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Abstract

The Thermohaline Convection-Enhanced Solar Membrane Distillation (TSMD) system is introduced as an innovative and
sustainable solution to global water scarcity, designed to operate entirely off-grid using renewable energy sources, primarily
solar thermal power, for an optimal eight-hour daily cycle. Unlike conventional desalination systems dependent on grid
electricity or fossil fuels, the TSMD incorporates a 12 V DC submersible pump powered by a 15 W solar panel, a 12V-7Ah
battery ensuring semi-autonomous operation in remote or resource-limited regions. The design integrates thermohaline
convection and a pump to enhance heat and mass transfer, improving evaporation and condensation efficiency. Experimental
results from hardware testing indicate a freshwater production rate of approximately 5.4 L of freshwater from 10 L of feedwater
(54% water recovery), with brine discharge maintained at about 4.6 L. Total Dissolved Solids (TDS) levels were significantly
reduced, reaching as low as 109 ppm, far below the WHO drinking water threshold of 300 ppm. Under peak sunlight conditions,
the system achieved a thermal efficiency of approximately 62%. These findings demonstrate that the TSMD system is
environmentally friendly, and its energy-independent design makes it a strong potential for solving the freshwater shortages in
arid, semi-arid, and off-grid communities around the globe.
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1. Introduction

In recent times, water scarcity has become a global chal-
lenge and has increased rapidly due to several factors such as
rapid urbanization, dramatic climate change over centuries,
and immense industrialization. Resources of clean drinking
water are becoming limited in pure-water-scarce regions. Tra-
ditional desalination technologies, such as reverse osmosis

(RO) and multi-stage flash (MSF) distillation, have been uti-
lized to address these problems; however, they often consume
too much energy and leave a carbon footprint [1]. These tech-
nologies consume substantial energy, which leads to carbon
emissions, and produce highly concentrated brine as well,
which requires safe disposal [2]. There are such drawbacks
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that lead to the pressing need for desalination processes that
are energy-efficient, eco-friendly, and sustainable as well.

Thermohaline Convection-Enhanced Solar Membrane Dis-
tillation (TSMD) is a relatively new technique that shows
promise in addressing these significant concerns. TSMD com-
bines the concept of using solar energy and membrane distil-
lation (MD) and takes advantage of thermohaline convection
to increase efficiency. As opposed to traditional MD systems,
which use temperature gradients as their main driving factor,
TSMD uses salinity gradients to induce natural convection
currents within the water, which improves heat and mass
transfer phenomena more effectively [3]. The main goal of
this system is to improve the water evaporation and conden-
sation process, which enhances freshwater production and re-
duces energy expenditure. The system’s use of solar energy
makes it sustainable, greatly decreasing the carbon emissions
associated with the desalination process and making water
management more eco-friendly [4-6].

The key concept behind TSMD involves heating saline wa-
ter using solar thermal collectors, which creates a temperature
difference across a hydrophobic membrane. This temperature
difference drives water vapor across the membrane, salt and
other impurities stay behind [7]. TSMD can harness thermo-
haline convection, a process that is driven by gradients in tem-
perature and salinity. If these gradients are carefully managed,
then the TSMD can achieve more efficient circulation of water,
and it will enhance heat transfer coefficients, and lead to an
improved overall performance of the system [3]. This new
technology does not only increase the volume of freshwater
generated, but it also ensures high water quality, which can
eliminate the dissolved solids, heavy metals, and pathogens [1,
2].

The major benefit of TSMD is that it has the potential for
decentralized use and thus is especially appropriate in remote
and off-grid communities with no access to centralized water
treatment facilities or reliable power grids. As the design is
modular, it allows it to be installed in various settings from
small household units to larger community-based systems.
The system operates entirely on renewable solar energy,
TSMD offers energy independence and reduces operational
costs, and makes clean water more accessible and affordable
in underserved areas [8].

As it is an emerging technology, TSMD faces some chal-
lenges that need ongoing research and development. These in-
clude optimizing system design to maximize efficiency under
varying solar irradiance conditions, developing advanced
membrane materials with improved fouling resistance and
longevity, and effectively managing the concentrated brine
byproduct [9, 10]. The variability of solar energy also requires
integrating efficient thermal energy storage solutions or hy-
brid power systems to ensure continuous operation, especially
during periods of low sunlight or at night [11, 12]. To achieve
long-term success from TSMD, innovative approaches are re-
quired to address these challenges and enable widespread
adoption. The proposed solar energy-based TSMD method,
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integrated with a rechargeable Li-ion battery, can be a prom-
ising solution for mitigating the intermittency of solar energy,
enabling stable, continuous desalination while enhancing
overall system efficiency and reliability.

2. Literature Study

The field of membrane distillation (MD) has emerged as a
promising thermal desalination technology that operates at
relatively low temperatures and pressures, making it well-
suited for integration with solar energy systems. MD relies on
a vapor pressure gradient across a hydrophobic membrane to
facilitate the transport of water vapor from saline or impure
feed to the permeate side [1]. Several configurations have
been investigated, including direct contact MD (DCMD), air
gap MD (AGMD), vacuum MD (VMD), and sweeping gas
MD. Among these, DCMD is the simplest configuration and
typically provides higher permeate flux [2].

A recent advancement in desalination research involves the
incorporation of thermohaline convection to enhance solar
distillation systems. Gao et al. [3] demonstrated a multi-stage
solar distillation system augmented by thermohaline convec-
tion, achieving solar-to-water efficiencies of 322%-121%
along with excellent salt resistance. This approach utilizes sa-
linity gradients to induce natural convective currents, thereby
improving heat transfer and freshwater productivity. The
study highlights the potential of thermohaline convection-en-
hanced systems in overcoming the limitations of conventional
single-stage solar stills.

S. M. Shalaby et al. [1] presented a comprehensive review
of solar-powered MD systems, emphasizing their advantages,
including the ability to treat high-salinity brines, operate at
low temperatures, and integrate with renewable energy
sources. The combination of solar thermal energy with MD is
particularly suitable for arid and semi-arid regions. Further-
more, the inclusion of thermohaline effects can enhance con-
vection and reduce overall energy consumption. The im-
portance of renewable integration was further demonstrated
by W. Wang et al. [5], where a hybrid solar PV-cooling-desal-
ination system with zero liquid discharge was proposed. This
study highlighted the environmental benefits and sustainabil-
ity of decentralized desalination systems for off-grid applica-
tions. In addition, intelligent energy management strategies
for renewable-based microgrids using machine learning tech-
niques such as Random Forest have been shown to enhance
energy efficiency, optimize storage utilization, and improve
system stability in solar—wind integrated systems [13]. Simi-
larly, I. Eziyi et al. [2] analyzed the effects of feed temperature
and salinity on MD performance, confirming that higher tem-
peratures and salinity gradients increase permeate flux, an im-
portant mechanism underlying thermohaline convection-en-
hanced system.

From a materials perspective, membrane properties play a
crucial role in determining MD performance. The develop-
ment of hydrophobic membranes with high porosity, thermal
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stability, and fouling resistance significantly influences sys-
tem efficiency and operational lifespan [7, 9]. In addition, sev-
eral studies have explored advanced system configurations
and integration strategies to further improve productivity and
energy efficiency [14, 15]. Brine management remains an-
other critical challenge in desalination processes, as the dis-
posal of highly concentrated brine poses environmental risks.
T. Tong et al. and A. Subramani et al. [16, 17] investigated
emerging solutions such as mineral recovery and hybrid sys-
tems for brine reduction, which could be effectively integrated
with thermohaline convection-enhanced MD systems to im-
prove overall sustainability.

Both modeling and experimental studies in remote commu-
nities have supported the applicability of thermohaline solar
MD systems for decentralized water production [8, 12]. These
studies demonstrate the scalability and adaptability of solar-
driven MD technologies across different environmental and
operational conditions, making them suitable for low-income
and off-grid regions.

Despite significant progress in solar-powered MD systems,
several challenges remain. Most existing studies focus either
on thermal enhancement or salinity-driven effects, with lim-
ited research addressing their combined influence through
thermohaline convection to simultaneously optimize heat and
mass transfer. Additionally, many systems are restricted to la-
boratory-scale investigations and lack validation under real-
world solar conditions. Persistent issues such as membrane
fouling, uneven heat distribution, and inefficient brine man-
agement continue to hinder large-scale deployment. Moreover,
comprehensive analyses that simultaneously evaluate thermal
efficiency, freshwater productivity, and water quality in fully
autonomous solar-driven systems are still scarce.

Therefore, the primary objective of this study is to design,
develop, and experimentally evaluate a soler powered TSMD.
This work aims to investigate the coupled effects of tempera-
ture and salinity gradients on thermohaline convection, assess
freshwater yield and salt rejection performance, and evaluate
the overall water quality. The feasibility of a self-sustaining,
off-grid desalination system suitable for arid and remote re-
gions will be evaluated in this study.

3. Methodology

3.1. Overview of the TSMD Desalination
System

This study utilizes a TSMD system to desalinate seawater
in a sustainable and off-grid manner. Solar energy is utilized
in two forms: (i) photovoltaic (PV) energy to power the DC
pump, and (ii) solar thermal energy to heat the saline water for
the membrane distillation process. The Solar thermal collector,
membrane distillation unit, and a closed-loop saline circula-
tion system are the three large parts of the system that are to
sustain thermal and salinity gradients. The first stage of energy
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conversion is a solar thermal collector that captures solar en-
ergy and transmits the thermal energy to the heating of saline
water. The thermal power attained by the saline water can be
termed as,

Q=m-cp-AT 1)

Here, Q is the heat energy in Joules, m is the mass of water
(kg), ¢y is the specific heat capacity of water (4186 J/kg-<C),
and AT is the temperature rise across the collector.

Heated saline water enters the TSMD unit and membrane
distillation, which separates the brine and the water vapor be-
cause of the overlapping of the temperature gradient and sa-
linity gradient. The calculated heat energy (Q) represents the
total thermal energy gained over the heating period. For con-
sistency with power-based efficiency calculations, the corre-
sponding thermal power is obtained by dividing Q by the heat-
ing duration (t).

3.2. System Architecture and Operational Flow

Figure 1 displays the general system architecture of the
TSMD system, which shows the workflow of the system. This
is initiated through solar panels, which use solar energy and
transform it into electricity. The PV panel supplies electrical
energy to operate the pump and control system, while the solar
thermal collector provides the required heat for evaporation.
A charge controller is necessary to control this electrical en-
ergy and to regulate the flow of power and prevent the lithium-
ion (Li-ion) battery from being overcharged. The battery en-
ergy allows operation of the system even when there is limited
sunlight. The TSMD device is at the center of the system, as
it combines thermohaline convection and membrane distilla-
tion. The salty water inside the TSMD unit is exposed to a
hydrophobic membrane, through which only water is allowed
to pass and leave the salts and impurities. Such a vapor is then
cooled to clean water through a cooling system, and the rest
of the brine is discharged or recirculated into the system to
make the most of it. A 12V DC pump pumps saline water from
a reservoir and circulates it through the solar thermal absorber.
As the saline water passes through this absorber, it gains ther-
mal energy, which is enough for evaporation. The daily yield
over 9 days ranged between 3.27 L (minimum) and 4.15 L
(maximum) per cycle.

3.3. Particularization of Structural Design and
Components of the TSMD Device

Figure 2 shows the 3D design model of the TSMD device,
which has been designed using materials that maximize both
structural integrity and thermal efficiency. The thermohaline
convection is supported by a glass aquarium, which contains
the saline feedwater of the system. A clear sheet of glass on
the top allows sunlight to pass through, and it is absorbed by
a black-coated layer on the bottom that then turns the solar
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radiation into heat. Frames made of nylon are structural com-
ponents which give the device mechanical stability. Joints are
covered with Teflon tape, which makes sure that the joints are
watertight and do not leak thermal energy. A heat sink and an
aluminum condenser are used to increase the efficiency of
condensation and control the temperature of the system. This
compact size not only allows easy desalination but also allows
the device to be used in a portable or decentralized operation.
The thermal efficiency of the absorber (1) is evaluated on a
power basis [19], where the useful thermal power (Q =m -C,
-AT) is compared with the incident solar power (A-l). Here, m
is the mass flow rate (kg/s), C, is the specific heat capacity of
water (4186 J/kg -C), A is the absorber area (0.3624 m<, and
I is the solar irradiance (800 W/m=3. For the proposed model,
measured midday irradiance of 800 W/m? with 3.35 kg heated
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Saline
Water

Aluminium
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Solar
Absorber

12V Pump

in 1 hour, the efficiency is approximately 62%. In this calcu-
lation, the useful thermal energy is evaluated based on the sen-
sible heat gained by the saline water (m'Cp-AT), assuming
negligible heat storage within the system components. Heat
losses due to convection and radiation are minimized using an
enclosed glass structure, insulated sidewalls, and limited air
exchange within the system. However, residual thermal losses
to the surrounding environment are not explicitly quantified,
which may result in a slight overestimation of the calculated
efficiency.
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Figure 2. 3-D Design of the TSMD device.
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3.4. Simulation of TSMD Operation Using
Simulink

Figure 3 illustrates the MATLAB Simulink-based simula-
tion of the TSMD system. This virtual model allows for an
understanding of the system’s behavior under different envi-
ronmental conditions. The simulation starts with solar panels,
labeled C1, C2, and C3, which generate electricity. One of the
panels (C3) is simulated under partial shading to mimic real-

o}

Irradiance

YN %

world scenarios. To protect the system from reverse current
flow, diodes are used. The generated power, voltage, current,
and energy are measured and displayed using virtual instru-
ments in the model. This modeling approach validates the
real-time operational viability of the TSMD system and helps
refining the design before its physical implementation. The
simulated PV system (185 W) represents a higher-capacity
configuration and is used for performance analysis, while the
experimental setup uses a 15 W panel.
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Figure 3. Schematic view of the electronic components.

3.5. Hardware Implementation of the TSMD
System

Brine water, stored in a red container labeled "brine water,"
is pumped using a 12V DC pump into the TSMD device as
shown in Figure 4. A hydrophobic PVDF membrane with a
pore size of 0.22 pm facilitates the passage of water vapor
while preventing the transmission of dissolved salts and im-
purities. The resulting condensate is collected in separate con-
tainers marked as Pure water. The entire setup is powered by
a 12V battery, which is continuously charged by a PV panel.
A charge controller is integrated between the panel and the
battery to regulate power flow and prevent overcharging. The
use of solar power ensures the system can operate inde-
pendently in off-grid or resource-constrained environments. A
TDS meter is used for assuring that the system is effective in
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removing contaminants.

3.6. Mechanical Modeling and Simulation of
Flow Dynamics

Figure 5 illustrates the mechanical simulation of the TSMD
system. In this model, a high-pressure pump draws saline wa-
ter from a reservoir and delivers it to the membrane distillation
device. The MD unit separates the water into two parts: clean
freshwater and concentrated brine. The flow rates and thermal
performance of the treated water and rejected brine are con-
tinuously monitored in the simulation to evaluate efficiency.
The simulation helps optimize the TSMD system for field de-
ployment, ensuring reliable freshwater production in off-grid
or remote settings. The mechanical simulation validated the
measured results, with flow rates ranging from 0.5 L/h to 0.62
L/h. The rejection rate of brine (Rp) is computed by,
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Here, Vy is the brine volume and Vs is the total feedwater

volume. The average brine rejection rate during testing was
15-18%. The calculated recovery ratio does not account for
minor thermal and hydraulic losses, which may slightly affect
the actual system performance.

Figure 4. Hardware implementation of the complete TSMD system.
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Figure 5. Schematic model of the mechan

4. Result Analysis

4.1. Simulation Results

Figure 6 illustrates the performance of a water treatment
system over one hour for two parameters: treated water and
brine flow. In the top subplot, the treated water flow rate re-
mains nearly constant at about 5.4 L per 10 L, indicating con-
sistent water recovery performance. In the lower subplot, the
brine flow rate stays steady at around 4.6 L per 10 L, showing
that the separation process between treated water and brine is
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ical components of the TSMD device.

stable and well-controlled. The consistent values in both plots
confirm the system’s reliable performance. The system was in
a stable condition and showed optimal performance in terms
of solar energy usage and desalination output. From an input
of 10 liters of saline water, 5.4 liters of freshwater were recov-
ered, and 4.6 liters remained as saline water. The water recov-
ery ratio was calculated as,

Treated _Water 5.4
Threcovery = o *x100 = B x100 = 54% (4)

Input _Water

The graph in Figure 7 illustrates the power—voltage (P-V)
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characteristics of a simulated solar panel. Starting at zero volts
the power output is initially zero and increases steadily as volt-
age rises, reaching a maximum of 185 W at 28 V, the Maxi-
mum Power Point (MPP). After this point, power decreases
despite further voltage increases, which highlights the non-
linear nature of solar panel performance. This behavior con-
firms that optimal energy extraction occurs at the MPP, and

operating outside this point results in reduced efficiency. This
curve corresponds to the simulated high-power PV module.
The simulation demonstrates that increasing PV capacity sig-
nificantly enhances water production, indicating the scalabil-
ity potential of the TSMD system.

®> o o
R R )
T I T 1

Litre(sy10 L
[ [

o

T

Treated Waler &2
T

| | |
| | [ —— Treated Water ||

-
—

-

eV v Y arr e v P I R YR MR VR R B ~re e
54l 2l
5.2} ! -
R | | | | | | | |
0 0.1 0.2 03 0.4 05 0.8 0.7 0.8 0.9 1
Brine Flow
T T T T T T T T
521 ! -
s} -
-l
Qa8 -
.
“
L -
= -
~aaf-

»
N
1

2

o

01 02 03 04

05

06 07 08 09 1

Time\hr

Figure 6. Amount of treated water and brine flow in the water treatment system over one hour.
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Figure 8. Variation of solar panel voltage, current, and power over time.

Figure 8 illustrates the time-dependent performance of a so-
lar panel in three plots: voltage, current, and power. The first
plot shows the solar voltage, which rises rapidly from zero and
gradually stabilizes at around 30 V over time. The second plot
illustrates the solar current, starting at approximately 7.5 A
and steadily decreasing, because of the changes in solar irra-
diance or the system’s operating conditions. The third plot
presents the power output, which initially increases as voltage
rises and current remains relatively high, reaching a peak near
200 W, before slightly declining as the drop in current out-
weighs the stable Voltage.

4.2. Performance Measurement of the TSMD
Device

The measured data from the TSMD device across nine con-
secutive days shows a clear correlation between solar-pow-
ered system voltage output and the cumulative production of
desalinated water throughout each day in Figures 9 and 10.
The system performance is evaluated using three key metrics:
thermal efficiency, water recovery ratio, and water quality
(TDS and pH). The initial readings at 10: 00 AM for all days
consistently indicate zero pure water output, which is ex-
pected since the system requires some warm-up time for the
solar absorber to heat the saline water to an optimal tempera-
ture for membrane distillation. By 11: 00 AM, the pure water
yield begins to rise, with production rates varying slightly de-
pending on the day’s solar intensity and voltage stability. Dur-
ing peak solar conditions, the system heated approximately
3.35 L of saline water (=3.35 kg) from an average inlet tem-
perature of 27.5<C to 46.2<C, demonstrating effective solar
thermal energy absorption.
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Q=3.35x4186x(46.2-27.5) ~ 2.62x10°3  (5)
The PV panel output generally starts between 11 V and 12.9

V in the late morning, peaking between noon, when solar ir-
radiance is highest. The highest recorded voltage was 12.9 V,
coinciding with midday hours on multiple days (e.g., Day 4 at
12: 00 PM and Day 8 at 12: 00 PM). After 2: 00 PM, voltage
declines gradually, showing a reduction in sunlight intensity.
Water production follows a nearly linear growth pattern across
most days, reaching peak values between 3.2 L and 4.15 L by
4: 00 PM. The maximum observed desalinated water yield oc-
curred on Day 9 with 4.15 L, suggesting optimal operational
conditions—Iikely due to consistent sunlight and stable sys-
tem voltage. In contrast, days with lower midday voltage (e.g.,
Day 8) show slower water production growth, indicating the
sensitivity of the TSMD process to power availability. The cu-
mulative water output can be linked to the average operating
voltage via the water production rate formula,
Mo =Va It (6)

Here, nw is the water production rate (L/hr), V is the vol-
ume of desalinated water, and t is the total operational time in
hours Applying this to the highest performing day (Day 9),
with 4.15 L over approximately 6 hours of operation, gives
nw=0.692 L/hr. Comparing this to a lower production day, such
as Day 8, with 2.7 L over the same time gives #,=0.45 L/hr.
Overall, the dataset demonstrates that the TSMD system main-
tains a stable desalination rate when operating near its optimal
voltage range (12-12.9 V), and that both sunlight availability and
PV output directly influence daily water yield. The trends suggest
that under consistent high solar irradiance, the system can reliably
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produce between 3.5 — 4 L of potable water per day, making it a

viable small-scale sustainable desalination solution.
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Figure 9. Voltage output over time.
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Figure 10. Variation of Cumulative Desalinated Water with Time (Day 1-9).

4.3. Water Quality Measurement

The water quality parameters were evaluated using TDS
and pH meters. TDS value of the desalinated samples ranged
from 109 to 275 ppm, as listed in Table 1. The initial feedwa-
ter TDS was measured in the range of 700-900 ppm, repre-

senting moderately saline water. Since the World Health Or-
ganization (WHQ) recommends TDS levels under 300 ppm
for drinking water, the treated water clearly qualifies the
standard [19]. The salt rejection percentage is calculated using,

TDS
R =(1-——"%)x100 @)
feed

Figure 11. The figure shows three measurements: a pH of 7.0 and a TDS of 109 ppm for desalinated water, and a pH of 8.3 for brine water.
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Based on the measured values, the salt rejection efficiency
of the TSMD system was approximately 70-88%, depending
on operating conditions. The collected brine water samples
contain high TDS of 862, 752, and 752 ppm, representing salt
and mineral concentrations. The pH values of desalinated wa-
ter fell within 6.8-7.3, matching the recommended range of

6.5 to 7.5 [18]. This confirms the TSMD system’s reliability
in producing safe, potable water. Figures 11(a) and 11(b)
show the measured pH and TDS level of desalinated water,
respectively, where 11(c) represents the pH level of brine wa-
ter contained in the red bucket, which is slightly basic.

Table 1. TDS and pH level comparison of treated and brine water.

TDS [ppm]
Different water Sample no.
Desalinated Brine
1 109 717
2 197 752
3 275 862

Method Criteria

Energy Source &
Efficiency

Scale and Deploy-
ment

Throughput per
Unit Area

Maintenance &
Fouling

Environmental Im-
pact

Operational Com-
plexity

Table 2. Comparison of TSMD with conventional desalination technologies.

Reverse Osmosis
(RO) [5, 20]

Relies on grid
electricity with
significant exergy
losses in pumps
and valves

Large, centralized
plants; not ideal for
decentralized use

High (but with
large energy cost)

High fouling, re-
quires pre-treat-
ment & chemicals

Large brine dis-
charge, high en-
ergy footprint

Skilled operators
needed

Multi-Stage Flash
(MSF) [20, 21]

Uses thermal energy
(often fossil or waste
heat)

Requires large-scale
thermal infrastructure

High but energy inten-
sive

Scaling/corrosion in
heat exchangers

Large brine discharge,
high CO: footprint

Highly skilled opera-
tors & complex sys-
tems

Table 2 presents a comparison between TSMD and other

desalination methods. Unlike Reverse Osmosis (RO), Multi-
Stage Flash (MSF), and Multi-Effect Distillation (MED),
which require large-scale infrastructure, high-pressure pumps,
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pH Level
Desalinated Brine
7.0 6.5
7.3 8.3
6.8 8.7
Conventional Multi-Effect
Membrane Distilla- Distillation TSMD (Proposed)

tion (MD) [22, 23] (MED) [13, 24]

Uses passive solar

Uses thermal heat in Solar-thermal thermal with
multiple effects driven thermohaline
convection
Prototypes vary f_rom Medium to Modular, scalable for
compact to container- .
. large scale off-grid/rural use
ized modular systems
Moderate Higher yield per area
~0.5-1.25 L/day per throughput bal- gner yleld p
. than MD due to en-
0.25 m= anced by multi-
hanced heat transfer
ple stages
Membrane fouling & Scaling and Low pressure, re-
. ; duced fouling, easy
wetting corrosion

maintenance

Low brine volume,
low-carbon, eco-
friendly

Minimal brine but low
efficiency

Large brine dis-
charge

Skilled opera-
tion & multi-ef-
fect control

Simple operation,
minimal training
needed

Simple but low output

or fossil-fuel-based heat, TSMD is modular, low-pressure, and
suitable for off-grid deployment. In addition, its performance
decreases the need to use electricity, results in the minimiza-
tion of the environmental impact due to the restriction of the
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amount of brine discharged, as well as providing an inexpen-
sive method of decentralized freshwater generation, which is
both cost-effective and sustainable.

5. Conclusions

This study demonstrates the feasibility of a TSMD system for
small-scale, off-grid desalination, where the integration of ther-
mohaline convection with solar thermal energy enhances heat
and mass transfer, resulting in improved water production per-
formance and a reported thermal efficiency of 62%. However,
this efficiency is based on controlled experimental conditions,
and further detailed analysis is required to quantify convective
and radiative heat losses and to validate the efficiency under real
operating environments. Experimental validation was con-
ducted using feed water with a TDS range of 700-900 ppm,
which is significantly lower than real seawater (~35,000 ppm);
therefore, system performance under actual seawater conditions
may differ, particularly in terms of reduced permeate flux, in-
creased fouling, and accelerated membrane wetting due to scal-
ing and pore intrusion. Additionally, the present study was lim-
ited to a 9-day experimental period, which is insufficient to con-
clusively establish long-term operational stability or low
maintenance requirements, especially with respect to mem-
brane durability and fouling resistance. Despite these limita-
tions, the system demonstrates reliable operation using renewa-
ble solar energy, making it a promising solution for decentral-
ized and resource-constrained regions. Future work will focus
on evaluating performance with real seawater, investigating
long-term membrane wetting behavior and lifespan, providing
a comprehensive thermal loss analysis, and optimizing system
efficiency and scalability for practical deployment.

Abbreviations

TSMD  Thermohaline Convection-Enhanced Solar
Membrane Distillation

TDS Total Dissolved Solids

RO Reverse Osmosis

MSF Multi-Stage Flash

MED Multi-Effect Distillation

MD Membrane Distillation

Li-ion Lithium-ion

PV Photovoltaic

PPM Particles per Million

WHO World Health Organization
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