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Abstract: Efficient solar vapor/steam generation is important for various applications ranging from
power generation, cooling, desalination systems to compact and portable devices like drinking water
purification and sterilization units. However, conventional solar steam generation techniques usually
rely on costly and cumbersome optical concentration systems and have relatively low efficiency due
to bulk heating of the entire liquid volume. Recently, by incorporating novel light harvesting receivers,
a new class of solar steam generation systems has emerged with high vapor generation efficiency.
They are categorized in two research streams: volumetric and floating solar receivers. In this
paper, we review the basic principles of these solar receivers, the mechanism involving from light
absorption to the vapor generation, and the associated challenges. We also highlight the two routes
to produce high temperature steam using optical and thermal concentration. Finally, we propose a
scalable approach to efficiently harvest solar energy using a semi-spectrally selective absorber with
near-perfect visible light absorption and low thermal emittance. Our proposed approach represents a
new development in thermally concentrated solar distillation systems, which is also cost-effective
and easy to fabricate for rapid industrial deployment.

Keywords: solar vapor generation; volumetric receiver; floating receiver; thermal concentration

1. Introduction

Solar thermal energy is considered to be the most abundant source among all the available
renewable energy sources [1,2]. The energy emitted by the Sun which is intercepted by the Earth is
about 1.8 x 10! kW. 60% of the total energy reaches the Earth’s surface, while the rest is reflected back
into space. Just 0.1% of this energy can generate 3000 GW of electricity, four times higher than the
world’s current total generating capacity. Most interestingly, the annual solar energy of 3,400,000 EJ
striking the surface of the Earth is an order of magnitude greater than all the estimated non-renewable
energy resources combined, including nuclear and fossil fuels [3]. Although fossil fuels are still the
dominant energy resources, conflicts have been induced by global supply and demand fluctuations of
oil or gas [4,5]. Moreover, combustion of fossil fuels causes pollution and global warming by emitting
oxides of carbon and nitrogen and aerosols [5].

Meanwhile, with the continuous increase in the human population, the worldwide accessibility to
fresh water is becoming a severe concern. According to the WHO/UNICEF Joint Monitoring Program
report, 2.1 billion people worldwide lack access to safe and readily available water at home [6].
Fortunately, recent research activities in producing fresh water give hope in reducing the water
shortage around the globe. Conventionally, various methods such as desalination and filtration are
trying to alleviate the fresh water stress [7,8]. However, these methods have high operational costs,
requiring large capital resources and infrastructure. Besides, the intensive use of chemicals such as
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ammonia, alkali bases, chlorine-based compounds, and some inorganic salts also cause contamination
and salting of existing water resources [9,10].

Vaporization of water is a common phenomenon that contributes significantly to the utilization
and production of fresh water in living organisms and industry [11,12]. In industries, the steam is
generated by two means. The first one is heating the bulk water by combustion of coals, natural gases
or biomass [13,14]. Natural gas is heavily used in Western countries and the Middle East for integrated
water and power production [15], which causes the environmental pollution. The second is solar-driven
steam generation, in which water is heated to produce vapor by concentrating sunlight using optical
lenses, resulting in high cost with low efficiency [16]. Recently, scientists and engineers have been
actively developing cost-effective solar-driven steam generation systems.

The deployment of solar energy has made remarkable progress owing to the continuous research
and cost reduction of solar energy technologies [17,18]. Typical solar thermal technologies include
solar power plants, solar chimneys, solar water heaters, solar cookers, solar driers, solar desalination,
solar ponds, and solar stills (Figure 1). Reference [5] briefly presented performance analyses of existing
designs, numerical simulations, and the fabrication methods of various solar thermal technologies.
Conventionally, fresh water production using solar technology includes evaporative methods based on
desalination, solar ponds, and solar stills [19-21]. These technologies utilize costly optical concentration
systems to heat the bulk water, which needs engineering expertise and expensive infrastructure.
In some cases, the materials with high light absorption capability are utilized, but the solar energy
conversion efficiency is still relatively low (e.g., 30-40%), because of heat dissipation to the bulk water.
The overview of design and performance of solar stills and solar desalination technology has been
reviewed previously [19-22].
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Figure 1. The present solar thermal technologies under the sunlight irradiance include, but not limited
to the solar power plants [23], solar chimneys [24], solar water heaters [25], solar cookers [26], solar
driers [27], solar desalination [28], solar ponds [29], and solar stills [30]. The latter three technologies
are used to produce fresh water. Images reproduced from the corresponding web links.
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Recently, researchers are trying to achieve more efficient, self-powered, and portable solar energy
harvesting systems for vapor/steam generation. The emerging solar steam generation systems rely
on novel solar receivers to efficiently vaporize water. In this regard, there are two main streams in
ongoing research: volumetric solar receivers and floating solar receivers. In this review, we focus
on the recent developments of novel solar receivers for steam generation, from the light absorption
to the vapor generation. In the first section, we highlight the plasmonic effects of colloidal hollow
nanoparticles in volumetric solar receivers with the help of their extended active surface. We have
summarized the recent research progress and challenges in using these solar receivers for vapor
generation. In the second section, we highlight the recent development of floating solar receivers,
which are becoming popular owing to their low cost and design simplicity. This section includes
some insight into the mechanisms involved: light absorption (plasmonics, broadband absorption,
and spectral selectivity), thermal management (minimizing conduction, convection, and radiation heat
losses), liquid propagation, thin film evaporation, antifouling, and condensation. Then we review
a variety of materials used in floating solar receivers to achieve higher solar to thermal conversion
efficiency. We also highlight the two routes to produce high-temperature steam by using optical and
thermal concentration. Lastly, we have concluded the review by proposing our own scalable devices
to generate steam under one sun irradiance.

2. Volumetric Solar Receivers for Vapor Generation

In the past decade, progress in the field of nanotechnology has brought a revolution in the design
of smart materials for various applications [31]. Nanoparticles, clusters of closely packed atoms
(10-100 nm), are the basic units of this research. These materials are of high interest in optics, as they
contain a large density of polarizable units in a small volume. These highly polarizable nanoparticles
interact strongly with electromagnetic radiation. In the case of noble metallic nanoparticles, the high
density of free electrons causing the related optical resonances are called the electron plasma, while the
corresponding optical excitations are called plasmons [32,33]. Plasmonics have quite extensive
applications in the area of solar energy conversion as the localized plasmon resonance at the surface of
metallic nanoparticles leads to enormous enhancements of near field intensity and consequent heat
localization around the nanoparticles [34].

The mechanisms of nanoparticle-enhanced vapor generation can be summarized in the following
points (Figure 2):

e Incident light absorption to produce heat by plasmonic nanoparticles, and rapid transfer of heat
to the water in the immediate vicinity.

e Heating of thin water layers around the plasmonic nanoparticles to its boiling point to
produce steam.

e  Owing to the poor thermal conductivity of steam, inhibition of heat transfer from the heated
nanoparticle to the bulk water.

e  Gradual growth of thickness of the steam shell to several hundred nanometers upon further
heating of nanoparticle by sunlight. Decrease in weight of the steam /nanoparticle assembly as
compared with equivalent volume of water to creates buoyancy force.

e  Lastly, the steam bubble reaches the surface and steam escapes from the water.

The key mechanism involved in volumetric solar receivers for vapor generation is plasmon
enhanced light absorption. Localized surface plasmon resonance is an optical phenomenon, where
the collective oscillations of free conduction electrons in metallic nanoparticles are excited by the
light with the wavelength comparable with or larger than the particle size [35]. As in the resonance
band, metallic nanoparticles, such as gold, silver, and platinum, are highly efficient in absorbing
and scattering [36]. The plasmon resonance wavelength can be tuned by the composition, size,
geometry, inter-particle gap width, and surrounding environment [37]. By using the Finite-Difference
Time-Domain (FDTD) method, the authors have shown that the plasmon resonance wavelength of
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gold-shell silica-core nanoparticles can be tuned from visible to near-infrared regions by changing the
particle size and the inter-particle distance (Figure 3a—c). With the excitation of plasmonic resonances
among metallic nanoparticles, strong local field enhancement on the metallic surfaces or at the gap
among neighboring nanoparticles is achieved, assisting heat localization around the nanoparticles to
heat the surrounding media, as shown in Figure 3c.
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Figure 3. (a) Extinction spectra of gold-shell silica-core nanoshells with different shell thicknesses.
(b) Extinction spectra of two gold-shell dielectric-core nanoshells with different gap width, inset
shows the formation of hotspot between the nanoparticles. (c) Electric field distribution of nanoshells
randomly distributed in water under irradiance of the light from air. The analysis is presented using
FDTD simulations. (d) Schematic presentation of illumination of 808 nm laser light to the dense solution
of nanoparticles contained in a cuvette; multiparticle optical interactions (scattering/absorption) in
such nanofluids (right). (e) Experimentally obtained and Monte Carlo simulated scattered light as
viewed from the side of cuvettes containing nanoshell solutions of the indicated concentrations [38].
Reprinted with permission from [38]. Copyright (2014) American Chemical Society.

Halas et al. introduced the term of “heat localization” and investigated the light absorption and
scattering by randomly dispersed particles in a solution, as shown in Figure 3d. This light-matter
interaction results in highly localized heating, which can be described by the classical heat transfer
approach [39]. In the case where the average distance among the particles is shorter than the
wavelength of light this causes multiple scattering, which leads to the weak localization of light [38].
When the concentration of nanoparticles is comparatively low, the light-matter interaction is
determined by individual particles and their optical properties. Figure 3e presents experimental images
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tracing the path of light in a nanoparticle solution. For higher concentrations, the back scattering of
light from the fluid surface is very strong, thus, inhibiting any deep light penetration to the solution.
This observation of scattered light closely resembles to those predicted by the multiple-scattering
simulations (Figure 3e), which incorporate the dipole scattering distribution of the resonant particles.
In the following section, we review and classify the recent development in solar steam generation using
volumetric receivers into three major categories, starting from laser irradiance of metallic nanoparticles,
to the solar irradiance of core-shell plasmonic nanoparticles and then to the carbon-based nanofluids
for steam/vapor generation.

2.1. Nanobubbles Formation Using Conductive Nanoparticle under Laser Irradiance

Laser irradiance on nanoparticles has been shown to induce dramatic localized heating and even
vaporization of their hosting medium [40,41]. Lukianova-Hleb et al. were the first group to present
the idea of introducing short laser pulses to generate transient vapor nanobubbles around plasmonic
nanoparticles [42]. Figure 4a presents the generation and detection of plasmonic nanobubbles around
gold nanoparticles using 633 nm laser irradiance. Later, the nanoparticle is exposed to a short pump
laser pulse (0.5 ns, 532 nm) that produces a vapor layer around the heated nanoparticle (Figure 4b). In the
second stage, when the pressure inside the vapor layer exceeds the outer pressure to a certain extent, the
vapor begins to expand into a bubble. Finally, the bubble collapses at the end of its lifespan (10-1000 ns).
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Figure 4. (a) Optical generation and detection of plasmonic nanobubbles [42]. (b) Dependence of
the plasmonic nanobubble (PNB) lifetime (TPNB, red) and the generation probability (black) around
single 90 nm gold spheres upon the influence of a single pump laser pulse (0.5 ns, 532 nm) [42];
Reprinted with permission from [42]. Copyright (2010) American Chemical Society. (c) Schematic of
nanoparticle-enabled solar steam generation. (d) The absorption cross section of the gold nanoshells is
tuned to overlap the solar spectral irradiance (AM 1.5 G) [39]. Reprinted with permission from [39].
Copyright (2013) American Chemical Society. (e) Mass change in transient conditions and (f) transient
efficiency as a function of time for the carbon black (CB), graphitized carbon black (GCB), and graphene
nanofluids while illuminated by 10 sun of solar irradiance(Qs = 10 kW m~2). Inset of Figure (f)
shown the SEM image of carbon black particles [43]. Reprinted with permission from [43]. Copyright
(2015) Elsevier.



Energies 2018, 11, 253 6 of 29

2.2. Vapor Generation Using Core Shell Nanoparticles under Solar Irradiance

The Halas group introduced a new degree of freedom to the design of metal nanoparticles: core
shell plasmonic nanoparticles [38]. They claim these nanoparticles with dielectric core and noble
metal shell produce steam when immersed in water under direct sunlight irradiance. In this process,
individual nanoparticles efficiently absorb light to heat up, and then transfer energy to the surrounding
fluid. Instead of gradually heating bulk water, Halas et al., found that steam is generated from the
solution right when the light irradiance starts [32,39]. To quantify the nanoparticle based steam
generation process using sunlight, two solutions of absorbing nanoparticles, (i) SiO, / Au nanoshells
and (ii) water-soluble N115 carbon nanoparticles, as shown in Figure 4c,d. Upon solar irradiance,
the pressure over the solution of SiO,/Au nanoshells began to increase within the 5 s, indicating
vapor generation. For carbon nanoparticles the pressure increase was delayed by just over 20 s. A
thermodynamic analysis showed that 80% of the absorbed sunlight is converted into thermal energy
for water evaporation and only 20% of the absorbed light energy is converted into heating of the
surrounding liquid [39]. Jin et al., used gold nanoparticles-based solar volumetric receivers. With
the help of three dimensional numerical models, they simulated the temperature profile within the
sample fluid and the heat transfer between a single particle and the surrounding fluid. Their results
indicate that 12.75 ppm gold nanoparticles dispersion can achieve a very high solar thermal conversion
efficiency of 80.3% using optical concentration of 220 Suns [44]. Amjad et al., also used gold nanofluids
under solar irradiance of 280 suns to generate steam. They found highly non-uniform temperature
distribution, and identified three phases of heating, (i) surface heating, (ii) sub-cooled boiling, and (iii)
saturated boiling. They reported 95% of solar thermal efficiency using 0.04 wt % gold nanoparticle
solution [45]. Mahfuz et al., [46] also achieved vapor generation efficiency of 63.82% at solar concentrations
of 10 suns using 0.5 wt % of plasmonic nanofluid of silica-core decorated with Ag nanoparticles.

By utilizing a nanomasking approach [47] combined with a silver galvanic reaction [48],
Zielinski et al., introduced the concept of hollow plasmonic nanoshells of an alloy of Ag/Au [49].
The hierarchical mesoporous structures extend the thermal cavity aspect ratio by improving the
diffusion transport through the shell barrier. Results demonstrated that solar vapor generation process
is governed by shell thickness and uniformity and the surface ligands. The chemical nature of the
ligands helps to modify the thermal resistance of particle surface The non-uniformity and pores of shell
enable the vapor bubbles to escape while also strongly contributing to an enhanced optical absorption [50].

2.3. Vapor Generation Using Carbon Nanofluids under Solar Irradiance

Besides metal nanoparticles, more environmentally friendly and cost-effective carbon materials
are being widely used as solar thermal absorbers. Particularly, graphite/graphene, and carbon
nanotube materials comprising sp,-hybridized carbon atoms are excellent optical absorbers due to
the m-band’s optical transitions [51,52]. Ni et al., reported vapor generation efficiencies of 69% at
10 suns using carbon black, graphitized carbon, and graphene suspended in water [43]. The nanofluid
heating and vapor generation occur due to classical global heating of the suspension fluid. Nanofluids
with well-dispersed particles generated heat closer to the liquid-vapor interface, and had a higher
interfacial temperature and overall evaporation rate. The varied nanofluid dispersions are due
to the different zeta potentials of the nanoparticles in the water solution. Nanofluids with high
magnitude of zeta potential are electrostatically stable, while nanofluids with low magnitude zeta
potentials tend to agglomerate [53]. Carbon black-based nanofluids have been reported to have a zeta
potential of only ~—10 mV, [54,55] resulting in less stability and agglomeration, while the graphene
and graphitized carbon black nanofluids reportedly have zeta potentials around ~ —40 mV [38],
resulting in better stability, less agglomeration, and enhanced transient performance. Despite the fact
graphitized carbon black nanofluid reach the steady-state faster (Figure 4e), the graphene nanofluid
reaches a similar transient efficiency (69 & 4% for 0 << 6000 s). The transient efficiencies of graphitized
carbon black and graphene nanofluids are 7% higher than that of carbon black nanofluid. During the
shorter measurement period, this transient efficiency discrepancy increases as shown in Figure 4f.
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Wang et al., utilized iron oxide magnetic nanoparticles, which were decorated with reduced
graphene oxide, for solar assisted desalination [56]. Eventually, those nanoparticles can be recollected
by applying an external magnetic field. The evaporation efficiency of saline water (3.5 wt %) reached
up to 60% under solar irradiance of 1 kW m~2. They also examined the evaporated water from
CdCl, solution using inductively coupled plasma atomic emission spectroscopy, which demonstrates
the ability of this system to treat cadmium pollution, indicating the practical nature of this system
and the existence of many potential applications besides desalination and wastewater treatment
projects. Mei et al., reported slight improvement in steam generation efficiency by incorporating the
gold nanoparticles to the graphene sheets. With gold nanoparticles, the steam generation efficiency
improved from 48.4% to 59.2% under the solar irradiance of 0.7 kW m 2 [57]. Benefiting from the nano
size and narrow-bandgap features, the Ti;O3 nanoparticles possessing strong light absorption have
also shown potential use in seawater desalination and purification [58].

2.4. Challenges of Volumetric Solar Receiver

As discussed earlier, under high solar irradiance, the temperature of noble metal particles [42],
semiconductor nanoparticles [39], or carbon-based nanoparticles [43] can reach well above the boiling
point of water, and the solar thermal energy is suitable to evaporate the surrounding water, which
results in solar steam generation. However, volumetric solar receivers have faced some challenges.
For example, gold nanoparticles with collective plasmonic properties are widely used as an absorption
layer, but they may fuse together after extended irradiance, which weakens the electronic oscillations
at the particles’ surface [59]. Also the absorptivity of plasmonic nanoparticles is limited in the short
wavelength range of the solar spectrum. Another key factor to quantify the solar thermal efficiency is the
concentration of nanofluids. With low concentrations of nanofluids, the solar thermal conversion efficiency
will increase even with low power density of incident light. When the concentration of nanofluids is
higher than the critical value, the light will be confined only in the upper layer. Additionally, the large
concentration of the nanomaterials would cause the wastage of raw materials and increase the cost.

Additionally, all those methods of generating steam in volumetric nanofluid receivers rely on
surfaces or cavities that absorb solar radiation, and this requires high light intensities (usually above
10 suns), which also increases the surface heat loss. Nevertheless, it is worth noting that the higher
optical concentration does not always lead to the higher solar thermal efficiency of the system. It is
reported by Halas’ group that the optical concentration of 100 suns (100 kW m~2) was used to produce
the steam in the ice water mixture in just 10 s. However, the total solar thermal conversion efficiency
was only 24%. Therefore, these challenges limit the use of volumetric solar receivers in stand-alone
solar steam generation systems.

3. Floating Solar Receivers for Vapor Generation

In order to reduce heat loss, more studies have been devoted to localize heat and to use thermally
insulated structures. These structures should have three main characteristics in common. The first one
effectively absorbs the sunlight to generate heat. The second one is a low thermal conductivity material
to prevent heat from transferring away from the absorber surface. The third one is a hydrophilic
wicking surface to promote fluid flow to the surface. The efficiencies of solar thermal conversion from
57% to 85% are obtained by those structures in a certain intensity of solar irradiance. The individual
role of each mechanism in affecting the overall performance of the vapor/steam generation process is
discussed as follows.

3.1. Mechanismof Solar Thermal Energy Transport

3.1.1. Light Absorption

The study of solar absorber coatings with efficient light absorption properties over a broad range
of wavelengths, is essential and critical to many solar thermal applications including solar steam
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generation [60-63]. An ideal absorber coating surface eliminates the transmittance and reflectance
while exhibiting maximum absorption over a broad spectral range. There are three mechanisms
involved in general: (i) efficient antireflection achieved by multilayer impedance matching [64],
(ii) photonic crystals with high density of optical modes [65], and (iii) strong light coupling with
nanostructures for efficient light absorption [66]. In current applications, absorbers are usually
fabricated as: multilayers, metal-dielectric composites, surface texturing, and blackbody [67-69].
Spectrally selective absorptance is mainly achieved by the first two types of coatings with metallic
substrates. Blackbody and surface texturing absorbers are made of single material that intrinsically
absorbs light in the wider range. Blackbody absorbers are usually used in low temperature applications
owing to their high absorptance and low cost. Surface texturing is a way to modify the absorptive
material surfaces into light trapping porous structures [70].

The light absorption performance of solar absorbers is boosted in the visible and near-infrared
regions by introducing metallic nanostructures, such as patterning nanoholes, nanoparticles, and
nanodisks on the absorber surface, as shown in Figure 5a—c [71]. However, these absorber coatings are
fabricated mainly by top-down lithographic approaches such as e-beam lithography, laser interference
lithography, with inherent limitations on fabrication throughput, spatial resolution, and scalability.
Recent studies on plasmonic absorber based on lithography-free fabrications have attracted much
attention owing to their cost-effectiveness and scalability (Figure 5d). Lu et al., fabricated scalable
ultrathin nanocomposite films with self-formed topping plasmonic nanoparticles to achieve near
perfect light absorption in the wavelength ranges from visible to near-infrared regions. The simulation
results show that Ag topping nanoparticles enhance the light absorption of the nanocomposite absorber
in the visible range as in Figure 5e,f [72].
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Figure 5. (a) The schematics of fabrication procedure of ultrathin Im Ge/Au nanoporous absorber.
(b) Light absorption properties of ultrathin Ge/Au films are enhanced by nanoholes with different
radius. (c) The dependence of absorption on pore shapes with the same pore area [71]. Reprinted
with permission from [71]. Copyright (2016) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(d,e) Schematics of self-formed topping nanoparticles nanocomposite absorber and their absorption
spectra with different nanocomposite filling factors. (f) The comparisons of the FDTD predicted
absorption spectra of the ultrathin nanocomposite absorbers with and without topping Ag nano-
particles. The dense and sparse distributions of topping Ag nanoparticles are simulated with 60, 70,
and 100 nm of periodicity, respectively [72]. Reprinted with permission from [72]. Copyright (2017)
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.1.2. Thermal Management

In solar thermal conversion systems, the absorbed solar energy is converted into heat at the
absorber surface, and then transfers it to the thermal system. The absorbed solar energy, thermal
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emission, and convection heat transfer determine the temperature of the absorber in the equilibrium
state, as described by the Equation (1):

0, = Et‘TSB(T;Z1 - T;mh) i hconv(Th - Tamb)
QST/H’I QSLH’!

where, «; is the solar absorptance, ¢; is the thermal emittance, osp is the Stefan-Boltzmann constant, Tj,

is the absorber temperature, T, is the temperature of the environment, /¢, is the convective heat
transfer coefficient , and Qs is the total solar irradiance. The solar absorptance is defined as:

)

MG A A(A)dA _ MG A A(A)dA
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where, S(A) is the wavelength-dependent solar irradiance, A(A) is the spectral absorptance.
The numerator of this equation is the total absorbed solar energy; the denominator is the incident solar
irradiance Qsyy. According to the Kirchhoff’s law of thermal radiation, the thermal emittance, ¢ is
defined as follows: s

_ Jamin (1 —as(A))B(A)dA

A B(A)dA

where, B(A) is the spectral distribution of blackbody radiation. Although Equations (2) and (3) look
similar, the wavelength ranges are different. The range of solar absorptance is between the visible and
near-infrared regions of solar irradiance, but that of the thermal emittance is temperature-dependent
and usually in the infrared regions, where the blackbody radiation dominates [73,74].

By following the Equation (1), a solar absorber can achieve high temperature by maximizing
the solar absorptance while keeping low thermal radiation and low heat convection. Typical
spectrally selective solar absorbers, such as cermet absorbers and lithography-free ultrathin multilayer
absorbers, are designed to have a perfect cutoff wavelength, as shown in Figure 6a, which avoids
the absorption band in the blackbody radiation distribution [72]. However, it is more realistic to
consider the absorption tailored near zero in the longer wavelength ranges [75]. For solar thermal
energy applications, optical concentrator is used to increase the solar irradiance for achieving high
temperature. Authors described that if considering a solar absorber with thermal emittance of 0.1 in
the near-vacuum environment (/conp = 0.1 W m~2 K~1), the relation between the surface temperature
and solar absorptance for different optical concentrations is shown in Figure 6b. At higher optical
concentrations (100 x), a good absorber with solar absorptance of 0.9 can easily achieve high surface
temperature of 1600 °C. However, at higher optical concentrations, it is still challenging for the absorber
surface to maintain low thermal emittance and thermal stability [76,77].

Thermal management is very important to avoid any type of heat losses while maintaining

&t

®)

thermal concentration, which is the ratio of sunlight absorption area to the evaporation area, to achieve
better vapor generation efficiency [73]. For low temperature applications, such as solar desalination
and solar hot water heater, the required temperature is less than or equal to 100 °C. Chemically
fabricated solar absorbers are usually favored by the solar desalination industries owing to their fast,
cheap, and large scale fabrication. When considering one-sun solar irradiance and taking the heat
convection conditions into account, we find that the absorber temperature directly exposed to ambient
environment can hardly reach to 100 °C. By isolating the absorber to reduce the convection heat loss,
another key factor, thermal radiation, starts to dominate the temperature drop in the equilibrium state.
Through theoretical calculations, the authors explained that by assuming the low convection heat loss
(Meono = 10 W m ™2 K’l), under one-sun solar irradiance, the absorber can achieve 100 °C by having the
solar absorptance larger than 0.8 and thermal emittance less than 0.4, as shown in Figure 6¢,d. Similarly,
Figure 6e presents the dependence of water mass change and thermal concentration under different
thermal emittance by maintaining the solar absorptance to 90%. As the radiation heat loss/thermal
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emissivity increases, the rate of mass change also decreases considerably, thus, reduces the steam
generation efficiency.
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Figure 6. (a) An ideal absorption profile to achieve the maximum solar absorptance while having
minimal thermal radiation [73]. Reprinted with permission from [73]. Copyright (2014) Royal Society
of Chemistry. (b) In near vacuum conditions (1¢pny = 0.1 W m~2 Kil), the dependence of solar absorber
temperature and solar absorptance performance (the thermal emittance is fixed at 0.1). (c) Dependence
of solar absorber temperature and thermal radiation under different heat convection, (d) Relations
among solar absorber temperature, their thermal radiation and solar absorptance. (e) Dependence of
water mass change and thermal concentration under different thermal emittance.

3.1.3. Liquid Propagation

It is very important to have a continuous water supply to the absorber surface for efficient steam
generation. Evaporation from planar surfaces is typically due to the temperature difference between
the surface and the ambient, as well as the difference between the saturation vapor pressure and the
internal liquid pressure [78]. The use of porous media and heat localization at the absorber surface
may provide an alternative path. Such a scheme involves coupling the absorbed heat with capillary
fluid flow in porous media, where the “wicking” of the liquid in the channels provides a driving force
for the liquid flow and subsequent evaporation. A promising strategy to enhance evaporation rate
is utilizing the thin-film evaporation [11]. When liquid wets a solid wall, the extended meniscuses
are typically divided into three regions: (i) adsorbed region, (ii) thin-film region, and (iii) intrinsic
meniscus region. The strongest evaporation happens when the water film is thin enough (1 pm or
less) so that the thermal resistance across the film becomes smaller than the interfacial resistance to
evaporation [79]. Therefore, the heat loss to the surrounding water is very low and the energy efficiency
increases. Micro or nanoscale surface modifications of the wick can enlarge the thin film region for
higher energy efficiency (Figure 7a). Besides, the efficiency can also be increased by improving the
wettability of the solid wall [80].

Recently, Canbazoglu et al. [81] presented enhanced solar evaporation of water in porous media,
through capillary mediated forces and surface treatment. Generally, in solar evaporation involving
porous media, there are several variables that govern the efficiency via the throughput and conversion
of the liquid water to water vapor. These include the surface chemistry of the materials in the porous
medium, pore size and the distribution, and the relative contribution of conductive and convective heat
transfer. The influence of wick hydrophilicity on the net water evaporation flux across the interface is
shown in Figure 7b. For the liquid on the wall, its evaporation predominantly occurs in an intermediate
evaporating thin film region between the intrinsic meniscus (i.e., corresponding to the bulk) and a
non-evaporating film region, as shown in Figure 7c.
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Figure 7. (a) Evaporative heat flux normalized by the membrane area plotted against the superheat
and expected transition to pore-level evaporation. The schematics depict the liquid in the flooding and
pore-level regimes [79]. Reprinted with permission from [79]. Copyright (2017) AIP Publishing LLC.
(b) The variation of the evaporative mass flux loss with time as a function of increased molarity of
nitric acid, which was used to enhance the hydrophilic character of the wick surface. (c) The inferred
variation in the meniscus shape indicating an increased evaporative thin film region, due to enhanced
surface hydrophilicity through larger nitric acid molarity (15.8 M vs. 1 M) treatment of the carbon foam
surface [81]. Reprinted from [81]. Copyright (2016) AIP Publishing LLC.

3.1.4. Antifouling and Durability

At the core of processes such as water distillation using contaminated and sea water, organic
fouling is always a problem. In solar steam generation experiments, the absorber surface exposed to
the ambient and the hydrophilic wick in contact with water easily got fouling. Thus the integrated
design of absorbers and the wick with anti-fouling performance is critical to improve the efficiency and
the life span steam generating device. Since the discovery of water splitting by Fujishima and Honda in
1972 [82], the photocatalytic properties of TiO, have presented an important solution to the fouling and
to the removal of organic contaminants in polluted waters. A photocatalytic reaction is initiated when a
photoexcited electron is promoted from the filled valence band to theconduction band of semiconductor,
which creates the electron hole pair (Figure 8a) [83]. The positive holes and negative electrons help to
degrade the organic pollutants using redox reactions [84-86]. Besides TiO,, other materials, such as Si,

ZnO, WOs3, CdS, ZnS, SrTiO3, SnO,, WSe;, Fe,O5 [84,87,88] are also used for photocatalysis.
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Figure 8. (a) Schematic presentation of the photocatalytic process under UV light irradiance [83].
Reprinted with permission from [83]. Copyright (2015) Elsevier. (b) Proposed mechanism for
the degradation of microcystin-LR using reduced graphene oxide-TiO, under solar irradiance [89].
Reprinted with permission from [89]. Copyright (2013) American Chemical Society. (c) The predicted
absorptance spectra of thin films of 120 nm thick TiO, on glass, Cu, and 500 nm thick CuO/Cu
substrates. (d) The spectral absorptance of MB(aq) degradation using TiO, nanostructures on copper
substrate under direct sun light irradiance for 2 h, respectively [90]. Reprinted from [90]. Copyright
(2016) by Nature Publishing Group.

Stoichiometric anatase TiO; is active upon UV light irradiation, which is only 3-5% of the solar

spectrum. Thus, in order to enhance the efficiency of TiO; under solar irradiance, attempts were
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made to extend the absorption range of titanium dioxide into the visible-light region (Figure 8b) [89].
Some methods used to improve the efficiency of TiO, are to incorporate impurities by doping [91],
sensitization [92], surface modification [87], and composites [85]. Liu et al. [90] reported a scalable
method to enhance the visible light absorption by depositing TiO, on copper substrate. The TiO,/Cu
stacked structure shows a strong absorption band in the visible range due to the absorption of metallic
Cu substrate, as shown in Figure 8c. The decrease in spectral absorptance of methylene blue confirms
the photocatalytic and antifouling properties of TiO, nanostructures deposited on Cu under solar
irradiance (Figure 8d). Therefore, these smart materials can provide the solution for enhanced light
absorption in the visible range with solar-assisted anti-fouling properties.

3.1.5. Condensation and Collection

In conventional solar stills, the evaporated water vapors condense on the transparent cover to
form a thin liquid layer and then water condensate is collected. In this case, the transparency of
condensate-adhered cover affects the availability of sunlight to the absorber top surface, consequently
the rate of evaporation and condensation of water vapors. There is research gap when it comes to the
collection of produced water vapors in recently developed solar steam generation devices. However,
the filmwise and dropwise condensation on flat and nano-/micro-structured surfaces is a well-studied
phenomenon, and we can take advantage from the development of nanotechnology to design an
appropriate surface, which can effectively enhance the condensation process without altering the
transmittance of the cover [93]. Our previous studies have shown the role of surface wettability to
achieve enhanced dropwise condensation, where droplet growth and efficient condensate removal are
two key contributing factors (Figure 9a). Aili et al. [94] studied the nucleation of droplets, as it is the
first stage of phase change phenomena, including condensation on nanostructured superhydrophobic
surfaces. They showed how the surface nanostructure density affects the nucleation density of water
droplets because of the decreased energy barrier of nucleation in cavities within the nanostructures,
as shown in Figure 9a—c. Another important factor to influence the rate of condensation is the surface
wettability. Li et al. [95] reported the change in jumping velocity by altering the surface wettability for
different droplet sizes, as shown in Figure 9d.
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Figure 9. (a) SEM image of the surface with non-uniform nanostructure density. (b) Tilted ESEM image

o
>

of the early stage condensation on the superhydrophobic surface with non-uniform nanostructure
density [94]. (c) [llustration of the droplet nucleation, growth, partial depinning, and coalescence
jumping processes. Reprinted from [94]. Copyright (2017) by ASME. (d) The effect of surface wettability
on the jumping velocity of different droplet sizes [95]. Reprinted from [95]. Copyright (2017) by
American Chemical Society.

3.2. Recent Development in Floating Solar Receivers for Vapor Generation

3.2.1. Carbon/Graphene Based Floating Solar Receiver

In order to realize the idea of floating solar receivers for vapor generation, Ghasemi et al., proposed
a novel approach of double layered structure (DLS). It localizes the sunlight for evaporation and
minimizes the heat losses, leading to enhanced solar thermal efficiency at low optical concentration [96].
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The DLS consists of graphite particles supported on carbon foam, and upon solar irradiation of
10 kW m~2, it yields a solar thermal conversion efficiency of 85% (Figure 10a—c). In this design, heat
localization is achieved by: (i) utilizing the broad band light absorption properties of graphite particles
(Figure 10b), and (ii) thermally insulating properties of the carbon foam. Thus, fluid wicks to the
absorber hot spot by the hydrophilic and porous nature of the insulating foam. However, by decreasing
the flow rate in the carbon foam, localizing heat and optimizing the porosity, and thickness of each
layer, better solar thermal efficiency can be achieved even at lower optical concentrations. This work
provides a new approach to solar-assisted steam generation for many potential applications.

In order to further boost the solar thermal conversion efficiency, it will be ideal to have one
material possessing all the required thermal, optical, and wetting properties to avoid the interference
from the composite interfaces [97]. To cope with this challenge, graphene-related materials was
considered as one of the promising candidates owing to their low molar specific heat, high Debye
temperature, broadband light absorption, and tunable thermal conductivity by chemical doping [98].
However, the 2D flat feature and hydrophobic nature prevents graphene as the sole component
for steam generation [99]. Ito et al., altered the wetting properties of graphene foam, by nitrogen
doping for steam generation. Figure 10 d—f present a single piece of ~35 um thick N-doped graphene
foam with monolithic open pore, which effectively realizes the energy conversion from sunlight to
high-temperature steam by heat localization with an efficiency of 80% [98]. Later on, Yang et al. [100]
functionalized graphene using hydrophilic groups, such as hydroxyl (—OH) and carboxyl (—COOH)
groups. With small increases in hydrophilic functional groups, the overall solar-to-vapor efficiency
is improved from 38% to 48% under 1 sun irradiance. The surface functionalization of graphene
became popular to improve the hydrophilicity of 3D structures for steam generation experiments [101].
Guo et al. [102] achieved 89.2% under one sun with 60 mg of reduced graphene oxide.
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Figure 10. (a) A representative structure for localization of heat; the cross section of structure and
temperature distribution of double layered structure (DLS) [96]. (b) The reflectance of the DLS in
the wavelength range of 2502250 nm. (c) The solar thermal efficiency of the evaporation process
by the DLS under a range of optical concentrations and the corresponding evaporation rate. Inset
picture of (c) shows the steam generation by DLS under the solar irradiance of 10 kW m~2, Reprinted
with permission from [96]. Copyright (2014) by Nature Publishing Group (d) Schematic illustration
of heat localization system to convert sunlight into steam using a single layer of porous N-doped
graphene [98]. (e) Total reflectance spectra and transmittance of the graphene foam in the wavelength
range of 250-2000 nm. Inset of (e) shows the SEM image of graphene foam. (f) The temperature rise of
porous graphene samples under concentrated 1 kW m~2 solar irradiance. Reprinted with permission
from [98]. Copyright (2015) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fu et al, fabricated graphene aerogels from graphene oxides to harvest solar energy.
Being blackbody absorber, graphene aerogel not only converts almost the entire incident solar light to
thermal energy but also floats on water while supplying the interface water through capillary force for
constant steam production. Solar steam generation efficiencies of 53.6 + 2.5% and 82.7 £ 2.5% have
been achieved at light intensities of 1 and 10 kW m~2, respectively [103]. The key factor to achieve
higher efficiency is the design of carbon material structure. A vertically aligned carbon nanotubes
array, where the carbon nanotubes are aligned to form a 3D forest-like structure, is well-known as the
blackest material in the world. It has been reported that vertically aligned carbon nanotubes arrays
possess a nearly constant optical absorption of 98-99% across a wide spectral range from 200 nm to
200 pm and thus behave most similarly to a blackbody, promising its great potential for solar energy
harvesting [104]. In addition, the frictionless surface of carbon nanotube walls may lead to an ultrahigh
fluid velocity of water outside the carbon nanotubes, which can further enhance the evaporation of
water. The calculated thermal conversion efficiency using vertically aligned carbon nanotubes were as
high as 90% using optical concentration of 30% (Copt = 1), 60% (Copt = 5), 78% (Copt = 10), and 90%
(Copt = 15), respectively [104].

Recently, Li et al., utilized the fastest growing technology of additive manufacturing (3D printing)
to construct an all-in-one evaporator with a concave structure for solar steam generation [105].
The integrated structure consists of the carbon nanotubes/graphene oxide as broadband solar absorber
and graphene oxide/nano-fibrillated cellulose porous layer for liquid propagation, as shown in
Figure 11a. The solar-steam-generation device has a high porosity (97.3%) and broadband solar
absorption (>97%). With low thermal conductivity of 0.06 W m~! K~!, they have reported the solar
steam efficiency of 85.6% under solar irradiance of 1 kW m~2, as shown in Figure 11b,c.
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Figure 11. (a) Schematic illustration of 3D printing process. Carbon nanotubes (CNT), Graphene
oxide (GO), and nano fibrillated cellulose (NFC). (b) Temperature distribution of the wet 3D-printed
evaporator (3D-CG/GN) used for simulating and calculating the equivalent thermal conductivity.
(c) Curves of dynamic evaporation rate of pure water and the 3D-CG/GN at different time points [105].
Reprinted from [105]. Copyright (2017) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.2.2. Organic-Inorganic Nanocomposite Based Floating Solar Receivers

Another approach to produce low-cost materials for solar steam generation is the synthesis of
organic-inorganic nanocomposites. Polyurethane foam is a highly attractive material with diverse
industrial application owing to its micro porosity, excellent thermal insulation properties, and facile and
scalable synthesis [106]. Wang et al., synthesized reduced graphene oxide-polyurethane nanocomposite
foam through the reaction of diisocyanates, polyether, and polyethylene glycol directly inside the
dimethylformamide dispersion of graphene oxide, followed by the high temperature foaming and
chemical reduction (Figure 12a—c). The hydroxyl and carboxyl groups of modified graphene oxide
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sheets react with the isocyanate groups to form stable chemical bonds, which help in fabrication
of stable organic-inorganic nanocomposite foam. This type of nanocomposite foam has exhibited
a solar thermal energy conversion efficiency of 64 and 81% at solar irradiance of 1 and 10 kW
m—2
introducing polyethylenimine as a crosslinking agent, (Figure 12d,e). The double-layer of graphene
oxide-cellulose ester system showed high steam evaporation efficiency up to 52% under 1 kW m~2 of

solar irradiance [107].

, respectively [106]. Later on, they also used graphene oxide-cellulose ester membranes by

PEI-GO PEI-GO-MCE

Figure 12. (a) Proposed reactions during the isocyanate treatment of graphene oxide [106]. (b) SEM
image of reduced graphene oxide/poly urethane nanocomposite. (c) The temperature changes
before and after solar irradiance monitored by IR camera. Reprinted with permission from [106].
Copyright (2017) by American Chemical Society. (d) Schematic of the fabrication process of graphene
oxide-cellulose ester membranes PEI-GO-MCE) using polyethylenimine as a crosslinking agent [107].
(e) The temperature changes before and after solar irradiance monitored by IR camera. Reprinted with
permission from [107]. Copyright (2016) by Elsevier Ltd.

3.2.3. Bio-Composites Based Floating Solar Receivers

Tian et al., proposed that 3D open porous structures with high surface area can serve as an
ideal platform to achieve optically active 3D materials [108]. They fabricated optically active foams
by incorporating plasmonic nanostructures into the bacterial nanocellulose aerogels. Owing to
their versatility, Tian et al., applied plasmonic biofoams for a variety of applications including
(i) ultrasensitive chemical detection; (ii) steam generation through plasmonic solar thermal heating;
and (iii) optical control of enzymatic activity by triggered release of molecules encapsulated within
the functional foam [109]. The plasmonic paper and biofoam exhibited significant temperature rise
of 23 and 15 °C, respectively, within the first 300 s of irradiance followed by stabilization during
subsequent irradiance.

Without considering losses involved in the test facility, such as reflection, surface radiation, and
test chamber losses, the evaporation efficiency of plasmonic aerogel was calculated to be 76.3% at
concentrated solar irradiation of 51 kW m~2. Bacterial nanocellulose incorporated with flakes of
graphene oxide has also shown a steam generation efficiency of 83% at concentrated solar irradiation
of 10 kW m~2 [109]. In addition, the natural 3D structures of plants maximize light absorption from
a wide range of incident angles throughout the day. Another approach was recently proposed to
use the natural plants based floating materials with absorber coating on top surface. Natural and
carbonized mushrooms achieved around 62% and 78% conversion efficiencies under 1 kW m~2 solar
irradiance, respectively (Figure 13a—d). It is found that this capability of high solar steam generation is
attributed to the unique natural structure of mushroom, umbrella-shaped black pileus, porous context,
and fibrous stipe with a small cross section [110]. Inspired by the water transpiration behavior in trees
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through xylem from roots to the leaves surface, carbon nanotube coated balsa wood [111], flame coated
wood [112], and graphene oxide coated wood [113], demonstrated an efficiency of 81, 72, and 83% at
solar irradiance of 10, 1, and 12 kW m~2, respectively. Thermal conductivities of and solar thermal
conversion efficiency of various materials under 1 sun solar irradiance are tabulated in Table 1.
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Figure 13. Mushroom-based solar steam generation. (a) Schematic of a mushroom-based solar
steam-generation device [110]. (b) Physical picture of a shiitake mushroom. (c) Physical picture of a
mushroom after carbonization. Reprinted with permission from [110]. Copyright (2017) WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) Graphical illustration of the flexible solar steam made
from carbon nanotube coated flexible wood membrane [111]. Reprinted with permission from [111].
Copyright (2017) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 1. Thermal conductivities and solar thermal conversion efficiency of various materials under 1
sun solar irradiance (1 kW m~2).

Thermal Conductivity

Energy Conversion

Materials References
Wm—1K™! %
Porous graphene 94 +52 46 [107]
Porous N-doped graphene 9.0+ 1.2 54 [98]
Graphite 119-165 56 [43]
Activated carbon fiber 21-125 - [98]
Carbon nanotubes-Balsa wood 0.21 65 [111]
Reduced graphene oxide-polyurethane 1.0984 65 [106]
Reduced graphene oxide- cellulose 44,466 50 [107]
ester membranes

Vertically aligned graphene sheet membranes 0.0038 86.5 [114]
Carbonized mushrooms 0.45 78 [110]

3.3. Solar Assisted Water Desalination Using Floating Solar Receivers

Efficient utilization of solar energy to generate the clean water from seawater and even
industrial wastewater has great potential to solve the shortage of fresh water resources [115,116].
Solar desalination has become one research hotspot of solar steam generation from seawater.
Zhou et al., introduced plasmon-enhanced solar desalination device. They fabricated it by using
self-assembly of aluminum nanoparticles into a 3D anodized aluminum oxide porous membrane [117].
They used a combination of anodization, self-assembly, and physical vapor deposition method to
get nanoporous membranes (Figure 14a—c). It is obvious that the original transparent anodized
aluminum membranes turned black in color after the deposition of the aluminum nanoparticles,
which is a direct indication of the efficient and broadband light absorption in the visible and near
infra-red range (400-2500 nm). Zhou et al., also deposited plasmonic nanoparticles on nanoporous
membrane template. They claim achieving over 90% efficiency under solar irradiance of 4 sun intensity
(4 kW m~2) [118]. Later on, polypyrrole-deposited stainless steel mesh [119], airlaid-paper-based
Au nanoparticle film [120], and bilayered hybrid biofoam composed of bacterial nanocellulose and
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reduced graphene oxide [108,113] were also used for solar desalination. Another interesting and
innovative example was vertically aligned graphene sheets membrane (Figure 14d—f) [114]. The
initially fabricated vertically aligned graphene membrane exhibits hydrophobic behavior with water
contact angles of 120 °, which changed to hydrophilic after O,-plasma treatment. When subjected to
steam generation experiments, the membrane has achieved average water evaporation rates of 1.62
and 6.25 kg m~2 h~! under 1 and 4 kW m~? irradiance with a solar thermal conversion efficiency of
up to 86.5% and 94.2%, respectively. Inspired by this transpiration process and 3D morphology of
plants, Xiuqgiang et al., demonstrated a 3D artificial transpiration/desalination device, composed of a
3D hollow cone absorber fabricated with graphite oxide connected with a 1D water path [115].
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Figure 14. (a) High-resolution SEM images of aluminum-based plasmonic membranes: the top and
cross-section view [117]. (b) Experimental and simulated absorption of aluminum-based plasmonic
absorbers (400-2500 nm). The normalized spectral solar irradiance density of air mass 1.5 global
(AM 1.5 G) solar spectrum is shown by the blue dashed line. (c¢) The measured concentrations of four
primary ions in an actual seawater sample (average salinity ~2.75 wt %) before and after desalination.
Reprinted with permission from [117]. Copyright (2016) by Nature Publishing Group. The purple
(green) shaded area refers to the overall typical salinity achieved by traditional membrane (distillation)
desalination process, respectively. (d) SEM cross sectional image of vertically aligned graphene
membranes inset image shows the schematics water transport behavior [114]. (e,f) Solar thermal
conversion efficiency and measured concentrations of five primary ions in an actual seawater sample
before and after purification using vertically aligned graphene membranes. Reprinted with permission
from [114]. Copyright (2016) by American Chemical Society.

4. High-Temperature Steam Generation

The use of solar thermal technology for direct high-temperature steam generation has recently
encountered a renewed interest. It promises great potential in further reducing the leveled electricity
cost of solar trough and also provides an efficient solution to the power generation, energy storage,
heavy oil recovery, and refrigeration units [16,121]. There are two ways to generate high-temperature
steam by using either optical concentration or thermal concentration. In the following section,

we will summarize the recent development in producing high-temperature steam for various
integrated applications.

4.1. High Temperature Steam Using Optical Concentrator

Currently, all the industrial solar plants for high-temperature direct or indirect steam production
use high optical concentrations to heat the bulk water to its boiling temperature. The absorber
surface temperature and its radiation properties are very critical to achieve higher steam generation
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efficiency. Four primary concentrated solar power systems are commercially available, including
parabolic trough collector [122], solar power tower [17], linear Fresnel reflector [123], and parabolic
dish system [124]. Collecting thermal energy at high temperatures requires concentrating sunlight on
small targets using mirrors that track the sun and keeping the intensely focused light on a receiver
surface. The larger the mirror, and the smaller the receiver, the more thermally efficient system can
be; however, as this ratio (known as the “concentration ratio”) increases, so do the requirements for
optical precision. Higher concentration ratios allow higher achievable temperatures, generally with a
trade-off of higher cost for the system. Besides direct steam generation for power generation, recently,
the first enclosed-trough solar steam generation pilot for enhanced oil recovery applications were built
in Sultanate of Oman [125].

This pilot project deployed an innovative enclosed-trough solar thermal design, in which solar
irradiance is concentrated, using parabolic trough mirrors that are enclosed to protect them from
dust and wind loading (Figure 15a-b). The sunlight is reflected onto the receiver tubes, inside which
water is pumped and heated to produce 80% quality steam at 100 bar, matching typical enhanced oil
recovery specifications. Figure 15¢ shows a typical clear day’s performance. At the start of the day,
water is circulated at minimum flowrate until high-enough temperatures and pressures are reached to
start producing steam. The steam quality is strictly controlled at 75 £ 5% during the operating day.
At the end of the day, a small quantity of steam is delivered at slightly lower quality to maximize
enthalpy flow to the oil field. The system operates with automatic mirror tracking, water and steam
flow control, and steam quality regulation. The goal of the control system is to maximize the energy
production in the form of steam at up to 80% steam quality. Through one year of operation, the pilot
project has demonstrated its technical feasibility of solar steam generation in the Middle East desert
environment. Thus, harvesting solar energy as heat using optical concentrators has potential to be
used for many other applications, but the high cost and maintenance requirement are the biggest
obstacle in commercializing the technology.
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Figure 15. (a) The pilot project of enclosed-trough solar thermal design. (b) Schematics of enclosed
trough solar system with different parts [125]. Reprinted with permission from [125]. Copyright (2014)
Published by Elsevier Ltd. (c) Overview of typical operating day [126]. Reproduced image from the
web link of [126].

4.2. High Temperature Steam Using Thermal Concentrator

Recently, Ni et al. [127] demonstrated a floating solar receiver capable of generating 100 °C steam
under ambient air conditions without optical concentration. The high temperatures are achieved by



Energies 2018, 11, 253 19 of 29

using thermal concentration and heat localization while reducing the convective, conductive and
radiative heat losses. By varying the thermal concentration, which is ratio of the sunlight absorption
area to the evaporation area, the receiver can generate saturated steam at 100 °C, or low-temperature
water vapor at high efficiencies (64%). By pressurizing the system, one can potentially use this
approach to generate superheated steam for power generation by using water or other organic
working fluids. This was the first report to achieve 100 °C steam under ambient air and one-sun
conditions by significantly reducing the heat losses from the receiver. The net evaporation rate (m) can
be expressed as;

fth g = Atsgsotar — Acio (T =T ) = Altcons (T = Too) = Afuaater (4) @

where, h fg 18 the latent heat of evaporation, A the surface area of the absorber facing the sun, a;
the solar absorptance, g, the solar irradiance, ¢; the emittance of the absorbing surface, ¢ the
Stefan—Boltzmann constant, /1.5, the convection heat transfer coefficient, and gqat.r the heat flux to the
underlying water, including conduction and radiation.

Figure 16a shows several ways of achieving continuous steam generation under one sun and
even lower solar irradiance. They replaced the blackbody absorber with a spectrally selective absorber,
which has high solar absorptance and low thermal emittance (Figure 16b). Second, thermal insulation
was used on both top and bottom surfaces of the absorber to reduce convective loss to air as well
as conductive and radiative heat losses to the water underneath. Finally, in order to overcome the
mismatch between the latent heat of vaporization and the ambient solar irradiance, our group use
thermal concentration, by conducting the absorbed heat into the evaporation area, which is smaller than
the absorber surface area. The selective absorber temperature and vapor temperature were measured
(Figure 16c) as a function of the thermal concentration Cyjy,, the ratio of the total irradiance area to
the evaporation area. The maximum steam temperature reached 98 °C, achieved when Cyyy,, = 1300x.
The steam temperature was directly measured by the thermocouple in this case, using a small vapor
chamber. These figures show the receiver reached steady-state operation in roughly 5 min, clearly
demonstrating continuous steam generation under 1 sun irradiance.
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(a) Evaporation Solar flux 5
Evap 800Wm=2 =
2
]
o
Convection 0 4 8 12 16
370 Wm™ Wavelength (um)
(C) 1o
m Vapour
100 O Absorber
e
r o
2 90+ o™
g e T IEAS N = g of (l> .
el Bt e St § ]
$ T sl =
Conduction Qeojar = 1,000 W m2
+ radiation 20°C 70 b1 Hido L PR A,1;0100

Thermal concentration

Figure 16. (a) Energy balance and heat transfer in the developed one-sun, ambient steam generator.
(b) Comparison of thermal radiative losses at 100 °C from a blackbody and the spectrally selective
absorber. (c) Steady-state vapor and selective absorber temperatures measured as a function of
the thermal concentration used. The evaporation slots were varied in size to control the operating
temperature [127]. Reprinted from [127]. Copyright (2016) by Nature Publishing Group.

4.3. Scalable Thermal Concentration Design for Steam Generation

Demonstration of continuous direct steam generation under the one-sun condition enables
many potential applications, such as distillation and sterilization in remote locations. Also, thermal
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concentration can be a more cost-effective approach to solar steam generation than optical
concentration. However, the stability of cermet coating to avoid any delamination during the
continuous operation, and the corrosion of bottom plate when in contact with water could be the
limiting factors. Similarly, the liquid propagation using hydrophilic wick and the associated fouling
and salt accumulation problems are also not quantified as it would also affect the overall performance.
Thus, we proposed an improved design of scalable semi spectrally selective absorber with near
perfect absorption in the visible range. The novel absorber surface is fabricated by controllably
growing the copper oxide nanostructures on the copper substrate. Our proposed approach highlights
the development of anti-fouling and thermal concentrated solar distillation system, which is also
cost-effective and requires less fabrication complexity for rapid industry-wide adoption.

Figure 17a shows our lab-scale one-sun steam generator, which contains three main
components: (i) semi-spectrally selective solar absorber, (ii) thermally insulated polyethylene foam,
and (iii) superhydrophilic wick. The 4 cm x 4 cm absorber with slot size of 2 mm in diameter is thermally
insulated from the bottom side and placed on container with volume of 500 mL. First, a spectrally
selective solar absorber is fabricated by controlling the growth of copper oxide nanostructures on
copper substrate during the chemical etching process [90,128,129]. Previously, researchers have widely
used the blackbody absorbers owing to their near perfect absorption in the solar spectrum. However,
their near-unity emittance also limits the solar thermal energy conversion efficiency due to significant
radiation loss at high temperature. To cope with this challenge, we fabricated a semi-spectrally-selective
absorber based on copper oxide nanostructures on copper substrate. According to our previous report,
by varying the chemical etching time, we can control the growth of copper nanostructures density on
copper substrate [90]. Figure 17b,c present high resolution SEM images (Nova NanoSEM 650, FEI, Abu
Dhabi, UAE ) of copper oxide nanostructures obtained after etching time of 90 and 600 sec, respectively.
The chemical etching of copper substrate for 90 sec produces particle-like morphology of copper oxide
as compared with regular scale-like structures, as shown in Figure 17b,c.
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Figure 17. (a) Schematics of the setup used for lab scale steam generation experiments. (b,c) High
resolution SEM images of copper oxide nanostructures on copper substrate with etching time of 90 s

and 600 s, respectively. Comparison of UV-Visible-nIR (d) and FI-IR (e) spectra of bare copper, CuO/Cu
BA, and CuO/Cu SA. The inset in (d) shows the solar spectrum for reference.
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The different morphology of copper oxide also helps to tune the light absorption properties. Pure
copper just absorbs light in the wavelength ranging from 250-600 nm, and it is highly reflective beyond
650 nm to near infra-red spectral range. The nanoparticle-like copper oxide on copper (CuO/Cu SA)
has shown semi spectral selectivity owing to sparse growth of CuO nanostructures during the chemical
etching process, while the scale-like copper oxide on copper (CuO/Cu BA) has shown broadband light
absorption characteristics owing to dense growth of CuO microscales. Thus, by growing copper oxide
nanostructure on copper substrate, we are able to achieve near-perfect absorption from 250 to 800 nm,
while maintaining the reflectivity in the mid infra-red range, as shown in Figure 17d,e. Spectrally
selective absorbers strongly absorb sunlight, but emit little radiative heat. They have been widely used
in domestic solar hot water systems, allowing evacuated solar hot water tubes to be heated to over
100 °C under stagnation conditions [130,131]. However, these solar hot water heating systems are not
designed for steam generation or evaporation from open bodies of water.

The absorber surface was thermally insulated using polyethylene foam with very low thermal
conductivity (0.06 W m~! k~1). This helps to reduce the conductive and radiative heat losses to the
water underneath. Finally, in order to overcome the mismatch between the latent heat of vaporization
and the ambient solar irradiance, we use the thermal concentration by concentrating the absorbed heat
into the evaporation area, which is much smaller than the absorber surface area. A design of thermal
isolation is a critical part to effectively transfer the heat to the water while avoiding unnecessary
heat dissipation. A 1D model is presented to consider all the convection, radiation, and evaporation
losses of the absorber and evaporation surfaces. The prediction results showed that as the thermal
concentration ratio increases, the vapor temperature increases until it reaches the steam temperature,
as shown in Figure 18a.

In this system, a small channel was drilled through the absorber surface and the insulating
foam to provide the water passage through superhydrophilic porous wick. Understanding the liquid
propagation mechanism in a porous wick is very important to maintain the continuous supply of water
to the evaporation site without breaking the water column. The advantage of such surfaces is that the
capillary pressure enables effective liquid transport. We choose the nanostructured coated CuO mesh
with 34 um pore size as superhydrophilic wick. The lab-scale steam generation experiments were
conducted under solar simulator to provide a solar irradiance of 1000 W m~2. Thermocouples and
an analytical balance were used to measure the temperature and real-time mass loss of the receiver
surface and water supply, respectively. A kink after 250 s in Figure 18b indicates the beginning of
steam generation. Owing to the semi spectral selectivity of the absorber, the CuO/Cu SA produces
vapor with the temperature of 67 °C, which is 5 °C higher than the vapor produced using CuO/Cu
BA, at the fixed thermal concentration of 510. These figures also show the receiver reached steady-state
operation in roughly 4 min, clearly demonstrating continuous vapor generation under 1 sun irradiance.
By increasing the thermal concentration and minimizing the convective heat losses from the absorber
top surface, we can achieve 100 °C steam under one sun irradiance. As compared to the reported
literature, our semi spectrally selective absorber can produce vapor with higher temperature under a
solar irradiance of 1000 W m~2, as shown in Table 2. Comparison of evaporation-induced water mass
change with time is shown in Figure 18b for various samples.
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Table 2. The steam temperature using various materials under simulated solar irradiances.

Materials Solar Irradiance (kW m™2) Steam Temperature (°C) Reference
Reduced graphene oxide-Fe3O4 1 47 [56]
Reduced graphene oxide-Fe3O4 2 56 [56]
Au nanoparticles 220 100 [44]
Au nanoparticles-graphene 0.7 27.2 [57]
Vertically aligned carbon nanotubes 15 60 [104]
Polyurethane-Reduced graphene oxide 1 314 [106]
Polyurethane-Reduced graphene oxide 10 67.8 [106]
Reduced graphene oxide +MCE 4 40.5 [107]
Reduced graphene oxide bilayer 10 80 [108]
Carbonized mushroom 1 40 [110]
CNTs modified balsa wood 1 36 [111]
CuO/CuSA 1 67 This work
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Figure 18. (a) 1D model to predict the effect of thermal concentration on the vapor temperature by
considering possible heat losses. (b) The temperature profiles measured at the surface of the various
samples at the irradiance intensity of 1 KW m~2. (c) Comparison of accelerated water mass change
due to evaporation with time.

The efficiency of the solar steam generation in terms of vapor generation is calculated as a ratio of
total latent heat rate divided by the total incoming solar irradiance:

mh
Nthermal = quii 5)

where, m is the instantaneous mass change due to evaporation, /iy, is the enthalpy change of liquid
water to vapor, Qs is the solar irradiance per area, and A is the total area of the receiver. The CuO/Cu
SA has achieved better performance with vapor generation efficiency of 55%, while CuO/Cu BA has
shown 37% under one sun irradiance. By minimizing the convection heat losses, we can improve
better performance under 1 sun irradiance. During the water evaporation process, the convection
and conduction heat losses are strongly influenced by the size and distribution of evaporation sites.
A simplified 3-dimensional model using software FIoEFD is used to investigate the evaporation
phenomenon within a narrow slot of a solar-vapor-generation device. Figure 19 shows the temperature
distribution on the side and subsurface of the absorber. Through the temperature profile, the heat
transferred from absorber into the water can be quantitatively calculated to get solar steam generation
efficiency. The experimental verification and parametric studies with multiple slot number and sizes
are needed to verify to the modelling results.
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Figure 19. (a,b) Temperature distributions on the side and subsurface of the solar absorber. (c-e)
Influence of slot distribution on the temperature profile.

5. Conclusions and Perspectives

In summary, we have provided a comprehensive review of novel volumetric and floating receivers
and the associated direct solar vapor generation systems. Progress in this field has been made
recently by utilizing selective plasmonic and broad-band carbon/graphene solar absorbers. Compared
to the traditional solar-driven steam generation system, the novel design has a great potential in
the future applications because of its low cost and high efficiency. Through this article, firstly we
highlighted the dominant plasmonic effects of colloidal nanoparticles in volumetric solar receivers
and the recent research progress and challenges to use solar receivers for steam generation. Secondly,
we emphasize on the basic mechanism involved in floating solar receivers, such as light absorption
(plasmonics, broadband absorption, and spectral selectivity), thermal management (minimizing
conduction, convection, and radiation heat losses), liquid propagation to thin film evaporation,
durability (antifouling and salt rejection), and the freshwater collection via condensation. We have also
reviewed a variety of materials used in floating solar receivers and the involved challenges to achieve
higher solar to thermal conversion efficiency. In the last section, we propose a scalable approach to
efficiently harness solar energy using semi spectrally selective absorber with near perfect absorption
in the visible range and low thermal emissions. The semi spectrally selective receiver has achieved
55% of steam generation efficiency under 1 sun irradiance. Our proposed approach highlights the
development thermal concentrated solar distillation system, which is also cost-effective and requires
less fabrication complexity for large-scale application.

Demonstration of continuous direct steam generation under one-sun condition opens many
potential applications, such as distillation and sterilization in remote locations. By pressurizing the
system, one can potentially use the approach to generate superheated vapor for power generation
with water or other organic working fluids. The new idea of thermal concentration can be a more
cost-effective approach to solar steam generation than the optical concentration. Further studies on
fouling of solar receivers are needed, though the decoupling of optical absorber from the phase-change
surface is an advantage. As we know, steam can also be used as a thermal storage medium. In fact,
it is challenging to come up with the rational design of steam generation systems in order to collect
the large amount of fresh water and the thermal energy simultaneously. Innovative materials and
integrated device design can help steam generation systems achieve higher conversion efficiency at
lower cost. In the future, we believe that many real applications of high-performance solar-driven
steam generation system are on the near horizon.
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