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ABSTRACT

Freshwater scarcity has become a global challenge due to population growth, industrialization, and climate change. Solar
desalination has emerged as a sustainable and environmentally friendly solution, particularly for remote and energy-deficient
regions. This review critically examines recent advancements in solar desalination technologies with emphasis on thermal energy
storage, nanomaterials, photothermal materials, and system enhancement techniques. Studies demonstrate that integrating phase
change materials (PCM), nanoparticles, advanced photothermal materials, and hybrid thermal systems significantly improves
evaporation rate, thermal efficiency, and freshwater productivity. Exergy analysis further reveals major irreversibility losses in
absorber and storage systems, indicating opportunities for optimization. Despite significant progress, challenges remain in large-
scale implementation, cost optimization, and integration of nano-enhanced thermal storage systems. This review identifies future
research directions toward high-efficiency, continuous, and economically viable solar desalination technologies.
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1. INTRODUCTION

Increasing global demand for potable water has intensified research into renewable desalination technologies. Solar desalination
offers a viable solution due to its low operating cost, environmental sustainability, and suitability for decentralized water production.
Conventional desalination technologies such as multi-effect distillation and reverse osmosis are energy-intensive and dependent on
fossil fuels, limiting their applicability in rural and remote areas[1-3].

Solar stills remain one of the simplest and most cost-effective desalination technologies. However, low productivity and
intermittency of solar radiation remain major limitations. Consequently, recent research focuses on thermal storage integration, heat
transfer enhancement, nanotechnology, and advanced photothermal materials to improve performance[4-6].

2. Thermal Energy Storage in Solar Desalination

Thermal energy storage plays a crucial role in improving solar still productivity during non-sunshine hours. Phase change materials
(PCM) are widely used due to their high latent heat storage capacity. Mathematical modelling studies demonstrate that PCM

integration increases freshwater yield and prolongs heat availability after sunset.

Experimental investigations confirm that heat storage materials such as pebbles enhance productivity by maintaining elevated basin
temperature and sustaining evaporation during off-peak hours.

However, excessive PCM quantity may reduce daytime productivity due to delayed heat release.

Thermodynamic evaluations reveal that exergy analysis provides a more accurate assessment of system performance compared to
energy analysis alone. Significant exergy destruction occurs in absorber surfaces and storage systems, indicating the need for
optimized thermal management strategies [7-8].

3. Solar Desalination System Enhancement Techniques

Several engineering approaches have been proposed to improve solar still efficiency:
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3.1 Heat Concentration and Optical Enhancement

Integration with concentrated solar power systems increases basin temperature and accelerates evaporation. Studies demonstrate
substantial productivity improvement due to localized heating and increased solar flux.

3.2 Condensation Enhancement

External condensers and evaporative cooling mechanisms improve condensation rate by maintaining temperature gradients. Cooling
integration significantly increases distillate yield and improves water quality.

3.3 Advanced Heat Transfer Mechanisms

Novel heat transfer devices such as pulsating heat pipes and flat plate collectors improve thermal transport within the system, leading
to higher evaporation rates and improved thermal efficiency.

3.4 Hybrid System Integration

Combining multiple enhancement techniques—including collectors, reflectors, wick materials, and cooling systems—provides
cumulative performance improvements. Hybridization is widely recognized as the most effective approach for productivity
enhancement.

4. Nanotechnology in Solar Desalination

Nanomaterials have emerged as a transformative approach for improving solar desalination efficiency. Nanoparticles enhance
thermal conductivity, solar absorption, and evaporation rate by modifying thermophysical properties of basin water. Increased
nanoparticle concentration generally improves productivity, although stability and economic feasibility remain concerns.

Among various materials, silicon carbide nanoparticles exhibit superior optical absorption and thermal stability, making them
suitable for solar desalination applications. Numerical modelling techniques such as Volume of Fluid (VOF) analysis are widely
used to simulate evaporation—condensation processes in nanoparticle-enhanced systems.

5. Advanced Photothermal Materials

Recent developments in photothermal materials have significantly improved solar-to-thermal conversion efficiency.

5.1 Graphene-Based Composites

Wood—graphene oxide composites demonstrate strong optical absorption and efficient heat localization, achieving high evaporation
rates and thermal efficiency. Their low cost and structural stability make them suitable for practical implementation.

5.2 Three-Dimensional Solar Evaporators

Biomimetic 3D evaporators enhance water transport and prevent salt accumulation through localized crystallization mechanisms.
These systems achieve exceptionally high efficiency even under high salinity conditions.

5.3 Nanostructured Photothermal Materials

Black titania nanocage structures exhibit strong light trapping, efficient vapor transport, and long-term stability. Such materials
demonstrate high solar-thermal conversion efficiency and effective ion removal from seawater.

6. Thermodynamic and Performance Analysis
Performance evaluation of solar desalination systems typically involves productivity, thermal efficiency, and exergy efficiency.

Studies consistently indicate that solar intensity, water depth, glass temperature, and thermal storage properties significantly
influence system performance.
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While energy efficiency improves with thermal storage integration, exergy efficiency may decrease due to irreversibilities in heat
transfer processes. Therefore, minimizing thermal losses and optimizing material selection are essential for achieving high-
performance desalination systems.

7. Research Gaps and Future Directions

The comprehensive review of existing literature reveals several critical research gaps:

* Limited integration of nanoparticles with phase change materials for continuous desalination

* Need for large-scale and long-term performance validation

* Insufficient economic and life-cycle assessment studies

* Optimization of thermal storage capacity and material selection

* Development of hybrid nano-enhanced solar desalination systems

* Reduction of exergy destruction in absorber and storage components

Future research should focus on integrated systems combining nanotechnology, thermal storage, and advanced photothermal
materials to achieve continuous and high-efficiency freshwater production.

Table 1: Comparative Analysis of Solar Desalination Enhancement Techniques

radiation periods

evaporation time;
enhanced night-
time output

Technique / Working Principle | Reported Advantages Limitations Research Status
System Type Performance
Improvement
Phase Change Stores latent heat | Improved Enables continuous | Excess PCM may | Widely studied;
Material (PCM) during peak solar | freshwater operation; improves | reduce daytime needs optimized
Integration hours and releases | productivity and thermal stability; productivity; design and
heat during low extended simple integration material selection | material selection

critical

Enhanced Solar

increase thermal

rate and daily

efficiency; suitable

Thermal Storage | Stores sensible Up to ~27% Low cost; easy Lower energy Experimentally
Using Pebbles / heat to maintain increase in water implementation; density than validated; scope
Sensible Heat basin temperature | yield; sustained improves system PCM; requires for hybrid storage
Materials after sunset evaporation during | reliability volume space

off-sunshine hours
Nanoparticle- Nanoparticles Higher evaporation | Enhances thermal Stability issues; Active research

potential cost and

area; needs

desalination

Still (Nanofluids) | conductivity and productivity; for retrofitting environmental durability studies
solar absorption improved heat concerns
transfer
Graphene-Based | Strong optical High solar thermal | High conversion Fabrication Emerging high-
Photothermal absorption and efficiency (~80% efficiency; low heat | complexity; cost | performance
Materials localized heating range) and rapid loss; scalable considerations materials
at evaporation evaporation material design
surface
3D Biomimetic Localized heating | Very high Prevents salt Scale-up and Advanced
Solar Evaporator | with continuous efficiency accumulation; system integration | research stage
water transport (~95%+); effective | stable long-term challenges
and salt rejection high-salinity operation

Black Titania Nanocage High evaporation Durable; efficient Material synthesis | Promising
Nanostructured structure enhances | rate and strong ion | solar absorption; complexity; cost photothermal
Materials technology
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light trapping and | removal good purification optimization

vapor transport performance capability required
Concentrated Focused solar Significant High thermal Requires optical Suitable for high-
Solar Power radiation increases | productivity intensity; rapid components; radiation regions
(CSP) Integrated | basin temperature | enhancement due evaporation alignment and
Still to high heat flux cost issues
External Enhances Increased distillate | Improves Additional Proven
Condenser condensation by yield and improved | condensation components enhancement
Cooling Systems | maintaining water quality efficiency; simple required; cooling | method

temperature upgrade resource needed

gradient
Pulsating Heat Enhances heat Improved High heat transfer Design Emerging thermal
Pipe Integrated transfer from desalination rate capability; compact | optimization enhancement
System collector to basin | through efficient design required; limited | approach

heat distribution long-term studies

Hybrid Systems Combines Highest overall Synergistic System Key future
(Storage + multiple productivity performance; complexity; cost | research direction
Nanoparticles + enhancement improvements continuous and optimization
Cooling) mechanisms reported operation potential | challenges

8. Conclusion

Solar desalination represents a promising sustainable solution for freshwater scarcity. Significant advancements have been achieved
through thermal energy storage, nanotechnology, photothermal materials, and system enhancement techniques. Integration of PCM
improves nighttime productivity, while nanoparticles and advanced materials enhance evaporation and thermal efficiency. Despite
these advancements, system optimization, cost reduction, and large-scale deployment remain major challenges. Hybrid nano-
enhanced PCM-based solar desalination systems represent a promising direction for future research and practical implementation.
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