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z% 11 Abstract: Solar-driven interfacial evaporation technology (SDIE) has shown considerable potential
g 12 in addressing global water scarcity, thanks to its eco-friendly, efficient, and versatile nature. By
% 13 refining light management, thermal management, and water management within SDIE systems, it
é 14 is possible to attain high evaporation rates, yet there remains scope for improving water production
5
E 15  capabilities in practical applications. Against this backdrop, this paper offers an comprehensive
§ 16  review of the latest strategies to enhance water production within SDIE systems. It explores the
_%S 17  underlying principles, benefits, limitations, and practical applications of various strategies,
; 18  including rapid steam condensation, latent heat recovery, and light concentration, and highlights the
E 19  common challenges encountered by current enhancement strategies. Based on the analysis above,
é 20  this paper synthesizes the critical research directions necessary for transitioning solar distillation
E 21 water systems into practical applications, with the aim of offering guiding recommendations for the
_ 22 development of the next generation of SDIE systems.
23 Key words: Solar energy; Interfacial evaporation; Strategies for enhanced water production;
24 practical application
g 25 1 Introduction
26 The issue of global water scarcity is intensifying, particularly in impoverished and arid
27  regions!!3l According to a 2021 World Meteorological Organization (WMO) report, more than
28 2 billion individuals are currently without access to clean water resources, a figure expected to
29  nearly double to 5 billion by 20504, This trend poses not only significant challenges to society
30  but also raises critical questions about environmental sustainabilityl-7l. Environmental
31 degradation, including glacier melt and altered precipitation patterns due to global warming,
32 further impacts terrestrial water reserves and river flows, with water scarcity directly
33 endangering the health and well-being of communities!®1%1, In this context, the advancement of
34  desalination technologies has become increasingly criticallll> 121, Presently, desalination
35  technologies are predominantly thermal, such as Low-Temperature Multi-Effect Distillation
36  (LT-MED) U314 and Multi-Stage Flash (MSF) [°], and membrane-based, like Reverse Osmosis
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(RO) U6-18] 'While these methods are industrially utilized, thermal desalination contends Mit)lvig/osLFoo191A

high energy demands, and membrane desalination grapples with frequent maintenance and
membrane replacement due to fouling[!®-2!]. In contrast, Solar-Driven Interfacial Evaporation
(SDIE), powered by sunlight, presents substantial benefits, including its low-carbon, eco-
friendly nature. SDIE focuses heat at the air-water interface through photothermal conversion,
efficiently circumventing substantial energy transmission losses and significantly enhancing
energy conversion efficiency. This positions it as a leading technology for the sustainable
production of potable water!??l. The implementation of SDIE in desalination offers a sustainable
solution to the global water crisis and actively supports environmental conservation and climate
change mitigation efforts.

Research on SDIE spans various dimensions, including light, heat, and water management.
These studies aim to optimize the system's core performance indicators such as light absorption rate,
photothermal conversion efficiency, and heat loss, in order to enhance the evaporation ratel3-27],
Recent research achievements have shown that through detailed porous structure design and water
state regulation for the evaporator?®34 it is possible to significantly reduce the enthalpy of
evaporation and potentially surpass the Thermodynamic Evaporation Limit (TEL). Nonetheless, the
core objective of SDIE systems is to achieve efficient collection of fresh water. Previous studies
have primarily focused on improving evaporation performance, with relatively less discussion on
strategies to enhance water production. Indeed, the efficiency of freshwater collection is another
critical factor. Given that the water production capacity of SDIE systems is influenced by a
multitude of factors, including the evaporation flux and vapor-to-water conversion efficiency,
effectively converting the enhanced evaporation rate into an actual water production rate presents
certain challenges.

Defining and determining key performance indicators is crucial for comparing the evaporation
and water collection capabilities of SDIE systems. A critical parameter in this regard is the vapor to
water efficiency, alternatively known as the water collection efficiency (WCE). This efficiency is a
measure of the SDIE system's ability to condense steam back into liquid water. The formula to
express this efficiency is:

mwbr

tw = Equation (1)

In the formula, My, and m,,, represent the water production rate (WPR) and the water
evaporation rate (WER) under open system, respectively.
The solar to water efficiency is used to represent the water production performance of the

SDIE system and is defined as:

mwprhfg

Mstw = m Equatlon (2)
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69 hfg, Agps» 14 represent the enthalpy of brine, the light absorption area, and the solaso/psLro0191A
70  radiation intensity, respectively. The above equation can be understood as the Gain Output

71 Ratio (GOR)P*7, and in this paper, the solar to water efficiency 7, is used uniformly.
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73 Fig.1 Enhanced water production strategy in solar-driven interface evaporation
74 Over the past decade, SDIE technology has flourished, with numerous reviews published

75  on enhancing water evaporation, yet only a limited number have focused on enhancing water
76  production. This paper offers a systematic review of the diverse strategies used to boost water
77  production and delivers a thorough evaluation of their effectiveness. Recent research has placed
78  greater emphasis on the conversion of evaporation rates into actual freshwater output. By
79  providing a comprehensive assessment of these strategies, this review aims to offer new
80  perspectives for the practical application of SDIE technologies. It begins by exploring strategies
81 designed to expedite vapor condensation, encompassing the optimization of condensation
82  surface structures, the development of inverted evaporation structures, the implementation of

83 forced convection, the creation of subcooled condensation surfaces, and modifications to
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condensation surfaces as key methodologies (Figure 1). Furthermore, the paper delvessimteotheo/psiroo1914

latest research progress in latent heat recovery, All-Day Water Production Strategies and light
concentration technologies, which are pivotal for increasing water production efficiency.
Identifying the critical tasks for future enhancement of water production, this article provides
invaluable insights and guidance for the practical application of SDIE technology.
2 Rapid vapor condensation

Conventional solar-driven interfacial evaporation (SDIE) systems typically feature an enclosed
container capped with a transparent cover and equipped with a photothermal component within. The
transparent top surface plays a dual role: it transmits solar radiation and facilitates both vapor
condensation and the transportation of condensed water. Sunlight passes through the transparent
cover, heating the saltwater at the air-water interface and prompting evaporation. The resulting
vapor ascends to the top cover, where it condenses into liquid due to the temperature gradient
between the environment and the steam, then it flows along the inclined surface to a collection area.
These single-stage interfacial evaporation devices, favored for their simplicity and low cost, are
well-suited for deployment in remote regions with abundant solar resources to mitigate local water
scarcity. Nonetheless, they encounter limitations, including significant light reflection, suboptimal
evaporation efficiency, and inadequate water collection[*3-411, These limitations primarily arise from
three key factors: firstly, the top surface, often constructed from polymers or glass with high light
transmittance and low thermal conductivity, exhibits significant thermal resistance that impacts the
vapor condensation efficiency; secondly, the vapor accumulated within the closed system and the
condensed water on the transparent top surface reflect incident sunlight, resulting in a reduced light
absorption rate of the photothermal material; and lastly, the temperature of the transparent cover
that aids condensation rises during extended operation, diminishing the temperature differential and
consequently the vapor condensation rate. To mitigate these challenges, strategies such as
optimizing device structure, introducing additional configurations, and harnessing supplementary
energy sources can be employed, including adjusting the transparent condensation surface structure,
constructing subcooled surfaces, and introducing forced convection. Overall, to enhance water
collection efficiency, designers need to conduct a thorough matching of evaporation and
condensation capabilities, ensuring that the system is tailored to maximize water production
efficiency under various environmental conditions.
2.1 Optimization of condensation surface structure

Some small and medium-sized single-stage evaporation devices feature transparent top cover
that serve both light transmission and condensation functions. By altering the geometric structure
of the transparent condensation surface, the light absorption rate and water collection efficiency can
be significantly enhanced. Typically, the transparent condensation surface is designed with specific

angles and curvatures to facilitate the collection of condensed water and the incidence of light.
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120  Wang et al. 2 designed the first condensation water collection device for interfacial evaporasions/psiroo191A
121 (Figure 2a), which uses a partition to separate the device into an evaporation chamber and a
122 condensation chamber. The device is topped with a transparent single-slope cover, and the
123 evaporation chamber bottom has a floating hydrophobic photothermal film that contacts seawater.
124 The interfacial water in the evaporation chamber is heated and evaporates, and a solar fan generates
125 airflow to drive the steam towards the condensation chamber. After condensation, the water flows
126  along the single-slope panel in the direction of the tilt until it is collected in the condensation
127  chamber. The experimental results demonstrate that the device has an evaporation rate of 0.92
128  kg/(m?-h) under one sun's intensity. However, during a five-hour outdoor test, the total water
129  production rate is relatively low, at 0.75 kg/(m?-D). Designs that utilize a single-slope transparent
130  panel as the condensation surface, such as this one, have been widely adopted by researchers.
131  Nevertheless, the water production efficiency of such designs is quite low and may not meet the
132 daily fresh water requirements for an individual. Considering the dynamic changes in the angle of
133 solar incidence, designers have developed devices with symmetrical condensation surfaces. The
134 symmetrical design allows the condensation surface to absorb incident light at all angles,
135  maintaining a high absorption rate even with large-angle oblique incidence. Moreover, symmetrical
136  condensation surfaces typically have a larger contact area, which enables more effective heat
137  exchange with steam, contributing to improved condensation efficiency. Typical structures include
138 double-slope, conical, hemispherical, concave dome, and pyramidal tops, among others!43-7]
139 (Figures 2b1-5). In such devices, steam usually condenses on the top surface and then flows along

140  the wall to the water collection chamber located at the bottom of the device. A typical conical water

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

141 collection device is shown in Figure 2bl, where Zhang et al. [}lconstructed an integrated sealed

142 device with a conical condensation surface using homemade Janus graphene @ silicone sponge as

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

143 the photothermal material. After seawater is heated and evaporates, vapor forms condensate droplets

(cc)

144 on the conical condensation surface and flows down the conical slope to the annular water storage
145  chamber. In the first two hours of initial evaporation, there are not many droplets on the conical
146  condensation surface. As the evaporation process progresses, the condensation driving force
147  gradually decreases, and a large number of droplets gather on the conical surface. Light reflection
148  further reduces the efficiency of evaporation and water collection. Under the condition of 1 sun
149  illumination with an additional 5V voltage, the water production rate of the device reached 1.97
150  kg/(m?-h), which is significantly lower than the evaporation rate of 6.53 kg/(m?-h) under the same
151 conditions in an open state. Its vapor to water efficiency is only 30.17%, which explains why, despite
152 the device having a very high open evaporation rate, it only produced 9.65 kg/m? of water in a 12-
153 hour outdoor experiment, and even when the outdoor natural light intensity did not reach 1 sun
154  illumination, this water production efficiency is still unsatisfactory. Some SDIE systems with

155 excellent evaporation rates have also shown similar issues in outdoor water production experiments.
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Despite their theoretical potential for rapid water production, their actual water productiono/psiFooio1a

capabilities are limited by the low vapor to water efficiencyl®3-5!] (Table 1). The above results
indicate that the mismatch between condensation rate and evaporation rate is a key factor limiting
the water collection rate. The different geometric structures of symmetric condensation surfaces also
affect the condensation rate of vapor. Que et al. P2 conducted a study on the water collection
efficiency of solar evaporation devices with different symmetric condensation surfaces (Figure 2c1-
4). Indoor experimental results under the same light intensity show that when using a hemispherical
top as the condensation device, the droplets are smallest, but the droplet distribution density is large,
and vapor tends to condense on the top surface rather than the side surfaces, thus being more prone
to reflect light under vertical illumination. In comparison, when using a flat top or a small-radius
hemispherical top, the condensate is more distributed on the side surfaces, and the water collection
efficiency is about 38.1% higher than that of the hemispherical top. When using a medium-radius
hemispherical top, the device's vapor condensation rate is faster, and the water collection efficiency
is further significantly improved, being about 58.8% higher than that of the hemispherical top. It is
worth noting that the author's experiments were conducted indoors under vertical light conditions,
not under dynamically changing natural light. By changing the geometric structure of the transparent
top cover, the light absorption rate and vapor condensation efficiency can be improved, thereby
enhancing the water collection rate. In summary, the water production rate is constrained by the
evaporation rate and condensation efficiency. Although some advanced photothermal evaporation
materials have high evaporation rates, the outdoor water production rate is much lower than the
evaporation rate under open conditions due to unresolved key issues such as vapor aggregation, light
reflection, and reduced condensation driving force during the evaporation process, which are crucial
factors affecting condensation efficiency. Simultaneously increasing the evaporation rate and
focusing on enhancing the condensation efficiency of steam, thereby improving the water

production capacity, is key to the large-scale promotion and application of SDIE technology.
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Fig.2 a) Single-slope condensation surface seawater desalination interfacial evaporation devicel*Z;
bl) Cone-top condensation surface electricity-assisted solar interfacial evaporation devicel*]; b2)
Concave dome condensation surface interfacial evaporation devicel*; b3) Pyramid-top
condensation surface interfacial evaporation devicel®l; b4) Double-slope condensation surface
interfacial evaporation devicel*l; b5) Sphere-top condensation surface interfacial evaporation
devicel*”l; c1-4) Schematic diagrams of light reflection of different geometrically shaped
condensation surfaces!*2l.
2.2 Inverted evaporation structure

The reversal of vapor flow direction and the construction of an inverted evaporation structure
is an effective measure to avoid light loss. As shown in Figure 3(a), the inverted single-stage solar
evaporator device and its schematic diagram designed by Zhu et al. 3] consist of a transparent flow
restrictor, a photothermal material, a water supply fabric, a porous breathable layer, and a bottom
honeycomb-shaped condenser from top to bottom. Sunlight passes through the restrictor and is
absorbed by the photothermal material, which converts it into heat energy. This heat energy is
transferred downward to the saline water in the water supply fabric, driving the evaporation of water
at the interface. The resulting vapor, driven by the pressure gradient, passes through the porous

breathable layer downward and finally condenses in the bottom condenser. Compared to traditional
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solar evaporators, the most significant feature of this device is the reverse flow and condensationiofo/psLroo191a

vapor, which avoids light loss. Additionally, the condensation surface of the device has been
modified with a hydrophobic nanostructure to enhance the condensation process, and the vapor
condensation device at the bottom is made of copper with a high thermal conductivity coefficient,
which is more beneficial for the transfer of condensation latent heat to the external environment.
This inverted evaporation structure not only avoids light loss caused by vapor condensation but also
strengthens the condensation process. Based on this, the device achieves a water production rate of
1.063 kg/(m?-h) under one standard sunlight intensity, with a water collection efficiency of up to
70%, producing a total of 5.4 kg/m? of water in a 12-hour outdoor experiment. To further improve
condensation efficiency, some studies have assisted vapor condensation through bulk water. As
shown in Figure 3b, the inverted evaporation structure designed by Wang et al. P*luses bulk water
stored at the bottom of the device to accelerate vapor condensation, increasing the temperature of
the water to be evaporated and promoting efficient interfacial evaporation, achieving the recovery
of vapor latent heat. The design uses a chitosan-based carbon hydrogel as the photothermal material,
which not only achieves photothermal conversion but also reduces the evaporation enthalpy of water,
accelerating the evaporation rate. A hydrophilic non-woven fabric is used as a continuous water
supply channel, and a PVDF membrane is used as a hydrophobic layer to isolate the saline water in
the non-woven fabric from the condensed water at the bottom. Due to the pressure difference of
vapor on both sides of the hydrophobic membrane, this pressure difference drives the vapor to flow
to the bottom condensation tube, where it undergoes heat exchange with the bulk water outside the
tube and condenses into water. The latent heat released during the condensation process is used to
heat the bulk water for evaporation. Experimental results show that the open evaporation rate of the
device under one sunlight intensity is 2.19 kg/(m?-h), and the fresh water collection capacity reaches
13.86 kg/m? in a 9-hour outdoor experiment from 8:00 to 17:00 during the day. It should be noted
that as the vapor condensation process progresses, the gradual release of latent heat will inevitably
cause the temperature of the bulk water to rise and the condensation temperature difference to
decrease. Therefore, using the bulk water to be evaporated to promote condensation should ensure
sufficient condensation area or enough bulk water. Qu et al.3lleveraged Janus-interface engineering
to design a structure with lateral vapor flow, which exhibits an impressive vapor to water efficiency
(Figure 3c). The most notable feature of this design is the construction of a Janus-interface solar-
steam generator (J-SSG), with the photothermal side and the evaporation side distributed on
opposite sides of the J-SSG. The J-SSG is skeletonized by copper foil/foam, where the copper foil
side acts as the photothermal side, and its surface is processed into a pyramid-shaped micro-nano
hybrid structure using rapid laser processing to enhance light absorption; the copper foam side is
composed of a porous evaporation side made of a mixed membrane of chitosan and PVA aerogel.

The team then constructed a seawater desalination water production system to verify the feasibility
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235 of the J-SSG material. The J-SSG is placed vertically, with the photothermal side facing outwardit@o/ps51Fo01914
236  absorb light and the evaporation side facing inward for water supply and evaporation. The system
237  includes a water tank for storing seawater, and the evaporation side continuously absorbs water from
238  the tank. On the evaporation side, an inclined condensation surface made of ultra-hydrophobic metal
239 s set up, and the other side of the inclined condensation surface is in contact with a large amount of
240  seawater to accelerate vapor condensation. The condensed water flows along the inclined
241 condensation surface and is ultimately stored in a water collection chamber. Thanks to the high light
242 absorption rate, low-loss photothermal conversion capability, and excellent condensation ability,
243 the system achieves an open evaporation rate of 2.21 kg/(m?-h), a water production rate of 1.95
244  kg/(m*-h), and a vapor to water efficiency of 88%, producing a total of 6.5 kg/m? of water in a 5-
245  hour outdoor experiment from 10:00 to 15:00. The team's dual-interface design and multiple
246  strategies to promote vapor condensation significantly enhance the system's evaporation and vapor
247  to water efficiency.

248 The inverted evaporation structure, which separates the evaporation and condensation surfaces,
249 s an excellent strategy to avoid interference between incident light and condensed water with vapor
250 by keeping them in different areas. With this design approach, the vapor to water efficiency is
251 significantly improved compared to traditional designs. The vapor to water conversion efficiencies
252 in references [53] and [55] reached 70% and 88%, respectively, compared to the high open
253 evaporation rate of traditional solar interfacial evaporation devices, which is only 30.17%[*3]. The
254 inverted evaporation structure has excellent water collection efficiency, and in future work, more

255  consideration can be given to designing three-dimensional structure evaporators to enhance the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

256  evaporation rate. Furthermore, by widely applying photothermal materials in the inverted structure

257  that can reduce the evaporation enthalpy by forming intermediate water or promoting the

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

258  evaporation of clustered water molecules, the evaporation rate can be increased, thereby enhancing

(cc)

259  water production capacity.
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steam generator (J-SSG) surface structure and transfer principle, and evaporator based on the J-SSG
integrationl>3].
2.3 Forced convection

In recent years, numerous studies have confirmed that introducing a forced convection
mechanism into closed solar evaporation systems can significantly enhance the evaporation rate and
water collection efficiency. The principles underlying this improvement can be summarized in three
key points: Firstly, as dictated by classical gas dynamics, the rate of evaporation is governed by two
sequential processes: phase transition and vapor diffusion*®l, Although previous research has
predominantly concentrated on enhancing the phase transition rate by reducing the enthalpy of
evaporation and optimizing the management of light, heat, and water, the influence of vapor
diffusion on the rate of evaporation has been largely overlooked. In reality, resistance to vapor
diffusion could be a critical factor constraining the evaporation rate. By employing forced
convection to stimulate the movement of vapor, the pressure and humidity at the evaporation
interface can be reduced, leading to a marked increase in the evaporation ratel’7- 381, Secondly, forced
convection is capable of directing the vapor accumulated within the evaporation chamber towards
the condensation area in a controlled flow. This not only expedites the interaction between the vapor

and the condensation surface, thereby promoting the condensation process, but also separates the
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280 evaporation and condensation. This separation prevents the light reflection issues that can arise fromo/ps1Fo01914
281 the aggregation and condensation of vapor within the evaporation chamber. Thirdly, when rapidly
282  moving air encounters slow-moving vapor, forced convection is initiated, imparting momentum to
283  the vapor. Based on thermal boundary layer theory, increasing the velocity of the vapor flow helps
284  toreduce the thermal boundary layer between the vapor and the condensation surface, which in turn
285  intensifies the heat transfer during condensation®®. Moreover, the flowing fluid can expedite the
286  shedding of droplets from the condensation surface, increasing the contact area between the vapor
287  and the condensation plate and facilitating rapid condensation.

288 Yu et al. [1devised an air-assisted SDIE system where the airflow passage is confined between
289  the transparent glass panel and the photothermal material's evaporative surface (Figure 4a). By
290  manipulating the airflow velocity, the team explored the interplay between evaporation and water
291 production rates. Their research identified an optimal airflow speed; achieving a peak water
292  production rate of 2.7 kg/(m?-h) and an impressive vapor to water efficiency of 80% when the
293  airflow was set at 0.75 m/s, coupled with additional cooled water to expedite condensation. This
294  underscores the potency of forced convection in reinforcing steam condensation.

295 In the SDIE system designed by Zong et al. [ (Figure 4b), a hydrogel was used as the
296  photothermal material, achieving an open evaporation rate of 4.18 kg/(m?-h) under one sun intensity.
297  However, within a closed system, the water production rate was comparatively modest at 2.60
298  kg/(m?-h). To mitigate this, the study introduced horizontally flowing air into the evaporation
299  chamber to diminish the hydrogel's surface humidity. With an airflow assistance of 40 mL/min, the

300  water production rate was boosted to 3.91 kg/(m?-h), and the freshwater collection efficiency saw a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

301  significant rise from 62.2% to 93.5%. Hul®?l and Yanl®! enhanced the evaporation and water

302  production performance of a three-dimensional evaporator through the introduction of forced
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303  convection, as depicted in Figures 4c and 4d. Both studies highlighted that, beyond the effects

(cc)

304  mentioned, forced convection also fosters the "evaporation cooling" effect in evaporators. This
305  phenomenon can lower the evaporator's surface temperature below the ambient level, enabling the
306  photothermal material to harness additional energy from the surroundings and thus increasing the
307  evaporation rate. For further insights into similar findings, refer to other worksl36 57, 64-67]
308  Researchers have also explored interfacial evaporation processes under low-pressure conditions.
309  Liul%® designed a low-vacuum solar evaporation system, as illustrated in Figure 4e, where the
310  evaporator is floats within the chamber, and vapor is guided into a spiral pipe condenser by a vacuum
311 pump for condensation. This design prevents vapor condensation within the evaporation chamber
312 and concurrently reduces internal humidity. Experimental outcomes revealed that the incorporation
313  of low-vacuum conditions enhanced the water collection efficiency of this device by 41.6%, with a
314  water production capacity of 9.5 kg/m? achieved during a continuous 7-hour outdoor test. It has been

315 demonstrated that under vacuum conditions, even in the absence of induced forced convection, the
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decrease in pressure propels the phase change of water molecules to vapor, thereby acceleratings/psLroo191A

evaporation and water production rates. Fan et al.®9] validated this using an enclosed solar
evaporation device with adjustable vacuum levels, as shown in Figure 4f. When the device's pressure
was regulated to approximately 0.17 atm, the water collection efficiency improved by 52% over
ambient pressure conditions.

While the aforementioned studies have convincingly showcased the potential of forced
convection in boosting the efficiency of water collection, the majority have not yet undertaken a
comprehensive evaluation of the additional investments or operational expenses that come with
implementing forced convection—such as the cost of acquiring extra solar photovoltaic components
and fans, or the electricity required to directly power fans or vacuum pumps. Consequently, when
considering the introduction of additional energy sources, it is imperative to develop and advocate
for appropriate methods of assessing energy consumption, given the necessity of considering energy
return on investment. The act of introducing more energy without taking into account operational
costs, in an effort to enhance the solar evaporation and water production process indefinitely, is
counterproductive. Moreover, the possibility of harnessing the abundant and complimentary wind
resources from nature should not be overlooked. Establishing criteria for assessing energy
consumption will facilitate the comparison of various water collection strategies within this domain.
For large-scale industrial seawater desalination, a rational assessment of energy consumption is also
more beneficial for comparing SDIE technology with other desalination methods, thereby

underscoring its advantages and fostering its commercialization.
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Fig.4 a) Schematic diagram of the airflow-enhanced HUM solar interfacial evaporation device, and
the evaporation and water collection performance under different airflow conditions[®®); b) Principle
and device diagram of the SPJH-based solar interfacial evaporator, and the water collection
performance of the device under different airflow conditions[®!l; ¢) Schematic diagram of the 3D
wavy evaporator enhanced by using a fanl®?l; d) 3D hydrogel-based outdoor evaporation system
enhanced by using a fanl®3; e) Schematic diagram of the SLIDS low-pressure evaporation system,
the outdoor experimental water collection device and the water collection performancel®®; f)
Principle and physical diagram of the low-pressure solar water collection system, and the
evaporation and water collection performance under different pressures/¢?l,
2.4 subcooled condensation surface

As the evaporation process proceeds, the temperature differential between the condensation
surface and the vapor diminishes, resulting in a weakened condensation driving force for the vapor
and consequently a decrease in vapor to water efficiency. To counteract this challenge, the
implementation of a subcooled surface to bolster vapor condensation proves to be an effective

strategy for enhancing the efficiency of water collection.
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To enhance condensation efficiency, Zuo et al. *° incorporated a subcooled condensationo/psLroo191A

surface below ambient temperature within a single-slope condensation surface evaporation device
(Figure 5a). This surface was circulated with cooling water at approximately 10 °C to intensify
vapor condensation. Under one sun's intensity, the device registered an open evaporation rate of
6.09 kg/(m?-h), while the closed system yielded a water production rate of 3.19 kg/(m?-h), with a
vapor-to-water conversion efficiency of about 52.38%. During outdoor experiments, with an
average sunlight intensity of 820 W/m? over a 12-hour period, the water output reached 15.3
kg/(m?-h). Although this exceeded the water collection efficiency of traditional single-stage
evaporators without enhanced condensation measures, the improvement was not markedly
significant. Studies have demonstrated that forced convection and subcooled surfaces
synergistically accelerate vapor condensation. Cheng's teaml[’%! leveraged both forced convection
and subcooled surfaces to strengthen vapor condensation (Figure 5b). In their single-slope
condensation surface evaporation device, a baffle separated the evaporation and condensation
chambers, with a fan installed to direct vapor to the condensation chamber. A low-temperature
condensation plate was installed inside, powered by solar photovoltaic panels. The team's findings
indicated that using the condenser alone, without the fan, had minimal impact on the system's water
collection efficiency, resulting in a low water production rate of 1.7 to 2.8 kg/m?, primarily due to
the substantial mass transfer distance between the vapor and the condensation chamber, hindering
rapid vapor diffusion to the condenser. Utilizing the fan without the condenser increased the water
production rate to 3.2 to 3.9 kg/m?, aligning with high evaporation rates under forced convection
conditions. However, when both the fan and the condensation plate were employed together, the
humidity in the condensation chamber could be swiftly reduced, substantially enhancing the water
production rate to 5.1 to 6.8 kg/m2 Importantly, to compare the outdoor water production
performance of the device under varying solar total fluxes, the study introduced a new metric,
NWPR (kg-kW-1 h-1 m-2), representing the water production per square meter of evaporation
surface under equal solar input. The designed NWPR achieved 15.9 to 19.4 kg'kW-1 h-1 m-2.
Radiative cooling technology is also employed to create subcooled surfaces. Chen et al. 711 utilized
a transparent radiative polymer (PDMS film) as the vapor condensation surface for an all-weather
water production device (see Figure 5¢). Thanks to the radiative cooling effect, the PDMS film
could attain a subcooled temperature approximately 7°C below ambient, enhancing condensation
and dew collectionl™], with an outdoor water production of 0.87 kg/D. While constructing
condensation surfaces is straightforward and somewhat effective, its contribution to improving
water collection efficiency is limited. Combining this method with other strategies could potentially
achieve superior actual water production performance under fluctuating environmental conditions.
Recent research indicates that a lower condensation temperature does not invariably translate to

higher condensation efficiency. Although reducing the condensation temperature can decrease the
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overall system temperature and direct energy loss to the environment, it also amplifiesothes/psLFoo101a
temperature difference between the evaporation surface and the condensation surface, leading to
increased internal heat transfer losses. Appropriately raising the condensation surface temperature
can actually improve condensation efficiency(’3]. Therefore, when designing subcooled surfaces, it
is essential to meticulously consider the cooling system's configuration based on the device's

specific structure and operational conditions to optimize water production performance.
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Fig. 5 a) Schematic and outdoor physical view of a single slope condensing surface evaporation unit
with cooling water passed through the sidewalls!??]; b) Schematic and outdoor physical view of a
single slope condensing surface evaporation unit synergistically enhanced by forced convection and
subcooled surfaces’; ¢) Schematic of a radiatively-cooled PDMS-based membrane used to build
process surfaces and their subcooled temperatures under outdoor conditions!’!]
2.5 condensation surface modification

When vapor encounters a surface, the surface's structure and free energy can influence the
condensation patterns of droplets’74-761. On hydrophilic surfaces, vapor is more prone to nucleate,
and as droplets grow, they tend to spread into a film along the solid surface, a phenomenon referred
to as film-wise condensation (FWC), as depicted in Figures 6al and 6¢1. Wang et al. "] leveraged
the tendency of vapor to nucleate on hydrophilic surfaces by employing a hydrophilic-modified
aluminum plate as the condensation surface (as shown in Figure 6b). Their research revealed that
the water collection efficiency of the hydrophilic aluminum plate outperformed that of the
unmodified and hydrophobic-modified aluminum plates by 1.5 and 1.8 times, respectively. Under
one sun's intensity, the device achieved a water production rate of approximately 1.28 kg/(m?-h),
with a water collection efficiency reaching up to 75.7%. Over an 8-hour outdoor experiment from
9:00 to 17:00, a total of 8.09 kg/m? of water was produced, showcasing excellent water production

performance. Xu's team!’8! coated PET plastic with a superhydrophilic layer for the condensation
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surface during the solar interfacial evaporation process. While the uncoated PET surface>becames/psiroo1914

blurry within 30 minutes (Figure 6d1), the superhydrophilic coated PET surface remained

transparent for 6 hours (Figure 6d2), with a vapor-to-water conversion efficiency that was about 37%

higher. Although hydrophilic condensation surfaces can facilitate vapor condensation, once a liquid
film covers the condensation surface, the thermal resistance increases, which is detrimental to
condensation during extended solar evaporation processes!’ 8. Consequently, current research
favors modifying the condensation surface to be hydrophobic. On hydrophobic surfaces, vapor
condensation tends to form droplets rather than a film, known as drop-wise condensation (DWC),
as illustrated in Figures 6a2 and 6¢2. DWC primarily involves four steps: nucleation, growth,
coalescence, and sliding of droplets. DWC mode features a slower nucleation rate, but once droplets
coalesce into larger droplets, they are more likely to slide off the surface, refreshing the condensation
surface for the subsequent condensation cycle and thus enhancing condensation efficiency. There
are currently two main methods to achieve DWC mode: one is to use low surface energy coatings,
and the other is to create micro-nano scale surface features!’>l. As mentioned in previous literature
[53], a hydrophobic surface was constructed by creating micro-nano scale features on the
condensation surface to promote water collection, while in literature [55] and [71], low surface
energy coatings were applied to the condensation surface (as shown in Figures 3a, 3c, and 5c¢).
Khanmohammadi et al.B! used plasma coating technology to modify the surface of a glass cover,
and experiments found that the contact angle with droplets increased after modification, enhancing
the surface hydrophobicity. Moreover, the authors conducted comparative experiments on solar
evaporation and water collection using hydrophobic-modified and unmodified glass covers as
condensation surfaces (Figure 6¢). The results indicated that the freshwater output of the evaporation
system increased by 25.7% after ion coating, significantly improving water collection efficiency. In
contrast to the aforementioned homogeneous modification of the entire condensation surface, Sabri
et al.[32] proposed a mixed wettability surface method to improve water collection efficiency, where
part of the condensation surface is hydrophobically modified and the other part remains hydrophilic
(Figure 6f). This design utilizes the hydrophilic surface to promote droplet nucleation, accelerating
the condensation rate, while the hydrophobic surface speeds up droplet detachment, increasing the
renewal rate of the condensation surface, thereby enhancing water collection efficiency. The study
also explored the impact of different modification areas on water collection efficiency and found
that when the coated surface area reached 30%, the freshwater production was maximized; excessive
low surface energy coatings could increase light reflection, reducing the light absorption capacity
of the photothermal material.

Dropwise condensation boosts condensation heat transfer but faces durability challenges in
industrial use. For SDIE systems, achieving stable DWC alongside efficient heat conduction is key

to ensuring water production efficiency. Traditional polymer coatings (like fluorinated acrylics and
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451 Parylene), which are low - cost and effective at lowering surface energy, typically range in thicknesso/psFoo1914
452  from 10 nm to 10 um. Thicker coatings enhance durability. However, due to their low thermal
453 conductivity (K = 0.1 - 1 W/m-K), it is essential to minimize coating thickness to cut thermal
454  resistancel®® 31, Yet studies show coatings thinner than 5 pm are prone to pinholes, causing
455  blistering and delamination during condensation and triggering a shift to FWC, which undermines
456  durability!®]. A promising solution to improve polymer coating durability is eliminating pinholes.
457  For instance, conformal deposition techniques!®®! or dynamic network - based self - healing
458  polymers!®7 can significantly prolong DWC stability.

459 Ton implantation injects ions like N*, Cr*, and Ar" into the substrate surface, forming an
460  amorphous alloy layer about 1 nm thick. This reduces surface energy without adding thermal
461 resistance, offering high thermal conductivity and excellent durability. Such coatings can maintain
462  stable dropwise condensation (DWC) for over 15,600 hours, as reported®]. However, the high
463  material costs limit their use on large - scale condensation surfaces like solar distiller tops. Self -
464  assembled monolayers (SAMs), with their minimal 1 - 2 nm thickness and negligible thermal
465  resistance, show strong adhesion on copper or gold substrates and have maintained DWC for nine
466  months in reports®® % Yet, SAMs are prone to molecular desorption in steamy environments,
467 challenging their long - term stability and scalability. Beyond coating delamination, the
468  condensation environment also significantly impacts surface performance stability. Volatile organic
469  compounds (VOCs) and diverse microorganisms in seawater pose extra durability challenges for
470  SDIE system condensation surfaces. VOCs can be absorbed by droplets during condensation and

471 act as preferential heterogeneous nucleation sites, disrupting DWC maintenance. Bacterial adhesion

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

472 can lead to biofilm formation, reducing heat transfer efficiency and potentially impacting water

473  quality. These complex real - world factors highlight the urgent need for enhanced durability of

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

474  condensation surfaces in SDIE systems.

(cc)

475 Upon examining the current strategies for water collection in solar evaporators, it becomes
476  evident that straightforward and cost-effective alterations to the wettability of condensation surfaces
477  to expedite droplet nucleation and detachment constitute an efficient approach to accelerating steam
478  condensation. Such modifications to condensation surfaces are not only facile to implement but also
479  highly adaptable, presenting substantial potential for application within the realm of solar interfacial
480  evaporation. While surface modifications do entail additional costs, it is crucial to keep these
481 expenses to a minimum, all the while augmenting the system's ability to collect water.

482 To sum up, Table 1 provides a comprehensive overview of rapid vapor condensation strategies
483 in solar evaporation processes and their performance over recent years. Numerous researchers have
484  meticulously engineered photothermal conversion systems, allowing many solar evaporation
485  systems to exceed the theoretical thermal limit of 1.47 kg/(m?-h). However, due to constraints in

486  condensation capabilities, the solar to water efficiency and outdoor water production performance
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are still relatively low. Thus, it is not advisable to rely solely on increasing evaporation rateste- bo@sto/ps1 Fo01914

water production capacity. Given the challenges that current SDIE systems face in enhancing water
production capabilities, future research and development strategies should concentrate on creating
low-cost and efficient composite condensation systems. These systems are designed to optimize the
condensation process through innovative design and material selection, breaking through existing
technological barriers. On another note, the dynamic variations in outdoor light intensity, influenced
by regional differences and weather changes, make comparing the water production performance of
different studies quite challenging. Hence, the adoption of the NWPR(kg-kW-! h'! m?) proposed by
Cheng et al.[7% to characterize water production capacity under outdoor conditions is encouraged.
This method offers a more unified and comparable benchmark for evaluating the performance of
various SDIE systems in practical applications. The recyclability of SDIE evaporative materials
represents another critical focus for future research. For instance, most synthetic hydrogels, such as
those based on PAAm or PEG, are neither renewable nor readily biodegradable after their service
life, posing a potential risk of microplastic pollution. However, if materials are designed to degrade,
this may compromise the long-term stability of the system—a key trade-off that must be carefully
addressed. Future studies should therefore prioritize the development of recyclable or biodegradable
hydrogels that minimize end-of-life environmental impact without sacrificing performance.
Furthermore, the introduction of comprehensive life cycle assessment (LCA) is essential to evaluate
the total environmental footprint, from material synthesis to device disposal, thereby truly validating
the sustainability of solar-driven desalination systems. With these comprehensive research
endeavors, it is anticipated that significant progress in SDIE technology will be made in the near

future, providing innovative solutions to combat the global freshwater scarcity.
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Fig. 6 a) Schematic diagrams of film-wise condensation and drop-wise condensation[’?];
b)Hydrophilic modified aluminum plate used for solar evaporation devicel’”]; ¢) Vapor condensation
morphology on hydrophilic versus hydrophobic surfaces®!); d1-2) Laws of change of surface
hydrophobically modified versus unmodified PET condensation surfaces with the evaporation
processt’®; ¢) Experimental setup diagrams of surface hydrophobically modified versus unmodified
glass cover plate used for condensationl®]; f) Law of the effect of different hydrophobically

modified areas on the amount of water collected!8?!
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524 Table 1 Rapid vapor Condensation Strategies and Performance Summary  por: 10.1039/D5LF00191A

Indoor evaporation performance

(1 sun)

Outdoor water production

performance
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Rapid vapor Photothermal/substrate Ref
; e
Condensation strategy materials WER kg/(m?-h)/vapor to water natural light WPR
efficiency %/solar to water intensity ,
efficiency % W/m?2 kg/(m*D)
GO/Sili S 0.92 073 [42]
- ilicone Sponge . -
(5h)
Activated carbon/PVA 9.65
6.53/30.17/141 40~490 [43]
hydrogel (12 h)
14.5
rGO Foam 2.60 ~580 [44]
(12 h)
hydrophilic black cellulose 7.92
. . . 2.40 ~560 [45]
fabric/white cellulose fabric (6 h)
GO hydrogel 2.10 ~600 0.8 kg/(m?-h) [34]
2.5
CB/PVA hydrogel 0.82 0~900 [46]
(15 h)
Structural optimization 95
of condensing surfaces CB/PVA hydrogel 3.52 0~570 (12 h) [47]
] 8.8
CNT/Chitosan hydrogel 3.39 0~560 [48]
(12 h)
MXene-based aerogel 1.46/51.37/99.3 - - [92]
CuS-rGO/Chitosan-gelatin 20.6
3.86 400~1150 [51]
hydrogel (8 h)
25.24
CNT/PVA hydrogel 3.62 100~1100 [93]
(10 h)
13.0
GO/Silicone Sponge 2.09 150~800 [94]
(11 h)
Inverted evaporation
structure + TiNOX coated aluminium 1.063/70/51 0-866 5.4 (53]
condensation surface sheets/hydrophilic fabrics ' (12 h)
modification
Inverted ti 13.68
fiverted evaporation MoC/Chitosan hydrogel 2.19 0~890 [54]
structure O h)
Inverted evaporation
structure + Copper foil/chitosan with 6.5
. 2.21/88/132 400~600 [55]
condensation surface PVA gel (5h)
modification
CB/PVA hydrogel 3.40(0.75 m/s)/80/185 - - [60]
Forced convection
GO/PVA hydrogel 4.18(40 mL/min)/93.5/266 150~800 22 [61]
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0~800 14.85
CNT/Air-laid paper 5.55(5 m/s) ) [62]
(natural wind) (24 h)
rGo/PVAP 16.22(2.5 m/s) - - [63]
CG/ Chitosan aerogel 5.98(6 m/s) - - [66]
Biomass mesoporous 75533 m/s) i i [67]
carbon/geopolymer
9.5
CB/PVA hydrogel 1.54(0.6 bar)/92.86/97 ~840 . [68]
Subcooled condensi 15.3
Hbeooled CoNAENSINg ) Ti,0s/cellulose membrane 6.09/52.38/217 ~820 [29]
surfaces (6h)
Forced convection + 7.6~7.8 15.9~19.4
subcooled condensing ppy/PDA Sponge 2.18 kg kW h! m- [70]
kW h-m N
surfaces
subcooled condensing
surfaces+ condensation SSA/ cotton paper 1.23 0~340 0.87 [71]
surface modification
condensation surface Black TA-Fe3* 8.09
i ) 1.69/75.7/87 300~900 [77]
modification complex/Balsa wood (8 h)
525 3 Latent heat recovery
526 In single-stage systems, the latent heat released during the condensation of water vapor is
527  often dissipated into the atmosphere without being harnessed effectively. Acknowledging the
528  significance of latent heat recovery, multi-stage interfacial evaporation systems have been
529  developed and have attracted extensive research interest!!®> 95> %I In these multi-stage
530  configurations, the initial stage is commonly outfitted with photothermal absorption materials
531 that absorb sunlight and transform it into thermal energy, which propels the evaporation of
532 saltwater and the generation of vapor. In this process, the condensation latent heat from the
533 wvapor in the first stage is employed not only to induce evaporation in the subsequent stage but
534  also to collect condensate water and recuperate latent heat at the current stage, a cycle that
535  persists until the final stage of the system. Consequently, multi-stage systems markedly boost
536  the water production rate compared to their single-stage counterparts. Within multi-stage
537  systems, vapor is generally transported horizontally or downward, effectively circumventing
538  the light reflection issues stemming from water accumulation on transparent condensation
539  surfaces, thus enhancing the system's light absorption efficiency. It should be noted that in
540  multi-stage systems, while the first stage of interfacial evaporation is directly powered by solar
541 energy, the evaporation in subsequent stages depends on the temperature and pressure
542  differential between the vapor from the upper stage and the saltwater in the lower stage(3>- 95 97-
543 100] Given that temperature losses are inherent in the transfer process, the evaporation
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efficiency tends to diminish as the number of stages increases. Hence, the judicious aHogcationo/psiroo1914

of water production capacity and costs for each stage is vital for the widespread adoption and
practical application of multi-stage devices.

Recognizing the substantial potential for recovering latent heat during steam condensation,
multi-stage evaporation devices capable of harnessing this energy have been developed. Zhou et
al.l'% designed the inaugural multi-stage evaporation system, comprising two stages (Figure 7a). In
the initial stage, a photothermal absorption layer is tightly integrated with a hydrophilic PVA sponge
that functions as a water supply layer, transporting saltwater to the evaporation surface. A
hydrophobic PVDF-HFP layer is strategically woven onto the sponge's reverse to prevent saltwater
bypass. The photothermal layer conveys heat to the water supply layer, and the ensuing steam
descends through the hydrophobic membrane to the condensation surface, accomplishing the
collection of condensate water and the recovery of latent heat for the first stage. The condensation
surface of the first stage is in proximity to the water supply layer of the second stage, supplying heat
for its evaporation. Under one sun's illumination, this two-stage system achieved a water collection
rate of 1.02 kg/(m?-h), a notable enhancement from the 0.727 kg/(m?-h) rate of a single-stage system.
Furthermore, during a 9-hour outdoor water production experiment on a cloudy day, the system
yielded a total of 3.67 kg/m? of water. By recuperating the latent heat of steam, this two-stage
evaporation structure effectively amplified the overall water production, underscoring the
significant potential of multi-stage evaporation in seawater desalination. Asinari et al. [!0?] delved
deeper into the correlation between the number of stages and water production in multi-stage
systems (Figure 7b). The findings revealed that, due to the limitations in temperature and pressure
differentials between the first and last stages, there is no direct proportionality between the number
of stages and water output. While the three-stage configuration of this system produced
approximately three times more water than the single-stage setup, the ten-stage configuration only
managed six times the output of the single-stage setup. This suggests that there are diminishing
returns in increasing the overall number of stages with respect to boosting total water production.
At a light intensity of 900 W/m?, the ten-stage configuration achieved a total water production of 3
kg/(m?-h), demonstrating exceptional water production performance. Given that the salt
concentration in the water supply layer increases over the course of the day, potentially leading to a
decrease in water production rate and blockage of the evaporation device due to oversaturation, the
researchers proposed a salt-resistance strategy involving high water level backwashing of the water
supply layer at night to ensure the evaporation system operates efficiently during the day. Due to
the meticulous design of the structural parameters of the multi-stage device, the water production
efficiency of the ten-stage evaporation device crafted by Wang!®! saw a significant enhancement
(Figure 7¢). The condensation plate of the final stage is in direct contact with bulk water, serving as

a heat sink to maintain a substantial temperature gradient between stages. This ten-stage
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580  configuration achieved a total water production of 5.78 kg/(m?-h) under one sun illumination, lWit)ﬁE)/DSLFOOlE)lA
581 the first three stages accounting for 45% of the total water output. The device, which also lacks a
582  specialized salt-resistance method, is designed for daytime operation, employing a mode of
583  operation that prevents the accumulation of high-concentration saltwater in the water supply layer
584  through the automatic diffusion of saltwater at night. The total water production of a multi-stage
585  system is closely related to the thermal resistance between stages, which consists primarily of
586  conductive thermal resistance from physical spacing (e.g., air gaps, hydrophobic membranes) and
587  phase-change resistance during mass transfer. As concluded by Asinari ['9%], the vapor flux at each
588 stage is proportional to the vapor pressure gradient across that stage. This gradient results from the
589  competing effects of temperature and salinity gradients (Fig. 7d). Therefore, a certain amount of
590  interstage thermal resistance is necessary to maintain the temperature difference. On the other hand,
591 excessively high thermal resistance limits the heat flux, restricting evaporation and condensation
592 rates at each stage and ultimately constraining the overall system’s water production performance.
593  In the work of Xiong et al. [193], the interstage thermal resistance was explicitly modeled to include
594 conduction through the mass transfer layer thickness d,.; and sidewall heat losses, among other
595  components (Fig. 7e). Through theoretical and experimental analysis, they found that d,,g is a key
596  factor controlling the interstage thermal resistance. There exists an optimal mass transfer layer
597  thickness that maximizes efficiency. For a ten-stage device, the optimal thickness decreases from 3
598  mm (for a single stage) to 1 mm. This is because, as the number of stages increases, the available
599  temperature difference per stage decreases, necessitating lower thermal resistance to ensure

600  sufficient heat flux. This finding directly corroborates that interstage thermal resistance is a central

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

601 variable in system design.

602 In practical multi - stage evaporator operations, the continuous increase in seawater salinity

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

603  creates a salinity gradient. This leads to salt accumulation and crystallization at the evaporation

(cc)

604  interface, significantly raising the risk of interface blockage. Such salt - blocking phenomena hinder
605  effective water vapor diffusion, severely restricting the evaporator's long - term stable operation.
606  Consequently, achieving excellent salt - resistance has become a crucial technological challenge
607  that multi - stage evaporators must overcome to progress toward engineering applications. To bolster
608  the performance of multi-stage evaporators in high-salinity conditions, Wang et al. [* engineered a
609  three-stage solar membrane distillation device capable of operating in both dead-end and cross-flow
610  modes, contingent upon the water supply flow pattern (Figure 7f). In the dead-end mode, saltwater
611 is conveyed to the water supply layer via capillary action, a straightforward and viable design that
612 may encounter long-term challenges such as escalating salt concentration and accumulation within
613  the water supply layer, akin to the issues faced by Asinaril!%2l and Wang[®®l. Conversely, the cross-
614  flow mode employs gravity or pumps to remove saltwater from the system prior to saturation,

615  thereby mitigating the salt accumulation associated with prolonged operation, albeit with a minor
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loss of sensible heat. This design achieved a water production rate of 2.08 kg/(m?-h) in d@ﬂd@l@é&)/DSLFOOl%A

mode and a peak rate of 1.93 kg/(m?-h) in cross-flow mode. Asinari et al. [1%] suggested harnessing
the Marangoni effect to augment the convection of salt solutions, thereby enhancing salt resistance,
and confirmed the efficacy of this approach in bolstering salt resistance and water production
efficiency with a self-made three-stage solar evaporation device (Figure 7g). Outdoor water
production experiments demonstrated that under irradiation below one sun intensity, the water
production rate of this three-stage system reached about 2 kg/(m?-h). Xu et al. 3% introduced an
innovative method by confining a thin layer of saltwater between a hydrophobic membrane and a
photothermal material, maintaining a consistent liquid level within the system to ensure a steady
water supply, thus replacing the hydrophilic materials traditionally utilized in multi-stage setups
(Figure 7h). During operation, heat is transferred from the photothermal material to the enclosed
thin layer of saltwater, propelling the saltwater to evaporate through the hydrophobic membrane.
The temperature and salt concentration disparities create a density gradient within the enclosed
saltwater layer, and by appropriately tilting the device, a thermohaline convection effect is initiated,
generating circulation within the sealed saltwater layer and significantly enhancing heat and mass
transfer, thereby markedly improving the system's salt resistance and water production capabilities.
The water production rates in pure water, 3.5% saltwater, 10% saltwater, and 20% saltwater were
as high as 4.74, 3.82, 2.86, and 1.78 kg/(m?-h), respectively. Xiong's team!!%3] proposed a water
layer-based reverse evaporation method akin to Xu'sB%! design, the core concept of which is to
employ head-driven water supply—a thin layer of saltwater—instead of the passive water supply
by hydrophilic materials to intensify convection and enhance the system's salt resistance and water
production capabilities.

To enhance the water production rate and stability of solar evaporation systems, researchers
have not only focused on improving the system's salt-resistance capabilities but also optimized the
structure of multi-stage evaporation systems to enhance overall water production performance.
Cheng et al.l'® proposed an innovative folded multi-stage evaporation structure aimed at
strengthening the diffusion of steam (Figure 7i). Compared to traditional planar structures, this
three-dimensional folded structure not only has superior light absorption capabilities but also
significantly enhances the convection between the evaporation surface and the condensation surface,
increasing the average speed of steam by three orders of magnitude. By adjusting the folding angle
to optimize water production performance, experimental results showed that under single sun
illumination, the seven-stage folded evaporation system designed by the team achieved a water
production rate of 3.22 kg/(m?-h), and it could stably operate even in 20% concentrated saltwater.
Gu et al.l'%] designed a structurally simple new type of multi-stage evaporation device, the
innovation of which lies in the integration of hydrogel materials that can reduce the enthalpy of

evaporation with multi-stage evaporation modules (Figure 7j). Using the high-efficiency
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652 evaporation performance of hydrogel photothermal materials to generate a large amount ebsteanygo/psLro0191A
653  and by setting up a multi-stage evaporation module on the side of the device without photothermal
654  materials and directly configuring a condensation surface, a directed flow of steam and a continuous
655  multi-stage condensation process were achieved. Due to the introduction of hydrogel materials, the
656  freshwater production of the first stage of the system was significantly improved. Outdoor test
657  results showed that under an average light intensity of 1070 W/m? the total water production rate
658  of'this ten-stage system reached 4.5 kg/(m?-h). This design effectively combines hydrogel materials
659  commonly used in single-stage solar evaporation with multi-stage evaporation systems,
660  significantly increasing the water production rate and paving a new way for the application of high-
661  performance evaporation materials in multi-stage configurations. In multi-stage evaporation
662  systems, the evaporation driving force of each stage usually comes from the temperature and
663 pressure difference between two stages, so it is common to maintain a lower temperature at the last
664  stage, and a common practice is to set up an effective heat sink at the last stagel33: 100, 102, 106, 107],
665  Wang et al.[1%® believed that the distillation rate between two stages depends on the transmission of
666  wet steam from the high-temperature side to the low-temperature side, and a lower temperature
667  would result in a reduced maximum content of steam in the air, thereby weakening the system's
668  water production rate. Therefore, they designed the condensation layer in the reverse direction,
669  enhancing the temperature and pressure gradient between stages by increasing the surface
670  temperature of the last two condensers, thereby enhancing the steam transmission rate (Figure 7k).
671 Under single sun illumination, when an additional heat flux density of 250 W/m? was injected (a

672  total heat flux density of 1500 W/m?), the water production reached 9 kg/(m?-h), much higher than

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

673  the 6.5 kg/(m?-h) without additional energy injection. However, when a heat flux density of 500

674  W/m? was injected (a total heat flux density of 2000 W/m?), the water production slightly decreased

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

675  to 8.4 kg/(m?>-h). This indicates that reasonably heating the last-stage condenser can increase the

(cc)

676  system's total water production rate. The study proposed a new reverse design principle for the
677  condenser of multi-stage evaporation systems, significantly enhancing the system's water
678  production capacity while not requiring high temperatures for the input heat, providing new
679  possibilities for the reuse of industrial low-temperature waste heat and waste heat.

680 Multi-stage evaporation systems, capable of recovering latent heat, significantly surpass
681  single-stage systems in water production performance. Moreover, these systems can incorporate
682  strategies for rapid steam condensation, such as modifying condensation surfaces®® 19 or
683  employing advanced condenser structures, thereby further enhancing their water production
684  capabilities. However, most performance evaluations of multi-stage evaporation systems are
685  conducted under high light intensity in clear weather, lacking long-term stability data under variable
686  weather or diverse climatic conditions. The feasibility of employing solar multi-stage evaporation

687  systems as a reliable water source still requires further validation[!? 33 96, 103-105, 108, 110, 111]
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Fig. 7 a) Schematic diagram of a two-stage solar desalination unit, and outdoor water harvesting
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690  performance under cloudy weathert!®l; b) Solar-powered multistage evaporation unit, and ttotado/psiroo191a
691  water harvesting at different number of stages(!%?]; ¢) Ten-stage solar evaporation unit, and variation
692  of water harvesting at different number of stages!®®]; d) The relationship between vapor flux and
693  wvapor pressure gradient in a single - stage distiller, as well as the relationship between vapor pressure
g 694 and the salinity and temperature of water ['92]; ¢) The distance between the layers of each distillation
3 Y P y
o
% 695  unit and the optimal mass transfer layer distancel!%%]; f) Three-stage solar evaporation unit classified
5 696  into dead-end and cross-flow modes, and comparison of water harvesting in the two modes®; g)
[
2 . . . . .
2 697  Three-stage solar evaporation device used to verify the Marangoni effect!!%0; h) Salt resistance and
® . . . . .
2 698  water harvesting performance of thermohaline convection-enhanced solar evaporation systemB%]; i)
IS
S 699  Multi-stage evaporation system with three-dimensional folded structure, water collection capacity
0
c
S 700  at different number of stages(!%; g) Multi-stage evaporation system combined with hydrogel
c
= 701 hotothermal material, outdoor water collection capacity of the devicel!%%]; k) Schematic diagram of
3 p pacity g
b 702  improving the performance of a multi-stage evaporation system by heating the condenser, water
[%2]
o
é 703 collection performance of a multi-stage evaporation system at different heat injections!!0®]
Q
9 704 Table 2: Summary of Water Production Performance of Multistage Solar Evaporation systems.
=
g Materials i
O Light Solar to water
; Total WPR efficiency
g solar water supply vapor diffusion Intensity Ref
é condenser Stage number kg/(m?-h) o,
2 absorbance layer layer W/m?
°
o
© PVDF-HFP Multi-Fin
= ~95% PVA sponge 2 1000 1.02 69 [101]
g Nanofibers Aluminum plate
=
85% Cotton layer ~ PTFE membranes  Aluminum plate 4 1000 1.11 76 [111]
hydrophilic electrospun hydrophilic 2.08 141
L]
) quartz glass porous quartz glass (dead-end) (dead-end)
~86% 3 1000 [99]
fibrous polystyrene fibrous 1.93 131
membrane membrane membrane (cross-flow)  (cross-flow)
synthetic
~95% Air gap Aluminum plate 3 950 1.9 136 [100]
microfiber
93% Air-laid paper Air gap Aluminum foil 7 1000 2.21 150 [112]
93.5% Cotton layer Air gap Cooper tube 6 1000 2.2 150 [113]
95% Water gap Air gap Aluminum plate 3 1000 2.23 152 [107]
94.1% Paper towel Air gap Cooper plate 7 1000 2.26 154 [114]
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Hydrophilic DOI: 10.1039/D5LFO0191A
98.24% Air-laid paper Air gap 7 1000 3.22 219 [104]
aluminum plate
Non-woven stainless steel
89% PTFE membranes 5 750 2.45 222 [110]
fabrics mesh
synthetic Air gap or PTFE
~95% Aluminum plate 10 ~900 3 227 [102]
microfiber membranes
Hydrophilic Hydrophobic
92.4% Air gap 5 1000 3.53 232 [115]
paper aluminum plate
polypropylene
89% R-paper R-paper 8 1000 3.61 246 [97]
membrane
Hydrophobic
/ Fibrous paper Air gap 10 1070 4.5 280 [105]
aluminum plate
4.74 322
Confined
/ PTFE membranes  Aluminum plate 10 1000 (pure water)  (pure water) [35]
saline
3.82 260
Hydrophobic 5.78 385
~93% Paper towel Air gap 10 1000 [98]
Aluminum plate (pure water)  (pure water)
5.88 400
Confined PTFE and PP Hydrophobic
91.4% 10 1000 (pure water)  (pure water)  [103]
saline membranes aluminum plate
5.20 354
CNT+FPTS 6.5 442
99% Water gap Air gap 8 1000 [108]
membrane 9.0 408
705
706 4 All-Day Water Production Strategies
707 The integration of all-weather water production strategies into solar interfacial distillation
708  systems is of significant importance for achieving continuous freshwater supply under conditions
709  of insufficient sunlight or overcast weather. Specifically, all-weather systems are designed to
710  maintain stable and efficient freshwater production even during nighttime or under low solar
711 irradiation conditions such as cloudy days. One major strategy involves coupling atmospheric water
712 harvesting (AWH) technologies with conventional solar stills{!'® 1171 including fog collection(!'8],
713 dew collection[’!> 721, and sorption-based atmospheric water capturel'!%1221, These approaches share
714 the common goal of extracting moisture from the air and converting it into liquid water under low-
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715 light or dark conditions. As illustrated in Fig. 8a, fog collection relies on the collision of fog-dropletso/psiFoo191a
716  with the collector surface to achieve water vapor enrichment. A typical fog collector consists of a
717  fine mesh structure that captures suspended micro-droplets in the air, with collected water channeled
718  into a storage unit via gravity. This method is highly dependent on environmental conditions and is
719 mostly suitable for high-humidity regions such as mountainous areas. In contrast, dew collection
720  exhibits broader geographical applicability. Dew formation requires the condensing surface to be
721 cooler than the dew point of the air to facilitate phase change condensation (Fig. 8b). For
722 condensation to occur, water molecules must overcome an energy barrier arising from the newly
723  formed interfaces when a liquid nucleus appears. Therefore, hydrophobic modification of the
724  condensing surface can effectively reduce the nucleation energy barrier, thereby enhancing water
725  collection efficiency. Compared to the two methods above, sorbent-based atmospheric water
726  harvesting enables moisture capture and release even at relatively low humidity levels. The working
727  principle is shown in Fig. 8c: hygroscopic materials adsorb atmospheric moisture during the night,
728  and then release it through a solar-driven thermal desorption process during daytime. The released
729  vapor is subsequently condensed into liquid water. Sorbent materials are crucial to AWH systems,
730  as they fundamentally determine the efficiency of water extraction from the atmosphere. Ideal
731 adsorbent materials should possess high adsorption capacity, fast adsorption/desorption kinetics,
732 and good cycling stability. Promising examples reported in the literature include metal—organic
733 frameworks (MOFs)!'23], covalent organic frameworks (COFs)[124, hygroscopic salt-based
734 composites[!?>- 1261 and polymeric hydrogels!'?2]. However, the practical water production capacity

735  remains limited by the adsorbent loading mass and ambient conditions. Although atmospheric water

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

736  harvesting is operationally simple and widely applicable, its water production strongly depends on

737  environmental temperature and relative humidity. Overall, the productivity of such systems remains
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738  relatively low to date.
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739 Photo-electrothermal Joule heating is another measure to intensify the evaporation rate and can
740  be integrated into solar distillation systems as an all-day water production strategy!3- 127. 1281 In
741 SDIE systems, photo-electrothermal Joule heating can maintain the system's evaporation and water
742 production functions by providing thermal energy through electrical input to the absorber during
743 nighttime or when sunlight is insufficient. The advantage of this method is its independence from
744 solar energy, enabling water production at any time. Qiu et al.['>’)developed a novel Ti,O nanofiber
745  membrane with synergistic photothermal and electrothermal effects. Via interfacial engineering,
746  they rendered the membrane surface hydrophobic and added a thermal insulation layer at the
747  membrane bottom, optimizing photothermal conversion and thermal management (Fig.8d). This
748  self-floating bilayer membrane achieved an evaporation rate of 1.86 kg/m?h under 1 kW/m? sunlight.
749 With 3 V electrical assistance, the rate increased to 7.51 kg/m*h, demonstrating excellent all-weather

750  operability. Similarly, Huang et al.l'3% designed a trilayer composite membrane comprising PVDF,
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MWCNT, and PDMS layers for a self-heated membrane distillation (SHMD) system. Expesimentso/p51F00191A

showed that joule heating outperformed pure photothermal heating in temperature rise rate and final
temperature. At 0.25 Sun, the membrane surface reached 38.5°C, whereas with 0.4 W electrical
input, joule heating raised it to 71.6°C (Fig.8e). This structure effectively combined photothermal
and joule heating mechanisms, enhancing system stability and water production. Despite significant
progress in boosting evaporation efficiency and stability, further increasing evaporation rates while
reducing energy consumption remains a key challenge. Liu et al.['3!] proposed a biomass-derived
porous carbon (MPC)-based artificial blackbody device for high-speed interfacial evaporation via
low-voltage input. The experimental setup, a modular model using graphite electrodes and MPC as
joule heaters, assembled multiple MPC units in a PTFE mold. Direct contact between MPC and a
thin water layer in the mold confined the heat, minimizing loss. Results showed an evaporation rate
0f98.7 kg/m?h at 9 V, surpassing natural evaporation (0.224 kg/m?h) and conventional photothermal
evaporation. In practical applications, all-weather operation and anti-salinity capabilities are also
crucial. Zhang et al.[*] utilized a Janus-structured graphene@silicone sponge (p-GS sponge),
combining photothermal and electrothermal effects, to develop an efficient and salt-resistant
interfacial evaporator. The experimental setup included an integrated enclosed device for water
collection via interfacial evaporation, incorporating the p-GS sponge to drive evaporation through
photothermal and electrothermal effects (Fig.8f). At 1 Sun and 5 V from a solar cell, the evaporation
rate reached 6.53 kg/m?h, and even in darkness, it remained at 1.51 kg/m?h. This study demonstrates
that material design and optimization of energy conversion mechanisms can significantly enhance
all-weather operation and anti-salinity performance.

The third strategy involves integrating Phase Change Materials (PCMs) into solar stills. PCMs
can absorb solar energy and store it as thermal energy during the day and release this energy during
nighttime or when sunlight is lacking, supporting the distillation process. This characteristic makes
PCMs an ideal choice for enhancing the water production capability of solar stills during non-
sunlight hours. During the day, PCMs absorb and store solar energy, and at night, they gradually
release the stored heat, providing the necessary thermal energy for the distillation process, thus
enabling continuous freshwater supply!'32-1341. As shown in Fig. 8g, Guo et al.['33]designed a bilayer
aerogel structure based on molybdenum disulfide/montmorillonite (MoS,/MMT). The upper layer
incorporates paraffin@SiO, phase change microcapsules (latent heat: 177.85 J/g) for photothermal
conversion and thermal storage, while the lower layer consists of MMT aerogel, which is
responsible for water supply and thermal insulation. Experiments demonstrated that under 1 kW-m™
irradiation, the evaporator achieved an evaporation rate of 1.32 kg-m™-h™" with an efficiency of
86.22%. Even after 20 minutes without illumination, it maintained an evaporation rate of 0.71
kg-m™-h™! and an efficiency of 44.36%, which is approximately 1.89 times higher than that of the

control group without phase change materials during nighttime operation, significantly
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787 outperforming evaporators without phase change microcapsules. Similarly, aiming to enhamcetheo/ps1Fo01914
788  efficiency and all-weather operational capability of solar evaporation systems, Geng et all'30]
789  proposed an all-weather solar interfacial evaporator. This evaporator uses polypyrrole-impregnated
790  nylon thread (PNT) as the photothermal layer and an octadecane/carbonized polypyrrole nanotube
791 aerogel composite as the photothermal energy storage unit (Fig. 8hl). Under 1 kW/m? solar
792 irradiation, the evaporator exhibited a high evaporation rate of 2.62 kg/(m?-h) with an efficiency of
793 92.7%. Benefiting from the internal phase change energy storage material, experimental results
794  obtained with a self-built outdoor device (Fig. 8h2) showed that the evaporator could produce 8.42
795  L-m™ of water during the daytime and 1.22 L-m™ at night, achieving continuous evaporation
796  around the clock. Furthermore, Al-Harahsheh et al.l'37] investigated a solar distillation system
797  integrated with an external solar collector and phase change materials (PCMs), using sodium salts
798  (STP, SAT) and paraffin (PWAX) as PCMs(Fig. 8i). Experimental data from May indicated that the
799  daily water production using only the solar still (SS) was 2.1 L/m?, while the combination of the
800  solar still with an external solar collector (SSC) significantly increased the output to 9.7 L/m?. When
801 PCM was further incorporated into the system, forming the SSCP mode, the productivity increased
802 by nearly 400% compared to the SS mode. These studies consistently demonstrate that the
803 incorporation of phase change materials significantly enhances the energy utilization efficiency and
804  nighttime continuous water production capacity of solar evaporation systems.

805 The implementation of these strategies will undoubtedly significantly expand the application
806  scope of solar stills and enhance their operational efficiency. In addition to improving water

807  collection capabilities, multi-stage systems also show great potential in water-electricity

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

808  cogenerationl!? 93 %, 111, 114, 138] and water-salt cogeneration!!06: 107, 109, 110, 139, 140] " providing new

809  directions for increasing the overall resource output rate of solar evaporation systems.
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Fig. 8 a) Schematic of fog collection!'!”]; b) Schematic of dew collection; ¢) Atmospheric water
harvesting using adsorbent materials!!!”l; d) Photo-electrothermal Joule heating-enhanced water
production performance of Ti,O nanofiber membranes!!4!l; ¢) Comparison of surface temperatures
of membranes under different power levels of Joule heating versus pure photothermal heating!!3%l;
f) The p-GS sponge with photothermal and electrothermal effects for efficient interfacial solar
evaporation[*’]; g) Integrated phase change microcapsules into a double-layered aerogel for
enhanced night-time evaporation ratel'3]; h1) The Cppy-O evaporator enabling continuous all-day
evaporation(!36]; h2) Outdoor setup for all-day water production using the integrated Cppy-O
evaporator!'3¢l; i) Solar distillation system combining an external solar collector with phase change
materialst!37],

5 Light concentration
Typically, the water production capacity of solar interfacial distillation systems is closely

related to the limited incident light intensity, which is primarily influenced by various external

9/D5LF00191A
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824  factors such as altitude, weather conditions, and atmospheric transparencyl!42 1431, For fastanceso/psiro0191A
825  under cloudy conditions, the incident light intensity diminishes, significantly reducing the water
826  production capability. To address this issue, researchers have proposed a series of concentration
827  methods aimed at enhancing the heat flux of SDIE and have achieved certain results. The principles
828  behind the enhancement of SDIE water production performance through light concentration can be
829  summarized in two points: First, after solar energy is concentrated, the heat flux used for interfacial
830  evaporation increases, which directly raises the evaporation flux and is undoubtedly beneficial for
831  boosting water production(!#4147], Second, due to the increased heat flux density input to the
832 evaporation interface, the temperature of the evaporation surface will significantly increase,
833  meaning that the temperature of the steam will also rise accordingly. This increases the temperature
834  difference between the steam and the external environment (or condensation surface), thereby
835  enhancing the condensation rate of the steam(% 1031 For multi-stage systems, the increased
836  temperature difference between the steam and the heat sink will strengthen the evaporation and
837  condensation driving force at each level, significantly enhancing the overall system's water
838  production capacityl!!3 1131, Currently, light concentration is achieved by using planar mirrors or
839  high concentration ratio parabolic mirrors to focus light on the photothermal material surface of
840 SDIE. After photothermal conversion, the heat flux density of the distillation system is substantially
841 increased.

842 For instance, during cloudy conditions, the intensity of incident light decreases, which
843  significantly diminishes the capability for water production. To tackle this challenge, researchers

844  have introduced a variety of concentration techniques to boost the heat flux of SDIE, achieving

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

845  notable outcomes. The enhancement of SDIE water production performance through light

846  concentration is based on two key principles: Firstly, once solar energy is concentrated, the heat

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

847  flux directed towards interfacial evaporation rises, which directly amplifies the evaporation flux and

(cc)

848  is unequivocally advantageous for water production!!4+147]. Secondly, the increased heat flux
849  density at the evaporation interface leads to a substantial increase in the temperature of the
850  evaporation surface, consequently elevating the temperature of the steam. This amplifies the
851 temperature gradient between the steam and the external environment (or condensation surface),
852  thereby augmenting the steam's condensation ratel3> 191 In multi-stage systems, this heightened
853  temperature differential between the steam and the heat sink intensifies the driving force for
854  evaporation and condensation at each stage, markedly enhancing the system's overall water
855  production capacity!?> 191, Presently, light concentration is executed by utilizing planar mirrors or
856  high concentration ratio parabolic mirrors to direct light onto the photothermal material surface of
857  SDIE. Post-conversion, the heat flux density of the distillation system is considerably heightened.

858 Deng et al.l'¥8] have harnessed an automatic sun-tracking mirror concentrator system for a

859  single-stage SDIE, as depicted in Figure 9a. This concentrator system, positioned above the
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evaporation device, is comprised of two components: a light reflection system and a sunstrackinngo/ps1Fo01914

mechanism. The light reflection system, made up of four flat mirrors, is engineered to direct sunlight
onto the evaporation surface coated with photothermal materials. The sun-tracking system employs
photo-sensitive sensors that detect changes in light intensity, adjusting the direction and angle of the
reflectors to automatically track the sun's path. This concentrator system's ingenious design has led
to a remarkable increase in radiation on the photothermal material surface by 80% under
concentrated conditions, and a corresponding boost in the evaporation rate of approximately 68.3%
under one sun illumination. The temperature of the absorber surface also saw a rise from 50.2°C to
62.8°C. In an outdoor water production experiment spanning from 10 a.m. to 8 p.m., the device
impressively yielded 16.867 kg/m? of water. Contrasting with parabolic mirrors that focus light to a
single point, flat mirrors lack inherent concentrating properties; thus, to amplify the total radiation,
a substantial area of flat mirrors is required to reflect sunlight!!'4%l, This requirement results in limited
portability for the entire system and certain constraints on the temperature increase at the
evaporation surfacel!4%:130. 1511 Consequently, parabolic concentrators with high concentration ratios
have been integrated into SDIE. Huang et al. [!32] leveraged a ring Fresnel solar concentrator,
boasting a concentration ratio of up to 62.4, in conjunction with circular Fresnel lenses, to direct
sunlight onto the photothermal material surface of a single-stage SDIE device, significantly
amplifying its water production capacity (Figure 9b). The device also integrated advanced strategies
for expedited steam condensation, including forced convection via a blower and the establishment
of subcooled surfaces with additional condensers. Thanks to the high concentration ratios and
supplementary condensation tactics, the device showcased remarkable water production
performance in outdoor trials. Within a mere 4 hours and under natural light intensities varying from
380 to 500 W/m2, the device achieved a noteworthy water output of 21.25 kg/m?, with an average
hourly rate of about 5.3 kg/m?, and the absorber surface temperature escalated to 81.53°C. However,
the light-to-water conversion efficiency remained relatively modest at its peak of 27.1%, a
consequence of the high concentration ratio and extensive lens area. It's crucial to acknowledge that
the increased evaporation flux and uneven concentration heighten the requirements for water
transport capacity and the speed of steam condensation; failing to meet these can result in a water
production capability that falls short of the potential provided by high-power solar radiation. While
this design demonstrated superior water production capabilities, the intricacy of high-concentration
device design and the ancillary costs of concentrators are pivotal considerations. Furthermore, the
loss of latent heat during the direct condensation of high-temperature steam represents a significant
waste of energy. A more substantial temperature differential can foster the creation of a pronounced
temperature gradient within the device, thereby enhancing heat and mass transfer processest!>3l.
Based on this, some researchers have initiated investigations into the application of concentrators in

multi-stage systems, aiming to optimize water production rates to their fullest potential. Wei et al.l!>4]
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896  have successfully integrated a concentrator system with a multi-stage solar evaporationi:setupo/psLr00191A
897  specifically for desalination applications, as illustrated in Figure 9c. They positioned a truncated
898  compound parabolic concentrator (CPC) along the side of the multi-stage device, which effectively
899  redirected light onto the primary solar absorber, harnessing the power of concentration. Within this
900  concentrated lighting arrangement, the team conducted three comparative experiments that spanned
901 a spectrum of increasing temperature gradients, labeled as Case 1, Case 2, and Case 3. The findings
902  from these experiments revealed that a heightened temperature gradient notably boosted the rates of
903  water production and the efficiencies of solar to water efficiency.

904 The optical efficiency of a system is defined by the proportion of radiative energy captured by
905  the absorber surface relative to the total solar energy the system receives. To boost this efficiency,
906  certain studies have concentrated on refining the structural design of concentrator devices, aiming
907  to amplify the absorber's energy capture and, by extension, the water production capabilities. In this
908  domain, Zheng's team has achieved significant breakthroughsl!46. 147, 155-157] " cylminating in the
909  development of an integrated multi-stage distillation floating cultivation system harnessing
910  concentrated solar energy!'>>! (Figure 9d). This innovative system seamlessly integrates a solar
911 concentration system, a four-stage evaporation setup, and a hydroponic system into a single unit.
912 By meticulously adjusting the inclination angle of the reflection panels, the system achieves precise
913  control over the angle of reflected light, optimizing the light path and enhancing optical efficiency.
914  In their study, the optical efficiency peaked at 66% when the secondary reflection panel was angled
915  at 25°. Indoor experiments revealed that under solar irradiance of 900 W/m?, the system could

916  achieve a water production rate of 2.25 kg/(m?-h), with an impressive light-to-water conversion

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

917  efficiency of up to 170%. In the concentrator's design process, it is crucial to take into account the

918  geographical characteristics of the installation site, particularly when designing the geometric

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

919  contour of the parabolic concentrator based on the minimum annual solar incidence angle, ensuring

(cc)

920 that all sunlight reflected by the concentrator is efficiently absorbed by the photothermal surface of
921 the multi-stage distiller. Guided by this design philosophy, the team's concentrator, when combined
922  with a solar six-stage distillation device, achieved an average optical efficiency of up to 67%!(!3¢]
923 (Figure 9¢). Under an irradiance of 700 W/m?, the temperature of the photothermal absorber surface
924  of the device could rise to 87.1°C, with a water production rate and light-to-water conversion
925  efficiency reaching 1.94 kg/(m?-h) and 203%, respectively. In another study by Zheng et al., a novel
926  biomimetic coronet-shaped concentrator was designed!'>7! (Figure 9f). The optimization of the
927  concentrator structure enabled a light reception rate of 75% at an incidence angle of 20°. As a result,
928  this seven-stage distillation system with concentrated solar energy showcased exceptional
929  performance, with the photothermal absorber surface temperature nearing 100°C under an
930  irradiance of 900 W/m?, and the water production rate and light-to-water conversion efficiency

931 reaching as high as 6.5 kg/(m?-h) and 480%, respectively. The cost of freshwater from concentrated
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solar evaporation devices is $1 - 18/m? (Table 3), higher than RO ($0.45 - $1.72/m?), MSE($0.5239/051F00191A
$8/m?), and MED (80.56 - $1.75/m*)l"38. On the other hand, SDIE technology can operate
independently of the electrical grid and fossil fuels, offering irreplaceable value in remote and off-
grid areas. It shows strong potential for small-scale, distributed emergency water supply and
household-level applications. The future research focus should not be to compete with RO, MSF,
or MED on cost, but rather to advance ultra-low-cost materials, design highly efficient condensation
systems, and improve operational lifetime and stability—making the technology economically

viable within these specific application scenarios.
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Fig. 9 a) Planar mirror concentrating solar distillation device with light-tracking system(!43]; b) Solar

distillation unit with high-power concentrator!!>?l; ¢) five-stage solar steam generation system

coupled with compound parabolic concentrator'*¥]; d) A floating planting system based on

concentrated solar multi-stage distillation devicel'>3]; e) A parabolic concentrator-coupled


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00191a

RSC Applied Interfaces

Page

iew Article Online

38 of 52

Open Access Article. Published on 01 2025. Downloaded on 13/10/25 18:35:18.

946  multistage solar still with concentrators designed based on local geographic locationsb*$h1d39/051F00191A
947  Bionics-based corolla-shaped concentrator-coupled solar multi-stage distillation devicel!37]
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8 950 Table 3: Performance Summary of Concentrated Solar Evaporation Devices
Q
(]
& Total Absorber
_; Re] concentration Sunlight intensity WPR Solar to water Production Ref
Stage etlector surface : e
& ratio W/m? efficiency % cost
ZFumber temperature ‘C
= 0~700 16.867 kg/(m?-D)
2 1 Flat mirror / 62.8 / / [14¥]
. (Natural sunlight) (10 h)
Fresnel solar 380~500 21.25 kg/(sz)
1 62.4 81.53 27.1 / [157
- concentrator (Natural sunlight) (4 h)
S
Semicircle 606 4.45 kg/(m?-D)
2 2 50 / $18/m? [1521
concentrator (Natural sunlight) (6 h)
CPC
5 2 60.799 1000 2.82 kg/(m?-h) 185.09 $7.03/m*  [154]
concentrator
Fresnel solar
4 1.75 56.2 900 2.25 kg/(m?-h) 170 $15/m? [155]
concentrator
Parabolic
6 2.29 87.1 700 1.94 kg/(m?-h) 203 $12.47/m? [156]
concentrator
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concentrator DOI: 10.1039/D5LF00191A
Parabolic
5 2.3 83 900 2.7 kg/(m*-h) 220 / [146]
concentrator

g Fresnel solar \

g 10 / 72 1000 3.98 kg/(m?-h) 264 $13/m [1471
.5 concentrator
=

§ 951 6 Conclusion and prospect

% 952 SDIE, with its eco-friendly and versatile advantages, holds significant promise for tackling

E 953  water shortages. Despite this, refining water production strategies is a central challenge. The

g 954  implementation of rapid steam condensation, latent heat recovery, and light concentration has

(§ 955  notably improved the water production and energy efficiency of solar interfacial evaporation

g 956  systems.

E 957 Some single-stage solar distillation systems with rapid steam condensation strategies have

é 958  matched the water production efficiency of multi-stage systems (Figure 10), highlighting the

% 959  importance of rapid condensation in boosting water output. While symmetrical condensation surface

% 960  designs have improved light absorption and condensation efficiency in single-stage setups, their

E 961  benefits are limited by issues like light reflection and reduced condensation force. Inverting the

% 962  structure in single-stage systems can enhance water collection, but the gain is constrained by low

é 963  evaporation rates. Future research should aim to increase input energy or lower evaporation enthalpy

é 964  to raise the evaporation rate. Introducing forced convection not only boosts water collection

% 965  efficiency but also increases total water production by elevating the evaporation rate, though it must

" 966  account for additional energy use. Harnessing natural wind energy could mitigate this issue.

967  Additionally, creating sub-ambient temperature condensation surfaces can enhance condensation
968  force, but the cooling system's reverse design is crucial, as lower temperatures do not invariably
E 969  equate to higher water production efficiency. Modifying condensation surfaces is a broadly

970  applicable method to strengthen condensation in solar distillation systems, with significant
971 implications for water collection efficiency. Future studies should concentrate on optimizing and
972  integrating these strategies to develop more efficient and economical solar distillation systems.

973 Multi-stage evaporation systems, with their ability to recover latent heat, substantially
974  outperform single-stage solar stills in water production capacity. To further enhance the
975 performance of solar distillation systems, future efforts can focus on the following areas: (i) As
976  observed from Table 3, many multi-stage systems use fibrous materials like hydrophilic paper for
977  water supply. These materials have a relatively low evaporation rate compared to those that can
978  reduce evaporation enthalpy. Utilizing such materials in the initial or any stage of a multi-stage
979  setup could be beneficial, given that latent heat can be recovered. (ii) Innovative approaches to rapid

980  steam condensation should be explored, such as employing forced convection to boost evaporation
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and condensation, or creating subcooled surfaces at the final heat sink to increase the driving foregso/psLroo191a

Techniques like light concentration or electric fields to elevate the evaporation temperature of the
first stage, thereby increasing the overall temperature gradient and driving force, are also worth
considering. (iii) Leveraging phase change materials or Joule heating for all-weather water
production strategies can be integrated into multi-stage systems to capitalize on low light intensity
steam, thereby enhancing water production. (iv) Light concentration technology, which not only
amplifies the system's energy input but also establishes a larger temperature gradient, is a cost-
effective method to enhance water production. It is crucial to address potential issues like uneven
photothermal material surface temperatures due to refracted light spots, necessitating rapid water
transport materials or advanced salt resistance measures. By refining and integrating these strategies,
the efficiency and water production capacity of multi-stage interfacial evaporation systems can be
significantly improved, offering more viable solutions for practical applications.

The advancement of water production strategies in SDIE confronts unresolved common issues
that impede progress. First, fluctuations in outdoor light intensity complicate the correlation between
absorbed solar energy and water output across various experiments, hindering effective performance
comparisons between studies. Thus, standardizing performance metrics under consistent solar input
is crucial. Second, to bolster the commercial viability of SDIE technology, considerations of
investment, operational costs, and return on investment are essential, particularly for systems
incorporating additional energy sources or components like concentrators. Lastly, integrating water
and electricity co-production, along with water and salt recovery—especially the extraction of
valuable metals like lithium from marine resources—enhances the resource yield of solar distillation
systems, boosting their economic and resource utilization efficiency. Addressing these issues
systematically, standardizing performance metrics, and refining economic models are vital for
advancing solar interfacial evaporation technology towards practical, efficient, and commercially

viable solutions.
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