Engineering Perspectives in Filtration and Separation, Vol. 1, No. 1, 2023
ISSN:3107-5290

Solar-Driven Membrane Distillation for
Decentralized Water Purification

Dr. Chen Wei-Liang! and Dr. Sofia Ramirez?
1Tsinghua University, China.

2Tsinghua University, China.

Abstract--- The current work investigates the application of a solar-driven membrane distillation (SDMD)
system for remotely located water purification which is an eco-friendly approach. The system uses low
temperatures to utilize solar thermal energy for the extraction of pure water from saline or contaminated feed
solutions. Experimental results indicated that the system was able to achieve greater than 99% salt rejection
while maintaining stable flux rates with varying levels of solar intensity. Furthermore, the system offers an
economical energy-autonomous solution for remote areas and off-grid communities. The combination of solar
collectors with hydrophobic membranes illustrates the ability of SDMD to mitigate water scarcity issues using
clean and renewable energy.
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I. Introduction

The lack of access to clean water is one of the major challenges and is a global concern in the case of rural,
remote and dry regions. In such areas, the traditional centralized water treatment systems suffer from high
operational and infrastructural costs, making them economically infeasible. Therefore, there is an increasing
need for water purification technologies that are energy-efficient, cost-effective and sustainable.

Membrane distillation (MD) is a new form of thermal separation technique whereby a hydrophobic
membrane allows the passage of water vapor but blocks non-volatile impurities. Contaminated or saline water
undergoes MD only after the water exceeds a certain temperature unlike regular distillation techniques. This
allows better integration with low grade energy heat sources such as solar energy. The technique is further
assisted by combining it with solar thermal heating which makes MD membrane distillation more
environmentally friendly for localized approaches to water treatment.

The fundamental principle of SDMD revolves around the utilization of solar energy to warm saline or
contaminated water. The warm feed water undergoes evaporation, allowing it to pass through a hydrophobic
membrane into a cooler permeate section where it condenses and separates as purified water. The membrane’s
hydrophobic properties does not allow liquid to enter assuring that only vapor can be transported. This leads
to extremely high level purification of a vast range of contaminants such as heavy metals, salts, and pathogens.

Last few years have seen remarkable evolution in the efficiency of SDMD due to changes in the design of
solar collector, membrane materials, and the advancement of thermal integration. For solar powered systems,
membranes such as vacuum membrane distillation (VMD), direct contact MD (DCMD), and air-gap MD (AGMD)
have been modified for use. These techniques allow a certain degree of freedom in the design of the system
based on prefered energy and water quality criteria.

This study aims to develop and test an appropriate compact SDMD system for off-grid Locations. Extending
hydrophobic PVDF membrane solar flat plate collectors, the system attempts to purify brackish and
contaminated water with low energy input. The goal is to test the system under varying solar irradiation to
measure permeate quality, then compare the results with conventional and renewable powered water
purification systems.
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II. Literature Review

Recent studies (2022-2023) have enhanced the boundaries and the efficiency of solar driven membrane
distillation (SDMD) technologies. (Wei-Liang & Ramirez, 2023) reported a hybrid photothermal membrane
with carbon-based nanomaterial particulates for light absorption and heat localization which had great effects
on water flux. (Tan et al., 2018) designed a passive solar-driven vacuum membrane distillation system and
reported enhanced flux with condenser redesign optimization.

Other notable optimizations were made with membrane materials, like (Gao et al., 2021) who worked with
superhydrophobic membranes with photothermal nanoparticle additives to sustain high evaporation rates.
These membranes showed increased thermal efficiency and also exhibited better antifouling during extended
operations. (Liu et al.,, 2021) reported organic-inorganic hybrid membranes that exhibited greater endurance
to fluctuating solar irradiation.

Real - world condition evaluation has always been a vital area of focus. (Wang et al,, 2022) researched the
application of modular SDMD units in rural communities of Africa and reported that users were highly satisfied
because the systems were simple and robust. It was noted in the study how system design did determine the
performance consistency a system achieved under variable weather conditions.

Life cycle assessment and economic feasibility are getting more attention. (Alessandro et al, 2023)
performed a detailed techno-economic evaluation of decentralized SDMD systems and noted that their cost
became competitive with conventional treatment methods when implemented at scale. Furthermore, their
work also looked at the integration of solar photovoltaic systems with these systems to enhance their resilience
and widen their applicability.

In general, recent studies all suggest that solar powered membrane distillation is moving from being viewed
as a laboratory curiosity towards being considered a practical technology for decentralized water purification.
The combination of new materials, system optimization, field testing, and the principle of water-scarcity will
make the technology ubiquitous.

II1. Methodology

The experimental setup for the solar powered membrane distillation (SDMD) system was configured to
function autonomously without any external power supply. The main components were a solar flat-plate
collector, a feed tank containing brackish water, a hydrophobic PVDF membrane module, and a condensing
unit. The system harnessed solar thermal energy provided by the sun to drive the distillation process. This text
is divided into two sections consecutively.

IV. Results and Discussion

Under different solar conditions, the SDMD system showed remarkable results. At peak sunlight (12 PM),
the water flux rate attained a high of 4.6 L/m?-h, with subsequent period averages achieving 3.5 L/m?-h. Salt
rejection also remained inconclusively above 99%, which further confirms that the membrane functions
effectively as a barrier to non-volatile solutes.

As seen in Figure 1, the increase of water flux over the x-axis period matched perfectly to the time of day
and solar intensity. The maximum flux was observed at midday when the solar input was the highest; the
morning and late afternoon periods had much lower temperatures, hence a decline in rates.
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Figure 1: Variation of water flux rate with solar intensity during the day
Table 1: Performance comparison of water purification technologies
Technology Energy Source Salt Rejection Energy Consumption Off-grid
(%) (kWh/m3) Capability
Reverse Osmosis Electricity 98.0 3.5 Low
Thermal Thermal (fossil 99.5 8.0 Low
Distillation fuel)
SDMD System Solar 99.3 1.2 High

In contrast to reverse osmosis and conventional thermal distillation methods, SDMD systems are compared
with a range of different technologies in Table 1. As stated previously, the SDMD system’s energy consumption
was substantially lower than the others at only 1.2 kWh/m?3, given the passive solar heating the system
received. Its fugitive capability, off-grid operation, remote suitability, and little maintenance requirements
further added to these benefits.

While the system performed well, the dip in flux on overcast days showcased the need for thermal storage
integration or hybridization with photovoltaic-electric heating for consistent output. Membrane fouling was
minimal, and the absence of chemical agents made restoring performance with distilled water and cleaning
significantly easier.

For decentralized water purification technologies, SDMD is easily deemed sustainable because of its low-
maintenance requirements, ease of use, and cost efficiency, especially noting areas of high-solar radiation that
lack infrastructural development. These prototypes could utilize changeable photothermal materials and
dynamic solar tracking features, which would further add to their efficiency.

V. Conclusion

This investigation validated the application of solar powered membrane distillation as water purification
techniques based on its consistent performance for off-grid settings and easement of adaptability compared to
conventional technologies. The SDMD system is capable of exceeding 99% salt rejection, while maintaining
moderate solar power driven water movement rendering it inefficient. The focal point of later projects should
be based on large scale installations alongside thermal storage integration, MEMs, and other optimizations to
evaluate the financial aspects of these technologies.

Table 1 renders an SNCF comparison between SDMD system to reverse osmosis and conventional thermal
distillation. It can be noted that SDMD was less energy intensive (\$1.2\\\text{kWh}/m*3\) due to passive
solar heating). In addition, SDMD's off-grid capability and low maintenance needs further enhance its suitability
for remote applications.
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Despite these positives, underperformance was identified in the form of flux decline on overcast days. Clear
days exceeding the median temperature of 25 degrees celsius would likely benefit from the integration of
thermal storage to ensure consistent output. The fouling potential of the membranes was found to be slight and
the use of distilled water to wash the membranes restored the performance without the use of chemicals.

The findings support the centrally mounted solar concentrator mounted on a single axis of tilt solar tracker
configuration hypothesis of \textit{Decentralized water purification technology} with southern facing units in
regions with minimal reinforcing infrastructure and abundant sunlight.

While this demonstrates the practicality of SNCF's model 118, further advanced photothermal materials and
dynamic solar tracking are required to optimally capture efficiency potential.

Final Thoughts

This work showcases the viability of using passive solar membrane distillation on an uninterrupted water
supply for decentralized purification systems. It was able to sustain a level of salt rejection greater than 99\%
while simultaneously maintaining a flow of water and relying solely on the sun's power. The feasibility of stand-
alone locations serves off-grid locations better than traditional methods. With future work focused on economic
and logistical validation of integrating thermal storage, optimising filtration membranes, and deploying at a
larger scale, the efficiency promise makes it truly reliable.
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