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Abstract 
 

With increasing water scarcity there is now significant interest in finding lower-cost ways 

to generate fresh water. At the same time, many industrial processes, including oil and gas 

production, produce high-salinity wastewater that requires remediation. Conventional desalination 

processes, including membrane-based and thermal desalination approaches, require large energy 

inputs which can become prohibitive as salinity increases. Alternatively, the most commonly used 

passive thermal desalination method is solar desalination which uses the sun as the heat source in 

an evaporation-condensation cycle. However, weather conditions and solar insolation limit its 

applicability throughout the year. Here, we propose a passive approach to a more 

thermodynamically attractive phase change that can also enable desalination: freezing. In 

particular, we use the ultimate heat sink, outer space, through radiative cooling to enable passive 

freezing desalination. We experimentally demonstrate passive desalination of 37.3 g/L salt water 

to 1.88 g/L after two radiative cooling-driven freezing desalination stages, with 50% recovery and 

17.5 g/L salt water to 0.7 g/L after two radiative cooling-driven freezing desalination stages, with 

65% recovery. We develop and validate a thermal model that accurately predicts the performance 

of the system and extend it to probe the theoretical limits of performance. These results 

demonstrate that passive freezing desalination driven by radiative cooling could fundamentally 

enable new technological possibilities for desalination. Further, this could be a complementary 

method to solar desalination to enable 24-hour, year-round passive thermal desalination. 
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Introduction 
 

Freshwater scarcity is expected to grow with rising temperatures this century, a challenge 

that will be compounded by growth in demand for water worldwide1. Only 1.5% of water on Earth 

is freshwater, with 96.5% of total water on earth in the ocean as saltwater2. Desalination has thus 

become an important method for the production of fresh water with daily desalination capacity 

estimated as 95.37 million m3/day at the end of 20183, twice the rate of global water production in 

20084. In addition to fresh water generation, managing industrial waste streams including saline 

waste from oil and gas facilities5–7 as well as brine waste8 from seawater desalination plants, is 

essential to mitigate the threats they pose to human health9 and environmental conditions10. 

Conventional membrane-based desalination processes are widely deployed but require significant 

energy inputs11–13. Collectively, most desalination systems today demand substantial energy 

intensity, and thus lie at the heart of the nexus between energy and water use.  

Thermal desalination has been actively explored for decades as a mechanism to 

complement reverse osmosis-based systems and is today a commonly used method for desalinating 

high salinity waters and brines. Thermal desalination entails the evaporation of salt water and its 

condensation into pure water, with typical thermal desalination systems also demanding large 

energy inputs typically driven by non-renewable fuels14–17. One notable exception is solar 

desalination18,19, which exploits a renewable source of energy, and in the past decade has seen 

substantial advancement in systems enabled by solar-driven interfacial evaporation20,21. Although 

much work has gone into developing high-performance materials22–28 and high-efficiency system 

designs29–32 solar desalination’s need for high solar insolation has placed limits on its applicability 

in many geographic regions. Furthermore, the use of evaporation, a high-temperature phase 

change, introduces additional operational costs due to scaling and corrosion. 

Here, we focus on an alternate phase change that can also enable thermal desalination: 

freezing. Freezing desalination exploits the fact that when water is crystallized to ice, salt will 

separate from the ice crystals which will be pure water. Compared to evaporation, the energy 

needed for the phase change can be reduced by 75% to 90% as the latent heat of fusion of ice is 

334 kJ/kg, in contrast to the heat of evaporation of water which is 2256 kJ/kg at 100°C33. 

Experiments in the 17th and 18th centuries demonstrated freshwater generation through the 

freezing of sea ice34–36. In the modern era, freezing desalination has remained an active topic of 

research inquiry with considerable focus on improving its efficiency37–43. Despite substantial early 
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work on freezing desalination in the 1960s, commercialization of the technology has been 

hampered due to the substantial energy input needed for the freezing process44. If freezing 

desalination were possible to enable passively, however, its viability as a technology might be 

dramatically enhanced. Moreover, it could complement existing thermal evaporative desalination 

methods, including solar desalination. 

Given this context, we are motivated by recent breakthroughs in passive radiative 

cooling45,46 wherein sky-facing surfaces radiate their heat as thermal radiation, some of which 

effectively escapes to the cold of space through an atmospheric window in the long-wave infrared 

part of the electromagnetic spectrum between 8–13 μm. To passively reach temperatures 

substantially below the ambient, as one would need for freezing, it is well understood that thermal 

emitters that selectively emit within the atmospheric window will outperform broadband 

emitters47–49. Prior work has shown that with a selective emitter and a vacuum system to minimize 

non-radiative heat gain a maximal reduction of 42 °C relative to the ambient is achievable46. 

Because of its cooling performance below ambient temperature, radiative coolers have also been 

used to obtain dew from atmosphere50. In the context of desalination, a single observational study 

in 1974 claimed that a natural freezing process resulted in desalination in open pools of salt water 

in the Atacama desert in Chile, where both evaporative and radiative cooling nominally resulted 

in freezing desalination51. However, this work did not provide any quantitative data with respect 

to the salinity levels of the water generated, and the overall efficiency of the process. Since that 

early work, no further attempts have been made at enabling a passive thermal desalination process 

using freezing, while on the other hand substantial research interest has continued in solar thermal 

desalination. Moreover, recent advances in optimizing radiative cooling materials raise the 

intriguing possibility that this passive cooling mechanism could enable a compelling technological 

capability for thermal desalination. 

In this article, we conceptually develop, and experimentally demonstrate passive freezing 

desalination driven by radiative cooling. Furthermore, we develop and validate models against our 

experimental results and use them to model expected performance in a range of climate zones, and 

also explore the thermodynamic limits of performance of this approach to desalination. 

Collectively, our work shows that passive freezing desalination can be both competitive and 

complementary to solar desalination, and other thermal desalination approaches.   
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Conceptual Overview 
 

Fig. 1(a) shows the overall concept of the radiative cooling-driven freezing desalination 

process we propose. A sky-facing radiative cooler passively freezes the saltwater and ice, which 

in turn separate, with remaining higher salinity brine sinking because of its higher density. The 

generated ice can then be melted into pure water. Fig. 1(b) shows the specific steps in the radiative 

cooling-driven freezing desalination process. After freezing the salt water by thermal contact with 

the radiative cooling surface, the ice and the brine are mechanically separated through a simple 

filter. In practice, the remaining ice will have saltwater pockets trapped within it. Thus, following 

standard processing techniques for freezing desalination, we wash the generated ice particles with 

a small volume of pure water. The remaining high-purity ice is then melted to obtain fresh water.  

 

 
 

Figure 1: a) Conceptual framework of the radiative cooling freezing desalination process. The 
ice forms inside the salt water because of the coldness of the radiative cooler and separates with 

the brine. b) Detailed schematic of a single stage freezing desalination process, including 
freezing, separating, washing and melting.  

 
 
We now examine the basic heat transfer mechanisms at play here to understand the 

potential of this passive approach to desalination. Consider a radiative cooler of area A at 

temperature T. When the radiative cooler is exposed to the night sky, it is subject to downwelling 

atmospheric thermal irradiance (corresponding to ambient air temperature Tamb) as well as non-

radiative heat exchange to its surroundings. The net cooling power Pnet achievable by the radiative 

cooler is given by: 



 

 𝑃𝑛𝑒𝑡(𝑇) = 𝑃𝑟𝑎𝑑(𝑇) − 𝑃𝑎𝑡𝑚(𝑇𝑎𝑚𝑏) − 𝑃𝑐𝑜𝑛𝑑+𝑐𝑜𝑛𝑣                                  (1) 

 

In Eq. (1) the power radiated out by the radiative cooling surface is 

 

𝑃𝑟𝑎𝑑(𝑇) = 𝐴∫ 𝑑𝛺 cos 𝜃 ∫ 𝑑
∞

0
𝜆𝐼𝐵𝐵(𝑇, 𝜆) 𝜖(𝜆, 𝜃)                                      (2) 

Here ∫ 𝑑𝛺 = 2𝜋 ∫
𝜋
2

0
is the angular integral over a hemisphere. 𝐼𝐵𝐵(𝑇, 𝜆) =

2ℎ𝑐2

𝜆5
1

𝑒ℎ𝑐/(𝜆𝑘𝐵𝑇)−1
is the 

spectral radiance of a blackbody at temperature T, where h is Planck’s constant, kB is the 

Boltzmann constant, c is the speed of light and 𝝀 is the wavelength.  

 

𝑃𝑎𝑡𝑚(𝑇𝑎𝑚𝑏) = 𝐴∫ 𝑑𝛺 𝑐𝑜𝑠𝜃 ∫ 𝑑𝜆𝐼𝐵𝐵(𝑇𝑎𝑚𝑏 , 𝜆)𝜖(𝜆, 𝜃)𝜖𝑎𝑡𝑚(𝜆, 𝜃)
∞

0
                        (3) 

 

is the absorbed downwelling atmospheric irradiance over long-wave infrared wavelengths. The 

atmospheric emittance εatm(𝜆) is calculated from Isky (𝜆) using the MODTRAN Web Application 

for different weather conditions, as shown in the Supplementary section. Finally, heat gained due 

to conduction and convection Pcond+conv can be expressed based on a combined effective heat 

transfer coefficient hc as 

 

                 𝑃𝑐𝑜𝑛𝑑+𝑐𝑜𝑛𝑣(𝑇, 𝑇𝑎𝑚𝑏) = 𝐴ℎ𝑐(𝑇𝑎𝑚𝑏 − 𝑇).                                               (4) 

 

A selective thermal emitter will have high emittance within the atmospheric window (8–

13 μm) and low emittance elsewhere.  For below-ambient cooling (i.e., T < Tamb), a broadband 

thermal emitter stands to gain more heat from thermal radiation outside the atmospheric window 

than it loses through thermal emission within the window, potentially resulting in negative cooling 

power and limiting the lowest temperature achievable. By contrast, a selective emitter allows us 

to maximize Pnet(T) at sub-ambient temperatures and thereby achieve a lower temperature, which 

is essential for freezing desalination.  

At the onset of freezing, the maximum ice generation rate that can be formed from simple 

thermodynamic considerations alone can be understood by equating the net cooling power Pnet at 



that temperature to vf, the ice generation rate of salt water and Hf the enthalpy of fusion of water 

(334 kJ/kg): 

  

         𝑃𝑛𝑒𝑡 (𝑇) = 𝑣𝑓  𝐻𝑓                                             (5) 

 

To illustrate the potential of radiative cooling-driven desalination, we calculate and show in Fig. 

S1 the maximum ice generation rate per second at a temperature of -2°C for a range of air 

temperatures and relative humidity conditions assuming an ideal selective emitter. While this is 

meant to be a first-order thermodynamic approximation, it does indicate the potential of radiative 

cooling to enable meaningful ice generation for a range of weather conditions. In a full 

implementation of such a system, to enable truly passive operation, the radiative cooling surface 

will further be responsible for cooling the saline solution to the onset of freezing, and the kinetics 

of the freezing process will determine the nature of crystallization. We explore this in further detail 

as part of our experimental implementation and detailed modeling in this paper. 

 
 
Experimental Implementation  
 

We experimentally demonstrated passive freezing desalination driven by radiative cooling 

using a custom-built apparatus shown in Fig. 2(a). The radiative cooling surface is made of a low-

cost acrylic polymer (3M Scotch tape52) coated with silver, which is then affixed to a polished 

aluminum cold plate which contains two tubes for water. The plate and radiative cooling surface 

are placed inside a polystyrene box which is covered with Aluminized mylar both inside and 

outside to minimize its own emittance. Two clear 12.5-μm polyethylene films are placed above 

the sample at a distance of 7 cm as an infrared-transparent windshield to enable effective, yet low-

cost insulation. Hemispherical emissivity measurements of the radiative cooling surface show that 

it possesses a selective thermal emittance with high emittance in the atmospheric window (Fig. 

2(b)).  
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Figure 2: Experimental apparatus and conditions: (a) Three-dimensional schematic of the 

radiative cooling apparatus. A cold plate with two tubes is used to place the salt water in thermal 
contact with the radiative cooling surface, while the rest of the apparatus is designed to minimize 

conductive and convective heat exchange to the cooler. (b) Hemispherical emissivity 
measurement of the low-cost acrylic polymer used as the radiative cooling surface in the 
experiment. (c) Photo of the setup and its surroundings in Big Bear Lake, CA, USA. The 

apparatus can be seen at bottom during daylight hours. Experiments were conducted at night. 
 
We demonstrated the performance of the radiative cooling desalination device in two 

overnight experiments at Big Bear Lake, California (photo of the environment is shown in Fig. 

2(c)), by exposing it to the sky during night-time hours and testing its performance. In the first 

experiment, the tubes in the cold plate were filled with 30 mL of salt water at 37.3 g/L, 

approximately the salinity of seawater. As shown in the temperature data of Fig. 3(a), immediately 

after the cooler is exposed to the environment (shortly before 22:30 local time in Fig. 3(a)), its 

temperature drops to approximately 8℃ below the measured ambient air temperature. The 

temperature of the saltwater reaches -6.2℃ around 00:40 at which point it rises rapidly to -2.98℃, 

a signature of the onset of freezing. The temperature of the forming ice/water slurry then slowly 

drops to -4.5℃ during the crystallization process. Through multiple lab experiments we 

determined that this temperature range resulted in approximately 75% crystallization in our setup, 

a crystallization level previously shown to be optimal for freezing desalination37. At this point, we 

removed the ice/water and brine mixture from the tube and mechanically separate the ice and brine 

using a simple paper filtration system and use 3.5 mL of fresh water to wash the formed ice crystals 

to remove the attached brine on the surface of the ice crystal. 19 mL of water with a salinity of 

8.99 g/L is obtained after melting the ice crystals, as shown in Fig. 3(c).  
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We then re-inserted the partially desalinated water from the first stage back into the tube 

of the cold plate and repeated the previous steps for a second stage of freezing desalination. As 

shown in the temperature data of Fig. 3(b), after the cooler is exposed to the environment (at 03:07 

local time in Fig.3 (b)), its temperature drops to around -5℃ at 04:00 and immediately rises to -

1.35℃ because of the lower salinity of the salt water. We repeated the separation process and used 

2.5 mL of fresh water to wash the formed ice crystals. After the second stage’s desalination 

process, we finally obtained 15 mL with a salinity of 1.88 g/L (Fig. 3(c)) representing a 50% 

recovery rate from the 30 mL salt water initially introduced into the system. We note that the wash 

water used in both stages rapidly flows past the ice and in this implementation contributes 

negligibly to the finally measured output water from the system which is determined by melting 

the remaining ice. 

 

 
 

Figure 3: a) First stage measurement of the salt water (37.3g/L) temperature (blue) against 
ambient air temperature (orange) on a clear night in Big Bear Lake, California, USA. The water 

temperature immediately drops below ambient once exposed to the sky and increases from -
6.2℃ to -2.98 ℃ at the onset of freezing. b)  Second stage measure of the first stage's saltwater 

temperature (blue) vs. ambient air temperature (orange). The water temperature drops to -5.01 ℃ 
and then rises to -1.35 ℃ at freezing onset. c) Salinity measurements of the two desalination 

stages. The salinity of water drops from 37.3 g/L to 8.99 g/L after the first stage with a 11 mL 
water loss and from 8.99 g/L to 1.88 g/L at the second stage with a 4 mL water loss. d) First 



stage measurement of the lower salinity input saltwater (17.5 g/L) temperature (blue) vs. ambient 
air temperature (orange) on a clear night at the Big Bear Lake test site. The water temperature 

immediately drops below ambient once exposed to the sky and increases from -3.5℃ to 1.1 ℃ at 
the onset of freezing. e) Second stage measurement of the saltwater temperature (blue) vs. 

ambient air temperature (orange). The water temperature drops to -2.2 ℃ and then rises to 1.65 
℃ at freezing onset. f) Salinity measurements after each desalination stage. The salinity of water 
drops from 17.5 g/L to 5.2 g/L at the first stage with an 8 mL water loss and from 5.2 g/L to 0.7 

g/L at the second stage with a 4 mL water loss. 
 

To explore the effect of initial input salinity, in a second experiment we demonstrated the 

performance of the radiative cooling desalination device for lower salinity input water. In this 

experiment, the tubes in the cold plate were filled with 34 mL of salt water at 17.5 g/L input 

salinity. As shown in the temperature data of Fig. 3(d), immediately after the cooler is exposed to 

the environment (at 21:30 local time), its temperature drops to approximately 13℃ below the 

measured ambient air temperature, a deep sub-ambient cooling effect enabled by the selective 

thermal emitter. The temperature of the saltwater reaches -3.5℃ at around 01:10 at which point it 

rises rapidly to 1.1℃ at freezing onset. The temperature of the forming ice/water slurry then slowly 

drops to -1.2℃ during the crystallization process. As in the previous experiment, we mechanically 

separated the ice and brine and used 3.5 mL of fresh water to wash the formed ice crystals to 

remove the attached brine on the surface of the ice crystal. 26 mL of water with a salinity of 5.2 

g/L is obtained after melting the ice crystals, as shown in Fig. 3(f). We next re-inserted the 26 ml 

of 5.2 g/L salinity saltwater back into the tube of the cold plate and repeated the previous steps for 

a second desalination stage. As shown in the temperature data of Fig. 3(e), after the cooler is 

exposed to the environment (at 03:00 local time in Fig. 3(e)), its temperature drops to around -2℃ 

at 03:45 and immediately rises to 2℃ because of the lower salinity of the salt water. We then 

repeated the separation process and use 2.5 mL of fresh water to wash the ice crystals. After the 

second stage’s desalination process, we finally obtained 22 mL of water at a salinity of 0.7 g/L 

(Fig. 3(f)) representing a 65% recovery rate from the 34 mL salt water initially introduced into the 

system. 

After the first stage of the desalination process in these experiments the salinity of saltwater 

decreases 70-75% while there is also 8-11 mL water loss. Previous work has shown that in freezing 

desalination systems the removal efficiency decreases as the residual liquid volume reduces due 

to the difficulty of maintaining regular contact between the liquid and solid phases53. Freezing in 
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general can further cause impurities to be trapped inside ice crystals relative to the fraction of the 

solution that remains unfrozen. This in turn can result in lower separation efficiency of the salt-

water solution54–56. There is thus a compromise between water loss and the purity of water obtained 

that we believe can be further optimized in future work. Finally, we note that the pump for the 

mechanical separation process used here consumes about 30 J during the desalination process. This 

corresponds to less than 0.5% of the total energy that would otherwise be needed to freeze 19 ml 

of salt water. This energy consumption is thus negligible relative to the effective energy savings 

made possible by the passive radiative cooling process. 

 
Modeling and validation 
 
 We next developed a theoretical model for the developed freezing desalination system, 

validated it against the experimental measurements and then used it to predict the net freshwater 

yield of both current and future improved radiative-cooling freezing desalination systems in a 

range of climate zones. Given input environmental conditions (air temperature and dew point), as 

well as the mass of water in the system, the model first predicts the cooling curve for water in the 

radiative cooling apparatus (see Supplementary Information for details). In Fig. 4(a), the model’s 

prediction for the temperature of the saltwater at an input salinity of 37.3 g/L for a range of non-

radiative coefficients of heat exchange is compared against the first stage experimental data in Fig. 

4(a) and the second stage in Fig. 4(b), showing excellent agreement. The temperatures of saltwater 

for the lower input salinity experiment (17.5 g/L) for both stages are also simulated by the model, 

and shown in Fig. 4(c) and 4d), also showing excellent agreement. The model then uses this 

information, as well as phenomenologically derived assumptions about when freezing onset 

occurs, and the associated temperature rise of the saline solution, to predict a range of expected 

freshwater production rates for a particular set of operating conditions (see Supplementary 

Information). The model’s predicted range of freshwater production is shown in Fig. 4(e) and is 

validated against the values obtained experimentally showing excellent overall agreement. 
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Figure 4: a) Model predictions (gray) vs. experimentally measured (blue) saltwater (37.3 
g/L concentration) during the first stage, showing excellent agreement. The gray regions 
denote model uncertainty associated with the coefficient of non-radiative heat exchange 

which is modeled in a range of potential values. b) Model predictions (gray) vs. 
experimentally measured (blue) saltwater (37.3 g/L concentration) during the second 
stage, also showing good agreement. c) Model predictions (gray) vs. experimentally 



measured (blue) saltwater (17.5 g/L concentration) during the first stage, showing 
excellent agreement. d) Model predictions (gray) vs. experimentally measured (blue) 

saltwater (17.5 g/L concentration) during the second stage, also showing good agreement. 
e) Modeled total freshwater production from saltwater vs. experimentally yielded 

quantities. f) Modeled total freshwater production using the experimental apparatus for 
different input salinities given weather conditions during experiments at the Big Bear 

Lake test site, and assuming the use of up to three consecutive stages. 
 

We next used the validated model to predict the nightly freshwater output of our apparatus 

for different input and output salinities under the same set of environmental conditions as our 

experiments. First, we note that the higher the salinity of input saltwater, the harder it will be for 

it to freeze, as it will have to reach lower supercooling temperatures, as shown in Fig. S3. 

Furthermore, higher salinities can necessitate multiple stages of freezing and washing, as 

demonstrated in our experiments. Using our experimental implementation as a phenomenological 

baseline for the values of the input and output salinities achievable for experimental stage (with a 

maximum of four stages total set as an upper limit), we show in Fig. S5 the expected number of 

desalination stages needed as a function of input salinity. The model demonstrates that, given our 

apparatus and test environmental conditions, it takes at most three stages to desalinate freshwater 

from higher salinity water (37.3+ g/L), and takes fewer stages for lower input salinities. For 

seawater desalination (input salinity of 35 g/L), based on the current implementation (current cold 

plate, radiative cooling material and apparatus insulation) the performance of this system at 

different ambient temperatures and relative humidities is shown in Fig 5a. In this model, we 

assume that there is no supercooling resulting in freezing onset as prior works has shown that 

supercooling can be avoided by adding a nucleation agent or increasing the roughness of the 

nucleation surface54,57–61.  

Finally, to explore the performance limits of radiative cooling-driven freezing desalination, 

we further apply our model on an idealized freezing desalination system. We assume in this model 

that the mass of the cold plate is negligible, that the radiative cooling surface is under vacuum, that 

the radiative cooler is an ideal selective thermal emitter (with unity emissivity between 8-13 um 

and 0 at other wavelengths), that the convective shield has perfect transmittance and that there is 

no supercooling resulting in freezing onset exactly at the freezing point of 35 g/L salt water (-2 

℃). The performance predictions under these assumptions for different ambient temperatures and 

relative humidities is shown in Fig. 5(b). For the ideal case, as much as 0.9 L/m2/h freshwater can 
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be generated using this method, which compares favorably with common solar desalination 

production values of 0.3-0.7 L/m2/h under the standard one Sun illumination condition 

(1 kW/m2)62–64, but is lower than the theoretical limit of hourly averaged production values for a 

multi-stage solar desalination system, 10 L/m2/h15.  

 

 
 

Figure 5: a) Model prediction of the amount of water produced hourly by radiative cooling 
freezing desalination assuming the current experimental implementation for different relative 

humidity and ambient temperatures.  b) Single-state thermodynamic limit of hourly water 
production by radiative cooling freezing desalination for different relative humidity and ambient 

temperatures. c) Prediction of average daily water production each month of the current 
experimental implementation using typical meteorological year (TMY3) weather data for cities 

located in five different climate zones. d) Single-state thermodynamic limit of average daily 
water production each month for the same cities located in five different climate zones. 

 
To further explore the viability of this approach to desalination, we apply our model using 

typical meteorological year (TMY3) data for cities in five different climate zones: dry, temperate, 

https://www.zotero.org/google-docs/?e7yvVb


continental, Mediterranean, and highland climates. We then calculate the amount of water 

produced by radiative cooling freezing desalination daily based on both the current experimental 

implementation in Fig. 5(c), as well as the production from the ideal passive radiative cooling-

driven freezing desalination system in Fig. 5(d). In all cases we consider solar energy absorption 

by the radiative cooler based on its current solar reflectivity. Overall, with this desalination 

approach we observe the highest production during non-summer months when solar irradiance and 

ambient temperatures are cooler in all climate zones. However, as shown in Fig. 5(d), with further 

improvements meaningful production can occur during low solar irradiance hours in the summer 

as well. As can be seen in Table S2 of the Supplementary Information, the dry and highland climate 

zones are optimal climate zones due to many hours of relatively cooler air temperatures and lower 

relative humidities. However, in winter months with relatively solar irradiance, this approach may 

outperform solar desalination-based approaches.  

While Fig. 5 examines the system’s performance in terms of production capacity, the rates 

shown here must be compared against system costs. As a preliminary effort to that end, we 

developed a first order levelized cost of water (LCW) analysis for the passive freezing desalination 

system and benchmarked it against LCW ranges for other desalination methods. As shown in Fig. 

S6, production rates of 2-5 L/m2/day, achievable with the system as it would currently performs in 

range of climate zones (Fig. 5c), could yield LCW in the range $1.5 – $0.75/m3, competitive with 

solar desalination today65. We note that with the theoretical limits of performance shown in Fig. 

5(d), Fig. S6 indicates that LCW could be achieved that would be competitive with membrane 

desalination systems in a range of climate zones. The current implementation’s costs are driven by 

small-volume manufacturing of the cold plate used, as well as sub-optimal performance due to 

non-ideal infrared selectivity as well as supercooling. Improvements on both these fronts are 

possible with increased manufacturing scale, as well as through further advancements in selective 

radiative coolers. While this is a preliminary estimate, the results do highlight the potential of this 

approach to desalination, given the simplicity of the system’s components and low-temperature 

operation relative to alternate thermal desalination approaches that rely on evaporation. For climate 

zones with relatively low solar irradiance during large fractions of the year, radiative cooling-

driven desalination may represent a compelling renewable thermal desalination approach, 

including to remediate saline wastewater in industrial, and oil and gas facilities. 
 

  



Conclusion 
 

To summarize, we have highlighted the remarkable possibility and potential of desalinating 

salt water by radiative cooling-driven freezing desalination. Unlike membrane desalination, our 

approach is passive and can in principle work for water of any salinity level. Compared with solar 

desalination, our approach overcomes both challenges associated with evaporative desalination, 

including corrosion related to high temperature operation, and makes freezing desalination more 

attractive from an energy input perspective. While a potentially competitive technology in its own 

right, we emphasize that radiative cooling-driven freezing desalination could be combined with 

solar desalination to realize year-round, 24 hour a day passive thermal desalination for the first 

time. The low-salinity water generated by this method could also serve as a preliminary stage for 

conventional membrane-based desalination to overcome the high pressures that can be 

encountered when desalinating high-salinity input streams. While radiative cooling has emerged 

in recent years as an important frontier for research in energy challenges, this work highlights the 

important contributions that harnessing the thermodynamic resource of the cold of space could 

play for water challenges we face this century. 
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