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ARTICLE DETAILS ABSTRACT

Article History: Desalination has become a vital means of producing drinkable water in areas of the world where there is a
shortage of water, giving millions of people access to clean water. However, the long-term viability of
desalination is questioned due to its effects on the environment, especially the concentrated brine it produces.
This review examines the environmental impacts of desalination and brine treatment, with a particular focus
on the challenges and mitigation strategies for minimising their ecological footprint. The production of high-
salinity brine, often containing pollutants, represents a significant threat to marine ecosystems. This is due to
the increased salinity levels, habitat degradation and disruption of marine biodiversity that it causes.
Furthermore, desalination processes consume a considerable amount of energy, contributing to greenhouse
gas emissions, and often involve the use of chemicals that can have adverse environmental consequences. The
review discusses a range of mitigation measures, including advanced brine treatment technologies, energy
efficiency improvements, and the development of sustainable desalination practices. By highlighting the
challenges and opportunities for minimising environmental impacts, this review emphasises the need for a
holistic approach to ensure the environmentally responsible implementation of desalination as a water
management strategy.
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environmental effects of desalination can be observed during both the
construction of the plants and their ongoing operation (Bencheikh et al.,
2020). The specific impacts of desalination may vary depending on the

1. INTRODUCTION

Water is a vital component of life on Earth (Singh, 2024), yet the planet's

freshwater resources are scarce in comparison to the vast quantities of
saltwater (Ismail, et al, 2024). As the global population continues to
expand and water consumption increases, it becomes imperative to
develop innovative solutions to ensure an adequate supply of clean water
for drinking, agriculture, and industry. Desalination has emerged as a
promising solution ( Azdem et al., 2024). offering a means of transforming
saltwater into freshwater (Fahdi et al., 2024). This technology is currently
in use in over 140 countries, providing drinking water to millions of people
(Azdem et al., 2024). Although desalination is frequently regarded as an
environmentally benign solution (Lin et al, 2023) it is important to
acknowledge the potential environmental implications associated with
any industrial process. One significant concern is the generation of brine, a
highly concentrated salt solution (Al-Amoudi et al., 2023) that remains as
a by-product of the desalination process. Brine is considerably more saline
than seawater and may contain harmful chemicals used in the desalination
plant (Azdem et al, 2024; Basheir et al, 2024), which could have a
detrimental impact on marine life and coastal ecosystems (Sirota et al.,
2024). At present, most brine from desalination plants is released directly
into the ocean (Porto Pereira et al, 2024), raising significant concerns
regarding its effects on marine ecosystems. Additionally, desalination is a
highly energy-demanding process, predominantly powered by fossil fuels
(Mabrouki et al., 2022). This reliance on non-renewable energy sources
exacerbates greenhouse gas emissions and atmospheric pollution, further
intensifying the environmental footprint of desalination activities. The

water source and the location of the plant, but the need for careful
management and mitigation strategies remains constant.

A number of reviews on the subject have been published to date by
(Soliman et al., 2021) which explore the potential environmental effects of
desalination facilities on coastal zone ecosystems. A further review paper
(Sirotaetal.,, 2024). examined the environmental impact of brine discharge
from desalination plants on benthic ecosystems. Furthermore, (Abdul
Ghani et al, 2021) conducted an investigation into the environmental
impact of the Malaysian seawater reverse osmosis (SWRO) plant. More
recently, (Bencheikh et al, 2020) studied the negative impacts of
desalination brine on marine flora and fauna. Existing reviews often
overlook the latest advancements in desalination technology, including
both commercial and emerging innovations that can be used to treat brine
and recover valuable resources like freshwater and salts. Additionally,
recent and cutting-edge mitigation strategies are often not fully explored.
This review aims to bridge this gap by (1) analysing and evaluating the
potential environmental impacts of desalination technologies, (2) ranging
from brackish water to brine treatment. We will (3) explore the current
state of desalination technologies and then delve into their environmental
impacts, (4) highlighting mitigation measures that can help minimize these
risks. Finally, we will (5) discuss our findings and offer perspectives on
future directions for the sustainable development of desalination. We

Quick Response Code

[=] 3 [s]

Access this article online

Website: DOI:

www.watconman.org

10.26480/wcm.01.2025.55.60

Cite The Article: Driss Azdem, Jamal Mabrouki, Ghizlane Fahdi, Souad El hajjaji (2025). Environmental Sustainability Of Desalination: A

Critical Review Of Brine Treatment Challenges And Mitigation Strategies. Water Conservation & Management, 9(1): 55-60.




Water Conservation & Management (WCM) 9(1) (2025) 55-60

utilized the following keywords to conduct a comprehensive search across
various databases including Google Scholar, SCOPUS, and Science Direct:
"The environmental impact of desalination”, "discharged desalination
brine", "Environmental Impacts and Brine Management", "environmental
impact assessment of desalination plants”, and "Characteristics of
desalination brine". Our search yielded a total of 1081 publications on the
subject (471 from Google Scholar, 314 from SCOPUS, and 296 from Science
Direct). To ensure relevance, we focused on peer-reviewed articles
published within the last 20 years (2003-2023), available in full-text and
written in English, and removed duplicates. This process left us with 215
unique papers for detailed analysis in our review.

2. CONVENTIONAL DESALINATION TECHNOLOGIES
2.1 Global Trends in Desalination Technologies and Capacities

Desalination technologies have evolved significantly and can be divided
into two categories (Shalaby et al, 2024) based on their operating
principles as shown in Fig.1l: thermal-based and membrane-based.
Thermal-based approaches use heat to achieve separation by distillation
or evaporation, mirroring natural water cycles where saline solutions are
evaporated and condensed to produce fresh water. Key thermal
desalination technologies, such as Multi-Effect Distillation (MED) and
Multi-Stage Flash Distillation (MSF), are widely recognized for their
efficiency in large-scale applications (Tareemi and Sharshir, 2023). On the
other hand, membrane-based technologies function without a phase
change by utilizing semi-permeable membranes that permit water
molecules to pass while blocking salts and other impurities. These
processes rely on electrical energy to create the pressure differences
required for separation. The main membrane-based techniques include
reverse osmosis (RO), nanofiltration (NF), electrodialysis (ED) and
electrodialysis reversal (EDR), each of which uses different filtration and
ion exchange mechanisms to purify water (Altiok et al., 2024).
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Figure 1: The classification of desalination technologies.

Currently, thermal distillation processes account for approximately 35%
of desalination, while reverse osmosis dominates with a share of 63%
(Farid et al, 2024), underscoring their key role in meeting global
freshwater needs. The total installed desalination capacity worldwide is
about 115 million cubic metres per day (Mm?/d) (Bencheikh et al., 2020),
of which reverse osmosis (RO) technology accounts for about 88 Mm?/d.
Recent literature (Bencheikh et al.,, 2020; Farid et al., 2024 ) highlights RO
as the most important and widely used desalination method, used not only
for saline water treatment but also for industrial and potable water
production (Bhandari et al., 2023). Fig.2 shows the outlines the global use
of different desalination methods along with their respective production
capacities.
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Figure 2: The global utilization of desalination technologies (Al-
Rawajfeh et al,, 2023; Benchrifa et al,, 2023).

Desalination historically demands substantial energy inputs ( Mahmoudi
et al, 2023). primarily from fossil fuels, for either thermal or electrical

power (Table 1). This approach incurs high operational expenses and
contributes to the release of harmful air pollutants and greenhouse gases
into the atmosphere (Wang and Azam 2024).

Table 1: Energy Consumption Across Diverse Desalination Processes
( Grzegorzek, etal, 2023).
MSF MED v RO ED
Electrical energy 32- 23-
Consumption 4.2-6.1 | 1.7-24 | 6-11.5 7 1 5.8
(kWh/m3) ’ ’
Thermal energy
Consumption 250- 150- 220- - -
P 300 220 240
MJ]/m3
Electrical
Equivalent for 5
thermal Energy 9.7-20 3-9 ) . .
(kWh/m3)
Total Equivalent
Energy 2.6-
Consumption 13-25 6-11.5 7.3-11 3.3-7 55
(kWh/m3)

2.2 Desalination Technologies In North African Countries

Desalination technologies have been integral to addressing water scarcity
in North Africa since the early 1950s (Fattah et al.,, 2022), albeit in modest
scales and capacities initially. The transformative phase commenced in the
mid-1970s, particularly in Libya and Algeria, where the burgeoning oil
industry necessitated reliable water sources. Rapid advancements in
Reverse Osmosis (RO) technology have propelled its widespread adoption
across the region. RO stands out as the preferred method due to the
region's favorable water salinity levels (Al-Addous et al.,, 2024), making it
both economically viable and technically feasible for large-scale
desalination projects (Sarmiento Barrios et al., 2024) (Fig.3).
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Figure 3: Desalination Capacities (Mm®/day) in North African Nations
(Sarmiento Barrios et al,, 2024) .

3. CONVENTIONAL DESALINATION TECHNOLOGIES

The discharge of brine is recognized as the primary vehicle for
environmental impacts (Tu et al., 2024), transporting nearly all liquid
waste generated in desalination processes (Akinpelu, 2023). This includes
chemicals used in pre-treatment, corrosion by-products, filter backwash,
and concentrated brine from reverse osmosis (RO) desalination (Fattah et
al.,, 2023). This part examines various environmental impacts linked to
brine disposal in membrane desalination, highlighting its significance as a
major environmental concern.

3.1 Environmental Challenges and Impacts of Membrane-Based
Desalination Processes

One of the most significant challenges currently facing desalination
technology is the need to mitigate its environmental impact. The
implementation of desalination processes may result in a range of direct
and indirect environmental consequences (Nasrollahi et al, 2023). The
environmental impact of membrane-based desalination is influenced by
several key components, including the intake of feed water, brine
discharge, the desalination mechanism itself, pre-treatment of the feed
water, and the energy demands associated with the process (Wang et al.,
2024. In particular, brine discharge has been identified as a significant
source of environmental impact (Azdem et al., 2024 ; Sola et al,, 2024), due
to the corrosive by-products, filter backwash and chemicals used in pre-
treatment that it contains.

3.2 The Effects of Brine Disposal from Membrane-Based Desalination

Brine discharge from desalination operations is widely recognized as the
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primary waste product in terms of both volume and composition (Rivero-
Falcon et al,, 2023). The environmental impacts (EIs) of brine on marine
ecosystems and aquatic organisms are largely driven by factors such as
increased salinity, elevated temperature, pH levels, heavy metal content,
and residual chemicals (Tu et al, 2024). Numerous Els studies focus on
analyzing brine properties at the point of discharge and after initial mixing
with seawater in the mixing zone (Sun et al., 2023; Azdem et al,, 2024), in
order to better evaluate its potential effects. Recently, (Sirota et al.,, 2024)
conducted a thorough study examining the specific impacts of seawater
desalination on marine ecosystems and aquatic organisms. (Benchrifa et
al, 2022) work consolidates various findings from diverse sources,
including scientific publications, environmental monitoring data, and
environmental impact assessments (EIAs). The focus of this research is on
the effects of desalination has on ocean ecosystems, particularly with
respect to water intake and brine discharge systems. However, the study
is limited to marine environmental impacts, excluding other critical
aspects like emissions. For a comprehensive assessment of desalination’s
environmental consequences, it is essential to consider all stages of the
process. This review takes such an approach, addressing these broader
issues. Figure 4 summarizes the main physical, chemical, and biological
impacts of brine discharge on the marine environment in Seawater
Reverse Osmosis (SWRO) desalination.
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Figure 4: Environmental Impacts of Desalination Brine: Physical,
Chemical, and Biological Effects.

3.3 Greenhouse Gas (GHG) Emissions

Desalination is a highly energy-demanding process (Mabrouki et al.,
2022), largely reliant on non-renewable fossil fuels, which contribute to
climate change (Shahid et al., 2023). This raises significant concerns about
the environmental impact of desalination plants, particularly in terms of
energy consumption and greenhouse gas (GHG) emissions. The primary
challenge is to reduce the overall energy demand of these facilities, while
the second is to transition towards renewable energy sources to lower
GHG emissions. Presently, many desalination plants still rely heavily on
fossil fuels, which release pollutants such as CO, NO, SO, and particulate
matter (PM10) into the atmosphere. Figure 5 illustrates the GHG
emissions associated with seawater reverse osmosis (SWRO) desalination.
According to (Xue et al, 2023). SWRO plants powered by natural gas
produce roughly 2.75, 2.15, and 1.65 kg-CO2/m? of water for the steam
cycle (Khouya, 2023), internal combustion engine, and combined cycle,
respectively. (Bencheikh et al, 2020) estimate that these facilities
generate around 1.75 kg-CO2/m? of water based on their global warming
potential. Regarding acidification, SO2 emissions were estimated at about
22 g-S02/m?3. Additionally, the carbon footprint of an SWRO plant with a
daily production capacity of 0.65 MCM was estimated to range between
2.3 and 2.5 kg-C02/m?. In a larger study involving 18 desalination plants
combining SWRO and brackish water reverse osmosis (BWRO) systems

with a combined capacity of 1.600 MCM/day, the total annual carbon
emissions were estimated to be approximately 1,150 Kt CO2, equating to
about 1.80 kg-C02/m?3.
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Figure 5: Greenhouse Gas Emissions from a Seawater Reverse Osmosis
plant (Ai et al., 2023).

3.4 Environmental Effects of Brine Disposal from Thermal
Desalination Processes

Thermal desalination systems, such as Multi-Stage Flash (MSF), typically
require a much larger volume of input water to produce a specific amount
of freshwater due to their lower recovery rates when compared to
membrane-based techniques (Tareemi and Sharshir, 2023). As noted by
(Bencheikh et al.,, 2020), MSF plants have an input-to-output ratio ranging
between 9 and 19, with approximately 65% of the intake water being used
for cooling purposes. Similarly, Multi-Effect Distillation (MED) systems
function in a comparable manner but require less water for cooling
(Dashputre et al.,, 2023). This leads to challenges like higher seawater
usage and the need for larger infrastructure. Furthermore, these systems
can adversely affect marine ecosystems by increasing the potential for
water contamination and trapping marine life within the desalination
process.

The environmental impacts (EIs) linked to brine disposal from thermal
desalination processes largely mirror those seen in membrane-based
systems, though some important differences exist (Dashputre etal., 2023).
Key distinctions arise in factors such as brine temperature, flow rate, and
salinity. Because thermal desalination systems tend to have lower
recovery rates and require cooling, the brine discharge flow rate in
membrane-based systems can be about three to five times higher than in
thermal systems for comparable production levels (Ibrahim et al., 2023. In
terms of salinity, brine from thermal desalination usually ranges between
32 g/L and 45 g/L (Al-Amoudi et al,, 2023) which is generally lower than
whatis observed in Seawater Reverse Osmosis (SWRO) systems. However,
the brine released from thermal processes is typically around 5 - 12°C
warmer than the surrounding seawater (Ibrahim et al, 2023). These
factors play a significant role in shaping the environmental impacts of
brine discharge from thermal desalination systems. The release of brine
into marine environments raises the temperature of the surrounding
water due to the elevated temperature of the discharged brine (Liu et al.,
2023). This thermal increase, combined with higher salinity levels,
reduces dissolved oxygen in the water, which can result in increased
mortality rates among marine organisms (Sirota et al., 2024), often caused
by thermal shock. Furthermore, chemicals used during the pretreatment
stage, such as corrosion inhibitors, antifoaming agents, antiscalants,
residual biocides, and trace metals, are released into the ocean, potentially
harming marine ecosystems and affecting sediment health (Bencheikh et
al., 2020). Although these chemicals are essential for the smooth operation
of desalination plants and maintaining water quality, they also present
significant environmental challenges. (Poirier et al., 2023; Mehtari et al,,
2023) found traces of these chemicals in the effluent from Multi-Effect
Distillation (MED) and Multi-Stage Flash (MSF) desalination plants,
indicating their presence in discharged waters.

3.5 Environmental Impacts and Efficiency of Hybrid Desalination
Systems

Hybrid desalination systems integrate both membrane-based and
thermal-based processes (Gohil et al., 2023), each contributing unique
environmental impacts. Consequently, the environmental effects (Els) of
hybrid systems are typically the sum of the impacts from each individual
process (Yazdani et al, 2023). For instance, Electrodialysis (ED) and
Electrodialysis Reversal (EDR) systems employ electrically-driven
membranes rather than conventional hydraulic pressure (Vinothkumar et
al,, 2023), showcasing how various technologies are combined within
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hybrid systems. Given the well-documented environmental effects of both
membrane and thermal desalination techniques, assessing the Els of
hybrid systems is relatively straightforward (Bencheikh et al, 2020).
These impacts are largely determined by three factors: (1) the type of
hybridization, whether heterogeneous or homogeneous; (2) the system's
complexity, which can range from bi-hybrid to tri-hybrid configurations;
and (3) the specific desalination technologies used.

The primary objectives driving the development of hybrid systems cost
reduction, increased efficiency, and enhanced productivity also align with
environmental goals (Shalaby et al,, 2023), Specifically:

(1) reducing energy consumption lowers greenhouse gas emissions, (2)
improving recovery rates minimizes both water consumption and waste
output, and (3) enhancing operational efficiency decreases the need for
chemical pretreatment, thus reducing the release of harmful substances in
brine discharge.

3.6 Environmental Considerations for Desalination Facility Intakes
and Outfalls

Regardless of the desalination method used, all plants require intake and
outfall systems, with their design and scale tailored to the specific
technology in use (Elshaikh et al, 2024). Intakes fall into two main
categories:

e open sea intakes, which include surface and submerged structures
located just above the seabed ( Nielsen et al.,, 2024.

e subsurface intakes, which use infiltration galleries or wells (de Miguel et
al,, 2023).

Similarly, outfall systems can be open or submerged. The selection of an
intake and outfall system depends on factors such as plant size,
desalination technique, local hydro-geomorphological features, and
environmental impact (Aljohani et al, 2023), all of which significantly
affect the overall costs. For instance, desalination plants near power
stations often share intake and outfall configurations. The choice of intake
system is especially important as it influences seawater pretreatment and
overall plant efficiency (de Miguel et al., 2023). However, the introduction
of these systems can disrupt marine ecosystems, making the reduction of
environmental impact a critical consideration in their design and planning.

3.7 Sustainable Future Prospects for Desalination and Membrane
Technologies

The future development of desalination processes should prioritize
sustainability, particularly in membrane-based technologies (Abounahia
et al, 2023). Integrating innovative scientific advancements with new
system designs has the potential to yield global environmental benefits
(Shalaby et al, 2023). To advance desalination technology in a more
sustainable and eco-friendly direction, greater emphasis must be placed
on green manufacturing processes. Achieving a circular economy in
desalination requires the implementation of multiple interconnected,
closed-loop systems, ensuring minimal waste and resource reuse.
Designing desalination technologies with this in mind is crucial for a
sustainable future.

4.. CONCLUSION

Water is a vital resource for sustaining life on Earth, with less than 1% of
the planet's water being suitable for drinking. In North African nations,
particularly Morocco, desalination has emerged as a crucial solution to
address water scarcity driven by arid climates and limited freshwater
resources. Morocco has been increasingly relying on desalination to
secure water supplies for domestic, agricultural, and industrial purposes,
with large-scale projects like the Agadir desalination plant setting an
example for sustainable water management in the region.

However, the environmental challenges associated with desalination,
especially the discharge of concentrated brine, pose significant risks to
marine ecosystems. The increase in salinity, along with chemical
pollutants in brine, threatens marine biodiversity and disrupts coastal
habitats. Additionally, the energy-intensive nature of desalination
contributes to greenhouse gas emissions, further complicating
environmental sustainability efforts. This study has critically reviewed the
environmental impacts of desalination in North Africa, highlighting the
need for effective mitigation strategies such as advanced brine treatment
technologies and the adoption of renewable energy sources. While
desalination plays an essential role in meeting water demands,
particularly in regions like Morocco, addressing its environmental
consequences is vital to ensure the long-term sustainability of water
resources.

The key findings are as follows:

1. Desalination technologies, particularly reverse osmosis, dominate
water production in North Africa due to the region's favorable water
salinity levels.

2. Brine discharge remains a significant environmental challenge,
requiring advanced treatment solutions to mitigate its impact on marine
ecosystems.

3. A transition towards energy-efficient and renewable-powered
desalination plants is essential for reducing the carbon footprint of water
production in Morocco and other North African nations.

4. Hybrid systems combining multiple desalination methods show
promise in improving recovery efficiency and reducing environmental
harm.

In conclusion, while desalination offers a reliable solution to water
scarcity in Morocco and North Africa, careful attention must be paid to
minimizing its environmental footprint. Sustainable practices and
innovative technologies will be crucial in ensuring the long-term viability
of desalination as part of the region’s water management strategy.
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