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Abstract — The increasing demand for clean water in India, coupled with the urgent need to address environmental concerns,
necessitates the optimization of desalination plant operations. Membrane-based desalination technologies have gained
prominence due to their compact footprint and high efficiency. However, operational challenges and energy consumption
remain critical issues. This study investigates the application of lean management principles to enhance the operational
performance of Indian desalination plants. By integrating lean methodologies with renewable energy technologies, such as solar
and photovoltaic systems, the research aims to improve efficiency, reduce waste, and lower environmental impact. The study
reviews existing operational practices, identifies inefficiencies, and proposes lean-driven strategies tailored to the unique
context of Indian desalination facilities. Emphasis is placed on achieving sustainable water production with reduced energy
consumption while maintaining high-quality output. The findings provide a framework for future improvements in desalination
operations that align with environmental sustainability and resource conservation goals.
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I. INTRODUCTION

Water is fundamental to life, and ensuring its
availability and quality remains a critical global challenge.
In India, rapid industrialization, population growth, and
urbanization have significantly increased water demand,
intensifying pressure on limited freshwater resources.
Simultaneously, rising wastewater discharge and the
depletion of conventional freshwater sources have
exacerbated water scarcity concerns across many regions
in the country.

Although approximately 70% of the Earth’s surface is
covered with water, less than 3% constitutes freshwater,
predominantly locked in ice caps or groundwater reserves.
Surface freshwater sources such as rivers and lakes
represent only a small fraction of accessible water. In
India, the uneven distribution and seasonal variability of
freshwater resources further complicate water security,
especially in arid and semi-arid regions.

Desalination has emerged as a vital technological
solution to address water scarcity by converting saline
water—seawater and brackish water—into potable and
industrial-quality water. The average salinity of seawater is
around 35 parts per thousand (ppt), while brackish water
salinity varies between 0.5 to 30 ppt, rendering these
sources unsuitable for direct consumption or most
industrial uses without treatment.

India’s desalination industry primarily employs both
thermal and membrane-based technologies. Thermal
methods, such as Multi-Effect Distillation (MED), Multi-
Stage Flash (MSF), and Vapor Compression Distillation

(VCD), rely on thermal energy to vaporize water, whereas
membrane technologies like Reverse Osmosis (RO) and
Electrodialysis (ED) utilize pressure-driven separation
mechanisms. Hybrid systems combining thermal and
membrane techniques are also gaining traction to improve
efficiency and reduce operational costs.

Despite technological advancements, Indian
desalination plants face operational challenges, including
high energy consumption, maintenance complexities, and
inconsistent performance, which constrain their scalability
and cost-effectiveness. Energy consumption remains a
significant concern, with RO systems requiring
approximately 3.7 kWh/m3, compared to much higher
energy needs for thermal processes. The growing emphasis
on sustainability has accelerated the adoption of renewable
energy sources, such as solar and wind, to power
desalination facilities, reducing carbon footprints and
operational costs.

Lean management principles offer a promising approach
to enhance the operational performance of desalination
plants by systematically eliminating waste, optimizing
resource use, and improving process reliability. While lean
methodologies have been extensively applied in
manufacturing and service sectors, their integration into
the water treatment and desalination industry, especially
within the Indian context, remains underexplored.

This research aims to investigate how lean management
practices can be strategically implemented in Indian
desalination plants to improve efficiency, reduce costs, and
promote sustainable operations. By focusing on process
optimization, energy management, and operational
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excellence, this study contributes to advancing desalination
technologies’ practical and economic viability, supporting
India’s growing water demands in a resource-constrained
environment.

Il. RENEWABLE ENERGIES AND
DESALINATION: ENHANCING
OPERATIONAL PERFORMANCE IN
INDIAN DESALINATION PLANTS

Renewable energy integration is critical for improving
the operational efficiency and sustainability of desalination
plants, particularly in India where energy costs and
environmental concerns significantly impact plant
performance. Various renewable energy sources have been
explored worldwide for desalination applications,
including solar, wind, geothermal, wave, nuclear, and
emerging blue energy technologies. This section presents
an overview of these renewable energies, emphasizing
their potential role in optimizing operational performance
through lean management principles in Indian desalination
plants.

1. Solar Energy

Solar energy represents a widely available and
sustainable resource, especially relevant for India’s vast
coastal and arid regions where sunlight is abundant. Solar-
driven desalination can reduce reliance on fossil fuels and
lower operational costs, aligning with lean management
goals of waste reduction and process efficiency. Solar
energy can be harnessed directly via thermal processes
(e.g., solar stills, humidification—dehumidification) or
indirectly by converting sunlight to electricity through
photovoltaic (PV) systems to power membrane-based
desalination technologies like reverse osmosis (RO).

However, solar-powered systems face operational
challenges due to intermittency caused by weather
variations, potentially disrupting plant throughput and
requiring lean approaches such as energy storage
integration and process scheduling to maintain steady
performance. Despite higher initial capital costs, adopting
solar energy can reduce variable operational expenses and
environmental impact over time, improving overall plant
sustainability and operational excellence.

2. Wind Energy

Wind energy is a promising renewable resource for
desalination plants located in India’s coastal and island
regions. The mechanical or electrical power generated by
wind turbines can support desalination units, contributing
to lean operational strategies by minimizing fossil fuel
consumption and enhancing energy efficiency. While wind
power plants have grown globally, their deployment in
India requires consideration of factors such as site
selection, environmental impact, noise pollution, and
community acceptance to ensure smooth operation and
lean integration.
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Operational limitations include variability in wind speed,
which may lead to fluctuating energy supply and
necessitate buffering or hybrid energy systems to avoid
process disruptions. Effective lean management can
optimize maintenance schedules, reduce downtime, and
integrate predictive analytics to maximize wind energy
utilization within desalination operations.

3. Wave Energy

Wave energy harnesses ocean wave motion to generate
power, offering a high theoretical energy conversion
efficiency suitable for coastal desalination plants. In India,
with its extensive coastline, wave energy could be
integrated to pressurize seawater directly for RO
processes, contributing to lean goals by lowering energy
input costs and improving process reliability. Despite this
potential, wave energy remains underdeveloped, with
challenges including high installation and maintenance
costs, technology infancy, and energy supply variability
due to changing wave conditions.

Lean management approaches focusing on continuous
improvement, waste reduction, and adaptive process
control are essential to overcome these challenges and
improve operational performance in wave energy-powered
desalination.

4. Geothermal Energy

Geothermal energy, sourced from Earth's subsurface
heat, offers a low-emission power and heat supply ideal for
low-temperature desalination processes such as multi-
effect distillation (MED). Certain regions in India possess
geothermal potential, which can be leveraged to reduce
dependence on conventional fuels and enhance operational
efficiency through stable and continuous energy supply.
However,  geothermal  resource  availability is
geographically limited, and environmental concerns
related to fluid extraction must be managed carefully.

Lean management techniques, including resource
monitoring and environmental impact mitigation, are
critical to sustainably harness geothermal energy and
optimize desalination plant operations.

5. Nuclear Energy

Nuclear energy, through heat and electricity generation,
can power large-scale desalination plants, a concept known
as nuclear desalination. While nuclear power offers stable,
low-carbon energy, operational safety, waste disposal, and
public acceptance challenges limit its deployment in
India’s desalination sector. Nonetheless, where feasible,
nuclear integration can support lean objectives by
providing consistent energy supply, reducing operational
variability, and enabling large-scale water production with
minimal greenhouse emissions.

6. Blue Energy
Blue energy, or salinity gradient energy, exploits the
chemical potential difference between seawater and
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freshwater at river mouths. This emerging renewable
energy offers substantial global potential and membrane-
based technologies like pressure-retarded osmosis and
reverse electrodialysis can convert this energy into
electricity for desalination. For Indian desalination plants,
especially those near estuaries, blue energy could present a
sustainable power source to enhance operational efficiency
and reduce energy waste.

However, technological maturity and cost-effectiveness
remain barriers. Lean management strategies focusing on
innovation adoption, cost reduction, and pilot-scale testing
can facilitate the integration of blue energy into
desalination operations.

111. MEMBRANE-BASED DESALINATION
PROCESSES COUPLED WITH
RENEWABLE ENERGY: IMPLICATIONS
FOR OPERATIONAL EFFICIENCY IN
INDIAN DESALINATION PLANTS

Membrane-based desalination technologies leverage
semipermeable membranes and driving forces such as
differential pressure, temperature, or voltage to separate
salts and minerals from water. Among these, Reverse
Osmosis (RO) is the most widely employed process in
India due to its high salt rejection efficiency and relatively
lower energy consumption compared to thermal
desalination methods. While Nanofiltration (NF)
membranes are sometimes classified as a subset of RO
membranes, many experts recognize NF as a distinct
category based on selective ion permeability and
membrane characteristics. Membranes are typically
fabricated from synthetic or natural polymers optimized
for performance and durability [56].

The RO process operates by applying hydrostatic
pressure to force water molecules through a
semipermeable membrane, effectively rejecting salts and
other solutes. This selective permeability results in high-
quality permeate water suitable for various uses. The
advantages of RO systems over conventional thermal
desalination  include  significantly  lower energy
requirements—often up to ten times less—smaller plant
footprints, reduced equipment corrosion, and improved
safety profiles. These factors have contributed to the
growing adoption of RO technology globally, including in
Indian desalination plants, where space and operational
costs are critical considerations [57].

Despite these advantages, the energy demand of current
RO plants remains higher than the theoretical minimum
due to system inefficiencies and reliance on fossil-fuel-
generated electricity. For example, seawater RO
desalination powered by conventional fuels emits
approximately 4.05 g/m3 of NOx and 1.78 kg/m3 of CO2,
contributing to environmental concerns [58]. To enhance
operational performance and align with India’s
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sustainability goals, integrating renewable energy with RO
desalination systems presents a promising avenue.

1. RO-Based Desalination Systems Integrated with
Renewable Energy: Pathway to Lean Operations in
Indian Plants

Recent developments demonstrate the feasibility of
coupling RO desalination plants with renewable energy
sources, particularly solar power, to reduce energy costs
and carbon footprint. In India, where solar irradiance is
abundant, photovoltaic (PV) and solar thermal
technologies have been effectively integrated to power RO
units. A representative schematic of an RO system driven
by photovoltaic-thermal (PVT) hybrid technology
illustrates the synergy between renewable energy
generation and desalination (see Figure 1).

In this system, a portion of the feed water circulates
through the PVT array to absorb thermal energy, which
helps lower PV cell temperatures and enhances electrical
efficiency. The feed water volume is optimized to maintain
a stable mass flow rate. To maximize thermal energy
utilization, a thermal storage reservoir stores heat during
peak sunlight hours, ensuring a consistent supply of heated
feed water to the RO membranes. Heating water reduces
its viscosity, thus decreasing pump energy consumption
and improving overall system efficiency.

Electrical energy generated by the PV cells powers the
pumps, with surplus electricity stored in batteries for
nighttime use. When battery reserves are insufficient, grid
electricity supplements the load, ensuring uninterrupted
operation. This hybrid renewable system supports lean
operational principles by minimizing energy wastage,
reducing dependency on fossil fuels, and improving
process reliability. Applying lean management strategies to
optimize such integrated systems can significantly enhance
the operational performance, cost-effectiveness, and
environmental sustainability of Indian desalination plants
[59].
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Figure 1. Schematic representation of a photovoltaic
thermal (PV-T) and reverse osmosis (RO) hybrid
operational setup for an Indian desalination plant. This
integrated system utilizes thermal (T) and electrical (E)
energy to optimize water desalination processes, aiming to
enhance operational performance through efficient energy

management. [59] Recent advances in low-capacity
photovoltaic ~ (PV)-driven  reverse  osmosis (RO)
desalination systems have demonstrated promising
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potential for decentralized drinking water production, with
capacities ranging from 0.8 to 3 md/day [60]. These
systems typically integrate a 4.8 kWp PV array paired with
battery storage of approximately 60 kWh to ensure
continuous operation. Operational performance metrics
reveal a specific energy consumption of around 15
kWh/mé at a feed pressure of 63 bar, effectively
maintaining total dissolved solids (TDS) levels below 500
ppm, in compliance with World Health Organization
(WHO) drinking water standards. However, the capital and
maintenance costs linked to battery storage remain a
critical challenge affecting overall operational efficiency.

In efforts to optimize lean operational performance,
comparative studies have evaluated battery-less PV-driven
RO systems against battery-supported configurations [61].
The battery-less units, enhanced by energy recovery
devices, achieve lower water production costs—estimated
at approximately 7.8 EUR/m3 for 0.35 m3/day water output
with a reduced specific energy consumption of 4.6
kWh/m3. This highlights the importance of integrating
energy recovery mechanisms to reduce operational costs
and improve system reliability, key principles aligned with
lean management by minimizing waste and maximizing
resource utilization.

Further exploration of renewable energy integration
includes hybrid systems combining PV with organic solar
Rankine cycle (ORC) technology to mechanically drive
high-pressure RO pumps [62]. For instance, a unit
comprising a 0.3 m¥/h RO system coupled with 90 m?
vacuum tube solar collectors and a 100 kW Rankine
engine demonstrates a dual approach to energy efficiency.
The system’s energy recovery subsystem, utilizing axial
piston pumps functioning alternately as turbines,
exemplifies innovative energy recapture techniques. Cost
analysis indicates operational expenses of 7.77 EUR/m3
for PV-RO systems and 12.53 EUR/m? for ORC-RO units,
underscoring the trade-off between energy source
complexity and desalination cost.

A recent hybrid grid-coupled RO system incorporating
PV, energy storage, and pressure retarded osmosis (PRO)
exemplifies intelligent process optimization to enhance
operational performance [63]. The system employs an
Intelligent Energy Management System (IEMS) leveraging
advanced algorithms—qgrey wolf optimizer (GWO),
genetic algorithm (GA), and particle swarm optimization
(PSO)—to maximize water production and solute rejection
while minimizing grid energy dependence. Among these,
PSO demonstrated superior performance, notably reducing
grid energy input (PI1), improving energy efficiency (P12),
and optimizing battery usage (PI3), thereby aligning with
lean management goals of continuous process
improvement and energy conservation.

In addition to solar-driven systems, wind energy
integration into RO desalination plants offers scalable
solutions for large-scale freshwater production [64,65].
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Wind farms, complemented by flywheel energy storage
(FES) and uninterruptible power systems (UPS), provide
stable power to multiple single-stage seawater RO modules
equipped with energy recovery devices. Operational
safeguards, such as transformers protecting against
homopolar faults, enhance system reliability. The
economic feasibility of wind-powered RO plants improves
significantly at sites with average wind speeds exceeding 5
m/s, where unit water production costs may decrease by up
to 80% [66]. Design optimization studies indicate that
configuration modifications can further reduce costs and
enhance system resilience [67].

The reviewed studies underscore several strategies
critical to enhancing operational performance in Indian
desalination plants through lean management:

e Energy Optimization: Adoption of battery-less PV
systems with energy recovery reduces energy
consumption and costs, minimizing resource waste.

e Process Integration: Hybrid energy systems and
intelligent management algorithms improve system
responsiveness and operational flexibility.

e Cost Efficiency: Renewable energy integration,
combined with system design optimization, offers
pathways to reduce production costs significantly.

¢ Reliability and Maintenance: Incorporation of fault
protection and energy storage improves uptime and
reduces unplanned downtime, a core lean principle.

Implementing these strategies in Indian desalination
plants can lead to significant improvements in operational
efficiency, cost reduction, and sustainability—key pillars
of lean management.
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Figure 2. lllustration of the wind-powered seawater RO
plant [65]. Image reused under the Creative Commons
license.
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2. MD-Based Desalination Systems Driven by
Renewable Energy Sources: Implications for
Operational Efficiency in Indian Desalination Plants

In the context of improving operational performance in
Indian desalination plants, Membrane Distillation (MD)
systems driven by renewable energy sources offer a
promising alternative, particularly under the constraints of
resource optimization emphasized in lean management.
Unlike Reverse Osmosis (RO), which demands high
energy input to sustain the necessary pressure across
membranes [68], MD operates effectively under high
salinity conditions with comparatively lower energy
requirements, making it suitable for leaner operational
models in resource-constrained environments.

The MD process leverages temperature gradients, which
can be efficiently generated through solar thermal
collectors—components that are advantageous due to their
simple design, minimal maintenance requirements, and
ability to provide consistent thermal energy. This aligns
well with lean management principles by minimizing
downtime and maintenance costs while optimizing energy
usage.

Despite these advantages, MD systems face operational
challenges such as membrane wetting and fouling [72].
Recent advances in membrane technology, including
modifications to enhance anti-fouling and anti-wetting
properties [73,74], are critical for sustaining performance
and reducing operational disruptions. Such innovations
support lean objectives by extending membrane lifespan
and reducing resource wastage.

Several MD configurations exist—Air Gap MD
(AGMD), Direct Contact MD (DCMD), Sweeping Gas
MD (SGMD), Liquid Gap MD (LGMD), Multi-Effect MD
(MEMD), Material Gap MD (MGMD), and Vacuum MD
(VMD) [75]—each with distinct operational profiles and
efficiencies. For example, DCMD features direct contact
of hot feedwater with hydrophobic membranes, leading to
higher conductive heat loss compared to AGMD, which
incorporates an air gap to reduce thermal losses. VMD
utilizes vacuum pressure to enhance vapor transport but
involves higher operational complexity. Understanding
these distinctions allows Indian plants to select and
manage systems that optimize energy use and maintenance,
key goals in lean operational frameworks.

Recent pilot studies of solar-powered MD plants
demonstrate the operational viability of integrating
renewable energy sources to improve desalination
efficiency. For instance, a DCMD unit combined with flat-
plate solar collectors and a heat recovery system achieved
a 31.3% increase in solar thermal energy efficiency, with
distillate outputs improving from 3.31 L/h to 4.59 L/h per
module under heat recovery conditions [76]. This
illustrates how process optimization—core to lean
management—can be realized through energy recovery
and system integration.
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Further techno-economic analyses comparing DCMD,
AGMD, and VMD configurations indicate that solar-
driven AGMD achieves the lowest unit production costs
(~USD 2.71/m3), which can be further reduced to USD
2.04/m3 by lowering membrane costs [77]. These findings
suggest that lean operational strategies targeting cost
reduction through component optimization and supply
chain management can significantly improve the economic
viability of desalination in India.

Additionally, levelized water costs for solar-driven
DCMD systems have been estimated at USD 3.01/m3 when
considering comprehensive capital and operational
expenses, including maintenance, membrane replacement,
brine handling, and labor [78]. Lean management
approaches that streamline these cost components by
eliminating waste and optimizing workflows can directly
reduce overall water production costs.

Figure 3a illustrates a typical solar-thermal driven
DCMD setup relevant to Indian operational conditions.
The system converts solar energy into heat via thermal
collectors, transferring it to seawater in a heat exchanger
before feeding it into the MD modules. The temperature
difference across the hydrophobic membrane drives vapor
permeation, which condenses as fresh water on the
permeate side (Figure 3b). Implementing lean principles in
monitoring and controlling these temperature gradients,
maintaining membrane integrity, and managing ancillary
systems can enhance throughput and reduce energy
consumption.
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Figure 3. Operational schematic of a solar-powered
Direct Contact Membrane Distillation (DCMD) system (a),
illustrating the process flow and integration relevant to
desalination plants in India. (b) Depiction of the pressure
gradient phenomena driving permeation across the

membrane interface, critical for optimizing system
performance.

Several studies have explored the integration of
geothermal energy in the operation of Membrane
Distillation ~ (MD) plants, highlighting  potential
opportunities to enhance operational efficiency in

desalination processes. Figure 4 presents a simplified
schematic illustrating the utilization of geothermal
resources to generate both heat and electricity, a synergy
particularly relevant for optimizing energy use in
desalination facilities.

The operational scheme is divided into three distinct
stages. Stage 1 involves the use of geothermal steam for
electricity generation. In stage 2, the condensed steam and
separated water from the first stage are further employed to
produce electricity through advanced cycles such as the
Kalina Cycle or the Organic Rankine Cycle. Finally, stage
3 harnesses the residual thermal energy from geothermal
waters post electricity generation to supply heat. This
integrated approach addresses the dual energy demand—
both heat and electricity—required for efficient water
desalination systems.
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Figure 4. A simple illustration of using geothermal
resources for the production of electricity and heat for MD
processes [84]. Image reused under the Creative Commons
license.

A recent investigation into geothermal energy-driven
hybrid desalination systems demonstrated an exergy
efficiency of 28.86%, emphasizing the potential of such
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integrated energy solutions to improve operational
performance [81]. Another study examined the application
of a cross-flow Vacuum Membrane Distillation (VMD)
module powered by geothermal energy, reporting a
significant 59% reduction in specific water production
costs [82]. This research also identified membrane costs as
a critical factor influencing owverall water costs; for
instance, a 40% reduction in membrane price translated to
a 30% reduction in specific water costs.

3. Enhancing Operational Performance of ED-Based
Desalination Systems Driven by Renewable Energy in
Indian Desalination Plants

Electrodialysis (ED) systems have been effectively
utilized for desalination of both brackish and seawater
sources [85,86]. The fundamental operation of ED
involves the selective transport of cations and anions
through cation exchange membranes (CEM) and anion
exchange membranes (AEM), respectively, driven by an
applied electrical potential difference. This electric field
acts as the driving force facilitating ion transfer, enabling
efficient salt removal, recovery, and water purification.

In the context of Indian desalination plants, integrating
ED systems with renewable energy sources, particularly
photovoltaic (PV) solar power, presents a promising
approach to enhancing operational performance and
sustainability. Figure 5a,b illustrates a general schematic of
a PV solar-driven ED system and its corresponding ED
stack configuration.

Multiple studies have demonstrated the feasibility of
PV-powered ED units. For example, a small-scale ED unit
comprising 24 cell pairs arranged across two electrical and
four hydraulic stages was powered by a solar PV system
delivering DC power at 12 V nominal voltage and 33 W
peak capacity [87]. The system achieved significant
improvements in permeate quality with a low permeate
flow rate of 150 gallons per day, achieving up to 99% salt
rejection for saline feedwater.

Another investigation focused on a PV solar-driven ED
system designed specifically for brackish water treatment
[88]. This study explored the theoretical interaction
between the photovoltaic generator and the ED system,
revealing how the number of PV panels directly influences
desalination capacity and duration. When eight PV panels
were employed, the system produced approximately 0.29
m3/h over 0.35 hours, whereas with only four PV panels,
desalination time extended to 0.45 hours with a reduced
output of 0.22 m3/h. Such configurations are particularly
suited for small-scale applications in remote or off-grid
Indian locations, offering daily water treatment capacities
in the range of 1 to 10 m3.

These findings underscore the critical role of optimizing
renewable energy integration in ED-based desalination
systems to boost operational efficiency. Key variables
affecting system performance include the photovoltaic
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generator’s layout, the number of PV panels installed,
local climatic conditions, and plant operating parameters.
This presents a significant opportunity for Indian
desalination plants to adopt lean management practices
focused on optimizing energy utilization, reducing
operational costs, and improving overall process efficiency
through tailored system design and renewable energy
deployment.

N
7S
D power supply :
|
Electrode; \
P | 1
| Membrane stack
'
A
J - '
PV Paned Storage batteries
(&) | A
N > -
: | = :
* : ;,‘
—_ - | R
*: ® N
| { | -
" L 1‘
- X [
m—— 2 © | "
s (8 ~n® ..[':'. e 1
hd =]
| . {
* g |
t - 1 a | 4 '
| | | | |
; |
" |

Figure 5. Schematic representation of a photovoltaic
(PV) solar-powered electrodialysis (ED) system (a) and
the electrodialysis stack configuration (b). Sub-figure (b) is
adapted from [89] and reused under the Creative
Commons license. This system exemplifies sustainable
energy integration to enhance operational performance in
Indian desalination plants through lean management
principles.

Recent studies have highlighted the sustainability and
efficiency of  photovoltaic  (PV)  energy-driven
electrodialysis (ED) systems for brackish water
desalination, offering promising avenues for operational
improvements in desalination plants. One such study
demonstrated that PV-powered ED systems significantly
reduce greenhouse gas emissions, achieving values as low
as 0.02-0.03 kg CO: per cubic meter of produced water.
Moreover, the specific energy consumption of the ED
system was found to be notably lower (0.49-0.91 kWh/m3)
compared to reverse osmosis (RO) systems, which
typically consume between 1.5 and 2.5 kWh/m3 for
brackish water within a low salinity range.

Economically, PV-driven ED plants have shown
competitive production costs. For instance, a plant with a
50 m3/day capacity reported water production costs around
USD 3 per cubic meter. The largest existing PV-powered
ED installation, located in Fukue, Japan, operates with an
average daily production capacity of 200 m3, supported by
a 65 kWp PV array and 1.2 Ah storage. This plant
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demonstrates variable production rates between 130 and
370 m3/day, utilizing energy at an efficient rate measured
in KWh/m3,

Smaller-scale PV-ED systems have also been validated
for rural applications, capable of producing 6—15 m3/day to
supply villages with populations ranging from 2000 to
4999, providing approximately 3 liters per capita per day.
These findings reinforce the role of PV-ED systems as
energy-efficient and  cost-effective  solutions  for
decentralized desalination, aligning with sustainable
operational strategies.

A comparative cost analysis of membrane-based
desalination processes powered by various renewable
energy sources is presented in Table 1, highlighting
opportunities for optimizing operational performance in
Indian desalination facilities by integrating lean
management principles alongside renewable energy
technologies.

Table 1. Comparison of water production cost in
membrane-based desalination processes powered by
different renewable energies [16,93,94].

Desalination System

Capacity tm*/d) Water Cost (USD/n")

S0 2000 6.6-9
<l LL7-156
%0 34
SO-200K) 2052
10003000 0.7-1.2
10 4-195
A-117

Wind-powered UWRO
"V-powered SWRO

a1s-1

FV-powered ED 1o

Veza et al. developed a wind-powered electrodialysis
(ED) system for the desalination of brackish water [95].
This system operated with a product flow rate ranging
from 3 to 8.5 m3h and consumed between 4 and 19 kW of
energy, producing water with a conductivity of 200-500
puS/cm. Notably, the ED system demonstrated superior
operational flexibility by effectively adapting to variable
wind energy inputs, including sudden fluctuations. To
accommodate these variations, modifications were made to
the control unit design, improving responsiveness and
stability. Importantly, the actual operational efficiencies

closely aligned with software-based performance
predictions, highlighting the potential for optimized
control strategies. Such adaptability is critical for

enhancing the operational performance of desalination
plants in India, where renewable energy integration and
fluctuating power supplies are common challenges.

4. Forward Osmosis (FO)-Based Desalination Systems
Powered by Renewable Energy

Forward osmosis (FO) represents an emerging
desalination technology that utilizes the natural osmotic
pressure gradient between a saline feed solution and a
highly concentrated draw solution to drive water transport
across a semipermeable membrane. Unlike pressure-driven
membrane processes, FO operates spontaneously without
the need for external hydraulic pressure, resulting in
significantly  lower energy consumption, minimal
membrane fouling, and reduced capital and operational
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expenses [96]. Pumping energy requirements for FO can
be as low as 0.25 kWh/m3 [97], positioning FO as a
promising low-energy alternative for desalination.

However, in applications such as seawater desalination
where draw solution recovery and regeneration are
necessary, the overall energy efficiency of FO systems is
considerably affected. The regeneration stage typically
involves multiple energy-intensive operations, which
diminish the apparent energy savings of FO when
compared to standalone processes. Figure 6 illustrates the
schematic of the FO desalination process, emphasizing the
key stages involved.

Despite its potential, the integration of renewable energy
sources with FO desalination systems remains
underexplored, particularly in the Indian context. Lean
management strategies aimed at optimizing these hybrid
systems could play a vital role in enhancing operational
efficiency and sustainability of desalination plants,
aligning with India’s goals for sustainable water resource
management.
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Figure 6. Schematic Representation of the Forward
Osmosis (FO) Desalination Process [98]. Image reused
under the Creative Commons license.

In the pursuit of improving operational efficiency in
Indian desalination plants, recent advances in FO
technology have shown promising potential. FO processes
utilize smart materials, such as stimuli-responsive
hydrogels, which undergo reversible changes in water
absorption and dehydration triggered by environmental
stimuli like heat, pressure, and sunlight. These hydrogels
serve as innovative draw solutions, facilitating energy-
efficient water extraction, as illustrated in Figure 7.

Particularly relevant to lean management initiatives
aiming to optimize resource utilization and reduce waste,
solar-powered hydrogel-driven FO systems have garnered
significant attention. Upon exposure to sunlight,
thermoresponsive or light-responsive hydrogels contract,
releasing fresh water due to structural shrinkage. For
instance, these hydrogels absorb water efficiently at their
maximum volume phase transition temperature and release
it at higher temperatures, enabling a regenerative cycle that
reduces operational downtime and energy consumption
[99,100].
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Furthermore, integration of light-absorbing carbon
materials into polymer hydrogels has enhanced heating and
dewatering efficiencies, leading to higher swelling rates
and increased water flux during the FO process [101]. This
modification directly contributes to improved water
recovery rates, a critical factor in optimizing desalination
plant throughput.

Complementing lean operational strategies, a recent
pilot-scale study evaluated the optimization of solar
thermal and photovoltaic (PV)-powered FO desalination
processes [102]. Utilizing a commercial spiral-wound
membrane module with an effective membrane area of
0.35 m?, the study identified optimal operational
parameters including maximum differential pressure and
draw solution pressure. These findings support the
integration of advanced FO technologies within Indian
desalination infrastructure to enhance performance metrics

such as energy efficiency, throughput, and cost-
effectiveness.
composite hydrogel recveling
» o g
FO membr ane .h\ drogel powder "."
2 P4 solar¥energy

HO "‘

HO &®  FO

H:O ,"P: denatering

feed solution

collapsed composite hydrogel

swollen composite hydrogel
Figure 7. Schematic illustration of utilizing solar energy
for the recovery of thermo-responsive hydrogel draw
solutions in a hydrogel-based forward osmosis (FO)
system for desalination [103]. Image reused under Creative
Commons license.

1. LIMITATIONS AND FUTURE
PERSPECTIVES

In  recent decades, renewable energy-powered
desalination technologies have garnered significant
attention, especially in the context of enhancing

operational performance in Indian desalination plants
through sustainable approaches [104]. Progress in this
field hinges not only on advancements in energy harvesting
methods but also on the optimization of system integration
between renewable energy sources and desalination
processes, development of efficient energy storage
solutions, improved power management, and innovation in
high-performance membrane materials [105,106].

While much of the solar power sector has focused on
electricity generation, comparatively less emphasis has
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been placed on the design and optimization of solar-driven
desalination units tailored to operational needs. A key
challenge in scaling up solar-powered desalination is
minimizing energy losses during conversion. Direct
utilization of solar thermal or photovoltaic energy within
desalination units can mitigate such losses, enhancing
overall plant efficiency. Therefore, future research should
prioritize the development of customized solar energy
systems specifically designed for various desalination
applications prevalent in India.

Economic feasibility remains a critical hurdle, as current
commercial solar desalination units often suffer from high
costs and variable efficiencies. Moreover, the geographical
diversity of India affects solar irradiance and climatic
conditions, necessitating detailed site-specific assessments
to identify optimal locations for solar-powered
desalination facilities.

Given India’s extensive coastline, wave energy presents
another promising renewable source for desalination
operations. However, the intermittent and location-
dependent nature of wave energy demands comprehensive
feasibility studies addressing spatial and temporal
variability before deployment. Integration of wave energy
can significantly lower carbon emissions associated with
desalination.

Geothermal energy, although relatively underexplored
in the Indian context for desalination, holds potential for
sustainable thermal desalination technologies such as
membrane distillation (MD). Further scale-up studies and
system design innovations are needed to unlock this
resource.

A major operational limitation across renewable energy-
based desalination plants remains the intermittency of
power sources like solar and wind. This underscores the
necessity for efficient energy storage technologies and
hybrid system designs that ensure continuous operation.
Humidification—dehumidification (HDH) desalination
methods, compatible with low-temperature renewable heat,
especially wind energy, offer operational advantages
including simplicity, modest technological requirements,
and potential integration with decentralized renewable
systems. Addressing challenges related to system interface
design, optimization, and cost estimation for coupling
HDH units with wind energy is essential for future
progress.

Brine management strategies must be carefully selected
based on feedwater characteristics and plant location to
minimize environmental impacts. Robust monitoring
frameworks are essential, particularly for methods with
ecological risks.

Furthermore, combining forward osmosis (FO) with
membrane distillation (MD) in integrated systems can
enhance operational efficiency and reduce costs. However,
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the high cost of FO membranes limits widespread
application, highlighting the need for material innovations
to improve affordability and scalability.

Artificial Intelligence (Al) has emerged as a
transformative tool for optimizing desalination processes

by enabling improved decision-making, forecasting,
process control, and performance optimization.
Nonetheless, existing Al  applications lack a

comprehensive framework encompassing the entire
desalination system. Developing integrated Al-based
architectures can standardize optimization and control
across renewable energy-powered desalination plants,
contributing to leaner and more efficient operations.

IV. CONCLUSION

Renewable energy sources offer significant promise for
enhancing operational performance in Indian desalination
plants by addressing environmental concerns and
freshwater scarcity while reducing fossil fuel dependence.
Solar and wind energy remain the most extensively
researched for desalination applications, particularly
reverse osmosis (RO), but their inherent intermittency
poses challenges that require innovative energy storage
and system integration solutions.

Emerging thermally driven membrane processes such as
forward osmosis and membrane distillation offer pathways
to cost-effective and small-scale desalination, aligning well
with distributed renewable energy sources. Integrating Al-
driven control and optimization strategies can further
improve operational efficiency, cost-effectiveness, and
sustainability of Indian desalination plants.

Ongoing research into tailored renewable energy
solutions, advanced membrane technologies, brine
management, and Al frameworks will be critical in
achieving leaner and more resilient desalination operations
in India.
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