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Abstract 16 

A low cost, highly flexible and environmentally friendly water generation method known as 17 

interfacial solar steam generation (SSG) has recently been popularized by many researchers due 18 

to the continuous increasing water demand and widening wealth gap around the world. In this 19 

perspective, factors determining SSG performance are gathered and highlighted into two 20 

different categories, thermal and water management. This perspective also identifies challenges 21 

that hinder the SSG practical applications such as not having a standardization energy conversion 22 

efficiency calculation, understanding the water evaporation mechanism, understanding the heat 23 

flow from ambient environment to the three-dimension SSG, focusing only on evaporation rate 24 

(Rv) while ignoring vapor collection efficiency, and relatively single function that is unable to cope 25 

with complex external environments (i.e. anti-fouling). In addition, this perspective discusses 26 

current trends in multifunctional applications of SSGs, such as anti-microbial and energy 27 

generation properties, and provides insights into future research prospects of SSG. 28 

 29 

 30 

 31 



1. Introduction 32 

Water demand has continuously grown at a fast rate of 1% every year due to 33 

industrial/manufacturing, agricultural, domestic activities, and accumulating wastewater 1-3. 34 

However, current desalination plants generally require huge initial investment and consume a lot 35 

of energy to operate, so they are not yet practical for poor, arid regions. In order to keep up with 36 

this water demand, there has been a reasonably high amount of attention in interfacial 37 

evaporation via solar energy known as solar steam generation (SSG) due to its cost-effectiveness 38 

and environmentally friendly method 4, bringing an alternative solution in supplying our current 39 

water demand 5-7.  40 

The basic mechanism of an SSG system relies on sunlight exposure or solar irradiation to drive an 41 

active and continuous water evaporation. This is achieved by capturing the exposed solar energy 42 

and converting it into thermal energy via a photothermal material (PTM) 8. However, there are 43 

common challenges that needed to be addressed to generate an efficient water evaporation. 44 

These challenges include the loss of thermal energy towards bulk water and surrounding and 45 

having a broader spectral light absorption capability in order to harvest majority of the solar 46 

energy. Besides SSG heat management aspect, current interfacial SSG system also focuses on 47 

water management strategy. Common solution that many recent studies have provided is to 48 

utilize hydrophilic absorbent for balanced water replenishment and evaporation, generating an 49 

efficient water transport system. Despite this, there are still challenges that are unaddressed in 50 

this aspect such as understanding water molecules interaction within different hydrophilic 51 

materials, water evaporation mechanism, and material’s parameters that affects water transport 52 

efficiency 9. Moreover, filtration competency of SSG is crucial in order for SSG system to be 53 

considered as a greener alternative in freshwater production. There have been many studies that 54 

focused on desalination and organic compound filtration. However, there are limited number of 55 

studies that discussed the importance of microbial filtration 10-13.   56 

In addition to water evaporation performance, another aspect that are rarely discussed in 57 

previous studies is efficient water collection. This is important in calculating freshwater yield for 58 

average water consumption to potentially replace current water production systems. Apart from 59 

SSG practical aspect, there has been some theoretical inconsistency 14 regarding SSG conversion 60 

efficiency calculation and surface area evaporation throughout recent studies. This resulted in 61 

many inaccurate comparison studies, with some SSG studies demonstrating efficiencies 62 

exceeding 100%.        63 

In this contribution, we first identified research challenges in this domain, such as not having a 64 

standardization energy conversion efficiency calculation, water transport mechanism, and the 65 

misunderstanding of calculated projected areas for determining water evaporation rate (Rv). 66 

These problems are crucial to be understand and resolve in order to further understand and 67 

improve future SSG systems as will be further discuss. Furthermore, we provide new perspective 68 

of heat and water management, as well as multi-functioning SSG is discussed and highlighted, 69 



summarizing the important factors in designing SSG system and broadening future application of 70 

SSG. 71 

 72 

Figure 1. Schematic diagram of solar steam generator design and its desalination process.  73 

 74 

2. Heat management 75 

Heat generation has been an important factor in SSG as high temperature promotes faster water 76 

evaporation 15, 16. Many previous SSG systems have pursued heat generation performance 77 

through introducing different types of PTM with potentially a short bandgap for a broader light 78 

absorption 10. Besides this, a recent study has highlighted another important aspect of developing 79 

a PTM with high joint density of states (JDOS). The existence of high JDOS allows for high 80 

population of hot electrons and holes, promoting higher photoexcitation, broadening the 81 

wavelength range for light absorption, as well as a faster relaxation process of the photoexcited 82 

carriers 17. In addition, this segment highlights the challenges in optimizing the SSG heat 83 

conversion efficiency in order to minimize any energy loss produced. Furthermore, this 84 

perspective revises previously known while introduces new factors that may play the role in 85 

improving SSG heat management strategy (Figure 2). 86 

2.1 Surface roughness 87 

The commonly produced frozen-dried gel-based polymer SSGs are well known for their increase 88 

in surface roughness which significantly affects its light absorption property. This effect is caused 89 

by the multiple light reflection and scattering throughout the surface (Figure 2i) 18-20. One study 90 

reported that the utilization of modified nickel nanoparticles was able to adjust the film’s surface 91 

structure by exposing each film to specific magnetic field strength. As a result, an increase in 92 

surface roughness would lead to an increased photothermal efficiency (or a decrease in energy 93 

loss) and hence Rv 21. Interestingly, tuning the surface roughness can also alternate the surface 94 

hydrophilicity to optimized SSG performance 20, 22.  95 



2.2 Heat isolation 96 

Solar-thermal energy generated by PTM is known to be loss to its surrounding environment via 97 

conduction, convection, and irradiation due to the higher evaporation surface temperature 98 

relative to the surrounding temperature. For typical 2D evaporators, a common issue faced in 99 

developing SSG is the huge thermal loss towards the bulk water 10, 21, 23. In order to minimize this 100 

energy loss, heat isolation is one of the important factors in designing interfacial SSG systems. 101 

Besides using a low thermal conductive material as a water absorbing substrate (Figure 2ii) 20, 24, 102 

strategy such as Janus membrane is a common method that has been thoroughly studied to 103 

achieve SSG heat isolation. Furthermore, Janus membrane also displays salt-resistance property 104 
25-27. This can be seen in a recent example of a 3D cone shaped Janus evaporator that was able 105 

to generate a stable performance of approximately 1.650 kg m-2 h-1 of brine water evaporation 106 

with no salt-fouling 28. Other strategies include using foam platform 29, 30 or attaching cellulose 107 

filter paper onto the SSG hydrogel to increase the temperature difference between the surface 108 

temperature, heated hydrogel and the bulk water 31. For 3D evaporators, they may be able to 109 

extract energy from the bulk water to enhance solar evaporation 32. In this case, highly thermal 110 

conductive materials instead of thermal insulation ones should be utilized.  111 

2.3 Vapor flow   112 

A recent study has brought a new aspect in identifying the correlation between the SSG surface 113 

area with its water evaporation performance. The study found that an increase in evaporator 114 

surface size leads to a decrease in evaporation rate. This phenomenon can be attributed to the 115 

dead evaporation zone (Figure 2iii) where there is no convection flow covered at the center area 116 

of the big evaporative surface to remove the accumulated vapor generated by water evaporation. 117 

This finding further demonstrated that by removing an optimized area in the center of the 118 

evaporation surface allowed the both water evaporation rate and vapor output to increase 33. 119 

2.4 Convective airflow 120 

Other studies have also observed the advantage of introducing an external convective airflow 121 

(Figure 2iv) to their system via artificial or natural wind, as it allows the SSG system to reduce the 122 

surrounding vapor pressure or humidity produced by the water evaporation, as well as lowering 123 

the surface temperature which leads to reduced energy loss via radiation and convection, or in 124 

some case even allow the evaporation surface harvest extra energy from the surrounding air 34-125 
37. One study managed to demonstrate a hydrogel with exposure of external air can generate 10x 126 

greater water evaporation performance at an optimal airflow speed of 0.75 m s-1 at 25 oC 127 

compared to the enclosed hydrogel.  Additionally, this observation indicated that  a high airflow 128 

temperature caused by the excess heat produced by solar energy can potentially reduce the 129 

evaporation efficiency due to the weakening of the heat transfer from the PTM layer to the feed 130 

water, causing excess heat loss to the feed water 38. Additionally, another study was able to 131 

design an updraft airflow using temperature gradient. Inspired by a flower like structure, the 132 

solar absorbing bottom plate covered by carbon tape generates heat while the carbon-coated 133 



PVA upper layer was set on an angle and acts as an evaporator. The temperature difference 134 

between the bottom and upper layer generates an updraft airflow which helps to increase the 135 

water evaporation efficiency 39.  136 

 137 

Figure 2. Heat management strategies involving (i) material’s surface roughness, (ii) heat 138 

isolation to avoid any energy loss, (iii) material’s surface area affecting vapor flow for efficient 139 

evaporation, and (iv) the use of external convection airflow. 140 

3. Water management 141 

Besides just having an optimized heat management system, water management also plays a 142 

crucial role in generation fast water evaporation (Figure 3). A recent study highlighted the fact 143 

that water evaporation rate does not directly correlates towards SSG energy conversion 144 

efficiency, rather its low evaporation enthalpy and fast rehydration rate instead. Therefore, this 145 

study conveyed the importance of having an efficient water management system such as 146 

increasing intermediate water content and maximizing water transport 12.  147 

3.1 Water transport 148 

Recent studies have addressed some factors which may or may not affect the water transport 149 

kinetic of a SSG system (Figure 3i). Crosslinking density are known to affect the mechanical 150 

properties of a polymer network 40. However, factors such as crosslinking density and high 151 

porosity of a polymer matrix are also commonly addressed in relation towards water transport.  152 

For example, one study failed to discover a correlation between the difference in crosslinking 153 

density and the pore size generated, through utilizing crosslinked MXene-based aerogel films 154 

(MAFs) via ferrous ions. Despite this, they found that there is an optimum crosslinking level of 155 

MXene/FeCl2 mass ratio to generate the highest water evaporation performance (1.67 kg m-2 h-156 
1) compared to other mass ratios (Figure 3ii) 19. Another study observed a similar effect of water 157 

transport in regard to the degree of crosslinking. This phenomenon was showed through 158 

glutaraldehyde crosslinked PVA hydrogels at different freezing time and further proposed that 159 

the larger pores can be generated by disrupting PVA sequence which therefore weakens the ice 160 



recrystallization inhibition activity. However, PVA-0h where it was frozen instantly demonstrated 161 

that it has a significantly higher water absorptivity and faster half saturation time compared to 162 

PVA-2h which was left reaction at R.T. for 2 hours. This result suggests that narrower channels 163 

provide a stronger capillary action compared to larger pores 41. On the contrary, a previously 164 

mentioned study demonstrated that the water transport rate and half saturation time of IPHs 165 

increases relative to its increasing pore size 42. Additionally, another previously mentioned study 166 

demonstrated that the increased pore size of cryogels were able to provide a faster water 167 

transport rate compared to hydrogels with smaller pore size 12. 168 

In another case, a PANI-PA SSG membrane porosity showed a negligible corresponding affect 169 

towards the SSG water evaporation rate 43. It is theorized that this is due to the water kinetic 170 

diameter being smaller than the mean pore size of the membrane itself. This therefore does not 171 

allow the pores to hinder the water molecules passing through the membrane. In all, there is still 172 

a knowledge gap in knowing whether crosslinking and pore size could potentially affect SSG water 173 

transport kinetic. 174 

3.2 Intermediate water content 175 

Water molecules are known to undertake three different bonding phases when bounded on an 176 

SSG substrate. These bonding phases are categorized as bound, free/bulk, and intermediate 177 

water. Bound water contains a strong interaction with the substrate’s hydrophilic functional 178 

groups, whereas free water has negligible interaction. In between these phases is the 179 

intermediate water, where it has a weaker hydrogen bond with either the polymer’s network or 180 

the surrounding water molecules 44-46.  181 

A recent study highlighted the importance of water dissociation towards introducing the 182 

mechanism of intermediate water (Figure 3iii) to reduce the water evaporation enthalpy. Water 183 

dissociation can occur spontaneously at finite temperatures due to its low energy barrier. A 184 

recent novel λ-Ti3O5 SSG with a U-shaped structure surface was able to promote intermediate 185 

water via water dissociation. This is because water molecules obtained from the air was 186 

chemisorbed onto this U-shaped groove and was able to hydroxylate with other water molecules 187 

forming physisorption and water dissociation, shown via ab initio molecular dynamics (AIMD). As 188 

a result, some dissociated H atoms tend to bind with other water molecules forming intermediate 189 

H3O* units. These units are metastable and therefore contain frequent proton exchanges 190 

between the physisorbed and neighboring water molecules. This phenomenon then causes the 191 

back-and-forth transfer between H3O* and H2O, allowing for water evaporation via small clusters. 192 

Therefore, less energy is required to break the short H3O* hydrogen bonds leading to easy water 193 

evaporation 17. 194 

The increase in intermediate water can be associated to the hydrophilicity of the material. One 195 

example study reported that the increase of oxygenated functional groups provided by the GO 196 

(PTM) can increase the hydrophilicity of the hydrogel/reduced graphene oxide (rGO) system 197 

which allows the hydrogel to form weak hydrogen bonding with the water molecules, and 198 



therefore resulting in more intermediate water content 47. This was demonstrated by the 199 

intermediate water to free water ratio content characterized by Raman spectroscopy. The OH 200 

stretching modes of water molecules can be determined and categorized between 3200 – 3600 201 

cm-1. The strong four hydrogen bond water molecules can be found with peaks at 3233 and 3401 202 

cm-1, indicating free water ratio. The weakly broken hydrogen bond water molecules can be 203 

found with peaks at 3514 and 3630 cm-1, indicating intermediate water ratio 48. 204 

 Similarly, another study demonstrated that an increased intermediate water is associated with 205 

the increase in hydrophilic chitosan ratio within the highly hydratable light-absorbing hydrogel 206 

(h-LAH) SSG system 49. Besides increasing material’s hydrophilicity and surface area, intermediate 207 

water generation can also be affected by the pore size of the SSG substrate. One study found a 208 

correlation between the decreasing interconnected porous hydrogels (IPHs) pore size via 209 

polymethyl methacrylate (PMMA) particles as a template, promotes a higher intermediate water 210 

generation, decreasing its evaporation enthalpy generation (Figure 3iv) 42.  211 

 212 

Figure 3. Schematic diagram of water management strategies. 213 

4. Versatile SSG System 214 

Besides optimizing water production performance, recent studies have focused on filtering 215 

organic solvents and desalination performance of seawater through different methods such as 216 

photocatalysis (Figure 4ii), active salt diffusion, electrostatic “Donnan” repulsion (Figure 4), 217 

hydrophilic/hydrophobic Janus membrane, and salt deposition through Marangoni effect 10. 218 

Photocatalysis is a common method in degrading organic compounds by oxidization via UV light 219 

absorption. For example, a recent carbon foam/TiO2 is able to degrade MB dye (87% degradation) 220 

due to TiO2 generation of  e- and h+ via UV light absorption as demonstrated by the UV-VIS 221 

absorption spectra 50. Moreover, a common and simple active salt diffusion can be found in many 222 

superhydrophilic SSG such as a recently developed self-floating superhydrophilic porous carbon 223 

foam (SPCF). SPCF demonstrated excellent its salt-resistant property as it was able to show no 224 

salt-accumulation at the evaporator surface for 8 hours when placed on a 3.5 wt% NaCl saline 225 

water. This is because of its efficient and fast water transport via its internal microstructure pore 226 



that allows the saline water feed to replenish and diffuse excess salt 51. Additionally, a novel SSG 227 

design containing the charges also has excellent salt resistance due to electrostatic repulsion 228 

between salt ions and the charges on the SSG material, a phenomenon known as the Donnan 229 

effect. As demonstrated by the recent study on PPy-coated porous ionic polymer (PIP) network, 230 

which contains cationic groups capable of repelling most salt ions such as K+, Ca2+, Na+, and Mg2+, 231 

the stable evaporation performance over 6 hours and the reduction in salt ion concentration 232 

provide evidence of their effectiveness 52.  Besides this, the previously mentioned 3D cone Janus 233 

membrane also able to show its excellent salt-resistant property by having stable water 234 

evaporation performance with no salt accumulation on its surface. This is because Janus 235 

membrane’s hydrophilic/hydrophobic duality layer can selectively allow saltwater to enter. By 236 

having a hydrophobic evaporator layer, saltwater cannot enter and therefore accumulate to 237 

inhibit the solar-thermal performance of the membrane 28. Lastly, some SSG studies utilized salt-238 

redirecting via Marangoni effect to reject and harvest excess salts. Marangoni/thermocapillary 239 

effect is the flow of liquid caused by the change of liquid surface tension via temperature gradient. 240 

SSG design such as a recent millineedle hydrogel was able to demonstrate this effect. The 241 

temperature difference within the millineedle array surface allows for saltwater to travel to the 242 

tip of the needle. At the tip of the needle, the saltwater will evaporate and leave salts to 243 

accumulate. These accumulated salts can then be collected and harvested, while water 244 

evaporation performance stays unperturbed 53. 245 

In all, there have been many studies to support future potential desalination, salt-harvesting, and 246 

organic pollutants filtration application. Despite this, researchers have also started to focus on 247 

the elimination of microbial content which can be found in wastewater or any unfiltered water 248 

source. Furthermore, there has been an increasing number of studies to promote alternative 249 

energy generation. 250 

4.1 Anti-microbial  251 

Recent trend in microbial filtration (Figure 4i) plays an important role in wastewater treatment 252 

(Figure 4iii) application to avoid any potential future health hazards as well as bacterial fouling 253 

challenges developed in the SSG system 31, 54. There have been many suggested strategies 254 

developed in having anti-microbial property such as oxidation via reactive oxygen species (ROS) 255 

generation. In an anti-bacterial hydrogel study, ROS were created by the catechol group of the 256 

hydrogel chitosan network and accelerated by the quinone modified activated carbon when 257 

reacted with oxygen to form quinone groups. As a result, the hydrogel demonstrated >99% 258 

various bacterial (B. subtilis, E. coli, P. aeruginosa) elimination 55. Another study reported a 259 

rGO/agar-agar-based hydrogel whose anti-bacterial/fouling property comes from its surface 260 

coated TaTe2 quantum dots (QDs). The incorporated tellurium QDs have strong affinity to DNA 261 

sulfur proteins, leading to enhanced permeation of the bacterial membrane and elimination, up 262 

to 96.49% and 97.58% for S. aureus and E. coli, respectively 31. There are studies in which metallic 263 

nanoparticles56 have been incorporated into SSG material to obtain antimicrobial property 264 

through sustained leaching of ions 57, 58.  265 

 266 



4.2 Energy generation 267 

Energy generation/conversion is another multi-functional application that recently has been 268 

proposed besides water generation/filtration. Various methods such as 269 

hydrovoltaic/electrokinetic, photovoltaic, salinity gradient, piezoelectric and the commonly used 270 

Seebeck effect (Figure 4iv) have been used in electrical energy generation 24, 29, 59, 60. For example, 271 

one study managed to demonstrate the Seebeck effect via a 3D xerogel foam. The setup includes 272 

a thermoelectric (TE) module that was placed in between the xerogel evaporator and 273 

thermostatic platform. During solar evaporation, the temperature gradient collected by the TE 274 

module between the evaporator converted solar-heat and surrounding low-grade temperature 275 

leads to a generated voltage difference. Therefore, the generated temperature gradient from the 276 

evaporator allows for electrical energy conversion 24. Additionally, an aerogel system study was 277 

able generate an electrical energy through electric double-layer (EDL) and capillary-driven 278 

electrokinetic effect. The capillary effect of fluid passing through the aerogel structure containing 279 

negatively charged cellulose nanofibrils (CNFs) layer resulted in salinity gradient. As a result, the 280 

buildup EDL leads to the adsorption of positively charge ions, narrowing the channels. This then 281 

cause to produce a relatively fast flow rate, followed by the repulsion of negative ions which 282 

leads to slower flow rate. The pressure difference from the polarizing flow rate causes voltage 283 

difference to be generated 61, 62. 284 

  285 

Figure 4. Schematic diagram of SSG salt-rejection property via Donnan repulsion effect, (i) anti-286 

microbial filtration, and (ii) organic compounds photocatalysis degradation for (iii) 287 

sewage/wastewater treatment, in addition to (iv) electrical energy generation via Seebeck effect. 288 

5. Major challenges and prospects 289 



Despite the recent achievements as discussed in the previous section, there are still many future 290 

SSG prospects that are needed to be outline in order to further improve SSG system development. 291 

5.1. Theory 292 

Previous studies have shown that the continues water evaporation of SSG is achieved through 293 

the photothermal conversion of light to heat produced by PTM material 48, 63, 64. A recent 294 

comment made has thoroughly discussed the different potential factors which can affect the SSG 295 

performance and conversion efficiency consistency. These ranges from the in-situ experimental 296 

setup and conditions, light exposure specifications, and enthalpy calculation 65. SSG conversion 297 

efficiency is commonly calculated by the amount of energy used for water evaporation over the 298 

exposed irradiation power. This can be expressed as in Equation 1. 299 

𝜂 =
𝑚̇(𝐶𝑝𝛥𝑇+𝛥𝐻𝑣𝑎𝑝)

𝑐𝑜𝑝𝑡𝐼𝐴𝛥𝑡
  (Eq.1) 300 

where η is conversion efficiency,  𝑚̇ is the water evaporation rate, 𝐶𝑝 is the specific heat capacity 301 

of water (4.18 kJ kg-1 K-1), 𝛥𝑇 is the liquid temperature change, 𝛥𝐻𝑣𝑎𝑝 is the vapor latent enthalpy, 302 

𝑐𝑜𝑝𝑡  is the optical concentration, 𝐼  is the solar irradiation energy, 𝐴 is the material’s exposed 303 

surface area and 𝛥𝑡 is the evaporation time 48, 65-67. 304 

In regard to enthalpy, we need to consider the two enthalpy components in determining the SSG 305 

efficiency as water transition to vapor. The two enthalpy components consist of sensible heat 306 

( 𝑚̇𝐶𝑝𝛥𝑇 ) and latent heat (𝑚̇𝛥𝐻𝑣𝑎𝑝), which are the energy required to heat up the bulk water to 307 

vapor and the energy to change from liquid to vapor phase respectively. In this perspective, we 308 

identified that most of current reports neglect the importance of accurate ΔHvap values for latent 309 

heat determination in the conversion efficiency calculation. This could lead to an 310 

inaccurate/inconsistent efficiency measurement and performance comparison between 311 

different SSG studies. For example, the constant ΔHvap value of 2,257 kJ kg-1 water evaporation 312 

enthalpy at 100 oC is commonly used in many SSG studies, 4 63 68  which leads to an overestimation 313 

of SSG efficiency (η). With that said, some studies have used a more accurate approximation 314 

derived from the Clausius-Clapeyron equation, 69-71 72 with a maximum error of 0.02% compared 315 

to the Smithsonian ΔHvap values.  316 

𝛥𝐻𝑣𝑎𝑝 =  1.91846 × 106{𝑇/(𝑇 − 33.91)}2 J kg-1 (Eq.2) 317 

where T is the vapor temperature 73.  318 

Despite this, the later one may still not be accurate in calculating η due to intermediate water 319 

generation when undergoing water evaporation. Many previous studies have demonstrated that 320 

the increase in intermediate water content could cause the reduction in ΔHvap value 10, 64, 74. In 321 

general, hydrogel-based SSGs with a high intermediate water contents that can be confirmed by 322 

Raman Spectra will display lower ΔHvap based on DSC result.  323 



As shown in Eq. 1, the indirect relationship between ΔHvap and water evaporation rate (𝑚̇) 324 

highlights the importance of ΔHvap reduction in order to increase 𝑚̇ and η. In theory, by having 325 

ΔHvap as 2,257 J g-1 at a surface temperature of 100 oC, as well as including the efficiency 326 

theoretical limit of 100% light-to-vapour energy conversion efficiency, the maximum 𝑚̇ should 327 

be approximately 1.595 kg m-2 h-1. One study reassured this point by demonstrating that by 328 

having ΔHvap as 2257 J g-1 violates the energy conservation law due to η resulting as more than 329 

100%. Whereas when ΔHvap value obtained from DSC measurement, a more reasonable η were 330 

obtained 75. Therefore, majority of research groups have utilized DSC method in obtaining their 331 

ΔHvap. 48, 76-80. Having DSC analysis being unavailable, ΔHvap can also be thermodynamically 332 

determined by comparative dark evaporation experiments under controlled temperature and 333 

humidity using Eq. 3. However, the obtained equivalent ΔHvap value may end up greater than the 334 

DSC determined value. This is because DSC allows full dehydration of SSG material unlike dark 335 

static evaporation which may only allow partial evaporation 48, 79.  336 

𝑈𝑖𝑛 =  𝑚𝑤̇𝛥𝐻𝑤 =  𝑚ℎ̇ 𝛥𝐻𝑣𝑎𝑝 (Eq. 3) 337 

where 𝛥𝐻𝑤  is the bulk water theoretical evaporation enthalpy, 𝛥𝐻𝑣𝑎𝑝  is the evaporator’s 338 

equivalent evaporation enthalpy, 𝑚̇𝑤  is the mass change of bulk water, and 𝑚̇ℎ  is the mass 339 

change of water over the evaporator. 340 

Recently, SSG conversion efficiency can also be found through determining heat loss instead of 341 

approximating ΔHvap value. The solar energy received by the SSG sample can be determined by 342 

Equation 4. Moreover, the heat loss caused by conduction, convection, and irradiation can be 343 

determined as shown Equation 5. Therefore, the given SSG conversion efficiency can be shown 344 

as Equation 6 10, 17. 345 

𝑄𝑠𝑎𝑚𝑝𝑙𝑒 =  𝐶𝑝 𝑚(𝑇1 − 𝑇2)𝑡  (Eq. 4) 346 

𝑄𝑙𝑜𝑠𝑠 =  𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐴𝜀𝜎(𝑇1
4 − 𝑇2

4)𝑡 − 𝐴ℎ(𝑇1 − 𝑇2)𝑡 − 𝐴𝜆
𝑑𝑇

𝑑𝑥
𝑡  347 

(Eq. 5) 348 

𝜂 =
𝑄𝑠𝑎𝑚𝑝𝑙𝑒+𝑄𝑙𝑜𝑠𝑠

𝑄𝑠𝑜𝑙𝑎𝑟
  (Eq. 6) 349 

where 𝑇1 and 𝑇2 are the surface and surrounding temperature, 𝑚 is the mass of the SSG sample, 350 

𝑡 is the exposure time, 𝜀 and 𝜎 are the emissivity and Steffan-Boltzmann constant, ℎ is the heat 351 

transfer coefficient, 𝜆 and 
𝑑𝑇

𝑑𝑥
 are the thermal conductivity and thermal gradient between the 352 

sample and water surface. 353 

In summary, the presence of intermediate water (this will be discussed in following paragraph) 354 

will cause a significant reduction in ΔHvap for rapid water evaporation due to the weakened 355 

hydrogen bonding of the water molecules. Many previous studies have achieved higher 356 

performance rate due to the reduced ΔHvap caused by the presence of intermediate water in their 357 

systems. It is recommended that the ΔHvap value should be dtermined through TG-DSC analysis 358 



in order to accurately estimate η. In addition, compared to 2D evaporators, identifying ΔHvap of 359 

3D evaporators is more difficult or even impossible due to the presence of various evaporation 360 

surfaces with different temperatures and evaporation rates. Therefore, calculation of η become 361 

meaningless and is not suggested. The latest theoretical studies have revealed that visible light 362 

(λmax = 520 nm) photons can cleave water clusters at the water-vapor interface through the 363 

‘photo-molecular effect’ (rather than just the photothermal effect). Therefore, researchers 364 

should continue to pay attention to the study of the kinetics and thermodynamics of interfacial 365 

evaporation in order to be able to better understand the mechanism. 366 

5.2. 2D vs 3D evaporator 367 

Recent studies have brought many attentions in investigating 3D evaporators due to its high-368 

water evaporation performance compared to 2D evaporators. This is because 3D evaporators are 369 

not bound by the theoretical evaporation limit contained in 2D evaporators. This is caused by the 370 

larger surface evaporation area that 3D evaporators have over 2D evaporators 81, 82. Moreover, 371 

3D evaporators are able to achieve a lower temperature than the surrounding air during solar 372 

steam generation, leading to an evaporative cooling effect. The 3D evaporator can then extract 373 

net energy from the environment, which significantly improves water evaporation performance 374 
28, 83, 84. This phenomenon can be seen in a transformable rGO coated cellulose sponge (rGO-CS) 375 

from a 2D to 3D evaporator. In its 3D phase, the rGO-CS sponge was able to produce a higher 376 

water evaporation rate in comparison to its 2D phase under a convective flow. Due to its 377 

structure, the 3D sponge allows for elongated heat conduction path which makes its overall 378 

surface temperature lower compared to 2D sponge under 1 sun. Moreover, the 3D sponge 379 

experienced a much stronger cooling effect brought by the convective flow compared when it is 380 

at its 2D phase. As a result, the 3D sponge structure was able to significantly outperform its 2D 381 

counterpart 32. With that said, developing 3D evaporators is a step in the right direction in 382 

realizing future SSG systems. 383 

With this however comes a challenge in determining an appropriate evaporation area to be used 384 

in determining evaporation rates since 3D SSG would contain a far larger air/gel interface 385 

compared to its 2D predecessor. Previously mentioned comment suggested that the projected 386 

area which is the area under collimated illumination is to be used in calculating η 65. For example, 387 

a 3D cylindrical carbonized cattail projected area only takes account of 2 cm diameter exposed 388 

top surface. However, the side wall surface area also acts as an evaporator since the cattail is 389 

hydrophilic. In effect to this, evaporative cooling is possible due to having the side wall to have a 390 

relative lower temperature than the surrounding environment and the top surface. The heat loss 391 

generated by the top surface to the surrounding environment can be recollected by the side 392 

surface due to thermodynamic. As a result, the increase in cylindrical height will definitely 393 

increase the water evaporation rate and efficiency due to the increasing evaporative area. 394 

Moreover, the unaccountable side surface area evaporator will produce η to be greater than 100% 395 

and exceeds the evaporation theoretical limit 83.  396 



Another case where projected area may be appropriate to be used in calculating water 397 

evaporation rate and efficiency can be seen in the example of a 3D cone evaporator containing a 398 

Janus layer of hydrophobic solar absorber inner layer and hydrophilic side evaporative outer layer. 399 

This is because the experimental setup involves illuminating the light only on the top solar 400 

absorber area. Since the top solar absorber layer is hydrophobic, no water evaporation will take 401 

place throughout the projected area. Water evaporation is achieved through the conduction 402 

heating of the inner layer to the outer layer of the cone. Furthermore, this study did compare the 403 

evaporation rate result between top projected area light exposure with the entire light exposed 404 

surface area of the cone. It was found that the entire exposed surface area water evaporation 405 

rate is significantly lower in comparison to just top projected area. This can be related back due 406 

to the evaporative cooling process as mentioned in the previous example. As a result, η produced 407 

by this evaporator is greater than 100% 28. To avoid this, it is suggested that energy efficiency of 408 

3D evaporators to not be calculated. If it is needed to be calculated, the evaporative cooling area 409 

is suggested to be taken accountable in calculating evaporation rate and η. A suggestion perhaps 410 

would be including the evaporative cooling rate as dark evaporation rate (unexposed to light) to 411 

be subtracted with the light evaporation rate 65. Moreover, it is recommended that all air/gel 412 

interfaces need to be factored into the evaporation rate calculation, since it provides a 413 

benchmark for comparison with illuminated evaporation rates. 414 

5.3. Device design 415 

Many previous studies have focused mainly on material development. Therefore, most previous 416 

SSG devices such as shown in Figure 5i are minimalistic, simple, and cost effective. However, 417 

these designs may lead to future problems such as the accumulation of water droplets or vapor 418 

mist caused by low condensation rates, which can increase light reflection and affect SSG 419 

evaporation 85. In order to eliminate these factors, some studies have introduced a novel invert 420 

structured SSG device as shown by the rendering example in Figure 5i. The concept of invert 421 

structured SSG is to constantly cool the hot vapor produced by water evaporation, by using the 422 

low temperature of the water feed, thereby increasing the water production rate. One study 423 

reported an invert structured SSG system consisting of a solar absorber layer, a hydrophilic water 424 

transport layer, and a hydrophobic separator layer contained in a sealed system. The solar 425 

absorber layer contains a spectrally selective solar absorber coated on a copper sheet was 426 

layered on top of a MoCC-CH4 solar absorber to increase heat conductivity. A hydrophilic 427 

nonwoven fabric was layered on the bottom of the solar absorber for continuous unfiltered water 428 

transport to be vaporized by the solar absorber. This is then followed by a poly(vinylidene fluoride) 429 

(PVDF) hydrophobic membrane layered on the bottom of the hydrophilic layer for vapor-liquid 430 

separation. This entire layered system is also supported by a polystyrene foam platform which 431 

acts as a thermal insulation 67. As a result, a daily freshwater yield of 13.68 kg m-2 was achieved 432 

using the invert structured SSG under fluctuating solar flux. A similar design named single-stage 433 

invert-structured solar water purifier (ISWP) also demonstrated a higher (119%) water 434 

production yield compared to a conventional minimalist SSG system 86. The bottom of the ISWP 435 

is a condenser made of a highly thermally conductive material that allows for efficient heat 436 



exchange with the environment. Vapor generated in the ISWP system is driven by the vapor 437 

pressure gradient to go downward and condensed in the bottom collector, resulting in high vapor 438 

collection efficiency. 439 

An alternative to invert structured SSG is to utilize muti-stage design (Figure 5ii) 87, 88. As the name 440 

implies, a multi-stage solar still (MSS) contains a PTM with multiple stages of hydrophilic water 441 

feed and condenser layer, separated by an air gap or hydrophobic permeable membrane, and a 442 

heat sink 89, 90. Despite the similarity of both systems, the invert structured SSG utilizes a low-443 

temperature environment or cooling water to efficiently condense vapor flowing downward into 444 

the bottom condenser, greatly improving vapor collection efficiency. While the MSS is designed 445 

with a concept that reuses latent heat in the system, thereby producing fresh water with 446 

efficiencies that exceed the thermodynamic limit. For example, a recent CrAlO-based MSS device 447 

demonstrated a direct relationship of water production rate and the number of stages. A single 448 

stage distiller was able to produce 0.74 kg m-2 h-1 water production rate under 1 sun. However, 449 

an increase to 3 and 6 stages significantly increases its water production rate to 1.28 and 1.84 kg 450 

m-2 h-1 respectively 91. Despite this, there are still unclear stated parameters within this design 451 

such as the number of stages limitation towards water production yield and the length of gap 452 

between each stage which could potentially affect water production efficiency 92. 453 

In all, the design principles for development of next generation SSG should prioritize an effective 454 

and efficient vapor collecting system. Hypothetically, a separate active condensation system 455 

powered by solar power could potentially serve as an alternative to invert structured SSG systems 456 

mentioned, enhancing condensation efficiency for higher water production yields. Besides having 457 

an efficient vapor collecting system, a continuous vapor generation may also increase water 458 

output yield. From this point of view, maybe in the future we can achieve nighttime water 459 

distillation using solar energy to power a certain heating system to accelerate SSG water 460 

evaporation 93, 94. Compared to previous SSG devices, this novel strategy allows the SSG system 461 

to continue distilling day and night to produce more freshwater. With that said, a new benchmark 462 

of water production efficiency can be accounted in L/kWh for this proposed hybrid SSG system 463 

as this calculation has been applied in different type of atmospheric water harvesting systems 95, 464 
96.  465 



 466 

Figure 5.  (i) Conventional vs invert structured SSG device design. (ii) Schematic diagram of multi-467 

stage solar still (MSS) system. 468 

 469 

6. Conclusion 470 

In conclusion, SSG thermal and water management provide fundamental strategies to improve 471 

SSG performance and efficiency. Thermal management strategies include having a lower 472 

vaporization enthalpy, increasing evaporator surface roughness, isolating heat generation, 473 

introducing more energy sources, and inducing convectional airflow. Water management 474 



strategies include high amount of intermediate water content and balanced water kinetic 475 

transport to the evaporator within the SSG. Despite this, current issues that consist within these 476 

strategies are understanding material manipulation to further improve water transport and the 477 

misunderstanding of water evaporation area. Furthermore, next generation SSGs may have 478 

multi-functioning applications besides water production as demonstrated by recent SSG studies. 479 

Future SSG research should focus more on the development and manufacture of new water 480 

production devices, which should include high-efficiency steam-water condensation systems and 481 

continuous water production capabilities. 482 
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