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a b s t r a c t 

Solar-thermal evaporation is an ancient system that generates thermal-induced vapor utilizing solar energy, which 

is renewable, clean, and has negligible environmental footprints. Though old, this system has recently revived 

tremendous attraction to the science community because of synthesized high-absorptive materials, smart heat and 

vapor management, and engineering marvels in device configurations. Integrated as a whole, the solar-thermal 

evaporation system facilitates improved solar to vapor conversion efficiency at low capital costs. In this review, a 

comprehensive discussion of physics, chemistry, and engineering behind solar-thermal evaporation systems has 

been presented in a summary manner. Moreover, this paper potentially addresses freshwater production tech- 

niques from sea or wastewater and nexuses some innovative approaches to generate electrical power. This review 

also presents emerging research activities in various aspects of solar-thermal evaporation with some interesting 

findings and points out critical advancement deficiencies. The futuristic view of microgrid system integration is 

also discussed extensively to nexus electrical power generation cleanly. This paper intends to present a compre- 

hensive assessment of current advances in STE systems to encourage primary and practical research in leveraging 

underutilized supplemental energy sources for future integration of water, energy, and environmental systems 

with promised research direction and advancement. 
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. Introduction 

Critical considerations are required to reduce dependency on fos-

il fuels such as petroleum, coal, and natural gas due to their ad-

erse environmental impacts and limited availability. Alternative re-

ewable energy sources, for example, solar energy ( Huang et al., 2016 ),

ind energy ( Okumus and Dinler, 2016 ), tidal energy ( Uihlein and

agagna, 2016 ), and geothermal energy ( Fridleifsson, 2001 ), become

andy since their generation and utilization are clean, environmentally

riendly, cost-effective, and sustainable. 

Among them, solar energy is an abundant and promising energy

ource for next-generation commercial and domestic power applica-

ions. The received solar power by the earth’s surface is approximately

 . 08 × 10 14 kW ( Figure 1 a). Only 0.1% of this energy can generate 3

10 3 GW electrical power is four times greater than total electricity pro-

uction worldwide ( Thirugnanasambandam et al., 2010 ). Though not

ass harnessing, to date, this solar energy has been extensively utilized

n many domestic and commercial applications, for example, hydro-

en production ( Steinfeld, 2005 ), thermal power generation ( Tina et al.,

006 ), PV-based electrical power generation ( Lewis, 2016 ), photocataly-
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is ( Chen et al., 2011 ), and solar-thermal evaporation (STE) ( Banat et al.,

007 ). 

In contrast with the renewable system, a massive volume of steam

an be produced by burning fossil fuels in conventional technologies

uch as steam-based plants. It also by-produces hazardous residues,

hich is concerning for environmental and health issues ( Goto et al.,

013 ). In another clean route, steam generation occurs at boiling

oint using concentrated solar irradiation ( Blanco et al., 2009 ). In

his process, the conventional working fluid, which has a better ther-

al capacity, is employed to heat the water and change the phase to

team. This route, generally named conventional solar-driven steam

eneration, uses a lot of optical devices to concentrate the solar ir-

adiation focusing on the working fluid, which leads to high infras-

ructure costs but low thermal conversion efficiency ( Blanco et al.,

009 ). The science communities have made many efforts to reduce

osts and leverage their effectiveness. Conventional solar-driven sys-

ems include, but are not limited to, solar-based power plants, solar

ater heaters, solar chimneys, solar driers and cookers, solar-based

vaporation, solar ponds, and stills ( Figure 2 ) ( Qiblawey and Banat,

008 ). 
du (B. Agili), ishtiaque.zaman@ttu.edu (I. Zaman), miao.he@ttu.edu (M. He), 
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Figure 1. Solar irradiation and freshwater dis- 

tribution by countries around the world. a. 

global horizontal solar irradiation projection, 

b. estimated water scarcity by countries in 

2040. 

Figure 2. The existing solar-based energy harvesting 

systems, solar power plant, solar cooker, solar water 

heater, solar chimney, solar dryer, solar desalination, 

solar pond, and solar still. 
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STE-enabled vapor generation is one of the most promising and

merging solar-driven systems due to abundant natural resources, i.e.,

unlight, seawater, and other water resources. Moreover, it is cost-free,

nvironmentally friendly, and sustainable. In terms of potable water,

carcity of freshwater has been a significant concern for social welfare

nd people’s health in recent years. Around 66% of the earth’s popula-

ion, approximately four billion, currently live under the scarcity line for

t least one month a year ( Mekonnen and Hoekstra, 2016 ). This picture

ill be much scarier by 2040 due to the ever-growing population, agri-

ultural farms, and industries ( Figure 1 b) ( Neto, 2018 ). It is necessary

o enhance freshwater output from diverse sources, such as the ocean,

iver, lake, polluted reservoirs, etc., in order to satisfy expected de-

and. Using traditional methods to generate large quantities of freshwa-

er entails costly capital expenditures and poor conversion efficiencies,

hich hinders expectations.Recent inventions of high absorptive pho-

othermal materials and smart systems engineering revive solar-thermal
2 
vaporation with high efficiency but low capital costs. Moreover, some

nnovative STE device engineering has incorporated electrical power

eneration along with freshwater generation ( Li et al., 2022 ). Though

his power generation is still in its early stages, it is foreseen that exten-

ive research will enable STE-based power generation in commercial-

zation. 

Solar-thermal evaporation STE is a renewable energy process and

ecently has gained remarkable attraction owing to its diverse applica-

ions. In an STE system, a highly light absorptive material can absorb

olar energy efficiently and convert it to heat to produce vapor from the

urrounding water ( Sattar et al., 2020 ). For STE-based freshwater pro-

uction and power generation, high absorptive materials and specially

ngineered device structures are the first and foremost essential things.

n recent years, novel and highly absorptive evaporators have attracted

TE researchers due to their very high light absorptance, smart heat and

ass management, long-term stability, and durability; hence, they are
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search work. 
ery efficient. This novel converter avoids the need for costly optical

oncentrators with the help of very high light-capturing capabilities in

he wide bandwidth of the sunlight spectrum from the visible-near infra-

ed (NIR) region ( Deng et al., 2017 ). Nowadays, gained with apprecia-

ion, the STE system can be utilized in harnessing electric power, med-

cal instrument sterilization or sanitization, hydrogen fuel production,

echanical energy extraction, separation of liquids, waste water treat-

ent, and mainly water purification and desalination, etc. ( Kashyap and

hasemi, 2020 ). However, large-scale commercialization of STE is still

ot achievable due to several existing issues such as lower efficiency,

urability, stability, etc. ( Pang et al., 2020 ). The researchers put a lot of

ffort into resolving these issues and enhancing conversion efficiency. 

The main goal of STE-based research is to utilize abundant solar

nergy to co-generate power and freshwater. Many reviews have been

arried out in the science communities to acknowledge this research in

he last few years. If carefully observed, most of the review articles fo-

us on various aspects of STE systems like absorber materials, physics,

nd chemistry of the STE system, device structure, desalination and pu-

ification, power generation, etc., individually. The state-of-the-art and

ovelty of their works primarily lie in specific aspects of STE systems.

or example, some group presented their review focusing mainly on

bsorber materials, chemistry, and chemical engineering. Chen et al.

ainly focused on evaporators’ structural design and materials prop-

rties like light absorption, thermal management, water transport, etc.

 Chen et al., 2019a ). Fillet et al. extensively described various materi-

ls, mainly biological, and their derivatives as effective evaporator ma-

erials ( Fillet et al., 2021 ). Pang et al. specifically presented the chem-

stry and materials engineering of STE devices. They used text mining

nd analytics algorithm to deliver the solar thermal evaporation review

n a summary manner ( Pang et al., 2020 ). Jin et al. systematically re-

iewed various types of nanomaterials for solar thermal evaporation

 Jin et al., 2019 ). Zhao et al. reviewed materials design and engineering

ummary to present water-materials interactions ( Zhao et al., 2020a ).

ao et al. extensively discussed various types of carbon derivatives, like

raphene, CNTs, graphite, carbon composite, black carbon, etc., for ef-

cient solar-thermal conversion ( Dao and Choi, 2018 ). Deng et al. pre-

ented an overall summary of recent findings of solar-driven evapo-

ation with a plasmonic-based materials outlook ( Deng et al., 2017 ).

n the other hand, some groups focused on the evaporation mecha-

ism and the ruling physics behind the STE system beyond materials

cience. Zhou et al. presented an extensive overview of the interfa-

ial evaporation mechanism with a discussion on the rational design

f the STE system ( Zhou et al., 2019 ). Some other groups mainly fo-

used on various applications of STE technology, such as vapor gen-

ration ( Shi et al., 2020 ), evaporation-induced power generation and

ff-grid integration ( Dao et al., 2021 ), simultaneous steam and power

o-generation ( Liu et al., 2020 ), hybrid interfacial systems with vari-

us applications like power, vapor, fuel, sterilization, etc. ( Ding et al.,

021 ). However, a little attempt has been made to present a combined

iscussion of all aspects, for example, absorber materials, physics, and

hemistry of the STE system, device structure, desalination and purifi-

ation, power generation, etc., in a single review. To fill this gap, this

eview extensively discusses all aspects, such as physics, chemistry, and

ngineering of solar thermal evaporation, with recent findings. More-

ver, this article elaborately presents the various exciting applications

f STE systems, especially renewable electricity generation, along with

he synergy concept. As a state-of-the-art novelty, this review also intro-

uces the futuristic view of microgrid integration of the STE system in

 power system manner. This study aims to give a complete review of

urrent advancements in STE systems to promote primary and applied

esearch in using underused supplementary energy sources for the fu-

ure integration of water, energy, and environmental systems with the

otential of research progress. 

The purpose of this article is to provide a comprehensive summary

f the most up-to-date developments in STE systems, as well as the es-

ential advanced ideas that enhance the use of solar power. This ar-
3 
icle starts with a detailed review of the state-of-the-art of STE, with

he advancement in photothermal conversion and thermal management

echniques. In the following section, a reader will find an elaborate

iscussion of the physics behind solar-thermal evaporation (STE), the

echanism and classification, and the ruling characteristics of the STE.

ection three presents an observant review of carbon and its derivative-

ased devices, structure, and current findings. Section four highlights

lasmonic-based STE with an elaborate but critical discussion. Hence,

ection five explores evaporators’ smart and innovative structural design

nd engineering strategies to optimize STE performances. In the applica-

ion section, along with electrical power generation, the futuristic view

f microgrid integration is also discussed extensively. The current chal-

enges and prospects are also presented at the end of this literature to

rovide a clear vision of the future STE system. This analysis seeks to

ducate readers about the many methods that might work together to

aximize an STE system’s potential for efficient solar energy use beyond

ust freshwater production. 

. Methodology for Selecting Literature Sources 

The STE topic came to the table while considering cleaner energy

eneration for coastal area microgrid systems. It was seen that a hy-

rid solar-thermal evaporation system could produce enough fresh wa-

er along with thermal-based electricity. This study aims to create a map

f the information accumulated by researchers working in the field of

olar thermal evaporation (STE) technologies and the uses of STE tech-

ologies in a nexus of freshwater and energy production. As a conse-

uence, the best practices are used in order to investigate the contri-

utions made by the researchers in the published works. At first, we

xplored and studied the most recent review articles to find the gap to

iscuss. In order to determine keywords, the research area, and search

ools, a technique for conducting a systematic review was developed.

he procedure of review consisted of three primary stages: (i) the gath-

ring of articles, (ii) the screening of the articles, and (iii) the evaluation

f the articles that were chosen for further consideration. 

In the beginning, the investigations are begun by taking into con-

ideration the wide-area approach along with the kind of work that has

een done by the researchers in the past. After that, we explored an

xtensive literature search using online tools such as Google Scholar,

esearchgate, PubMed, etc. Solar-thermal evaporation, interfacial heat-

ng, plasmonic thermalization, heat localization, carbon-based black-

ody absorption, evaporators’ structure, electrical power generation, de-

alination, etc., were the main keywords in exploring peer-reviewed ar-

icles and journals. In the next step, the snowball approach is used in

rder to locate the papers that have been compiled from many peer-

eviewed journals in order to enhance the research. The search is car-

ied out by utilizing websites and journals, for example, the Journal

f Cleaner Production, Energy, Renewable Energy, Solar Energy, Re-

ewable, Desalination, and Sustainable Energy Reviews. After that, the

ources are enumerated, and a crystal-clear grasp of the knowledge gaps

s produced. We collected more than five hundred articles on this topic

nd then sent them to the processing unit. During processing, we filtered

ut the necessary articles and assessed selected papers. The procedure of

earching included papers from 1950 all the way up through 2022, with

 primary focus on more recent publications. During the assessment, we

aced some challenges, such as research credibility, online scams, mis-

eading information, etc. Based on these challenges, we established three

ajor criteria to assess the articles: 

• Source reputation: We collected our articles from reliable peer-

reviewed journals. 
• Validity: We cross-studied if the information/data provided in the

article was valid or not. 
• Credibility: We also evaluated the quality and credibility of the re-
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Figure 3. Untrapped and trapped light prop- 

agation. a. light reflection from a flat surface, 

and b. light trapping in the nano/micro-porous 

structure reduces the incident angle depen- 

dency. Schematic reproduced with the permis- 

sion of ref. ( Wang, 2018 b). 
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After the assessment, we did an in-depth study to extract the most

rucial information and data. We collected and scientifically tabulated

ata to present our review manuscript in a concise manner. 

. Solar-Thermal Evaporation Systems 

Solar-thermal evaporation, STE, is a straightforward way to absorb

unlight using photo-thermal materials and convert it to thermal energy.

fterward, this thermal energy is collected by the nearby liquid (typi-

ally water) to generate vapor. In this system, loosely bound 𝜋-electrons

f carbon-based materials and polaritons of plasmonic materials gain

xcitation energy by absorbing photons and rapidly releasing thermal

nergy via relaxation ( Zhu et al., 2018a ). During excitation, 𝜋-electrons

f carbon-based materials gain enough energy to lift to the conduction

and from the valance band ( Richardson et al., 2009 ). On the other

and, in plasmonic materials, the Drude electrons of a metal couple with

he incident photon at a particular resonant frequency or incident angle

nd subsequently create polaritons, which are the collective oscillations

hoton-electron pair ( Yu et al., 2019 ). In both cases, the subsequent

elaxation gives mechanical damping in the form of electron-electron,

lectron-phonon, and Rayleigh scattering ( Zhang et al., 2016b ). These

echanical damping induce phonons and thermalize the surroundings.

eleased thermal energy is then collected by water. The surrounding

ater gains enough energy to make a phase change, and hence, the

apor is generated. In general, when soaked by the photo-thermal ma-

erials, the photons induce an electromagnetic (EM) field that drives the

harged carriers inside the materials and turns into heat while damping

his kinetic energy of carriers ( Liu et al., 2017b ). 

Vapor generation occurs at a lower temperature than the boiling

oint of water; on the other hand, steam generation occurs at or above

he boiling point ( Tao et al., 2018b ). Though conventional photother-

al materials capture photons efficiently, according to the Fresnel equa-

ion, they suffer high reflectance ( > 11%) due to their higher refractive

ndex greater than 2. To minimize this reflective loss, a novel porous

tructure of the device becomes handy since it traps the light in the

ano-porous cavity and eventually absorbs more than 96% of the light

 Cai and Qi, 2015 ). Moreover, the porous structure reduces the incident

ngle dependency, enhancing the light absorptance, which is equally fa-

orable to the solar-thermal conversion ( Figure 3 b) ( Keshavarz Hedayati

nd Elbahri, 2016 ). 

.1. Classification of the Absorber 

The STE can be classified into three categories based on the pho-

othermal device location on liquid. First, solar still , where the pho-

othermal receiver has placed at the bottom of the liquid ( Figure 4 a).

n this system, solar to thermal conversion occurs at the surface of the

eceiver, but evaporation occurs elsewhere in the system ( Kabeel and

l-Agouz, 2011 ). This delocalized heat and vapor generation plus pre-

eating of bulk water before absorption by the device leads to unavoid-

ble heat and temperature drop, causing heat losses to a large extent
4 
nd driving the systems with poor performances (30-40% efficiency)

 Kabeel and El-Agouz, 2011 ). 

Second, volumetric heating , where the optical nanoparticles or

anofluids are homogenously dispersed all over the liquid and demon-

trate moving heat generation through bulk water ( Otanicar et al., 2010 )

ence, can achieve limited conversion efficiency ( Figure 4 b) ( Ni et al.,

015 ). Though it reduces surface heat losses, it still suffers from bulk

ater heating. Moreover, compact dispersion and continuous pumping

f nanoparticles to the interior of the liquid under long-term irradiation

emain challenging ( Yu et al., 2017 ). 

The third is interfacial heating , where the photothermal device is

laced at the interface of liquid and air ( Figure 4 c) ( Gong et al., 2022 ).

his approach ensures thermal confinement at the surface and sup-

resses bulk water heating, improving evaporation efficiency by around

0% under one sun illumination( Ghasemi et al., 2014 ). Also, interfa-

ial heating has additional features, such as no volumetric loss, compact

tructure, and dynamic tunability of vapor flux and temperature, assur-

ng diverse STE technologies in stand-alone, portable, and integrated

ystems ( Ni et al., 2016b ). 

.2. Evaporation Mechanism 

In the previous contexts, it is evident that bottom and volumetric

eating schemes suffer huge heat losses owing to bulk liquid thermal-

zation. On the other hand, interfacial heating with heat localization

as gained tremendous attraction in STE technologies, thanks to the

vaporators’ smart heat management concept. If the light is absorbed

n the sub-molecular arena, the photon-to-phonon conversion is identi-

al for every material, and it possesses almost 100% thermal conversion

fficiency ( Wang, 2018 ). To support this concept, the research on so-

ar to the thermal conversion of MXene and carbon nanotubes (CNTs)

eveals that the efficiency is almost close to 100% ( Li et al., 2017a ).

urther studies of 𝑇 𝑖 3 𝑂 4 and Au nanoparticles also support this finding

 Wang et al., 2017b ). Therefore, from the microscopic point of view,

hoton-particle interaction has no effect in the STE systems. To date,

he hierarchy of STE technologies in volumetric and interfacial heat-

ng reveals that efficient vapor generation revolves around the follow-

ng fundamental components. i. highly efficient absorber materials with

ight-trapping structures. ii. smart evaporator design enables two func-

ionalities simultaneously, pumps the water to the active evaporation

egion, and aid vapor escape quickly. iii. innovative and compact ther-

al insulator design, which can effectively reduce bulk water heating. 

The first critical step in choosing absorber materials is efficient light

bsorption over the broadband spectral range from UV to near-infrared

NIR) ( Cao et al., 2015 ). This broadband spectral range ensures overall

isible spectral absorption, which is mandatory and crucial for high-

fficiency evaporation. Before excitation, the photon-particle interac-

ion determines three fates of light; first, a portion of light can be re-

ected, based on the Fresnel equation, if the absorber’s reflective index

s higher than air. Conventional evaporators have a much higher reflec-

ive index ( > 2) and induce significant reflective losses ( > 11%). Reflec-

ive losses can be reduced by introducing light trapping configuration,
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Figure 4. Schematic drawing of various types of STE- 

based water heating. a. solar still heating, b. volumetric 

heating, and c. interfacial heating. 
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avity, and porosity. In the cavity or porous structure, the photons face

ulti-scattering, lose energy in every scattering, and eventually absorb

he materials. Second, transmittance, a portion of light can be transmit-

ed through the materials if the photon energy is less than the required

nergy to lift the electrons from the valance band to the conduction band

n blackbody materials or couple with electrons and form polaritons in

lasmonic materials. Conventional black carbon and its derivatives are

emiconductor-type materials with almost zero bandgaps, with much

ower light transmittance characteristics. Based on the Drude model,

lectron resides on the conduction band and can be coupled with the

ight efficiently to form polaritons in the plasmonic materials. Only

ome novel metals with negative permittivities, like gold, silver, and

luminum, show this optical phenomenon. Third, absorptance, if a pho-

on’s energy is equal to or greater than the energy required to transit

lectrons from the valance band to the conduction band, light absorp-

ion occurs in blackbody materials, and coupling with electrons in plas-

onic materials at the resonant frequency ( Xiong et al., 2015 ). For an

fficient evaporator, it is critical to choose materials with very low re-

ectance and transmittance and almost perfect absorptance ( > 96%). An-

ther way is to minimize reflectance and transmittance losses using an

deal absorber coating, enhancing the absorption over a broad spectral

ange. 

After the relaxation, the excited particles lose the damping energy

n the form of mid- or far-infrared radiation. This infrared radiation has

 long wavelength and is blackbody type, which induces unnecessary

hermal losses to the surroundings. Based on these discussions, though

t can never be reached, an ideal absorber should have two contrasting

haracteristics: overall visible light absorption and near-zero infrared

mittance. Suppressed thermal radiation losses can be achieved by em-

loying spectrally selective coating. Which simultaneously has very high

isible light absorptance and low infrared emittance. Applying spec-

rally selective coating assigns three main microscopic mechanisms: i.

ultilayer impedance matching based antireflection ( García-Vidal et al.,

997 ), ii. involving high-density optical modes ( Chou et al., 2014 ), and

ii. nanostructures light coupling ( Xi et al., 2007 ). The spectrally selec-

ive coating can mainly fabricate by the multilayer and metal-dielectric

oating process on the metallic substrates ( Ueno et al., 2018 ). Another

ay to induce selective coating is to coat blackbody materials and in-

roduce surface texturing. A blackbody is a single material that can ab-

orb a more comprehensive spectral range and is associated with a low-

ost fabrication process ( Zhang et al., 2017a ). Surface texturing involves

 modified porous structure, enhancing light trapping in the absorber

 Peng and Qin, 2011 ). 
5 
The evaporator is placed homogeneously over the liquid in volu-

etric heating, forming active regions around the nanoparticles. In that

ase, pumping water to the active region coincides; hence, no unique

esign is required. But in interfacial heating, smart evaporator design

ith adequate liquid pumping from bulk water to the active region

nd proper vapor escaping are other crucial steps for efficient evap-

ration ( Tao et al., 2018b ). The wettability of the liquid transport-

ng layers enables continuous pumping to the active zone. Conven-

ional carbon and plasmonic materials are naturally hydrophobic, which

eans a meager water-wicking capability ( Ito et al., 2015a ). Adding

igands like -OH, − 𝑁 𝐻 2 , -CO, -O- etc., commonly named functional-

zation, converts hydrophobic materials to hydrophilic ( Ghasemi et al.,

014 ). Hydrophilic characteristics involve better water-wicking capa-

ilities through the materials due to capillarity. This characteristic re-

olves around two main properties of materials ( Ni et al., 2016a ): i.

icroporous structure and ii. an adhesive force with a contact an-

le less than 90 degrees. Micro-porosity and the adhesive force be-

ween liquid and porous surface boost water wicking from the bottom

o the top of the evaporator device. In this case, the smaller the di-

meter of pores indicates more significant the wicking. On the other

and, the more excellent the adhesiveness, the greater the wicking

hrough the pores. Pores should be densely packed since it reduces ther-

al conductivity, restricting heat diffusion to the bulk liquid and the

urroundings. 

An ideal absorber should have two separate layers of proper wa-

er pumping and vapor escape. i. bottom layer is hydrophilic, porous,

nd has enough depth to block the heat transport to bulk water. ii. the

op layer is hydrophobic, porous, and has less depth than the bottom

ayer. The top layer functionalities are water wicking above the local-

zed heating zone to aid vapor escape as fast as possible. This layer

s dry and hot enough to gain kinetic energy. The localized hot zone,

here the solar-thermal conversion occurs, needs to be formed between

hese two layers for better performance. A hydrophobic layer is formed

y reducing the ligand density on the top surface of anodic aluminum

xide (AAO)-supported Au NP films, and a separate wettability is in-

estigated ( Yu et al., 2015 ). It is observed that the thoroughly wet-

ed bottom layer can pump water efficiently, and the top layer can

aporize water stably at higher rates. In contrast, the hot zone can-

ot be wet if the bottom layer is hydrophobic and less evaporation

ccurs. Meanwhile, many bubbles form around the bottom layer and

estrict further water and heat transfer. Under intense irradiation ( > 1

un), the formed bubbles multiply and eventually rupture the Au NP

lms. 
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Figure 5. Associated losses and energy conser- 

vation schematic in standard solar-driven evap- 

oration system. 
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.3. Associated Losses and Overall Performances 

Continuous irradiation and solar-thermal conversion involve heat

roduction and emission in various directions ( Tiwari et al., 2003 ). The

ssociated heat emission forms directional heat losses in the system and

an be classified into five categories ( Figure 5 ) ( Wang, 2018 ): i. Top re-

ection heat loss (Prf), which is pre-solar-thermal conversion heat loss

ainly causes due to the reflection of the sunlight from the surface. This

an be minimized by employing selective antireflection coating at the

op of the surface. ii. Top radiative loss (Prd), which associates heat

oss after the conversion and radiates to the air in the form of mid- or

ar-infrared radiation. This radiative loss can be reduced by using se-

ective photo coating, which permeates visible light but prevents long-

avelength infrared radiation. iii. Top heat convection (Pcv, t) is air

articles-carried heat loss in the upper medium. Proper vapor manage-

ent at the top of the evaporator surface can minimize this type of loss

y utilizing heat-sucking action by the vapor. iv. Bottom convection

eat loss (Pcv, b), which is bulk water carried heat loss at the interior

f the water and is the most effective form of heat loss. v. Bulk water

onduction loss (Pcd, b), water’s shallow heat conduction properties

ssociate a small portion of heat loss in the water. Pcv, b and Pcd, b

ssociate bulk water heating (Pwater) and significantly reduce overall

olar-thermal conversion performance. 

Solar-thermal conversion suffers greatly from 𝑃 𝑤𝑎𝑡𝑒𝑟 and it is cru-

ial to minimize this for the sake of better performance. In that case, a

roper thermal insulator between the evaporator and bulk water must

e inserted to perform two functionalities simultaneously, reduce P water

ignificantly and wick the water to the “hot zone ” properly. A ther-

al insulation layer made of porous carbon foam contained air bub-

les in the pores, significantly reducing P water since air has very low

hermal conduction and excellent insulation properties. However, these

ensely closed pores contain capillary tubes needed to deliver water to

he hot zone ( Ghasemi et al., 2014 ). In another study, a thermal insulator

polystyrene foam) was placed between the liquid and the evaporator

o suppress the downward heat loss ( Li et al., 2016b ). The polystyrene

oam has no open pores, so no water is pumping through it. This insula-

or was wrapped up with hydrophilic cellulose to pump the water to the

ot zone. Water was wicked up through this cellulose wrapping due to
6 
ts capillarity. In another recent study, the thermal insulator had drilled

ome holes to pump the upward water ( Ni et al., 2016a ). In this design,

he surface contact between water and the hot zone was minimized sig-

ificantly reducing downward heat losses. 

The overall performance of the solar-thermal conversion system, η𝑙− 𝑣 
an be estimated in a steady-state condition. Initially, the conversion

tarts with increasing the performance of steeping. Eventually, it un-

ergoes a steady-state condition, the maximized evaporation state of

he equilibrium evaporation, commonly called equilibrium evaporation.

hermodynamically, in equilibrium evaporation, the evaporator first

ains the thermal energy from the sunlight and then facilitates the va-

or generation based on the ambient saturation point. The higher water

emperature leads to a higher saturation pressure, which acquires more

apor in the ambient air, thus promoting evaporation. Better evaporator

esign drives evaporation faster, and poorly designed evaporator moves

lowly to equilibrium. When the system is in an equilibrium state, the

ssociated losses are the minimum, and hence, the STE efficiency η𝑙− 𝑣 
an be evaluated by the following equation 1 ( Pang et al., 2020 ), 

l−v = 

P ev 
C opt . q 

= 

ṁ h Lv 
C opt . q 

= 

Q t 
C opt . q 

ṁ h Lv 
Q t 

= ηl−t ηt−v (1)

here, 𝑚̇ = ( 𝑚 𝑙𝑖𝑔ℎ𝑡 − 𝑚 𝑑𝑎𝑟𝑘 )∕ 𝐴 is the phase-changed-liquid mass per unit

rea (A) of absorber under solar irradiation. ℎ 𝐿𝑣 is the total evapora-

ion enthalpy. ℎ 𝐿𝑣 constitute two parts: i. phase-change enthalpy, ∆h

2.57 MJ k g −1 at 1 atm of water). ii. temperature gradient enthalpy,

 ∆T, where C (4.18 KJ k g −1 K 

−1 ) is the water-specific heat, and ∆T is

he temperature change to vaporizing point from room condition. 𝐶 𝑜𝑝𝑡 

s the total optical density, and q is the one sun illumination intensity

1kW 𝑚 

−2 ). 𝑄 𝑡 is the gained thermal energy by the absorber, and η𝑙− 𝑡 and

𝑡 − 𝑣 are the light-to-thermal and thermal-to-vapor conversion efficien-

ies, respectively. 𝑃 𝑒𝑣 can be estimated by 

 ev = C opt . q − P losses (2)

here, P losses = P rf + P rd + P cv , t + P water . P rd is the radiative type loss

nd can be calculated by P rad = Ɛ𝜎( T 4 2 − T 4 1 ), on the other hand,

 water is conduction type loss and can be calculated by P con = h( T 2 − T 1 ).
here Ɛ= emissivity of the absorber, 𝜎= Stephan-Boltzmann constant,

 = coefficient of heat transfer, T = temperature of absorber and T =
2 1 
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Figure 6. One illustration of the carbon-based photothermal absorber and STE conversion. a. Janus type GO hydrogel evaporator and formation process of PRGO@GO 

hydrogel during evaporation. b. self-floating GO hydrogel. c. vapor generation using PRGO@GO hydrogel. d. mass change reading under various solar illumination. 

e. various STE efficiencies of PRGO@GO hydrogel-based STE system under various solar illumination. Images reproduced with the permission of ref. ( Chen et al., 

2022 ). 
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emperature of the surroundings. P rf and P cv , t are the reflective loss in

ir and convective loss in water, respectively. From equations 1 and 2 , 

l−v = 1 − 

P losses 
C opt . q 

(3)

Based on equation 3 , it is crystal clear that the overall performance

nly depends on associated losses 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠 . So, minimizing 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠 is the

eading critical engineering to enhance overall performance. 

. Chemistry and Performances of STE Absorbers 

The most critical part of the STE system for solar thermal evapora-

ion is the evaporator. This evaporator absorbs the photon and converts

t to heat. This evaporator must be highly light absorptive and low ther-

ally conductive for efficient STE performances. Natural carbon and

ts derivatives, semiconductor materials, plasmonic materials, polymers,

omposite materials, etc., facilitate these features and are primarily used

n the STE system ( Figure 7 ). 

.1. Carbon and Its Derivatives 

Carbon is naturally black and possesses blackbody absorption and

mission while irradiated by solar energy. Some carbon derivatives ex-

ibit 𝑠 𝑝 3 hybridization and form strong 𝜎- 𝜎 bonds like C-C, C-H, and C-O,

n which optical excitation over the energy gap is tiresome and needs

normous photonic energy. But, most of the carbon derivatives like car-

on nanotube (CNTs) ( Wang et al., 2016 ), graphene ( Ito et al., 2015b ),

raphene oxide (GO) ( Liu et al., 2017d ), reduced graphene oxide (rGO)

 Wang et al., 2018b ), carbon black ( Liu et al., 2015 ), carbon fabric

nd beads ( Higgins et al., 2018 ), carbon air-laid foams ( Chen et al.,

018 ), sponges ( Zhu et al., 2018b ) and carbonized other materials

 Jia et al., 2017 ) consist 𝑠 𝑝 2 𝑎𝑛𝑑 𝑠𝑝 hybridization and form weak 𝜋- 𝜋

onds, in which it is comparatively easy to optically excite the elec-

rons to higher energy state from lower energy state. While relaxation,

lectrons undergo photon-phonon scattering and transfer mechanical

ibration to the associated molecules ( Vélez-Cordero and Hernández-

ordero, 2015 ). This phononic vibration of lattice generates infrared

missions and hence thermalizes quickly to the surroundings. 
7 
Carbon derivatives like graphene, carbon nanotubes (CNTs), char-

oal, carbon black, etc., possess a broad spectrum of light absorption,

igh stability and durability, lightweight, and low fabrication cost. Un-

ike metallic absorbers, it is not degradable under intense solar irradi-

tion and contains no toxicity. Hence they can be employed in water

esalination and purification to a greater extent ( Gao et al., 2019 ). 

.1.1. Pure and Reduced Graphene 

To date, graphene-based absorbers have been extensively explored

nd utilized in the STE system due to their near-perfect light absorption,

ide surface area, low molecular specific heat, high Debeye temper-

ture, and chemically doping-based conductivity tunability ( Ito et al.,

015a ). Graphene can be employed as either nanofluid in the volumet-

ic or floating evaporator in interfacial systems. It is also reported that

raphene can act as a thermal insulator after proper functionalization.

tilizing in the volumetric system as a nanofluid, graphene must require

ydrophilic properties. After oxidizing in the chemical vapor deposition

CVD) system, graphene gains enough hydrophilic property to smash

nd disperse in the liquid to act as a volumetric absorber. Rahman et

l. reported that dispersed hydrophilic graphene shows 69% efficiency

nder ten sun irradiations ( Rahman et al., 2017 ). 3D porous N-doped

raphene was prepared by Ito et al. via CVD at different temperatures

ith micro-porosity and found 80% photothermal performance. The va-

or generation rate was 1.50 kg 𝑚 

−1 ℎ −1 for nitrogen-doped graphene,

hich was annealed at a temperature of 950° C with an average pore

ize of 1-2 𝜇m under one sun illumination ( Ito et al., 2017 ). The study

lso suggests that micrometer pore size shows better water-wicking ca-

ability than nano-sized pores. This phenomenon may occur with the

luggish water delivery in the nanoporous structures due to the vis-

osity suppression in the narrow pipe route. Some specially engineered

raphene structure takes advantage of bandwidth tunability, for exam-

le, 3D structured graphene metamaterial (SGM) ( Lin et al., 2020 ). SGM

ses metallic trench-like features for wavelength selectivity and ultra-

hin graphene metamaterial layer for broadband dispersionless and good

hermal conductivity. SGM absorbers provide great solar selective and

mnidirectional absorption, wavelength tunability, good photothermal

erformance, and high thermal stability. 
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Figure 7. Representative presentation of some notable 

photothermal absorbers for efficient solar-thermal 

evaporation. 
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The graphene-based absorbers must have hydrophilic and low-

ensity properties in the self-floating system. Fu et al. fabricated

raphene aerogel (GA) using GO, enabling self-floating characteristics

nd rapidly pumping water to the hot zone. This configuration found

onversion efficiencies of 53.6 ± 2.5% and 82.7 ± 2.5% at one and ten sun

rradiations, respectively ( Fu et al., 2017 ). 

An innovative device was proposed by Chen et al., which can sup-

ort essential characteristics of the STE system like high light absorp-

ion, porous, hydrophilic, better wicking capability, etc. A Janus-type

raphene oxide (GO) hydrogel evaporator was manufactured to sup-

ort their proposal and performed an STE experiment ( Chen et al.,

022 ). At first, they synthesized integrated reduced GO hydrogels

y chemically crosslinking process. The Janus type partially reduced

raphene oxide PRGO nanosheet is automatically evolved on the top

f the GO hydrogel during solar thermal evaporation ( Figure 6 a). This

anus type PRGO@GO hydrogel has high light absorptance (92.7%)

nd is naturally porous and highly hydrophilic, making this device

 prominent candidate for the STE system. Furthermore, its floating

nd free-standing structure reduces losses to the surrounding. During

he solar thermal experiment, this device shows a very high evap-

ration rate of 3.24 𝑘𝑔 𝑚 

−2 ℎ −1 with 99.98% conversion efficiency

 Figure 6 b,c,d&e). 

Graphene can also be employed as a thermal insulator under the ab-

orber and efficiently prevent downward thermal losses. In that case,

he graphene needs to be hydrophilic, lightweight, and have enough

icropores to deliver water to the active zone. Bian et al. manufac-

ured the functionalized-graphene and observed improved photother-

al efficiency of 38% to 48% under one sun illumination. Due to

he capillarity, the functionalized-graphene is naturally hydrophilic

nd can enhance the continuous water pumping to the active zone

 Bian et al., 2018 ). Some other notable graphene-based STE evapo-

ators include, but not limited to, the graphene oxide layer on the

orous wood ( Liu et al., 2017d ), vertically aligned-graphene sheets

embrane (VA-GSM) ( Zhang et al., 2017b ), graphene oxide foam
8 
 Li et al., 2021 ), polyvinylidene fluoride/graphene ( Huang et al., 2021 ),

GO aerogel ( Jian et al., 2021 ), graphene tube ( Yin et al., 2021 ),

tc. 

.1.2. Carbon Nanotube (CNTs) and Their Derivatives 

Carbon nanotube (CNTs) is another potential candidate in carbon-

ased photothermal systems. Like graphene, CNTs are also employed in

hotothermal systems through nanofluids or suspension forms. Though

otential candidates but its hydrophobic nature prevents direct imple-

entation. One way to use CNTs in photothermal systems is to be treated

ith a base media ( Hordy et al., 2014 ) or need to be plasma-based

unctionalization ( Hordy et al., 2013 ). In a recent report, Chen et al.

abricated a CNT-modified flexible wood membrane to enhance STE ef-

ciency, reduce fabrication costs, and broaden scale-up ( Chen et al.,

017a ). Since the wood membrane has excellent light absorption prop-

rties and low thermal conductivity, it showed improved efficiency of

1% under ten sun irradiations. 

.1.3. Other Carbon Materials 

The resources of carbon-based materials are abundant in nature, and

ollowing their excellent photothermal properties, carbon-based mate-

ials are omnipresent and have gained tremendous attraction to the sci-

ntific communities ( Rahman et al., 2017 ). Therefore, carbon materi-

ls are widely used in low-cost photothermal applications ( Xue et al.,

017b ). The primary conventional way to prepare carbon-based mate-

ials is to carbonize natural resources such as wood, bio-foams, beads,

ushrooms, etc. 

In a recent study, Xue et al. flame-treated a natural wood as a scal-

ble, low-cost, and robust raw material for STE applications. The flame-

reated wood absorber possesses near-perfect solar absorptance (99%),

ow thermal conductivity (0.33 W m 

−1 K 

−1 ) and enhanced hydrophilicity

 Xue et al., 2017b ). They also reported that this specially treated wood

tructure could localize the heat at the absorber surface and show 72%

TE efficiency under one sun illumination. Xu et al. utilized mushrooms
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Figure 8. Illustration of plasmonic propaga- 

tion, absorption, and extinction at a differ- 

ent wavelength, and size and shape depen- 

dency of plasmonic resonances. a. schematic 

of localized surface plasmons (LSPRs) model. 

b. schematic of surface plasmon polaritons 

(SPPs). Images reproduced with the permis- 

sion of ref. ( Rycenga et al., 2011 ). c. size 

and shape effect of 19 nm, 25 nm, and 53 

nm gold nanoparticles. d. theoretical calcula- 

tions of the extinction coefficient of metallic 

core-shell structures of silica/gold with var- 

ious nano-sized particles. e. measurement of 

core radius/shell thickness ratio with reso- 

nance wavelength of core-shell structures. Im- 

ages reproduced with the permission of ref. 

( Oldenburg et al., 1998 ). 
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STE conversion efficiencies. 
s an efficient absorber after proper carbonization. Mushrooms have a

nique structure, like, an umbrella-shaped black pileus, a porous stem,

nd a fibrous stipe with a small cross-section, enabling a better STE

onversion ( Xu et al., 2017b ). Pre-and post- carbonizations of mush-

ooms show 62% and 78% STE efficiencies under one sun illumination,

espectively. They also found that the distinctive features of the mush-

oom structure enable high light absorption, proper water pumping, and

apor escape and reduce bulk heat losses efficiently. 

.2. Plasmonic Materials 

Surface plasmons are the collective oscillations of electromag-

etic (EM) waves and Drude electrons at the metal-dielectric interface

 Homola, 2003 ). The plasma approach of Maxwell’s equations leads to

he concept that the freely moving electrons at the metal’s surface can

ouple with incident photons and originate non-radiative oscillations.

hese resonant phenomena are coherent and occur when the frequen-

ies of photons and electrons perfectly match ( Seh et al., 2012 ). Proper

nalysis of surface plasmon resonance reveals that only transversely

agnetic (TM) polarized light can excite the electrons of metal, which

as a higher refractive index than surroundings (normally dielectric)

 Tang et al., 2010 ). The propagation constant of surface plasmon reso-

ance βSP can be expressed as( Maier et al., 2003 ), 

SP = 

2π
λ

√ ε d ε m 
ε d + ε m 

(4)

here, 𝜀 𝑑 is the real part of dielectric permittivity, 𝜀 𝑚 is the real part

f the metal’s permittivity, and 𝜆 is the coupled wave’s wavelength.

ince the oscillation is non-radiative, the metal-dielectric waveguide

upports only guided modes. Equation 4 suggests that the 𝛽𝑆𝑃 must

eed to be imaginary for guided mode propagation. As the permittiv-

ty of dielectric is normally positive, the permittivity of metal must be

egative. Only some novel metals, such as gold (Au), silver (Ag), and

luminum (Al), possess a negative real part of permittivity in the visible

nd near-infrared light spectrum. The imaginary 𝛽𝑆𝑃 exhibits attenu-

tion, b = 0.2 ∗ Im ( 𝛽𝑆𝑃 ) / ln (10) in terms of electron-electron scattering

nd eventually dissipate as heat. Two categories of the plasmonic phe-

omenon are cataloged so far ( Xia and Halas, 2011 ); i. planar surface

lasmon polaritons (SPPs), where the collective oscillations can travel

cross the xy plane of metal-dielectric interface for 10-100 𝜇𝑚 with a

enetration depth of about 100-600 nm in the wavelength region from

00-1000 nm. ii. localized surface plasmons (LSPs), in which metal

anoparticles (10-100 nm) are fixed and surrounded by free-electron

louds ( Figure 8 a&b). 

In both models, three phenomena, near-field enhancement, hot elec-

rons generation, and photothermal effect, occur sequentially. In the

hotothermal scheme, the plasmonic effect first generates “hot elec-

rons ” in terms of collective oscillation and eventually undergoes re-

axation after releasing “phonons ” ( Webb and Bardhan, 2014 ). Hence
9 
hese phonons thermalize the surroundings like dielectric and metal

 Brongersma et al., 2015 ). In this process, the heat transfer can occur

ithin 100 picoseconds, and temperature ramps up to several thousand

elvins around the nanoparticles ( El-Sayed, 2001 ). 

The plasmon-induced photothermal effect depends on various fac-

ors, such as dielectric properties of metal and surroundings, size, shape,

nd 3D arrangement of the nanoparticles ( Liz-Marzán, 2006 ). If the sys-

em is surrounded by air, the different composition of metals exhibits

istinct absorption peaks. In the case of nanoparticles structure, it is in-

estigated that other structures could lead to different maximum absorp-

ion wavelengths, 𝜆𝑚𝑎𝑥 . Oldenburg et al. designed a core-shell structure

ith 𝑆𝑖 𝑂 2 as a core and Au as a shell. They intentionally varied the core

nd shell thickness to manipulate the 𝜆𝑚𝑎𝑥 . They found that variable

hickness of core and shell can cover the whole visible to NIR spectra

bsorption ( Oldenburg et al., 1998 ). So, it is evident that manipulating

he surroundings and the size, shapes, and structure of nanoparticles al-

ows the absorption wavelength to be tuned over visible to NIR spectra

 Figure 8 c, d&e). 

As an illustration of a plasmonic-based STE system, metal-silicon (Si)

ybrid nanowire (NWs) could be a great example of broad absorption

ange, low thermal losses, and enhanced conversion efficiency. To study

he plasmonic-based STE system, Soo Joo et al. fabricated plasmonic-Si

Ws bundles on a silicon wafer ( Figure 9 a) ( Soo Joo et al., 2022 ). Silicon

s naturally an excellent light absorber but cannot absorb higher wave-

ength photons due to its bandgap limitation. They deposited a metal

Au, Ni, Ti) layer around the Si nanowires ( Figure 9 b). These metal lay-

rs exhibit plasmonic characteristics like localized surface plasmon res-

nance for higher wavelength photons. So, metal-coated Si NWs can

bsorb a broad spectral range (300-2000 nm) with 91% absorptance. A

icroporous cellulose fiber (MCF) is used based on the absorber. This

CF ensures a better water-wicking capability to the absorber and sup-

resses bulk water heating. The low thermal conductivity of Si also

nables heat localization at the absorber surface, reducing heat loss

o the surroundings. After the fabrication and characterization of the

lasmonic-Si NWs, they performed the STE experiment under one to

en sun illumination ( Figure 9 c&d). They found the overall evaporation

ate is 1.12 𝑘𝑔 𝑚 

−2 ℎ −1 with 72.8% conversion efficiency under one sun

rradiation. 

Some other notable plasmonic materials such as 3D mesoporous

ood with Au, Ag, and Pd nanoparticles ( Zhu et al., 2018e ), Al nanopar-

icles ( Zhou et al., 2016b ), germanium (Ge) nanocrystals ( Sun et al.,

017 ), Ag-Au blended composites ( Chen et al., 2016 ), Ag/Au bimetallic

ollow mesoporous nanoshells ( Zielinski et al., 2016 ), Au nanoparti-

les of AAO templates ( Zhou et al., 2016a ), Au metasurface ( Liu et al.,

017a ), metal nitrides (TiN, ZrN, HfN) ( Margeson and Dasog, 2020 ),

g/CuO-rGO nanocomposites ( Kospa et al., 2021 ), Au dimer nanofluids

 Chen et al., 2020 ) etc. have shown better heat localization and potential
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Figure 9. Illustrations of the plasmonic-based absorber and its use in the photothermal evaporation system. a. schematic of metal-Si NWs based solar thermal 

evaporation system with an actual photograph of the absorber and experimental device. b. metal-Si NWS bundle fabrication procedure. c. evaporation results over 

time for three types of the evaporator. d. evaporation results from various solar exposure. Images reproduced with the permission of ref. ( Soo Joo et al., 2022 ) 
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.3. Other Materials 

Along with carbon and plasmonic-based materials, other materials

ike metal oxides, inorganic nanomaterials, and polymers show effec-

ive photothermal conversion due to their semiconductor-type behaviors

 Table 1 ). In a semiconductor, the electrons on the valance band can ab-

orb light and elevate to the conduction band if and only if the photon

nergy 𝐸 𝑝ℎ is equal or greater than the bandgap energy 𝐸 𝑔 of the ma-

erials. During relaxation, the electrons step down to the band edges of

he conduction band from the elevation stage after releasing phonons.

ence, these phonons generate heat for the surroundings, and if the

ater is placed in the surrounding, it will heat up and produce vapor.

he elevation of electrons to the conduction band also creates electron-

ole pairs in narrow bandgap materials and eventually recombines after

he excitation, generating heat in terms of IR radiation ( Umlauff et al.,

998 ). 

To date, some other notable photothermal materials include,

ut not limited to, black titania ( Zhu et al., 2016 ), spin-coated

lack Ti O x onto stainless steel mesh ( Ye et al., 2017 ), magnetic

anofluids of F e 3 O 4 ( Shan et al., 2021 ), MnF e 2 O 4 , ZnF e 2 O 4 , and

uF e 2 O 4 ( Chen et al., 2017c ), CuC r 2 O 4 / Si O 2 ( Shi et al., 2018b ), PbS

anoparticles ( Jiang et al., 2013 ), C u 3 Bi S 3 nanoflower on. 

MXene ( T i 3 C 2 ) ( Wang et al., 2021 ), titanium nitride (TiN) ( Ishii et al.,

016 ), hierarchical graphadiyne ( Gao et al., 2017 ), C u 7 S 4 ( Zhang et al.,

016a ), electrospun cadmium selenide nanoparticles-loaded cellu-

ose acetate ( Angel et al., 2020 ), nickel-embedded porous alumina

 Wang et al., 2020 ), janus polypyrrole nanobelt ( Zhao et al., 2021 ),

nd copper phosphate/PDMS ( Hua et al., 2017 ). These materials also

howed some significant photothermal performances in the lab exper-

ments. Some specific polymers and their derivatives also exhibit pho-

othermal performances. Polymers have better flexibility and moldabil-

ty in water compared with inorganic materials. As-deposited polypyr-

ole (PPy) onto a porous steel mesh showed local heat enhancement

nd efficient photothermal conversion ( Huang et al., 2017 ). In addi-

ion, polypyrrole-coated natural latex (PPy-NL) foam offers microporous

ettability, high mechanical strength, and very high STE conversion ef-
 h

10 
ciency of around 95% ( Xu et al., 2020 ). Bacterial nano-cellulose (BNC)

omprised of polydopamine (PDA), which is bio-degradable and envi-

onmentally friendly, showed better photothermal efficiency to about

8% under one sun illumination ( Jiang et al., 2017 , Wu et al., 2017b ). 

The previous discussion shows that carbon and its derivatives have

igh photothermal performance potential among various absorber ma-

erial types. This phenomenon happens due to their abundance, ultra-

igh light absorptance, cheap, low cost, easy fabrication, relative sta-

ility in water, and non-toxic. Though some other materials, such as

lasmonic and polymer-based absorbers, exhibit reliable performances,

ome negative issues hinder large-scale applications. Plasmonic-based

aterials such as gold, silver, and aluminum are expensive; complex

tructures and fabrications are needed to cover the whole light spectrum

nd support a lot of parasitic losses in volumetric systems. On the other

and, semiconductor and polymer-based absorbers face some real chal-

enges like relatively low absorptance, complex fabrication processes,

nd degradation nature in water for long-term usage. 

. STE System Device Architecture 

Another crucial part of solar thermal evaporation is smart and inno-

ative device architecture, along with absorber materials choice. A spe-

ially engineered device structure ensures better water and vapor trans-

ort, suppressed thermal losses, and light trapping capabilities. These

eatures are critical in terms of efficient STE performances. So far, vari-

us pathway structures like 0D, 1D, 2D, 3D, and some bio-inspired de-

igns have been investigated for solar thermal conversion. 

.1. 0D, 1D, 2D, and 3D Pathway Structure 

For uninterrupted water transportation to the “hot zone ” and effi-

ient vapor generation, smart pathway design is the crucial factor facil-

tating reduced heat losses. So far, 0D, 1D, 2D, and 3D device structures

ave been utilized for smart water transportation. 



M.M. Hasan, B. Agili, I. Zaman et al. Cleaner Energy Systems 3 (2022) 100037 

Table 1 

Some notable evaporator materials, device design concepts, and efficiencies. 

Materials Efficiency (%) Solar intensity Design of the device a Reference 

Carbon sponge 90 1 Opten./Inwp. ( Zhu et al., 2018c ) 

Black cellulose fabric 57 ± 2.5 1 Ecw. ( Ni et al., 2018 ) 

Vertically aligned graphene sheets 86.5/94.2 1/4 Alst. /Ecw. ( Zhang et al., 2017b ) 

Graphene foam 91.4 1-5 Opten. ( Ren et al., 2017 ) 

3D printed graphene oxide (GO) 85.6 1 Ecw. ( Li et al., 2017d ) 

rGO-MWCNT membrane 80 1 Opten. ( Wang et al., 2018b ) 

Carbon black-coated paper 88 1 Ecw. ( Liu et al., 2017e ) 

Carbon black/GO 87.5 1 Ecw. ( Li et al., 2017c ) 

rGO/filter paper 89.2 1 Ecw. ( Guo et al., 2017 ) 

GO film/cotton rod 85 1 Ecw. ( Shi et al., 2018a ) 

Porous rGO layer 83 1 Ecw. ( Shi et al., 2017 ) 

GO film/cellulose paper 80 1 Ecw. ( Li et al., 2016a ) 

Defect abundant graphene sheets 91 1 Ecw. ( Zhang et al., 2018b ) 

rGO/polyurethane foam 81 10 Opten. ( Wang et al., 2017a ) 

Vertically graphene pillar array 95 1 Alst. ( Zhang et al., 2018a ) 

3D graphene networks/wood 91.8 1 Opten./Inwp. ( Kim et al., 2018 ) 

3D honeycomb graphene foam 87 1 Opten. ( Yang et al., 2018 ) 

Hierarchical graphdiyne based architecture 91 1 Opten. ( Gao et al., 2017 ) 

Carbon black in PVA 53.8 0.7 Pmd/Opten. ( Dongare et al., 2017 ) 

Black carbonized wood 91.3 1 Opten./Alst./Ecw. ( Liu et al., 2018b ) 

Graphite/wood 80/89 1/10 Alst. ( Li et al., 2018b ) 

CNT modified flexible wood 81 10 Alst. ( Chen et al., 2017b ) 

Surface carbonized longitudinal wood 89 10 Alst. ( He et al., 2019 ) 

Carbonized wood 86.7 10 Opten./Alst. ( Jia et al., 2017 ) 

Flame treated wood 72/81 1/3 Alst. ( Xue et al., 2017a ) 

Carbonized mushrooms 78 1 Opten./Ecw. ( Xu et al., 2017a ) 

Plasmonic wood 85 10 Opten./Alst. ( Tao et al., 2018a ) 

Au nanoflowers/silica gel 85 1 Inwp. ( Gao et al., 2018 ) 

Au/ A l 2 O 3 template 90 4 Opten./Alst. ( Zhou et al., 2016a ) 

Au NPs/filter paper 89 10 Ecw. ( Liu et al., 2017f ) 

Ink-stained paper 85.8 1 Ecw. ( Tao et al., 2018a ) 

Ag/diatomite/airlaid paper 92.2 1 Opten./Ecw. ( Fang et al., 2017 ) 

Al NPs/AAM 88.4/91 4/6 Opten./Alst. ( Zhou et al., 2016b ) 

Carbon NPs coated PVDF membrane 74.6 1.3 Pmd ( Wu et al., 2017a ) 

Dye modified PTFE membranes 60 1 Pmd ( Fujiwara and Kikuchi, 2017 ) 

Cone shaped PPy 93.8 1 Opten. ( Wang et al., 2018a ) 

Ti O 2 -PDA/PPy/cotton 98 1 Ecw. ( Hao et al., 2018 ) 

TiAlON nanocomposite/NiO disk 73/90 1/4 Ecw. ( Liu et al., 2017c ) 

a Ecw.: External confined water path, Opten.: Optically enhanced, Inwp.: Internal water path, Alst.: Aligned structure, Pmd: 

Photothermal membrane distillation 
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.1.1. 0D or Nanosphere Structure 

For 0D device structure, colloidal or nanosphere-based photothermal

s dispersed in the water. Where the optical nanoparticles or nanofluids

re homogenously dispersed all over the liquid and demonstrate mov-

ng heat generation through bulk water ( Otanicar et al., 2010 ), hence,

hey can achieve limited conversion efficiency ( Figure 10 a) ( Ni et al.,

015 ). Though it reduces surface heat losses, it still suffers from bulk

ater heating. Moreover, compact dispersion and continuous pumping

f nanoparticles to the interior of the liquid under long-term irradiation

emain challenging ( Yu et al., 2017 ). 

.1.2. 1D or Linear Structure 

A 1D pathway device was designed and fabricated by Li et al. to keep

inimal heat loss in bulk water . They designed an umbrella-shaped ab-

orber suspended in the air with a 1D pathway stand ( Figure 10 b&c).

his 1D pathway serves water transportation along with minimal con-

uction, convection, and radiation losses. The umbrella-shaped absorber

educes the angular dependency of the light absorption and successfully

ives STE efficiency of 85% ( Li et al., 2017b ). To get improved efficiency

n 1D design, Li et al . 3D printed 1D graphene oxide (GO) pillars sus-

ended on a polystyrene insulator. This jellyfish-like evaporator demon-

trates 87.5% efficiency under one sun illumination ( Li et al., 2017c ). 

.1.3. 2D or Planar Structure 

In another study, Li et al . engineered a 2D pathway to confine the

ater transport simultaneously and suppress bulk heat loss ( Figure 10 h-

) ( Li et al., 2016a ). They wrapped 2D cellulose paper on a PS-based
11 
hermal insulator foam (thermal conductivity ∼ 0 . 04 𝑊 𝑚 

−1 𝐾 

−1 ) to en-

ble non-stop water supply to the top GO absorber layer. The GO film is

laced above the PS thermal insulator without direct contact with bulk

ater, significantly suppressing parasitic heat losses. This specially en-

ineered 2D water supply exhibits 80% STE conversion efficiency under

ne sun illumination. 

.1.4. 3D or Bulk Structure 

Most STE devices are interfacial 3D types, where a 3D structured

evice is floated or suspended in water. The 3D device must be spe-

ially configured and engineered to ensure a non-stop water supply

nd minimal heat loss. Maximum wettability and wicking capability,

acro-or micro-porous enable, and minimal thermal conductivity are

ital factors considered during 3D device design. Liu et al. have fabri-

ated an artificial tree-like 3D device by carbonizing natural tree wood.

his carbonized 3D device has enough porous structure with intercon-

ected micro-/nanochannels to transport proper water to the hot zone

 Figure 10 d-g). The adequate water transportation, thermal manage-

ent, and high light absorption in this tree-like 3D device give 89%

TE efficiency under ten sun illumination ( Liu et al., 2018a ). 

.2. Bio-Inspired Device Structure 

The biological body, predominantly plants, has a multi-channeled

ylem-phloem tissue bundle that supports the transportation of water,

ood, and nutrients from roots to leaves. This complex tissue bundle

ossesses excellent hydrophilicity and minimal thermal conductivity,
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Figure 10. 0D, 1D, 2D, and 3D pathway de- 

vice structure. a. 0D structure with uniformly 

dispersed nanoparticles in bulk water. b-c. 

schematics of conventional and 1D pathway de- 

vices. Images reproduced with the permission 

of ref. ( Li et al., 2017b ). d-g. 3D interfacial de- 

vice structure with horizontally placed porosity 

and SEM images of the absorber. Images repro- 

duced with the permission of ref. ( Liu et al., 

2018a ). h-k. 2D water pathway design (wrap- 

ping thermal insulator) to confine the water 

transport. h. conventional evaporator. i. 2D en- 

abled evaporator. j. fabrication processes of GO 

absorber with 2D wrapped path. k. physical 

photographs of arrangement of GO films with 

2D wrapped water path. Images reproduced 

with the permission of ref. ( Li et al., 2016a ). 
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eneficial features for the STE mechanism. Researchers are mimicking

his bio-inspired structure by designing various device configurations

or high-performance STE. 

Zhu et al . mimicked xylem-phloem multi-channel capillarity based

n tree-inspired design. The top surface of longitudinal basswood is car-

onized to develop an amorphous thin carbon layer that would serve

s an absorber to mimic the tree-inspired design ( Zhu et al., 2017 ).

ue to their excellent hydrophilicity, xylem-phloem bundle stacks un-

er the carbon layer ensure continuous water transportation. More-

ver, this non-carbonized substrate has very low thermal conductivity

 ∼ 0 . 2 𝑊 𝑚 

−1 𝐾 

−1 ) ( Song et al., 2018 ), facilitating reduced thermal losses

nd improved STE efficiency by 87%. Zhang et al. mimicked the nat-

ral wood’s internal structure with a xylem-phloem channel utilizing

NT to articulate channel orientation to fabricate an artificial hybrid

ood evaporator ( Zhang et al., 2022 ). This artificial wood evaporator

hows water-wicking flexibility with the enhanced solar-thermal prop-

rty. To improve overall efficiency on wood-based STE devices, some
12 
esearchers exploited a variety of coatings, such as GO, CNT, graphite,

nd plasmonic nanoparticles ( Chen et al., 2017b ). 

In some recent studies, along with wood, plant leaves ( Geng et al.,

019 ), roots, mushrooms ( Xu et al., 2017a ), lotus ( Zhao et al., 2020b ),

amboos ( Bian et al., 2019 ), carrot ( Long et al., 2019 ), and grass

 Wang et al., 2017c ) inspired devices are also investigated with promis-

ng STE performances. Zhao et al . designed an evaporator mimicking

otus morphology, named morphology-inspired bio-mimetic evapora-

or (MBE), with Janus-type wettability and bio-modal pores for high-

erformance STE conversion ( Figure 11 a-g) ( Zhao et al., 2020b ). Mim-

cking Lotus leaves, the upper hydrophobic surface of MBE, prevents

ater capillarity in the air, enabling better salt rejection and high light

bsorption. On the other hand, the bottom hydrophilic d-TRR (truss-

ike resorcinol-formaldehyde resin) provides a faster water supply due to

apillarity. MBE’s bimodal-macropore structures effectively decrease the

aterials’ density and thermal conductivity for self-floating and thermal

egulation, respectively. This lotus-inspired MBE device demonstrates
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Figure 11. Lotus morphology-inspired 

bio-mimetic evaporator (MBE) system. a. 

Schematic demonstration of MBE system. 

b. chemical fabrication of MBE absorber. c. 

photographs of Janus leaf and root of Lotus. d. 

photographs of TRR, p-TRR, d-TRR, and MBE 

(up layer is f-TRR). e. SEM images of TRR (left) 

and p-TRR (right) demonstrate the macropore 

variation. f. TEM images of TRR (left) and 

p-TRR (right) show mesopore formation. 

g. the stability performances of MBE-based 

solar-thermal evaporation, with each cycle 

duration one hour. Images reproduced with 

the permission of ref. ( Zhao et al., 2020b ). 
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ow thermal conductivity ( ∼0.12 𝑊 𝑚 

−1 𝐾 

−1 ) and high STE conversion

fficiency ( ∼90.5% under eight sun illumination). 

Bian group carbonized a longitudinal bamboo trunk with a hierar-

hical cellular structure ( Bian et al., 2019 ). The innermost wall of the

amboo trunk prevents light diffusion and radiative loss, and the outer

all absorbs thermal energy from the surroundings. The inner cellular

esh confines the water, which reduces the evaporation enthalpy. At-

ributed to all the above features, the 3D carbonized bamboo owns 132%

TE conversion efficiency, resulting from the recovers of diffused energy

rom the inner wall, radiative loss at the bottom, and heat gain from

 warmer environment. Long et al . fabricated ethanol-treated carrot

iochar (ECB) ( Long et al., 2019 ). ECB’s distributed high porous channel

nables uninterrupted water transport to the hot zone. It demonstrates

27.8% STE conversion efficiency, resulting from the reabsorbing dif-

used energy that reheats and accelerates evaporation. Some other bio-

nspired evaporators include but are not limited to bamboo stems, veg-

table foams, loofah sponge, pomelo peel, willow catskins, algae, etc.

 Fillet et al., 2021 ). 

. Applications of Solar-Thermal Evaporation Systems 

Owing to its attractive features such as ease of fabrication, simple de-

ign, low-cost materials, renewable resources, long-term durability and

tability, and eco-friendliness, the STE system has gained great attrac-
13 
ion to adopt in various fields like electrical power generation, seawater

esalination, wastewater purification, and hydrogen fuel production. 

.1. STE System Based Power Generation Techniques 

Rotating the turbines requires high temperature and pressure in

team-assisted power generation systems. Low energy solar-thermal

onversion can produce only low-temperature vapor under ambient

ressure. This vapor has insufficient energy to rotate the gas turbines;

hus, electricity production through conventional generators is unlikely.

ecently, it has been reported that the solar-thermal system can gen-

rate high-temperature steam with convenient pressures under intense

olar intensities. Sajadi et al. produced hot steam at 156 degrees celsius

nd 525 kPa pressures under 50 sun illuminations ( Sajadi et al., 2016 ).

hey employed exfoliated porous graphite on the silicone skeleton with

he support of aluminum foam to make the device thermally stable and

revent dry-out under high temperatures. 

Theoretical calculation and simulation show that interfacial solar-

hermal evaporation could harness electrical power to such an extent

hat it will outcast all conventional power generations. This could hap-

en because over 50% of solar power is directly absorbed by the earth’s

ater surface and consequently lost as thermal energy. Cavusoglu et al.

heoretically developed a relation between evaporation rate and power

f STE-based system. They calculated the available power from the STE
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ngine floating on the water surface. In a case study, they chose the total

ater surface of United States reservoirs (excluding the Great Lakes) and

alculated the obtainable power is nearly 325 GW which is over 69%

f the United States’ total power generation in 2015 ( Cavusoglu et al.,

017 ). They also explored these lakes as an energy reservoirs due to

he excellent heat capacity of water. They found that this thermal en-

rgy storage could help reduce volatility and intermittency of the power

upply. This study indicates that since only some lakes can harness 325

W of power, the vast sea surface could produce energy to an almost

nimaginable extent. 

To support the STE-based power generation concept, Xue et al. the-

retically showed and experimentally proved that water’s channel flow

an induce stream-assisted potential. A natural porous carbon-based STE

evice can utilize this water channel flow and generate potential up to

V lasting more than 480 hours ( Xue et al., 2017c , Ding et al., 2017 ).

owever, since most solar power has been utilized by vapor generation,

he solar-electricity conversion efficiency is low. These bi-functional

haracteristics of the STE system can be employed in low-power elec-

ronics, such as sensors and pyroelectric-nanogenerators ( Gao et al.,

016 ). 

.1.1. Salinity Gradient-Based Power Generation 

Solar-thermal evaporation could also produce electricity directly by

xploiting the salinity gradient in the liquid. In terms of “blue energy, ”

aline water contains more renewable energy than freshwater. This en-

rgy can be extracted and utilized in everyday life during the mixture of

alty and freshwater. Theoretically, salinity gradient-based energy can

e evaluated by the Gibbs free energy, ΔG max 

G max = RT 
[
c m ln 

(
c m 

)
− χc s ln 

(
c s 
)
− ( 1 − χ) c r ln 

(
c r 
)]

(5)

here 𝜒 is the fractional value of seawater, 𝑐 𝑚 is the concentration

f the mixture, 𝑐 𝑠 is seawater concentration, and 𝑐 𝑟 is the freshwater

oncentration. Practically, the energy extracted from the system is al-

ays less than ΔG max since inevitable entropy is always associated. Re-

erse electro-dialysis, pressure retardation osmosis, and electric double-

ayer capacitor (EDLC) are the most common technologies to harvest

his salinity-assisted energy from seawater. In reverse electro-dialysis,

he chemically induced potential gradient separates charges across ion-

xchange membranes and produces electricity. Pressure retarded osmo-

is utilizes salt-rejecting membranes to introduce an osmotic pressure

etween the two liquids to generate electrical energy. In EDLC, the al-

ernative potential has resulted from alternating porous electrodes in

ifferent electrolytes of different salinity. 

To harvest salinity-based potential, Yang et al. fabricated the

wo-layer device, a CNT-based layer on the top side and an ion-

elective membrane on the bottom side, and performed STE conversion

 Yang et al., 2017 ). They reported that the rapid evaporation of wa-

er through the CNT-sheet leaves a salinity gradient in the bulk liquid,

hich assists the directional transport of the salt ions ( Figure 12 a). Sea-

ater is continuously pumped to the “hot zone ” due to the capillarity,

roducing vapor under illumination. A salinity gradient develops be-

ween ion-selective membranes after the rapid evaporation, which in-

roduces a directional charge transport between layers. The experimen-

al report shows it can generate electrical power around 1 𝑊 𝑚 

−2 with

 75% efficiency of STE conversion. Based on the Gibbs theory, the en-

rgy production from the system can reach up to 12.5 𝑊 𝑚 

−2 . In this

ork, the obtained power is below 10% since the membrane hinders

he positive and negative ions. This group also developed a scalable

evice to verify their ideas further. The experimental study shows af-

er scaling, the evaporation rate can reach 1.1 𝑘𝑔 𝑚 

−2 ℎ −1 . In addition,

he open-circuit voltage 𝑉 𝑜𝑐 is ∼66 mV, and enhanced power of 3 mW

an be achieved under a steady-state condition. Another group also ex-

loited porous carbon films to produce electrical power from solar ther-

al evaporation (STE) ( Xue et al., 2017d ). The device is fabricated from

arbon black films and consists of two CNT-based electrodes, which pro-

uce a reliable voltage of around 1.0 V under one sun illumination. The
14 
TE-driven water molecules interact with carbon atoms through redox

nd leave free electrons responsible for the potential difference between

he upper and lower ends of the carbon film. 

.1.2. Electrostatic Power Generation 

A triboelectric nanogenerator utilizes electrification or electrostatic

ffect and harvests mechanical energy ( Wang et al., 2015 ). In electrifi-

ation contact, two materials accumulate opposite charges due to fric-

ion, which results in triboelectric-based potential difference ( Fan et al.,

012 ). While on-off contact between two materials periodically dis-

ributes the electrostatic charges and hence develops a potential differ-

nce. Frictional electrification introduces static triboelectric potential,

hile the electrostatic effect transforms mechanical energy into elec-

rical energy ( Niu and Wang, 2015 ). The induced potential V can be

ritten as 𝜌𝑑∕ 𝜀 0 . where 𝜌 is the charge density, 𝜀 0 is the vacuum per-

ittivity, and d is the space between two layer. In both cases, the charge

ccumulates in two materials in a capacitive way; the external current

ow can be written as, 

 = V 

𝜕C 

𝜕t 
+ C 

𝜕V 

𝜕t 
(6)

here, C denotes the capacitance of materials, and V is the developed

otential between layers( Lee et al., 2016 ). 

Gao et al. recently developed a hybrid system for simultaneous wa-

er evaporation and triboelectricity generation ( Gao et al., 2018 ). They

abricated an inexpensive 3D plasmonic absorber dispersed with gold

anoflowers (AuFs) in a silica substrate. The plasmonic characteristic of

uFs contributes to broadband absorption and high STE performance.

he better heat confinement of silica-gel facilitates 85% STE conversion

fficiency during one sun irradiation with 1.356 𝑘𝑔 𝑚 

−2 ℎ −1 evaporation

ate. In this hybrid system, polytetrafluoroethylene (PTFE) produces

oltage and current due to flow-induced electrification ( Figure 12 b).

owever, this device can obtain a little, but the optimized power is

.6μW. 

.1.3. Piezoelectric Power Generation 

Stress-induced mechanical deformation can generate electricity via

he piezoelectric effect. After exerting mechanical strain, the resulting

eformation causes charge separation into the material. In that case,

he charge density due to the piezoelectric effect can be evaluated as

= 𝑑 𝑋 , where 𝜌 is the charge density, d is the piezoelectric constant,

nd X is the applied strain. This induced electric field can be written as

 𝐸 = 

𝜌∕ 𝜀 where, 𝜀 is the medium permittivity. 

Mechanical deformation occurs through the structure upon heating

r cooling, leading to charge separation and potential difference. Zhu

t al. integrated a hybrid device to harvest piezoelectric and pyro-

lectric energy forms to utilize extra thermal energy during evapora-

ion ( Zhu et al., 2018d ). They fabricated a carbon sponge with high

bsorptance and heat localization properties for in situ solar ther-

al evaporation. They have reported that the evaporation rate is 1.30

𝑘𝑔 𝑚 

−2 ℎ −1 , with an STE conversion efficiency of 85%. They integrated

he PVDF tweezer with an evaporator to harvest thermomechanical

nergy from steam turbulence ( Figure 12 c). PVDF shows outstanding

iezo-pyroelectric properties with temperature oscillation and up-down

uctuation, producing electricity due to the piezoelectric effect. Under

VDF oscillation, the short-circuit current, 𝐼 𝑠𝑐 and open-circuit voltage,

 𝑜𝑐 could reach -0.08 𝜇A and -20.0 V, respectively. 

.1.4. Thermoelectric Power Generation 

Seebeck’s effect demonstrates that thermoelectric (TE) devices ex-

loit spatial thermal gradients and substantially produce electrical

ower. Thermal to electrical via a thermoelectric device employing ther-

al gradients has gained tremendous attraction for real-time applica-

ions. People believe the thermoelectric effect is the best way to handle

aste heat ( Bell, 2008 ). Recent works on heat to electricity demonstrate

hat thermoelectric devices are promising for solar heat to electricity un-

er concentrated conditions and STE at ambient temperature. 
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Figure 12. a. Schematic of electricity production from salinity gradient concept. Adopted from the reference ( Yang et al., 2017 ) b. Triboelectric nanogenerator-based 

power generation from STE. Reproduced with the permission of ref. ( Gao et al., 2018 ). c. thermal-induced piezoelectric effect in STE system to produce electricity. 

Reproduced with the consent of ref ( Zhu et al., 2018d ) d &e. Thermoelectric-based power extraction from STE hybrid system. Reproduced with the permission of ref. 

( Zhu et al., 2019 ) and ( Li et al., 2018c ). f. illustration of thermo-electrochemical conversion to generate power from the STE system. Reproduced with the approval of 

ref. ( Shen et al., 2019 ). g. Multi-stage photovoltaic-membrane distillation system for freshwater and electricity co-generation. Image reproduced with the permission 

of ref. ( Wang et al., 2019 ). 
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Zhu et al. manufactured a TE module integrated with the evaporator

o harvest thermal energy ( Zhu et al., 2019 ). Their experiment inserted a

olar sponge between the TE module and the water and found the evap-

ration rate to be 1.36 𝑘𝑔 𝑚 

−2 ℎ −1 at one sun irradiation ( Figure 12 d).

uring the rapid evaporation, the temperature gradient between the hot

one and below the TE module incorporates a high TE-induced potential

f 106 mV under one sun irradiation. The steam-assisted enthalpy dur-

ng STE can be extracted by the TE module ( Li et al., 2018c ). Li et al . used

 graphite-based evaporator in the STE system ( Figure 12 e). The broad-

and absorption capability and excellent thermal management enable

 high evaporation rate of 34.8 𝑘𝑔 𝑚 

−2 ℎ −1 , with an efficiency of 81.7%

nder 30-sun. The TE module attached to the evaporator can gener-

te electrical power of 574mW with an efficiency of 1.23%. Cao et al.

ntegrated a CNT foam/polyvinyl alcohol-based evaporator with a TE

odule. Their device architecture can potentially co-generate freshwa-
15 
er and electrical power under solar irradiation with the output power

ensity of 0.4 W 𝑚 

−2 and evaporation rate 5.0 𝑘𝑔 𝑚 

−2 ℎ −1 ( Cao et al.,

021 ). 

.1.5. Electrochemical Power Generation 

On the other hand, a thermo-electrochemical cell utilizes a

emperature-dependent redox reaction to transform heat into electric-

ty. A temperature gradient is introduced during the redox reaction at

oth the anode and cathode. The charge separation during redox in elec-

rodes continuously produces electricity in the thermo-cell. 

Incorporating the thermo-electrochemical concept in STE, Shen et al.

tilized low-cost graphene-based electrodes in the STE system to further

TE efficiency along with electrical power generation. This Graphite

lm electrodes also serve as a solar absorber ( Shen et al., 2019 ). Un-

er sunlight exposure, the temperature difference across the electrodes
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evelops a voltage difference due to the positive and negative charges

eparation ( Figure 12 f). During the experiment with seawater, the evap-

ration rate reached up to 1.1 𝑘𝑔 𝑚 

−2 ℎ −1 With an STE efficiency of 60%.

he power generation was about 0.5 𝑚𝑊 𝑚 

−2 under solar irradiation.

hey also found that this thermo-electrochemical system can produce

.023 𝑚𝑊 𝑚 

−2 even at night conditions due to infrared radiation. 

.1.6. Photovoltaic-Membrane Distillation Co-generation 

Several groups have investigated how to simultaneously co-generate

reshwater and photovoltaic power to address the water-energy nexus

ntimately. Wang et al. integrated a PV panel with a membrane distil-

ation (PV-MD) ( Wang et al., 2019 ) to co-generate freshwater and elec-

ricity from the sea, lake, or pond surface. They installed a multistage

embrane distillation (MSMD) under the PV panel to utilize the 80-90%

hermal losses during the photovoltaic conversion ( Figure 12 g). The

vaporator of MSMD collected this thermal waste, and the vapor was

enerated utilizing this thermal waste. During an experiment with 3-

tage PV-MD, they found water production rate is 1.79 kg m 

−1 h −1 under

ne sun illumination. The energy efficiency of 3 stage PV module was

1%. This work demonstrates that PV-MD integration could be an in-

elligent solution to the water-energy nexus. Especially in coastal areas,

he floating PV-MD system could co-generate an accountable amount

f freshwater and electrical power. This PV-MD generated power could

eed the central grid-like other conventional PV systems. 

.2. Towards Off-grid and Microgrid Integration of STE Powered Systems 

Futuristic View) 

In a lot of practical applications, STE-generated power can be uti-

ized efficiently. As discussed above, the output power density of a sin-

le STE module is pretty low. However, a matrix combination of series

nd parallel connections of m 

∗ n STE modules can multiply both voltage

nd current to the desired level to charge the off-grid storage systems

uch as batteries, supercapacitors, etc. ( Dao et al., 2021 ). This enhanced

ower can also directly be used to power up several electronic devices

uch as LED bulbs, LCD monitors, IoTs, resistive switching memory, etc.

Practically, series or parallel combinations of desired numbers of STE

evices can effortlessly multiply the output voltage, current, and power.

i et al. reported that the series and parallel combination of four STE

evices could provide the open-circuit voltage 𝑉 𝑜𝑐 upto 6.2 V and the

hort circuit current Jsc around 550 nA ( Ji et al., 2019 ). Moreover, with

he parallel combination, the short circuit current Jsc can be scaled up

o 280, 400, and 550 nA, respectively. To scale up Voc up to 20 V, they

onnected eighteen devices in series combination. In another work, Xue

t al. placed four CB-coated slide glasses in a series combination and

btained 𝑉 𝑜𝑐 upto 4.8V under one sun illumination, which can turn on

n LCD ( Xue et al., 2017d ). 

.2.1. STE Module-Based System 

Though the electrical properties like current, voltage, and power

enerated from the STE are pretty low, the device’s innovative material

sage and intelligent engineering can enhance both vapor and power

eneration. Moreover, assembling an STE array-like PV array with se-

ies and parallel combinations can significantly improve the current and

oltage to the desired extent, which can easily integrate into the off- or

icrogrid application (see Fig. 13 for the microgrid integration). Since

he STE module can generate only DC power, a storage device like a bat-

ery, supercapacitor, etc., will feed into the power system. This storage

ystem will store the obtained power from the STE module and provide it

o the inverter to convert the DC to AC power. In the grid system (micro-

r main grid), the transmission and utilization of electrical power occur

n an AC manner. So it is necessary to convert the DC power from the

TE module to the AC power with the same frequency and amplitude as

he grid. 

Unlike other renewable energy sources, like wind, tidal and photo-

oltaic (PV) systems, STE-based power generation could eliminate grid-
16 
onnected transmission and utilization uncertainty. The better predic-

ion of power quality from STE sources happens due to thermal-assisted

vaporation, which leaves a power generation footprint, even any sun-

ight fluctuations ( Xue et al., 2017d ). Solar radiation is highly inter-

ittent and volatile, and an abrupt change in solar irradiation can oc-

ur ( Notton and Voyant, 2018 ). Though transient in nature, the solar-

ssisted STE system will not shut down power generation immediately

ince there’s still will be enough thermal energy to generate STE-based

ower to a certain extent. 

In a conventional PV system, power generation failure occurs due

o abrupt fluctuations of solar irradiation. Solar-based PV power gen-

ration largely depends on the availability of sunlight, irradiation in-

ensity, and the duration of daytime. These are the function of unpre-

ictable weather conditions and the sun’s annual position, making the

arnessed power volatile and intermittent ( Figueiredo and Silva, 2019 ).

he same thing happens in wind-based power sources. Wind power is

ore intermittent and volatile than solar energy. The power quality in

ind systems largely depends on air quality and speed. Any airspeed

andomness incorporates intermittency and volatility in power produc-

ion ( Jabir et al., 2017 ). Though tidal power harnessing is less volatile

nd intermittent than solar and wind, its variability is still a considerable

oncern during grid integration ( Lewis et al., 2019 ). This intermittency

nd volatility of solar, wind, and tidal sources bring the sudden failure

f power generation and consequent shutdown of the whole grid if there

s no backup power generation or storage. In terms of dispatchability,

TE-based integration is more dispatchable than solar, wind, and tidal

ower but less dispatchable than geothermal, hydropower and biomass.

ispatchability can be referred to as the ability of power sources to

ynchronize supply and demand as quickly as possible ( Emmanuel and

ayudu, 2017 ). 

In the modern power grid system, dispatchability plays a crucial role

ue to on-demand supply. The massive penetration of renewable power

ike photovoltaic, wind, and tidal in the grid system introduces non-

ispatchability due to intermittency and generation uncertainty (please

ee Table 2 for the comparative studies of variabilities of renewable

ower penetration without a storage system) ( Gea, 2012 ). But unlike

ther renewable resources, the STE system-based power penetration is

ore dispatchable and would be a more favorable source to the grid.

his happens since STE-based power harnessing is less volatile and in-

ermittent by nature. A complex control mechanism needs to be inte-

rated with the grid system to address these problems (volatility, inter-

ittency, and non-dispatchability in solar and wind power generation)

nd for continuous power supply to the utilities. But in an STE-based

ource, the abrupt failure of the system is controllable since the power

eneration will not shut down immediately due to its thermal depen-

ence functionality. Hence, the grid will have enough time to adjust the

emand and supply with a less complex control mechanism. In addition,

olar and wind power systems require a lot of financial budgets and land

pace to install and maintain. 

On the other hand, STE power systems do not need substantial eco-

omic costs and land space since they can be installed on the open sea

urface, and the STE device follows low-cost materials and fabrication.

hough pros over PV and wind sources to some extent, the STE integra-

ion requires a lot of water surface and enough sunlight. Since the pho-

ovoltaic system can easily do solar to electrical conversion with better

fficiency, the PV system will outcast standalone STE-based power gen-

ration. Moreover, standalone STE-based power generation is not eco-

omical. Still, hybrid integration of clean water production and power

eneration can solve the water power scarcity in some under-developed

oastal areas. 

.2.2. STE Vapor Insertion in the Steam Turbine System 

The new research focuses on combining solar thermal evaporation

nd steam turbine, and the STE vapor could be inserted in the steam

hamber to lump up more steam. STE produces vapor with low temper-

ture and pressure to rotate the turbine. So, inserting STE vapor in the
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Figure 13. Schematic illustration of STE mod- 

ule integration (red circled) to micro-grid sys- 

tems. 

Table 2 

Comparative variable characteristics of renewable energy resources and emerging STE sources. Data are col- 

lected from the following references: ( Gea, 2012 ), ( Bessa et al., 2014 ), ( Chen et al., 2019b ), ( Figueiredo and 

Silva, 2019 ), ( Lewis et al., 2019 ), ( Emmanuel and Rayudu, 2017 ), and ( Ruiz et al., 2013 ). 

Renewable Resources 

Characteristics of RES Photovoltaic Wind STE System Geothermal Hydropower Biomass Tidal 

Volatility High High Mild Low Low Low Mild 

Intermittency High High Mild Low Low Low Mild 

Uncertainty High High Mild Low Low Low Mild 

Dispatchability Low Low Mild High High High Low 

s  

v  

b  

c  

o  

n  

c  

h  

e  

f  

T  

w  

a  

h

6

6

 

f  

t  

c  

(  

2  

d  

i  

l  

t  

l  

h  

i  

i  

p  

w  

d  

H  

l  

p  

d  

P  

t  

t  

c  

c  

a  

(  

t  

t  

a  

e  
team chamber will lump up the total steam, where low-temperature

apor will gain enough energy due to the excessive heat in the cham-

er and directly associate with accumulating high-energy steam. This

onceptual hybrid system can use concentrated solar energy, biofuel,

r geothermal energy as a primary heat source. The low-energy steam

eeds to be dumped in a sink for the complete thermal cycle. The sink

ould be a water reservoir like ponds, rivers, or oceans. This wastage

eat could then be reused to produce freshwater using thermal-based

vaporation ( Figure 14 ). This two-fold usage of the systems will enable

reshwater production and enhanced steam-assisted power generation.

his manifold hybrid system is the crucial concept of a synergy city,

hich can confront major issues like freshwater production where drink-

ble water is scarce, green power production, and safe disposal of waste

eat to the reservoir ( Crespo Del Granado et al., 2016 ). 

.3. Other Applications of STE Systems 

.3.1. Desalination 

In recent years, freshwater scarcity has been a significant concern

or social welfare and people’s health regarding pressing drinking wa-

er. Around 66% of the earth’s population, approximately four billion,

urrently live under the scarcity line for at least one month a year

 Mekonnen and Hoekstra, 2016 ). This picture will be much scarier by

040 due to the ever-growing population, agricultural farms, and in-

ustries ( Figure 1 b) ( Neto, 2018 ). To meet the projected demands, it is
17 
nevitable to increase the freshwater production from various resources

ike the sea, river, lake, contaminated reservoirs, etc. Using conventional

echnologies to produce mass freshwater faces high capital costs and

ow conversion efficiency, hindering expectations. Recent inventions of

igh absorptive photothermal materials and smart systems engineer-

ng revive solar-thermal evaporation with high efficiency but low cap-

tal costs. Desalination has commonly been named a process in which

otable water is extracted from saline water. Seawater, a vast saline

ater source, could be a ground space for desalination. In the natural

esalination process, seawater is heated by sunlight and creates vapor.

owever, the pretty slow evaporation rate and low efficiency due to

ow absorption and volumetric losses limit the practical applications for

otable water production. Recently, smart engineering of solar-thermal

evices with very high absorptive materials minimized thermal losses.

roper vapor escape has opened a new road to producing drinkable wa-

er through desalination. In this process, enough vapor is generated by

he solar-thermal device. The as-produced vapor act as a thermal energy

arrier and can be converted to water by the old-fashioned cooling pro-

ess. Since the vapor is a low-temperature phase below boiling point,

 straightforward way to cool down is by utilizing cold or normal air

 Figure 15 a) ( Li et al., 2018b ). Continuous capillary water pumping to

he evaporative zone completes the cycle and continuous-rapid pure wa-

er generation. Compared with conventional freshwater production such

s thermal distillation and reverse osmosis process, the solar-thermal

vaporation STE systems employ simple device design and infrastruc-
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Figure 14. Conceptual illustration of STE inte- 

gration in synergy city power generation. Low 

vapor has been integrated with high-energy 

steam to increase the internal volume and pres- 

sure. This integration will increase the torque 

in the turbine, hence more electrical power 

from the generator. 

Figure 15. Illustrations of some practical ap- 

plications of solar-driven evaporation systems. 

a. Pure water production scheme from saline 

water. Image reproduced with the permission 

of ref. ( Ni et al., 2018 ). b. Harvesting of 

mechanical energy employing humidity gradi- 

ent to rotate the moisture mill. Image repro- 

duced with the permission of ref. ( Chen et al., 

2015 ). c. Schematic of solar-chemical hydro- 

gen fuel production. Image reproduced with 

the approval of ref. ( Varghese et al., 2009 ). d. 

Schematic of STE-enabled sterilization system. 

Image reproduced with the permission of ref. 

( Chang et al., 2019 ). 
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ure, hence do not require an external power source to pump the water

nd complex treatment equipment ( Khawaji et al., 2008 ). 

Currently, a small-scale STE system can produce 2.5 liters per square

eter of square water on a typical sunny day, which is enough for

 single person daily ( Ni et al., 2018 ). Owing to low-cost design and

nfrastructure, solar-driven evaporation system installation costs only

S$3 m 

−2 Which is ten times lower than the old-fashioned solar still sys-

em. Recent literature shows that solar-thermal conversion can also ex-

loit solar-driven photocatalytic degradation ( Lou et al., 2016 ). Solar-

hermal evaporation enhances the photocatalytic reaction due to ele-

ated temperature and diffusion of reactants accelerated by the vapor

ow. 

.3.2. Mechanical and Chemical Energy Extraction 

The STE system has also opened possibilities to convert solar en-

rgy to mechanical and chemical energy. Chen et al. placed a moisture
18 
ill above the evaporator to create a significant humidity contrast to

nvestigate the effect of humidity gradient on mechanics ( Chen et al.,

015 ). In their arrangement, half of the mill film is within the hu-

id region, and the rest half of it is in the dry air. Half-film’s humid

rea is coated with moisture-sensitive spores, which can straighten un-

er a humidity gradient. The other half-film in the dry air can bend

ue to a lack of humidity. This type of asymmetry assisted by evapo-

ation causes the mass to shift to the center, and eventually, the rota-

ion occurs ( Figure 15 b). The solar thermochemical and photocatalytic

rocesses can produce hydrogen fuel. In this process, the hot vapor

s mixed with methane hydrocarbon or other biomasses with catalysts

 Nakajima et al., 2016 ). The photothermal device produces hot vapor,

o a vapor-methanol reforming reaction occurs. As a byproduct, hydro-

en production happens in this reaction, and since hydrogen is lighter

han air and vapor, it can rapidly be removed from the evaporation area

 Figure 15 c). 
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.3.3. Sterilization 

Superheated steam is one of the best approaches to sterilizing water,

edical equipment, food containers, etc. In this method, superheated

team (typically above 100°C) is traditionally produced by an electric

eater and then applied to kill the bacterial, fungal, or virus contam-

nation. In many undeveloped areas, electricity is scarce, which lacks

raditional sterilization methods ( Pittet et al., 2008 ). STE-enabled high-

emperature vapor could become an economical and green solution for

terilization in these areas. To efficiently enable STE-based sterilization,

eng et al . proposed and fabricated an rGO/polytetrafluoroethylene

omposite membrane absorber that can localize the heat in the hot zone.

his localized heat produces superheated vapor (above 120°C), demon-

trating successful chemical and biological sterilization under normal

onditions ( Zhang et al., 2017c ). In another work, this group manufac-

ured a portable vacuum tube integrated with an STE device to commer-

ialize the STE-enabled sterilization concept ( Chang et al., 2019 ). This

obile device can generate superheated vapor under normal conditions

nd shows excellent sterilization for biological indicators and bacterial

athogens ( Figure 15 d). Using the carbonization method, another group

abricated a biochar-based autoclave absorber from the banana peel, or-

nge peel, fallen leaves, bamboo, and tree branches. After the fabrica-

ion, they performed the STE experiment to produce superheated vapor

above 121°C) to support the sterilization techniques. Their experiment

ound effective sterilization with 99.999999% killing of the pathogen

 Li et al., 2018a ). The previous discussion shows that STE-enabled ster-

lization can provide the best possible solution for sterilizing water, med-

cal equipment, food containers, etc., where traditional electricity-based

terilizer is scarce. 

. Discussion and Perspectives 

Last few years, solar-thermal evaporation has been extensively ex-

lored through orchestrated endeavors from diverse disciplines. Though

he attempt to integrate the STE system with commerce is early, the

lear demonstration of efficient vapor generation and utilization in vari-

us sectors such as electrical power generation, clean water production,

terilization, and photo catalyzation has enabled this novel device to

ecome a next-generation state-of-art technology. Moreover, it does not

eed complex infrastructures, electrical circuitry, expensive materials,

r human resources. Along with these features, it is also environment-

riendly and cost-effective, which makes it a sustainable and eco-

omically viable solution for electricity generation and freshwater

roduction. 

However, several issues need to be addressed in STE systems for com-

ercialization and comprehensive utilization. First of all, develop stan-

ardized performance analysis techniques. The lack of standard mea-

urement and calculation hinders the comparison between various find-

ngs. The best possible solution could be establishing a specific math-

matical model and defining state-of-the-art parameters. Moreover, it

s necessary to acknowledge the natural evaporation rate during STE

onversion to state the influence of the environment. 

During evaporator fabrication, ultra-high light absorptive materials

ust be chosen with excellent stability and durability under wet con-

itions. The blackbody emissions further impair the performances of

he devices, so it is necessary to coat the devices with IR films or utilize

ovel materials as an evaporator with very high absorption but very low

mission. Radiative losses in the surroundings are another concerning

ssue in the case of high efficiency. To minimize losses, anti-reflection

lms may need to be coated at the air-evaporator interface. Conduc-

ion and convection losses in bulk water are central to the total loss.

hese losses must need to be minimized as much as possible. Very high

hermal insulators must be placed between the water and the evapo-

ator. In the case of designing a thermal insulator, the wettability and

ydrophilicity attribute needs to be assured for proper and sufficient

ater transport. Vapor escape is another issue for efficient vapor gener-

tion and removal. Without proper vapor escape, the as-generated va-
19 
or can block the sunlight from entering the evaporator, reducing the

hoto-thermal conversion. 

Moreover, since the as-generated vapor has a low-temperature state,

t can conglomerate and dramatically change the phase to water and

ventually drop to the evaporator surface, impeding the overall vapor

roduction and power generation. Stability and durability under ther-

al and wet conditions are other important issues that must be ade-

uately addressed. Unstable devices can degrade under extreme tem-

erature and liquid, which questions long-term durability and would

ot be economically viable. The impacts of humidity and pressure also

eed to be studied since lower moisture and higher pressure enhance

apor generation. Therefore, an intelligent choice of innovative mate-

ials and proper device engineering with these critical features would

nable the solar-thermal evaporator in large-scale commercialization. 

In the case of power generation, some critical issues need to be ad-

ressed appropriately. First of all, the trade-off between evaporation rate

nd power generation. During vapor and power generation synergy, ab-

orbed light energy is split into two systems (neglecting losses). Some

ortion creates vapor, and the rest of them harness the power. So a con-

iderable trade-off between evaporation and power generation needs

o be established. Moreover, the light-vapor-electricity hybrid STE sys-

em stability is another issue that must be managed adequately. Various

actors like absorber materials, humidity, air, water temperature, and

alinity accumulation over the absorber surface significantly affect the

ystem’s stability. These factors must be managed smartly to enhance

ynergy performances. 

So far, the obtained output power from STE systems is pretty low

nd can merely be used as a single power source. To enhance the output

ower to the desired level, the multiple STE devices need to be arrayed

o make a floating STE module (like a PV array module). This module

an potentially increase the voltage and current to the desired level.

he floating module should be placed above the seawater so that the

ystem would be cleaner, environmentally friendly, and have zero toxi-

ity in the sea ecosystem. Since the power generation from STE largely

epends on the availability of sunlight, it is highly intermittent. Due to

he intermittent nature, integrating into the grid system would be chal-

enging without any robust control system. Finally, the device must be

onfigured intelligently to maximize power and freshwater production.

. Conclusion 

Freshwater production and electricity generation are two major chal-

enges for modern life and must be managed intelligently. Nowadays,

reshwater generation consumes a lot of electrical power. On the other

and, most conventional power plants necessitate tons of freshwater.

o, the generation of these two has consuming effects on one another.

olar-thermal evaporation STE is the first technology in human history

hat can generate both freshwater and electricity without consuming

ne another. Moreover, this system is renewable, eco-friendly, and has

ero footprints on the environment. If commercialized, the STE system

ould be a next-generation state-of-the-art technology to address the

ising demand for fresh water and electrical power. Though the STE

ystem is still in laboratories, soon, it will become a great help to elimi-

ate water scarcity and illuminate the world with electricity, especially

n coastal areas. However, several issues must be tackled innovatively.

TE device configuration still needs to be improved on the central issues,

uch as the appropriate absorptive materials, innovative device struc-

ure, and efficient vapor collection. Moreover, a reasonable efficiency

rade-off must be scaled and adjusted during freshwater and power co-

eneration. Soon, if all the current issues are adequately addressed and

djusted, the solar-thermal evaporation system will be a next-generation

lean energy system to nexus freshwater and power generation. 

By harnessing the sun’s plentiful energy, STE-based studies hope to

rovide both electricity and fresh water. In the scientific communities,

his study has been acknowledged via several benchmark review evalu-

tions over the last few years. Upon closer inspection, it becomes clear
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hat most review papers treat particular elements of STE systems, such

s absorber materials, the physics and chemistry of the STE system, the

rchitecture of the device, desalination, and purification, power pro-

uction, etc., in isolation. However, there has been minimal effort to

nalyze all of these topics in one place comprehensively. This article

ddresses the aforementioned knowledge gap by thoroughly discussing

olar thermal evaporation’s physics, chemistry, and engineering using

he most up-to-date research available. It also provides a comprehen-

ive presentation of the many fascinating uses for STE systems, including

he production of power from renewable sources and the synergy idea.

he unique and practical presentation of physics, chemistry, device de-

ign engineering, power generation, and microgrid integration makes

his review both novel and useful. This study intends to provide a com-

rehensive analysis of recent developments in STE systems to encourage

rimary and practical research in the utilization of underutilized supple-

ental energy sources for the future integration of water, energy, and

nvironmental systems with the potential for research advancement. 
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