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Abstract

Although desalination technologies have been widely adopted as a means to produce freshwater,
many of them require large installations and access to advanced infrastructure. Recently, floating
structures for solar evaporation have been proposed, employing the concept of interfacial solar
heat localization as a high-efficiency approach to desalination. However, the challenge remains
to prevent salt accumulation while simultaneously maintaining heat localization. This paper
presents experimental demonstration of a salt-rejecting evaporation structure that can operate
continuously under sunlight to generate clean vapor while floating in a saline body of water such
as ocean. The evaporation structure is coupled with a low-cost polymer film condensation cover
to produce freshwater at a rate of 2.5 L m™ day™, enough to satisfy individual drinking needs.
The entire system’s material cost is $3 m™ — over an order of magnitude lower than conventional
solar stills, does not require energy infrastructure, and can provide cheap drinking water to
water-stressed and disaster-stricken communities.

Introduction

Water is an increasingly scarce resource around the world, with current projections estimating a
staggering 3.9 billion people living in water-stressed areas increasing by 2025.' A quarter of the
world’s population, 1.6 billion, lives under economic water scarcity,” and are unable to afford
commercialized desalination technologies available in wealthier countries. Commercial
desalination, which extracts fresh water from saline waters, include membrane-based designs
such as reverse osmosis (RO),’ and thermal-based designs like multi-stage flash (MSF)*. Despite
the maturity of these technologies, they are still unfeasible in developing regions due to high
energy consumption, and require advanced supporting infrastructure and large centralized
installations, which introduce a high economic barrier-to-entry.”® Existing desalination
technology is particularly unsuitable for economically challenged populations living in
distributed small villages, or remote regions. In these situations, advanced desalination
technologies like RO and MSF are often 10x as expensive due small economy-of-scale and
scarcity of fuel sources. Rudimentary options such as the solar still’ are often competitive. Low-
cost, small-scale desalination technologies that operate using freely available solar energy have
the potential to improve water security for the economically water stressed.
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Recently, high-efficiency solar evaporation was achieved using floating structures, which do not
require high-cost permanent construction or land use, and can be deployed directly on water
surfaces.*'* To achieve high evaporation rates, these structures localize heat generation to the
water-air interface to avoid heating an entire large volume of water (such as the ocean). Our
group previously demonstrated a heat-localizing solar evaporation approach using a floating
double-layer structure, composed of exfoliated graphite as a solar thermal absorber and a porous
carbon foam as the thermally insulating layer. The double-layer structure achieved steam and
vapor generation at efficiencies as high as 85% under low solar concentrations (<10 kWm™). The
heat localization concept™ was subsequently extended to incorporate plasmonic materials for
solar absorption,>" paper-based carbon black coatings for cheaper solar absorption,'**
improved thermal insulation through controlled water delivery strategies, '"'**' as well as
graphene oxide and other exotic materials as absorbers.">**** Ni et al even demonstrated high
temperature (100°C) steam generation under unconcentrated sunlight (1 kWm™, or 1 sun) with a
floating solar receiver made of inexpensive households materials such as bubble wrap and
styrofoam.''

These floating solar evaporation structures can potentially improve existing solar still designs. A
low-intensity desalination technology for low infrastructure and remote regions,” conventional
solar stills have typical performances of around 2-4 liters of water per square meter per day, or
annually averaged solar efficiencies of ~20-40%. Despite being invented centuries ago,
conventional single-basin solar stills have not been widely adopted due to their comparatively
high unit cost of production ($15-150 per m® water).* This high cost comes from the usage of
materials such as steel, concrete, and glass to construct the solar still, coupled with the relatively
low water production. A rich history of improvements have only increased system complexity
and water costs, including using porous sponge cubes,” floating absorbers,’®?’ isolated
evaporation wicks,”*>! and separate condensation chambers.*** Most importantly, conventional
solar stills have not been able to solve the problem of fouling (An extensive review on solar stills
can be found in Ref *°). Additional key shortcomings include the need to heat an entire volume
of water, regularly cleaning of accumulated contaminants, and the generous land area needed to
collect adequate sunlight.

Despite the potential improvements from coupling solar evaporation structures with solar stills,
several unresolved challenges remain. Among these challenges are: (i) avoiding salt
accumulation in the structure under continuous operation, (i) maintaining high evaporation rates
while condensing vapor, (iii) maintaining high temperatures in real seawater conditions, (iv) and
shrinking desalination costs of conventional solar stills. Salt build-up remains a significant and
poorly studied challenge for floating solar evaporation structures that employ heat localization.
Seawater contains 3-3.5 wt% total dissolved solids, including NaCl and CaCOs, which can clog
structures after evaporation. Previous works used hydrophobic surfaces to prevent salt from
adhering.*® However, the structure needed to be thin to avoid clogging, and thus sacrificed
thermal insulation. This is fundamentally because thermal insulation separates the evaporation
interface from the cold saline water underneath, where salt needs to be rejected. Inadequate
rejection can lead to clogged structures, ultimately deteriorating structure optical and wicking
properties. Furthermore, water collection and desalination performance reported for floating
evaporation structures (~5%) are far below the reported evaporation performance (~90%).'*"
The addition of a vapor collection system stifles the vapor flow conditions from those of open
evaporation, and can suppress the evaporation and water collection rates. In addition, real
seawater conditions have convective cooling from waves and currents, and this effect has been
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poorly studied in the literature. Most prior solar evaporation experiments were performed in
beakers with still water, which adds extraneous thermal insulation. Lastly, even if solar
evaporation structures can improve solar still water production (2-3 x), at negligible cost, the
conventional solar still itself must be made an order of magnitude cheaper in order to compete
with commercial desalination approaches like RO and MSF. Significant challenges remain
before solar evaporation structures can be utilized competitively for desalination.

Here, we present a new approach to address fundamental challenges of salt rejection in solar
evaporation for desalination. We demonstrate a floating multi-layer solar evaporation structure
that rejects excess salts while preserving heat localization. In particular, salt rejection
experiments revealed a strong resistance to fouling from NaCl, the most prevalent salt in ocean
water. This work has ultimately yielded a low-cost floating solar still, made from commercially
available materials that is capable of producing drinkable water continuously in saline waters,
without the need for periodic cleaning. The floating solar still can produce water at 2.5 L m™ day
! or a daily-averaged solar-to-water efficiency of 22%, enough to satisfy daily individual
drinking needs. In addition, the traditional glass and steel solar still was replaced with a fully
polymeric lightweight design expected to have a materials cost of ~$3 m™, and 10-100 times
lower than current solar still systems. Water collection tests were conducted both in a controlled
rooftop setup and in the ocean. A heat transfer model of the solar still was also developed to
identify areas for improvement. We believe this improved floating solar still design, capable of
simultaneously rejecting salt and localizing heat, has the potential to significantly expand access
to affordable clean water for off-grid communities, thus addressing one of the most pressing
challenges in the water-energy nexus.

Solar Evaporation Structure and Design
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Figure 1: An evaporation structure with simultaneous salt rejection and heat localization ability. a) shows the evaporation
structure’s design, with a black fabric for solar absorption, and a composite white fabric wick and polystyrene foam insulation.
The wick both delivers water for evaporation, and rejects excess salt. b) shows the advection flow of salt rejection due to denser,
salter water at the evaporation surface. ¢) Photograph of the evaporation structure. d) Schematic of the evaporation structure in
a fabricated polymer-film based condensation cover operating in an ocean.

Figure 1 shows the salt-rejection evaporation structure designed to float on saline bodies of water,
absorb and convert incident solar flux (nominally 1 kWm™, 250-2500 nm) into thermal energy,
and transfer this heat to water for vapor generation, while rejecting excess salts to the water
underneath. The evaporation structure is composed of multiple layers. The top layer is a solar
flux absorbing layer of hydrophilic black cellulose fabric (Zorb™), which also wicks up water.
Heating only a restricted layer of water enhances evaporation, but also increases the local salinity
due to excess salt ions left behind.

Beneath the black fabric is an insulating structure that serves to simultaneously thermally
insulate the evaporation layer and to reject excess salts back to the water below. The insulating
structure is made from alternating layers of expanded polystyrene foam and white cellulose
fabric (Zorb™). The expanded polystyrene has low thermal conductivity (~0.02 Wm™K™), and
limits thermal conduction of heat down from the evaporation surface above. The white fabric is
porous and hydrophilic, allowing it to wick water to the solar-absorbing evaporation structure
above, while advecting and diffusing concentrated salt down back into the body of water (Fig.
1b). The evaporation structure (Fig. 1c) is designed to operate with a condensation cover to
collect the produced vapor (Fig. 1d).

Material selection is important to balance competing thermal and salt rejecting properties needed.
The expanded polystyrene is thermally insulating, but impermeable to water, whereas the fabric
wick is permeable to water. However, water itself leaks heat, having thermal conductivity 30 x
higher than foam (0.58 vs 0.02 Wm'K™). As such, the fabric wick and expanded polystyrene
used in the insulation structure have competing thermal and salt rejecting properties, and the area
ratio of fabric wick to expanded polystyrene must be optimized to reject salt while maintaining
efficient insulation. In addition, different time-scales for salt rejection and thermal insulation
must be accounted for. Salt is rejected over 24 hours, while thermal insulation is only needed
during daylight hours.

Salt rejection can occur via two modes, diffusion and advection, down the fabric wick. The
driving force results from an accumulation of salt ions as water is evaporated. The salt
concentration at the evaporation structure increases above the ambient ocean concentration. For
this experimental work, the salt-rejection evaporation structure was designed conservatively
assuming only diffusion as the main salt-rejection mechanism, though both diffusion and
advection play a role in the salt-rejection.

Using the diffusion assumption, the fabric wick area was chosen to be ~20% of the total
insulation structure area, leaving 80% remaining area for expanded polystyrene. This area ratio
was selected by calculating the daily mass of salt to be rejected, based on an estimated daily
evaporation. We then use Fick’s law of diffusion to determine the area needed to diffuse out the
daily mass of salt. The final expression for the ratio of wick to total area is given below,
NevapEsolar 3 wt%
Awick _ hfg 97 wtt%

(Cevap—Co) ( 1 )
Aevap DNaCle+tday
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where Ay,icx and Ag,qp are the areas for salt rejection and evaporation, 7y 1S the estimated
daily evaporation efficiency, E,;, 1S the total daily insolation, Dy,c; i1s the mass diffusion
coefficient of NaCl in water, p,, is the partial density of water in seawater, [, is the length of the
wick, tgqy 1s the time length of one day, Cepqp and C,, are the mass fraction of NaCl at the
evaporation surface and ocean. Ce,qp 1s conservatively chosen to be the saturation condition for

NaCl (26 wt%), which minimizes the thermally detrimental wick area required. More details are
given in the Supplementary Information.

Laboratory Experiments
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Figure 2: Performance of the evaporation structure in solar vapor generation under lab conditions. a) shows the evaporation
rate of the evaporation structure in fresh (dashed) and salt water (solid, 3.5 wt% NaCl). b) shows the performance of the
evaporation structure in freshwater at different solar fluxes below 1 sun (IkWm?). There is a slight decrease in efficiency at
lower solar fluxes. c) shows the temperatures measured at different locations of the evaporation structure shown in (d). The large

temperature drop from the solar absorbing fabric to the water underneath indicates the insulating ability of the expanded
polystyrene.

The solar-vapor performance of a lab-scale evaporation structure (21 cm x 20 cm) was tested in
representative laboratory conditions, using both salt and freshwater (details in Supplementary
Information). A solar simulator was used to supply simulated sunlight, and a calibrated power
meter to measure incoming radiative flux. The mass of the evaporation structure and water
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reservoir was continuously monitored using a balance to determine the rate of vapor generation
(Fig. 2a). The efficiency of solar-vapor conversion is defined as:

m
_ "9 )

s’
AsolarAevap

Nevap =

where m,, is the mass flux at steady state conditions, hs, is the temperature-dependent latent heat
of vaporization of water, qsoqr 18 the incoming solar flux, and A,y is the area of the
evaporation structure exposed to the incoming solar flux. The sensible heat is neglected because
cold water was not piped in to replace generated vapor. To isolate the effects of solar input, the
evaporation rate in the dark was subtracted from the measured evaporation rate.

Floating in freshwater and under peak sunlight (1 kWm™), the evaporation structure can generate

vapor at 42°C and 57+2.5% efficiency. Importantly, when floating in simulated seawater (3.5 wt%

NaCl), the evaporation structure generated vapor at comparable efficiencies (56+2.5%). To
understand the evaporation structure performance under variable sunlight conditions, we further
measured efficiency at solar intensities ranging from 600 Wm™ to 1000 Wm™ (Fig. 2b).
Predictably, the evaporation efficiency reduces slightly (52+2.5% at 600 Wm™) with lower
sunlight, due to lower evaporation temperatures reached.

Our experiments revealed that the composite wicking-insulation structure succeeded in
minimizing heat conduction downward from the liquid-air interface. Figure 2c¢ shows the
temperatures recorded at different locations (Fig. 2d) in the evaporation structure. After 4 hours
of peak solar illumination (1 kWm™), the water temperature underneath increased by only 4°C,
due to reduced heat flux through the insulation structure. The heat conduction losses through the
insulation structure are calculated to be 110 W m™, corresponding to an 11% loss relative to the
incoming solar energy. Radiative and convective losses from the top of the evaporation structure
account for 11% and 9% of peak sunlight, respectively (see Supplementary Information). The
remaining major losses are reflective optical losses of 15% from the wetted black fabric of the
evaporation structure (measurement in Supplementary Information).
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Figure 3: a-f) show a progression of salt rejection from the evaporation structure, while under 1 sun illumination. The
evaporation structure is placed in a reservoir of 3.5 wt% NaCl, and enough solid NaCl is placed on the evaporation structure to
saturate (26 wt%) the structure. This hour-long test displays the ability to reject salt during operation. g) shows a separate test to
visualize saltwater rejected by the evaporation structure. Excess salt at the evaporation surface forms a denser solution, which
sinks into the water reservoir. Blue dye was added to help visualize the flow, which occurs without the dye as well.

The evaporation structure’s salt rejection capability was characterized by several complementary
experiments. In the first experiment, we exposed the evaporation structure to simulated sunlight
while floating in a 3.5 wt% NaCl simulated seawater reservoir for 7 days (details in
Supplementary Information). Each day, the evaporation structure was exposed to 5 hours of peak
sunlight (1 kWm™), and then allowed to cool and reject salt “overnight”. No salt was observed to
form at the end of 7 days, indicating adequate NaCl rejection over extended periods of
evaporation. After the seventh day, the structure was illuminated continuously for 30 hours at
1 kWm™ without detectable salt crystal formation.

The second salt rejection experiment demonstrated the evaporation structure’s ability to reject
salt crystals at steady-state evaporation conditions under 1 sun illumination. The evaporation
structure was placed in 3.5 wt% NaCl simulated seawater, and 40 grams of additional solid NaCl,
enough to saturate the entire wick structure with 26 wt% NaCl, were placed directly on the
evaporation structure. The structure was then illuminated with the solar simulator (1 ka’z).
Despite the extreme amount of salt placed on top, the evaporation structure fully rejected the salt
after just ~1 hour (Fig. 3a-f and supplementary video), while generating vapor. After 20 hours of
illumination, the NaCl concentration at the wick was found to be 4.2 wt%, using an optical
refractometer, indicating salt was rejected and not merely dissolved in the structure (details in the
Supplementary Information). Figure 3g visually illustrates the flow of higher concentration salt
water leaving the structure. These two salt rejection experiments indicate 1) the evaporation
structure can reject NaCl for several days of solar evaporation, and 2) the evaporation structure
can dissolve and reject salt deposits even under constant sunlight.

The NaCl concentration at the top of the wick was below the saturation condition (4.2 vs 26
wt%), indicating an additional mass transfer mechanism to complement diffusion. We show this
lowered salt gradient to be caused by advection, via theory and a CFD model (details in
Supplementary Information). Following the detailed analysis shown in Supplementary
Information, we use a material parameter, which determines whether diffusion or advection
results in lower heat losses, as the ratio of the corresponding thermal losses under the two salt
rejection scenarios:

Qd

Jd _ Qaw

Qconv ™ Dpraci 3)
Jconv

Here Q4 and J; represent heat loss due to thermal conduction through the water and salt rejection
due to chemical diffusion of NaCl, and Q.,y, and J .., represent the heat loss and salt rejection
due to advection of hot brine away, and «,, is the thermal diffusivity of water. In diffusion, a
wick with static water has salt diffusing down a concentration gradient. Simultaneously, heat
conducts through the water from the hot evaporation surface to the ocean underneath. For salt
rejection via advection, a volume of hot concentrated brine is exchanged with relatively dilute
seawater. The stored sensible heat in the hot brine is lost to the ocean. Ultimately, the choice of
using advection or diffusion to reject salt comes down to which mechanism has a lower
associated heat loss, thus enabling higher evaporation efficiency.
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Subsequently, a numerical thermo-fluid simulation code was used to model the fluid flow, salt
transport and temperature distribution in a single wick (Supplementary Information). The
simulation results confirm that advection dominates the salt rejection process, and that there are
counter-rotating two-dimensional advection currents in the salt rejecting wick (Fig. 1b).

Seawater contains many additional dissolved salts and ions beyond Na and Cl, such as Ca, K,
Mg, Sr, which upon evaporation potentially form numerous sulfates and carbonates that can also
clog the evaporation structure. Understanding that salt rejection occurs primarily through
advection, the expected increase in concentration in these salts is expected to be similar to NaCl
in the salt rejection expeirments (from 3.5 wt% to 4.2 wt%). We expect potential sulfates still to
be rejected under continuous operation, and while carbonates have potential for build-up, they
are at minute enough concentrations to possibly not affect the system. Details are in the
Supplementary, Note S.8. Further study is needed to assess the impact of sulfates and carbonates
on fouling, as well as biological fouling.

Condensation Structure
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Figure 4: Rooftop experiments with the floating solar still under natural sunlight. A shallow basin of freshwater supplied the
water. a) Testing location on MIT’s roof, in May-June 2017. Liquid water was collected, and the solar flux measured. b) the
water collection efficiency of the floating solar still with different solar intensities. The performance of the structure is relatively
invariant with solar insolation. c) the solar flux on a partly cloudy day. d) the solar flux on a sunnier day. Egy 4, is the daily solar
insolation per m’.

A large condensation cover (55cm x 55cm) was developed to surround the evaporation
structure, and capture and condense the solar-generated vapor (Fig. 4a). The condensation
structure is transparent in the solar spectrum, allowing solar flux to reach the evaporation
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structure within. The condensed droplets on the cover coalesce and eventually drip into a catch
tube. The water produced is typically very pure (~50 ppm).>” However, maximizing collection of
all condensed droplets is a major challenge, as not all condensation surfaces are easily
collectable.

The large condensation cover (55 cm x 55 cm) was tested in tandem with a large evaporation
structure, forming the floating solar still. The floating solar still was deployed in a shallow basin
filled with water on the roof of MIT, Cambridge, USA, and water collection was measured over
several days during the summer. The condensate was collected in a nearby beaker. The
instantaneous vapor temperature, incident sunlight, and ambient wind temperature and humidity
were recorded. Here, the collection efficiency is defined as

MeondNfg (4)

Mwater Aevap [ @sotar@®at’

where 1,,4¢er 18 the solar-water efficiency, m.,,4 1s the mass of condensate collected daily,
Qso1ar(t) 1s the time-dependent solar flux, and the denominator is the total daily solar insolation.

In this rooftop system, the maximum daily solar-water efficiency measured was 24%, while the
maximum condensate collected was 2.81 L m™ per day. Figure 4b shows similar performance
between cloudy (Fig. 4c) and sunny days (Fig. 4d). The condensate produced from our 0.30 m’
still is 3.5 times higher compared to a previous work on floating solar stills'*, and is adequate for
daily individual drinking needs.

Ocean Testing
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Figure 5: Testing the floating solar still in the ocean (3 wt% NaCl) under natural sunlight. a) Photograph of the solar still in
operation at the test location Pleasant Bay, MA, on the coast of the Atlantic Ocean. b) The solar flux during measurement. c¢) The
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temperature evolution at different locations on the evaporation structure. d) The evaporation structure and condensation cover
breakdown of materials. The entire system can be assembled and disassembled by hand, and stored in a compact space.

We also tested the floating solar still in an ocean (Pleasure Bay, Boston, USA) to accurately
assess the effect of ocean circulation on heat loss underneath the evaporation structure. The
Pleasure Bay test location provides representative conditions of salinity (3 wt% NaCl), tides, and
currents. The floating solar still was deployed on the bay from 10:30am to 3:00pm on August 1,
2017 (Fig. 5a), a representative sunny day (insolation shown in Fig. 5b). A total of 0.39 L of
water was collected, corresponding to a solar-water efficiency of 22% during that time period
(3.7 kWh m™). For a sunny Boston summer day (7 kWh m? day™), 2.5 L m™ day” of water can
be produced. However, the daily production depends on the total daily insolation, which varies
dramatically (2-10 kWh m™ day™, or 0.7-3.6 L m™ day") depending on weather, location, and
season. Ideally, some kind of water storage can be incorporated for dispatchability. The ocean
system’s production is slightly lower than the rooftop system due to additional convection heat
losses under the solar still from ocean currents. A system heat transfer model of the entire solar
still was developed to analyze sources of heat loss and areas for improvement (details in
Supplementary Information).

Testing in the ocean displayed the floating solar still’s effectiveness in limiting heat conduction
loss even with cold ocean water underneath. The temperatures of the evaporation structure
floating in the ocean (on a different date) are shown in Fig. 5c. The temperature of the thermal
insulation’s bottom surface is nearly constant as it exchanges heat with the bulk of the ocean
water.

Discussion

We designed and experimentally demonstrated a new floating solar evaporation structure
engineered to simultaneously reject salt while maintaining heat localization for enhanced
evaporation. The salt rejection was proven in several lab and ocean experiments. Design
guidelines are given to determine whether advection or diffusion should be used in salt rejection,
and a thermofluid model was developed to guide future work. A collection cover was developed
and paired with the evaporation structure, and freshwater was extracted from various saline
waters. Lab-scale and ocean-scale testing was conducted to characterize the performance of the
system, resulting in 22% solar-water performance. Coupled with the floating solar still’s low-
cost design (~$3m™), and an estimated life-cycle of 2 years, water production cost is $1.5 m’
3(breakdown in Figure 5d and Supplementary Information). This is 10 x lower than conventional
solar stills (~$15 m™). Though we only include the material cost here, the floating solar still is
potentially cheaper than small-scale RO ($5-10 m™), such as those used in the Maldives.*® State
of the art large-scale RO desalination plants still produce fresh water at lower cost (~$0.5 m>),°
but require high capital funding, access to the grid, and large production capacities.

There is still ample room for improvement of this technology. Higher collection efficiency can
be reached by reducing the optical losses due to droplet formation on the cover. Substituting
glass covers with polyester covers in our floating still has resulted in high optical loss (35%), due
to the higher contact angle that water makes with hydrophobic polymers. This is in agreement
with previous work that revealed that water collection efficiency of solar stills with the glass
cover consistently exceeds that of identical stills with plastic covers by over 30%.***° Reduction
of the optical transparency due to poor wettability of plastics has also been studied previously in
simulations, which show droplet contact angle should be reduced below ~50° to reduce optical
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losses.*'*** One strategy may be using hydrophilic transparent polyesters, though the durability of
this solution in water must be assessed. Another area for improvement is reduction of the wick
area considering the prevalence of advective flow revealed in our study. The total wick area
chosen in this study was based on the conservative assumption of diffusion-based salt rejection,
and could be reduced to further minimize backside heat losses. The individual wick width is also
important, as it affects the manufacturability (number of wicks needed), advection flow (due to
viscous losses), and salt rejection (due to horizontal inter-wick salt flow at the evaporation
surface). The wick width cannot be too narrow as to suppress advective flow, nor can it be too
wide such that the inter-wick mass transport will dominate the salt rejection, rather than within
the wick. There is an upper limit to how wide the wick can be, as it will increase the inter-wick
spacing. At some point the inter-wick mass transport will dominate the salt rejection, rather than
within the wick. Another area is reducing reflective losses at the fabric absorber (~15%,
Supplementary Information). Other sources of loss include partial collection of all the
condensate formed on the cover. In a traditional single-slope solar still, a glass cover tilted at 30°
accounts for only 38% of the total condensable surface. In our floating solar still, we collect from
85% of the total condensable area, using a double-sloped design and wicks to collect from the
sides. If all of these losses are addressed, our system model predicts 42% solar-water collection
efficiency is achievable.

Experimental

The floating solar still was designed to be low cost and easily manufactured from widely
available materials. The evaporation structure was constructed from cellulose-based fabric
(Zorb®), and expanded polystyrene (Owen-Corning Foamular® 150). The condensation structure
was constructed from lightweight and cheap polymer films. We evaluated several polymer films,
eventually settling on commercial polyester films (McMaster-Carr #8567K32, 0.003” thick). The
film was cut into several pieces, and welded together using a heat sealer (McMaster-Carr
#2054T35). Droplet collection was facilitated using flaps of polyester film and fabric wicks
(Zorb"™), as an alternative to typical rubber drip edges and tubes. The polyester film was
supported by plastic rods and joints. The wholesale materials cost of the entire floating solar still
including evaporation structure and cover is ~ $3 m™.

The evaporation structure was tested in the lab using a solar simulator (ScienceTech, SS-1.6K)
outputting simulated solar flux between 600-1000 Wm™ (1 sun). The solar flux was measured
using a thermopile (Newport, 818P-040-55) connected to a power meter (Newport, 1918-C).
Because the solar flux varies across the beam area, and the thermopile detector is smaller in area
than the solar receiver, the solar flux was measured over 5 distributed locations and averaged.
The evaporation structure was placed in a polycarbonate basin (21 cm x 22 cm x 3.5 cm), filled
with fresh water or saline water. The mass loss of the water was measured using a balance with
0.1 g resolution (A&D, EJ3000). Steady-state evaporation rates were measured for 30 minutes
once steady conditions were reached.

The temperatures were measured at five different locations of the evaporation structure shown in
Fig. 2d (T;: at the black absorber, T,: wick below the absorber, T;: underneath the thermal
insulation, T,: in the wick bottom of the evaporation structure, and T5: in the bulk of the liquid)
using thermocouples (Omega Engineering, 5STC-TT-K-40-36), and recorded using an Omega
Engineering DAQPRO. The absorber temperature was measured by a thermocouple inserted into
the evaporation fabric. Thermocouples were placed at the center, to represent the temperature of
a sufficiently large absorber where side effects would be negligible. In Fig. 5c, only four
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different temperatures are measured, with the bottom of the thermal insulation not measured. The
temperatures measured are: T; at the black absorber, T, wick below the absorber, T in the wick
bottom of the evaporation structure, and T, in the bulk of the liquid

For the day-to-day salt rejection experiments, water with 3.5 wt% NaCl was premixed and
placed in the basin, which acted as a salt reservoir. For the week-long salt rejection experiment,
the evaporation structure and salt reservoir were exposed to sunlight at 1 kWm™ for 5 hours each
day, then allowed to cool and reject salt for 19 hours. The mass of the entire system was
monitored to determine the amount of water evaporated. Fresh water was added, as needed to the
bottom of the salt reservoir at the beginning of experiment each day, to ensure the reservoir’s
NaCl concentration remained constant at the start of each day. The evaporation structure surface
was photographed daily to monitor the nucleation of NaCl crystals.

The saturation salt rejection experiments were conducted using a glass container with 2.9 L
capacity (18 cm in diameter). Water with 3.5 wt% NaCl was premixed and placed in the glass
container, which acted as a salt reservoir. A small (14 cm x 7 cm) evaporation structure was used.
The small size was chosen to ensure the NaCl rejected to the reservoir wouldn’t significantly
change the reservoir’s NaCl concentration. The area between the structure and the container was
covered with a plastic cover. The entire setup was exposed to 1 kWm™ of sunlight, and then 40 g
of salt crystals were deposited on top of the evaporation structure. A camera periodically
photographed the evaporation structure surface to show salt dissolving and rejecting over the
course of a few hours. The salt concentration of the reservoir and evaporation structure top was
measured using an optical refractometer with a resolution of 0.1 wt% NaCl (ATC SSA0010). A
few drops (3 to 4) of liquid were sucked from the measurement location, and deposited onto the
optical window of the refractometer. The final salt concentration in the salt water was 4.6 wt%
after the salt rejection experiment.

Rooftop water collection measurements were performed with the large solar still (55 cm x 55
cm). The solar intensity (global horizontal irradiance) was measured using a Hukseflux LP-02
thermal pyranometer. The floating solar still was placed in a shallow basin of water (3 cm deep),
placed on a table to avoid conductive heating from the rooftop surface. The floating solar still
was oriented with the sloped panels facing south. Water collected from the still was routed via a
tube to several sealed beakers. The beakers were emptied 2-3 times throughout the day, and the
mass of water collected was recorded. The water collection was recorded through a 24-hour
period, starting after sunset when the solar still had equilibrated to ambient temperature.

The ocean experiments were conducted in Pleasure Bay, located in South Boston, MA. The bay
is connected to the Atlantic Ocean, and has a salinity of 3 wt%, as measured by the optical
refractometer. The temperatures at different locations of the evaporation structure (shown in Fig.
5d of manuscript) and the ocean water were measured using thermocouples (Omega Engineering,
5TC-TT-K-40-36) and the Omega DAQPRO. The solar flux data was provided using a local
weather station maintained by the MIT Sustainable Design Lab. The liquid water produced by
the floating solar still was collected in submerged water bottles. The collected water was
weighed at the end of the experiment to determine amount produced, and the salinity was
measure to ensure that no seawater had leaked in.

Conclusions

A low-cost solar evaporation structure has been developed, which rejects excess salt while
simultaneously maintaining heat localization for enhanced evaporation rates. Experiments were
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conducted to characterize the evaporation performance and salt rejection performances. A
condensation system was developed to collect the generated vapors. The condensation system
coupled with the evaporation structure formed a low-cost solar still, capable of seawater
desalination at a rate of 2.5 L m™ day™', enough water for individuals to drink.

Floating deployment of our system directly on sea, ocean or lake surfaces helps to save
agriculturally important land and natural ecosystems from being developed for energy and water
production, and eliminates the need for water delivery infrastructure or manual labor. A small
individual- or family-size floating still does not require larger community cooperation or external
control over fair distribution of distilled water, making it a fast-to-deploy, simple-to-use, and
conflict-free technology for disaster relief missions and sparsely-populated areas.
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