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Innovation Frameworks In Water Desalination Technologies

Executive
summary

The report underscores the vital importance of innovation
in the desalination industry as a solution to global water
scarcity, exacerbated by population growth, urbanization,
and climate change. Recent technological advancements
have markedly enhanced efficiency and minimized
environmental impacts, revolutionizing water management
through innovations such as advanced filtration systems
and data-driven solutions. Continued support for these
innovations is essential for sustainable development,
economic growth, and securing clean water access for future
generations.

Saudi Arabia has been a leader in innovative desalination

technologies since the mid-1900s, starting with King
Abdulaziz's initiative to import distillation machines.

Saudi Water Authority (SWA) 6

Executive summary

As global water scarcity worsens due to increasing population and
agricultural demand, desalination becomes essential. With less

than three percent of Earth's water being freshwater, converting
saline water through membrane or thermal technologies has proven
crucial. Innovations aim to improve efficiency and reduce energy use,
with emerging technologies like Forward Osmosis and Membrane
Distillation showing promise but needing further development.

The Saudi Vision 2030, launched in 2016 by Crown Prince Mohammed
bin Salman, calls attention to the importance of innovation and its
management in transforming Saudi Arabia's economy and society.

The strategic initiative aims to reduce the Kingdom's reliance on

oil revenues, diversify the economy, and improve public service
sectors such as health, education, infrastructure, recreation, and
tourism. Within this agenda, desalination and the advancement of
more sustainable technologies are crucial, as the water sector is a
cornerstone of Saudi Arabia's strategic planning. The Saudi Water
Authority (SWA) exemplifies this commitment by leading programs to
localize industry and services, raising the percentage of local content,
and enhancing operational efficiency. By fostering the development
and implementation of cutting-edge desalination methods, Vision 2030
ensures water security while promoting environmental sustainability,
and economic growth, setting the stage for a more resilient and
diversified economy.

The report examines three key innovation frameworks in the
desalination industry: Diffusion of Innovation Theory, Open-Closed
Innovation Theory, and the Innovation Cube Framework. These
frameworks help understand the spread of new ideas, balance
internal and external R&D efforts, and align strategic innovation
initiatives. Innovation frameworks are essential in guiding research
and development in desalination, aligning technological advancements
with strategic goals. They encourage collaboration among private
companies, research institutions, and government bodies, promoting
continuous learning, and addressing barriers to technology adoption.
Ultimately, these frameworks assist stakeholders in understanding
adoption dynamics and making informed investment decisions.

The use of frameworks to analyse desalination technologies provides
stakeholders with the valuable opportunity to obtain strategic insights
into innovations within the water sector. The Diffusion of Innovation
Theory helps identify emerging technologies like Forward Osmosis
and Membrane Distillation, which have significant potential but limited
current adoption. The Open-Close Innovation framework distinguishes
between technologies developed through internal research and
development (R&D), such as Reverse Osmosis using Spiral-Wound
Membrane, and those advanced through collaborative efforts, such as
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Forward Osmosis and Membrane Distillation. Lastly, the Innovation
Cube framework categorizes technologies based on their market
impact, strategic fit, and the level of change required.

Together, these frameworks offer a multi-faceted analysis that
aids stakeholders in making informed decisions about investment,
development, and implementation strategies in the pursuit of
sustainable water solutions.

Stakeholders such as governments, non-governmental organizations
(NGOs), research institutions, and the private sector are crucial in
fostering innovation. Governments play an important role in helping
innovation in desalination through financial support, regulatory
frameworks and policy incentives such as fiscal incentives. Therefore,
the involvement of the public sector is crucial to ensure the viability of
large-scale and long-term projects, which are essential for achieving
significant technological breakthroughs.

NGOs promote sustainable practices and help collaboration
among stakeholders. They act as intermediaries, advocating for
environmentally friendly technologies and practices while raising
awareness about the importance of innovation.

Research institutions are at the forefront of scientific discovery and
technological innovation. They drive innovation through research and
education. Moreover, they conduct research to improve desalination
efficiency and effectiveness. These institutions often collaborate with
industry and government agencies to translate scientific advances into
practical applications.

The private sector develops and sells desalination technologies.
Private companies are essential for scaling up innovation and bringing
them to market. They are often more flexible and willing to take risks,
accelerating the development of cutting-edge solutions. Additionally,
public-private partnerships combine the strengths of both sectors.

For sustained progress, the desalination sector needs to keep
innovation and work between countries and different institutions.

The future of innovation in the desalination sector lies in improving
energy consumption. The industry has been dominated by thermal
desalination and Reverse Osmosis, but emerging technologies aim for
greater efficiency and sustainability.

Upcoming trends focus on being more environmentally friendly,
cost-effective, and widely accessible. Efforts include improving
energy efficiency, integrating renewable energy, pursuing carbon
neutrality, and developing carbon offsetting technologies. Additionally,
monetizing by-products from brine and adopting niche technologies
for specific water needs are key strategies. These advancements aim
to reduce environmental impact, lower costs, and enhance freshwater
accessibility.

The strategic approach to innovation in desalination technologies,
leveraging various frameworks and stakeholder collaboration,
ultimately contributes to the global effort to combat water scarcity and
promote sustainable water resource management.



Introduction

In this report, we examine the pivotal role
of innovation and its management in the
desalination industry in combating global
water scarcity. The desalination industry
serves as a critical solution to the global
challenge of water scarcity, providing a
sustainable means of converting seawater
and brackish water into freshwater.

As demographic expansion, urban development, and climate change
place increasing pressure on freshwater resources, the reliance on
desalination technology has grown significantly. This sector has
evolved significantly, marked by technological advancements and
innovations that have enhanced operational efficiencies and reduced
environmental impacts.

Innovation Frameworks In Water Desalination Technologies Saudi Water Authority (SWA)
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Overview of the desalination industry and
the role of innovation in the KSA

Over the past few years, there has been significant
innovation in the water sector, leading to a fundamental
shift in how we manage and conserve water resources.
These advancements, aimed at addressing global water
scarcity, include new filtration methods, nature-inspired
solutions, and data-driven approaches. Together, they
are revolutionizing water management and providing
promising solutions for a sustainable and water-secure
future. It is crucial to support and invest in these
innovations to address water scarcity, drive economic
growth, promote sustainability, encourage collaboration,
and ensure the well-being of future generations.

Innovations in the water sector not only offer effective solutions

to water management challenges, but also create economic
opportunities, align with sustainability goals, promote collaboration,
and ensure access to clean water for future generations. Reflecting
this commitment, Saudi Vision 2030 states: “Through strategic
investments, the fostering of new industries, and the nurturing of

exceptional leadership, the Kingdom is accelerating growth and building

a resilient economy that stands at the forefront of global innovation and

development” (KSA, 2023).

Overview of the desalination industry and the role of innovation in the KSA
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The Saudi Vision 2030, launched in 2016
by Crown Prince Mohammed bin Salman,
emphasizes the importance of innovation
in transforming the economy and society of
Saudi Arabia. It stress the role of innovation

and local content in transforming the economy

and reducing dependency on oil revenues.

In alignment with this vision, the water sector, especially through

desalination, plays a crucial role. The Saudi Water Authority exemplifies

this devotion by leading programs to localize industry and services,
increasing the percentage of local content, and enhancing operational
efficiency. In 2023, through its operating arm, SWCC, SWA directed
over 64% of its total spending domestically, amounting to 11 billion
riyals, showcasing a robust commitment to local content policies and
achieving a 100% implementation rate.

This commitment to innovation, in the Saudi water sector, was
reinforced by the establishment of the Saudi Water Innovation Center.
This center aims to foster innovation, support entrepreneurs, and
bolster local businesses, particularly small and medium enterprises
(SMEs), through infrastructure development. Its objective is to

align with Saudi Vision 2030 by localizing the manufacturing sector,
increasing output, and creating job opportunities for Saudi youth.

The center, in partnership with the General
Authority for Small and Medium Enterprises
and SWA, supports innovations in water
technologies and aims to increase local
content in industries within the sector.

This initiative is part of broader efforts by SWA to enhance water
security and achieve self-sufficiency in desalination products. Other
initiatives such as mining seawater, recycling reverse osmosis
membranes, and developing local competencies highlight SWA’s
dedication to innovation and economic diversification.

Saudi Water Authority (SWA)

13
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The adherence to these policies can be
observed in Figure 1, which shows the
evolution of the local content percentage in
the expenses of SWA's operational arm, SWCC.
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Figure 1. Evolution of the Local Content Percentage in SWCC's expenses 2018-2023

This financial duty also translates to a plan to localize several
components of the desalination industry each year, for example:

« In 2024, SWA aims to produce: sealants, chemicals washing
materials for membranes, and cartridge filters
e In 2025, pumps, motors, and valves larger than 40 inches

Through the integration of innovation and local content strategies,
Saudi Arabia is well-positioned to achieve the ambitious goals outlined
in Vision 2030. The water sector, especially through the initiatives

led by SWA, demonstrates the alignment between national strategic
priorities and the practical application of innovative and sustainable
practices in desalination.

Overview of the desalination industry and the role of innovation in the KSA 14
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History and Background
of Desalination Technologies

The Kingdom of Saudi Arabia has long recognized the
importance of addressing water scarcity and has been
at the forefront of innovating desalination technologies.
From the early assessment of water needs to the
present day, Saudi Arabia has consistently invested

in research and development to ensure a sustainable
supply of fresh water. In the mid-1900s, the Kingdom
faced the challenge of meeting the water demands of its
growing population and the influx of pilgrims and Umrah
performers in Makkah.

To secure a fresh water supply for these needs, King Abdulaziz

bin Abdulrahman Al Saud took decisive action. He authorized the
importation of large machines for distilling seawater, ensuring a water
supply for both residents and visitors.

This commitment to innovation continued to evolve, and in 1974, the
Kingdom took a significant step forward. A royal decree was issued

to establish the Saline Water Conversion Corporation (SWCC), which
played a pivotal role in advancing desalination and water transmission
technologies. However, it is important to note that the Kingdom's
support for innovation in desalination extends beyond SWCC.

Saudi Water Authority (SWA) 15
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Saudi Arabia has fostered a culture

of innovation and investment in

cutting-edge desalination technologies.
Through partnerships with leading research
institutions and private sector collaborations,
the Kingdom has actively supported the
development of new methods and processes
for water creation.

The government has encouraged research and development
initiatives to explore alternative desalination techniques, improve
energy efficiency, and enhance the sustainability of water production.
These efforts have led to the adoption of advanced technologies
such as Reverse Osmosis (RO), Multi-Effect Distillation (MED), and
solar-powered desalination. Furthermore, Saudi Arabia has actively
promoted knowledge sharing and international cooperation in the
field of desalination. By investing in research, fostering innovation,
and promoting collaboration, the Kingdom of Saudi Arabia continues
to make significant strides in addressing water scarcity challenges.

Its support for innovative desalination
technologies ensures a sustainable supply of
fresh water for its population and contributes
to global advancements in water management.

The concept of Reverse Osmosis was first proposed in the 1950s
when researchers began investigating synthetic membranes for water
purification. The first successful application of Reverse Osmosis
occurred in the late 1950s when University of California at Los Angeles
(UCLA) researchers Sidney Loeb and Srinivasa Sourirajan developed a
synthetic membrane capable of desalinating seawater.

The early RO membranes were made of cellulose acetate, a readily
available and inexpensive material. However, these membranes were
prone to fouling and degradation, which limited their effectiveness over
time. In the 1960s, researchers began to investigate using thin-film
composite (TFC) membranes, which were more durable and resistant
to fouling (SWCC, 2023). Since the introduction of RO, the desalination
industry has witnessed continuous innovation and refinement.

History and Background of Desalination Technologies 16
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Energy recovery devices were introduced to
optimize energy consumption and reduce
operational costs.

These devices capture and reuse the energy that is typically lost during
the desalination process, improving overall efficiency, and making
desalination more sustainable. Enhanced membrane technologies have
also played a significant role in the advancement of desalination. Thin-
film composite membranes, for example, have demonstrated improved
performance and durability compared to earlier membrane types.

These advancements have increased the efficiency and reliability of
desalination processes, making them more attractive for large-scale
water production. As a result of these advancements, desalination has
emerged as a critical solution for addressing water scarcity, particularly
in arid regions around the world. By converting seawater or brackish
water into freshwater, desalination offers a viable and sustainable
option for meeting the increasing demand for clean water resources.

It provides a reliable source of freshwater
that is not dependent on rainfall or traditional
freshwater supplies, thereby enhancing water
security and resilience in water-stressed
regions.

The historical development of desalination technologies highlights

the progress made in overcoming water scarcity challenges. Through
continuous innovation and refinement, desalination has evolved into a
practical and effective solution for ensuring water security in
water-stressed regions globally. By harnessing the power of distillation
techniques, Reverse Osmosis, energy recovery devices, and enhanced
membrane technologies, desalination has transformed into a key pillar
of modern water management, offering access to clean and freshwater
resources for communities and industries alike. The KSA recognizes
the importance of desalination and the development of technologies
in the water sector to ensure water security, promote environmental
sustainability, and drive economic growth.

The 2030 Vision sets the stage for a more
resilient and diversified Saudi economy.

Saudi Water Authority (SWA) 17
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Report’s objectives

The main goal of this report is to offer
a thorough analysis of the innovation

frameworks used in desalination technologies.

It will specifically focus on their historical
development, current advancements, and
future potential.

The report aims to highlight the advantages of integrating an innovation
framework into the technological strategy of organizations within the
desalination industry. By tracing the evolution of desalination technologies
from their inception to the present day, this report emphasizes the sector's
key milestones, breakthroughs, and main innovations.

The report covers the transition from early membrane technologies
to advanced methods such as Reverse Osmosis (RO), Multi-Stage
Flash Distillation (MSF), and emerging techniques such as Forward
Osmosis (FO) and Membrane Distillation (MD). It also analyses recent
advancements in desalination technologies that have improved
efficiency, sustainability, and cost-effectiveness. The desalination
technologies investigated and detailed in this report are some of the
most studied technologies in the world in the last 2 decades.

SWA and its research arm, the Water
Technologies Innovation Institute and
Research Advancement (WTIIRA) have been
working on a wide range of desalination
technologies since 1987.

01 Introduction
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Most of these technologies were not included in this report, as

the report focuses on understanding the innovation frameworks

and giving relevant examples for each framework model selected.
Furthermore, the report employs specific innovation frameworks, in
order to comprehend the patterns of adoption, strategic alignment,
and market impacts of various desalination technologies. By utilizing
these frameworks, the report will provide a structured analysis of the
different technological approaches within the field of desalination.

This will enable a comprehensive evaluation of the advancements,
challenges, and potential future directions of each technology.
Therefore, using these frameworks, the report seeks to provide a
deeper understanding of the current state of desalination technologies
and their potential for further innovation and improvement.

In addition, this report also aims to explore the role of different
stakeholders, such as government agencies, research institutions,
non-governmental organizations (NGOs), and the private sector,
and to illustrate how collaborative efforts and partnerships between
these parties can enhance technological advances. Looking ahead,
the report provides a perspective on possible future developments
in desalination technologies.

It identifies emerging trends, recommends
strategic actions for stakeholders, and
underlines the importance of continuous
innovation and international collaboration
to achieve sustainable water management.

Saudi Water Authority (SWA) 19



03 Desalination
Technologies:
A Focus on Innovation

Water scarcity is a global concern that is

expected to worsen in the coming years.
The increase in population and the rising demand for agriculture have
led to a significant rise in human water usage in recent years. This has

created strain on the world's water sources, impacting access to clean
water and overall public health worldwide.

Innovation Frameworks In Water Desalination Technologies Saudi Water Authority (SWA)
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Less than three percent of the Earth's water is considered freshwater
and is readily available for direct use. The majority of the world's water
is found in the form of seawater, which is unfit for consumption due

to its high salinity levels. Additionally, sources like groundwater and
produced water from oil and gas extraction also contain salt ions,
making them saline. Therefore, desalination technologies are essential
for converting saline water into freshwater (Ahmad et al., 2021).

Over time, desalination has primarily relied on two types of
technologies: membrane-based and thermal-based approaches.
However, other methods utilizing electrochemical, or hybrid
principles have also been explored. Innovations in desalination have
predominantly focused on enhancing efficiency and sustainability
within these two primary processes.

In recent years, emerging desalination
technologies have demonstrated significant
potential in various areas.

Researchers have focused on developing processes with lower

energy demands to address challenges faced by existing Reverse
Osmosis, MED, and Multi-Stage Flashing (MSF) technologies. These
new desalination technologies have the capability to rival traditional
methods for seawater desalination, or even outperform them in
specialized applications. However, their widespread adoption hinges on
further scientific advancements to achieve optimal performance and
energy efficiency.

22
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One strategy for reducing energy consumption in desalination
processes involves harnessing the osmotic energy of saline solutions

to decrease the overall energy usage in Reverse Osmosis. Forward
Osmosis (FO) stands out as a prominent example of osmotically driven
desalination, with research in this area experiencing a significant
upsurge since the early 2000s. Despite the touted advantages of

FO over RO, its commercial implementation still faces significant
challenges (Ahmad et al., 2021). Progress in FO has also paved the way
for the development of other osmotically driven processes, such as
Pressure Retarded Osmosis (PRO).

Another promising emerging desalination technology is Membrane
Distillation (MD), a thermally driven membrane process where
vapor penetrates through membrane pores due to a vapor pressure
difference. MD boasts lower heating requirements compared to
traditional thermal desalination methods, and its modular design
offers simplicity and compactness.

Despite years of research on innovative membrane materials and
system design, both FO and MD technologies are mainly limited to
pilot-scale facilities. Ongoing efforts are aimed at exploring these
technologies as competitive alternatives to RO and for applications
such as treating rejected brine (Ahmad et al., 2021).

Innovation Frameworks In Water Desalination Technologies Saudi Water Authority (SWA) 23
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Membrane Technologies

Membrane
Technologies

Reverse Osmosis

Reverse Osmosis is a non-phase change separation
process that involves the separation of two or more
components by means of applied pressure. The RO process
is widely used in the water desalination industry across the
world, producing more than 70% of the total desalinated
water (Jones et al., 2019). It works on pressurizing a
solution against a solvent-selective membrane that

allows only the liquid phase to pass out, leaving the solid
components (salts, organic compounds) in the retentate.
The main reason for its dominance is its low energy
consumption as compared with distillation techniques such
as Multi-Stage Flash (Shrivastava & Stevens,2018).

Figure 2 shows a schematic of a typical RO process. In RO, the
membrane is made up of polymeric materials such as cellulose
acetate, and polyamide, as a thin film composite, over a non-woven
support layer. The RO process requires an applied pressure higher
than the osmotic pressure of the solution. The osmotic pressure
depends upon the concentration of salt in the solution; therefore, at
very high salinity feed solutions (>50,000 mg/L), RO could become a
less efficient process (Davenport et al., 2018).

—>  Brine

Saline water

Semi-permeable
RO membrane

Fresh water

Figure 2. A schematic of the Reverse Osmosis process. A saline feed water is pumped
to the RO membrane at higher pressures, producing brine and freshwater as products.
Source: WTIIRA
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The RO process consists of two main components: 1) feed pump,
and 2) membrane. However, in desalination applications, it is
supported by two other components: a) pre-treatment, and b)
post-treatment. The pre-treatment is critical in RO operations as
it disinfects, filters the feed water, and adds chemicals to prevent
fouling at the membrane surface and other components.

The post-treatment consists of the adjustment in the product water
quality as per the set standards before it is dispatched out to the
water distribution network. It generally includes pH, and mineral
adjustment, and occasionally disinfection agents.

RO membranes exist in two main types, spiral wound, and hollow
fibre, but spiral wound membrane modules are often preferred for
their high performance, engineerability, flexibility, and relatively
lower cost. Thin film composite membranes (spiral wound

modules) have become dominant in the last decade. For industrial
applications, RO membranes should possess higher packing density,
in a way that a larger membrane area can be packed into a relatively
small volume to ensure the compactness of the module.

Figure 3 shows some of the general-purpose membranes used

in the RO process.

Ew)

Y O-ring Collecting
Pipe Permeate
O-ring

Concentrated

—
Permeate
—

—>
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Feed Water
Separator

> A
Permeate Separator

Membrane

Membrane

Figure 3. A schematic and digital photo of an RO membrane used in the desalination
process. Source: (New Filtration Technology, 2024).

Unlike simple thermal processes, Reverse Osmosis is an isothermal,
pressure-driven process. The theoretical minimum energy needed
to run the desalination process is much lower in RO than in its
thermal counterparts (Nurjanah et al,. 2024). RO is between 3 to

5 times more energy efficient than thermal desalination processes.
This fundamental difference underpins several advantages that the
RO process offers in water desalination applications (Kress, 2019).
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However, despite its status as a proven and well-mature
technology, RO also faces some challenges (Qasim et al., 2019). In
Table 1, both the advantages and limitations of the RO process in
water desalination are presented:

Advantages Limitations

Low specific energy consumption (SEC):
The overall energy needed in the RO process
is lower than in other desalination processes,
therefore, the energy required to produce a
unit amount of water is lower.

High-grade energy: The RO process is run
by pressure pumps, which require
high-grade energy to operate.

Compact modular design: The RO mem-
branes come with a modular design and com-
pact size, which allows the whole process
flexible and easy to handle.

Membrane fouling: The membrane fouling
in RO is a major bottleneck in the process,
which requires periodic cleaning.

Ambient working temperature: Lower
working temperature increases the life
of various metallic components.

Osmotic limitation: The RO process is
limited by the concentration of the feed
solution. At high feed concentrations,
the applied pressure becomes extremely
high, making the process less efficient.

High recovery ratio: The water recovery
ratio in the RO process is higher than in
the thermal processes.

Pretreatment: The RO feed stream
requires multiple pretreatment methods,
which increases the cost of

the process.

High rejection rate (>99%): RO membrane
is a dense membrane, rejecting most of the
salts presentin the

feed solution, producing high-quality perme-
ate water.

Chemical cleaning: RO membranes
require periodic chemical cleaning to
ensure their continuous performance
with time.

Energy recovery: The pressure energy from
the RO brine stream can be recovered using
energy recovery turbines, which account for
20 — 40% of the input energy.

Brine treatment: Due to its low recovery
ratio, at least half of the feed solution
rejected as a brine has high salinity,
which poses a challenge in its disposal.

Higher flux: The permeate flux of the RO

membrane is considerably higher than other
membrane methods, e.g. FO, and can be ad-
justed easily by adjusting the feed pressure.

Membrane Technologies

Table 1. Advantages and limitations of RO technology
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Through its temporary operational arm,
SWCC, SWA is using the RO process in most
of its desalination plants. The utilization of
these RO technologies comes along with
other innovative processes such as brine
mining, and salt extractions:

Zero liquid discharge (ZLD): Using ultra high-pressure membranes,
the RO process can be used for ZLD, which results in better brine
concentration.

1. Brackish water treatment system: Water treatment requirements
in countryside areas may rise in the near future. RO may be a
potential technology to address that challenge.

2. Production of ultrapure water: Ultrapure water can be produced
for specific applications, such as semiconductor, pharmaceutical,
and hydrogen production industries by multiple passes of the RO
process.

3. Resource recovery: Some economically valuable salts (such as Li)
can be extracted from the RO brine.

Saudi Water Authority (SWA) 27
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Membrane Technologies

Membrane Distillation

Membrane Distillation is a thermal separation process
that offers several advantages over traditional distillation
processes. In the conventional distillation process, a
component is separated from a multi-component mixture
by the phase-change process. At normal temperature and
pressure (NTP), the phase-change process takes place at
the boiling point temperature. At elevated temperatures,
however, heat losses, scaling, and component wear and
tear increase.

In Membrane Distillation, the phase-change process can take place
at temperatures lower than the boiling point of the liquid. This is
done by creating a vapor pressure difference between two fluids
separated by a membrane (Lawson & Llyod, 1997). The membrane
serves two purposes: one, to separate two vapor pressures, and
two, to condense vapor. This reduces the large vapor space in a
Multi-Stage Flash down to sub-millimetre length membrane pores.
The MD process therefore combines the benefits of conventional
distillation and membrane processes (Mustakeem et al., 2022).

Figure 4 shows a schematic of a typical MD process. In MD, the
membrane plays a crucial role, due to its hydrophobic nature, it
allows only the vapor phase to pass through while retaining the
liquid and solid phases. Even though the membrane provides some
level of mass transfer resistance to the vapours, its use allows a
partial pressure gradient and a reduced vapor space.
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Thickness (d )

Figure 4. A typical illustration of the Membrane Distillation process. The feed
steam flows along the MD membrane at higher temperatures producing vapors,
which travel down to the permeate side. Source: (Davenport et al., 2018).

Technical specifications

The MD system consists of three components: 1) feed, 2)
membrane, and 3) permeate. In the feed portion, a liquid (saline
water) comes in contact with the MD membrane at elevated
temperatures, creating partial pressure (Johnson & Nguyen, 2017).
The membrane provides separation and a pathway to move the
generated vapours from the feed side to the permeate side. The
permeate part collects the transferred vapor mass.

The feed stream always flows in contact with the MD membrane,
creating a crossflow configuration. The vapours are moved through
the membrane pores due to the partial pressure difference
between the two sides. The most commonly used membrane
types are polymeric hydrophobic, such as polyvinylidene
difluoride (PVDF) and polytetrafluoroethylene (PTFE), although
ceramic membranes have also been successfully implemented
recently. Based on the permeate vapor mass collection, four MD
configurations can be used as shown in Figure 5.
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Figure 5. A schematic representation of various MD configurations. As shown in figures A- D, the feed
side is the same and differs at the permeate side only. Source: WTIIRA

Membrane Technologies

The driving force for the mass transfer (vapor transfer) is the
difference in partial pressure of two fluids (i.e. feed and permeate)
across the membrane. The vapor pressure is directly proportional to
the temperature according to the Antoine equation, which describes
the relation between pressure and temperature. In this way, the
temperature difference creates the driving force. The higher the
temperature difference between the two sides, the higher the
driving force.

As a thermal process, Membrane Distillation utilizes the heat of
vaporization, similar to other thermal processes such as Multi-Stage
Flash and Multiple Effect Distillation (Nassrullah et al., 2020).

Thermodynamically, the heat of vaporization is the same across
these processes. However, MD brings several unique advantages

to water desalination applications. It has been proven to be robust
in treating high saline feed and has the capability to work with low-
grade (renewable) energy sources (Ghaffour et al., 2019). Despite
these benefits, the full-scale implementation of MD still faces some
challenges. Table 2 presents both the advantages and limitations of
the MD process in water desalination.
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Low-grade input energy: The energy
source to heat up the feed fluid can
be low-grade, such as heat from solar
collectors, and processes.

Thermal polarization: The
temperature difference between
the bulk fluid and the membrane
interface reduces its efficiency.

Low temperature: Lower temperature
allows for retaining flavour and organo-
leptic characteristics of some processes.
Furthermore, it lowers the scaling, and
wear and tear in the system components.

Low recovery ratio: The recovery ratio
of the feed is lower as compared to
other desalination technologies such
as RO, and ED.

Compact size: The footprint of the MD
system is low.

Flux: The flux is relatively lower as
compared with the other desalination
processes

Reduced vapor space as compared with
MSF.

Conductive losses: The thermal
conductivity of the MD membrane
increases heat loss from the feed
water.

High rejection rate (>99%): Produces
high-quality permeate water.

Thermal process: Due to the enthalpy
of vaporization (=2400 kJ/kg), the
thermal process in general is energy
intensive. However, by utilizing waste
heat or renewable heat, this can

be sustainable.

Less fouling propensity: It reduces the
frequency of membrane cleaning and
replacement.

High saline feed: Able to use high
salinity feed close to the saturation
point. It opens the possibility for:
A. Membrane crystalizer

B. RO brine treatment

Less feed pre-treatment, no osmotic
limitation.

Desalination with close to Zero Liquid
Discharge.

Table 2. Membrane Distillation advantages and limitations.
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Membrane Distillation (MD) holds significant
promise for the future of water desalination,
offering various opportunities to enhance its
application and effectiveness. Following are
some key opportunities for this technology:

1. MD modules: There is a need to explore different kinds of MD
modules and configurations that can produce high flux with less
energy losses. A high surface area module such as spiral, or
hollow fiber can be a scope for future work.

2. Multi-stage: A multi-stage module configuration can be a future
improvement, possibly achieving an increase in heat recovery
and water production.

3. Energy sources: Incorporating renewable energy sources, such
as heat from geothermal sources, and solar collectors would
project its viability for various application ranges.

4. Membranes: There are no MD specific desighed membranes
available currently. This opens a very promising area of MD
membrane design and synthesis.

5. Scale up: Scaling up the MD system would require more testing
under various operating conditions.

6. Hybrid system: The MD can be combined with other processes
to overcome the barriers of individual processes and use their
synergistic features to improve the overall performance of the
hybrid system.

7. Ceramic Membranes: Ceramic membranes can be a potential
replacement for the existing polymeric membranes due to their
capability to be used in harsh environments, and they are easy to
coat with different coating materials.

8. Process design and configuration: The MD process can be
configured to produce maximum heat recovery and flux under
various input parameters.
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Forward Osmosis

Forward Osmosis is an innovative process that desalinates
feed water by using a chemical draw solution that has a
very high osmotic pressure on one side of a semipermeable
membrane. Because of the high osmotic pressure of the
draw solution, freshwater is drawn from the feed seawater
to dilute the draw solution (Dsilva et al., 2022).

The diluted solution has to go into a process of separation to
separate the freshwater as a product and regenerate the draw
solution for the next cycle of operation. The draw solution used in
this project is dimethyl ether because of its relevant low thermal
requirements for regeneration (Monjezi et al., 2014). Solar thermal
energy is utilized to supply the needed thermal energy for this
separation process. Figure 6 outlines the schematic of the proposed
FO system.

Semi-Permeable
Membrane

T Diluted Draw Solution

Treated Wastewater
(or seawater S
brackish water) B . Solar thermal

Draw Solution % 5 Energy

Tank b3y <«

oz
Concentrated
%
Concentrated Draw Solution Fresh Water

Figure 6. Schematic diagram of the FO system showing how the solar thermal energy is
used to re-generate the draw solution that “pulls” freshwater through the semi-permeable
membrane. Source: WTIIRA
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Technical specifications

In Table 3 the specifications and boundary conditions of the
designed FO system are represented, but this is prone to changes
during the actual deployment of the unit.

Type of system

TDS feedwater
capacity

System
configuration

TDS of produced
water

Produced water
recovery
rate

Electrical
configuration

System
production
capacity

System control

Draw solution
type

Forward Osmosis
with thermal

draw solution
regeneration. The
draw solution is
dimethyl ether
(DME) with an initial
concentration of
12%.

>35,000 TDS

Integration to CSP
Variable flow rate

400 ppm

50%

3-phase 380-415V

1 m3/hour

PLC

Organic
Non-toxic

System
monitoring

Membrane type

Power
requirements

Operational
period

Hydraulic
pressure
requirements

System cleaning

Operational
temperature
range

System
Lifetime

Draw solution
type

Table 3. Forward Osmosis desalination system technical data.

Membrane Technologies

Temperature
Pressure
Flow rate
Conductivity
Draw solution
concentration

FO

Below 0.5 kWh/m?3
electricity
Below 35 kWh/m?3 heat

Intermittent operation
(<2-hour start-up time)
Continuous operation

-5 bar

Backwashing

>3 months (continuous
operation)
Immediately on system
shut down (intermittent
operation)

0-140°C

>20 years

Organic
Non-toxic
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Ability to utilize solar thermal energy
without the need for energy storage
systems.

Technical risks associated with the
technology.

Competitive levelized cost of water
(LCOW) at around 2.5 SAR/m? for
green desalination technologies.

Limited lifetime of the membrane and
ability to maintain designed freshwater
flux.

Suitable for decentralized desalination
systems, supporting the new vision of
the Saudi Water Authority (SWA).

Scaling and fouling issues, similar to the
RO process, requiring pre-treatment of
feed water.

Applicable to seawater, brackish, and
wastewater treatment.

Control of the DME concentration and
minimizing the need for re-charging the
system.

Represents a great opportunity for
cost-effective, renewable energy-pow-
ered water treatment systems

in the kingdom.

Necessity of an efficient regeneration
unit based on a flashing process for
separation of DME and freshwater.

Requirement of control loops and
instrumentation to ensure optimal
results.

Table 4. Forward Osmosis advantages and limitations.

In summary, using Forward Osmosis technology along with solar
thermal energy for seawater desalination shows great promise
for sustainable water production. FO works by leveraging natural
osmosis principles and thermal regeneration, powered by solar
energy, to create freshwater without relying heavily on traditional

energy sources.

One of the key benefits of FO is its ability to operate efficiently with
intermittent renewable energy, like solar power, without needing

costly energy storage systems.

This flexibility opens doors for decentralized water treatment
systems, aligning well with goals for sustainable water management.
Additionally, economic assessments suggest that FO can deliver
freshwater at a competitive cost compared to other green

desalination technologies.
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However, there are challenges to address, such as ensuring the
lifetime of membranes and preventing issues like scaling and
fouling. Strategies like effective pre-treatment and optimized draw
solution regeneration processes are crucial to maintaining the
performance and durability of FO systems.

Moving forward, ongoing research and partnerships, like the
collaboration between the temporary innovation arm of SWA,

the Water Technologies Innovation Institute and Research
Advancement (WTIIRA), and the King Abdullah City for Atomic

and Renewable Energy (KACARE), will continue refining FO
technology for broader implementation. The potential to apply FO
beyond seawater desalination to treat brackish and wastewater
highlights its versatility and importance in addressing water scarcity
challenges sustainably.

In conclusion, combining Forward Osmosis with solar thermal
energy represents a step towards realizing renewable-powered
desalination solutions that are both economically viable and
environmentally friendly.
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03

DESALINATION
TECHNOLOGIES: A
FOCUS ON INNOVATION

Thermal
Technologies

Through its operational arm, SWA owns a large number of
thermal desalination units that include Multi-Stage Flash
desalination and Multi-Effect Desalination technologies,

located on the western and eastern coasts of the Kingdom.

They have been established since the 1970s to provide
the Kingdom’s needs for desalinated water, and a large
percentage of drinking water still comes from thermal
desalination plants such as Jubail, Ras Al-Khair, and
Yanbu plants.

Innovation Frameworks In Water Desalination Technologies Saudi Water Authority (SWA)
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Multi-Stage Flash Distillation MSF offers several notable advantages,
Including its robustness, high reliability,
and ability to handle large volumes of water.
However, despite its widespread use and

Multi-Stage Flash Distillation is a water desalination process proven effectiveness, MSF also faces certain

that distils sea water by flashing a portion of the water into limitations. In Table 5 both the advantages
steam in multiple stages of what are essentially counter- and limitations of the MSF process in water
current heat exchangers (Kress, 2019), as shown in Figure 7. desalination are presented:

MSF plants have been designed to work at top brine temperature
(TBT) at around 110°C, with a gain-out ratio (GOR) of around

6 to 10 (Tareemi & Sharshir, 2023).
Advantages

Very high reliability Higher capital cost
Steam Steam Vacuum - - - :
In Seawater Ease of operation Higher electrical energy consumption
In for pumps around 4 kWh/m?
{ l { l { High purity of water produced Higher thermal energy consumption is
equivalent
m N, m N m R to power of 12 - 18 kWh/m3
— — ] Freshwater Simple water pretreatment Limitations in increasing its efficiency
Out and reducing fuel consumption due to
/! /! /! S thermodynamic and design issues
E // // // Withstanding the changing seawater
conditions
~ First Stage Second Stage Third Stage e Lm0 GOt 6 rEerer e
Out
%
Ability to provide large production of
Condensate DN 70T
Out
Can reach up to 20 million gallons per
unit

Figure 7. Multi-Stage Flash Distillation process. Source: (Ghernaout et al., 2023)

Table 5. Advantages and limitations of MSF distillation.
Source: (Kress, 2019; Tareemi & Sharshir, 2023)
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Multi-Effect Distillation

Multiple-Effect Distillation is the low-temperature thermal
process of obtaining fresh water by recovering the vapor
of boiling seawater in a sequence of vessels, as shown

in Figure 8 (called effects), each maintained at a lower
temperature than the last.

Because the boiling point of water decreases as pressure
decreases, the vapor boiled off in one vessel can be used to heat
the next one, and only the first one (at the highest pressure)
requires an external source of heat (Kress, 2019). MED systems
have been designed at TBT of 65° C and GOR of around 8 to 10.

Main Ejector/Thermo compressor

Steam Supply
—
e [ ] | —
Feed Water Scale Inhibitor l Vent
e Ejector
m m m @ Seawater
h L e N Y £ Discharge

— )

o5 4

v |
1 ‘% L —— % - L FLR Lﬂ\J’L_Lﬂ_j_L_ <—Seawater

. . e
T LA T Lg_ ; Condenser Esrﬁenser 2uppy

y 11

1st Effect

1st Effect 1st Effect 4th Effect

) = = &&= L

Product
Water

Brine
Blowdown

Figure 8. Multi-Effect Distillation process. Source: (Boerlage & Nada, 2015).
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However, while MED offers several advantages,
Including high energy efficiency and scalability,
it also faces certain limitations such as

higher capital costs and complex operational
requirements. Table 6 presents a detailed
overview of the advantages and limitations of
the MED process in water desalination (Kress,
2019; Tareemi & Sharshir, 2023):

m

Very high reliability Higher capital cost.

Higher thermal energy consumption is

Ease of operation
equivalent to power of 8 - 10 kWh/m?

MED works with low TBT of around
65° C due to the tendency of scale
formation on the tubes that is difficult
to remove

High purity of water produced

Simple water pretreatment

Withstanding the changing seawater
conditions

Low cost of maintenance

The ability to provide large production of
water from up to 20 million gallons per
unit

Lower electrical energy consumption for
pumps around 2 kWh/m?

Table 6. Advantages and limitations of MSF distillation.
Source: (Kress, 2019; Tareemi & Sharshir, 2023)
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Innovation
Frameworks and
Technology

As stated previously, the primary objective
of this report is to explore and analyse the
application of innovation frameworks for
the advancement of technology in the water
desalination industry.

With this objective, we aim to provide insight into how to apply

the different innovation frameworks to the water desalination
technologies. Specifically, this analysis focuses on three prominent
innovation theories: Diffusion of Innovation Theory, Open-Closed
Innovation Theory, and the Innovation Cube Framework. By
examining these frameworks, we seek to uncover the mechanisms
behind the spread of new ideas, the balance between internal and
external R&D efforts, and the strategic alignment of innovation
initiatives.

An innovation framework transcends mere process; it embodies

a mindset that provides a structured approach for organizations

to manage new ideas, evaluate opportunities, and implement
transformative solutions. Without frameworks, even the most
promising ideas can become disorganized during implementation
or fail to align with the organization’s strategic goals and objectives
(Bosch, 2024).

We aim to emphasize the potential for driving development, adoption,
and innovative solutions in the desalination industry by understanding
and analysing these technologies through such frameworks. Our goal is
to contribute to sustainable water resource management and address
the critical issue of global water scarcity through the development of
technology and effective innovation management within organizations.
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Categories of Adopters
and Their Behaviour

Diffusion of Innovation Theory:
Understanding Adoption Patterns

04

INNOVATION . . . . .
FRAMEWORKS AND The Diffusion of Innovation is defined as a theory that
TECHNOLOGY

Diffusion of Innovation Theory: Understanding Adoption Patterns

The Diffusion of Innovation Theory, popularized by Everett
Rogers in 1983, explores how an idea, practice, or object
perceived as new spreads within a society. This framework
is crucial in understanding how innovations in the
desalination industry can gain acceptance and widespread
adoption. The newness of an innovation does not necessarily
involve new knowledge.

An individual may have been aware of an innovation for some time
but have not yet developed a favourable or unfavourable attitude
toward it, nor have they adopted or rejected it. The "newness"
aspect of an innovation can be defined by knowledge, persuasion,
or a decision to adopt. Diffusion is the process by which an
innovation is communicated over time through specific channels
among members of a society. It is a unique form of communication
as it involves the transmission of new ideas.

Communication, on the other hand, is a process where participants
create and share information to achieve mutual understanding
(Rogers, 1983). Mapping the application of desalination into the
Diffusion of Innovation Theory can help organizations understand
the process of adoption and the different strategies needed to
appeal to each group of adopters.

44

explains how new ideas and technology spread and how
different groups of people adopt them. As shown in Figure
9, the Diffusion of Innovation Theory divides the population
into five groups: innovators, early adopters, early majority,
late majority, and laggards.

Innovators are the first to try new innovations, while the early majority
and late majority adopt them after seeing evidence of their effectiveness.
Laggards, the last group to adopt, tend to stick to traditional products
until they are no longer available. This categorization is relevant

in various fields, including technology and business, as it helps to
understand the process of adoption and the different strategies needed
to appeal to each group. The Diffusion of Innovation Theory is a valuable
framework for understanding the dynamics of innovation adoption and
can inform strategies for reaching different segments of the population
(Rogers, 1983).

By applying this theory to the desalination sector, organizations can
tailor their innovation strategies and marketing efforts to target specific
adopter groups. For example, innovators may be more interested in the
technical aspects and potential disruptive impact of desalination, while
the majority groups may be more concerned about cost-effectiveness
and reliability.

13.5% 34% 35%
2.5% | Early Early Early 16%
y Innovators | adopters majority majority Laggards

Figure 9. Adopter categorization. Source: (Rogers, 1983)
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An innovation framework addressing Open-Close Innovation Theory: Balancing
technology adoption is crucial for Internal and External R&D

organizations due to barriers that can

impede innovation adoption, despite 04

potential benefits. In Table 7 potential %%EEEQ%SAND

benefits and barriers to adoption are listed.

Open-Closed Innovation Theory suggests that companies
should strike a balance between internal and external

vantages Limitations e : - o s
competitive in today's market dynamics. While internal

Technical Challenges: Unproven Cost Mitigation: Providing financial R&D fosters creativity and protects intellectual property,
technologies may face scepticism incentives, subsidies, or phased external collaboration enables access to diverse expertise
regarding their reliability investment plans can lower the entry

and efficiency. barriers for new technologies. and resources.

By combining both approaches, companies can maximize innovation

High Initial Costs: The substantial Regulatory Advocacy: Engaging with potential, leveraging internal strengths while tapping into external

investment required for new policymakers to streamline regulations knowledge and networks. This balanced approach not only accelerates

technologies can deter early and create favourable conditions for the innovation process but also enhances agility and adaptability,

2l [0S (BT eeleishEs. TimeEten eelerien. which are essential traits for navigating complex business landscapes.
Ultimately, embracing Open-Close Innovation Theory empowers

Regulatory Hurdles: Complex Pilot Programs: Implementing small- companies to continuously evolve and thrive in a constantly changing

regulatory requirements can slow down| scale pilot projects to demonstrate environment

the diffusion process. the effectiveness and reliability of new ’

technologies. _ _ . .
Figure 10 visually represents the concept of Open-Close innovation,

displaying the simultaneous utilization of internal and external sources

Cultural Resistance: Traditional Education and Outreach: Conduct L . - . .
methods and scepticism towards awareness campaigns and educational to drive innovation within an organization or industry.
new technologies can hinder adoption | programs to address cultural resistance
among laggards. and highlight the benefits of new |
technologies. ?rgl]ggtry Idea Rough Detailed IMarket
Markets Generation

|
|

Concept | Concept ILaunch
| |
|
|

Table 7. Barriers to adoption and strategies to overcome barriers on Diffusion of Innovation Theory

|
Creative process

Figure 10. Open-Close innovation. Source: (Chesbrough, 2003)
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Open-Closed Innovation Theory is highly relevant to the field of
desalination technologies. Companies involved in developing
desalination technologies can benefit from adopting a balanced
approach between internal and external R&D efforts. Internal R&D
allows companies to foster creativity within their organization and
protect their intellectual property which is crucial for maintaining
a competitive edge. This includes exploring new ideas, conducting
in-depth research, and developing proprietary technologies and
processes specific to desalination (Chesbrough, 2003).

However, desalination technologies can be complex, requiring
interdisciplinary expertise and access to diverse resources.

External collaboration plays a crucial role in accessing specialized
knowledge, leveraging partnerships with research institutions,

and tapping into external networks. By collaborating with external
stakeholders, such as universities, research institutions, and
industry experts, companies can gain insights, share best practices,
and benefit from the collective wisdom of the broader desalination
community. By balancing between internal and external R&D
efforts, companies in the desalination industry can maximize their
innovation potential. They can leverage their internal strengths, such
as proprietary technologies and domain expertise while tapping into
external knowledge and resources to address challenges and seize
new opportunities.

This balanced approach to innovation in desalination technologies
not only accelerates the innovation process but also enhances
companies' agility and adaptability. In a rapidly evolving market
landscape, companies need to be responsive to changing customer
demands, emerging technologies, and regulatory requirements. By
embracing Open-Closed Innovation Theory, desalination companies
can continuously evolve, stay at the forefront of technological
advancements, and thrive in an ever-changing business environment.
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Open Innovation Approaches
in Desalination

Desalination, as an integral part of water science,
encompasses the conversion of water from one state

to another through intricate biological and chemical
processes. This interdisciplinary field intertwines biology
and chemistry, offering a rich landscape for innovative
approaches.

Collaborations with external partners, including research

institutions and industries, are instrumental in fostering the
development of inventive solutions to address the multifaceted
challenges encountered in desalination technology. By leveraging
diverse expertise and resources through these partnerships, the
advancement of cost-effective and sustainable desalination methods
is accelerated.

For instance, collaborative efforts between desalination companies
and academic institutions enable joint research projects aimed at
exploring and developing new membrane materials. These cutting-
edge materials play a pivotal role in the efficiency and effectiveness
of desalination processes. Similarly, collaborations with technology
development firms focus on enhancing energy efficiency through the
implementation of advanced monitoring and control systems, thereby
contributing to the overall sustainability of desalination practices.

Collaborations with external partners,
including research institutions and

industries, are instrumental in fostering the
development of inventive solutions to address
the multifaceted challenges encountered in
desalination technology.
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By leveraging diverse expertise and resources through these
partnerships, the advancement of cost-effective and sustainable
desalination methods is accelerated. For instance, collaborative
efforts between desalination companies and academic institutions
enable joint research projects aimed at exploring and developing new
membrane materials. These cutting-edge materials play a pivotal role
in the efficiency and effectiveness of desalination processes. Similarly,
collaborations with technology development firms focus on enhancing
energy efficiency through the implementation of advanced monitoring
and control systems, thereby contributing to the overall sustainability
of desalination practices.

Embracing open innovation in the desalination industry goes beyond
mere problem-solving; it drives continuous improvement in water
treatment technology. This progress ultimately ensures broader access
to clean and safe water for communities worldwide.

The significance of desalination as a solution to meet essential
water needs is paramount across various sectors, including urban,
agricultural, industrial, and environmental domains. In recognizing
the diverse requirements of these sectors, desalination offers

the flexibility for each industry to provide its own solutions and
innovations in a creative and tailored manner. This departure from
conventional and straightforward approaches empowers industries
to develop unique and customized desalination solutions that align
precisely with their specific needs. By encouraging creativity and
ingenuity, the desalination industry can drive transformative changes
in the water sector, enhancing efficiency, sustainability, and resilience
in water provision.

The global demand for water is ever-increasing, and desalination

plays a crucial role in addressing this pressing issue. Open innovation
approaches within the desalination sector, through collaborations with
external partners, pave the way for groundbreaking advancements and
novel solutions. By embracing a collaborative and forward-thinking
mindset, the desalination industry can continue to push the boundaries
of water treatment technology, ensuring access to clean and safe
water for communities worldwide, while also promoting sustainable
development and environmental stewardship.
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When to Leverage Closed
Innovation Strategies

Closed innovation strategies are typically used when
companies prioritize internal R&D efforts and limit external
collaboration. This is often done to protect their intellectual
property by keeping innovation activities internal.

By doing so, companies can safeguard their proprietary technologies,
processes, and inventions, maintaining control and preventing
competitors from accessing or replicating them. Additionally, closed
innovation strategies are employed when companies possess unique
core competencies. By focusing on internal R&D and leveraging their
specialized expertise, companies can differentiate themselves in the

market and maintain their position as industry leaders.

Furthermore, cost and resource considerations also influence the
decision to adopt closed innovation strategies. External collaboration
can involve significant costs and resource investments, leading
companies with limited budgets or resources to prioritize internal R&D
to manage expenses effectively and maximize the use of available
resources.

Moreover, closed innovation strategies may
be favoured in highly competitive markets or
industries facing rapid technological changes.

By keeping innovation activities confidential, companies can
protect their market position and respond swiftly to market shifts.
Additionally, it is important to recognize that a closed innovation
strategy can coexist with open innovation approaches, allowing
companies to adopt a hybrid approach based on unique contexts,
goals, and opportunities they encounter.
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FRAMEWORKS AND
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Innovation Cube Framework:
Aligning Innovation with Strategy

This theory offers a method for assessing and prioritizing
innovation based on three dimensions: strategic impact,
change impact, and market impact. To facilitate a
comprehensive analysis, the theory positions each
innovation type in relation to these three dimensions and
commits to a detailed exploration of each connection
among the different approaches to classifying
innovations (Prange, 2018).

Evaluating innovation within each dimension enables stakeholder to
focus their efforts and resources on innovations that are technically
feasible, have market potential, and align with their organization’s
capabilities. Innovation can manifest as a disruptive innovation that
has a significant impact on the market and industry, radical innovations
that bring about a dramatic change in consumer behavior, or strategic
innovation that influences decision-making processes (Prange,
2018). By incorporating these innovation frameworks into the water
desalination industry, stakeholders can gain insight into the factors
affecting the adoption of desalination innovation. Providing practical
guidance and real-world examples can deepen understanding of how
these frameworks can be applied to the industry, thereby driving
innovation to promote sustainable water resources amidst water
scarcity challenges.

Figure 11 visually represents the “Innovation Cube”. This dimension
represents the potential impact of innovation. Each segment
represents a different level of impact that innovation can have on
the market, industry, or organization.
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By mapping desalination into the innovation cube, organizations

can identify the specific dimensions and characteristics of the
innovation, such as its technological novelty, strategic impact, change
impact, and market impact. This mapping helps organizations make
informed decisions about resource allocation, risk management, and
implementation strategies for desalination innovation.

Low-Strategy-High

o\
RS)
C“a(\ge
-
\ O

Figure 11. Innovation Cube Framework. Source: (Prange, 2018)
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Sides of the cube: Change, Market
and Strategy Dimensionsy

The Change Dimension considers the type of change
(incremental or radical), scope (affects multiple levels or
just one), and capabilities affected (internal or external).
The answers help determine the level of impact for this
dimension (Prange, 2018). For example, if the change is
radical, it is considered to have a high impact.
Conversely, if the change is incremental, it is considered
to have a low impact.

The Strategy Dimension focuses on the strategic aspect, considering
whether it's strategic or routine, multidimensional or unidimensional
and whether it's an internal or external decision. The answers help
determine the level of impact for this dimension (Prange,2018). For
example, if the strategic decisions significantly impact the corporate
level of mission and scope, it is considered a high impact. In contrast,
if the routine decisions affect only daily activities, it is considered a
low impact.

The Market Dimension assesses the impact of the change on the
market, considering whether innovations are new to the world, if the
value proposition has changed, and whether customer experience
learning has taken place. The answers help determine the level of
impact for this dimension (Prange, 2018). If the innovations disrupt
existing markets or create new ones, it is considered to have a high
market impact. On the other hand, if the innovations only affect
existing competitors in the same market, it is considered to have

a lower market impact.

By analysing the factors that determine the effect of an innovation,
one can gain a deeper understanding of its potential and identify
new opportunities for growth. This insight can then be used to inform
strategic decisions and guide the organization's direction, ultimately
driving success and competitiveness.
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Strategic
Importance of
Innovation Frameworks
in Desalination and
Alignment with

the Vision 2030

Innovation frameworks are essential in the
desalination industry as they guide research
and development efforts. As part of the
technology management strategy of

an organization, the use of innovation
frameworks facilitates the alignment of
technological advancements with strategic
business goals.

In the desalination industry, and by extension the water sector, this
means helping to meet global water demands efficiently, which is

a matter of national security for most countries. These frameworks
encourage collaboration, continuous learning, and the identification
of barriers to technology adoption (Al-Zubari et al., 2017). As
previously stated, one of the pillars of the Saudi Vision 2030 is the
utilization of innovation to accomplish the ambitious goals set for

the transformation of the Saudi society. This means that the Saudi
Vision 2030 and the strategic importance of innovation frameworks in
desalination are intrinsically linked.

Saudi Water Authority (SWA)
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Aligment with Vision 2030

Alignment with
Vision 2030

Vision 2030 provides the overarching goals of economic
diversification, sustainability, and technological
advancement, while innovation frameworks offer the
methodologies to achieve these goals. An example of
this is the establishment of the Research, Development,
and Innovation Authority (RDIA) a clear testament to the
strategic importance of innovation.

This authority, formalized by Cabinet Resolution No. (612) dated
10/20/1442 AH, highlights the Kingdom’s commitment to nurturing

a strong RDI sector. The RDIA assumes pivotal responsibilities,

such as encouraging and supporting research, development, and
innovation activities. It coordinates the activities of institutions and
scientific research centers, proposes essential policies, legislation, and
regulations, and provides vital sector funding

(RDIA, 2021). The comprehensive report titled Saudi Arabia’s Leap

in Research and Development Excellence by the RDIA details the
Kingdom’s ambitious journey towards becoming a global RDI hub. This
strategic initiative focuses on four national priority areas: Health and
Wellness, Sustainable Environment, Energy and Industrial Leadership,
and Economies of the Future (RDIA, 2023).

These priority areas reflect the Kingdom's integrated approach to
leveraging RDI for sustainable growth and global competitiveness. His
Royal Highness Prince Mohammed bin Salman bin Abdulaziz Al Saud,
Crown Prince, Deputy Prime Minister, and Chairman of the Supreme
Committee for Research, Development, and Innovation, has outlined
an ambitious vision for Saudi Arabia.

He aims for the country to become a global leader in research,
development, and innovation by making an annual investment
equivalent to 2.5% of GDP by 2040. This strategic investment is
expected to diversify and strengthen the economy, adding 60 billion
Saudi Riyals ($16 billion) by 2040, while also creating high-value

jobs in science and technology (Saudi Embassy, 2022). The goal to
invest significantly in Research, Development, and Innovation (RDI)
represents a major change in Saudi Arabia's economic and innovation
landscape. The aim is to shift the economy from being dependent on oil
to becoming diversified and knowledge-based.
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The initiatives by the Research, Development, and Innovation

Authority are intended to promote innovation in different sectors,
fostering sustainable development and boosting the Kingdom's global
competitiveness. Furthermore, the RDIA plays a critical role in fostering
a culture of innovation within the Kingdom. By offering funding and
support, the authority helps to bridge the divide between academic
research and industrial application, ensuring that innovative ideas can
move from the laboratory to the market. This is especially noticeable in
efforts aimed at promoting public-private partnerships, which are vital
for speeding up technological advancements and economic growth.

The strategic importance of the RDIA is highlighted by its efforts to
align Saudi Arabia’s RDI activities with global best practices. Through
international collaborations and partnerships, the RDIA ensures that
the Kingdom remains at the forefront of technological innovation.
This global outlook is essential for addressing complex, cross-border
challenges such as climate change, health pandemics, and digital
transformation.

One of the most prominent initiatives in innovation in the water

sector is the Water Technologies Innovation Institute and Research
Advancement of Saudi Arabia which stands as a leading center for RDI
in the water sector. As part of the Saudi Water Authority, the institute
emphasizes the crucial role of research and development in tackling
global water scarcity. WTIIRA's mission is to advance technology
through rigorous research, fostering a culture of innovation in line with
Saudi Arabia's Vision 2030. The institute focuses on developing and
implementing cutting-edge desalination technologies to improve the
efficiency and sustainability of water treatment processes. By utilizing
state-of-the-art facilities and a collaborative approach, WTIIRA
partners with academic institutions, industry experts, and international
organizations to push the boundaries of water technology.

The institute's research agenda includes advanced membrane
technologies, energy-efficient desalination methods, and the
integration of renewable energy sources. These efforts are crucial in
reducing operational costs and environmental impact, making clean
water more accessible and affordable. WTIIRA demonstrates the
strategic importance of innovation by showing how dedicated R&D can
lead to significant technological breakthroughs. Its role in developing
scalable, efficient, and sustainable water solutions highlights the
necessity of continuous innovation in overcoming global water
challenges. Through its pioneering work, WTIIRA supports the local
needs of Saudi Arabia and contributes to the global knowledge pool,
fostering international collaboration and setting new standards

in water technology.

Saudi Water Authority (SWA) 58

05 Strategic Importance of Innovation Frameworks in Desalination and Alignment with the Vision 2030

05

STRATEGIC
IMPORTANCE

OF INNOVATION
FRAMEWORKS IN
DESALINATION AND
ALIGNMENT WITH THE
VISION 2030

Enhancing collaborative efforts
and cross-sector integration

Innovation frameworks promote collaboration among
stakeholders in the desalination industry, including
private companies, research institutions, and
government bodies. This collaboration allows for the
sharing of knowledge, resources, and expertise to drive
technological advancements.

By working together, stakeholders avoid duplication of efforts,
leverage funding and infrastructure, and address broader societal

and environmental considerations. This is in line with the Kingdom's
commitment to fostering partnerships to advance modern solutions
and innovations in water desalination and clean energy, thereby
enhancing business opportunities by attracting global innovative talent
(SWCC, 2024).

The concept of open innovation emphasizes the potential for significant
contributions to open innovation research. The open innovation
literature advances prior research by explicitly integrating inward and
outward knowledge transfer (Chesbrough, 2006), with many firms
relying on both inbound and outbound open innovation simultaneously
(van de Vrande et al., 2009). Furthermore, some open innovation
activities inherently involve both processes (Lichtenthaler, 2008).

Organizations can improve their decision-
making about innovation processes by
iImplementing the open-close concept.

This allows for the use of external ideas, technologies, and resources
to drive innovation. This framework suggests that organizations should
actively seek external collaboration, and engage with customers,
suppliers, research institutions, and even competitors to gather diverse
perspectives and access a broader pool of knowledge (Chesbrough &
Brunswicker, 2013). Open innovation recognizes that valuable ideas
and insights can come from anywhere, and by embracing external
inputs, organizations can enhance their innovation capabilities.
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Open innovation is important because it enables organizations

to access diverse knowledge and resources, foster collaboration,
and increase the likelihood of breakthrough innovations.
(Chesbrough & Brunswicker, 2015) Closed innovation, on the other
hand, provides organizations with control, confidentiality, and
protection of intellectual property. Understanding the importance of
both approaches can help organizations design innovation strategies
that align with their unique needs and goals (Chesbrough &
Brunswicker, 2015). As an example, in the Gulf Cooperation Council
(GCC) countries, which share similarities in water resources and
sources of income, this open collaboration might mean dealing with
common water issues more efficiently. Given the current situation in
the water sector of GCC countries, various challenges such as water
scarcity, high demand, and environmental concerns, have prompted
the creation of the GCC Unified Water Strategy (UWS).

By adopting a unified approach, the GCC will coordinate their efforts,
share best practices, and develop a comprehensive plan to address

the water-related challenges they are facing. This strategy is an
important step in securing a sustainable water future for the region.
This in turn shows that the water sector is continuously involved in the
nations' socio-economic development. The mission of the GCC UWS

is to coordinate each of the GCC countries’ national water schemes

and master plans under a unified program that focuses on collective
actions and simultaneously promotes the capacity of each country to
accomplish cost-efficient, balanced, unified, and environment-friendly
utilization of their water resources. The building blocks of the GCC UWS
are made of five pillars which uphold the vision and mission statements
(Al-Zubari et al., 2017).

The five blocks are as per the following:

1. Development and sustainability of water resources
Efficient and equitable resource utilization
Enhanced municipal water supply security

Effective water governance and awareness

I

Economic efficiency and financial sustainability

The UWS is a clear example of how innovation can be fostered by
cooperation and partnerships. Therefore, management of innovation

in organizations poses as a strategic practice to tackle, for instance,

the water crisis that some countries are facing. In the same terms, the
Vision 2023 of the Kingdom of Saudi Arabia (KSA) has as a central pillar
of its mission to confirm itself as an innovative nation and economy.
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Role in adoption dynamics and
decision-making processes

As previously demonstrated, innovation and the tools for
managing it are essential in the desalination industry.
These management frameworks or structures can assist
stakeholders in navigating the complexities of technology
adoption and making informed investment decisions.

They provide a structured approach to evaluating risks and benefits,
comparing different technologies, and facilitating knowledge
sharing. Through innovation frameworks, decision-makers can
assess the potential risks and benefits of adopting new technologies
thoroughly, improve communication across the organization, and
strategically plan for future advancements.

A critical component of the decision-making process involves gathering
relevant data and conducting comprehensive analyses before reaching
a conclusion. Innovation frameworks provide the tools needed to
perform these tasks efficiently, ensuring that decisions are well-
informed and aligned with long-term strategic goals. This approach not
only supports informed decision-making but also fosters sustainable
growth within the industry (Sreedharan & Raju, 2016).

The SWA is a prime example of an organization that has greatly
benefited from using innovation frameworks in the desalination
industry. SWA has made significant investments in research and
development, resulting in numerous patents focused on sustainably
extracting valuable minerals from wastewater (SWCC, 2021). One

of these innovative approaches has resulted in increasing the
concentrations of these minerals up to five times higher than those
found in seawater. This maximizes the economic value of the salts and
minerals present in the brine produced from their Reverse Osmosis
(RO) plant in Jubail.
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In Figure 12, it is shown that the effluent from the RO plant, which
produces one million cubic meters of water per day, contains a O 6
significant amount of valuable salts and minerals. This not only

increases the profitability of desalination processes, but also promotes
environmental sustainability by effectively utilizing waste products.
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2. Magnesium 7. Potassium sulfate 12. Calcium carbonate
3. Hydrochloric acid 8. Calcium chloride 13. Rubidium chloride
4. Magnesium chloride 9. Bromine

5. Magnesium sulfate 10. Calcium sulfate

Figure 12. The value of salts and minerals present in 1,000 m® of Red Sea
seawater (USD)

Through the use of innovation frameworks, SWA has been able to
optimize its operations, drive technological advancements, and achieve
significant economic and environmental benefits. This case study
highlights the crucial role that structured innovation frameworks play

in the desalination industry, enabling informed decision-making and
promoting sustainable technological growth.

Innovation frameworks are integral to the successful management
of technology in the desalination sector, and any sector that employs
technical tools. They enable organizations to navigate the complex
landscape of innovation, make informed investment decisions, and
achieve sustainable growth. The example set by SWA demonstrates
how these frameworks can lead to substantial advancements and
efficiencies, reinforcing their critical role in the industry’s evolution.
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Mapping desalination
technologies

onto innovation
frameworks

The desalination industry is crucial for
addressing global water scarcity issues,
making innovation in this sector essential.
Efficiency and sustainability are pivotal
as further technological improvement is a
necessity for the water sector.

In order to foster technological advancements, it is necessary to
utilize innovation frameworks as a tool to better manage technology
and its research and development. For organizations, this involves
understanding the stages of technology maturity, the role of external
inputs in developing new technologies, or the fundamental dimensions
influencing innovation. This section delves into the application of
three selected innovation frameworks (Diffusion Theory, Open-Close
Innovation, and the Innovation Cube) on five chosen desalination
technologies: Reverse Osmosis using Spiral-Wound Membrane,
Forward Osmosis, Membrane Distillation, Multiple Effect Distillation,
and Multi-Stage Flash Distillation.

By mapping desalination technologies through innovation

frameworks, we set the example of how organizations can utilize

these methodologies to promote better collaboration, strategically
engage different adopter groups, and make data-driven decisions that
maximize the impact and efficiency of their innovation efforts (Bosch,
2024). This approach enhances the development and adoption of
desalination technologies, ultimately addressing the broader challenge
of global water scarcity.
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Driving Adoption of Desalination
Technologies Through Diffusion of
Innovation Theory

The Diffusion of Innovation Theory provides a useful
framework for understanding how new technologies
spread through societies and industries. In this mapping
exercise, we explore how applying this theory to
desalination technologies can improve their adoption and
use within the water sector.

The Diffusion of Innovation Theory categorizes the population into
five distinct groups: innovators, early adopters, early majority, late
majority, and laggards. By mapping desalination technologies within
this framework, organizations gain valuable insights into the adoption
stages and motivations of each group. By defining the stage at which
each desalination technology is in the innovation curve, organizations
gain valuable insights, capitalizing on the possible motivations of the
different groups (Rogers, 1983). Some of these motivations are:

« Innovators: Driven by the technical aspects and potential disruptive
impact of desalination technologies. They seek to explore and
experiment with cutting-edge solutions.

« Early adopters: Motivated by the benefits of being among the first to
use a new technology, focusing on innovation and leadership within
their industry.

« Early majority: Prioritizes cost-effectiveness and proven reliability,
adopting new technologies once they have demonstrated tangible
benefits and lower risks.

« Late majority: Seeks reassurance from the widespread acceptance
and established advantages of the technology, requiring solid proof
before making the shift.

« Laggards: Resistant to change and will only adopt new technology
when it becomes the standard practice, driven by necessity rather
than choice.
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Understanding these motivations allows organizations to tailor their
strategies effectively to engage each group and promote the adoption
of desalination technologies that fit tailored needs. Therefore,

by applying the Diffusion of Innovation Theory to desalination
technologies, organizations obtain several benefits:

« Understanding Adopter Characteristics: Gain insights into what
motivates each group, from the technical interest of innovators to
the cost-effectiveness concerns of the majority.

« Developing Targeted Strategies: Craft specific innovation strategies
to engage each adopter group effectively.

« Enhancing Adoption Rates: Implement approaches that address
the unique needs and concerns of each group, facilitating broader
and faster adoption of desalination technologies.

Stages of Diffusion of Innovation e

’X/ ~ \\
Early Early Late
Innovators adopters majority majority Laggards
1. Membrane Distillation 4. Multiple Effect Distillation (MED)
2. Forward Osmosis 5. Multi-Stage Flash Distillation (MSF)
3. Reverse Osmosis using Spiral-Wound

Membrane

Figure 13. Mapping desalination technologies into the innovation curve

In the category of membrane innovations, Reverse Osmosis using
spiral-wound membranes is a well-established technology widely
adopted in the desalination industry. It has proven to be effective,
with significant market penetration and a strong track record of
reliability and cost-effectiveness. Its widespread use and substantial
research support place it in the Early Majority stage, indicating that the
technology is no longer new and is widely accepted and implemented.
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On the other hand, Forward Osmosis is an emerging technology still in
the early stages of research and development. It is primarily in the pilot
and experimental phases, with limited commercial implementation.
Innovators, who are the first to adopt new technologies, are currently
exploring FO's potential benefits, such as lower energy consumption
and novel applications. However, it requires further validation and
development before it can reach broader adoption.

For thermal innovations, Multi-Effect Distillation is a well-established
desalination technology, particularly in regions with abundant thermal
energy sources. It has been successfully implemented in various large-
scale projects and is recognized for its high reliability and efficiency.
The widespread acceptance and continued use of MED technology
positions it in the Early Majority stage, where it is a proven and trusted
solution.

In contrast, Membrane Distillation is a promising technology that has
garnered interest due to its potential for high efficiency and suitability
for niche applications, such as industrial wastewater treatment. It is
gaining traction among early adopters who are willing to experiment
with new technologies that offer specific advantages. While it shows
significant promise, it has not yet achieved widespread commercial
use, placing it in the Early Adopters stage.

Lastly, Multi-Stage Flash can be considered a mature and well-
established technology with significant implementation in large-scale
desalination plants, particularly in the Middle East. While it has a strong
market presence and a history of reliability, newer and more energy-
efficient technologies are gradually complementing and replacing it.

Its current adoption status places it in the Late Majority stage, where it
remains widely used but is starting to be surpassed by more advanced
alternatives.

Locating where each technology stands in its adoption lifecycle allows
companies to allocate resources more efficiently, focus on areas with
the highest growth potential, and mitigate risks associated with the
implementation of technologies. For example, recognizing that Reverse
Osmosis is in the Early Majority stage can help companies focus on
improving cost-effectiveness and reliability to appeal to the Early and
Late Majority groups. Similarly, knowing that Forward Osmosis is in

the Innovators stage highlights the need for further research and pilot
projects to validate its potential benefits.
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The application of the Diffusion of Innovation Theory also underscores
the importance of strategic foresight and adaptability in the
management of technology. By using this framework, companies can
stay ahead of market trends, anticipate shifts in technology adoption,
and proactively address potential challenges.

This structured approach to innovation management not only enhances
the competitiveness of companies in the desalination sector but

also contributes to the overall advancement and sustainability of the
industry.

Leveraging the Diffusion of Innovation Theory by mapping desalination
technologies offers concrete benefits by providing a clear roadmap

for technology adoption, enabling targeted strategy development, and
optimizing resource allocation. This broad understanding of technology
adoption dynamics ensures that companies can effectively manage and
capitalize on innovation, driving growth and maintaining a competitive
edge in the evolving desalination market.
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Leveraging Open-Close Innovation
Framework to Accelerate Innovation
in Desalination Technologies

In his 2003 book "Open Innovation: The New Imperative
for Creating and Profiting from Technology," Henry
Chesbrough argues that open innovation is crucial for
any organization that wants to foster technological
advancements.

Before the open innovation concept became widespread, innovation
in organizations occurred typically in a closed environment. Currently,
companies need to balance both internal and external sources of
innovation. In the context of desalination technologies, leveraging this
Open-Close framework can significantly enhance the development
and deployment of innovative solutions to tackle global water risks
(Chesbrough, 2003). This section explores how different desalination
technologies have emerged as a consequence of Open-Close
Innovation.

Organizations can promote a more collaborative and expansive
innovation environment by incorporating an Open-Close Innovation
framework to the study of desalination technologies. This approach
emphasizes the importance of external partnerships, encouraging
collaboration with researchers, scientists, and technology providers
(Chesbrough, 2003).

This strategy helps organizations:

Identify Potential Partners: Recognize and evaluate external
entities with the capabilities and resources to contribute to
desalination innovation.

Expand Innovation Horizons: Move beyond internal boundaries
to incorporate diverse perspectives and expertise, enriching the
innovation process.

Accelerate Innovation: Establish partnerships that can speed up the
development and implementation of new desalination technologies.
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In Figure 14, we determine whether the innovations resulted from
internal development within an organization or a collective effort
involving multiple companies across the sector or even among
industries:

Desalination Technologies

Multi-Stage Flash
Distillation (MSF) e

Multiple Effect )
Distillation (MED)
Membrane
Distillation o
Forward (0}
Osmosis
Reverse Osmosis using (0]
Spiral-Wound Membrane
G Innovation @
Approach
Closed Open
Innovation Innovation

Figure 14. Desalination technologies by innovation approach

Reverse Osmosis was first conceptualized and used in the early

1960s by researchers at UCLA while investigating ways to desalinate
seawater. The breakthrough came when they developed a semi-
permeable membrane that allowed water molecules to pass through
while blocking salt and other impurities. This innovation led to the
development of the Reverse Osmosis process, which has since

been widely used for water purification and desalination, making

it a testament to open innovation. On the same principles, FO is a
reemerging technology that benefits from the open innovation model,
leveraging collaboration between academia, industry, and research
institutions (Nicoll, 2018). This approach has facilitated the exploration
of novel materials, processes, and applications that may not be feasible
within the confines of a single organization. Open innovation in FO has
accelerated the pace of research and development by incorporating
diverse expertise and resources.

Consequently, there is not a specific individual credited with inventing
Forward Osmosis; rather, it is a result of collaborative efforts in

the scientific and engineering communities to explore innovative
approaches to water purification and desalination. Multi-Stage Flash
has a long history of development through internal R&D within large
desalination companies.The complexity and scale of MSF plants have
necessitated a closed innovation approach to ensure control over the
technology's development and implementation.
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This model has enabled companies to safeguard their investments

in MSF technology and maintain their market positions. This same
phenomenon is found in MED, where it was traditionally developed
within large industrial organizations, particularly in energy-intensive
industries. The focus on optimizing energy use and integrating MED
with existing thermal processes has led to a reliance on closed
innovation, where proprietary methods and incremental improvements

Enhancing Development and Implementa-
tion of Desalination Technologies Using the
Innovation Cube Framework

are closely guarded to maintain a technological edge. &gPPlNG
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innovation approach, with significant contributions from collaborative FRAMEWORKS proposed to help, understand, and manage innovation. It

research projects and partnerships between universities, government
agencies, and private companies. This collaborative environment has
enabled rapid advancements in MD technology, addressing challenges
related to energy efficiency and scalability through shared knowledge
and innovation. Leveraging the Open-Close Innovation framework in
the desalination sector provides strategic insights that significantly
enhance technological advancements and market positioning.
Technologies such as Reverse Osmosis, Forward Osmosis, and
Membrane Distillation, which thrive on open innovation, demonstrate
the critical value of external partnerships. These technologies have
benefited from collaborations among academia, industry, and research
institutions, accelerating development and enriching the innovation
process. Through open innovation, companies can tap into a broader
pool of expertise and resources, speeding up innovation and reducing
risks associated with isolated R&D efforts.

Conversely, technologies like Multi-Stage Flash and Multiple Effect
Distillation have predominantly emerged through closed innovation,
underscoring the importance of strong internal R&D investments.
These technologies have advanced through proprietary development
and tightly controlled innovation processes, ensuring competitive
advantages, and safeguarding intellectual property. Understanding
this allows companies to continue investing in and improving these
technologies by maintaining robust internal R&D capabilities, thereby
protecting their technological edge and market positions. Ultimately,
identifying technologies by whether their approach is open or closed
innovation enables companies to strategically plan collaborations and
optimize investments.

By mapping desalination technologies, organizations can foster a

balanced innovation ecosystem that leverages both internal capabilities

and external partnerships. This ensures more effective management
of innovation processes, driving technological advancements, and
maintaining a competitive edge in the market, ultimately leading to
more successful and impactful innovation outcomes.
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has been presented as a model for conceptualizing how in-
novation comes about, an approach to master the challeng-
es associated with categorizing and classifying innovation
by type, a tool for analysing innovation at the company or
segment level, and a diagnostic survey to assess individual
and organizational innovation characteristics.

In the context of the desalination industry, applying the Innovation
Cube framework can provide stakeholders with a comprehensive un-
derstanding of technological advancements by evaluating them across
the three critical dimensions as proposed by Christiane Prange and
Bodo B. Schlegelmilch (2021): market, strategy, and change. This
multidimensional approach is particularly valuable for assessing the
complex interplay between technical feasibility, market demand, and
strategic alignment within a company.

Organizations can leverage the innovation cube and obtain valuable
insights such as:

Assessing Technological Novelty: Evaluating the newness and uniqueness
of each technology and determining how it stands out in

the market.

Understanding Market Impact: Analysing the potential market reach

and customer adoption, ensuring that the technology meets current and
future needs.

Evaluating Strategic Fit: Determining how well the technology aligns with
the organization's overall strategy and goals.

Planning for Organizational Change: Identifying the level of organizational
transformation needed to implement and support the

new technology effectively.
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To map the five analysed desalination technologies, we will use the
diagnostic questions proposed by Prange and Schlegelmilch (2021):

Is there an incremental step-
by-step movement, which is
intended to do more of the
same better, or are new ways
of perceiving, thinking and
behaving required?

Is it a strategic or a routine deci-
sion? Strategic decisions affect
the corporate level of mission and
scope; routine decisions affect
daily activities.

Are innovations completely new
to the world, or modifications and
second moves into the market?

Is it a multi-level, qualitative, cul-
tural and radical change involving
a paradigm shift, or does change
only affect a few dimensions?

Is it a multidimensional or

a unidimensional decision?
Multidimensional decisions

have an impact on the future of
the company; unidimensional
decisions have an implementation
focus.

Has the value proposition for
one or more customer segments
changed?

Which types of capabilities

are affected by the change
process? Does change involve

a reconfiguration of dynamic
capabilities, or does it focus on
replicating capabilities in different
markets?

Is it an internal or an external
decision? Internal decisions are
often operational or functional
decisions; external decisions
focus on what business the firm
is in as well as defining long-
term goals (i.e., more systemic
decisions)

Have customers used the product
before, and has experience
learning taken place? Has
customer perception of products
/ of the company changed?

Are capabilities internally
developed and procedures
gradually changed, or are
capabilities externally acquired,
involving a radical change of
absorptive capacity?

How often is change initiated?
Is this routine business, or is
change the exception?

Does strategic decision making
aim at decisions including
diversification, vertical integration,
acquisitions, new ventures, the
allocation of resources between
different businesses of the firm or
divestments (corporate strategy
level), or is it concerned with

the improvement of functional
operations, products or the
product portfolio?

Do innovations affect competitors
in the given market, or do they
lead to new market creation?

Is the innovation largely built on a
technology or a business model?

As a result does the organization
focus more on controlling the
existing business or on
supporting the emergence of new
markets?

Table 8. Diagnostic questions of the different dimensions in the Innovation Cube.
Source: (Prange & Schlegelmilch, 2021)
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By addressing these questions, we can build Table 9, where we can find
the different technologies, the type of impact (high or low) they have in each
critical dimension, and the innovation type to which they belong according
to the innovation cube methodology.

Innovation
- + +

RO Spiral-Wound Membrane Strategic
FO + + + Paradigm
MD + = + Low end
MED - - + Incremental
MSF - - + Incremental

Table 9. Mapping of desalination technologies in the Innovation Cube
(+ means high impact, and - means low impact)

In terms of membrane technologies, we have established that Reverse
Osmosis using spiral-wound membrane technology is widely adopted
and accepted in the desalination market. It has a strong track record of
reliability and efficiency, making it highly attractive to a broad customer
base. It also aligns well with the strategic goals of many organizations
focused on providing efficient and cost-effective desalination solutions.

As the technology is mature, there is no need for organizational
changes, such as updating equipment and training personnel. Forward
Osmosis, as an emerging technology, has niche applications and shows
significant potential, but it is not yet widely adopted in the mainstream
desalination market and will have a substantial impact once it is
adopted. This technology fits well with organizations aiming to explore
innovative, energy-efficient desalination methods, aligning with
strategic objectives focused on sustainability, and innovation.

Implementing Forward Osmosis requires significant changes, including
new infrastructure, extensive training, and potentially redesigning
processes to integrate the new technology. In the thermal category,
Membrane Distillation is gaining traction, especially in specific
industrial applications like wastewater treatment, but it is not yet
widespread in the broader desalination market.

The technology aligns well with companies targeting niche markets
and looking for high-efficiency desalination solutions that can handle
complex feedwaters. The nature of Membrane Distillation requires
significant organizational changes, including specialized knowledge,
new infrastructure, substantial training efforts, and investment to reach
large-scale utilization.
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Multiple-Effect Distillation has proven effectiveness which makes it
widely available in the market, which means its impact is low. MED
aligns well with strategic goals where thermal energy integration

is advantageous, but it may not fit as well with strategies focused

on minimizing energy consumption. Implementing Multiple-Effect
Distillation requires moderate changes, primarily in terms of integrating
with existing thermal processes and infrastructure adaptations.
Likewise, Multi-Stage Flash Distillation is one of the most widely used
desalination technologies in large-scale plants, and it has an enhanced
market presence due to its reliability.

While Multi-Stage Flash Distillation aligns with the needs of large-scale
desalination projects, it faces competition from more energy-efficient
technologies, impacting its strategic fit for organizations aiming for

high energy efficiency. Multi-Stage Flash Distillation leverages existing
large-scale infrastructure, requiring relatively low to moderate changes,
mainly focused on incremental improvements rather than major
overhauls.

By using the Innovation Cube, organizations can identify the unique
strengths and challenges associated with each technology. For
example, Reverse Osmosis, with its high market penetration and
strategic alignment, requires minimal organizational changes, making

it a reliable and efficient solution. In contrast, emerging technologies
like Forward Osmosis, which show significant potential in niche
markets, necessitate substantial organizational transformation and
infrastructure investment. Similarly, technologies like Membrane
Distillation, while promising high efficiency, require significant
changes and investments to achieve widespread adoption.

Understanding these dynamics helps organizations strategically

plan their investments and collaborations, ensuring they are well-
positioned to capitalize on the benefits of each technology. Aligning
technological adoption with market demands and strategic goals
enables companies to enhance their competitive edge and drive
innovation within the desalination sector. Ultimately, the Innovation
Cube framework facilitates a structured and informed approach to
managing technological advancements, ensuring that organizations can
effectively respond to the evolving challenges and opportunities in the
desalination industry.
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The Role of
Stakeholders In
Promoting Innovation
In Desalination

The role of stakeholders such as government,
non-governmental organizations (NGOs),
research institutions, industry, and the
private sector is indispensable in fostering
innovation. Each stakeholder brings unique
strengths and perspectives that collectively
drive technological advancement and ensure
sustainable progress.

Through financing, policy creation, and regulation, governments play a
critical role in fostering innovation. Through funding R&D, they create
the foundation for innovations that have the power to completely
change whole industries. Additionally, by offering tax cuts, grants,

and subsidies to the private sector, governments can encourage
investment and foster innovation. Government-established regulatory
frameworks facilitate the widespread adoption of new technologies by
guaranteeing their safety

and efficiency.
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NG Os promote social responsibility and sustainability, which serves as

a stimulus for innovation. They frequently serve as a link between the
public, business, and governmental sectors, encouraging collaboration
and promoting communication. NGOs are able to organize assets and
knowledge to assist creative initiatives that tackle important environmental
and social problems. They also educate and increase public knowledge of
emerging technology, fostering an atmosphere that fosters innovation.

The foundation of innovation is research institutes, which propel the
creation of new technology. These organizations carry out basic and
applied research to convert scientific discoveries into useful applications,
frequently working with businesses and government. Research institutes
guarantee a steady stream of qualified experts prepared to push the
limits of technology by educating the next generation of scientists and
engineers. Their contributions to the global advancement of science

and innovation are made possible by their publications of research and
knowledge dissemination.

The private sector is essential to the commercialization of technologies.
They make investments in the development and commercialization of new
goods and services, transforming abstract ideas into workable products
for the market. Technology advances more quickly in the private sector
because of its willingness to take chances and invest in promising projects.

Additionally, companies possess the market knowledge required to match
iInnovations to customer needs, guaranteeing their financial sustainability
and broad acceptance. The private sector encourages innovation and
ongoing progress by promoting entrepreneurship and competition.

The combined efforts of these stakeholders accelerate technological
progress, improve teamwork, and guarantee the long-term adoption of
innovative solutions. Together, these stakeholders can address global
issues such as water scarcity and work for a more sustainable future.
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Government and NGOs

Government
and NGOs

The public sector is vital to the innovation processes at
every level. Competition is a major source of innovation
for all parties involved, public or private. Businesses of all
sizes, including state-owned companies, are motivated

to update the offerings they give to clients in order to
gain market share and keep up with rivals that have more
affordable or functional goods and services.

Investment funds look for new businesses that will help them compete
for more cash by offering the best returns. Competition among nations
also frequently aims to keep businesses and workers in their countries
by securing investment and market share. Subnational governments,
who are becoming more and more involved in the creation of
innovation, are in the same boat (Pales and Bennett, 2020).

Governments play a crucial role in fostering innovation. Their
responsibilities include shaping public ideals, financing research and
development, building network infrastructure, safeguarding intellectual
property, supporting exporters, assisting small and medium-sized
businesses, and establishing general market and financial regulatory
frameworks. (Hekkert et al., 2007; Bergek et al., 2008; Kim and
Wilson, 2019; Grubler et al., 2012; Roberts and Geels, 2018). The
primary rationale for governmental involvement in innovation is the
undersupply of novel concepts and technologies in the market, a
phenomenon known as the "public goods market failure," which forces
businesses to prioritize investments that yield higher earnings margins.
Particularly, established businesses seldom provide radical new ideas,
or "disruptive" technologies, which typically result from fundamental
scientific research. Instead, these businesses typically concentrate on
making little adjustments to their current technological portfolio
(OCDE, 2015). The public sector has various methods to financially
support innovation (OECD/Eurostat, 2018). Public support can

target either the inputs, such as firms' R&D efforts, or the outputs

of innovation activities, like reducing taxes on the economic returns
from R&D. This support can take the form of subsidies, which are net
transfers of resources often linked to specific innovation activities.
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Several tools are available to direct resources to firms, thereby
incentivizing or rewarding their innovation efforts. Governments can
purchase or commit to purchasing goods or services that require

or result from innovations. They can provide financial assistance
through grants or loans, or they can encourage others to offer loans by
guaranteeing repayment if firms default. Tax liabilities can be deferred
or forgiven, or governments can inject capital into firms in exchange

for equity. Additionally, governments can either pay third parties to
deliver services that firms need for innovation or provide these services
themselves through institutions like government labs (OECD, 2021).

In-kind support can include technology transfers sponsored or held
by governments or preferential access to data such as health or
mobility records. Exclusive rights on inventions through intellectual
property rights are another form of in-kind support. Public investment
and support for innovation can also extend beyond national borders.
For instance, sovereign wealth funds and similar investment vehicles
acquire shares in global companies to gain a stake in their new
technologies (OECD, 2021). State-owned enterprises, which are part
of the business sector, also implicitly support business innovation
through their activities. Therefore, public support plays a critical role
in promoting desalination innovation through funding, regulations, and
public-private partnerships. Their support is essential for initiating and
sustaining long-term projects that advance desalination technologies.
Disruptive technologies are particularly important for achieving social
and environmental goals that governments prioritize, even though
these technologies often have limited market value.

There are valid concerns that public-sector R&D might overshadow
private-sector initiatives, but evidence indicates that corporate
research productivity is increasingly reliant on publicly funded R&D
(Fleming et al., 2019). In fact, public investment in energy R&D can
potentially encourage more private-sector investment rather than less
(Nemet & Kammen, 2007). A simple view that governments merely
address gaps left by the private sector overlooks their proactive role in
driving progress. Historically, governments have effectively used their
authority to set incentives and collaborate with the private sector to
achieve significant outcomes, such as in space exploration, vaccine
development, and nuclear energy.

It is now widely acknowledged that addressing major clean energy
technology challenges may benefit from a "mission-oriented" approach
(Diaz Anaddn, 2012; Mazzucato, 2018). This approach could involve
supporting industrial clusters, strategically using public procurement,
and investing in necessary infrastructure, thereby increasing the
likelihood of successful innovation.
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Government and NGOs

For example, the development of solar PV exemplifies how coordinated
government efforts can guide and expedite technological progress
while leveraging private sector strengths. This underscores the crucial
role of government backing, from initial R&D to increasing demand in
niche markets, beginning with the most valuable and straightforward
applications. It also highlights the international nature of innovation:
various governments worldwide significantly contributed to bringing
solar PV from research labs to the market, adapting to external factors
that boosted solar PV's advancement along the learning curve. Notably,
even when individual countries experienced dips in solar PV demand
due to policy shifts, the global market continued to expand, driven by
diverse national incentives (Pales and Bennett, 2020).

Similarly, the evolution of Li-ion technology involved contributions from
Canada, China, Japan, Norway, and the United States (Kittner et al.,
2017). R&D efforts played a key role in reducing costs, such as through
the creation of new cathode materials with better specific capacity and
a higher proportion of utilized charge capacity. While lower prices for
cathode and anode materials were a factor, R&D also facilitated the use
of cheaper metals instead of cobalt.

The innovation journeys of PV and Li-ion technologies are ongoing.
Patent activity for PV remained significantly higher in 2017 than
before 2005, and Li-ion patents have yet to reach their peak. Future
successful components and designs are expected. Their histories
thus far emphasize the critical importance of R&D in the early stages
of innovation and the vital role of global governmental support in the
success of major innovations.

Non-governmental organizations (NGOs) are necessary for promoting
sustainable practices and joining the gap between various stakeholders
like governments, research institutions, and the private sector.

They frequently aim to increase awareness about the critical role

of innovation in solving social problems, such as water scarcity

and climate change. NGOs are capable of gathering resources and
expertise to back up innovative projects, especially those that might
not attract traditional funding sources. Regarding desalination, NGOs
can champion environmentally friendly technologies and practices to
ensure that advancements in this field do not harm ecological balance.
They can also build partnerships that combine different areas of
expertise to address the intricate challenges related to desalination
technologies.
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Research Institutions

A research institution is an organization committed to
carrying out scientific research, often working alongside
universities, government agencies, and private companies.
These institutions aim to expand knowledge across
various disciplines, from basic science to applied research
designed to tackle specific issues. They are central to the
innovation landscape, offering the intellectual and technical
groundwork needed for technological progress.

In the water desalination industry, research institutions are crucial

in pioneering and refining new technologies and techniques for
desalinating water. Their contributions can be divided into several key
areas:

« Fundamental Research: Research institutions engage in basic
scientific research to uncover the fundamental principles of
water desalination at the molecular level. This involves studying
membrane properties, the thermodynamics of desalination
processes, and the chemistry involved in water treatment (Wu et al.,
2022).

« Applied Research and Development: They conduct applied
research to create practical solutions for use in real-world
desalination plants. This includes developing new materials like
advanced membranes and creating more efficient desalination
processes such as Reverse Osmosis and Forward Osmosis. For
example, and as commented before, government policies have
significantly reduced costs for solar photovoltaics and lithium-ion
batteries by consistently supporting R&D and implementing market-
pull policies (Pales and Bennett, 2020).
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Research Institutions

Collaborations and Partnerships: Research institutions frequently
work with industry partners, government bodies, and NGOs to
turn their scientific discoveries into practical applications. These
collaborations help close the gap between research and market-
ready technologies, allowing innovations to be scaled up and
successfully implemented (OECD, 2021). By nurturing these
partnerships, they increase the practical impact of their research
and support the commercialization of new technologies.

Training and Education: Research institutions play a vital role

in educating the next generation of scientists and engineers,
ensuring a steady flow of skilled professionals to advance the

field of desalination. Through their educational programs and
research opportunities, these institutions equip students to address
complex challenges in water management and desalination. This is
essential for maintaining a talent pipeline capable of driving future
innovations (OECD, 2021).

Publishing and Knowledge Dissemination: Research institutions
enhance the global knowledge base by publishing their research in
scientific journals and presenting their findings at conferences. This
spread of information encourages further research and innovation
within the industry. By sharing their discoveries, they allow other
scientists and engineers to build on their work, thereby speeding up
the pace of innovation (Mariani et al., 2023).
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Industry and
Private Sector

The private sector drives innovation in desalination
through investments in new technologies and the
commercialization of these technologies. Their role

is crucial in bringing innovative solutions to market,
ensuring that new developments are both practical and
economically viable.

Due to its abundance of financial resources, the private sector is able

to make significant investments in R&D. In order to promote innovation,
create new technologies, and commercialize them, money is essential. To
stay competitive in their respective sectors, Google, Apple, and Pfizer, for
instance, invest billions of dollars every year in research and development
(OECD, 2020).

Private enterprises are typically more inclined to take risks than

public entities. This tendency to embrace risk is crucial for developing
groundbreaking technologies that may initially appear uncertain but
could have a substantial impact. Investing in high-risk, high-reward
projects is a defining characteristic of private-sector innovation (Kerr

et al., 2014). Private enterprises are often more responsive, allowing
them to quickly adapt to shifting market conditions and technological
progress. This flexibility leads to faster development cycles and the
swift deployment of innovative solutions (Teece, 2010). Moreover,
private sector-driven innovations are typically adjusted to market
demands. This market-oriented strategy ensures that new technologies
and products are practical and meet consumer needs, which boosts the
likelihood of successful adoption (Von Hippel, 2006).

The private sector often forms collaborations and partnerships with
academic institutions, government agencies, and other businesses.
These alliances can boost innovation by merging a variety of expertise,
resources, and perspectives (Chesbrough, 2003). In the desalination
industry, private companies are key contributors to technological
advancements, commercialization, and sustainability initiatives.

Their involvement through funding, partnerships, and international
collaboration is essential for developing effective and scalable
solutions to global water scarcity issues.
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Private companies can provide the necessary capital to fund large-
scale projects, advance research, and develop new technologies. For
example, companies like Veolia and Suez have invested heavily in
desalination technology development and implementation globally
(Veolia, 2024). The private sector propels technological advancements
in desalination by investing in innovative methods and enhancing
existing technologies. Private companies have pioneered advanced
Reverse Osmosis and Forward Osmosis techniques, boosting efficiency
and lowering costs. Collaborations between research institutions and
the private sector have resulted in significant progress in membrane
technologies and energy recovery devices (Elimelech & Phillip, 2011).

The participation of the private sector in public-private partnerships
(PPPs) is essential for the successful implementation of desalination
projects. PPPs leverage the strengths of both sectors by combining
public sector oversight with the private sector's efficiency and
innovation. These collaborations effectively address the financial and
technical challenges of large-scale desalination projects (Quian et al.,
2020).

In conclusion, the private sector is crucial in driving innovation due
to its capacity to invest resources, manage risks, and quickly respond
to market demands. Its commitment through funding, partnerships,
and global collaboration is essential for developing effective and
scalable solutions to global water scarcity challenges. Its dedication
to investment, partnerships, and international cooperation is critical
to creating viable, scalable solutions to the world's water scarcity
problems.

The collaboration between governments, NGOs, research institutions,
and the private sector is crucial for tackling the complications of
innovation. Collaborative efforts, such as public-private partnerships,
benefit from the strengths of each stakeholder to achieve shared
objectives. In the desalination industry, for instance, this cooperation
can merge governmental funding and regulation with private sector
efficiency and innovation, all while being supported by academic
research and NGO advocacy for sustainable practices.

In summary, the involvement of these stakeholders is needed to
promote innovation and adoption. Their combined efforts drive
technological progress, enhance collaboration, and ensure the
sustainable implementation of new innovative solutions. Therefore,
these stakeholders can address global challenges and contribute to
a more sustainable future in the desalination industry by leveraging
their strengths and working together.
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Here are some captivating stories of

O 8 Exa m p leS Of SWA’S collaboration that highlight the spirit of

innovation in SWA:

[ ] L L L
Initiatives for
o o E 1. Development of Vaterite CaCO, Production
p ro m Ot I n g I n n Ovat I 0 n One compelling example is the development of a vaterite CaCO,

production process, a project born from the collaboration between
WTIIRA and a South Korean university and company. This innovative
project aims to produce vaterite-type calcium carbonate by utilizing
CO, captured from industrial emissions, seawater brine from SWRO
plants, and cement kiln dust from the cement industry. What makes
this project remarkable is its embodiment of the circular economy;,
turning waste streams into valuable resources. This collaboration not

The water sector is experiencing a drive for only addresses environmental concerns but also opens new avenues
innovation through dynamic collaborations ey SusiEliElR ineisiial preiees:
and initiatives that span national and 2. Water Research Community (WRC)
international borders. These efforts are not WTIIRA's biannual Water Research Community meetings are another
Only fostering advancements in tech nology but beacon of innovation. These events bring together universities and

. . . industry experts to foster a thriving innovation ecosystem. Universities
also promotlng sustainable practlces and the present their research proposals, which are then evaluated and refined

circular economy. to better suit real-world industry needs. The best proposals receive
budgetary support to turn academic ideas into tangible innovations.

Figure 15. Water Research Community Gatherings
Source: WTIIRA
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These gatherings are more than just meetings; they are crucibles of
creativity and progress, where ideas are transformed into practical
solutions that can drive the water sector forward.

3. Linking International and Local Innovators

Acting as a bridge between international and local innovators,
WTIIRA has developed ten proposals in partnership with global and
local experts for the RDIA (Research, Development, and Innovation
Authority) grant. This initiative is designed to merge international
expertise with local knowledge, creating a rich innovation ecosystem
within the desalination industry. The collaborative efforts aim to
harness the best of both worlds, bringing cutting-edge solutions to
local challenges and fostering a culture of shared knowledge and
mutual growth.

4. International Conferences and Knowledge Sharing

WTIIRA has also played a pivotal role in organizing international
conferences such as the Innovation Driven Desalination
Conference and the Specialty Conference in Brine Mining 2021.
These events have attracted world-class experts who share

their latest advancements in desalination and brine mining
technologies. The conferences serve as platforms for knowledge
exchange, networking, and the forging of new partnerships,
furthering the global discourse on sustainable water management.

5. State-of-the-Art Brine Mining Systems

In the realm of brine mining and utilization, WTIIRA's open innovation
approach has led to the development of a state-of-the-art integrated
brine mining system. This system investigates and incorporates
membrane-based technologies and nanofiltration for seawater
concentration. Additionally, efforts are underway to integrate these
technologies with units for sodium chloride, bromine, and magnesium
extraction. This integrated approach not only enhances the efficiency of
brine mining but also maximizes the utilization of resources, reflecting
WTIIRA's commitment to sustainable and innovative solutions.
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6. Global Prize for Innovation in Desalination (GPID)

The Global Prize for Innovation in Desalination is an initiative meant to
recognize and reward individuals who make significant contributions
to the field of water desalination. The aim is to inspire others to join in
the mission to discover sustainable water solutions. The award is given
during the international conference "Innovation Driven Desalination."
In 2023, the competition attracted 105 representatives from over 27
countries, including research centers, universities, entrepreneurs, and
professionals from water desalination companies worldwide. The GPID
has a total prize of $10 million SAR and focuses on environmental
aspects, energy consumption reduction, cost reduction, utilization

of new technologies, business model transformation opportunities,
and future analytical studies related to innovation in the desalination
industry. This prestigious competition aligns with the comprehensive
water strategy, integrating the sector's orientations, policies,
legislation, and practices.

7. Localization of an Integrated Reverse Osmosis Membrane
Desalination Plant

SWA signed an agreement in partnership with Local Content and
Government Procurement Authority, and Touray Middle East Company.
The agreement outlines the establishment of a reverse osmosis
membrane desalination plant in Saudi Arabia. With an expected date

of production in 2025, the plant would be the first of its kind in the
Middle East to manufacture RO membranes and the second in the
world outside of Japan. Over the next five years a return on GDP of 1.14
billion Riyals will be generated, with an annual trade balance impact of
135 million Riyals.

Each of these examples underscores the importance of collaboration
in driving innovation. By bringing together diverse expertise and
resources, these initiatives are not only advancing technology but also
paving the way for a more sustainable and efficient water sector.
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Future Outlook and
Recommendations

Desalination requires a significant amount of
energy, which can be challenging in areas that
rely on traditional power sources. To manage
the escalating global freshwater demand for
food production and drinking water supplies,
desalination is becoming an increasingly
important solution.
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Emerging Trends in
Desalination Innovation

Desalination requires a significant amount of energy, which
can be challenging in areas that rely on traditional power
sources. To manage the escalating global freshwater
demand for food production and drinking water supplies,
desalination is becoming an increasingly important
solution. Thermal desalination of seawater or saline or
brackish groundwater, which in many areas will be the only
available option for regional or national food production
(Ghaffour et al., 2014).

The desalination industry has been dominated, since the beginning,

by thermal desalination and Reverse Osmosis. Both technologies play
a pivotal role in mitigating this crisis of water scarcity by transforming
saline water into drinkable water. However, researchers try to explore
emerging desalination technologies that promise greater efficiency and
sustainability because the traditional desalination methods have been
energy intensive.

The future trends of desalination should be more environmentally
friendly, cost-effective, and more distributed to achieve increasing
access to freshwater resources everywhere, as the needs of the world
and its population grow.
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« The term environmentally friendly refers to energy efficiency, more
renewable energy engagement, and pursuing carbon neutrality
in the desalination industry. A variety of technologies are being
introduced in the market to improve energy efficiency, and more
ideas are being generated to optimize processes for energy
saving and renewable engagement. Therefore, specific energy
consumption in desalination processes has been reduced in
recent years and it will continue to be reduced in coming years. On
carbon offsetting technologies, desalination plants can work as a
platform for direct air capture (DAC) or direct ocean capture (DOC)
technology. Further treatment of brine effluent to produce solvent
for DAC would be more technically feasible in the near future, and
the ocean alkalinity enhancement program can be merged with the
desalination process to offset CO2 emissions.

« Cost-effectiveness could be achieved by developing downstream
products from the desalination process to monetize water
production costs. A variety of seawater brine valorisation
processes are being discussed and developed, so soon we will see
many essential industrial minerals produced from the seawater
brine mining process, and commercializing those products would
contribute to zero cost of water target.

- Increasing freshwater accessibility would be achieved by
introducing niche technologies tailored to different water needs.
There are many alternative desalination technologies once
considered unfeasible for large-scale desalination plants, yet
currently, they are emerging as some can provide feasible solutions
for different water demands such as water for agriculture, brackish
water treatment, water reuse, etc.

Then, the desalination industry is poised for significant advancements,
focusing on reducing environmental impact, enhancing cost-
effectiveness, and increasing freshwater accessibility. The integration
of renewable energy, development of carbon offsetting technologies,
and monetization of by-products from brine are key trends shaping the
future of desalination.
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Forward Osmosis

Recent advances in FO have focused on developing high-flux, high-
rejection membranes (Mohammadifakhr et al., 2020). Thin film
composite (TFC) membranes have demonstrated the potential to
improve water permeability and lowering reverse salt flux, especially
when treated with nanomaterials (Yip et al., 2010). For example,
adding carbon nanotubes and graphene oxide quantum dots to TFC
membranes has greatly increased water flux and selectivity (Maiti et
al., 2020).

However, these developments, internal concentration polarization,
and the high cost of draw solutions recovery remain obstacles to FO's
commercialization (Bhinder et al., 2018). Fertilizer Drawn Forward
Osmosis and other innovative draw solutions allow the diluted draw
solutions to be used directly for fertigation, negating the need for
energy-intensive recovery operations. Such draw solutions can be
viable solutions to these obstacles (Nasr et al., 2015).

Membrane Distillation (MD)

Significant research interest has been shown in MD technologies,
especially in the development of membranes with unique wettability to
improve performance (Chang et al., 2021). It has been demonstrated
that omniphobic and superhydrophobic membranes can withstand
wetting and fouling, two major problems in MD processes (Chin et al.,
2016). Additionally, enhanced vapor flux and fouling resistance have
been shown in dual-layer membranes that combine hydrophilic and
hydrophobic layers.

To further minimize energy use, pilot-scale experiments have
investigated merging MD with renewable energy sources, like
solar power (Ma et al., 2021). Yet, in order to go from pilot to full-
scale deployment, obstacles pertaining to membrane scalability,
durability, and economic viability must be addressed.

Electrochemical desalination

Electrochemical desalination processes, such as Electrodialysis (ED)
and Capacitive Deionization (CDI), have been revitalized by recent
advancements in electrode materials and system design (Meng et
al., 2017). Utilizing an electric field to propel ions through certain
membranes, ED is a useful technique for desalinating brackish water
and specialized uses such as salt recovery (Chen et al., 2017).
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As a low-energy option for desalinating brackish water, CDI

uses an electric field to adsorb salt ions onto porous electrodes.
The emergence of carbon-free and high-capacity non-carbon
electrode materials has greatly improved the scalability and
efficiency of CDI (Cheng et al., 2019). Additionally, a possible path
for next-generation CDI technologies is represented by the idea

of desalination batteries, which use Faradaic ion intercalation
materials to trap ions in the bulk of the electrode (Qin et al., 2019).

Hybrid desalination technologies

Multiple desalination technologies are used in hybrid desalination
systems to maximize their unique advantages and minimize their
disadvantages. These technologies are designed to increase water
recovery rates, lower energy use, and improve performance. For
instance, combining RO and FO can benefit from RO's high-efficiency
salt removal capabilities after the initial water extraction step, which
requires less energy from FO (Subramani et al., 2011). Compared to
solo RO processes, this hybrid technique can dramatically lower overall
energy consumption.

Another technology that is frequently included in hybrid systems

is Membrane Distillation or MD. By concentrating the brine through
MD and then further treating it with RO or FO to produce zero liquid
discharge, the combination of MD and RO or FO can improve brine
management (Goh et al., 2018). This hybrid solution tackles the
environmental issues related to brine disposal while also improving
water recovery.

To treat specific industrial effluents or brackish water, hybrid systems
that incorporate ED and CDI can be implemented. In order to control
high-salinity brines, for example, combining ED with RO can offer an
affordable option. In this scenario, ED pre-treats the brine to lower its
salinity before RO further filters the water (Subramani et al., 2011).
These hybrid systems can increase the efficiency of desalination across
a range of water sources while maximizing energy utilization.

Low-carbon and renewable energy desalination

Sustainable water management requires lowering the desalination
processes' carbon footprint. The goal of low-carbon desalination is

to reduce greenhouse gas emissions by the integration of low-carbon
energy sources and the improvement of energy efficiency. In this
context, advancements in membrane technology are important. The
energy requirements of RO and other membrane-based processes
can be significantly decreased by the creation of high-flux, low-energy
desalination membranes (Chen et al., 2020).
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An environmentally friendly alternative to the energy-intensive nature
of conventional desalination techniques is to include renewable energy
sources, such as solar, wind, and geothermal energy, in desalination
operations. The abundance of solar energy in many water-scarce
places has drawn major interest to solar desalination in particular.

By using solar thermal energy to power the desalination process,
solar-powered MD systems lessen dependency on fossil fuels and
greenhouse gas emissions (Bundschuh et al., 2021).

Another practical source of energy for desalination facilities is wind
power. RO systems can be powered by wind turbines, which offer
a sustainable and renewable energy source. In order to solve the
intermittent problems with individual renewable sources, hybrid
renewable energy systems that combine solar and wind power can
provide a steady and dependable energy supply (Mito et al., 2019).

It is also possible to use geothermal energy—which comes from the
heat of the Earth—for desalination. Thermal energy from geothermal
sources is used by geothermal desalination systems to power MD
and MED. This strategy offers a steady and reliable energy supply in
addition to lowering the carbon footprint (Zhu et al., 2021).

When incorporating renewable energy sources into desalination
processes, site-specific factors including sun irradiation, wind patterns,
and geothermal potential must be carefully considered. Hybrid
systems can maximize energy efficiency and improve dependability by
combining many renewable energy sources. For example, integrating
geothermal and solar thermal energy can maximize the sustainability
and efficiency of MD systems by offering a steady heat supply.

The desalination industry is poised for significant advancements,
focusing on reducing environmental impact, enhancing cost-
effectiveness, and increasing freshwater accessibility. The integration
of renewable energy, development of carbon offsetting technologies,
and monetization of by-products from brine are key trends shaping
the future of desalination. Additionally, the emergence of niche
technologies tailored to various water needs is set to increase
accessibility to freshwater resources for various applications.
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Recommendations
for Stakeholders

Fostering innovation in the desalination field requires
human resources for generating innovative ideas, capital
resources for conducting innovative projects, and the
right policy for stimulating innovation in this field. To
cultivate a thriving innovation ecosystem, it is crucial

to establish strong partnerships between academia,
industry, and government.

These collaborations can accelerate the development of new
technologies by providing a platform for sharing knowledge, resources,
and best practices, such as WRC, and GPID. For instance, academic
institutions often drive fundamental research and can offer fresh
insights and novel approaches to desalination technology. Industry
partners, on the other hand, contribute practical expertise and can
pilot and scale up effective solutions. Together, these collaborations
can navigate the regulatory landscape, which governments need to
optimize to encourage investments and minimize barriers to entry
for new technologies. This is what WRC and GPID frameworks are
intended for.

Additionally, fostering a favourable investment climate is essential for
attracting venture capital and other forms of financial backing. This
can be achieved by offering incentives such as tax breaks, subsidies,
and grants specifically targeted at innovative water technologies.
Moreover, governments can play a pivotal role by establishing clear and
favourable policies that ensure the long-term sustainability of water
resources and support the commercial viability of new desalination
technologies. For example, the government can establish a policy in

a way to share a certain portion of capital expenses of mega projects
for innovative projects to stimulate the materialization of innovative
projects.
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Regarding the different stakeholders in the water sector, WTIIRA
provides in their report, The Way Forward Research, and Innovation in
Water Desalination (SWCC, 2024), the following recommendations:

« Incorporate AI simulation and automation to bridge technology
gaps.

- Enhance energy management and operational efficiency.

e Expand collaboration with partners to expedite knowledge
acquisition and system implementation.

« Collaborate with academia and industry for joint research projects.

« Accelerate technology commercialization through co-authored
publications and co-ownership of patents.

« Investigate industrial water as a potential application for
desalination technologies.

e Learn from global players utilizing similar models. p—— RUIBIREI

e Explore desalination technologies including solar distillation,
capacitive deionization (CDI), membrane distillation, closed circuit
reverse osmosis (CCRO), and forward osmosis.

e Monitor emerging methods such as ultra high-pressure reverse
osmosis (UHPRO) and osmotically assisted reverse osmosis (OARO)
for future investment opportunities.

« Focus on proactive strategic planning to safeguard market share.

- Investigate technologies for the removal of microplastics,
pharmaceuticals, and personal care products.

- Implement hybrid systems combining conventional RO with MED-
TVC, MED-MVC, or solar distillation.

 Prioritize research into solar and geothermal energy as sustainable
energy sources for desalination.

« Position as leaders in fulfilling major areas of the 17 Sustainable
Development Goals.

e Focus on incorporating Zero Liquid Discharge technologies,
enhancing energy efficiency, and improving corrosion inhibition.

These recommendations recognize different areas that can be
catalogued as critical drivers of innovation in the desalination sector.
Itis crucial to emphasize education and training to guarantee

a consistent supply of skilled professionals in the water sector.
Improving educational programs to incorporate multidisciplinary
approaches such as water management, environmental science, and
engineering can prepare the next generation of innovators to address
the challenges of modern desalination technologies.
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10 Conclusions

Conclusions

A comprehensive understanding of the
desalination business's technological
innovations and adoption dynamics can be
achieved by applying strategic innovation
frameworks to the sector. By using these
frameworks, promoting stakeholder
collaboration, and investing in ongoing
innovation, the desalination sector can
significantly impact global water security
and sustainability.

Collaboration among governments, academic institutions, non-
governmental organizations, and the commercial sector is essential
for the industry's progress, ensuring the availability of clean water
and promoting sustainable water management techniques worldwide.
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The report covers the historical evolution, current status, and latest
advancements in desalination technologies, with a focus on the
strategic frameworks guiding these developments. Examining the
desalination sector through various innovation frameworks offers
valuable new insights into the sector's growth, challenges, and
prospects.

The application of innovation frameworks offers an organized
methodology for comprehending and improving the technological
developments in the desalination sector. The theory of Diffusion

of Innovation clarifies the ways in which various technologies are
adopted. Because of its established efficacy and economic viability,
Reverse Osmosis, which is already extensively used, belongs to the
early majority stage. On the other hand, Forward Osmosis is still at the
innovator stage and requires more verification and wider adoption.

The Open-Closed Innovation Theory emphasizes how crucial it is

to strike a balance between external and internal R&D initiatives.
Open innovation has helped RO and FO by facilitating partnerships
with industry and academic institutions. In contrast, internal R&D
initiatives have historically driven the development of MSF and MED,
which have relied on closed innovation.

Additionally, innovations are also evaluated using the Innovation

Cube Framework according to their effects on the market, strategy,
and transformation. High market penetration technologies like RO
demand small-scale advances to stay economical and efficient.
Emerging technologies that haven't yet gained a large market
share but have the potential to do so, like FO and MD, call for more
important adjustments and substantial organizational changes.

By fully integrating these frameworks, stakeholders can assess
desalination technologies from various perspectives. This analysis
provides a holistic perspective that encompasses technological
viability, market preparedness, and strategic congruence. Adopting
this multifaceted strategy empowers organizations to make well-
informed choices, streamline the use of resources, and nurture

a culture of innovation. Such a proactive approach is crucial for
successfully maneuvering through the intricacies of the desalination
sector and securing enduring expansion. In essence, these
frameworks are instrumental in propelling technological progress,
securing a market advantage, and realizing more effective and
significant innovative breakthroughs within the realm of desalination,
all which resonate with the innovative drive of the KSA.




10 Conclusions

In the desalination sector, stakeholders are essential to fostering

and maintaining innovation. Governments support research and
development with crucial financing, frameworks for regulations, and
incentives. Fundamental and applied research is driven by research
institutes, which turn scientific findings into useful applications.

NGOs encourage cooperation amongst stakeholders and promote
sustainable practices. And finally, in order to commercialize
inventions and ensure their economic viability and widespread market
adoption, the private sector plays a critical role.

Saudi Arabia is dedicated to promoting innovation through various
strategic initiatives. The RDIA, for example, intends to advance the
RDI sector by coordinating activities, proposing relevant policies,
and providing funding. Through its Vision 2030, the country aims
to become a global leader in research and development through
investments in key areas such as health, sustainable environment,
energy, and future economies. Organizations such as the SWA

are actively investing in research and development to improve
desalination technologies. The KSA is positioning itself as an
innovation hub, driving technological advancements and sustainable
growth. While at the same time increasing the local content of
crucial industries like desalination and the water sector.

Therefore, in the future, innovation must continue to push in order to
improve the sustainability and efficiency of the desalination sector.
New developments such as the integration of renewable energy
sources, the development of better membrane materials, and the
optimization of hybrid desalination systems offer great potential. To
effectively address the challenges of water shortage, stakeholders
should make investments in continuous research and development,
international cooperation, and knowledge sharing.

The thorough examination of desalination technologies using these
innovation frameworks provides stakeholders with valuable tools to
navigate the complexities of technological advancement in the water
sector. By adopting a structured and multidimensional approach to
innovation, organizations can improve their ability to develop and
implement solutions that effectively meet current and future water
demands. This strategic foresight is crucial for promoting sustainable
growth and addressing the critical challenges of global water scarcity.
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