compet-
itive solution to this dilemma, considering its reduced costs compared to seawater RO and
other desalination technologies [19,31]. Although BWRO desalination is still considered
an energy-intensive water treatment method associated with energy and economic losses,
there are various opportunities for improvements, in terms of energy and cost reduction,
that can be highly recommended in Jordan. PV solar energy has shown high potential, in
terms of powering Jordan’s assessed BWRO desalination plants. Solar energy represents an
economically and environmentally sustainable electric power source in Jordan, due to its
abundant availability [18,20].

Brine Disposal Management

The TDS analysis trends obtained in this study indicated that brine disposal is seriously
problematic for the assessed BWRO desalination plants, especially in the agricultural sector.
Unfortunately, it was noted that most of the assessed BWRO desalination plants disposed
of brine into nearby terrestrial and aquatic ecosystems. The recorded TDS concentrations
of the agricultural BWRO desalination brine discharge were alarmingly high, as indicated
in Table 3; in three cases exceeding 8000 mg/L—this is higher than the groundwater source
TDS by at least two times. Although no specific Jordanian regulations have been set for
brine discharge quality, these high-salinity discharges would violate Environment Protec-
tion Law No. 1 of 2003, according to article 9, due to their hazardous impacts on the land
and nearby aquatic surfaces. Based on the responses of farmers to the assessed agricul-
tural BWRO desalination plants, there has been a decline in cropland areas surrounding
them. The farmers related this problem to the prolonged water deficit from the nearby
watersheds, such as the Jordan River and reduced rainfall patterns; however, these farmers
were unaware that unsustainable brine management also represents a direct cause for
deterioration in the soil’s capability to produce sufficient amounts of fruits, vegetables, and
crops. In the context of the food-water-energy nexus, the poor brine management that has
been witnessed in the agricultural sector, accompanied by water shortages, and decreased
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rainfall patterns, has led to the creation of more threats to crop production capacity in the
Jordan Valley. On the other hand, the salinity records shown for discharged brine in the
domestic and industrial BWRO stations did not constitute an adverse problem, compared
to the agricultural sector. Still, the overall TDS analysis trend for most of the assessed
agricultural, domestic, and industrial BWRO desalination plants indicates the necessity of
developing effective brine management methods.

The situation in Jordan is becoming more critical, in terms of water, energy, and food
security. Therefore, the Jordanian Environmental, Climate, and Sustainable Development
laws and legislations should consider preventing brine disposal into surrounding terrestrial
or aquatic ecosystems [1]. Considering the relationships between food, water, and energy,
brine disposal from the agricultural sector poses a threat to the cultivation capacity in
Jordan, influencing desertification through high soil salinity levels and damaging the soil
structure, as shown below (see Figure 4) [1].

Figure 4. Jordan Four Main Physiographic Region [1].

In this study, the adoption of evaporation ponds was considered the primary option
for all of the assessed BWRO desalination plants that produce brine with high levels of
TDS content (i.e., exceeding the 1700 ppm range). The allowable limit for irrigation reuse is
1700 ppm and that for sewer discharge is 1500 ppm, according to the Jordanian MWI water
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irrigation, JS 893 /2006 reclaimed domestic wastewater standards [5,32]. Thus, referring to
the TDS analysis trend shown in Table 3, the use of an evaporation pond was considered the
primary brine management option for most the BWRO plants, except for the Mudawwara
border BWRO plant in the domestic sector and Al-Zarqa’s Power station in the industrial
sector. The brine of Al-Zarqa’s Power station can be reused for irrigation; however, looking
into the prolonged soil erosion in Jordan, it would be better to utilize an evaporation basin
for brine disposal. On the other hand, the lower salinity records (<1500 ppm) shown for
the discharged brine from the Mudawwara domestic BWRO and Aquaduva’s industrial
BWRO stations make it applicable for sewer discharge or irrigation reuse [32,33].

In addition, increasing the recovery ratio has been studied, in order to obtain a favor-
able reduction in the disposed brine and increase the rate of produced treated water [34].
However, optimizing the RO performance by increasing the recovery rate will be equated
with lower energy losses and reduced water losses. In general, a desalination plant’s larger
capacity, accompanied by a proper monitoring and maintenance system, would technically
influence maximization of the recovery rate [23,24,34]. It has been noted that the RO units in
the agricultural sector lacked the appropriate maintenance and monitoring systems. Thus,
this study suggests aiming for >75% recovery in the assessed BWRO desalination plants in
the agricultural sector, which is suitable for their current off-grid operational capabilities,
as indicated by operational engineers who have previously assessed the performance of
plants in the agricultural sector. On the other hand, the BWRO desalination stations in the
domestic sector showed the best performance, compared to the industrial and agricultural
sectors. Thus, our proposed aim is an 85-90% recovery rate for the domestic sector, which
is suitable to their off-grid operation, as indicated by relevant operational and design
engineers of those plants. In fact, obtaining a high recovery rate in the assessed BWRO
desalination plants in the domestic sector is vital to improving the produced drinking water
quality. As for the industrial sector, maximizing the recovery rate is vital for two main
reasons: (1) It has minimal water consumption, compared to the domestic and agricultural
sectors, making it necessary to conserve water and reduce water losses; and (2) brine
disposal from industrial BWRO desalination plants may be associated with the production
of chemical and minerals, especially in industries such as Arab Potash. For small-scale
industries, it would be feasible to aim for an 80-85% recovery; this also depends on the
feed water quality, which can be considered fair, looking at the TDS analysis shown for the
industrial sector in Table 3.

3.1.2. Energy and Economic Assessment

Looking at the energy and economic analysis trends displayed in Table 4, it can be
concluded that desalination plants in the industrial sector showed the highest specific
energy consumption, followed by the domestic sector and, finally, the agricultural sector.
Although the feed TDS was higher for the agricultural sector, as shown previously in
Table 3, it was assessed that the BWRO desalination in the agricultural sector were typically
supported with PV solar panels, allowing them to attain lower SEC values, compared
with the other plants in other sectors. The actual specific energy consumption ranges
of domestic and industrial BWRO desalination units exceeded our energy benchmark
(i.e., 1.3 kWh/m?) by 3-5 times [21,22]. Significant costs accompanied the high energy
consumption of these two-pass systems, reflected in the overall water unit price, which
was the highest for the industrial sector (as shown in Table 4). This could be related to
the high electricity consumption for water pumping considering the current situation of
groundwater resource depletion and the minimal share of water supply reaching small- and
medium-scale industries. Still, many factors contribute to the increased energy expenditure
of the assessed desalination plants. Based on the computed energy and economic analysis
in this study, we concluded that optimization of the operation of the plants, with regard to
total recovery, is necessary.

Although the highest energy consumption was observed for the BWRO desalination
plants in the industrial sector, some of the assessed BWRO plants in other sectors had a
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recovery lower than 70%, leading to similarly high energy consumption. According to
the responses of engineers related to the assessment of BWRO desalination, the reduced
efficiency of the operating pumps contributed to higher energy losses. This was explic-
itly noted for the BWRO desalination systems in Al-Jawasra farm constructed in 2010
(agricultural sector), Aquaduva industry constructed in 2014 (industrial sector), and Arab
Potash constructed in 2017 (industrial sector). This could also be related to an isobaric
energy problem accompanied by technical flaws in the RO membranes, associated with
the low quality of the water feed entering the system. Finally, referring to Table 4, the
lowest energy and costs were observed for Al-Kafrain (banana and vegetables) followed
by Al-Kafrain (banana). It was assessed that both solar energy and electricity were used
to operate BWRO desalination in Al-Kafrain farms, unlike the rest of the assessed BWRO
desalination stations, which depended on the electricity from the public network as the
primary source for energy supply. In addition, the Meshtal Faisal plant also showed a lower
specific energy consumption value than the other domestic BWRO desalination plants,
despite having the highest recovery rate of 85%. The energy audit assessment showed
that the most recent BWRO desalination units for the Mashtal Faisal were powered by
PV solar energy, which lowered the electricity consumption patterns, compared to the
other assessed BWRO desalination plants in the domestic and industrial sectors. Thus, the
techno-economic feasibility of implementing photovoltaic solar energy for the assessed
BWRO desalination plants was studied, with the primary purpose of demonstrating a valu-
able energy and cost optimization approach for countries that suffer from trans-boundary
water conflicts and a mismanaged energy sector such as Jordan.

3.2. Photovoltaic Solar Energy for the BWRO Desalination

Previous studies have shown that significant cost reduction in electricity generation
can be achieved by installing solar energy technologies in combination with water pumping
systems. The cost reduction was associated with reduced water losses through improving
the water pump efficiency and supplying the needed electric power for the operation of
the pumps by solar energy [34]. In Jordan, which has some of the highest solar radiation
values globally, PV energy represents a solution with great potential to improve energy
and economic efficiency in various economic sectors and industries [31]. Due to the
significant electricity consumption in Jordan, PV solar panels have already been applied
and implemented in many economic activities, mainly for water pumping systems [14,35].
It was also found, in this study, that the PV panels have been installed in multiple BW
desalination plants in Jordan, especially in the agricultural sector, contributing to a favorable
reduction in overall water costs, as has been demonstrated. The techno-economic feasibility
of PV-BWRO systems was assessed, in order to reach our energy benchmark target, by
reducing the energy consumption and costs associated with the electricity grid. Figure 4
shows the estimated energy and economic reduction ranges obtained with the PV solar
energy, compared with the electricity grid, for the assessed BWRO desalination plants in
the agricultural sector, domestic sector, and industrial sectors over their estimated lifetime.
Table 6 shows the economic and energy assessment in the case of implementing the PV as
the primary energy source for the assessed BWRO desalination plants.

Table 6. Economic Feasibility of PV-BWRO desalination for the Agricultural, Domestic, and Industrial
Sectors.

Overall Water Unit Total Plant Costs

; 3
Station SEC (kWh/m?) Cost (USD/m?) (USD/Lifetime)
Al-Jawasra 1.3 0.32 3,007,922
Alkafrain (banana) 1.7 0.21 1,415,958
Alkafrain (banana and 15 0.18 1,204,317

vegetables)
Mudawarra 15 0.32 2,028,165
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Table 6. Cont.

Overall Water Unit Total Plant Costs

Station SEC (<Wh/m?) Cost (USD/m®) (USD/Lifetime)
Mashtal Faisal 1.35 0.32 2,799,371
Abu Zeighan 1.5 0.32 78,330,676
Aquaduva 247 0.61 1,532,515
Arab Potash 2.25 0.5 211,5696
Zarqa Power Plant (RO2) 1.87 0.42 1,353,124

By looking at the PV specific energy consumption analysis trend shown in Table 6
and Figure 5, it can be deduced that some of the assessed BWRO desalination plants still
need some improvements to reach our targeted energy benchmark (1.3 kWh/m?). This
is mainly for the BWRO stations in the industrial sector, followed by Al-Kafrain (banana)
in the agricultural sector, which showed an elevated energy consumption even though
it was already supported by PV panels. It can be concluded, from Table 4, that the most
significant financial and energy losses were observed for the assessed BWRO plants in
the industrial sectors. The high energy and cost losses reported for the assessed BWRO
stations in the industrial sector in this study are a reflective situation for all of the industries
in Jordan. High energy costs represent the greatest threat to the sustainable capability of
industrial businesses in Jordan [12]. The lack of sustainable management planning in the
energy sector and the substantial reliance on imported fossil fuels have crippled many
industries in Jordan due to increased energy costs, which have led to severe inflation in the
electricity tariff, as elaborated earlier [12,36]. Thus, it is critically important to call for energy
minimization improvements and long-term energy strategies, such as the use of renewable
energy sources, which several business owners have already suggested in Jordan. In this
study, PV solar energy showed favorable energy cost reduction ability for the industrial
sector, as shown in Figure 6. However, even with the PV-BWRO configuration, the SEC
obtained by plants in the industrial sector, especially those of Aquaduva (2.47 kWh/m?)
and Arab Potash (2.25 kWh/m?), were still far from our target of 1.3 kWh/ m3. Thus, the
conducted assessment for the industrial sector indicates a need to develop additional efforts
beyond the sole use of PV solar energy, in order to minimize water/energy losses and the
accompanying financial losses. In general, it can be concluded that the PV solar energy
obtained favorable energy consumption and cost reductions, comparing the values shown
in Tables 5 and 6 for all the BWRO desalination plants from different sectors. The PV solar
energy reduced energy costs by 69-74%, compared to electricity from the grid, for the
assessed agricultural, domestic, and industrial BWRO desalination plants. This resulted in
a more than 50% total cost reduction for the assessed BWRO desalination plants over their
estimated lifetimes.

67 Mudawarrah

Mashtal Faisal
Abu-Zeighan
m Aquaduva
M Arab Potash
M Zarqga power plant
® Alkafrain Banana and Vegetables
M Alkafrain Banana
M Al-Jawasra

0 III

Agricultural Domestic Industrial

SEC, kWh/m?3
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N
I

Agricultural Domestic Industrial

Actual SEC PV SEC

Figure 5. SEC in actual situation and when using PV solar energy by sector (kWh/m?3).
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Figure 6. Cost comparison per energy source for the industrial BWRO desalination plants.
(a) Electricity network; (b) PV solar energy.

However, there is a need to optimize the energy reduction efforts for the BWRO
desalination plants that were slightly elevated, compared to our energy benchmark target.
It is crucial to reconsider the operational scheme of the RO systems in the industrial sector,
and to check the areas contributing to the most extensive amounts of energy consumption
and losses. On the other hand, in the case of the Al-Kafrain (banana) BWRO station,
improving the SEC by reducing water and energy losses could be achieved by adequately
maintaining the BWRO system and improving technical education on PV solar panels,
which was one of the main challenges portrayed in the survey responses. To further
confirm the economic feasibility of PV-BWRO desalination, it is essential to refer to previous
financial analysis studies in Jordan in the literature, in order to obtain a cost comparison.
According to the study of Al-Jayyousi, the average desalination costs in Jordan in the
agricultural sector is 0.35 USD/m3, when powered by the electricity network [23]. In this
study, the desalination costs in the agricultural sector, when powered by the electricity
network, were about 0.62 USD/m?3. This shows that the water cost has increased by
1.7 times over a two-decade period, in line with the water and electricity price inflation
conflict addressed in this study. On the other hand, it was challenging to find previous
data on desalination costs in Jordan’s domestic and industrial sectors. In the MENA
region, the average costs of brackish water desalination using conventional energy are
in the range of 0.23-1.17 USD/m3 [22]. However, California’s average brackish water
desalination costs are about 0.4-0.75 USD/m? for the domestic and industrial sectors [36].
Meanwhile, the desalination costs of the domestic and industrial sectors in this study were
0.6-1.18 USD/m?. These are alarmingly high prices in Jordan, a middle-income country,
when compared to those in California, the largest economy in the United States. It can be
concluded that reducing the costs associated with water production from brackish water
desalination plants is critical in Jordan, which can be facilitated by installing PV solar power
systems. However, energy remains one of Jordan’s top challenges. Thus, it is important
to implement proper management action plans to address these challenges, in order to
increase the dependence on PV solar energy as a substitute for the conventional fuel used
for electricity production. Many challenges are still faced, due to the lack of cooperation
between Jordan’s water and energy sectors. Still, these challenges could be addressed and
accomplished through effective communication with experts and specialists, strengthening
the collaboration between the water and energy sectors. Furthermore, it is essential to
ensure that applicable stakeholders in the country deal professionally with such challenges,
from the perspectives of complexity in water and energy governance in Jordan and the
MENA region overall.
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4. Conclusions

Water scarcity represents one of the greatest challenges facing the Hashemite Kingdom
of Jordan, which has been projected to increase with the rapid progression of water demand
associated with unsustainable population and economic growth patterns. In this context,
brackish water desalination is considered one of the central options to meet the growing
water demands and might become a primary source of water supply in water-scarce
countries such as Jordan. Yet, BWRO desalination in Jordan faces several environmental
and economic constraints, mainly related to the high energy consumption, associated with
GHG emissions and high electricity bills. The water challenges in Jordan are primarily
associated with issues related to securing energy sources, as the country imports about
97% of its energy supply. The only solution to lessen the major stresses created on the
energy sector is to shift toward renewable energy sources, such as solar energy. In this
study, we revealed that solar-powered BWRO desalination has the potential to become
a major flashpoint between environmental and economic conflicts, providing a primary
solution for water-scarce countries such as Jordan.

The water—energy nexus approach employed herein highlighted the main challenges
facing BWRO desalination in Jordan, including: (1) The mismanaged water and energy
performance, low recovery rate, and improper brine disposal, especially in the agricultural
sector, leading to unsustainable patterns of water production and negative impacts on
agricultural activities in the Jordan Valley; and (2) high energy costs, constituting a sig-
nificant threat to multiple economic activities in Jordan, especially in the industrial sector.
These challenges induce direct environmental impacts related to brine disposal and indirect
effects associated with the high energy consumption and heat losses. In this study, we
proposed the use of combined PV-BWRO desalination as an approach to compensate for the
ecological, financial, and social challenges associated with BWRO desalination technology
in Jordan in the context of the water—energy nexus.

The estimated water costs for a BWRO desalination plant powered by PV from any of
the assessed (agricultural, domestic, and industrial) sectors in Jordan were estimated to
be around 0.18-0.6 USD/m?, while the water costs of the BWRO plants powered by the
electricity grid were estimated to be 0.6-1.18 USD/m?>. As such, integrating the BWRO
desalination plants in Jordan with renewable energy sources and considering energy re-
covery technologies, as well as adopting practical and well-designed evaporation ponds
for brine disposal, would surely compensate for the various environmental impacts while
ensuring energy and cost reductions [15,37-39]. However, the renewable energy sector in
Jordan still faces various challenges, such as those related to political agreements and the
country’s over-supply of conventional energy sources [11]. Thus, two main recommen-
dations can be made to overcome the challenges and support the sponsoring of PV solar
energy: (1) construct demonstrative plans and schemes to show how using PV solar plants
is profitable in the long-term, by reducing the unsustainable consumption trends from im-
ported fossil fuels, while reducing the financial losses associated with energy insecurity in
Jordan, and (2) implement educational programs to understand how solar energy could be
integrated efficiently for water and electricity production in energy-intensive technological
situations such as desalination plants, in order to reduce water losses, energy losses, and
the associated environmental impacts. This would further encourage the dependence on
local and sustainable energy sources, pushing the country’s economic progress.
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