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ABSTRACT
As global energy demand continues to rise and climate change accelerates, the need for sustainable and energy-efficient
cooling  solutions  has  reached  a  critical  level.  Conventional  air  conditioning  systems  heavily  rely  on  energy-intensive
mechanical  cooling,  which  significantly  contributes  to  both  electricity  demand  and  greenhouse  gas  emissions.  Passive
cooling  strategies,  particularly  radiative  cooling  (RC)  and  evaporative  cooling  (EC),  present  an  alternative  approach  by
harnessing natural processes for temperature regulation. While standalone RC can be affected by weather conditions and
EC relies on water availability, Radiative-coupled EC (REC) offers a versatile and sustainable cooling solution suitable for
various applications.  Here we summarize an overview of  the theoretical  foundations and mathematical  models  of  REC,
encompassing  REC  by  bulk  water  (REC-BW),  REC  by  perspiration  (REC-P),  and  REC  by  sorbed  water  (REC-SW).
Moreover, we explore a range of applications, spanning from industrial processes to personal thermal management, and
examine the advantages and challenges associated with each REC approach. The significance of REC lies in its potential
to  revolutionize cooling technology,  reduce energy consumption,  and minimize the environmental  impact.  REC-BW can
conserve water resources in industrial cooling processes, while REC-P offers innovative solutions for wearable electronics
and  textiles.  REC-SW’s  adaptability  makes  it  suitable  for  food  preservation  and  future  potable  cooling  devices.  By
addressing  the  challenges  posed  by  REC,  including  water  consumption,  textile  design,  and  optimization  of  bilayer
structures,  we  can  unlock  the  transformative  potential  of  REC  and  contribute  to  sustainable  cooling  technologies  in  a
warming world.
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1    Introduction
The  energy  global  crisis  presents  a  pressing  and  multifaceted
challenge  that  affects  the  world’s  economy,  environment,  and
security [1, 2]. In today’s world, nearly 20% of the total electricity
consumption in buildings is attributed to global cooling demands
[3].  The  escalating  need  for  space  cooling  is  straining  electricity
grids  across  various  nations,  leading  to  increased  emissions  and
elevated  urban  temperatures.  Passive  cooling,  in  contrast  to
conventional  air  conditioning,  emerges  as  a  viable  solution  by
reducing  electricity  consumption  during  operation  and
diversifying energy sources [4–7].

Radiative  cooling  (RC)  and  evaporative  cooling  (EC)  are  the
two  major  passive  cooling  technologies.  RC  reflects  solar
irradiance;  at  the  same  time,  it  emits  thermal  radiation  to  outer
space through a long-wave-infrared (LWIR) atmospheric window
(~  8–13  μm)  [8].  RC  materials  can  be  classified  into  inorganic
[9–11] and organic materials [12–17]. RC devices include mid-IR

(MIR)  emitters  and  medium-infrared  transparent  materials.  The
former  can  be  used  independently,  while  the  latter  requires  a
substrate with high infrared emissivity [18].  EC utilizes the latent
heat of vaporization during the phase transition between gas and
liquid, which can be categorized into three groups: direct/indirect
evaporative  cooling  (DEC/IEC),  sorption-driven  evaporative
cooling,  and  atmospheric  water  harvesting  EC  (AWH-EC)  [6,
19–21].

However, RC and EC have encountered multiple challenges in
their  development.  The  limited  cooling  power  of  RC  at  room
temperature  requires  substantial  material  consumption  and  is
sensitive to environmental factors like humidity and air pollution
[22, 23]. Specifically, direct EC, while operating efficiently, requires
water supply systems and substantial water usage, exposing issues
in arid regions [24]. Sorption-driven EC is promising but involves
complex designs [25]. AWH-EC, a recently developed technology,
aims  to  reduce  water  consumption  for  cooling  but  it  requires
further material and system enhancements [26].
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The  combination  of  radiative  cooling  and  evaporative  cooling
mitigates  the  limitations  of  the  standalone  methods,  which  not
only  promises  to  reshape  cooling  technologies  but  also  fosters
sustainability  [27–29].  Radiative  cooling  materials,  for  instance,
can  lower  evaporation  temperatures,  enhance  water  vapor  mass
transfer  resistance,  and  prolong  evaporation  duration.  While
evaporative  cooling can enhance the overall  cooling capacity  and
resilience  capability  of  the  system  against  climatic  fluctuations.
Additionally,  the  study  of  the  intricate  interplay  between
evaporative  and  radiative  cooling  holds  universal  significance
because  omnipresent  thermal  radiation  plays  an  inevitable  role
during  the  process  of  evaporative  cooling.  However,  a  definitive
classification for radiative-coupled EC (REC) is presently absent.

REC can be categorized into three primary groups based on the
resources  of  evaporative  water:  REC  by  bulk  water  (REC-BW),
REC  by  perspiration  (REC-P),  and  REC  by  sorbed  water  (REC-
SW).  REC-BW  constitutes  the  initial  manifestation  of  passive
cooling integration, featuring separate radiative cooling panels and
evaporative  coolers  (Fig. 1(a)).  Evaporative  coolers  utilize  bulk
water to chill the supplied air. REC-P and REC-SW are emerging
integrated  passive  cooling  technologies.  They  share  structural
resemblance  with  RC  materials  or  textiles  placed  over  water
sources.  In REC-P,  evaporation relies  on vapor or  sweat  droplets
generated  by  skin  perspiration  (Fig. 1(b)).  While  in  REC-SW,
water  molecules  remain  immobile  and  are  often  stored  in
hydrogel (Fig. 1(c)).

In  this  review,  we  comprehensively  go  through  REC
technology,  including  the  fundamental  theories  of  REC,
developments  of  the  three  major  REC  approaches,  and  their
applications.  By  analyzing  their  strengths  and  limitations,  we
provide insights that have the potential  to drive advancements in
passive cooling, spanning from industrial applications to personal
use.  Our  work  equips  researchers  with  valuable  information  to
address  challenges  and  leverage  opportunities  in  REC,  shaping
energy-efficient cooling solutions for the future. 

2    Fundamental theories
REC shows the combined effects of radiative-coupled evaporative
cooling.  RC  mode  focuses  on  the  sky  radiative  cooling  through
regulating thermal radiation, while EC mode is  mainly attributed

to  phase  change  by  the  mass  transfer  process.  A  more  complex
heat  and mass  transfer  process  occurs  in  the  REC.  Therefore,  by
leveraging the cooling potential of both mechanisms, REC systems
maximize their overall cooling efficiency. 

2.1    Mathematical models of radiative cooling
Fundamentally,  thermal  radiation  is  inherently  emitted  by  any
object  with  a  temperature  greater  than  absolute  zero  degree
Celsius,  propagating  as  electromagnetic  waves  [30].  Kirchhoff’s
law  of  thermal  radiation  establishes  that  all  bodies  exhibit  equal
efficiency as both thermal emitters and receivers, where emissivity
always  matches  absorptivity  at  thermal  equilibrium.  Radiative
cooling technology is  rooted in these foundational principles.  On
the earth’s surface, objects employ thermal radiation (Prad, W·m−2)
to  dissipate  heat,  primarily  through  the  atmospheric  window,  as
their temperature (~ 300 K) typically surpasses that of outer space
(3  K).  Conversely,  these  objects  absorb  thermal  radiation  from
both  the  atmosphere  (Patm)  and  solar  irradiance  (Psun)  during
daylight  hours,  alongside  nonradiative  heat  exchange  processes
like  convection  and  conduction  with  the  ambient  (Pnonrad).
Therefore,  the  net  RC  power  (PRC)  can  be  expressed  as  follows
(Fig. 2(a)) [7, 31]

PRC = Prad (T)+Pnonrad(T,Tamb)−Psun −Patm (Tamb) (1)

where T is  the  temperature  of  the  cooling  surface. Tamb is  the
ambient  temperature  which  is  assumed  to  be  equal  to  the
atmospheric temperature. Prad can be formulated as [32]

Prad =
w

dΩcosθ
w ∞

0
dλε (θ,λ) IBB (T,λ) (2)

where θ is the incident zenith angle, λ is the wavelength, dΩ is the
angular  integration  over  the  space  of  the  upper  hemisphere, ε is
the  spectral  directional  emittance, IBB (W·m−2·Sr−1·μm−1)  is  the
spectral irradiation of a blackbody at the temperature of T, which
can be calculated by the following according to Planck’s law [33]

IBB = 2hc2/
(
λ5 (ehc/(λkT)− 1

))
(3)

where h =  6.626  ×  10−34 J·s  is  the  Planck  constant, k =  1.381  ×
10−23 J·K−1 is  the  Boltzmann constant,  and c =  3  × 108 m·s−1 is  the
speed of light in a vacuum.

 

Figure 1    Schematic illustration of the three major REC approaches. (a) REC by bulk water. (b) REC by perspiration. (c) REC by sorbed water.
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The  atmospheric  radiation  absorbed  by  a  surface  can  be
expressed as follows

Patm =
w

cosθdΩ
w ∞

0
dλε (θ,λ) εatm (θ,λ) IBB (Tamb,λ) (4)

εatmwhere  is  atmospheric  emissivity  as  a  function  of  incident
zenith angle θ and wavelength, which can be approximated by

εatm = 1− (τ (λ))1/cosθ (5)

where τ is the atmospheric transmittance in the zenith direction.
The solar irradiation is mostly concentrated in the 0.3–2.5 µm,

and the Psun absorbed by a coating is related to the solar irradiation
and the reflectivity of the surface within the solar spectrum

Psun =
w ∞

0
ε (θ,λ) Isolar (λ)dλ (6)

Isolarwhere  is the AM 1.5 solar intensity.
Pnonrad is  the  conductive  and  convective  heat  transfer  between

the surface and the ambient, which can be expressed as

Pnonrad = hc(Tamb −T) (7)

In  this  section,  we  neglect  conduction  effects  and  define hc as
simply the convective heat transfer coefficient.

There  are  two  types  of  radiative  cooling  materials,  including
MIR  emissive  (high-ε)  and  mid-infrared  transparent  materials
(high-t). The former can be used alone, while the latter needs to be
combined with a  substrate  with  high infrared emissivity  (such as
human  skin)  [34–36].  As  shown  in Fig. 2(b),  outer  MIR
irradiation  and  thermal  radiation  of  the  substrate  penetrate  the
high-t RC materials while confronting at the surface of the high-ε
materials.  When  the  RC  materials  are  tightly  attached  to  the
substrate,  cooling  performances  vary  little  between  the  two
patterns.  However,  additional  radiative  heat  resistance  will  be
introduced if  there is  an air  gap between the high-ε material  and
the  substrate  in Fig. 2(c).  On  the  contrary,  high-t material  can
effectively conduct radiation from the substrate to outer space, i.e.,
high-t material  performs  better  than  high-ε material  in  non-
contact cooling scenarios. 

2.2    Mathematical models of evaporative cooling
EC  utilizes  the  latent  heat  of  vaporization  during  the  phase
transition  between  the  gas  and  liquid  phase.  Liquid  water
molecules  form  hydrogen  bonds  between  adjacent  hydroxyl
groups,  resulting in the highest  enthalpy of  vaporization at  room
temperature [20, 21].  In addition, water is  inexpensive,  abundant,

non-toxic,  and  versatile.  These  advantages  make  water  an
important medium for evaporative cooling. For EC exposed to the
sky, radiative and convective heat transfer should be considered as
above.  Additionally,  the  evaporative  cooling  power  (PEC)  can  be
expressed as

PEC =mHv (T) (8)

where Hv (J·kg−1)  is  the  latent  heat  of  water,  which  can  be
calculated by [37]

Hv (T) = 1,918,460×
(

T
T− 33.91

)2

(9)

where m is the mass flow rate of vapor, which can be formulated
as [38]

ωv,s −ωv,amb =
m
hm

(10)

where ωv,s and ωv,amb (kg·m−3)  are  the  vapor  density  of  the
evaporation  surface  and  the  ambient,  respectively. hm is  the
convective  mass  transfer  coefficient  (m·s−1),  which  is  connected
with hc [23] as

hc

hm
= ρaircp,airLe1−n (11)

where ρair (kg·m−3)  is  the  air  density  and cp,air (J·K−1·kg−1)  is  the
specific heat capacity of air. Le is the Lewis number that describes
the  mutual  effects  of  mass  and  heat  transfer. N is  0.25  for  a  flat
plate with a small mass flow rate. Le can be calculated as

Le=
ρaircp,airDvapor

λa
(12)

where λa (W·m−1·K−1) is the air thermal conductivity. Dvapor (m2·s−1)
is  the  diffusion  coefficient  for  vapor  in  the  air,  which  can  be
approximated as

Dvapor = D0

(
Tamb

313

) 3
2

(13)

where D0 = 2.88 × 10−5 m2·s−1 is the standard diffusion coefficient,
which is equal to Dvapor (Tamb = 313 K).

The density difference between the evaporation surface and the
ambient can be directly calculated according to the ideal gas law

ωv,s −ωv,amb =
M
R0

(
psat (T)
T

−RH× psat (Tamb)

Tamb

)
(14)

 

Figure 2    Schematics  of  theoretical  models  for  radiative  cooling  and  evaporative  cooling.  (a)  Energy  flow  of  radiative  cooling.  (b)  Differences  between  infrared-
transparent (high-t) and opaque (high-ε). (c) Mass and heat transfer of radiative coupled evaporative cooling.
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where M = 0.018 kg·mol−1 is the molecular weight of water atom,
and R0 = 8.314 J·mol−1·K−1 is  the ideal gas constant.  RH is relative
humidity. psat is  the  water  vapor  pressure  at T,  which  can  be
approximated as [39]

psat (T) = 10A−B/(T−273+C) (15)

where A =  8.10765, B =  1750.286, C =  235  are  the  empirical
constants when 273 K < T < 333 K.

In the structure depicted in Figs. 1(b) and 1(c), radiative cooling
and evaporative  cooling  interact,  involving  more  parameters  that
affect  the  system  simultaneously  (i.e.,  mass  transfer  resistance  of
radiative  cooling  coatings  and  porosity  of  hydrogels).  Hence,  Eq.
(10) can be formulated as (Fig. 2(c))

ωv,s −ωv,amb =m
(
ta
Da

+
tp
Dp

+
1
hm

)
(16)

where ta and tp (m)  are  the  thicknesses  of  the  air  gap  and  RC
materials,  respectively; Da and Dp are  the  diffusion coefficients  of
the air gap and RC materials, respectively. The vapor distribution
in micropores can be simulated by diffusion equation [40]

∇(D ·∇ωv)−u ·∇ωv = 0 (17)

ωvwhere D is the diffusion coefficient and  is the vapor density. u
is the convective velocity obtained by the following equation [41]

ρ (u ·∇)u= ∇
(
−pI+ μ

(
∇u+(∇u)T)− I

)
(18)

ρwhere μ (kg·m−1·s−1) is the viscosity,  is the density of the fluid, I is
the unit matrix and T is the symbol of transposition. The heat and
mass transfer enhancement of porous structure, obtained through
simulations or experiments, can be reflected by the heat and mass
transfer coefficients in Eq. (11). 

2.3    Integration of radiative and evaporative cooling
From  the  view  of  energy  conservation,  the  integrated  cooling
power of RC and EC (PREC) can be clearly expressed as the sum of
PRC and PEC when the ambient temperature is equal to the coating
temperature (i.e., T = Tamb)

PREC(T,Tamb) = PRC +PEC (19)

In  addition,  a  maximal  temperature  drop  ∆T between  the
coating temperature and ambient temperature can be obtained by

ΔT= PREC (T,Tamb)

(
ta
λa

+
tp
λp

+
1
hc

)
(20)

where λp is  the  thermal  conductivity  coefficient  of  the  RC
materials.

After  gathering  the  physical  properties  of  materials  or  media,
the equations for RC and EC revolve around ambient temperature
T,  relative  humidity  RH,  and  convective  heat/mass  transfer
coefficients hc/hm.  The  fundamental  analysis  of  REC  is  to
investigate  the  combined  effects  of  these  parameters  on  RC  and
EC.

The ambient temperature T and relative humidity RH together
determine  atmospheric  precipitable  water  (PW),  which  is  an
important factor for the atmospheric transmittance τ [42, 43]. For
radiative cooling, the LWIR atmospheric window from 8 to 13 μm
is crucial,  aligning with the peak of blackbody radiation at 300 K
(~ 9  μm). τ decreases  when T and RH increase,  leading to  more
atmospheric  irradiation  received  by  the  RC  surface.  In  addition,

Prad and Patmare proportional to the fourth power of T when PRC=
0  (i.e.,  temperatures  of  the  ambient  and  cooling  surfaces  are
equal).  Therefore, radiative cooling exhibits higher cooling power
when the weather is hot.

For  evaporative  cooling, T determines  the  thermophysical
properties of water and air.  RH explains the water content in the
air.  As T goes  up  and  RH  goes  down,  water  molecules  become
more energetic, intensifying the concentration gradient that drives
diffusion,  ultimately  leading  to  a  swifter  rate  of  evaporation.
Theoretical and experimental results show that EC performs better
at  low  RH  and  high T, while  RC  is  better  positioned  to  work
under low T or high RH conditions [23]. Hence the REC mitigates
the vulnerability of the standalone passive cooling methods.

Convection in RC has a dual purpose. First, particularly for RC,
an  increase  in  convective  heat  transfer  coefficient  (hc)  leads  to  a
reduction in temperature drop rate. Second, convection expedites
the  transfer  of  water  vapor,  thereby  enhancing  the  process  of
evaporation.  For  REC-BW, hc can  be  regulated  to  achieve  great
thermal  insulation  for  RC  and  enhanced  convection  for  EC.  For
more compact REC-P and REC-SW, more subtle  designs should
be  proposed  to  balance  the  influence  of  convection  on  the
temperature drop rate and evaporative duration for water sources. 

3    Three types of REC
 

3.1    REC by bulk water
REC-BW stands as the most straightforward approach within the
REC realm. It involves the continuous flow of the cooling medium
through  separate  radiative-coupled  evaporative  cooling  units.  In
this  scheme,  water  traverses  the  RC  panel,  which  pre-cools  the
supply  air  (Figs.  3(a) and 3(b))  [44].  Subsequently,  various
evaporative coolers further cool down the air (Fig. 3(c)).

In the RC process, an RC panel is often used to cool circulating
water.  It  is  composed  of  an  RC  surface,  coils,  and  insulation
materials (Fig. 3(a)). For standalone radiative cooling, a water tank
is  employed  to  store  pre-chilled  water  overnight  (Fig. 3(b)).
During  the  daytime,  this  cooled  water  absorbs  heat  from  the
supplied  air  via  a  cooling  coil.  DEC  and  IEC  have  been  used  in
REC-BW [6]. In DEC, the cooling medium (e.g., air) contacts bulk
water  and  carries  water  vapor.  In  contrast,  IEC  involves  two
physically  separated  air  streams  (Fig. 3(c))  [45].  The  supplied  air
flows through the primary passage, exchanging heat with another
air stream cooled through the evaporation of bulk water.

For  example,  the  work  of  Heidarinejad  and  Farahani  et  al.
showcased  REC-BW  systems  built  upon  nocturnal  radiative
cooling  (Fig. 3(d))  [25, 38, 39].  Their  research revealed  that  REC-
BW outperforms  standalone  direct  evaporative  cooling  and  two-
stage  direct/indirect  evaporative  cooling  in  terms  of  cooling
effectiveness,  energy  consumption,  and  comfort  conditions.  The
REC-BW  can  significantly  reduce  water  temperature  by
approximately 10 °C at night through radiative cooling and lowers
air  temperature  by  around  16  °C  during  the  daytime  using  both
the  cooling  coil  and  evaporative  coolers.  System  performance  is
enhanced  through  optimized  device  arrangement  and  fluid  flow
control mechanisms.

The  advantage  of  REC-BW  lies  in  its  compatibility  with
mechanical  vapor  compression  systems.  Through  existing
evaluation metrics, the REC-BW holds the potential for promising
commercialization.  The  saturation  effectiveness  (e)  of  the  REC-
BW can be calculated by the following equation [40]
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e= Ta,in −Ta,out

Ta,in −Twb,in
(21)

where Ta,in and Ta,out are the primary air flow’s inlet and outlet dry-
bulb  temperatures,  respectively,  while Twb,in is  the  inlet  wet-bulb
temperature  of  the  secondary  airflow.  Standalone  IEC  or  DEC
units have an effectiveness lower than one. In contrast, in the REC-
BW system,  where  the  outlet  dry-bulb  temperature  can be  lower
than  the  inlet  wet-bulb  temperature,  the  effectiveness  can  be
higher than one [25].

However,  challenges  remain  in  scaling  up  REC-BW  systems
and  optimizing  water  usage.  The  operational  ranges  of  radiative
cooling  and  evaporative  cooling  in  nocturnal  radiative  cooling
setups  do  not  overlap.  Thus,  it  is  crucial  to  make  efforts  to
minimize  nighttime  cooling  losses  while  still  ensuring  optimal
daytime  cooling  performance.  Although  standalone  diurnal
radiative cooling panels  can achieve water  temperature reduction
below  ambient  when  exposed  to  direct  sunlight  [10, 41],  the
implementation  of  all-day  REC-BW  systems  has  not  been
demonstrated  yet.  Moreover,  electricity  is  required  to  power  the
circulation of working fluids in the REC-BW system, which limits
its  applicability  when  compared  to  other  passive  cooling
technologies. 

3.2    REC by perspiration
The concept of REC-P takes inspiration from the natural cooling
mechanisms  of  human  skin.  Human  skin  has  high  infrared
emittance  (~  0.98  from  2.5–20  μm),  making  it  efficient  in
dissipating  heat  through  radiative  heat  transfer.  Moreover,
perspiration,  a  vital  function  of  the  skin,  aids  in  regulating  body
temperature  [46].  REC-P  leverages  the  skin’s  attributes  in
conjunction with RC textiles placed above the skin’s surface (Fig.
1(b)).

Traditional  RC  materials  have  high  emittance  in  the  mid-

infrared  spectra.  However,  there  is  no  tight  adherence  between
human skin and fabric. Additional radiative heat resistance can be
introduced  due  to  the  imperfection  of  emittance  [47].  Therefore,
materials  with  high  infrared  transparency,  such  as  polyethylene
(PE), are commonly employed in REC-P to mitigate radiative heat
resistance, given the fact that the skin itself  is  already a proficient
infrared  emitter.  Variants  like  nanoporous  PE  (nanoPE)  exhibit
exceptional  IR  transparency  and are  effective  in  scattering  visible
light.

Innovations  like  zinc  oxide  nanoparticle  integration  into  PE
have  achieved  impressive  solar  reflectance  above  0.9,  while
maintaining transmittance within the LWIR atmospheric window
(Fig. 4(a))  [48, 49].  Techniques  like  electrospinning  [50]  and
creating  porous  PE  aerogels  [36, 47, 51, 52]  have  also  been
employed to enhance Mie scattering and reflectance, as well as to
attain  radiative  cooling  effects.  Moreover,  the  design  of  infrared
emittance  has  also  been  discussed.  The  optimization  of  infrared
emittance  has  been  explored,  exemplified  by  designing
polyoxymethylene  (POM)  nanotextiles,  for  example,  that
selectively emit in the atmospheric window while transmit in the
mid-infrared wavebands [53].

In  REC-P,  the  textiles  not  only  trap water  vapor  on the  skin’s
surface  but  also  manage  sweat  evaporation.  Thus,  water  vapor
permeability,  water-wicking  ability,  and  transmission  rate  play
pivotal  roles  in  REC-P  performance  [54].  Advanced  fabrics  like
directional liquid transport textiles allow one-way water flow and
repel  external  liquid.  The  was  obtained  through  gradient
wettability  in  spatially  distributed  porous  channels  on
hydrophobic fabric (Fig. 4(b)) [55]. Hierarchical fabrics with sweat-
wicking channels, as demonstrated by Xu et al., also contribute to
efficient  directional  water  transport  and  enhanced  evaporation
[56].

Although  water  transport  has  been  comprehensively  studied,
perspiration  is  less  efficiently  utilized  if  it  is  only  transported

 

Figure 3    Illustrations  of  REC-BW.  (a)  Radiative  cooling  panels.  (b)  Standalone  radiative  cooling  system  to  chill  water  overnight.  ((a)  and  (b))  Reproduced  with
permission from Ref. [44], © Macmillan Publishers Limited, part of Springer Nature 2017. (c) Direct and indirect evaporative coolers. For the direct evaporator, only
the  secondary  passage  is  used.  For  the  indirect  evaporative  cooler,  both  passages  are  used.  Reproduced  with  permission  from  Ref.  [45],  ©  Elsevier  B.V.  2010.  (d)
Schematic of a REC-BW system. Reproduced with permission from Ref. [27], © Elsevier Ltd. 2010.
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without  evaporation.  Alberghini  et  al.  demonstrated  fabrics  with
engineered  moisture  transport  that  achieve  efficient  evaporative
cooling performance [57]. It turns out that moisture wicking and
spreading via capillary transport led to a high evaporation rate and
uniform  temperature  distribution.  Notably,  while  REC-BW
incorporates  a  cooling  medium,  REC-P’s  primary  objective  is  to
directly reduce the skin’s temperature. To meet this goal, Peng et
al.  integrated  heat-conductive  pathways  and  water  transport
channels within fabrics to facilitate sweat evaporation, resulting in
a  cooling  capacity  three  times  greater  than  that  of  exposed  skin.
(Fig. 4(c))  [29].  However,  investigations  into  radiative  cooling
within these studies are limited.

Several  studies  have  recognized  the  potential  of  REC-P  and
explored the synergy between textiles and skin for passive cooling
integration.  Examples  include  the  development  of  bilayer
membranes  with  anisotropic  wettability  nanoPE,  (Fig. 4(d))  [58]
as  well  as  the  incorporation  of  nanoPE  into  a  thermoplastic
polyurethane  urea  polymer  matrix  through  electrospinning  and
vapor  welding  [50].  These  designs  emphasize  spectral  properties,
water  transmission,  and  wicking  capabilities,  demonstrating
superior  cooling  performance  when  compared  to  conventional
cotton fabrics, especially in perspiration-prone conditions.

Due to the close connection between human skin, REC-P faces
many  constraints  that  need  to  be  overcome.  For  example,  the
dyeability of REC-P fabrics is an essential property of commercial
value.  Hence,  attention  should  be  given  to  regulating  the  visible
and  infrared  spectral  properties  of  REC-P  to  fulfill  both  cooling
and aesthetic  requirements  [59].  In addition,  material  choices  for
REC-P are relatively restricted when considering the demands for
wearability and safety [54]. 

3.3    REC by sorbed water
The  concept  of  REC-SW  introduces  a  novel  strategy  by  utilizing
hydrogels  to  create  semi-solid  water  sources,  where  water

molecules  are  confined  within  organic  molecular  chains  and
sorbents [60, 61]. This approach offers unique advantages such as
flexibility  in  system  design,  multifunctionality,  lightweight,  and
compactness  when compared to other cooling systems.  REC-SW
operates  through  two  main  structural  configurations:  monolayer
and  bilayer  structures.  The  monolayer  REC-SW  consists  of  a
hydrogel  with  microstructures  designed  for  sunlight  scattering,
while  the  bilayer  REC-SW  integrates  RC  materials  above  water
sources to prevent solar heating.

Traditional  hydrogels  used  by  monolayer  REC-SW  have
exceptional  IR  emittance  but  lack  solar  reflectance.  To  address
this,  nanoparticles  and  microstructures  are  incorporated  to
enhance  light  scattering  on  the  hydrogel’s  surface.  Notable
examples  include  Xu  et  al.’s  polyacrylamide  (PAAm)/polyvinyl
alcohol  (PVA)  hydrogel  with  nanoparticles  for  REC-SW  (Fig.
5(a))  [62, 63].  The  hydrogel  was  mixed  with  nanoparticles  by
natural  deep  eutectic  solvent  to  enhance  its  solar  reflection.
Additionally, Yang et al. proposed a poly(N-isopropyl acrylamide)
hydrogel  [64].  The  hydrogel  was  prepared  via  polymerization-
induced phase separation to form a bi-continuous structure with a
heterogenous  skeleton.  This  structure  enabled  the  hydrogel  with
extremely  high  solar  reflectance.  While  monolayer  REC-SW
focuses  predominantly  on  spectral  properties,  discussions  on  its
evaporative regulation remain limited.

The  bilayer  REC-SW  mainly  relies  on  two  auxiliaries  to
enhance  evaporation:  AWH  and  insulation.  The  utilization  of
atmospheric water as an evaporative source has gained significant
attention due to its  potential  to  alleviate  water  resource demands
in  cooling  applications  [26, 65–67].  Researchers  have  explored
AWH  for  evaporative  cooling  by  leveraging  hydrogels  or  metal-
organic frameworks as carriers for water sorbents [68, 69].

Various  studies  have  embraced  AWH-based  REC-SW designs
[70–72]. Sun et al. proposed a composite fabric with a top layer of
porous poly(vinylidene fluoride-co-hexafluoropropylene) (P(VdF-

 

Figure 4    Illustrations of  REC by perspiration.  (a)  PE materials  embedded with nanoparticles  have enhanced radiative cooling ability.  Reproduced with permission
from  Ref.  [49],  ©  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim  2018.  (b)  Fabrics  that  allow  one-way  water  flow  and  repel  external  liquid  to  transport
perspiration.  Reproduced  with  permission  from  Ref.  [55],  ©  The  Authors,  some  rights  reserved;  exclusive  licensee  American  Association  for  the  Advancement  of
Science 2020. (c) Fabrics that integrate heat conductive pathways and water transport channels for effective evaporation. Reproduced with permission from Ref. [29], ©
The Author(s) 2021.  (d) Bilayer membranes with anisotropic wettability nanoPE exhibiting great REC-P. Reproduced with permission from Ref.  [58],  © American
Chemical Society 2022.
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HFP))  and  a  bottom  layer  of  cotton-polyester  fibers,  with
uniformly  distributed  CaCl2 to  achieve  atmospheric  water
harvesting  (Fig. 5(b))  [73].  While  the  fabric  exhibited  effective
evaporative cooling under sunlight, there is a need to improve its
moisture  sorption  capacity  to  enhance  its  extended  outdoor
applicability.  Hydrogels  have  also  been  attractive  as  carriers  for
water  sorbents  in  REC-SW  designs,  such  as  the  bilayer  structure
consisting  of  cellulose  acetate  (CA)  fibers  and  PVA-CaCl2
hydrogel  (Fig. 5(c))  [74].  The  microporous  structure  of  this
hydrogel  provides  abundant  moisture/vapor  paths  for  moisture
capture  and  water  evaporation.  Its  applicability  under  various
weather  conditions  was  verified,  showing  desirable  cooling
performance and durable evaporation.

Thermal insulation structures have recently emerged as another
avenue to enhance REC-SW performance. While REC-SW based
on  AWH  focuses  on  intermediate  water  replenishment  by
daytime  evaporation  and  nighttime  sorption,  the  insulation
structure aims to directly extend the “life span” of the hydrogel.

Inspired  by  camel  fur,  Lu  et  al.  introduced  an  air–water  gel
structure  incorporating  silica  aerogel  to  delay  evaporation  and
extend cooling time [38]. By introducing silica aerogel into the top
layer  of  the  water  gel,  water  vapor  mass  transfer  resistance  was
increased to delay evaporation, thereby extending the cooling time
by  400%  with  a  marginal  decrease  in  cooling  temperature.  This
concept  serves  as  inspiration  for  the  design  of  REC-SW  by

substituting  silica  aerogel  with  PE  aerogel  (Fig. 5(d))  [28]  which
has  high  reflectance  in  the  solar  spectrum  and  high  IR
transmittance for radiative cooling [34].

The  additional  cooling  power  of  radiative  cooling  can  further
improve the evaporation durability of the water source [75]. Zhao
et  al.  proposed  a  hydrophobized  bacterial  cellulose  (BC)
aerogel/PVA hydrogel  bilayer  gel  to  achieve  REC-SW [76].  Tang
et  al.  suggested  modifying  the  micro-pore  structure  of  the  top
layer  of  aerogel  can  optimize  its  spectral  properties  and  thermal
conductivity, thereby enhancing evaporative cooling performance
at the bottom [77]. However, the study of insulation structures in
radiative-evaporative cooling technology is limited, urging further
exploration of their synergistic effects in this context.

In bilayer REC-SW, efficient water vapor permeability through
the radiative cooling layer during evaporation is critical. Assuming
the  sorption  and  evaporation  processes  are  subject  to  the  same
resistance  of  the  radiative  cooling  materials,  for  bilayer  REC-SW
relying  on  AWH,  it  is  essential  to  minimize  water  vapor
permeability  to  enhance  daytime  evaporation  and  nighttime
sorption.  For REC-SW based on insulative aerogel,  hydrogels  are
disposable  and  cannot  be  self-moisturizing.  Hence,  it  becomes
essential  to  introduce  a  suitable  water  vapor  mass  resistance  to
prolong  the  evaporation  rate  while  simultaneously  preserving  a
temperature  differential  between  the  hydrogel  bottom  and  the
ambient.

 

Figure 5    Illustrations  of  REC  by  sorbed  water.  (a)  Monolayer  REC-SW  by  PAAm  hydrogel  with  nanoparticles.  Reproduced  with  permission  from  Ref.  [62],  ©
Elsevier B.V. 2023. (b) Bilayer REC-SW based on AWH by P(VdF-HFP) and cotton-polyester fibers doped with CaCl2. Reproduced with permission from Ref. [73], ©
Wiley-VCH GmbH 2021. (c) Bilayer REC-SW based on AWH by cellulose acetate fibers and PVA-CaCl2 hydrogel. Reproduced with permission from Ref. [74], © The
Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science 2022. (d) Bilayer REC-SW based on insulation by PE aerogel.
Reproduced with permission from Ref. [28], © The Author(s) 2022.
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In  addition,  REC-SW  systems  exhibit  dynamic  cooling
performance due to changing solar radiation and humidity levels.
Daytime  cooling  peaks  with  efficient  evaporation,  but  nighttime
humidity  reduces  its  efficacy,  particularly  in  AWH  designs.  This
property  has  the  potential  to  realize  smart  passive  cooling  by
shifting part of the cooling load at night to enhance daytime REC.
However,  future  studies  should  find  a  balance  between
evaporation  and  sorption.  Many  self-sustained  REC-SW  have
difficulty in exhibiting the massive cooling power of  evaporation.
This problem leads to a compromised cooling performance in the
daytime  with  evidence  of  only  slightly  higher  than  standalone
radiative cooling.

Moreover,  REC-SW’s  intricate  interplay  between  hydrogel-
based sorption and evaporation has overshadowed most research.
Understanding  how  water  molecules  interact  with  hydrogels  in
different conditions is crucial. Developing models to describe this
synergy  will  guide  REC-SW  designs  that  optimize  cooling
performance in diverse scenarios [78, 79]. 

4    Applications of REC
REC  offers  versatile  applications  across  various  scales,
encompassing both large-scale industrial settings and smaller-scale
applications  like  personal  thermal  management  and  electronics
cooling.  It  holds  significant  promise  to  optimize  and/or  replace
conventional  active  cooling  methods,  demonstrating  impressive
energy-saving potential and efficient cooling performance. 

4.1    Applications of REC by bulk water
Regarding  thermal  power  plants  using  evaporative  cooling  for
condensing steam from turbines, one prime example lies in REC-
BW,  which  offers  a  pathway  to  curtail  the  water  consumption
associated  with  traditional  evaporative  cooling  systems.  This
method  dissipates  waste  heat  and  consumes  substantial  water
resources.  Aili  et  al.  demonstrated  the  water-saving  capability  of
REC-BW in power plants. Their findings revealed potential water
savings  of  30%–60%  in  arid  regions,  making  REC-BW  an
appealing solution for water conservation (Fig. 6(a)) [80].

Furthermore,  REC-BW  has  transformative  potential  for
building  cooling.  For  instance,  Katramiz  et  al.  proposed  a  REC-
BW  system  tailored  to  Kuwait’s  hot  climate  [81].  Notably,  this
system  outperforms  traditional  cooling  methods  by  reducing
water consumption by 44.2% and electrical energy usage by 53.4%,
when  compared  to  standalone  evaporative  cooling  units  and
conventional air conditioning systems. Integration of atmospheric
water  harvesting  enhances  sustainability,  creating  a  self-sustained
system  with  reduced  water  consumption.  Moreover,  REC-BW’s
adaptability  can  extend  to  building  cooling  systems,  presenting
flexible and practical solutions [82, 83]. 

4.2    Applications of REC by perspiration
By  applying  REC-P  on  textiles,  different  passive  cooling  textiles
can  be  fabricated.  PE  fibers  are  infrared  transparent  and  exhibit
high water transmittance under processes such as oxygen plasma
and  mechanical  friction,  thus  becoming  prevailing  materials  for
REC-P  (Fig. 6(b))  [54].  Beyond  established  materials,  ongoing
research is uncovering novel possibilities. Li et al. demonstrated a
moisture-responsive  nylon-Ag–SEBS  (polystyrene-block-poly
(ethylene-ran-butylene)block-polystyrene)  heterostructure  for
REC-P  (Fig. 6(c))  [84].  In  response  to  perspiration-induced  high
humidity, this structure undergoes physical deformation, fostering
convection, radiation, and sweat evaporation. It led to a substantial

enhancement  in  thermoregulation  when  compared  to  traditional
textiles and nonmetallized nylon.

Additionally, Zhu et al. proposed a nano-processed silk that can
achieve  sub-ambient  daytime  radiative  cooling  and  a
commendable water vapor transmission rate akin to conventional
silk (Fig. 6(d)) [48]. Moreover, the application scope of REC-P can
extend  to  wearable  electronic  devices,  enhancing  their  comfort
and wearability. Zhu et al. proposed an aerogel electronic skin for
wearable physical-electrophysiological-chemical analysis (Fig. 6(e))
[85].  With  an  intricately  porous  structure,  the  designed  aerogel
scatters sunlight while facilitating water vapor channels, effectively
managing heat, and ensuring user comfort. 

4.3    Applications of REC by sorbed water
In  terms  of  versatility  and  adaptability,  REC-SW  stands  out  as  a
superior  choice  compared  to  REC-BW  and  REC-P.  Its
compatibility  makes  it  suitable  for  a  wide  range  of  applications,
including  building  roofs  to  enhance  air  conditioning  systems.
Feng  et  al.  proposed  an  efficient  REC-SW  solution  through  a
bilayer porous polymer film consisting of a hygroscopic hydrogel
and  a  hydrophobic  top  layer  with  hierarchical  pores  (Fig. 6(f))
[86].  This  innovative  design  combined  self-adaptive  evaporative
and  radiative  cooling  during  the  daytime,  achieving  substantial
cooling power. At night, the film can utilize radiative cooling and
water  sorbents  to  regenerate  evaporated  water,  resulting  in
impressive  sub-ambient  temperature  drops  of  ~  7  °C  and  an
effective cooling power of ~ 150 W·m−2.

REC-SW  also  shows  remarkable  application  potential  in  food
preservation.  Xu  et  al.  explored  the  cooling  effects  of  monolayer
REC-SW  for  ice  or  food  under  sunlight  (Fig. 6(g))  [62, 63].  It
revealed that monolayer REC-SW efficiently blocked sunlight and
reduced  food  temperature,  preventing  ice  from  melting  and
safeguarding  food  from  macromolecular  decompositions.
Notably,  portable  REC-SW  shows  promise  for  the  final  stage  of
the cold chain.

Yao  et  al.  proposed  intriguing  applications  for  REC-SW,  such
as  bonding  it  to  a  metal-based  adhesive  tape  through  covalent
cross-linking  [87].  The  cooling  tape  can  be  adhered  to  common
substrates like glass, polyethylene terephthalate, aluminum sheets,
and  wood  sheets,  underscoring  the  broad  compatibility  and
usability  of  REC-SW  (Fig. 6(h)).  Furthermore,  their  work
demonstrates  that  by  directing  water  flow  through  porous
hydrogels, REC can be combined to achieve an impressive cooling
power of 710 W·m−2. 

5    Conclusions and perspectives
In  conclusion,  this  review  discusses  REC  in  depth  from  three
aspects:  fundamentals,  developments,  and  applications.  REC
technologies  are  divided  into  three  types  based  on  the  water
source,  which  exhibit  different  advantages  and  challenges
respectively.

Overall,  REC  strategies  offer  compelling  opportunities  for
passive  cooling  solutions  in  diverse  applications:  (1)  REC-BW
harnesses  the  cooling  potential  of  bulk  water  through  radiative-
coupled evaporative processes, showing promise in industrial and
building  cooling  applications.  (2)  REC-P  utilizes  perspiration-
inspired  textiles  to  regulate  human  thermal  comfort  and  has  the
potential to revolutionize wearable electronics.  (3) REC-SW, with
its adaptability and compatibility, opens new possibilities for food
preservation, portable passive cooling, and more (Fig. 7).

However, the implementation of REC is not without challenges:
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Figure 6    Applications  of  REC.  (a)  Water  saving  potential  of  REC-BW  in  power  plants.  Reproduced  with  permission  from  Ref.  [80],  ©  Elsevier  Ltd.  2021.  (b)
Fabrication of passive cooling textiles with REC-P. Reproduced with permission from Ref. [54], © Elsevier Inc. 2021. (c) Moisture-responsive heterostructure REC-P
for human thermal management. Reproduced with permission from Ref. [84], © The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science 2021. (d) Nano-processed silk for REC-P. Reproduced with permission from Ref. [48], © The Author(s), under exclusive licence to Springer
Nature Limited 2021. (e) Aerogel electronic skin for wearable analysis, with wearability improved by REC-P. Reproduced with permission from Ref. [85], © Wiley-
VCH  GmbH  2023.  (f)  Bilayer  REC-SW  for  green  buildings.  Reproduced  with  permission  from  Ref.  [86],  ©  Elsevier  Ltd.  2021.  (g)  Monolayer  REC-SW  for  food
preservation. Reproduced with permission from Ref. [62], © Elsevier B.V. 2023. (h) Metal-based REC-SW cooling tape. Reproduced with permission from Ref. [87], ©
The Author(s) 2023.
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(1) REC-BW consumes a large amount of bulk water which limits
its  application in water-scarce regions.  Although REC-BW seems
to be compatible with existing space cooling systems, commercial
practices  are  not  demonstrated.  (2)  REC-P  faces  challenges  in
designing  textiles  that  effectively  balance  radiative  cooling  and
moisture  management.  Integrating  REC-P  technology  into  daily
life  also  requires  enhancing  wear  comfort  and  meeting  aesthetic
requirements.  (3)  REC-SW  faces  challenges  in  optimizing  the
integration  of  atmospheric  water  harvesting  and  insulation
mechanisms  within  bilayer  structures.  Achieving  a  balance  of
water  evaporation  and  sorption  capacity  is  crucial  for  achieving
effective temperature reduction and duration.

Embracing  these  challenges  as  opportunities  will  be  crucial  in
realizing  the  transformative  potential  of  REC  in  sustainable
cooling  technologies.  The  following  perspectives  are  worth
considering (Fig. 7):

(1)  The  kinetics  of  water  sorption  and  evaporation  in
hygroscopic  materials  need  further  study  for  REC  to  achieving
consistent and durable cooling effects over various environmental
conditions.  Predictive  models  based  on  the  understanding  above
can optimize REC design and performance.

(2) Standard characterization methods for REC are necessary to
instruct  further  research.  Valid  characterization  of  REC’s  cooling
performance has not been paid enough attention in the published
results. Due to diverse global climates, REC exhibits varied cooling
and  sustainable  performance  in  different  climate  zones  with
different surroundings.

(3)  Interdisciplinary  collaborations  between  material  scientists,
engineers,  and  environmental  experts  are  required  to  address
existing challenges.

(4)  Further  research  into  advanced  materials,  coatings,  and
hybrid  cooling  strategies  could  enhance  the  robustness  of  REC
systems. 
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