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a b s t r a c t 

Solar still is a convenient off-grid device for desalination, which can provide fresh water for families, 

ships, islands, and so on. The conventional inclined solar still (ISS) suffers from low efficiency and low 

productivity. To improve the performance of solar still, a flat solar still (FSS) is proposed, which has a 

working principle similar to the solar cell. The condensate water in FSS is collected by the capillary grid 

attached under the ultra-hydrophilic glass cover, instead of by gravity. Therefore, FSS avoids the inclined 

structure and is much more compact than ISS. The daily productivity of FSS reaches up to 4.3 kg/m 

2 

under 6.3 kWh/m 

2 of solar insolation. Theoretical analysis shows that the enhanced mass transfer in FSS 

by the compact structure is an important factor for high performance. More interestingly, FSS can also be 

easily extended to more stages for latent heat recovery. The results show that the daily productivity and 

energy efficiency of a double-stage FSS reaches up to 7 kg/m 

2 and 72%, respectively, under 6.7 kWh/m 

2 of 

solar insolation, which is much higher than the conventional solar still. FSS paves a new way in designing 

and optimizing solar still. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Freshwater is of major importance to human beings’ survival as 

ell as our economic activities such as agriculture and industry. 

owadays billions of people are suffering from freshwater scarcity 

1] . Thereby, it is highly desirable to find out effective ways to get 

resh water from alternative resources such as wastewater, brack- 

sh, ground, seawater, and so on [2] . Desalination is a promising 

echnology to meet the global freshwater demand, due to saline 

ater account for 97% of the water on the earth’s surface. Further- 

ore, solar desalination is considered as one type of desalination 

echnology, which has many benefits such as no fuel cost and eco- 

riendly [ 3 , 4 ]. 

The solar still, a typical small-scale solar desalination system, 

rovides a solution for the water shortage problem in remote re- 

ions, arid areas, and emergencies, etc. [5] . Solar still has many 

pecial features such as low fabrication cost, easy to maintain, and 

ortable [6] . The great majority of the investigated solar stills are 

nclined solar still (ISS), which mainly consists of a wedge-shaped 
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asin and glass cover [ 7–9 ]. However, solar still is not universally 

tilized due to the relatively low productivity as well as the low 

nergy efficiency [ 10–12 ]. 

To improve the productivity as well as the thermal performance 

f the solar still, many studies have been carried out by different 

ethods, such as improving the structure by designing stepped so- 

ar still [ 13–15 ], wick type solar still [ 16–18 ], double slope solar

till [ 19 , 20 ], pyramid solar still [21] and so on. Using special mate-

ials is another effective way, such as porous materials for enhanc- 

ng the temperature difference between water and the condensing 

over as well as evaporation area [ 22 , 23 ], graphite or charcoal for

nhancing solar absorption and heat transfer [ 24 , 25 ], phase change 

aterials for heat storage [ 26–28 ] and so forth. Nowadays, the pro- 

uctivity of ISS is usually 2-5 kg/m 

2 per day and the correspond- 

ng energy efficiency is around 30-50% [ 7 , 29–32 ]. Therefore, there 

s still ample room for further improvements. 

In recent years, many effort s have been done to improve the 

erformance of solar still by using micro/nanostructured porous 

aterials [ 33,34 ], such as plasmonic metals [35] , carbon-based ma- 

erials [36] , polymers [37] , and semiconductors [38] . Many new 

aterials could exhibit high solar absorptivity ( > 98%) across the 

olar spectrum [39] , which indicates few energy losses during 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121657
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121657&domain=pdf
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Nomenclature 

CB Carbon black 

C p v Specific heat capacity of the vapor [J/(kg ·K)] 

D Diffusion coefficient of water vapor [m 

2 /s] 

Gr Grashof number 

FSS Flat solar still 

g Gravitational acceleration [m/s 2 ] 

H Height of the vapor chamber [m] 

h a Convective heat transfer coefficient on the glass 

cover [W/(m 

2 ·K)] 

h h Convective heat transfer coefficient in solar still 

[W/(m 

2 ·K)] 

h m 

Convective mass transfer coefficient [m/s] 

h f g Latent heat of vapor [J/kg] 

h LV Total enthalpy of phase change [J/kg] 

I Solar intensity [W/m 

2 ] 

ISS Inclined solar still 

L t Length of vertical thread [cm] 

˙ m Productivity of the solar still [kg/(m 

2 ·s)] 

Nu Nusselt number 

P r Prandtl number 

P s Saturated vapor pressure [Pa] 

q c( g _ a ) Heat convection between the glass cover and the 

ambient [J/m 

2 ] 

q c( w _ g ) Heat convection between the wick material and the 

glass cover [J/m 

2 ] 

q d( w _ b ) Heat conduction between the wick material and the 

basin [J/m 

2 ] 

q e ( w _ g ) Heat of phase change [J/m 

2 ] 

q r( g _ a ) Heat radiation between the glass cover and the am- 

bient [J/m 

2 ] 

q r( w _ g ) Heat radiation between the wick material and the 

glass cover [J/m 

2 ] 

R g, v Gas constant of vapor [J/(kg ·K)] 

S η Uncertainty of energy efficiency 

SG Soda-lime glass 

T amb Ambient temperature [K] 

T g Temperature of the glass cover [K] 

T s Temperature of the saturated moist air [K] 

T sky Temperature of the sky [K] 

T w 

Temperature of the wetted black wick material [K] 

T w,b Temperature of the bulk water [K] 

UG Ultra-hydrophilic glass 

Greek letters 

α Thermal diffusivity of moist air [m 

2 /s] 

αv Volume expansion coefficient of moist air [1/K] 

β Transmittance of the glass cover 

δi Thickness of the foam [m] 

ε 1 Emissivity between the wick material and the glass 

cover 

ε 2 Emissivity between the glass cover and the ambient 

ε w 

Emissivity of the wick material 

ε g Emissivity of the glass cover 

ε a Emissivity of the ambient 

η Energy efficiency of solar still 

λi Thermal conductivity of the foam [W/(m ·K)] 

ν Kinematic viscosity [m 

2 /s] 

ρv Density of the vapor [kg/m 

3 ] 

σ Stefan-Boltzmann constant [W/(m 

2 ·K 

4 )] 

τ Solar absorptivity of the wick material 

he solar absorption process. With high solar absorptivity and ad- 
2 
anced interfacial evaporation strategy, the energy efficiency of the 

vaporation process can reach up to more than 90% [ 4 , 40 ]. There-

ore, the state-of-the-art technologies almost push the efficiency of 

he solar absorption process and evaporation process to the limita- 

ion. 

Nevertheless, simply applying micro/nano-materials to conven- 

ional solar stills might obtain poor productivity. Many works re- 

orted that solar stills with advanced micro/nano-materials are 

bout 1-4 kg/day and the corresponding efficiency is below 40% 

nder the natural sun, which is similar to the solar still with- 

ut micro/nano-materials [ 41–44 ]. It is found that the inefficient 

esults from the inherent disadvantages of conventional ISS, such 

s the inefficient condensation, solar reflection by condensate 

roplets, the large heat loss of the system, and so on [ 34 , 42 ].

herefore, there is a demand for designing new types of solar stills 

or solving these problems and effectively im proving the system 

erformance. 

Therefore, some new kinds of solar stills are studied recently, 

uch as the thermal concentrated or thermally-localized solar still 

 45 , 46 ]. In the state-of-the-art thermally-localized solar still, the 

vaporated water is replenished by thin hydrophilic membranes at 

ach stage. The productivity of a 10-stage solar still can reach up 

o more than 2 L/(kW 

•h) under natural solar irradiation [ 47 , 48 ].

evertheless, the application of such kinds of solar stills for con- 

inuously working and large-scale utilization remains a challenge, 

ue to the salt crystallization on hydrophilic membranes or a large 

umber of metallic fins required for cooling. 

In this paper, by imitating the working principle of the solar 

ell, a high-performance flat solar still (FSS) is proposed, which 

reaks the stereotype and makes innovation in solar still. Similar to 

hat electrons are collected by the metallic grid in solar cell, water 

olecules are produced by solar energy and collected by the cap- 

llary grid in the flat solar still. FSS is capable of working contin- 

ously with neither salt crystallization on the evaporation surface 

or the necessity of massive metallic fins for cooling. To illustrate 

he advantages of FSS, firstly, indoor experiments by using solar 

imulators are carried out to explore the effect of different factors 

n FSS. Theoretical analysis is also carried out to uncover the ad- 

antages of FSS. Then, the potential of constructing high-efficiency 

ouble-stage FSS is verified and discussed. The proposed FSS shows 

reat potential for large-scale application and may open a new av- 

nue for a solar still system. 

. Materials and methods 

.1. Experimental setup and materials 

To show the difference between ISS and FSS, the schematic dia- 

ram of ISS and FSS are illustrated in Fig. 1 a and b. In conventional

SS, the basin is wedge-shaped where brackish/saline water is col- 

ected at its base. The wall of the basin in ISS is relatively high to

nsure the inclined structure for water collecting. When the sys- 

em works during the daytime, solar irradiation entering the still 

hrough the glass and is absorbed by solar absorbing materials or 

ater. The water is heated up by solar irradiation and evaporates. 

he upper surface of the basin is covered by a sealed glass cover, 

he hot vapor flows up and condenses on the glass cover. The con- 

ensate water slides down due to gravity and accumulates outside 

he still as freshwater. 

In FSS, the inclined structure is avoided, the condensate wa- 

er on the glass cover is collected by the capillary action of cotton 

hreads. Thereby, the four walls of the basin in FSS have the same 

eight and can be much lower than that in ISS ( Fig. 1 b) hence the

reas of walls are significantly decreased and the structure is much 

ore compact. The compact structure enhances the mass transfer 

etween the evaporation surface and the glass cover, which will 
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Fig. 1. Setup and materials of inclined solar still (ISS) and flat solar still (FSS). The schematic diagram of (a) a conventional ISS and (b) the proposed FSS. (c) Configuration 

details of FSS. The picture of (d) conventional soda-lime glass (SG) and (e) the ultra-hydrophilic glass (UG), the insert shows the contact angle of the glass. (f) SG and UG 

above hot water. Condensate water on UG forms a continuous film and is more transparent than SG. 

Fig. 2. (a) The schematic diagram of heat transfer in solar still. (b) The schematic diagram of the mass transfer process by the natural convection of air. 
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e discussed later. Meanwhile, latent heat recovery is of significant 

mportance for enhancing the daily productivity of solar still [34] . 

SS can be easily extended to more stages for latent heat recovery, 

ue to the flat and compact structure. On the contrary, most of the 

onventional ISS has either complex system configuration or un- 

atisfying performance for latent heat recovery [ 49–51 ]. Therefore, 

ompared with the ISS system, FSS has two very important advan- 

ages due to the improved system design: enhanced mass transfer 

ate and latent heat recovery performance. 

The detailed schematic diagram of FSS is shown in Fig. 1 c. The 

asin of FSS is made of foam and galvanized iron sheet, which con- 

ains saline water and prevents heat loss. Several foam strips float 

n the saline water and support the wick material on it (Figure 

3). The foam used in this work is water-proof, which has low 

hermal conductivity and prevents the heat transfer between the 

lack wick material and the bulk water. Saline water is transported 

rom the basin to the black wick material (linen in this work) by 

apillary action, then heated by solar energy and evaporates. The 
3 
oating foam and wick material enable heat localization and high- 

fficiency evaporation at the air-water interface [ 52 , 53 ]. 

Meanwhile, carbon black (CB) nanoparticles are dispersed on 

he surface of wick material to enhance solar absorption and va- 

or generation. The top basin is sealed by a glass cover and sev- 

ral cotton threads are attached to the glass cover parallelly and 

niformly. To fix the cotton threads, one end of the thread is tied 

n the wall through a small hole, the other end connects with a 

eight to make the thread tighten and attaches the glass cover. 

he schematic diagram of how to fix the threads is shown in Fig. 

5(c). When condensate water accumulates on the glass cover, it 

ill be absorbed by the cotton threads. Later, the water absorbed 

y the threads will be transported out of FSS through capillary 

orce and drop down as freshwater. More details of the materials 

nd setup can be found in Supplementary Information, Section I- 

II. 

To make FSS more efficient, the glass cover is treated to be 

ltra-hydrophilic. In this work, the conventional glass cover is 
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Fig. 3. Performance of a small flat solar still (FSS) and inclined solar still (ISS) in the laboratory. (a) Water productivity of FSS with ultra-hydrophilic glass (UG) and con- 

ventional soda-lime glass (SG), as well as water productivity of a conventional ISS with soda-lime glass (SG). (b) The energy efficiency of FSS with the different number of 

cotton threads attached to UG. (c) The productivity of FSS with different lengths of vertical cotton thread, L t . (d) Temperatures of glass cover (T g ) and water at evaporation 

surface (T w ) in FSS. The number of cotton threads and length of vertical threads is 1 cm 

−1 and 6 cm, respectively. The distance between the evaporation surface and glass 

cover is 5 mm. 
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Table 1 

Specification of main devices in laboratory experiments. 

Name Type Range Error 

Electronic balance QUINTIX224-1CN 0-220 g ±0.001g 

Power meter PM150-50C 300 mW-150 W ±2% 

Thermal couple TT-T-40-SLE -200-260 °C ±0.5 °C 
Data collector Keithley 2700 1-80 Channel 6 1/2 

Solar simulator CEL-S500 800-3000 W/m 

2 ±1% 
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oda-lime glass (SG) which has high transparency as shown in 

ig. 1 d. The ultra-hydrophilic glass cover is fabricated by apply- 

ng an anti-fog coating on the soda glass cover in the laboratory. 

he soda glass cover is fabricated by Luoyang Glass Co., Ltd., and 

he Rain-X anti-fog coating is fabricated by Illinois tools works Inc. 

he contact angle before and after treatment is shown in the in- 

ert figure of Fig. 1 d and e, which shows that the contact angle de-

reases significantly after treatment. The method used in this work 

or ultra-hydrophilic treatment is only an example. Other materials 

r methods might also be applied, such as using commercial anti- 

og film, coating SiO 2 nanoparticles [54] , TiO 2 nanoparticles [55] , 

nd TiO 2 nanofibers [56] et al. 

The low contact angle of glass allows vapor to condense into a 

ontinuous thin film, which has two benefits. Firstly, the glass will 

emain clear during the condensation process, hence more solar 

rradiation will enter the solar still. As shown in Fig. 1 f, the pat-

erns under SG are vague due to the light diffusion and reflection 

y the small condensate droplets. On the contrary, the patterns un- 

er ultra-hydrophilic glass (UG) are clear and bright. Secondly, the 

ontinuous water film accelerates water transportation from glass 

o threads. The water film combines all the condensate water as 

 whole and connects with the cotton threads. Therefore, the con- 

ensate water can be absorbed by cotton threads immediately, in- 

tead of hanging under the glass as discrete droplets as happened 

n SG. 

.2. Uncertainty analysis 

In the indoor experiment, a solar simulator (CEL-S500 + AM1.5 

lter) was used to generate the solar beam, the solar intensity 
4 
as measured by a power meter (PM-150-50C). The mass of col- 

ected water was measured by an electric balance (Sartorius Prac- 

um 224). The temperature was measured by T type thermal cou- 

le (Omega, TT-T-40-SLE), and a data acquisition device (Keithley 

700) was used to record the temperature. In the outdoor ex- 

eriment, the solar intensity was measured and recorded every 

 seconds by a pyranometer (TBQ-2) and a voltmeter (Keysight 

4401A). The temperatures of the ambient and solar stills are mea- 

ured by thermal couples (Omega TT-K-36-SLE) and a thermome- 

er (TES-1310). The mass of the collected water was measured by a 

ortable electric balance (K-FINE 500). More details can be found 

n Supporting Information I-II. The Errors of devices are shown in 

ables 1 and 2 . 

Propagation of uncertainty is the uncertainty of estimated value 

btained from the uncertainty of measured parameters. The er- 

ors in the productivity of the indoor and outdoor experiment are 

ainly attributed to the error of electronic balance, which can be 

gnored due to the error is less than 1%. On the other hand, the 

rror in the energy efficiency of solar stills is mainly caused by the 

ower meter and solar simulator. The uncertainty of energy effi- 
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Fig. 4. Outdoor experiment setup and results. (a) The photo of ISS and FSS during outdoor experiments. (b) Top view of the FSS with the size 25 cm × 25 cm. (c) The 

schematic diagram of measurement setup in outdoor experiments. (d) The productivity of FSS and ISS under different daily solar irradiation. 

Table 2 

Specification of main devices in outdoor experiments. 

Name Type Range Error 

Electronic balance K-FINE 500 0-500 g ±0.05g 

Pyranometer TBQ-2 0 -2000 W/m 

2 ±8% 

Thermal couple Omega TT-K-36-SLE -267-260 °C ±0.5 °C 
Thermometer TES-1310 -50-1300 °C ±0.1 °C 
Voltmeter Keysight 34401A 0-1000 V ±0.005% 
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 η = 

√ (
∂η

∂ ˙ m 

)2 

S ˙ m 

2 + 

(
∂η

∂ I 

)2 

S I 
2 (1) 

= 

˙ m · h LV ∫ 
Idt 

× 100% (2) 

here η is energy efficiency, ˙ m is the productivity, I is the solar 

ntensity. h LV is the total enthalpy of phase change. The daily accu- 

ulative measurement error of outdoor solar energy by pyranome- 

er is 8%. 

.3. Theoretical model 

The schematic diagram of the heat and mass transfer process in 

olar still is shown in Fig. 2 . Based on the energy conservation, it

an be obtained that, 

βI = q r ( w _ g ) + q d ( w _ b ) + q e ( w _ g ) + q c ( w _ g ) (3) 

 r ( w _ g ) + q e ( w _ g ) + q c ( w _ g ) = q r ( g _ a ) + q c ( g _ a ) (4) 
5 
here τ is the solar absorptivity of the carbon black coated 

ick material, β is the transmittance of the glass cover. q r( w _ g ) , 

 e ( w _ g ) , q c( w _ g ) are the heat transferred from the wick material to 

he glass cover by radiation, phase change, and convection, respec- 

ively. q d( w _ b ) is the heat conducted from the wick material to the 

asin. q r( g _ a ) , q c( g _ a ) are the heat transferred from the glass to the 

mbient by radiation and convection, respectively. 

The heat transferred by irradiation are: 

 r ( w _ g ) = ε 1 σ
(
T w 

4 − T g 
4 
)

(5) 

 r ( g _ a ) = ε 2 σ
(
T g 

4 − T sky 
4 
)

(6) 

here σ = 5 . 67 × 10 −8 W/ ( m 

2 · K 

4 ) is the Stefan-Boltzmann con- 

tant, T w 

, T g , T sky are the temperature of wick material, glass cover, 

nd sky, respectively. ε is the emissivity and is obtained by [57] : 

 1 = 

[
1 

ε w 

+ 

1 

ε g 
− 1 

]−1 

(7) 

 2 = 

[
1 

ε a 
+ 

1 

ε g 
− 1 

]−1 

(8) 

Herein, ε w 

, ε g and ε a are 0.95, 0.94 and 1, respectivily. 

T sky is related to the ambient temperature T amb [19] : 

 sky = T amb − 6 (9) 

The heat transferred by convection are: 

 c ( w _ g ) = h h ( T w 

− T g ) (10) 

 c ( g _ a ) = h a ( T g − T amb ) (11) 
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Fig. 5. Typical weather condition and results of different heights of vapor chamber (H). (a) Solar irradiation on 2020, August 2 nd . (b) Wind velocity and ambient temperature. 

(c) Water temperature at the evaporation surface (T w ) and the temperature of glass cover (T g ) of FSS for heights of vapor chamber H = 2.5 cm and H = 9.5 cm. (d) Experimental 

and theoretical productivity of FSS. 
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here h h is the convective heat transfer coefficient in solar still, h a 
s the convective heat transfer coefficient between the glass cover 

nd the ambient. 

The heat transferred from wick material to the basin is: 

 d ( w _ b ) = 

λi 

(
T w 

− T w,b 

)
δi 

(12) 

here λi is the thermal conductivity of the foam under the wick 

aterial, which is around 0.035 W/(m 

•K). δi = 0 . 02 m is the thick-

ess of the foam. T w,b is the temperature of the bulk water under 

he foam. 

The heat transferred by phase change of vapor is: 

 e ( w _ g ) = h LV ˙ m (13) 

here ˙ m is the productivity of the solar still, h LV is obtained as 

58] : 

 LV = h f g + C p v ( T w 

− T g ) (14) 

 f g = 1 . 91846 × 10 

6 
[ 

T s 

T s − 33 . 91 

] 2 
(15) 

here h f g is the latent heat of vapor. C p v is the specific heat ca- 

acity of the vapor, which is around 1900 J/(kg ·K) at 20 -70 °C. 

˙ m is decided by the condition of both evaporation and conden- 

ation surface, as well as the structure of the phase change cham- 

er. ˙ m can be obtained by [59] : 

˙ 
 = h m 

( ρv ,w 

− ρv ,g ) (16) 
6 
here h m 

is the convective mass transfer coefficient between evap- 

ration surface and glass cover, ρv ,w 

and ρv ,g are the density of 

ater vapor in the saturated air at the evaporation surface and the 

lass cover, respectively. 

The density is related to the saturated vapor pressure, P s , and 

he temperature of the saturated vapor T s : 

v = 

P s 

R g, v T s 
(17) 

here R g, v = 461 J/ ( kg · K ) is the gas constant of vapor, the satu- 

ated vapor pressure is determined by T s [9] : 

 s = e ( 25 . 317 − 5144 
T s ) (18) 

The total pressure P in the vapor chamber is regarded as the 

mbient air pressure 101325 kPa, due to the chamber is connected 

o the ambient through water feeding and rejecting pipes. 

The convective mass transfer coefficient h m 

can be obtained by 

sing the heat and mass transfer analogy. For heat transfer in a 

mall horizontal chamber with the hot surface at the bottom, the 

usselt number is described as [60] : 

u = 0 . 212 ( GrP r ) 
1 
4 (19) 

 h = 

Nu λa 

H 

(20) 

here Gr and P r are the Grashof number and Prandtl number, re- 

pectively. λa is the thermal conductivity of the air. Gr and P r are 
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Fig. 6. Performance of the double-stage FSS. (a) The schematic diagram of double-stage FSS. (b) The energy efficiency of double stage FSS, single-stage FSS, and ISS under 

different average solar intensities. (c) Accumulated daily productivity of the double-stage FSS under different daily solar irradiation. (d) Daily productivity of solar still in this 

work (2 stages) and in references (continuously working at least 8 hours, one or two stages). 
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Table 3 

List of coefficients for calculating the thermophysical property of the saturated 

moist air (0 – 100 °C) [61] . 

0 1 2 3 4 

SA 1.847E-5 1.162E-7 2.373E-10 -5.769E-12 -6.369E-14 

SV 1.716E-5 4.722E-8 -3.663E-10 1.873E-12 -8.050E-14 

SK 24.007E-3 7.278 E-5 -1.788E-7 -1.352E-9 -3.322E-11 

SD 1.293 -5.538E-3 3.860E-5 -5.254E-7 −

v

λ

ρ

i

o

p

3

v

t

T

a

efined as: 

r = 

g αv T H 

3 

ν2 
(21) 

 r = 

ν

α
(22) 

here g is the gravitational acceleration, αv = 1 / T s is the volume 

xpansion coefficient of moist air and α is the thermal diffusivity 

f moist air, H is the height of the vapor chamber in FSS. T is

he temperature difference between the evaporation surface and 

he glass cover, ν is the kinematic viscosity of moist air. 

Based on the heat and mass transfer analogy, we have [59] : 

h h 

h m 

= ρa C p a L e 
2 / 3 (23) 

here Le is the Lewis number: 

e = 

α

D 

(24) 

here D is the diffusion coefficient of water vapor in the air: 

 = D 298 K 

(
T s 

298 

)1 . 5 

(25) 

here D 298 K = 0 . 256 × 10 −4 m 

2 / s is the diffusion coefficient at 

98K. 

The thermophysical property of the saturated moist air can be 

btained by the following equations [61] : 

a = S A 0 + S A 1 t + S A 2 t 
2 + S A 2 t 

3 + S A 4 t 
4 (26) 
7 
 a = S V 0 + S V 1 t + S V 2 t 
2 + S V 2 t 

3 + S V 4 t 
4 (27) 

a = S K 0 + S K 1 t + S K 2 t 
2 + S K 2 t 

3 + S K 4 t 
4 (28) 

a = S D 0 + S D 1 t + S D 2 t 
2 + S D 2 t 

3 (29) 

The value of coefficients in the equations are listed in Table 3 , t 

s the average temperature of the moist air in degree Celsius. Based 

n the above equations and the temperatures measured by the ex- 

eriments, the theoretical productivity of FSS can be obtained. 

. Results and discussions 

Firstly, mini-prototypes of both FSS and ISS were made and in- 

estigated indoor by using a solar simulator. The inner volume of 

he small FSS is 5 cm (length) × 5 cm (width) × 3 cm (height). 

he intensity of solar irradiation from the solar simulator is fixed 

t 1kW/m 

2 unless otherwise mentioned. The FSS with UG and SG 
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Table 4 

Comparison of flat solar still with other solar stills in references. 

Ref. Productivity kg/(m 

2 •day) Daily solar irradiation kWh/m 

2 Efficiency % Working time Stage number Type of solar still 

This work 7.03 6.7 72 9:00-17:00 2 Flat solar still 

This work 4.5 6.7 46 9:00-17:00 1 Flat solar still 

[9] 3.7 5.2 41.8 9:00-17:00 1 Single slope solar still 

[14] 2.77 6 28.2 8:00-18:00 1 Stepped solar still 

[15] 5.21 8.4 40.9 8:00-18:00 1 Stepped solar still integrates basin still 

[18] 4.3 6.64 39 9:00-17:00 1 Wick type solar still 

[20] 4.5 8.27 - 7:00-18:00 1 Wick type double slope solar still 

[24] 3.5 5 - 9:00-20:00 1 Single slope solar still 

[26] 2.5 7.25 - 7:00-18:00 1 Single slope solar still 

[27] 4.08 6.66 40.8 7:00-19:00 1 Single slope solar still 

[28] 3.36 6.49 37.1 8:00-21:00 1 Single slope solar still 

[29] 2.84 5 32 8:00-16:00 1 Single slope solar still 

[29] 3.91 5 44 8:00-16:00 2 Single slope solar still 

[30] 4.46 7.04 39.3 8:00-18:00 1 Single slope solar still 

[31] 4.33 5.74 41 7:00-18:00 1 Wick type solar still 
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ere compared by the small-scale system. The hourly water pro- 

uctivity of the small FSS with UG is 0.75 kg/(m 

2 •h) which is 70%

igher than that of using SG ( Fig. 3 a). This indicates that the ultra-

ydrophilic treatment of glass is very important for improving the 

ystem performance of FSS. The productivity of a small conven- 

ional ISS was also measured. It shows that there is barely fresh- 

ater collected after two hours ( Fig. 3 a). 

Besides the effect of the glass cover, the effect of cotton threads 

s also studied from the aspect of the number of threads ( Fig. 3 b)

nd the length of vertical threads ( Fig. 3 c). The number of the

hread refers to how many threads are attached to the glass 

over parallelly and uniformly. The energy efficiency increases very 

lightly when the number of threads increases ( Fig. 3 b). The differ- 

nce between 0.4 cm 

−1 and 1.2 cm 

−1 is less than 8%. Energy effi- 

iency nearly converged to 54% after 0.8 cm 

−1 . It can be concluded 

hat the cotton threads have very excellent water collection ability 

ecause the system performance is not greatly affected when only 

 few threads are used. This conclusion can be further proved by 

he effect of the length of vertical threads, L t . The water collection 

s not affected even when L t is only 2 cm, which means that even

 very short vertical thread can provide enough driving force for 

ater collection ( Fig. 3 c). 

The temperatures of FSS in laboratory conditions are also mea- 

ured ( Fig. 3 d). The temperature of both glass cover (T g ) and wa-

er at the evaporation surface (T g ) raise very quickly during the 

rst several minutes, which indicates a great solar absorption and 

hase change performance in FSS. After 30 minutes, the tempera- 

ure is nearly converged and raises very slowly. The temperature of 

ater at the evaporation surface and glass cover reach up to 70 °C 

nd 65 °C, respectively, after two hours of the experiment. 

Based on the results of laboratory experiments, outdoor exper- 

ments were also carried out by homemade prototypes of FSS and 

SS. 23 days of outdoor experiments were carried out and com- 

ared, including heavily cloudy days, cloudy days, and sunny days. 

ig. 4 a and b show the photos of outdoor experiments and the 

op view of FSS. The basin area for both ISS and FSS is 25 cm ×
5 cm. Water with 3.5 wt% NaCl was premixed and placed in the 

asin. Bottles are used to contain the collected fresh water and the 

ejected brine. Fig. 4 c shows the schematic diagram of the mea- 

urement setup in outdoor experiments. The solar intensity was 

easured and recorded every 5 seconds. The temperature of ambi- 

nt and devices is measured by thermal couples and thermometer 

very hour. The mass of collected freshwater was measured every 

our by the electronic balance. The solar stills and all components 

f the system were manufactured and tested in Shaoyang, Hunan, 

hina (Latitude 26.99 ° N and longitude 111.27 °E), from June to Au- 

ust 2020. The daily ambient temperature is around 30 °C, the so- 
ar irradiation various a lot due to the different weather condition. 

8 
or more information about the temperature and solar irradiation 

f outdoor experiments, please refer to Supplementary Information 

II. 

The daily productivity of FSS and ISS under different solar ir- 

adiation is shown in Fig. 4 d. The productivity of both FSS and ISS

ncreases nearly linearly with the increase of daily solar irradiation. 

round 4.3 kg/m 

2 and 3 kg/m 

2 of freshwater can be obtained un- 

er 6.3 kWh/m 

2 of daily irradiation for FSS and ISS, respectively. 

t worth to be noted that the cotton threads in the FSS block near 

0% of the solar irradiation. Therefore, it can be expected that the 

roductivity of FSS can be further enhanced by replacing the cot- 

on threads with other transparent materials. Besides, FSS shows 

reat salt rejecting ability and there is no salt crystallization in FSS 

uring the experimental days, which enables FSS to work continu- 

usly for a long time. Details of salt rejecting analysis can be found 

n Supplementary Information, Section V. 

To investigate the importance of the compact structure of FSS, 

he performance of FSS is studied at two different heights of vapor 

hamber (H), namely the distance from the evaporation surface to 

he glass cover. H = 2.5 is a typical compact structure of FSS. On the

ther hand, H = 9.5 cm is much larger, which is similar to the aver-

ge height of the vapor chamber in ISS. The results of a typical day 

2020, August 2 nd ) are illustrated in Fig. 5 . The total daily solar ir-

adiation of this day is 5.7 kWh/m 

2 ( Fig. 5 a). The ambient temper- 

ture is around 30 °C and it is breezeless during the day ( Fig. 5 b). 

Fig. 5 c shows the temperature of glass and water of FSS un- 

er solar irradiation. The maximum temperature of water and glass 

over in FSS with H = 2.5 reach up to 66 °C and 59 °C, respectively.

owever, the maximum temperature of water and glass cover are 

nly 62 °C and 55 °C, respectively, for H = 9.5 cm. The temperature of

 = 2.5 cm is always higher than that of H = 9.5 by 1-5 °C during the

ay, which shows the better thermal performance of the compact 

tructure. 

The hourly productivity of FSS is shown in Fig. 5 d. It should be 

oted that the condensate water on the insulated four walls is also 

ollected to exclude the effect of insufficient water collection. The 

esults show that the accumulated productivity decreases around 

8%, from 3.6 kg/m 

2 to 2.6 kg/m 

2 , when H increase from 2.5 to 9.5

m. To uncover the mechanism of the difference, the theoretical 

odel of convective mass transfer is derived based on the analogy 

f heat and mass transfer as shown in section “theoretical model”. 

he results reveal that the theoretical analysis agrees well with the 

xperimental results, which indicates that the difference in pro- 

uctivity is mainly attributed to the different mass transfer rates 

n FSS. Therefore, the compact configuration of FSS is a very im- 

ortant advantage for improving the productivity of solar still due 

o the enhanced convective mass transfer. 
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Besides the improved mass transfer due to the compact struc- 

ure, FSS can also be very easily extended to more stages for latent 

eat recovery. Fig. 6 (a) shows the schematic diagram of a double- 

tage FSS. The majority of the solar irradiation passes the double 

ayers of the glass cover and absorbed by the black wick materi- 

ls of the first stage. The water evaporates after heated and con- 

enses on the glass cover of the first stage. A few saline waters 

ow across the glass cover of the first stage to absorb the released 

atent heat and then evaporates. The vapor generated at the sec- 

nd stage condenses on the glass cover above it and is collected by 

otton threads as in the first stage. The energy efficiency of dou- 

le stage FSS under different solar intensities is shown in Fig. 6 b. 

t is observed that the energy efficiency of the double stage FSS 

s sensitive to the solar intensity. When the mean solar intensity 

ncrease from 440 W/m 

2 to 780 W/m 

2 , the energy efficiency of 

ouble stage FSS increase from 53% to 72%. This enhancement is 

igher than that of single-stage FSS and ISS, which indicates that 

he superiority of a double-stage FSS will be more obvious when 

igher solar intensity is available, such as using solar still with the 

olar concentrator. 

The daily productivity of the double-stage FSS reaches up to 

.02 kg/m 

2 under 6.7 kWh/m 

2 of solar irradiation, i.e. 1.05 kg/kWh 

hich is around 60% higher than that of single-stage FSS ( Fig. 6 c).

igher productivity can be expected when the solar irradiation is 

igher during a clear day. Meanwhile, 2.8 kg/m 

2 of freshwater can 

e obtained even when the solar irradiation is very weak during an 

vercast day (3.6 kWh/m 

2 ). The high productivity of double stage 

SS shows the effectiveness and importance of latent heat recov- 

ry in solar still. Overall, the FSS proposed in this work shows 

reat performance compared to other conventional solar stills in 

eferences. The productivity of conventional solar stills with var- 

ous modification are usually between 3-5 kg/m 

2 which is much 

ower than the double stage FSS as shown in Fig. 6 d and Table 4 .

t should be noted that many further modifications can be applied 

o FSS, such as advanced materials for solar evaporation and con- 

ensation [ 40 , 62 ], solar collector or concentrator [63] , glass cooling

64] , reflectors [65] , and so on. The prototype of FSS in this work

s only an example and better performance can be expected with 

ore modifications. 

. Conclusion 

In conclusion, based on the ultra-hydrophilic glass, cotton 

hreads, wick materials, and nanoparticles, a highly efficient and 

ompact flat solar still is proposed. The indoor results show that 

he wettability of glass is a very important factor in FSS. The hourly 

roductivity of FSS using ultra-hydrophilic glass is 70% higher than 

hat of using ordinary glass. Meanwhile, the number of threads at- 

ached to the glass for freshwater collection also affects productiv- 

ty. The productivity increases a little when the number of threads 

ncreases from 0.4 to 1.2 cm 

−1 . Moreover, the length of the thread 

t vertical direction doesn’t affect the productivity for the range 

rom 2 cm to 10 cm. 

Furthermore, the performance of FSS is studied outdoor un- 

er natural solar irradiation. FSS could work continuously without 

alt crystallization on the evaporation surface. Experimental results 

how that the compact structure is very important for improv- 

ng the productivity of FSS. Productivity decreases more than 30% 

hen the height of the vapor chamber increases from 2.5 cm to 9.5 

m. Theoretical analysis reveals that the convective mass transfer 

n the vapor chamber can be enhanced by the compact structure 

ence higher productivity. The daily productivity of single-stage 

SS reaches 4.3 kg/m 

2 under 6.3 kWh/m 

2 of solar irradiation. Fur- 

hermore, due to the latent heat recovery, the daily productivity 

f double-stage FSS reaches up to 7.02 kg/m 

2 under 6.7 kWh/m 

2 

f solar irradiation, which is significantly higher than the conven- 
9 
ional solar still. The high performance of FSS shows its great po- 

ential for practical application. 
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