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SUMMARY

Passive solar desalination is an emerging low-cost technology for
freshwater production. State-of-the-art desalinators typically evap-
orate water using wicking structures to achieve high solar-to-vapor
efficiency. However, wicking structures have limited salt rejection
capability, which typically limits the operating duration to several
hours. In addition, few studies have demonstrated efficient conden-
sation to achieve a high solar-to-water efficiency. Here, we report a
passive inverted single-stage solar desalinator that achieves contin-
uous desalination and efficient condensation by convection-medi-
ated salt diffusion and a novel mode of thin-film condensation. We
experimentally demonstrate a record-high continuous passive desa-
lination and salt rejection test duration of 168 h (7 days) under one-
sun illumination. Our desalinator achieves a water collection rate of
0.5 kg m 2 h™', which corresponds to a 32.9% solar-to-water effi-
ciency. Furthermore, we develop a theoretical transport model
and perform a parametric study to guide further optimization. This
work signifies an improvement in the robustness of current state-
of-the-art desalinators.

INTRODUCTION

Water and energy are among the greatest challenges of the 21st century, yet current
industrial-scale desalination technologies including reverse osmosis and distillation
are still energy-intensive.'? Solar thermal desalination is an attractive passive tech-
nology where sunlight is utilized as heat to vaporize water,” which can then be
condensed to pure liquid water. These devices are potentially cost-effective and
portable, making them suitable for developing countries where water scarcity is

most severe.” So far, most previous works have focused on engineering solar-
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inverted design, where the condenser is below the evaporator to avoid blocking the
sunlight. To reduce the thickness of liquid in the evaporator, several inverted sys-
tems employed a thin wicking layer to feed salt water using capillarity to the solar
absorber for evaporation. The minimum amount of water in the wicking layer signif-
icantly reduced heat loss. As such, solar-to-water efficiency as high as 70% has been
demonstrated under one sun for single-stage devices,'® and even higher solar-to-

17.:21.23.24 5o |ar-to-water ef-

water efficiencies are achieved with multi-stage devices.
ficiency is evaluated using the mass of collected liquid water as opposed to the mass
of the evaporated water vapor in the solar-to-vapor efficiency. However, the wicking
design lacks a mechanism to discharge salt out of the desalination device over pro-
longed operation; therefore, the high efficiencies are mainly demonstrated with
pure water. With salt water, salt crystals were observed on the evaporator as soon
as 2 h after being exposed to sunlight.'® Several recent salt-rejecting designs utilized

?7:18:25 and Marangoni flow,?® yet most of these

a contactless absorber,” salt diffusion,
systems only have the evaporator with no condenser. A full system with a sustained
salt rejection mechanism that allows continuous desalination without efficiency

decay is highly desirable.

Furthermore, most previous work incorporated dropwise condensation on hydro-
phobic surfaces. While dropwise condensation has a higher heat transfer coefficient
than the conventional filmwise condensation, it relies on a hydrophobic coating,
which has been known to suffer from durability issues.”’-*® Dropwise condensation
also relies on gravity to remove the condensed drops and therefore cannot be posi-
tioned horizontally. In fact, several previous studies reported droplets stuck to the
condenser surface which reduced the amount of collected liquid."’'® In addition,
efficient vapor transport from the evaporator to the condenser is also critical to
ensure a high solar-to-water efficiency. This requires a minimal gap distance be-
tween the evaporator and the condenser surface, assuming that there is sufficient
thermal isolation between the evaporator and the condenser. This is difficult to
achieve with condenser surfaces that are not parallel to the evaporator. Several
works use nanophotonics-enhanced solar membrane distillation (NESMD), where
a single hydrophobic membrane is used for heat localization on one side and
membrane distillation on the other side."”*”*° Many NESMD works promote vapor
transport by ensuring that the distance between the evaporation and condensation
interfaces is the thickness of the membrane and utilizes convection to reject salt.
However, it is difficult to minimize heat loss from the evaporation interface to the
condensation interface, which motivates some works to employ more complex
sweeping gas membrane distillation.””*" Thermally isolating the evaporation and
condensation surfaces is desired to maintain a high temperature difference and a
high efficiency.

Here, we designed a full system with the following key considerations as shown in
Figure 1. On the evaporator side, salt water flows from a reservoir into the evapo-
rator driven by gravity. A thin liquid layer is maintained on the top of a hydrophobic,
solar-absorbing membrane. Sunlight is absorbed as heat on the membrane, which
evaporates water. Evaporation increases the local concentration of salt, which
diffuses back to the bulk flow. The higher-salinity water is discharged from the evap-
orator. This discharge mechanism allows the amount of salt within the evaporator to
reach equilibrium over time, as opposed to continuously increasing in a wick
structure. This allows continuous desalination without salt precipitation. To reduce
sensible heat loss associated with the discharged water, we recycle the heat of the
discharged water to preheat the incoming water by designing a counter-flow heat
exchanger (Figures 1A and 1B).
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Figure 1. Design of the salt-rejecting desalination concept
(A) Cross-section drawing of the desalination design and transport mechanisms.
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(B) Schematic shows the passive salt-rejecting desalination device is composed of an Ultem evaporator and an aluminum condenser. The path of the

fluid flow is indicated by a blue arrow, wherein the water enters through the inlet and travels over the evaporator, and finally exits th

rough the outlet. In

addition, an efficient thermal connection is established through copper, allowing the warm water leaving the outlet to preheat the cool water entering
the inlet, further optimizing the desalination process. (C-E) Present optical images of the device, providing visual representations of its components

and structure.
(C) The assembled device, featuring the evaporator and condenser elements, along with mirrored acrylic and ETFE film.
(D) A bottom view of the evaporator, which supports the gas diffusion layer (GDL) covered with black carbon nanoparticles.

(E) A top view of the condenser with a white hydrophilic membrane on top. See Figure S12 for the comprehensive dimensions of the device.

On the condenser side, we designed a microporous membrane for highly efficient
thin-film condensation as shown in Figure TA. Different from conventional dropwise
and filmwise condensation on a solid surface where droplets condense and shed on
the same side of the surface, the vapor condenses on the front side of the membrane
and the condensed liquid is collected from the backside. This way, the condenser
membrane can theoretically be placed extremely close to the evaporator mem-
brane, allowing minimal vapor transport resistance. Analogous to thin-film evapora-
tion from micro/nanostructures, which achieves the highest phase change heat
transfer coefficient, thin-film condensation in microporous membrane allows abun-
dant three-phase contact region (Figure 1A) and can therefore potentially achieve
a higher condensation heat transfer coefficient compared with dropwise condensa-
tion, if designed properly.®*** Furthermore, the condenser membrane is hydrophil-
ic and capillary pressure was utilized to lower the local liquid pressure within the
pores. This promotes the condensed liquid to spontaneously enter the backside
of the membrane, which prevents flooding of liquid on top of the membrane. This
low pressure is created simply via a hydrostatic pressure between the membrane
and the outlet of the condensed liquid, which is at atmospheric pressure. A sche-
matic of the device that we developed is illustrated in Figure 1B, and images of
the assembled device, a bottom-up view of the evaporator, and a top-down view
of the condenser are shown in Figures 1C-1E, respectively. Different from
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NESMD, which rejects condensation heat to the cold liquid flow, the heat in our sys-
tem is rejected directly to the much higher thermal conductivity solid substrate at the
three-phase contact, which then is rejected to the ambient through the condenser
surface. Therefore, a flowing liquid is not required and the condensate simply drains
to be collected.

The passive, single-stage device achieves continuous seawater desalination under
one sun for 1 week (168 h) without any efficiency decay, signifying insignificant salt
accumulation on the evaporator. To the best of our knowledge, this work demon-
strates the longest passive continuous salt water to fresh water distillate production
to date compared with state-of-the-art solar thermal desalinators.'%'¢'827:2% The
maximum solar-to-water efficiency measured on seawater is 32.9%, which agrees
with a theoretical model that we developed. The model proposes that enhancing
the thermal insulation of the upper transparent cover and optimizing its transmit-
tance, enhancing the effective heat transfer coefficient between the condenser
and the ambient air, as well as improving the absorptance of the evaporator mem-
brane, can lead to a further increase in efficiency, achieving a value as high as 90%.

RESULTS

Design and characterization of a solar-powered desalinator

The desalinator consists of three primary components: the reservoir, the evaporator,
and the condenser, as shown in Figure 1A. Liquid flows from the reservoir into the
evaporator driven by gravity. An ethylene tetrafluoroethylene (ETFE) transparent
cover transmits sunlight to a microporous solar-absorbing and hydrophobic evapo-
rator membrane. Salt water is sandwiched between the ETFE transparent cover and
the evaporator membrane. The evaporator membrane was fabricated by coating
carbon black nanoparticles onto a commercially available gas diffusion layer (GDL)
using polydimethylsiloxane (PDMS) with curing agent as the binder (Figures 1D,
2A, and 2B). The GDL is a fibrous, Teflon-treated carbon paper with a porosity of
78%.7” Two copper tubes serve as the water inlet and outlet of the evaporator to
maintain a salt concentration in the evaporator chamber below saturation. The cop-
per tubes are thermally connected so that exiting warm water preheats the incoming
cool water to recover thermal energy. Above the evaporator there is a polyethylene
terephthalate glycol (PETG) divider to separate the inlet from the outlet such that
liquid will flow across the entire evaporator membrane before being discharged
(Figure 1B).

The evaporator and condenser are separated by a thin air gap (t, = 3 mm, using a
rubber O-ring) that allows efficient vapor transport from the evaporator to the
condenser while still maintaining a temperature difference or thermal isolation. A
thinner gap distance reduces the vapor transport resistance, which is modeled using
Fick’s law but may increase the heat conduction across the air gap between the
evaporator to the condenser. In addition, as the temperature of the water above
the evaporator increases, the solubility of air in the water decreases, which can cause
air bubbles to form on the evaporator membrane. To mitigate this problem, a small
opening is introduced on the O-ring to allow air to vent. The condenser membrane is
a hydrophilic microporous paper (pore size approximately 100-580 pm) made of
55% cellulose and 45% polyester (Figures 2C and S2A, Texwipe TX609),%° which pro-
vides ample three-phase contact area for effective condensation. To reject heat, the
microporous paper is supported by thermally conductive metal structures on an
aluminum plate, where heat is dissipated to the environment through natural air con-
vection. Two configurations were investigated. We machined grooves directly on
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Figure 2. Characterization of optical properties and vapor production of the evaporator

A) Scanning electron microscopy (SEM) image of the GDL substrate alone.

B) SEM image of the evaporator membrane composed of the GDL substrate coated with PDMS and carbon black nanoparticles.
C) Optical image of the microporous paper condenser membrane.

E) Absorptivity of the evaporator membrane using the UV-Vis-NIR spectrophotometer.

F) Transmittance spectra of the ETFE and PETG films used as a transparent cover and divider, respectively.

G) Vapor production from the evaporator membrane is 4.67 g h™" corresponding to 0.73 kg m~2 h™". The inset figure illustrates the evaporator used
without the condenser to measure the vapor flux. Experiments in (G) were conducted in a room with an average temperature and relative humidity of
20°C and 54%, respectively.

(
(
(
(D) Optical image of the nickel foam.
(
(
(

the aluminum plate (v1-condenser, Figure S2G), and also placed a porous nickel
foam (Figures 2D and S2B) on a flat aluminum plate (v2-condenser, Figure S2).
The grooves and the large pores of the nickel foam (Figure 2D) allow the condensed
fresh water to flow laterally with a low viscous resistance to an outlet positioned at
the center of the device (Figures 1A and S1; Note S1). The vl-condenser eliminates
a contact resistance between the nickel and the aluminum but requires machining.
The nickel foam (v2-condenser) offers a simple alternative approach. As we show
later, the two condensers performed similarly.

We characterized the optical property of the membranes and films through ultravi-
olet-visible-near-infrared (UV-Vis-NIR) spectrophotometry. Figure 2E shows that
the evaporator membrane has an absorptivity, devap greater than 0.9 for the majority
of the solar spectrum between 200 nm and 2.6 pm and an absorptivity greater than
0.85 for the solar spectrum between 200 nm and 2.6 pm. This result shows that the
evaporator membrane is absorbing the vast majority of incoming solar light and
heating since about 99% of solar radiation is contained in the region between
300 nm and 3 pm.*’ Figure 2F illustrates that ETFE, the transparent cover for the
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device, has a transmittance rerre of greater than 0.9 for the majority of the spectrum
between 200 nm and 2.6 um, which allows for high solar transmission to the mem-
brane. Since the layer of water sandwiched between the evaporator and ETFE is
thin (~1 mm), we estimate that less than 80% of the incoming solar energy
(TETFE X @levap) is used to heat the evaporator membrane. The thickness of water in-
creases to 5 mm at the inlet and outlet to allow water from the copper tubes to enter
the desalinator freely. The divider has a lower transmittance than ETFE, which de-
clines after 1.5 um; however, the divider is only exposed to a negligibly small portion
of the evaporator membrane.

Experimental results

In this section, three test regimes were conducted: an evaporator-only test charac-
terizing the solar-to-vapor efficiency, a passive full system test lasting 7 days using
a gravity feed bag (2 trials), and a full system test lasting 7 days using active pumping
as a control experiment. For all three tests, we used salt water obtained from Goleta
Beach in California. The salinity is 3.15%, measured using an ORAPXI digital salinity
tester (SL-A100). All the tests were conducted under a solar simulator (Newport
ORIEL SOL3A) with continuous solar flux of 1,000 W m~2 (one sun). The diameter
of the exposed evaporator membrane is 9 cm, which corresponds to an area of
Ao=0.0064 m?.

Before characterizing the full system, the liquid-to-vapor efficiency of the evaporator
was first tested for 10 h. The device has only the evaporator that evaporates water
into ambient air (inset, Figure 2G). To estimate an upper limit of the solar-to-vapor
efficiency corresponding to a minimal liquid flow rate, we used a syringe pump to
supply salt water to the evaporator and gradually reduced the flow rate until the
flow rate of the discharged water was negligibly low. At this condition, the inlet
flow rate was 4.9 mL h ' and the discharged flow rate was measured to be
0.18 mL h ~'. The mass of the evaporated liquid over time shown in Figure 2G
was calculated by subtracting the mass of the discharged water measured using a
mass balance from the mass of the supplied liquid. Although this discharge flow
rate may be too low to avoid salt precipitation on the evaporator membrane over
an extended period of time, the salinity of seawater on the evaporator after the
10-h test concluded was 3.32 wt %, well below the saturation concentration of
26.89 wt %. This saturation concentration is evaluated at 50°C, which was roughly
the evaporator temperature.® No salt precipitation was observed on the evaporator
membrane immediately after the experiment.

Asseen in Figure 2G, the evaporator membrane alone has a vapor production rate of
4.67gh™"or0.73kgm~?h~" corresponding to a solar-to-vapor efficiency of 49.1%.
The definition of efficiency is

r hyg
‘r] =
C]solarAO

(Equation 1)

where m is the mass flow rate, hy, = 2381.9 kJ kg™~ is the latent heat of vaporization
at 50°C. We chose the latent heat at 50°C, because this is the approximate evapo-
rator temperature we observed in subsequent experiments using the same evapo-
rator membrane and ETFE transparent film. Only latent heat, not sensible heat, is
considered in the solar-to-vapor efficiency result. The evaporator efficiency could
be improved by improving thermal insulation of the top transparent cover, as sug-
gested in our model in a later section. Natural convection in the liquid layer will
also lead to heat loss from the membrane to the bulk liquid. This could be sup-
pressed by improving the heat-recycling design at the inlet and outlet. Many recent
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Figure 3. Comprehensive 7-day performance analysis of the device utilizing saline seawater and
solar flux of 1,000 W m 2

The assessment encompassed two distinct approaches, namely, fully passive gravity-driven water
container testing (A and B) and controlled flow rate via a syringe pump (C and D).

(A) Inlet seawater salinity recorded at 3.15 wt %. The average inlet flow rate over the duration of the
testwas 7 gh .

(B) During the full passive gravity-driven water container testing, the experiment entailed
continuous monitoring of the mass rate (pink data points in A) and corresponding temperatures of
the ambient, condenser, and evaporator (B). The fully passive experiment was conducted in a
laboratory setting with an average temperature of T,,, =23°C and a relative humidity of RH=54%.
(C) The experiment involved a saltwater inlet flow rate of 5 mL h.

(D) During the experiment, the corresponding temperatures of the ambient, condenser, and
evaporator were observed and recorded. The experiment was conducted in a laboratory setting
with an average temperature of T,,, = 21°C and relative humidity of RH=60%. The results of the
experiment are compared with the theoretical model, represented by the black dashed line in
(A) and (C). In addition, a linear fit to the experimental data points is shown as the black dotted line
in (A) and (C). The laboratory test setups are depicted schematically in insets in (A) and (C).

works on the evaporator without the condenser reported solar-to-vapor efficiency
above 85%.”*7"*" The high efficiency was typically achieved by positioning a mem-
brane on top of the liquid, so the natural convection in the liquid is suppressed,
effectively localizing heat to the membrane. However, such a design if made into
a full system would require a condenser on top of the evaporator, which is imprac-
tical as the condenser will block sunlight.

Subsequently, a comprehensive system encompassing both the evaporator and the
v1-condenser was assembled, and two protracted passive desalination tests were
carried out, extending over a duration of 7 days. Figure S3 and the inset of Figure 3A
illustrate the test setup. Salt water flows from a reservoir made of a water bottle to
the desalinator driven by gravity. The distillate production as a function of time
was measured by a mass balance (see experimental procedures). We determined
the flow rate from the gravity feeding bag by determining the distillate rate and
outlet flow rate from the distillate mass balance and outlet mass balance. For the first
passive desalination test, the average flow rate over the duration of the test was 7 g
h=" (Figure S4). Figure 3A illustrates the distillate production as a function of time.
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The rate of fresh water collection does not decay even after 7 days (168 h) of contin-
uous operation under one sun illumination, which indicates that the pore sizes of the
evaporator membrane possibly remained unchanged and we further hypothesize
that no salt crystals were formed. As seen in Figure 3A, we achieved a distillate pro-
duction rate of 76.4 g day™", which corresponds to 0.497 kg m 2 h~" over 7 days in
one sun using the passive method and a 32.9% solar-to-water efficiency. The exper-
imental efficiency is in line with our model where we obtained a 0.43kgm~2h~" pro-
duction rate corresponding to a 28.9% efficiency. Note S2 describes the model used
to obtain this efficiency. The temperatures of the evaporator and the condenser
membranes are shown in Figure 3B. Throughout the duration of the 7-day experi-
ment, the mean temperatures for the condenser, evaporator, and ambient environ-
ment were ascertained to be, T.=42°C, T,=46°C, and T,,, =23°C, respectively.
For the second passive desalination test (Figure S5), the average flow rate over
the duration of the test was 7.2 g h~" (Figure S6). We achieved a distillate production
rate of 71.3 g day ™", which corresponds to 0.47 kg m~2 h~" over 7 days in one sun
using the passive method and a 30.7% efficiency. We attribute the experimental ef-
ficiency difference to varying environmental conditions. Throughout the duration of
the second 7-day experiment, the mean temperatures for the condenser, evapo-
rator, and ambient environment were ascertained to be, T.=41°C, T,=43°C, and
Tamb =24°C, respectively. Between the two passive 7-day desalination tests we
achieved a distillate salinity as low as 0.00 wt %. In addition, we performed induc-
tively coupled plasma analysis on the distillate and found that the ion concentrations
in the distillate were below the WHO health guideline and taste threshold as well.
The ion concentrations from the desalinator are listed in Note S4 and Table S2.

Furthermore, an additional 7-day desalination experiment was conducted, wherein a
syringe pump was utilized to ensure a consistent flow rate of 5 mL h™", serving as a
control experiment. The full system consists of the evaporator and the v2-condenser
(Figure S2) and the experimental setup is shown in Figure S7. The flow rate of 5mLh
~' was determined to be sufficient in avoiding salt precipitation as the concentration
of discharged salt water from the outlet was 5.60 wt % after 7 days, which was lower
than the saturation salt concentration of 26.889 wt %. Figure 3C illustrates the distil-
late production as a function of time. We achieved a distillate production rate of
74.9 g day™" or 0.487 kg m~2 h~" which corresponds to an efficiency of 32.0%.
This efficiency is similar to the efficiency of the 7-day passive test, which suggests
that the efficiency is relatively insensitive to changes in the flow rate for the con-
ditions that we tested. The measured salinity of the distillate was also 0.00 wt %. Fig-
ure 3D demonstrates temperatures of the evaporator membrane, condenser
membrane as well as the ambient temperature of the laboratory during the 7-day
experiment. Throughout the duration of the 7-day experiment, the mean tempera-
tures for the condenser, evaporator, and ambient environment were ascertained to
be T.=41°C, T.=49°C, and T,mp =21 °C, respectively.

Heat and mass transfer model

In this section, we introduce a comprehensive heat and mass transport model to gain
insights into both the solar-to-water efficiency and the energy loss mechanisms
within our system. We first present the model framework and validate it through pas-
sive experimental results. Subsequently, we explore the impact of varying design pa-
rameters on system efficiency.

Model framework

Figures 4A and 4B show an equivalent thermal resistance network and the energy
flow of the system, respectively. Consider the heat and mass transfer at steady-state

8 Cell Reports Physical Science 4, 101682, December 20, 2023

Cell Rer_)orts )
Physical Science



Cell Reports

Physical Science ¢? CellPress
OPEN ACCESS
=100
A B C § O hpottom = htop =7 WimK
Tamb S g0 £ |0 hvottom =50 Wim2K and hyp, = 7 W/m2K
Qab Qtop o tw=1mm
Tamb f E 60 too
Qside“l I" Qside é o (¢] O o O o o o
v T o i
Qa Tihig e 5 401 O 0 0 OO 0O O 0 O
l’l'n,h,fg ©
— F 201
Riop Rside I Aluminum condenser *g
Tamb inottom % 0 ' ' ' '
n 0 0.002 0.004 0.006 0.008 0.01
Evaporator-condenser gap, t,(m)
T.9€— Q., D 2100 E & 100
= = = 2
\ S O Rygp = 1 WIM2K S O hpottom = 7 WImK
S st O hyp = 10 WIm?K T 80t O Rpottom = 50 W/m2K
5 oy o O o )
R, mhig e S 0 o o o o 2 Og
S 6ot S 60t Oog
] () m] O o (m]
/ £ o 06 © 0 0 0 0 = o o
. o a0 f ? o 40 f % oqg
g °© 8 0o
g 2
Rhottom 2 20 T t,=3mm IS 20 ¢ t, =3 mm
‘—é 0 : : : tw:=5mm ‘—§ 0+ tw:smm
Tt (%] 0 20 40 60 80 100 o 0 2 4 6 8 10

Convective heat transfer coefficient, hyowom(W/m2K)  Convective heat transfer coefficient, hyop(W/m?2K)

Figure 4. Energy flow to unveil the theoretical solar-to-water efficiency
(A) The equivalent thermal resistance network.

(B) Schematic of the cross-section of the device and energy flow. For a scaled-up device, we exclude Qg4 from our calculations because, Qqige is

negligibly small.

(C) The relationship between solar-to-water efficiency and the gap between the evaporator and condenser (D) and natural heat transfer coefficient on
top of the ETFE film (E) and the natural heat transfer coefficient on the bottom of the aluminum surface is examined by solving Equations 2, 3, and 4 with

an assumed ambient temperature of 20°C.

conditions, the evaporator absorbs heat from the sunlight Q. = 7aa GsolarAo,
where 7¢ is the transmittance of the ETFE film, and «, is the absorptance of the evap-
orator membrane, and absorber area Ay. Evaporation occurs on the membrane,
which removes heat mhiy from the evaporator membrane, where m is the mass
flow rate of vapor production (kg/s) and hyg is the latent heat of vaporization. The
evaporator loses heat through the top surface Qiop, through the side Ultem Qjige,
and through the air gap to the condenser Q. The sensible heat loss from the dis-
charged salt water is neglected by assuming effective heat recycling due to the
counter-flow heat exchanger. Heat conduction through the O-ring from the evapo-
rator to the condenser is neglected due to its minimal contact area with the mem-
branes. The vapor condenses on the condenser membrane, which releases the
same amount of latent heat mhgg on the condenser membrane. The condenser mem-
brane also receives heat from the evaporator through heat conduction across the air
gap Q,ir, and rejects heat to the ambient via the aluminum Qpottom-

In the equivalent thermal resistance network, balancing the heat gain and heat loss
at the evaporator membrane (T,) and condenser membrane (T.) requires
Te - Tamb Te - Tamb Te - T

Qp — _ — S — mhg =0, (Equation 2)
° Rtop Rside Ra o L

n'”;hfg+Te — T Te = Tam =0. (Equation 3)
Ra Rbottom

In Equations 2 and 3, Te, T¢, and T,mp are temperatures of the evaporation interface
(or the evaporator membrane), the condensation interface (or the condenser mem-
brane), and the ambient. Rip, Rside, Ra, and Rporom are the total thermal resistances
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and defined as R= AT/Q for Qip, Qsides Qair, and Qpotiom, detailed in Note S2 and
Figure S11. The thermal resistances are only functions of the geometry and the ther-
mal conductivity of the materials in the device, and the air convection heat transfer
coefficient on the external surface of the device. Furthermore, vapor transport be-
tween the evaporator and the condenser is governed by Fick's diffusion law,***?

Csat ( Te) - Csat(Tc)

m = A)D &

, (Equation 4)
where D is the diffusivity of water vapor in air and ¢t is the saturation vapor mass
concentration defined in Notes S2 and S3. Equations 2, 3, and 4 have three un-
knowns: T, the evaporator membrane temperature, T, the condenser membrane
temperature, and m the mass flow rate, which is equal to the distillate production
rate at steady state. The following section illustrates the numerical solutions of T,
Te, and m, which will be validated using our experimental data. Subsequently, we
conduct a detailed investigation into the impact of various design parameters on
the solar-to-water efficiency.

Model validation

Since the actual geometry of the Ultem feature is complex (see Figure S12) and the
heat conduction cannot be approximated using a 1D model, Ryq4e is calculated in
COMSOL (see Note S2 and Figure S13 for details) and we obtain Rjge = 33.3
K/W. The rest of the thermal resistances can simply be calculated using Equations
S5, §7, and S8. Using the thermophysical properties listed in Table S1, and an air
convection heat transfer coefficient of 10 W m~2K~" on the bottom and top surfaces
of the device, the numerical solution of Equations 2, 3, and 4 in MATLAB yields T, =
51.65°Cand T, = 54.67°C, which are in a great agreement with the experimental re-
sults (Figures 3B and 3D). In addition, the solar-to-water efficiency calculated using
Equation 1 is found to be 28.87%. These results are in excellent agreement with the
experimentally observed values. Finally, a great agreement with only a 12% discrep-
ancy has been observed between the theoretical mass rate (black dashed lines in
Figures 3A and 3C) and the experimental data (pink data points). Note that the
ambient temperature was set to 20°C and the mass diffusivity of water vapor in air
was determined using Chapman-Enskog theory (see Note S3) as part of the analysis
process.

To further validate the model for regimes with enhanced convective heat transfer co-
efficient on the condenser surface, we conducted an additional controlled experi-
ment. The experiment involved a v1-condenser equipped with fins, referred to as
v3-condenser, along with two side-by-side fans to increase the convective heat
transfer coefficient. The experimental duration extended over 1 day to evaluate
the desalination performance. Impressively, the results showcased outstanding con-
sistency between the theoretical predictions and experimental findings, with a mere
5% error rate; please see the "Model validation via convective cooling experiment”
section.

Parametric study

In this section, we utilized the model framework discussed in the previous section to
investigate the influence of different parameters on the optimization of solar-to-wa-
ter efficiency. The thermophysical properties are based on Table S1. It is worth
noting that, for the purpose of our analysis, the calculation is for a scaled-up device
such that Ag > Agge. Therefore, Qqqe is negligible and we did not include the
(Te — Tamb)/Rside term in Equation 2. By excluding Qgq4e from our calculations, we
obtained the results and conclusions presented in Figures 4C-4E.
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Figures 4C-4E illustrate the effects of various parameters on the solar-to-water effi-
ciency, including the evaporator-condenser gap (t,) and air convective heat transfer
coefficients on the bottom surface of the condenser (hpottom) and the top surface of
the transparent film (hip). As illustrated in Figure 4C, the system'’s efficiency de-
creases as the gap size between the evaporator and condenser increases. This phe-
nomenon is primarily attributed to the elevated vapor transport resistance, which
arises due to the expanded gap size between the two components. The impact of
this decrease is more pronounced when there is a larger value (hyottom = 50 W
m~2 K=" of convective heat transfer coefficient at the bottom of the condenser.

We then examine the influence of the condenser total thermal resistance on the ef-
ficiency (Figure 4D) by varying hpettom- For a natural air convective boundary condi-
tion on the top (hiop = TOW m~2 K™"), increasing hyotom results in an increase in the
efficiency. This is because when the total thermal resistance on the condenser side is
decreased by increasing hpottom, heat dissipation from the condenser to the environ-
ment is enhanced. Therefore, temperatures of the evaporator and the condenser are
reduced, which decreases heat loss and enables better utilization of solar energy to
evaporate water. As a result, the overall efficiency of the system improved, maxi-
mizing its ability to convert solar energy into usable heat for water heating purposes.
These observations have been experimentally verified and validated through our
modeling efforts (see the "Model validation via convective cooling experiment” sec-
tion). Interestingly, as shown in Figure 4D, the efficiency reached a plateau at
approximately hpottom = 30 W m~2 K=", If we thermally insulate the top surface of
the evaporator by setting hiop = 1W m~2K™", the solar-to-water efficiency of the sys-
tem is much higher (>70%). This is because heat loss on the evaporator is sup-
pressed. Interestingly, the efficiency for hiop = 1 W m ™2 K™ is relatively insensitive
to hpottom, and even decreases slightly, possibly due to minor uncertainty in the
empirical vapor concentration equation. A maximum solar-to-water efficiency of
72.5% was achieved when hiop = 1 W m~2K™". In an ideal scenario where the total
solar energy is fully absorbed by the membrane and the transmittance of the top
coveris 100% (Qup = Jsolar), the efficiency could further increase to 90%. The impor-
tance of thermal insulation on the evaporator side is also shown in Figure 4E, where
reducing hiep contributed to an increase of the efficiency. To enhance the system’s
overall performance and reduce energy losses during the conversion process, opti-
mizing the top cover's transmittance, the evaporator membrane’s absorptance,
increasing the total thermal resistance on the top of the evaporator, and reducing
the condenser’s thermal resistance to the ambient air are crucial factors. These ad-
justments play a significant role in increasing the solar-to-water efficiency and maxi-
mizing the utilization of solar energy for water heating.

Model validation via convective cooling experiment

The provided modeling showcases how the thermal resistances affect the solar-to-
water efficiency. Specifically, enhancing the convective heat transfer coefficient on
the external surface of the condenser will increase the solar-to-water efficiency. To
validate this, a comprehensive full-day passive test is conducted using the passive
water-driven method (Figure 5), which involves positioning two identical 4 X 4 cm
fans (Figure S8) that blow room temperature air to cool the bottom surface of the
condenser. An air velocity of v, = 2.5 m/s was measured (see experimental setup).
It is experimentally observed that the increment in the convective heat transfer co-
efficient on the condenser surface has resulted in an increase in the solar-to-water
efficiency to 39% (Figure 5A), and a decrease in the evaporator and condenser tem-
perature (Figure 5B). The average condenser, evaporator, and ambient tempera-
tures are ascertained to be T =29°C, To=40°C, and T,n, =23 °C, respectively. To
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Figure 5. Comparative analysis between experimental and analytical predictions of the 1-day
continuous experiment utilizing a gravity-driven water container and fans setup

Air velocity regulation beneath the condenser was achieved using two identical 4 X 4 cm fans (see
Figures S8 and S9). The experiment was conducted in a controlled environment with an average
temperature of T, = 23°C and a relative humidity of RH = 60%. In (A) the continuous
experimental distillate production over time is depicted by the pink data points, revealing a
collection rate of 3.83 g h™' (92 g day™"). The orange region, bounded by two lines (dashed and
solid), illustrates theoretical predictions for varying convective heat transfer coefficients from 20
(dashed line; n = 37.5%) to 50 W m~2 K" (solid line; n = 43.7%). Corresponding temperatures of
the laboratory, condenser, and evaporator are recorded and plotted in (B).

validate the experimental result with the model, the thermophysical properties used
are listed in Table S1. The convective heat transfer coefficient on the aluminum

condenser can be roughly estimated as hpottom = ka"’am, where 6~ O(10 cm) is the

characteristic length, ky,= 0.03 W m~" K" is thermal conductivity of air, and Nu
is the average Nusselt number and can be defined in terms of Prandtl (Pr = 0.71

for air) and Reynolds (Re = ”a'l;—v"""s) numbers as Nu = 0.664Re'/?. By utilizing the vis-

cosity of air as u,, = 1.825x107° Pa-s, we can calculate the convective heat transfer
coefficient as hyorom =20 W m~2 K~'. Since the v3-condenser has fins that extend
beyond the fans which promote convection, we used 50 and 20 W m~2 K~ as the
estimated upper and lower bounds of hyeiom and the results (dashed and solid lines)
are shown in Figure 5A, which agrees reasonably well with the experimental results.
In addition, the model predicts temperatures of the condenser and evaporator to be
Tc = 41.37°C and T = 46.97°C, which are in relative agreement with the experi-
mental results. Although forced air convection was used here to illustrate the influ-
ence of hpottom, Other passive methods to increase hyotom such as a device floating
on the ocean and radiative cooling may be employed to reduce the thermal resis-
tance Ryottom-

DISCUSSION

This 7-day desalination result is significant because it is the longest continuous solar
desalination with passive salt rejection to date. Other works such as one by Wang
et al. report continuous solar desalination with no salt accumulation for 12 h when
using 7 wt % NaCl."® One work by Xu et al. reports salt accumulation and rejection
over 18.5 h with illumination for 3 h using 3.5 wt % NaCl."” In addition, Ni et al. re-
ports continuous solar vapor production from 3.5 wt % NaCl for 2000 s'® (~0.55 h).
These works reported these results under laboratory conditions and indicate that the
result from our work is a contribution to the field.

As shown by the model, efficiency of our device can be improved by thermally insu-

lating the top of the evaporator to reduce heat loss from the transparent cover to the
ambient environment. This can be achieved using transparent and thermally
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insulating aerogels as the top cover, which has been implemented in several
works."”*%°" |n addition, the target flow rate of 5 mL h ~! may be further reduced
to reduce the convective heat loss in the water. At 5mLh ~', the equilibrium concen-
tration of the salt water in the desalinator was 5.60 wt %, which is below saturation
(26.889 wt %). At a reduced flow rate, a higher equilibrium evaporator temperature
can potentially be established leading to higher vapor and distillate production. It is
worth noting that salt water flows from a reservoir into the evaporator driven by grav-
ity, not driven by the solar-flux-dependent evaporation rate. Therefore, implement-
ing a passive mechanism to lower the flow rate during cloudy days or during the
night for un-monitored operations may avoid consuming unnecessary salt water
from the reservoir. The flow rate could potentially be regulated using a valve that re-
sponds to sunlight exposure. For example, we can add a pneumatically controlled
valve that contains an amount of sealed air in contact with a black absorber surface.
When the sun is out, the absorber absorbs sunlight and heats the air, which thermally
expands. The expansion can cause the valve to open. When it is cloudy or at night,
the absorber receives weaker or no light, and the air in the chamber contracts to
close the valve.

On the condenser side, enhancing heat rejection from the aluminum surface to the
ambient environment may also help to lower the condenser temperature and in-
crease the efficiency. This can be achieved with increased aluminum surface area,
or incorporating radiative cooling. Furthermore, efficiency can also be improved
by a multi-stage design, where the condensation heat is re-used to evaporate water
in the subsequent stage. The first stage will still be heated by sunlight; however, the
remaining evaporation interfaces need to be thermally connected to the condenser.
The backside of the condenser can be machined with grooves to allow the next-
stage salt water to flow inside, and the hydrophobic evaporator membranes will
be attached to the metal surface. The sensible heat of the discharged water can
also be used to heat the next-stage salt water.

Furthermore, we introduce a novel thin-film condensation approach, which utilizes
the highly effective three-phase contact region for phase change heat transfer, as
well as a low vapor transport resistance by reducing the distance between the evap-
oration and the condensation surfaces. By demonstrating 7 days of continuous desa-
lination we have achieved the longest continuous desalination among the reported
solar thermal desalination full systems with salt rejection under one sun. This work
presents a new architecture that addresses a long-standing problem of salt accumu-
lation in current state-of-the-art solar thermal desalination devices, and highlights
the importance of optimizing vapor transport and condensation in the overall effi-
ciency of passive solar desalinators.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Yangying Zhu (yangying@ucsb.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
o UV-Vis-NIR data, distillate production data, and temperature data have been
deposited at Mendeley under https://doi.org/10.17632/hwxk9cxps?.1 and

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 4, 101682, December 20, 2023 13




¢? CellPress

OPEN ACCESS

are publicly available as of the date of publication. All other data reported in
the supplemental information will be shared by the lead contact upon request.
e The MATLAB code generated for the model has been deposited at Mendeley
under https://doi.org/10.17632/hwxk9cxps9.1 and is publicly available as of
the date of publication.
e Any additional information required to reanalyze the data reported in this pa-
per is available from the lead contact upon request.

Fabrication of the evaporator membrane

To enhance the optical absorptivity of the evaporator membrane, we followed a
method reported by Liu et al.”” The evaporator membrane fabrication is composed
of two processes, membrane preparation and preparation of the coating solution.
First the membrane is prepared. Carbon powder (0.8 g) (Sid Richardson Carbon &
Energy) is dispensed into a 250 mL beaker containing 160 mL of water. Acetic
acid (3 mL) is added to make the carbon powder easier to attach to fibers. The mixed
solution is blended using an ultrasonic cleaner (Branson Ultrasonics Bransonic B200)
for 5 min. The 110 mm diameter porous carbon paper (Toray Paper 060 TGP-H-060)
is added to the mixed solution to vibrate for 3 min in order for the carbon powders to
dye the paper uniformly. We dried the carbon immersed GDL at 80°C on a hotplate
for 2 h. We repeated the membrane preparation process four times to realize the
desired dark color.>?

According to Liu et al., the coating solution is prepared by dispersing 1 g of PDMS
containing 10% curing agent and 1 g of carbon black nanoparticles into 30 mL of
hexane. The coating solution is mixed by a magnetic stir bar for 10 min. We
immersed the membrane into the coating solution. Then, we cured the membrane
on a hotplate at 80°C for 2 hours.>?

Equipment setup and evaporator characterization

In all experiments, the grade AAA solar simulator by Newport ORIEL SOL3A illumi-
nates the evaporator membrane with a solar flux of 1,000 W/m?. For the desalination
experiments (Figures 3 and 5), thermocouples (Omega J-Type, 5SRTC-TT-J-36-36)
are used to measure the evaporator, condenser, and ambient air temperatures.
The thermocouples are connected to a PC via an 8-Channel Benchtop Digital Ther-
mometer Data Logger (Omega, DP9800-TC). The thermocouples are coated with a
layer of thermally conductive epoxy (MG Chemicals 8349TFM Thermally Conductive
1to 1 Epoxy Adhesive, Two Part 25 mL Dual Syringe). The cured epoxy is not water
soluble, which allows for long duration temperature measurements at the condenser
and evaporator.

To measure the vapor flux observed in Figure 2G, we supplied seawater with a
salinity of 2.90 wt % to the desalinator device using a syringe pump (Cole Palmer,
catalog no. 78-0100C) for 10 h. To estimate an upper limit of the solar-to-vapor ef-
ficiency corresponding to a minimal liquid flow rate, we used a syringe pump to sup-
ply salt water to the evaporator and gradually reduced the flow rate until the flow
rate of the discharged water was negligibly low. At this condition, the inlet flow
rate was 4.9 mL h™" and the discharged flow rate was measured to be 0.18 mL
h~". The mass of the evaporated liquid over time shown in Figure 2G was calculated
by subtracting the mass of the discharged water measured using a mass balance
from the mass of the supplied liquid. The salinity of the seawater on the evaporator
membrane was 3.32 wt % after 10 h and no salt crystals formed on the evaporator
membrane during this duration. We used a Shimadzu UV3600 UV-Vis-NIR Spectrom-
eter to measure the transmittance of the PETG and ETFE films and the reflectance of
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the evaporator membrane. To calculate the absorptance of the dark evaporator
membrane we approximated transmittance to be zero and subtracted the reflec-
tance from one.

Fully passive gravity-driven solar desalinator setup

In the passive desalination test (Figure 3A), we use a passive flow source. Salt water
from Goleta Beach is supplied using a 2-gallon water bottle (New Wave Enviro Poly-
carbonate Water Bottle, 2-Gallon, Screw Top Cap with Integrated Handle for Easy
Carrying, Built for Durability, Blue [BO9VTL5Q65]) which provides gravity driven
flow with no energy consumption. The flow rate is measured by massing the distillate
and outlet discharge over time. For the first passive desalination test, the water bot-
tle flow rate varies from 10.82 to 4.5 mL h™" over the duration of the 7-day experi-
ment and was refilled once during day 3 (see Figure S4). To achieve these low
flow rates and allow any sediment present in the salt water to pass through the de-
vice, 10 m of 1/16 inch (ID) tubing is connected between the water bottle and the
inlet of the desalinator to provide hydraulic resistance. At the maximum flow rate,
the height difference between the outlet of the desalinator and the water level in
the water bottle is 2.7 cm. The detailed experimental setup is shown in Figure S3.

Syringe pump-driven solar desalinator setup

In Figure 3C, saltwater is supplied to the desalinator device using a syringe pump
(Harvard Apparatus Pump 33DDS, 70-3333) with a controlled flow rate of 5 mL
h™". The syringe pump drives flow actively into the desalinator inlet. To dispel salt
water from the device, the inlet flow rate is greater than the distillate rate. The salt
concentration within the desalinator does not exceed 26.889 wt %, the saturation
concentration for salt in water. The detailed experimental setup is shown in Fig-
ure S7. Two mass balances (OHAUS Scout STX2202 and STX123) are used in
conjunction with OHAUS serial port data collection to measure the distillate mass
and outlet discharge mass at a 10 s sample frequency.

Fully passive gravity-driven solar desalinator model validation setup

For the model validation passive desalination test setup (Figure S9), we use the iden-
tical passive source setup as illustrated in Figure S9A. The flow rate varied from 6.04
to 4.12 mL h™" over the duration of the 25 h test as shown in Figure S10. Two fans
(ebmpapst, 412 FM) are added to cool the condenser and a wind speed meter
(PCE Instruments, PCE-HWA 20BT) is used to measure the wind velocity. An air
shield is constructed above the condenser to prevent air from the fan from reaching
the evaporator.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101682.
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Supplemental Note S.1: Device images and experimental setup
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Figure S1. Isometric views of the desalinator. (a) Expanded view illustrating components used to
assemble the desalinator. (b) Assembled desalinator used in tests.



Figure S2. Condensers and condenser membranes. (a) microporous paper. (b) nickel foam. (c) aluminum
v2-condenser (d) nickel foam in aluminum v2-condenser. (e) microporous paper on nickel foam on
aluminum v2-condenser. (f) thermocouples on v2-condenser. (g) aluminum v1-condenser with channels.
(h) microporous paper on aluminum v1-condenser with channels. (i) thermocouples on v1-condenser.
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Figure S3. Image of the 7-day fully-passive gravity-driven solar desalinator using v1-condenser.
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Figure S4. Flow rates from water bottle during the first 7-day fully-passive gravity-driven solar desalinator
using v1-condenser. The gravity driven water bottle flow decreased in 2 cycles during the course of 7 days
due to a decrease in the available hydrostatic pressure as salt water flows from the water bottle to the
desalinator. The average flow rate over the duration of the test was 7 g h ~'. The flow rate from the water
bottle was increased by adding the same mass of dispelled water back to the water bottle during day 3 of
the experiment.
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Figure S5. Second 7-day performance analysis of the device utilizing saline seawater and solar flux
of 1000 W m 2. This approach used fully passive gravity-driven water container testing (a) Inlet seawater
salinity recorded at 3.15 wt%. The average inlet flow rate over the duration of the test was 7.2 g h~". During
the full passive gravity-driven water container testing, the experiment entailed continuous monitoring of the
mass rate (pink data points in a) and corresponding temperatures of the ambient, condenser, and
evaporator (b). The fully passive experiment was conducted in a laboratory setting with an average
temperature of T,,, = 24 °C and a relative humidity of RH = 56% .
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Figure S6. Flow rates from water bottle during the second 7-day fully-passive gravity-driven solar
desalinator using v1-condenser. The gravity driven water bottle flow decreased in 3 cycles during the course
of 7 days due to a decrease in the available hydrostatic pressure as salt water flows from the water bottle
to the desalinator. The average flow rate over the duration of the test was 7.2 g h~'. The flow rate from the
water bottle was increased by adding sea water back to the water bottle during day 3 and day 5 of the

experiment.
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Figure S7. Image of 7-day solar desalinator experiment with syringe pump flow control under solar simulator
in the lab. The syringe pump provided a controlled inlet flow rate of 5 ml h™".

Figure S8. Image of the gravity-driven solar desalinator experiment with two 4 cm x 4 cm fans blowing air

to the v3-condenser.
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Figure S9. Image of the 1-day gravity-driven solar desalinator with convective cooling using v3-condenser.
An air shield is constructed around the desalinator to prevent air flow from the fan reaching the evaporator.
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Figure S10. Flow rates from water bottle during the 1-day gravity-driven solar desalinator with convective
cooling using v3-condenser. The average flow rate over the duration of the test was 4.9 gh ™.



Supplemental Note S.2: Heat and mass transfer model and validation

In this section we aim to develop a heat and mass transport model to understand the energy (heat) loss
observed in our system. The model will be validated using our experimental result, and we will then vary
design parameters to investigate their effects on the solar-to-water efficiency.

A. Model framework

Figure S11 illustrates the cross-sectional view of the device. In the evaporator, there is a thin water layer
with a thickness of h and a diameter of d. The top of the water layer contacts an ETFE film (0.127 mm in
thickness), and the bottom of the water layer contacts the evaporator membrane, (i.e., the solar absorber).
A plastic fixture made of Ultem material is positioned to come into contact with the side of the water film.
This fixture serves as a boundary element within the system. Not depicted in Figure S11, there exists a
Buna-N rubber O-ring that separates the evaporator membrane from the condenser membrane. The O-ring
has a compressed thickness of approximately 3 mm and an uncompressed thickness of 3.5 mm. Moving
to the condenser side, the condenser membrane directly interfaces with a porous metal structure, which
can be either nickel foam or aluminum with open channels, and has a depth of 3 mm. The remaining portion
of the condenser consists of an aluminum block, which maintains contact with the surrounding ambient air.
For a comprehensive understanding of the device's dimensions, please refer to Figure S12, where a
detailed drawing of the apparatus is provided, featuring all dimensions appropriately labeled.

Tarnb
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Figure S11. An overview of the heat transfer through the device. (a) Schematic of the cross section of the
device and energy flow. (b) The equivalent thermal resistance network.
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Figure S12. A SolidWorks drawing of the cross section of the device. (a) Dimensions of Condenser V1.
(b) Dimensions of Condenser V2.

Consider the heat and mass transfer at steady state condition (Figure S11), the evaporator absorbs heat
from the sunlight Q,, = T¢@, Gsolar Ag» WheEre qgo1ar = 1000 W m=2, 7, = 0.9 is the transmittance of the ETFE

film, and a, = 0.9 is the absorptance of the evaporator membrane, and absorber area A, = 7sz/4 ~

0.0064 m? with diameter d ~ 9 cm. Evaporation occurs on the membrane, which removes heat m hy, from
the evaporator membrane, where m is the mass flow rate of vapor production (kg/s) and hg, is the latent
heat of vaporization. In addition, the evaporator loses heat through the top surface Q.,, through the side
Ultem Q.;q., and through the air gap to the condenser Q,;.. The sensible heat loss of the discharged salt
water is neglected by assuming effective heat recycling due to the counter-flow heat exchanger. Heat
conduction through the O-ring from the evaporator to the condenser is neglected due to its minimal contact
area with the membranes. The vapor condenses on the condenser membrane, which releases heat m h,
on the condenser membrane. The condenser membrane also receives heat from the evaporator through
heat conduction across the air gap Q.;., and rejects heat to the ambient via the aluminum Qo om-

An equivalent thermal resistance network is illustrated in Figure S11b. Balancing the heat gain and heat
loss at the evaporator membrane (Te) and condenser membrane (Tc) requires

Te - Tamb _ Te - Tamb _ Te - Tc
Rtop Rside Ra

Qab — — titheg = 0 (S1)

Te_Tc_Tc_Tamb=0

mhg +
8 Ra Rbottom (82)



In equations (1-2), T., T., and T, are temperatures of the evaporation interface (or the evaporator
membrane), the condensation interface (or the condenser membrane), and the ambient. Ry, Rgjge, R, @and

Ryottom are the total thermal resistances for Qyop, @sides Qair aNd Qportom, detailed below. Furthermore, vapor
transport between the evaporator and the condenser is governed by Fick’s diffusion law,
= AOD Csat(Te) t_ Csat(Tc)]
a

(S3)

where D is the diffusivity of water vapor in air, c.,(T) is the saturation vapor mass concentration as a
function of temperature as:

PM
Csat(T) = ﬁ ’
where P is the saturation pressure of water vapor and can be calculated using the Antoine equation:
1730.63
lOglOP =8.07131 — m

Equations (S1)-(S3) have three unknowns: T, the evaporator membrane temperature, T, the condenser
membrane temperature, and m the mass flow rate which is equal to the distillate production rate at steady
state. These unknowns can be numerically solved. The resulting solar-to-water efficiency is then expressed
as

 hyg

= S4
7 qsolar AO ( )

The thermal resistances in equations (1) and (2) are:

1 (ty teree 1 >
Rip=—|—+——+— (S5)
top AO (kw kETFE htop

where t,, and tgpg are the thicknesses of the water layer in the evaporator (1 mm) and the ETFE film (0.005
inch), respectively. k,, and kg are the thermal conductivity of water and ETFE, respectively. h,, is the

natural air convection heat transfer coefficient on top of the ETFE film.
Ryop represents the total thermal resistance of heat conduction across the water, ETFE, and natural air

convection into the ambient.

1 tUltem 1
Rage = — (12 + —) (S6)
side Aside kUltem hside

where tyjem iS the thickness of the Ultem fixture, k.., is the thermal conductivity of the Ultem, and hy;4,
is the heat transfer coefficient of air on the external surface of Ultem. Ag 4. = tuiemmd is the Ultem sidewall
area. Here we used one-dimensional conduction to approximate the heat conduction in Ultem when ty;;om
is much smaller than the water layer. The actual heat conduction in Ultem of the device that we fabricated
is more complex due to its geometry, which is numerically simulated in COMSOL (see Section B). In a
scaled-up device, heat loss through the side is negligible compared to heat loss from the top because
Aside << AO-

Re=7(2) (s7)

where t, is the thickness of the air gap between the evaporator membrane and the condenser membrane,
k. is the thermal conductivity of air.

1 tcomp tAl 1 >
R =—|—4+—+ (S8)
bottom AO (kcomp kAl hbottom
where t.,m, and t, are the thicknesses of the composite and the aluminum condenser; k,m, and k,, are

the thermal conductivity of composite and aluminum, respectively; hyqiom IS the natural air convection heat
transfer coefficient on bottom of the aluminum condenser.




B. Model validation via 7 day passive experiment

To validate the model framework, we numerically solved equations (1)-(3) in MATLAB using thermophysical
properties listed in Table S1. The ambient temperature is 20 °C. The natural air convection heat transfer
coefficient typically ranges from 5-25 W m™2 K. Based on correlations (equation 9) for air on top of a hot
flat surface for low Rayleigh numbers, h =7 W m™2 K=" Considering minor air flow due to air-conditioning
in the lab environment, we used hiop = hbottom = 10 W m™2 K" in the model. The mass diffusivity D of water
vapor in air is 2.773x10-° m?/s (see notes S.3) based on Chapman-Enskog theory.?®

. 0.560 Ra}’*
U = 1 + (0.492/Pr)*/16]4/5
_ 1.4
NUcorrected = 7 14\ (89)
In (1 + = )
NUL*

L* = A/P where A is the area of a horizontal plate and P is the perimeter.

Since the actual geometry of the Ultem is complex and the heat conduction cannot be approximated using
a 1D model, we estimated Rsice using COMSOL. On the Ultem, the area contacting water is set to be Te,
and we applied a natural air convection heat transfer coefficient of 10 Wm™2K™" on the Ultem surface
exposed to the ambient. Qsice Was obtained by integrating the heat flux over the exposed surface area. Rside
was estimated as
Te - Tamb
Rsige = ——— (S10)
Qside

In COMSOL, by setting Te=50 °C, Tamb=20 °C, we obtain Qsidze = 0.907 W. Therefore, Rsicze = 33.3 K/W. The
temperature distribution in the Ultem is shown in Figure S13. Since thermal resistance is not a function of
the applied temperature difference, Rside is constant for any Te.

degC
A 50
50

48
46
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Figure S13. The temperature distribution in the Ultem fixture. Only part of the Ultem is shown to illustrate
the cross-sectional temperature.

Based on these inputs we solved equations (1)-(3) numerically and obtained that
Te = 51.65 °C, Te=54.67 °C, and a solar-to-water efficiency of 28.87%, which are very close to the
experimentally observed values.



Table S1. Thermophysical properties and thicknesses of the materials used in the model

Thermal conductivity, k (W/m. K) | Thickness, t (mm)
Ultem (PEI) 0.22 -
ETFE 0.238 0.127
Aluminum 238 14
Water 0.615 Varies from 1 -5
Aluminum 238 5
Air 0.0277 -
composite (80% water, 20% nickel) 18.62 3
Nickel* 90.7 -

* Properties of nickel is not used in the model, but rather in calculating the properties of the composite layer

Supplemental Note S.3: Diffusivity coefficient

To understand the theoretical maximum mass transport of water through air from the evaporator to the
condenser, we use Fick’s law of diffusion,
c(T,) — c(T,
" = Dy 0, s11)
where c(T,)and c(T,)are the saturated vapor concentrations at the evaporator (with temperature T,qporator)
and the condenser (with temperature T,,,,qenser)- 1he length, z is the distance between the evaporator and

the condenser. For this model, z = 3 mm. In this model, we considered the temperature-dependent mass
diffusivity D, of binary species, as per Chapman-Enskog theory',

3
_1.8583 x 1077T2 |1 1
Az POas*Qp M, Mg
where the value, 1.8583 x 1077 is an empirical coefficient, p is the ambient pressure and o, is the average
collision diameter. The air temperature, T is computed by taking the average of evaporator and condenser

temperatures. Q, is the collision integral for diffusivity. M, and My are the molar mass of the two species:
water and air.

(S12)

We compute the diffusivity, Das for the diffusion of H20 in air at 318.5 K and 1 atm. Let air be species A
and Hz20 be species B. g, is the potential well depth for species A and ¢ is the potential well depth for
species B. The potential well depth is a measure of how strongly two particles attract each other. ;5 is a
measure of how strongly species A is attracted to species B. kg is the Boltzmann constant.

For the given conditions, using table 11.2 from Lienhard IV et. al. calculated from mass diffusion data we
determine the Lennard-Jones constants.56

or=3.711 A and os=2.655 A,

24— 786K and £ = 363 K.
kB kg

From these constants, we can calculate the following values for the air-water mixture.

0AB=GA+TGB= 3.183 A,

o (;—:)(;—i) = 169K,

“5T _ 1.8856.
€AB



Hence, E};‘;B =168.9136 K and Q,, = 1.0972 from table 11.3 from Lienhard IV et. al.’> Then,
B

3
1.8583 x 1077 T2 ’ 1 1 2
Dy = =2.7773 x1075 ™M
4B 7 (1)(3.183)2(1.0972) 2896 ' 18.02 /s

An empirical correlation for the water air mixture can also be used. ®

1.87 x 10710 72072
Diyoair = > for282K < T <450K. (S13)

Using T = 318.5 K for this empirical correlation, we get: Dy, q;r = 2.873 x 107> m?/s. The prediction is
within 4% of the computed value.

Supplemental Note S.4: ion concentration of the distillate

We monitored ion concentrations of Boron, Barium, Calcium, Magnesium, Sodium and Strontium in the
distillate using ICP. We found that all ion concentrations of these elements in the distillate were well below
the WHO health guidelines and below the taste thresholds as well.”

Table S2. ICP data

B Ba Ca Mg Na Sr
(mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L) | (mg/L)
WHO guideline 2.4 1.3 100-300 <100 200 N/A
(Taste (Taste
threshold) threshold)
Distillate (7 day desalination using | -- -- 0.23 0.74 0.15 0
passive gravity driven flow)
Distillate (7 day desalination using | 0.11 0 3.21 1.47 0.32 0.06
syringe pump)
Distillate (25 hour desalination using | 0.02 -- 1.26 0.79 0.56 0.01
passive gravity driven flow)
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