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Abstract : Seawater desalination is a promising solution to address global water scarcity, but current large-scale approaches are not 

suitable for developing regions. Previous studies on interfacial solar vapor generation showed limited efficiency. Recent progress 

in combining solar heating with vaporization enthalpy recycling improved desalination performance, but there is still room for 

improvement. In this work, a thermally-localized multistage solar still was developed, achieving ultra-high efficiency. The prototype 

device collected over 75% of vaporized water through condensation and demonstrated salt-rejection capabilities. The findings 

present potential for high-efficiency passive desalination and other solar thermal applications, offering a scalable and low-cost 

solution for clean water production in off-grid areas. 

I. INTRODUCTION 

Access to potable water is a fundamental human right and a prerequisite for sustainable development. However, with the increase 

in population, industrialization, and climate change impacts, water scarcity has become a critical issue faced by many regions 

worldwide. Desalination, the process of converting saline water into freshwater, has gained prominence as a potential solution to 

alleviate water scarcity. It harnesses the abundant source of seawater or brackish water, providing an alternative water resource. Solar 

desalination, specifically solar stills, has emerged as an attractive technology due to its simplicity, scalability, and utilization of 

renewable energy. Traditional solar stills utilize solar energy to evaporate water, leaving behind the dissolved salts, and subsequently 

condense the vapor to produce freshwater. While these systems have been successfully employed in various settings, they suffer from 

limited productivity and relatively low energy efficiency. Multistage solar stills comprise a series of interconnected still units, 

enabling improved water production rates and energy efficiency compared to single-stage designs. By capitalizing on the residual 

heat from the condensation process, multistage solar stills recycle energy and create a cascading effect that significantly enhances 

freshwater output. The objective of this paper is to present a comprehensive review of multistage solar still desalination technologies, 

highlighting their design principles, operational parameters, and performance metrics. 

 
1.1 DESIGN 

To optimize the performance of a multistage solar still, several design parameters, including device width (a), air gap thickness (b) 

of each unit stage, and the total number of stages (n), must be carefully considered. In this study, a unit stage height of 12 cm was 

chosen to align with the wicking length of the capillary wick, which has a thickness of 0.5 mm (Fig 1a). The thickness of the 

aluminum sheet is 0.5mm (Fig 1b). Determining suitable values for b and n involves evaluating heat and mass transport within each 

stage. 

Decreasing the air gap thickness (b) can reduce vapor transport resistance but may lead to increased conduction loss through the 

gap. While this conduction loss can be utilized by the subsequent stage to promote evaporation, it reduces vapor generation at the 

previous higher-temperature stage, resulting in decreased overall solar-to-vapor conversion efficiency. 

On the other hand, increasing the total number of stages (n) theoretically enhances overall performance. However, in 

practice, the benefits of adding more stages diminish once the total number becomes sufficiently large due to heat loss from the 

sidewall. The thickness of the aluminum sheet is 0.5mm (Fig 1b). The absorber sheet plays a crucial role in energy conversion, heat 

transfer, and substance capture processes, making it a vital component in various industries and applications. The aluminum sheet 

is painted with black paint for high heat absorption rate (Fig 1c). 
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Fig 1a Capillary Wick 
 

Fig 1b Aluminum sheet 
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Fig 1c Absorber sheet 

 

To ensure high solar-to-vapor conversion efficiency while avoiding excessive stages, the number of stages must be optimized. In 

this study, a theoretical model was developed that considers the coupled effects of heat and mass transport. The analysis revealed 

an optimized air gap thickness for a given device height. For the chosen device width (a = 12 cm), the optimal value of b was found 

to be approximately 6 mm. This configuration, with a = 12 cm and b = 6 mm, demonstrated negligible performance improvement 

with an increasing number of stages beyond approximately 20. 

Considering practical considerations, a gap thickness of 6 mm (larger than the typical droplet size on the condenser) was selected 

to prevent contact between the condensate and the evaporator, enabling collection. For the proof-of-concept demonstration, a total 

of 10 stages (n = 10) were chosen to maintain a small and portable device size. 

The chosen configuration (a = 12 cm, b = 6 mm, and n = 10) proved to be close to the optimal point, as determined by the theoretical 

analysis. It was found that effective sidewall thermal insulation is crucial for enhancing efficiency by preventing heat loss. 

 

The prototype solar still utilized 3D-printed frames, benefitting from the integration of Programmable Logic Controllers (PLCs). 

PLA is a widely used 3D printing material known for its ease of use, biodegradability, and good print quality. Derived from 

renewable sources, it offers dimensional accuracy and comes in various colors. Ideal for prototyping and consumer products, PLA 

is eco-friendly and post-processing friendly. PLC integration in 3D printing enables precise control, automation, and improved print 

quality by regulating temperature, material flow, and movement, optimizing printing conditions (Fig 1d) 
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Fig 1d Experimental setup of 10 stage multilevel solar still 

 

The prototype solar still consisted of a commercial solar absorber, a glass cover with an antireflection coating, and 

aluminum condensers. The capillary wick, with a thickness of 0.5 mm, was made from low-cost paper towels to facilitate efficient 

water transport. Hydrophobic coating on the materials enabled easy removal of condensed water through dropwise condensation. 

The transparency and absorptance properties of the materials were confirmed through spectrophotometer measurements. 

The estimated material cost of the prototype, considering the 3D-printed frames, capillary wick, and other components, 

was approximately $1.54. Further cost reduction is possible by optimizing the design of the frames or exploring alternative, more 

affordable materials. 

 

2.1 WORKING 

The recent experimental demonstrations mainly focused on combining the benefits of multiple stages and heat localization to 

achieve a higher performance for solar desalination, the fundamental limits to the overall performance and the corresponding design 

strategies were not explored. Therefore, opportunities to further develop a low-cost and high-performance architecture were not 

demonstrated. To tackle this challenge, we performed analysis to obtain a fundamental understanding of heat and mass transport 

within the device, which leads to an optimized design approaching the theoretical limit. We also fabricated a ten-stage salt- 

accumulation-free solar still prototype using low-cost materials. 

The first stage facing the incident sunlight consists of a layer of thermal insulation, a solar absorber, a capillary wick, and 

a condenser which are aligned along the direction of solar illumination (Fig. 2a). Each of the subsequent stages is composed of a 

capillary wick and a condenser separated by an air gap (Fig. 2b). The condenser of the last stage is inserted into the bulk brine to 

maintain its temperature close to the ambient environment, which ensures a large vapor pressure gradient across each stage. 

The solar absorber, sandwiched between the glass layer and the first capillary wick, converts solar energy into heat. The 

glass suppresses heat losses from the solar absorber through conduction, convection, and radiation, due to its ultralow thermal 

conductivity and high infrared opacity. Thermal energy is transferred from the absorber to the capillary wick attached on the 

backside, where brine is driven up by capillarity and evaporates due to the elevated temperature. Vapor travels across the air gap 

between the evaporator and condenser, releasing thermal energy through condensation. 

The condensed clean water at each stage is collected, while the released thermal energy is transferred to drive evaporation 

in the next stage (Fig. 2a and 2b), realizing enthalpy recycling. The solar still architecture enables high-performance desalination 

due to three key attributes that optimize heat and mass transport. First, vaporization enthalpy recycling is realized by the multistage 

configuration, where the latent heat released from the previous stage is harnessed by the next stage to induce evaporation. 
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Fig. 2a Single stage solar still for desalination 
 

Fig. 2b multi-Stage solar still for desalination 

Our experiments demonstrate that over 75% of the vaporized water can be collected through condensation, and the device 

can passively reject accumulated salt through diffusion during nighttime operation. The design principles and device architecture 

presented in this study have the potential to advance high-efficiency passive desalination technologies and other solar thermal 

applications. While recent experimental demonstrations have focused on combining multiple stages and heat localization to achieve 

improved performance in solar desalination, the fundamental limits of overall performance and corresponding design strategies 

have not been thoroughly explored. As a result, opportunities to develop a low-cost and high-performance architecture have not 

been adequately demonstrated. To address this challenge, we conducted an analysis to gain a fundamental understanding of heat 

and mass transport within the device. We fabricated a prototype of a ten-stage multistage solar still using affordable materials (Fig. 

2c). 
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Fig. 2c Diagrammatic experimental setup 

 

The initial stage, facing the incident sunlight, consists of a thermal insulation layer, a solar absorber, a capillary wick, and a 

condenser, all aligned in the direction of solar illumination. Each subsequent stage comprises a capillary wick and a condenser 

separated by an air gap. The condenser of the last stage is immersed in the bulk brine to maintain its temperature close to the ambient 

environment, ensuring a significant vapor pressure gradient across each stage. 

The solar absorber, positioned between the layer and the first capillary wick, converts solar energy into heat. Thermal 

energy is transferred from the absorber to the capillary wick on the backside, where the brine is drawn up by capillary action and 

evaporates due to the elevated temperature. Vapor travels across the air gap between the evaporator and condenser, releasing thermal 

energy through condensation. 

The condensed clean water at each stage is collected, while the released thermal energy is utilized to drive evaporation in 

the subsequent stage, thus achieving enthalpy recycling. The solar still architecture enables high-performance desalination by 

optimizing heat and mass transport through three key attributes. 

Firstly, vaporization enthalpy recycling is achieved through the multistage configuration, where the latent heat from the previous 

stage is utilized by the next stage to induce evaporation. 

 

3.1 MATHEMATICAL MODELLING 

Upon reaching steady-state operation after 100 minutes, continuous water flow was observed from all ten outlets. We recorded a 

total mass loss of approximately 150 g and collected 113 g of condensed water from the ten outlets during the 3-hour test, resulting 

in a water collection efficiency of approximately 75%. The discrepancy between the total mass lost and collected was attributed to 

small droplets adhering to the condenser layers and vapor leakage during operation. 

To further enhance the collection efficiency, improvements can be made in terms of increasing condenser hydrophobicity 

and optimizing stage sealing. By subtracting the contribution of evaporation in dark conditions from the steady-state mass loss rate 

(Fig. 3c), the vapor production rate of our ten-stage solar still during steady-state operation was determined to be 5.78 L/m²/h. 

 

The solar-to-vapor conversion efficiency (Z) can be calculated based on the production rate using the equation: 

 
 

where: 

m represents the vapor production rate under steady state, 

hfg is the enthalpy of water vaporization, 

qsolar” is the input solar flux (1000 W/m²), 

and A is the effective solar absorbing area. 

 

In this study, we utilized hfg = 2394 kJ/kg, which corresponds to the latent heat at an average vapor temperature of 45°C. 

Sensible heat contribution was excluded from the calculation to maintain conservatism. The effective absorbing area was determined 

as A = 11.6 cm² based on the frame aperture size. The cumulative solar-to-vapor conversion efficiency of the ten-stage solar still 

prototype demonstrated in this study was 385%, aligning well with the theoretically predicted performance (417%). 

To gain further insights into the heat and mass transport mechanism within the solar still, we analyzed the temperature and 

vapor flux at each stage during steady state (Fig. 3d). The average temperature of each stage was calculated for the last hour of the 

measurement period (from 120 to 180 minutes of the test). The temperature exhibited a nearly linear decline across the stages due 

to similar thermal resistance in each stage. To evaluate the contribution of each stage to total water production, we estimated the 

saturated vapor concentration based on the evaporator temperature and calculated the vapor flux using Fick's law of diffusion. 

The uncertainty of vapor flux was assessed by considering temperature-induced uncertainties in mass diffusivity and vapor 

concentration. Vapor mass flux decreased exponentially with stage number (Fig. 3d) due to sidewall heat loss and the non-linear 

relationship between temperature and vapor concentration. The initial stages contributed the most to the overall efficiency, with the 

first three stages accounting for 45% of the total vapor flux. Optimizing the number of stages becomes crucial as the marginal 

benefits decrease while the material cost remains constant. 
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A comparison between a ten-stage and a single-stage device showed that the ten-stage device with thermal insulation 

achieved 385% solar-to-vapor conversion efficiency, while the single-stage device only reached 81% efficiency. Thermal design 

played a significant role, as removing sidewall insulation reduced the efficiency to 286%. Our ten-stage solar still prototype 

demonstrated a record-high solar-to-vapor conversion efficiency, outperforming previous works. Recent studies utilizing 

vaporization enthalpy recycling achieved improved performance, with efficiencies ranging from 72.2% to 218%. This study nearly 

doubled the best reported performance using unconcentrated sunlight, thanks to advanced heat and mass transfer design. 

 

4.1 PERFORMANCE 

The laboratory characterization of the solar still prototype was conducted using a solar simulator for uniform solar illumination. 

Twelve thermocouples were employed to monitor temperature changes in real-time, with ten of them measuring the 

evaporator/condenser temperatures of each stage and the remaining two recording the temperatures of the last stage's condenser and 

the ambient environment. Data acquisition equipment and a computer processed the temperature and mass loss data. 

The transient temperature behavior of the ten stages during a 3-hour operation revealed that the first stage reached a steady 

state temperature of 72°C, while the subsequent stages heated gradually and also stabilized. The condenser temperature of the last 

stage remained slightly above the ambient temperature due to thermal resistance. The weight of the reservoir exhibited a gradual 

increase and eventually maintained a constant value after reaching thermal steady state. This dynamic behavior was accurately 

captured by a time-dependent numerical model considering temperature-dependent vapor concentration and diffusion at each stage. 

The condensed water started flowing from the first stage's outlet approximately 8 minutes after the solar flux was turned on, followed 

by the rest of the outlets. 

The desalination performance of the solar still prototype was examined using simulated seawater containing 3.5 wt% NaCl. 

The results showed a remarkable reduction in water salinity by four orders of magnitude, surpassing the World Health Organization's 

drinking water standard. 

To address the challenge of salt accumulation, we assessed the salt-rejection capabilities of the solar still prototype under 

continuous operation conditions. The first stage of the device was subjected to 1.5 sun illumination for 3.5 hours, representing a 

simulated day of operation. This severe condition aimed to accelerate salt accumulation and reduce diffusion time 

Throughout the test, the evaporator consistently exhibited high salt-rejection capabilities. Salt accumulation was observed 

primarily at the two upper corners, which had the greatest diffusion resistance due to their distance from the bulk brine. Detailed 

analysis of one corner revealed that salt crystals began to accumulate after two hours, covering approximately 45% of the corner 

area after 3.5 hours. However, during the night time the accumulated salt started to diffuse back, and after 15 hours, almost all the 

salt returned to the bulk brine, indicating effective salt rejection. 

To investigate the prototype's performance under realistic outdoor conditions, we conducted an experiment on a partly 

sunny day with scattered clouds. The setup was placed on a rooftop, and temperature variations in each stage were monitored using 

twelve thermocouples. Incident solar flux on the absorber was measured using a pyranometer, and the collected water was recorded 

using a camera and graduated cylinder. Despite fluctuations caused by passing clouds, the solar still prototype demonstrated a 

record-high outdoor productivity of 4.5-hour period. This productivity indicates the potential for utilizing 100 solar still devices in 

a 10x10 array to provide 10-20 L of clean water per day, depending on weather conditions. 

 

CONCLUSION 

In summary, we have developed a solar still that incorporates interfacial solar heat localization and vaporization enthalpy recycling. 

Our research reveals that the performance of the solar still is primarily limited by heat and mass transport within the device, which 

can be significantly enhanced by optimizing key factors such as the evaporator size, air gap thickness, number of stages, and sidewall 

thermal insulation. Following our proposed design strategy, we constructed a ten-stage solar still prototype using cost-effective 

materials and conducted test in outdoor settings. The results showcased a good groundbreaking solar-to-vapor conversion efficiency. 

We gained insights into the dynamic behavior of heat and mass transport in each stage of the system. Furthermore, we verified the 

solar still remarkable desalination and salt-rejection capabilities using simulated seawater. This work illustrates the potential of 

achieving high-performance desalination by employing a comprehensive analysis of heat and mass transport at the system level. 

The solar still architecture offers a practical solution for various off-grid and water-stressed regions. 
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