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Abstract

Water scarcity has become one of the most critical global challenges of the 21st century,
affecting billions of people worldwide. Rapid population growth, climate change, industrial
expansion, and increasing agricultural demand continue to place immense pressure on
limited freshwater resources.

Although approximately 71% of the Earth's surface is covered by water, nearly 97% of it is
saline, leaving only a small fraction accessible for human consumption. The growing gap
between water supply and demand has made desalination one of the most important
strategic technologies for future water security.

This research provides a comprehensive global analysis of water scarcity, the evolution of
desalination technologies, current industrial applications, environmental impacts, energy
requirements, and future innovations such as Metal-Organic Frameworks (MOFs),
nanotechnology, and renewable-energy-powered desalination systems.

The study begins with the global freshwater crisis and progresses through conventional and
advanced desalination technologies, ending with future sustainable solutions for ensuring
water security for humanity.



EXECUTIVE SUMMARY

Water scarcity has emerged as one of the most pressing global challenges of the 21st
century. Rapid population growth, climate change, industrial expansion, agricultural demand,
pollution, and groundwater depletion continue to increase pressure on the world’s limited
freshwater resources. Although approximately 71% of the Earth’s surface is covered by
water, nearly 97% of it is saline and unsuitable for direct human use, leaving only a very
small percentage accessible as freshwater.

The growing imbalance between water demand and freshwater availability has positioned
desalination as one of the most important technological solutions for ensuring long-term
global water security.

This research presents a comprehensive global analysis of water desalination, beginning
with the worldwide freshwater crisis and the increasing demand for sustainable water
solutions. It examines the historical evolution of desalination technologies, the scientific
principles behind saltwater purification, and the major conventional systems currently used,
including Reverse Osmosis (RO), Multi-Stage Flash (MSF), Multi-Effect Distillation (MED),
Vapor Compression (VC), and Electrodialysis (ED).

The research further explores the energy requirements of desalination and the critical
relationship between water and energy systems, highlighting the importance of renewable
energy integration in reducing costs and environmental impacts.

Environmental challenges such as brine disposal, marine ecosystem disruption, chemical
pollution, and carbon emissions are analyzed in detail, emphasizing the urgent need for
sustainable desalination models.

Special attention is given to advanced and emerging technologies, including Forward
Osmosis (FO), Membrane Distillation (MD), Capacitive Deionization (CDI), Graphene-based
membranes, and Metal-Organic Frameworks (MOFs), which represent promising
innovations for improving efficiency and lowering operational costs.

The study also examines circular desalination systems, mineral recovery from brine, and
Zero Liquid Discharge (ZLD) models as future pathways toward waste minimization and
economic optimization.

Beyond water production, this research highlights the broader applications of desalination in
agriculture, hydroponics, greenhouse farming, aquaculture, food security, mineral
enrichment, and public health. The role of remineralization in improving drinking water
quality and supporting human health through balanced minerals such as calcium,
magnesium, potassium, and sodium is also explored.

Economic analysis demonstrates that while desalination remains capital-intensive,
technological improvements and integrated resource recovery models are improving
long-term profitability and global market growth.



Finally, the research identifies the major global challenges facing desalination and presents
strategic recommendations focused on sustainability, renewable energy integration, artificial
intelligence, advanced membrane development, global accessibility, and circular economy
models.

This study concludes that desalination will play a central role in the future of global water
security, food security, environmental sustainability, and economic resilience. As freshwater
scarcity continues to intensify worldwide, the development of cleaner, smarter, and more
sustainable desalination technologies will become increasingly essential for the future of
human civilization.
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CHAPTER 1

GLOBAL WATER RESOURCES AND THE
WORLDWIDE WATER CRISIS

1.1 Introduction

Water is the foundation of life on Earth and one of the most critical natural resources for
human survival, economic development, food production, industrial activity, and ecosystem
sustainability.

Although Earth is often called the “Blue Planet,” approximately 71% of its surface is covered
by water. However, around 97-97.5% of this water is saline, leaving only 2.5-3% as
freshwater. Most of this freshwater is inaccessible, trapped in glaciers, ice caps, or deep
underground.

This limited accessibility makes freshwater one of the most strategically important resources
for human civilization.

References:

1. UNESCO World Water Development Report (2024)

https://www.unesco.org/reports/wwdr/en/2024/s
2. USGS Water Distribution Data

https://www.usgs.gov/media/images/distribution-water-and-above-earth

3. National Geographic — Earth’s Freshwater
https://education.nationalgeographic.org/resource/earths-fresh-water/

1.2 Global Distribution of Water

The Earth’s water resources are distributed unevenly:

Total Global Water Distribution:

» Saline water: 97.5%
» Freshwater: 2.5%

Freshwater Distribution:


https://www.unesco.org/reports/wwdr/en/2024/s
https://www.usgs.gov/media/images/distribution-water-and-above-earth
https://education.nationalgeographic.org/resource/earths-fresh-water/

* Ice caps and glaciers: 68.7%
» Groundwater: 30.1%
* Surface freshwater: 1.2%

Surface Water Distribution:

 Lakes: 20.9%

* Rivers: 0.49%

» Atmosphere: 3%

* Soil moisture: 3.8%
» Swamps: 2.6%

This demonstrates the extreme scarcity of directly usable freshwater.

References:

1. USGS Global Water Distribution
https://www.usgs.gov/media/images/distribution-water-and-above-earth

2. FAO Water Resources Report
https://www.fao.org/4/y3918e/y3918e02.htm

1.3 Rising Global Water Demand

Water demand is growing faster than population growth.

Major drivers include:

Population Growth

The global population exceeded 8 billion in 2022 and continues to rise.
Urbanization

By 2050, approximately 68% of the population will live in urban areas.

Industrialization

Industrial water consumption accounts for approximately 19% of global freshwater
withdrawals.

Agriculture

Agriculture consumes approximately 70% of freshwater globally.

References:


https://www.usgs.gov/media/images/distribution-water-and-above-earth
https://www.fao.org/4/y3918e/y3918e02.htm

1. UNESCO WWDR (2022) Industry Water Use
https://www.unesco.org/reports/wwdr/2022/en/groundwater-and-industry

2. UN Water Report (2025)
https://www.unwater.org/publications/un-world-water-development-report-2025

3. UN Climate Water Facts
https://www.un.org/en/climatechange/science/climate-issues/water

1.4 The Global Water Crisis

The World Economic Forum has identified water scarcity as one of the most severe global
risks.

Current estimates show:

* 4 billion people face severe water scarcity at least one month annually
* 500 million people face severe water scarcity year-round
* Global water demand may exceed supply by 40% by 2030

This gap threatens economic development, food systems, and public health.

References:

1. World Economic Forum — Closing the Water Gap
https://www.weforum.org/our-impact/closing-the-water-gap
2. World Economic Forum — Urban Water Crisis

https://www.weforum.org/agenda/2019/08/the-next-urban-water-crisis-inadequate-dat
a-clouds-the-forecast/

1.5 Causes of Water Scarcity

The primary causes include:

Climate Change

Changes in precipitation and increased drought frequency reduce freshwater availability.
Groundwater Overexploitation

Groundwater depletion is occurring globally due to excessive withdrawals.

Pollution

Industrial and agricultural pollution reduce water quality.


https://www.unesco.org/reports/wwdr/2022/en/groundwater-and-industry
https://www.unwater.org/publications/un-world-water-development-report-2025
https://www.un.org/en/climatechange/science/climate-issues/water
https://www.weforum.org/our-impact/closing-the-water-gap
https://www.weforum.org/agenda/2019/08/the-next-urban-water-crisis-inadequate-data-clouds-the-forecast/
https://www.weforum.org/agenda/2019/08/the-next-urban-water-crisis-inadequate-data-clouds-the-forecast/

Unequal Distribution

Water-rich and water-poor regions create global imbalance.

Infrastructure Failure

Aging infrastructure contributes to water loss.

References:

1. United Nations Water and Climate

https://www.un.org/en/climatechange/science/climate-issues/water
2. UNESCO Groundwater Report (2022)

https://www.unesco.org/reports/wwdr/2022/en

1.6 Regions Most Affected by Water Stress

Regions facing severe water stress:

» Middle East

* North Africa

» Sub-Saharan Africa

» South Asia

* Australia

» Western United States

The Gulf region faces some of the highest water stress levels globally due to low rainfall and
high evaporation.

References:

1. World Economic Forum Water Gap
https://www.weforum.org/our-impact/closing-the-water-gap

2. UN Water Development Report
https://www.unwater.org/publications/un-world-water-development-report-2025

1.7 Economic and Social Impacts

Water scarcity impacts:

* Public health
* Agriculture
* Industry


https://www.un.org/en/climatechange/science/climate-issues/water
https://www.unesco.org/reports/wwdr/2022/en
https://www.weforum.org/our-impact/closing-the-water-gap
https://www.unwater.org/publications/un-world-water-development-report-2025

* Energy
* Political stability

Water insecurity increases operational costs and weakens national resilience.

References:

1. UNESCO World Water Development Report
h J/www.un .ora/r rts/wwdr/en/2024
2. FAO Water Resources Review

hitps://www.fao.org/4/y3918e/y3918e02.htm

1.8 The Need for Alternative Water Sources

Traditional freshwater sources cannot meet future demand.
Alternative solutions include:

* Desalination

» Wastewater reuse

» Rainwater harvesting

» Atmospheric water harvesting
* Smart irrigation

Among all alternatives, desalination is the most scalable due to seawater abundance.

References:

1. Freshwater Scarcity Research Review

https://pmc.ncbi.nlm.nih.gov/articles/PMC10405016/
2. UNESCO Water Report

https://www.unesco.org/reports/wwdr/en/2024/s

1.9 Conclusion

The global water crisis has become one of the greatest challenges of modern civilization.

Population growth, climate change, industrialization, and agricultural demand continue to
widen the gap between supply and demand.

Given that 97% of Earth’s water is saline, desalination offers one of the most promising
solutions to future water security.


https://www.unesco.org/reports/wwdr/en/2024/s
https://www.fao.org/4/y3918e/y3918e02.htm
https://pmc.ncbi.nlm.nih.gov/articles/PMC10405016/
https://www.unesco.org/reports/wwdr/en/2024/s

The next chapter explores the historical development of desalination technologies and how
they evolved into modern large-scale systems.



CHAPTER 2

HISTORY AND EVOLUTION OF WATER
DESALINATION

2.1 Introduction

The concept of desalination is not a modern invention. The need to convert saline water into
freshwater has existed for thousands of years, particularly for maritime travel, survival in arid
regions, and isolated island communities.

Desalination has evolved from simple evaporation techniques used by ancient civilizations
into highly advanced industrial systems capable of producing millions of cubic meters of
freshwater daily.

Today, desalination has become one of the most important technological solutions for
addressing global water scarcity.

References:

1. International Desalination Association (IDA)

https://idadesal.org/
2. UNESCO Water Reports

https://www.unesco.org/water-security

2.2 Ancient Origins of Desalination

The earliest forms of desalination were based on natural evaporation.

Ancient Greek sailors around the 4th century BC were known to boil seawater and collect
condensed steam for drinking.

Aristotle documented simple distillation methods for converting seawater into drinkable
water.

Early civilizations in the Middle East and Asia also used primitive solar evaporation methods.

These methods were effective but highly inefficient and limited in scale.

References:


https://idadesal.org/
https://www.unesco.org/water-security

1. Aristotle’s Meteorologica (Historical Record)
https://classics.mit.edu/Aristotle/meteorology.html

2. Desalination History Review
https://www.sciencedirect.com/science/article/pii/S0011916404001694

2.3 Desalination During the Industrial Revolution

The industrial revolution significantly advanced desalination.

In the 18th and 19th centuries, steam-powered distillation systems were developed for ships
to produce drinking water during long voyages.

By the late 1800s:

» Ships commonly used onboard distillation units
* Boilers provided heat for evaporation
» Condensation systems improved freshwater collection

This marked the first practical large-scale application of desalination.
References:

1. Historical Development of Desalination Technology
https://www.sciencedirect.com/science/article/pii/S0011916404001694

2.4 The Birth of Modern Thermal Desalination

The first large industrial desalination plants emerged in the early 20th century.
Thermal processes became dominant, including:

* Multi-Stage Flash (MSF)
» Multi-Effect Distillation (MED)
* Vapor Compression (VC)

The Middle East became the primary adopter due to extreme freshwater scarcity and
abundant energy resources.

By the 1950s and 1960s:
Desalination plants became essential in:

* Kuwait
« Saudi Arabia


https://classics.mit.edu/Aristotle/meteorology.html
https://www.sciencedirect.com/science/article/pii/S0011916404001694
https://www.sciencedirect.com/science/article/pii/S0011916404001694

« UAE
» Qatar

References:

1. International Desalination Association
https://idadesal.org/

2. Desalination Journal History Review
https://www.sciencedirect.com/journal/desalination

2.5 The Reverse Osmosis Revolution

A major breakthrough occurred in the 1950s when scientists developed reverse osmosis
(RO).

In 1960:

Researchers at the University of California developed practical semi-permeable membranes
capable of separating salt from water.

Reverse osmosis changed the desalination industry because:

» Lower energy consumption than thermal systems
» Smaller plant sizes possible

* Faster scalability

* Lower operational costs

By the 1980s and 1990s, RO began replacing thermal systems in many regions.

Today, reverse osmosis accounts for more than 70% of global desalination capacity.

References:

1. Desalination and Water Purification Research Program (US Bureau of Reclamation)
https://www.usbr.gov/research/dwpr/

2. Reverse Osmosis Development History
https://www.sciencedirect.com/topics/engineering/reverse-osmosis

2.6 The Rise of Renewable-Powered Desalination

In the 21st century, desalination entered a new era focused on sustainability.

Major innovations include:


https://idadesal.org/
https://www.sciencedirect.com/journal/desalination
https://www.usbr.gov/research/dwpr/
https://www.sciencedirect.com/topics/engineering/reverse-osmosis

* Solar-powered RO systems

* Wind-powered desalination

* Hybrid energy systems

» Waste heat recovery systems

Renewable-powered desalination reduces carbon emissions and operational costs.
This is especially important for regions with:

* High solar irradiance
« Coastal access
« Limited freshwater resources

Countries like UAE, Saudi Arabia, Australia, and Israel are heavily investing in this sector.

References:

1. International Renewable Energy Agency (IRENA)
https://www.irena.org/
2. Renewable Energy Desalination Review

https://www.mdpi.com/journal/energies

2.7 Advanced Membranes and Nanotechnology

Modern desalination research focuses on advanced materials:

* Graphene membranes

» Carbon nanotubes

* Nanocomposite membranes

* Metal-Organic Frameworks (MOFs)

MOFs are considered one of the most promising future technologies due to:

» High adsorption capacity

* Molecular sieving capabilities
» Lower energy requirements

* Higher salt rejection rates

Research shows MOF-based membranes can increase water flux by up to 44%.

References:

1. MOF Technology Overview
https://novomof.com/technology/

2. MOFs in Water Treatment Research
https://www.sciencedirect.com/science/article/pii/S1385894721023850



https://www.irena.org/
https://www.mdpi.com/journal/energies
https://novomof.com/technology/
https://www.sciencedirect.com/science/article/pii/S1385894721023850

2.8 Global Desalination Today

Currently:

» Over 20,000 desalination plants operate worldwide
* More than 95 million cubic meters of freshwater are produced daily
* Over 300 million people depend on desalinated water

The largest desalination markets are:

» Saudi Arabia
* UAE

* Kuwait

* |srael

* Spain

* USA

* Australia

Desalination has become a strategic pillar of national water security.

References:

1. International Desalination Association
https://idadesal.org/

2. Global Water Intelligence (GWI)
https://www.globalwaterintel.com/

2.9 Conclusion

The history of desalination demonstrates humanity’s continuous effort to overcome

freshwater scarcity.

From ancient boiling methods to advanced membrane technologies and MOFs, desalination
has transformed into one of the most critical infrastructure technologies in the modern world.

As global water demand continues to rise, the future of desalination will depend on
improving efficiency, reducing environmental impacts, lowering energy consumption, and

integrating advanced materials.

The next chapter will examine the scientific principles of desalination and how modern

systems work.


https://idadesal.org/
https://www.globalwaterintel.com/

CHAPTER 3

SCIENTIFIC PRINCIPLES OF WATER
DESALINATION

3.1 Introduction

Water desalination is the process of removing dissolved salts, minerals, impurities, and
contaminants from saline water to produce freshwater suitable for human consumption,
agriculture, and industrial use.

The scientific foundation of desalination is based on physical and chemical separation
processes. These processes exploit differences in:

* Molecular size

* Vapor pressure

» Osmotic pressure
* Electrical charge

» Thermal properties

Understanding these scientific principles is essential for evaluating current desalination
technologies and developing future improvements.

References:

1. Desalination Journal
https://www.sciencedirect.com/journal/desalination

2. International Desalination Association
https://idadesal.org/

3.2 Water Composition and Salinity

Seawater contains a complex mixture of dissolved salts and minerals.
Average seawater salinity is approximately:

35,000 ppm (parts per million)

Main dissolved ions include:

» Sodium (Na*)
* Chloride (CI")


https://www.sciencedirect.com/journal/desalination
https://idadesal.org/

* Magnesium (Mg*)
* Calcium (Ca*)
* Potassium (K*)
« Sulfate (SO.*)

These ions make seawater unsuitable for direct consumption.

According to the World Health Organization (WHO), potable water must maintain safe
mineral concentrations and low salinity levels.

References:

1. WHO Drinking Water Guidelines
https://www.who.int/publications/i/item/978924 1549950

2. USGS Salinity Data
https://www.usgs.gov/special-topics/water-science-school/science/salinity-and-water

3.3 Osmosis and Reverse Osmosis

Osmosis is the natural movement of water molecules across a semi-permeable membrane
from low solute concentration to high solute concentration.

This process continues until equilibrium is reached.
In desalination, this natural process is reversed.
This is called:

Reverse Osmosis (RO)

In RO:

Water is pushed under high pressure through a membrane, forcing pure water molecules
through while blocking salts and impurities.

This requires overcoming osmotic pressure.
Typical RO operating pressures:

« Brackish water: 10-25 bar
» Seawater: 55-100 bar

RO is currently the most widely used desalination technology globally.

References:


https://www.who.int/publications/i/item/9789241549950
https://www.usgs.gov/special-topics/water-science-school/science/salinity-and-water

1. Reverse Osmosis Fundamentals
https://www.sciencedirect.com/topics/engineering/reverse-osmosis
2. US Bureau of Reclamation
https://www.usbr.gov/research/dwpr/

3.4 Thermal Separation Principles

Thermal desalination works by mimicking the natural hydrological cycle.
Basic process:

Water is heated

Water evaporates

Salt remains behind

Vapor condenses into freshwater

ON =

This principle is used in:

» Multi-Stage Flash (MSF)
» Multi-Effect Distillation (MED)
* Vapor Compression (VC)

Thermal systems rely on:

* Boiling point reduction
* Latent heat transfer
* Vapor condensation

These systems are energy-intensive but highly reliable.
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3.5 Membrane Filtration Principles

Membrane-based desalination depends on selective permeability.
Membranes allow:

» Water molecules to pass
* Salts and contaminants to be rejected

Membrane efficiency depends on:
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* Pore size

* Surface charge

* Pressure resistance
* Fouling resistance

Membrane pore sizes:

Microfiltration: 0.1-10 um
Ultrafiltration: 0.01-0.1 ym
Nanofiltration: 0.001-0.01 ym
Reverse Osmosis: ~0.1 nm

The smaller the pore size, the greater the purification.
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3.6 Energy and Thermodynamics in Desalination

Desalination requires energy because saltwater molecules are chemically bonded.
Energy is required to:

* Break ionic interactions

» Overcome osmotic pressure
* Heat water for evaporation

* Maintain flow and pressure

The theoretical minimum energy for seawater desalination is:
~1.06 kWh/m?

Actual systems use more due to inefficiencies.

Typical energy consumption:

RO: 3—6 kWh/m?
MSF: 10-16 kWh/m?
MED: 5-8 kWh/m?

Improving energy efficiency remains one of the most important research goals.
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3.7 Water Quality Standards After Desalination

After desalination, water undergoes post-treatment to:

* Adjust pH

* Add beneficial minerals

* Improve taste

« Stabilize water chemistry
* Ensure safety

Common added minerals:

* Calcium

* Magnesium
* Potassium

» Sodium

* Bicarbonates

This process is called:
Remineralization

It improves drinking quality and protects distribution infrastructure.
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3.8 Brine Formation and Concentration

Desalination produces two outputs:

¢ Freshwater
* Concentrated brine

Brine contains:
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* High salt concentration
* Heavy metals

» Chemical residues

* Anti-fouling agents

For every liter of freshwater produced, a significant amount of brine may be generated.
Global desalination currently produces:
Over 140 million m3®day of brine

Brine disposal is one of the largest environmental challenges.
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3.9 Conclusion

The scientific principles of desalination are based on advanced physical, chemical, and
thermodynamic processes.

Modern systems rely primarily on membrane separation and thermal evaporation.

Understanding these principles is essential for evaluating performance, costs, energy
requirements, and environmental impacts.

The next chapter will explore the major conventional desalination technologies currently
used worldwide.
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CHAPTER 4

CONVENTIONAL DESALINATION
TECHNOLOGIES

4.1 Introduction

Modern desalination technologies can generally be divided into two major categories:

1. Membrane-Based Technologies
2. Thermal-Based Technologies

These technologies form the foundation of almost all industrial desalination systems
operating today.

Globally, the most widely used technologies are:

* Reverse Osmosis (RO)

» Multi-Stage Flash (MSF)

» Multi-Effect Distillation (MED)
* Vapor Compression (VC)

* Electrodialysis (ED)

Each technology differs in energy consumption, cost, efficiency, environmental impact, and
scalability.
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4.2 Reverse Osmosis (RO)

Reverse Osmosis is the most dominant desalination technology worldwide.

It works by applying pressure to saline water and forcing it through semi-permeable
membranes.
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The membrane allows water molecules to pass while rejecting salts and contaminants.

Working Principle:
Saltwater — High Pressure Pump — Membrane — Freshwater + Brine
Key characteristics:

« Salt rejection: 95-99.8%
* Pressure range: 55-100 bar (seawater)
* Energy consumption: 3—-6 kWh/m?

Advantages:

» Lower energy consumption compared to thermal systems
* Lower operating cost

» Smaller footprint

* Modular design

* Faster installation

Limitations:

* Membrane fouling

* High pre-treatment requirements
* Brine disposal challenges

*» Membrane replacement costs

Applications:

* Municipal water supply

* Industrial water production
* Agriculture

* Emergency water systems
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4.3 Multi-Stage Flash Distillation (MSF)

MSF is one of the oldest large-scale thermal desalination technologies.
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It works by heating seawater and passing it through multiple chambers at decreasing
pressure.

In each chamber, part of the water “flashes” into vapor instantly.

The vapor is then condensed into freshwater.

Working Principle:

Heated Seawater — Flash Chambers — Vapor — Condensation — Freshwater
Key characteristics:

* High reliability

* Large-scale production
* Energy consumption: 10-16 kWh/m?

Advantages:

* Long plant lifespan
» Handles high salinity well
* Highly reliable

Limitations:
+ Very high energy consumption

* High capital cost
* Large infrastructure requirements

Applications:

* Large industrial plants
* Power plant integration
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4.4 Multi-Effect Distillation (MED)

MED improves thermal efficiency by using multiple evaporation stages.
The vapor from one stage heats the next stage, recycling energy.

This reduces total energy consumption compared to MSF.
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Working Principle:
Evaporation — Vapor Recovery — Heat Transfer — Next Stage
Key characteristics:

* Energy consumption: 5-8 kWh/m?
* Higher thermal efficiency than MSF

Advantages:
* Lower energy than MSF

* Better efficiency
* Lower scaling

Limitations:

» Complex system design
» Higher maintenance than RO

Applications:

* Medium to large-scale desalination
* Industrial use
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4.5 Vapor Compression (VC)

Vapor Compression uses mechanical or thermal compression to increase vapor temperature
and pressure.

The compressed vapor is reused as a heat source.
This improves efficiency.
Types:

* Mechanical Vapor Compression (MVC)
» Thermal Vapor Compression (TVC)

Advantages:
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* High efficiency for small-scale systems
» Lower thermal energy demand

Limitations:

* Mechanical complexity
» Higher maintenance

Applications:

» Small and medium desalination systems
* Remote installations
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4.6 Electrodialysis (ED)

Electrodialysis uses electrical potential to move salt ions through ion-selective membranes.
Unlike RO, it moves ions rather than water.

It is more suitable for low-salinity water.

Working Principle:
Electric Field — lon Movement — Separation
Key characteristics:

* Best for brackish water
* Lower pressure requirement

Advantages:

 Lower energy for low salinity
* Longer membrane life
* Lower fouling than RO

Limitations:

* Not ideal for seawater
* High electricity dependence
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Applications:

« Brackish water treatment
* Industrial wastewater treatment
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4.7 Comparison of Conventional Technologies

Technolog Energy Best For Cost  Complexity
y Use
RO Low Seawater & brackish Medium Medium
water

MSF Very High Large-scale seawater High High

MED Medium Industrial systems High High

VC Medium Small-scale plants Medium Medium

ED Low Brackish water Medium Medium

RO currently dominates the global market due to its energy efficiency and scalability.

4.8 Global Trends in Conventional Desalination

Current global desalination market share:

* Reverse Osmosis: ~70%
* Thermal systems: ~25%
* Other technologies: ~5%

This trend shows increasing global preference for membrane-based systems due to lower
operational costs.
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4.9 Conclusion

Conventional desalination technologies remain the backbone of global freshwater
production.

Among them, Reverse Osmosis has emerged as the most economically viable and scalable
solution.

However, thermal technologies continue to play important roles in high-capacity industrial
systems.

The next chapter will examine energy consumption, efficiency, and the water-energy nexus
in desalination systems.



CHAPTER 5

ENERGY CONSUMPTION AND THE
WATER-ENERGY NEXUS IN
DESALINATION

5.1 Introduction

Energy is the most important operational factor in desalination systems.

Desalination is an energy-intensive process because separating dissolved salts from water
requires overcoming natural chemical and physical forces.

The amount of energy consumed directly affects:

* Production cost

* Environmental impact
» Carbon emissions

* Plant efficiency

» Water affordability

Globally, reducing desalination energy demand has become one of the main research
priorities in water engineering.
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5.2 Understanding the Water—Energy Nexus

The water-energy nexus refers to the close relationship between water production and
energy consumption.

Water requires energy for:
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 Extraction

* Transportation
* Treatment

* Distribution

* Desalination

At the same time, energy production itself requires water for:

* Cooling power plants

* Hydropower generation
* Fuel extraction

* Industrial processing

This interdependence creates a global challenge:

Higher water demand increases energy demand, and higher energy demand increases
water demand.

This cycle becomes more complex under climate change and population growth.
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5.3 Theoretical Minimum Energy for Desalination

Theoretical thermodynamic studies show that the minimum energy required to desalinate
seawater is:

Approximately 1.06 kWh/m?
This value assumes perfect efficiency.
Real systems consume more because of:

* Friction losses

* Heat losses

* Pump inefficiencies

* Membrane resistance
* Pressure losses

Current commercial systems operate several times above the theoretical minimum.

References:


https://www.worldbank.org/en/topic/water/publication/water-energy-nexus
https://www.iea.org/reports/water-energy-nexus

1. Thermodynamics of Desalination Research
https://www.sciencedirect.com/science/article/pii/S0011916411006180

5.4 Energy Consumption by Desalination Technology

Different desalination technologies have different energy requirements.

Reverse Osmosis (RO)
Energy consumption:

3-6 kWh/m?

Main energy use:

* High-pressure pumps

RO is currently the most energy-efficient large-scale desalination technology.

Multi-Stage Flash (MSF)
Energy consumption:

10-16 kWh/m?

Main energy use:

» Water heating
* Vapor generation

MSF consumes significantly more thermal energy.

Multi-Effect Distillation (MED)
Energy consumption:
5-8 kWh/m?

More efficient than MSF due to heat recycling.

Vapor Compression (VC)
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Energy consumption:
7-12 kWh/m?

Uses compressors to recover energy.

Electrodialysis (ED)
Energy consumption:
1-4 kWh/m?

Efficient for brackish water but less effective for seawater.
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5.5 Major Energy Losses in Desalination Plants
Energy losses occur in several areas:

Pumping Losses

High-pressure pumping consumes a major share of RO energy.

Membrane Resistance

Membrane fouling increases energy demand.

Heat Losses

Thermal systems lose energy during evaporation and condensation.

Brine Discharge Pressure Loss
Unused pressure in brine can waste significant energy.

Reducing these losses improves overall efficiency.
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5.6 Energy Recovery Systems

Modern desalination plants use energy recovery devices (ERDs) to reduce energy use.
ERDs recover pressure energy from concentrated brine and transfer it back into the system.
This can improve RO efficiency by up to 60%.

Common ERDs:

* Pressure exchangers
» Turbochargers
* Pelton turbines

These systems significantly reduce operational costs.
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5.7 Fossil Fuel Dependence and Carbon Emissions

Most desalination plants worldwide still depend on:

* Natural gas

« Qil

* Coal

* Grid electricity

This creates:

» High greenhouse gas emissions
* High operating costs
* Fuel dependency risks

Estimated CO. emissions:

RO: 1-2 kg COo/m?
Thermal systems: 5-15 kg CO2/m?
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This makes energy source selection crucial.
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5.8 Renewable Energy Integration

Renewable energy offers major opportunities for sustainable desalination.

Main renewable options:

Solar Energy
Best for high-radiation coastal regions.
Applications:

* Solar-powered RO
« Solar thermal distillation

Wind Energy
Suitable for coastal windy areas.
Applications:

* Wind-powered RO systems

Geothermal Energy

Can provide direct thermal energy.

Waste Heat Recovery
Industrial waste heat can power thermal desalination.

Benefits:


https://www.sciencedirect.com/science/article/pii/S1364032120307359

» Lower carbon footprint
» Lower operational costs
* Energy independence
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5.9 Future Energy Innovations in Desalination

Research is focused on:

* Low-pressure membranes

* Nanomaterials

» Graphene membranes

* MOFs

* Artificial intelligence optimization
* Smart pressure management

* Solar-driven adsorption systems

These technologies aim to bring desalination closer to its theoretical minimum energy
consumption.
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5.10 Conclusion

Energy remains the single most important factor determining the future of desalination.

Although modern RO systems have significantly reduced energy requirements, global
desalination still consumes large amounts of electricity and fuel.

The future of sustainable desalination depends on:

* Better energy recovery
* Renewable integration
* Advanced materials

* Process optimization
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The next chapter will examine the environmental impacts of desalination, including brine
discharge, marine ecosystem disruption, and carbon footprint.



CHAPTER 6

ENVIRONMENTAL IMPACTS OF
DESALINATION

6.1 Introduction

While desalination provides one of the most effective solutions to global water scarcity, it
also presents significant environmental challenges.

The main environmental concerns include:

* Brine discharge

» Marine ecosystem disruption

* High energy-related carbon emissions
* Chemical pollution

 Coastal habitat alteration

* Thermal pollution

As global desalination capacity continues to grow, understanding and minimizing these
impacts has become a critical research priority.

References:

1. Desalination Journal
https://www.sciencedirect.com/journal/desalination

2. United Nations Water Reports
https://www.unwater.org/publications

6.2 Brine Production and Disposal

Brine is the concentrated saline by-product generated during desalination.

For every unit of freshwater produced, a significant amount of concentrated brine is created.
Global desalination plants currently produce:

More than 140 million cubic meters of brine per day

Brine often contains:
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* High salt concentrations
 Treatment chemicals

* Heavy metals

* Anti-fouling compounds
* Chlorine residues

The salinity of discharged brine can be nearly twice that of normal seawater.

This is one of the largest environmental concerns in modern desalination.
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6.3 Marine Ecosystem Impacts

Brine discharge can harm marine ecosystems.
When highly concentrated brine is released into the sea:

* It increases local salinity

* Reduces dissolved oxygen levels
* Alters water density

* Affects marine biodiversity

Potential impacts include:

* Fish mortality

* Coral stress

» Seagrass damage

* Disruption of plankton ecosystems
* Changes in breeding grounds

The severity depends on:

* Discharge method

* Ocean currents

* Local biodiversity

* Brine dilution systems
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6.4 Intake System Impacts

Seawater intake systems can also damage marine life.
Two major impacts:

Entrainment

Small organisms such as plankton, fish eggs, and larvae are drawn into the plant and
destroyed.

Impingement

Larger organisms become trapped against intake screens.

This can reduce local marine populations over time.

Alternative intake designs such as subsurface intakes can reduce these effects.
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6.5 Chemical Pollution

Desalination plants use multiple chemicals during operation.
Common chemicals include:

* Chlorine

* Anti-scalants

» Coagulants

* Biocides

* Acids

* Cleaning agents

If discharged improperly, these chemicals may:
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* Alter marine chemistry
* Harm aquatic life
* Increase toxicity in surrounding ecosystems

Chemical management is therefore essential.
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6.6 Thermal Pollution

Thermal desalination plants often discharge warmer water into the environment.
This can:

* Raise local seawater temperature
* Reduce oxygen solubility

* Stress marine organisms

* Disrupt breeding cycles

Thermal pollution is especially important in enclosed or shallow marine environments.
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6.7 Carbon Footprint of Desalination

Desalination’s environmental impact is strongly linked to energy consumption.
Most plants still rely on fossil fuels.

Estimated emissions:

Reverse Osmosis:

1-2 kg CO./m?

Thermal Desalination:

5-15 kg CO./m?
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Global desalination contributes significantly to greenhouse gas emissions.
This creates a challenge:

Water security vs climate sustainability.
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6.8 Coastal Land Use and Habitat Disturbance

Large desalination plants require significant coastal infrastructure:

* Intake pipelines

* Discharge systems

* Pump stations

« Storage facilities

* Energy infrastructure

Construction may disturb:

* Wetlands

* Coral systems

* Coastal vegetation

* Sand movement patterns

Environmental planning is necessary to minimize these impacts.
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6.9 Environmental Mitigation Strategies
Several strategies can reduce desalination’s environmental footprint.

Brine Dilution

Mixing brine with seawater before discharge.
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Deep-Sea Diffusers

Improves dispersion.

Mineral Recovery from Brine
Extracting:

* Lithium

* Magnesium

* Potassium

* Sodium

This turns waste into economic resources.
Renewable Energy Integration

Solar and wind reduce carbon emissions.
Advanced Membranes

Improved efficiency reduces energy demand.
Eco-Friendly Chemicals

Reduces marine toxicity.

These strategies are essential for sustainable desalination.
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6.10 Future Environmental Research

Key future research areas:

+ Zero Liquid Discharge (ZLD)
* Circular desalination systems
* Brine mining

* Low-carbon desalination

* Al environmental optimization
* Bio-inspired membranes

* MOF-based filtration systems
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Future technologies aim to make desalination more environmentally neutral.
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6.11 Conclusion

Desalination is one of humanity’s most powerful tools against water scarcity, but it carries
environmental responsibilities.

Brine management, marine protection, chemical control, and carbon reduction are critical for
long-term sustainability.

The future of desalination will not only depend on producing more water—but producing it
responsibly.

The next chapter will explore advanced desalination technologies beyond conventional
systems, including nanotechnology, MOFs, graphene, and next-generation membranes.
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CHAPTER 7

ADVANCED AND EMERGING
DESALINATION TECHNOLOGIES

7.1 Introduction

Conventional desalination technologies such as Reverse Osmosis (RO), Multi-Stage Flash
(MSF), and Multi-Effect Distillation (MED) have dominated global water production for
decades. However, their limitations in energy consumption, membrane fouling, chemical use,
and brine management have driven research toward advanced and emerging technologies.

Modern desalination research focuses on:

* Higher efficiency

* Lower energy consumption

* Reduced environmental impact
* Better contaminant removal

* Greater scalability

* Lower operational cost

These new technologies may define the future of global water security.
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7.2 Forward Osmosis (FO)

Forward Osmosis uses natural osmotic pressure differences instead of high external
pressure.

In FO:
Water naturally moves through a membrane from lower salinity to higher salinity solution.

This reduces energy requirements compared to RO.

Advantages:
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» Lower pressure operation

* Reduced membrane fouling
* Lower energy demand

* Better for wastewater reuse

Limitations:

» Draw solution regeneration is complex
* Lower freshwater recovery efficiency

FO is gaining interest for hybrid systems.
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7.3 Membrane Distillation (MD)

Membrane Distillation combines thermal and membrane processes.
It uses temperature differences to create vapor pressure differences.

Water vapor passes through hydrophobic membranes while salts remain behind.

Advantages:

* High salt rejection
* Can use low-grade heat
« Suitable for high salinity brine

Limitations:

* Membrane wetting
* Lower large-scale maturity

MD is promising for zero-liquid discharge systems.
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7.4 Capacitive Deionization (CDI)
Capacitive Deionization removes ions using electrical charges.
Salt ions are attracted and stored in oppositely charged electrodes.

When electrodes discharge, salts are removed.

Advantages:

* Low energy consumption
* Good for brackish water
¢ Minimal chemical use

Limitations:

* Not ideal for seawater
* Lower capacity for very high salinity

CDl is highly promising for low-salinity applications.
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7.5 Graphene-Based Membranes

Graphene is one of the most revolutionary materials in desalination.
Its ultra-thin structure allows:

» Extremely fast water flow
* High salt rejection
* Lower energy requirements

Graphene membranes may significantly outperform conventional RO membranes.
Potential improvements:

* Faster filtration
» Lower pressure
« Higher durability

Main challenge:

Large-scale manufacturing.
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7.6 Nanocomposite Membranes

Nanocomposite membranes combine polymers with nanoparticles.
Common nanoparticles:

* Titanium dioxide (TiO2)

« Silver nanoparticles

« Silica

» Carbon nanotubes

Benefits:

* Improved fouling resistance
* Better permeability

* Higher durability

* Better contaminant removal

These membranes improve conventional RO performance.

References:
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7.7 Metal-Organic Frameworks (MOFs)

MOFs are among the most promising future desalination materials.

They are porous crystalline materials with extremely high surface area.

MOFs allow:

* Molecular sieving

* Selective adsorption
« Salt separation

* Pollutant capture

Advantages:


https://www.nature.com/articles/s41586-018-0653-6
https://www.sciencedirect.com/science/article/pii/S037673881931340X

* High water flux

* High salt rejection

» Lower regeneration energy
* Multi-pollutant removal

Stu



CHAPTER 8

BRINE MANAGEMENT, RESOURCE
RECOVERY, AND CIRCULAR
DESALINATION SYSTEMS

8.1 Introduction

One of the most significant challenges in desalination is the management of brine, the
concentrated saline by-product generated after freshwater extraction.

Traditional brine disposal methods often create environmental concerns, particularly for
marine ecosystems. However, recent advances in science and engineering have introduced
a new approach:

Circular desalination
This concept aims to:

* Minimize waste

* Recover valuable minerals

* Reduce environmental impact
 Improve economic efficiency
* Increase sustainability

Brine is increasingly recognized as a potential industrial resource rather than simply a waste
product.
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8.2 What is Brine?

Brine is the concentrated solution left after freshwater is separated from saline water.


https://www.sciencedirect.com/journal/desalination
https://www.nature.com/

It contains:

» Sodium chloride (NaCl)
* Magnesium (Mg)

* Calcium (Ca)

* Potassium (K)

* Lithium (Li)

* Bromine (Br)

* Sulfates

* Trace metals

* Treatment chemicals

Brine concentration can reach:
60,000-85,000 ppm or higher
depending on the desalination process.
This makes brine chemically valuable but environmentally challenging.
References:
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8.3 Global Brine Production

Global desalination currently produces:

More than 140 million cubic meters of brine per day

This volume is often greater than freshwater production.
Brine generation ratios vary:

RO systems:

Approximately 1-1.5 liters of brine per liter of freshwater
Thermal systems:

Can produce even higher concentrations.

As desalination grows globally, brine management becomes increasingly important.
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1. Global Brine Production Study
https://www.sciencedirect.com/science/article/pii/S0011916418303477

8.4 Conventional Brine Disposal Methods
Current disposal methods include:

Ocean Discharge
Most common method.
Advantages:

* Simple
* Low cost

Limitations:

* Marine salinity increase
» Ecosystem damage

Deep Well Injection
Brine is injected underground.
Advantages:

* Reduces marine discharge
Limitations:

* High cost
* Geological risks

Evaporation Ponds
Used in dry climates.
Advantages:

* Allows salt recovery

Limitations:


https://www.sciencedirect.com/science/article/pii/S0011916418303477

* Large land requirements

Wastewater Blending
Brine is diluted before discharge.
Advantages:

* Reduces salinity concentration
Limitations:

* Requires infrastructure
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8.5 Environmental Risks of Brine Disposal

Improper brine disposal may cause:

* Increased salinity in marine zones
* Reduced oxygen levels

* Coral stress

* Fish mortality

 Habitat destruction

* Toxic chemical accumulation

Environmental risks depend on:

* Local biodiversity

* Discharge concentration
» Water circulation

» Temperature

This makes brine management one of the most important sustainability challenges.
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8.6 Resource Recovery from Brine

Modern research shows that brine contains valuable commercial minerals.

Recoverable materials include:

Sodium (Na)

Used for industrial salt and chemical production.

Potassium (K)

Important for fertilizer production.

Magnesium (Mg)

Used in medicine, alloys, batteries, and construction.

Calcium (Ca)

Used in cement, food, and chemical industries.

Lithium (Li)
One of the most valuable materials in modern battery technology.

Demand is rapidly increasing due to electric vehicles.

Bromine (Br)

Used in chemicals, pharmaceuticals, and flame retardants.
Resource recovery can transform desalination economics.
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8.7 Zero Liquid Discharge (ZLD)

Zero Liquid Discharge aims to eliminate liquid waste completely.

Process:
1. Freshwater extraction
2. Further concentration
3. Salt crystallization
4. Mineral recovery

Final output:

* Freshwater
 Solid salts
« Valuable minerals

Advantages:

* No liquid waste
* Maximum resource recovery
* Reduced environmental impact

Limitations:

* High energy consumption
* High capital cost

ZLD is considered one of the most sustainable future models.
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8.8 Circular Desalination Systems

Circular desalination integrates:

» Water production

* Mineral recovery

» Energy recycling

» Waste heat recovery

* Renewable energy integration


https://www.sciencedirect.com/topics/engineering/zero-liquid-discharge

The goal is to create closed-loop systems with minimal waste.
This model supports:

* Environmental sustainability
» Economic efficiency
* Industrial integration

Circular systems represent the future of sustainable desalination.
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8.9 Future Innovations in Brine Management

Research is focused on:

* Electrochemical mineral extraction
» Selective membranes

* MOF-based salt separation

« Al-controlled brine concentration

* Solar crystallization systems

* Battery-grade lithium extraction

These technologies could make desalination plants profitable beyond water production.
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8.10 Economic Potential of Brine Mining

Brine mining could create new industries.
Potential sectors:

+ Battery manufacturing
* Fertilizer production
* Pharmaceutical manufacturing
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¢ Chemical industries
» Construction materials

This creates an additional revenue stream for desalination plants.
In the future, desalination plants may function as:
Water + Mineral Production Facilities

rather than just water plants.

8.11 Conclusion

Brine management is one of the biggest environmental and economic challenges in
desalination.

The transition from waste disposal to resource recovery is reshaping the industry.

Circular desalination systems and zero-liquid discharge models offer a sustainable path
forward.

The future of desalination will increasingly depend on integrating water production with
mineral recovery, energy optimization, and environmental protection.



CHAPTER 9

MINERAL ENRICHMENT, WATER
QUALITY OPTIMIZATION, AND HUMAN
HEALTH BENEFITS

9.1 Introduction

Desalination removes salts, minerals, and many impurities from water. While this produces
highly purified water, the resulting water is often chemically unstable and may lack essential
minerals required for taste, infrastructure stability, and human consumption.

To make desalinated water suitable for long-term use, post-treatment processes are
required.

These processes include:

* pH adjustment

* Mineral enrichment (remineralization)
* Disinfection

» Water stabilization

* Taste optimization

This stage is critical for ensuring both water quality and public health.
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9.2 Why Remineralization is Necessary

Pure desalinated water often has:

* Very low mineral content
* Low alkalinity
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* Low hardness
» Aggressive chemical behavior
* Unbalanced pH

Without remineralization, water may:

* Taste flat or acidic

* Corrode pipelines

» Damage infrastructure

 Lack essential beneficial minerals

Remineralization improves:

» Water stability

* Taste

* Nutritional value

« Safety for distribution

This makes it an essential part of modern desalination systems.
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9.3 Essential Minerals Added After Desalination

Modern systems can restore important minerals based on drinking water standards.

Common minerals include:

Calcium (Ca)
Functions:

» Supports bones and teeth
* Maintains nerve function
» Supports muscle activity

Magnesium (Mg)

Functions:
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» Supports heart health
* Helps muscle and nerve function
* Supports enzyme activity

Potassium (K)
Functions:

* Helps fluid balance
 Supports nerve communication
» Regulates muscle contractions

Sodium (Na)
Functions:

» Supports electrolyte balance
* Helps regulate blood pressure
* Maintains hydration

Bicarbonates (HCO:)

Functions:

« Stabilizes pH
* Reduces water acidity
* Improves taste

These minerals improve both technical water quality and human health value.

References:

1. WHO Minerals in Drinking Water Report
https://www.who.int/water sanitation health/dwg/nutrientschap12.pdf

9.4 Water Quality Optimization

After remineralization, water quality is optimized through:

pH Control


https://www.who.int/water_sanitation_health/dwq/nutrientschap12.pdf

Ideal drinking water pH:

6.5-8.5

Hardness Adjustment

Helps maintain balanced mineral content.

Taste Improvement

Minerals improve water palatability.

Corrosion Control

Protects pipes and distribution systems.

Microbial Safety
Final disinfection ensures safe consumption.

These adjustments ensure long-term water safety.
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9.5 Kidney Health Benefits

Access to high-quality clean drinking water supports kidney function.
Hydration is essential for:

* Waste removal

* Electrolyte regulation
* Blood filtration

* Urine production

Proper mineral balance may support:


https://www.epa.gov/ground-water-and-drinking-water

* Normal kidney function
* Hydration efficiency
* Reduced risk of dehydration-related stress

Clean water is particularly important for healthcare systems and dialysis operations.
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9.6 Dermatological (Skin Health) Benefits

Water quality directly affects skin health.
Poor water quality may contain:

* Excess salts
* Heavy metals
* Chemical contaminants

Clean optimized water can support:

* Better skin hygiene

* Reduced irritation

* Improved washing quality

» Lower exposure to contaminants

This is particularly important in healthcare and sanitation systems.
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9.7 Hair Health Benefits

Water quality can influence scalp and hair condition.
Excess salinity and impurities may contribute to:

* Dry scalp
« [rritation
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* Hair damage
* Reduced hair quality

Mineral-balanced desalinated water may support:

* Better scalp hygiene

* Reduced salt exposure
 Improved washing conditions

* Better overall hair maintenance

While water alone does not prevent hair loss, high-quality water supports healthier scalp
conditions.
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9.8 Public Health and Community Benefits

High-quality desalinated water contributes to:

* Better hydration

* Improved sanitation

* Disease prevention

* Better food safety

* Cleaner hospitals

* Improved hygiene standards

Access to safe water is one of the strongest factors in reducing global disease burden.

The World Health Organization recognizes safe drinking water as one of the most critical
public health priorities.
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9.9 Smart Mineral Control Systems

Modern desalination systems can use automated control systems to regulate mineral
content.
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These systems monitor:

. pH

* Total dissolved solids (TDS)
* Hardness

* Mineral concentration

» Water safety parameters

Benefits:

* Precision control

» Compliance with regulations
* Consistent quality

» Customized mineral profiles

This represents the next step in advanced drinking water production.
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9.10 Conclusion

Mineral enrichment and water quality optimization are essential components of modern
desalination systems.

Desalinated water must be more than salt-free—it must be safe, stable, and suitable for
human health.

Proper remineralization improves:

» Water quality

* Taste

* Infrastructure stability

* Public health outcomes

The future of desalination will increasingly focus on producing not only clean water, but
optimized water for human well-being.


https://www.sciencedirect.com/science/article/pii/S0043135421004512

CHAPTER 10

DESALINATION FOR AGRICULTURE,
FOOD SECURITY, AND AQUACULTURE

10.1 Introduction

Agriculture is the largest consumer of freshwater globally, accounting for nearly 70% of total
freshwater withdrawals. As population growth, climate change, and land degradation
continue to increase, the demand for food and freshwater rises simultaneously.

This creates a major challenge:
How can humanity produce more food with less freshwater?

Desalination offers one of the most promising long-term solutions by providing alternative
freshwater sources for:

* Crop irrigation

* Greenhouse systems
» Hydroponics

* Livestock operations
* Fish farming

* Aquaculture systems

Desalination is increasingly becoming a strategic tool for food security worldwide.
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10.2 Global Water Demand in Agriculture

Agriculture consumes more freshwater than any other sector.

Current estimates:
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* Agriculture: ~70%
* Industry: ~19%
* Domestic use: ~11%

By 2050:

Global food production must increase by approximately 60% to meet demand.

This will require significantly more irrigation water unless alternative sources are developed.
Major challenges include:

* Drought

» Groundwater depletion
* Soil salinization

* Irregular rainfall

* Rising temperatures

These factors make desalinated water increasingly important.
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10.3 Desalination for Irrigation

Desalinated water can be used directly for irrigation when properly mineralized.
Applications include:

* Vegetables

* Fruits

» Fodder crops

* High-value crops

* Controlled agriculture

Benefits:

* Reliable year-round water supply

* Reduced dependence on groundwater
* Better control over water quality

* Higher crop consistency

Challenges:
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* Higher water cost
* Mineral balancing requirements
+ Soil management

Desalinated irrigation is especially suitable for high-value agriculture.
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10.4 Hydroponics and Controlled Environment
Agriculture

Hydroponics is one of the most efficient uses of desalinated water.
In hydroponics:

Plants grow without soil using nutrient-rich water.

Benefits:

» Up to 90% less water use
» Faster growth

* Higher yields

* Better nutrient control

* Reduced land use

Desalinated water is highly suitable because its purity allows precise nutrient control.
This makes it ideal for:

* Urban farming
* Desert agriculture
* Vertical farming
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10.5 Greenhouse Agriculture
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Greenhouse systems combined with desalination create highly efficient food production
systems.

Benefits:

* Controlled climate

* Reduced water loss

* Higher productivity

* Reduced pest exposure
* Better crop quality

Desalinated water supports:

* Precision irrigation
* Nutrient mixing
» High-value crop cultivation

This combination is increasingly used globally.
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10.6 Soil Salinity and Desalinated Water

One of the major agricultural problems worldwide is soil salinity.
Using saline groundwater can increase:

* Salt accumulation
* Reduced crop growth
* Lower productivity

Desalinated water helps reduce:

* Soil salt buildup
* Crop stress
* Yield loss

This improves long-term land productivity.
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10.7 Aquaculture and Fish Farming

Desalination supports aquaculture through controlled water supply.
Applications:

* Freshwater fish farming
* Marine fish systems

* Shrimp farming

» Hatcheries

» Seafood production

Benefits:

+ Controlled salinity

* Better disease control

* Improved water quality

« Stable production cycles

Desalinated water can be blended and optimized for species-specific needs.

This increases global seafood production efficiency.
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10.8 Integrated Agriculture—Aquaculture Systems

Integrated systems combine:

* Desalination

* Agriculture

* Fish farming

* Nutrient recycling

Benefits:

* Higher water efficiency

* Reduced waste

* Better nutrient recovery

* Increased economic value


https://www.fao.org/fishery/en/aquaculture

Examples:
Fish wastewater can be used for plant irrigation in aquaponics systems.

This creates circular food production systems.
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10.9 Desalination and Global Food Security

Food security depends on:

» Water availability
» Land productivity
+ Climate stability

« Efficient irrigation

Desalination strengthens food security by:
* Expanding arable land use

» Supporting drought-prone regions

* Reducing groundwater depletion

» Stabilizing agricultural production

As climate risks increase, desalination will become more important for food resilience.

References:

1. UN Food Security Reports
https://www.fao.org/state-of-food-security-nutrition

10.10 Future Innovations

Emerging innovations include:

* Solar-powered agricultural desalination
* Al irrigation management

» Smart nutrient dosing

* Brine-based mineral fertilizers

* Circular aquaculture systems

* Precision agriculture integration
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These systems aim to reduce costs and improve sustainability.

Future food production may increasingly depend on desalinated water.

10.11 Conclusion

Desalination is no longer only a drinking water technology—it is becoming a strategic
agricultural and food security technology.

Its role in irrigation, hydroponics, greenhouse farming, and aquaculture will become
increasingly important as freshwater scarcity intensifies globally.

The integration of desalination with agriculture and aquaculture offers one of the strongest
models for sustainable food production in the future.



CHAPTER 11

ECONOMIC ANALYSIS OF
DESALINATION: COSTS, INVESTMENTS,
ROI, AND GLOBAL MARKET TRENDS

11.1 Introduction

The economics of desalination play a major role in determining its global adoption and
long-term sustainability.

Although desalination offers a reliable solution for freshwater production, it is often criticized
for:

* High capital costs

* Energy-intensive operations
* Infrastructure complexity

* Maintenance expenses

However, advances in technology, energy recovery systems, and renewable integration have
significantly reduced costs over the past decades.

Today, desalination is becoming increasingly competitive with conventional water supply
systems in many regions.

References:

1. Global Water Intelligence (GWI1)
https://www.globalwaterintel.com/

2. Desalination Economics Review
https://www.sciencedirect.com/journal/desalination

11.2 Capital Expenditure (CAPEX)

Capital expenditure includes the initial cost of building a desalination plant.

Main CAPEX components:
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» Land acquisition

« Civil construction

* Intake systems

* Pre-treatment units

* Membrane systems

* Pumps and pipelines

* Energy systems

* Storage facilities

* Brine discharge infrastructure
* Automation systems

Typical plant costs:
Small-scale plants:
$500,000 — $10 million
Medium-scale plants:

$10 million — $100 million
Large-scale plants:

$100 million — several billion
CAPEX depends on:

* Technology type

» Capacity

* Location

» Water quality
* Energy infrastructure
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11.3 Operational Expenditure (OPEX)

Operational costs are the largest long-term expenses.

Major OPEX components:

Energy Costs

Usually 30-60% of total operational cost.


https://idadesal.org/

Membrane Replacement

RO membranes typically require replacement every 3—7 years.

Chemical Consumption
Includes:

* Anti-scalants
* Chlorine
* Cleaning chemicals

Labor Costs
Includes:
* Operators

* Engineers
* Maintenance staff

Maintenance
Regular servicing is required to maintain efficiency.

OPEX is strongly influenced by energy price.
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11.4 Cost per Cubic Meter of Water

Desalination costs have decreased significantly.

Current average production costs:

Reverse Osmosis (RO)


https://www.sciencedirect.com/topics/engineering/desalination-cost

$0.50 — $2.00/m®

Multi-Stage Flash (MSF)

$1.50 — $3.50/m?*

Multi-Effect Distillation (MED)

$1.00 — $2.50/m?*

Emerging Technologies

Costs vary depending on scale and maturity.

RO remains the most economically competitive large-scale option.
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11.5 Factors Affecting Desalination Cost

Cost depends on:

» Feedwater salinity

* Plant size

* Energy source

* Labor cost

* Membrane quality

* Recovery rate

* Brine management system
* Environmental regulations

Higher salinity increases pressure and energy demand.

Larger plants usually reduce cost through economies of scale.
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11.6 Energy as the Largest Cost Driver

Energy is the most expensive component in desalination.
Typical share:

* RO: 30-50% of total cost
» Thermal systems: 50-70% of total cost

Energy price fluctuations directly affect water pricing.

Renewable energy can significantly improve long-term cost stability.
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11.7 Return on Investment (ROI)

Desalination ROI depends on:

» Water selling price

* Plant efficiency

* Energy cost

» Government subsidies

* Industrial demand

* Mineral recovery opportunities

Potential revenue sources:

* Drinking water supply

* Industrial water contracts

* Agricultural supply

» Aquaculture water supply

* Mineral extraction from brine

Circular desalination models improve profitability.

11.8 Economic Benefits Beyond Water Sales

Desalination creates wider economic value:

Job Creation


https://www.iea.org/reports/water-energy-nexus

Creates employment in:

» Engineering

* Operations

* Maintenance
* Construction

Industrial Development

Supports industries requiring reliable water.

Agricultural Expansion

Improves food production capacity.

Public Health Savings

Better water reduces disease burden.

Water Security
Reduces economic risk from drought.

These indirect benefits are often larger than direct profits.

11.9 Global Desalination Market Trends

The global desalination market continues to grow rapidly.
Estimated market size:

Over $20 billion annually

Projected growth:

8-10% CAGR (compound annual growth rate)

Key growth drivers:



* Population growth

» Water scarcity

* Industrial demand

* Climate change

* Agricultural expansion

Future market growth is expected to accelerate.
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11.10 Cost Reduction Strategies

Future cost reduction depends on:

* Better membranes

* Energy recovery systems
* Solar integration

* Al optimization

* Brine resource recovery
* Lower chemical usage

* Better automation

Emerging technologies may significantly reduce total water cost.

11.11 Future Economic Opportunities

Future desalination plants may generate income from:

» Water production

* Lithium extraction

* Magnesium recovery

* Fertilizer minerals

 Carbon credits

* Renewable energy integration

This multi-revenue model improves economic sustainability.
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11.12 Conclusion

Desalination is becoming increasingly economically viable worldwide.

Although initial costs remain high, technological advances continue to reduce production
costs and improve efficiency.

The future economic model of desalination will move beyond simple water production into
integrated systems combining:

» Water

* Energy

* Agriculture

* Aquaculture

* Mineral recovery

This transformation will significantly improve profitability and sustainability.



CHAPTER 12

GLOBAL DESALINATION CHALLENGES
AND FUTURE SOLUTIONS

12.1 Introduction

Desalination has become one of the most important technological solutions for global water
security. It provides a reliable freshwater source independent of rainfall, rivers, and
groundwater.

Despite its rapid growth, desalination still faces major challenges that limit its universal
adoption.

These challenges include:

* High energy consumption

* Environmental concerns

* Brine disposal

* Infrastructure costs

* Membrane limitations

» Chemical dependency

+ Climate vulnerability

* Limited accessibility in low-income regions

Addressing these challenges will determine the future of desalination worldwide.
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12.2 Challenge: High Energy Demand

Energy remains the largest challenge.

Current desalination systems consume significant energy, especially:
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* Reverse Osmosis (RO)
» Multi-Stage Flash (MSF)
» Multi-Effect Distillation (MED)

This creates:

» High operational costs
» Carbon emissions
* Dependence on fossil fuels

Future Solutions:

» Advanced energy recovery devices
* Renewable-powered desalination

* Low-pressure membranes

* Solar thermal systems

* Al-based optimization

Reducing energy demand is the highest global research priority.
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12.3 Challenge: Membrane Fouling

Membrane fouling is one of the most expensive operational issues.
Fouling includes:

* Biological fouling

« Salt scaling

* Organic deposition
* Particle clogging

Effects:

* Reduced efficiency

* Higher pressure requirements
* Higher energy use

* Frequent cleaning

* Membrane replacement costs

Future Solutions:
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* Anti-fouling coatings

* Nanocomposite membranes
* Self-cleaning membranes

* Al fouling prediction

* Better pre-treatment systems
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12.4 Challenge: Brine Disposal

Brine remains one of the biggest environmental concerns.
Current global production:

More than 140 million m3/day

Main problems:

* Marine salinity increase
» Ecosystem disruption
* Chemical contamination

Future Solutions:
* Brine mining
* Mineral recovery

« Zero Liquid Discharge (ZLD)
* Circular desalination systems

Future plants may treat brine as a valuable resource rather than waste.
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12.5 Challenge: Environmental Sustainability

Desalination’s carbon footprint remains significant.

Main issues:
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* Fossil fuel dependency

» Greenhouse gas emissions

* Thermal pollution

* Coastal ecosystem disruption

Future Solutions:

* Solar-powered desalination
* Wind-powered desalination
» Green hydrogen energy

* Low-carbon grid integration

Sustainability will be central to future expansion.
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12.6 Challenge: High Capital Cost

Large desalination plants require major investments.
Cost barriers affect:

* Developing countries
* Small island states
* Rural communities

Future Solutions:

* Modular desalination systems

* Mobile desalination units

* Public-private partnerships

* International financing programs
* Smaller decentralized systems

These models can improve access globally.

12.7 Challenge: Climate Change

Climate change affects desalination itself.

Rising temperatures may cause:
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* Higher seawater salinity

* Increased intake temperatures
* Stronger storms

» Sea-level rise

* Infrastructure vulnerability

Future Solutions:

+ Climate-resilient plant design
* Elevated infrastructure

* Flexible intake systems

* Smart weather monitoring

Climate adaptation must be integrated into future designs.
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12.8 Challenge: Limited Global Accessibility

Many water-stressed regions still lack desalination access due to:

* High cost

* Poor infrastructure
* Energy shortages

* Technical limitations

This creates global inequality.

Future Solutions:

* Portable desalination units
* Solar village desalination

* Low-cost membranes

« Community-scale systems

The future must focus on accessibility, not just scale.

12.9 Artificial Intelligence as a Future Solution

Al will play a major role in future desalination.
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Applications:

* Predictive maintenance

* Membrane performance optimization
* Chemical dosing control

* Energy management

* Leak detection

* Brine concentration management

Benefits:

» Lower costs

* Higher efficiency

* Reduced downtime
* Better sustainability

Al will become standard in smart desalination plants.
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12.10 Nanotechnology and MOFs

Nanotechnology may solve many current limitations.
Main areas:

» Graphene membranes
» Carbon nanotubes
* Metal-Organic Frameworks (MOFs)

Potential benefits:

* Higher water flux

* Better salt rejection

* Lower energy use

* Better fouling resistance

* Multi-contaminant removal

These materials may define next-generation desalination.
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12.11 The Future Vision of Desalination

Future desalination plants may become integrated systems combining:

» Freshwater production
* Mineral recovery

* Renewable energy

* Agriculture

» Aquaculture

* Smart automation

* Circular waste systems

The future model is:
Water + Energy + Food + Minerals

This integrated approach offers maximum sustainability.

12.12 Conclusion

Desalination has already transformed global water security, but major challenges remain.
The future of desalination depends on:

* Lower energy consumption

* Better environmental management
* Advanced materials

* Circular systems

* Renewable integration

* Al optimization

* Global accessibility

As water demand continues to rise, desalination will become one of the most critical
technologies for the survival, growth, and sustainability of human civilization.

The future of water will depend not only on how much water we have—but on how
intelligently we produce, manage, and protect it.



CHAPTER 13

FINAL GLOBAL CONCLUSION AND
STRATEGIC RECOMMENDATIONS

13.1 Final Global Conclusion

Water scarcity has become one of the greatest global challenges of the modern era. Rapid
population growth, climate change, industrial expansion, agricultural demand, pollution, and
groundwater depletion continue to place enormous pressure on the planet’s limited
freshwater resources.

Although the Earth is covered by water, nearly 97% of it is saline, leaving only a small
fraction available for direct human use. This imbalance between water availability and water
demand has created a growing global crisis affecting billions of people.

Throughout this research, it has been demonstrated that desalination has evolved from
ancient simple evaporation systems into one of the most advanced and strategically
important technologies in the world.

Modern desalination now provides:

* Drinking water

* Agricultural irrigation

* Industrial process water

» Aquaculture support

* Public health infrastructure
* Emergency water reserves

Desalination has become a key pillar of global water security.
However, despite its importance, desalination still faces major challenges:

» High energy consumption
* Environmental impacts

* Brine disposal

* High investment costs

* Membrane fouling

* Fossil fuel dependence

The future of desalination will depend on overcoming these limitations through technological
innovation, sustainability integration, and global cooperation.
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13.2 Strategic Global Recommendations

Based on this research, the following strategic recommendations are proposed for the future
development of desalination worldwide.

Recommendation 1: Accelerate Renewable Energy Integration
Future desalination plants should increasingly rely on:

* Solar energy

* Wind energy

* Geothermal energy

» Waste heat recovery

* Green hydrogen systems

This will reduce:

» Carbon emissions
* Energy cost volatility
* Fossil fuel dependency

Renewable desalination is essential for long-term sustainability.
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Recommendation 2: Invest in Advanced Membrane Technologies
Governments, universities, and private sectors should expand investment in:

» Graphene membranes
* Nanocomposite membranes
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* Self-cleaning membranes
» Metal-Organic Frameworks (MOFs)

These technologies may significantly improve:

» Water flow rates

« Salt rejection

* Energy efficiency

* Membrane lifespan

Advanced materials will define the next generation of desalination.
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Recommendation 3: Transition to Circular Desalination Models
Future plants should minimize waste through:

* Mineral recovery

* Brine mining

* Zero Liquid Discharge (ZLD)

» Waste heat reuse
* Circular water systems

Brine should be treated as a resource rather than waste.

This improves both sustainability and profitability.
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Recommendation 4: Expand Desalination for Agriculture and Food
Security

Desalination should be integrated with:
* Precision irrigation

* Hydroponics
» Greenhouse agriculture
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» Aquaculture
* Aquaponics

This will support global food security while reducing pressure on freshwater systems.
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Recommendation 5: Strengthen Global Research Collaboration
Future progress requires collaboration among:

» Governments

* Universities

* Research institutions

* Private industry

* Environmental organizations

Key research priorities:

* Energy reduction

* Brine reuse

* Smart automation

* Climate adaptation

* Low-cost desalination systems

Global cooperation is essential.

Recommendation 6: Improve Accessibility for Developing Regions
Affordable small-scale desalination systems should be developed for:

* Rural communities

* Remote islands

* Drought-prone regions
* Low-income nations

Solutions include:

* Solar village desalination
* Portable desalination units
* Modular plants

Water security must become universally accessible.
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Recommendation 7: Integrate Artificial Intelligence
Al should be used to improve:

* Plant performance

* Energy optimization

* Membrane fouling detection
» Chemical dosing

* Predictive maintenance

» Water quality monitoring

Smart desalination will reduce cost and improve reliability.
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13.3 Future Outlook

The future of desalination will move beyond simple freshwater production.
Future systems are expected to become integrated platforms combining:

» Water production

* Mineral enrichment

* Resource recovery

* Agriculture

» Aquaculture

* Renewable energy

« Artificial intelligence

» Environmental sustainability

This new model will transform desalination into a complete sustainability ecosystem.
Desalination will increasingly become central to:

* Global water security

* Food security

* Public health

* Climate resilience

» Economic development

It is expected that future desalination technologies will be:
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* More efficient

* More affordable

* More environmentally responsible
* More accessible globally

13.4 Final Statement

The future of humanity depends heavily on sustainable access to water.

As traditional freshwater resources continue to decline, desalination stands as one of the
strongest technological solutions capable of addressing global water scarcity.

The challenge ahead is no longer whether desalination is necessary.
The real challenge is how to make it:

* Cleaner

* Smarter

* More affordable
* More sustainable
* More accessible

The future of water will define the future of civilization.

And desalination will be one of its most powerful foundations.
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APPENDICES

Appendix A: Global Water Statistics

This appendix contains additional statistical data related to global water resources,
freshwater availability, and water scarcity projections.

Included data:

* Total global water volume distribution

» Freshwater accessibility ratios

* Population under water stress

» Water demand growth projections (2020-2050)
» Regional water scarcity data

« Agricultural water consumption statistics

Purpose:

To provide supporting numerical data for the global water crisis analysis.

Appendix B: Technical Specifications of Conventional
Desalination Systems

This appendix provides general technical specifications for major desalination technologies.
Included technologies:

* Reverse Osmosis (RO)

* Multi-Stage Flash (MSF)

» Multi-Effect Distillation (MED)
* Vapor Compression (VC)

* Electrodialysis (ED)

Included technical data:

* Operating pressure

* Energy consumption

* Recovery rates

« Salt rejection efficiency
» Water output capacity
* Plant lifespan

Purpose:

To provide comparative engineering data.



Appendix C: Advanced Desalination Technologies Data

This appendix includes technical summaries of emerging technologies.
Included systems:

* Forward Osmosis (FO)

* Membrane Distillation (MD)

» Capacitive Deionization (CDI)

» Graphene membranes

* Metal-Organic Frameworks (MOFs)

» Atmospheric Water Harvesting (AWH)

Included data:

» Water flux rates

* Salt rejection rates

* Energy requirements

» Material properties

* Commercial readiness levels

Purpose:

To support future technology analysis.

Appendix D: Brine Composition and Mineral Recovery
Potential

This appendix contains data related to brine composition and extractable minerals.
Included minerals:

» Sodium (Na)

* Potassium (K)

* Magnesium (Mg)
* Calcium (Ca)

* Lithium (Li)

» Bromine (Br)

Included analysis:

* Brine concentration ranges
* Industrial value of minerals



* Recovery technologies
* Economic value estimates

Purpose:

To support circular desalination and resource recovery models.

Appendix E: Drinking Water Quality Standards

This appendix summarizes international drinking water standards.
Included standards:

* WHO standards

» US EPA standards

» Mineral content recommendations
* pH guidelines

* TDS limits

» Hardness levels

 Safety requirements

Purpose:

To support water quality optimization and remineralization chapters.

Appendix F: Agricultural Applications of Desalinated
Water

This appendix includes technical applications in agriculture.
Included systems:

* Irrigation systems

* Hydroponics

» Greenhouse farming
» Aquaponics

» Fodder production

Included analysis:

» Water efficiency rates

* Crop suitability

* Soil salinity management
* Nutrient dosing models



Purpose:

To support food security research.

Appendix G: Aquaculture Water Quality Parameters

This appendix contains aquaculture-related technical standards.
Included parameters:

* Salinity levels

* Dissolved oxygen

* pH balance

» Temperature control

* Nutrient concentration

* Fish species requirements

Purpose:

To support desalination-aquaculture integration.

Appendix H: Economic Cost Models

This appendix includes financial models for desalination projects.
Included analysis:

* CAPEX calculations

* OPEX calculations

* Cost per cubic meter

* ROI models

* Energy cost impact

* Resource recovery income models

Purpose:

To support economic feasibility analysis.

Appendix I: Environmental Risk Assessment Models

This appendix includes environmental assessment frameworks.



Included models:

* Brine discharge impact models

» Marine ecosystem sensitivity analysis
» Carbon emission models

* Chemical pollution monitoring

» Thermal pollution risk analysis

Purpose:

To support sustainability evaluation.

Appendix J: Future Research Areas

This appendix outlines future global research directions.
Key areas:

* Al-driven desalination

* MOF commercial deployment

» Graphene membrane scaling

 Zero Liquid Discharge systems

* Renewable desalination systems

» Smart water grid integration

* Low-cost desalination for developing regions

Purpose:

To identify future scientific priorities.

Appendix K: Glossary of Technical Terms

This appendix provides definitions of important technical terms used throughout the
research.

Examples:

* Osmosis

* Reverse Osmosis
* Brine

* Membrane Fouling
* Remineralization
*TDS

«ZLD



* MOFs

» Hydroponics

» Aquaponics

» Water-Energy Nexus

Purpose:

To improve reader understanding.
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