
Purdue University Purdue University 

Purdue e-Pubs Purdue e-Pubs 

CTRC Research Publications Cooling Technologies Research Center 

2022 

Energy savings of radiative cooling paints applied to residential Energy savings of radiative cooling paints applied to residential 

buildings buildings 

J. Peoples 

Y.-W. Hung 

Z. Fang 

J. Braun 

W. T. Horton 

See next page for additional authors 

Follow this and additional works at: https://docs.lib.purdue.edu/coolingpubs 

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. 
Please contact epubs@purdue.edu for additional information. 

https://docs.lib.purdue.edu/
https://docs.lib.purdue.edu/coolingpubs
https://docs.lib.purdue.edu/cooling
https://docs.lib.purdue.edu/coolingpubs?utm_source=docs.lib.purdue.edu%2Fcoolingpubs%2F427&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
J. Peoples, Y.-W. Hung, Z. Fang, J. Braun, W. T. Horton, and X. Ruan 



International Journal of Heat and Mass Transfer 194 (2022) 123001 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Energy savings of radiative cooling paints applied to residential 

buildings 

Joseph Peoples a , 1 , Yu-Wei Hung 

b , 1 , Ziqi Fang 

a , James Braun 

a , W. Travis Horton 

b , ∗, 
Xiulin Ruan 

a , ∗

a School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA 
b School of Civil Engineering, Purdue University, West Lafayette, IN 47907, USA 

a r t i c l e i n f o 

Article history: 

Received 11 October 2021 

Revised 5 April 2022 

Accepted 4 May 2022 

Available online 11 June 2022 

a b s t r a c t 

There is a growing need to understand the real-world utility and potential energy savings of radiative 

cooling (RC) materials. Here, we present a high-fidelity RC model which accounts for pertinent weather 

factors including: precipitable water, sky clearness, and dynamic convective heat transfer coefficients 

based on wind speed. We implement our RC model on a single-story residential building to study the 

impact of RC in all the ASHRAE climate zones in the United States using the 16 DOE recommended rep- 

resentative cities for each climate zone. For each city, we model two building types to explore both the 

retrofit implementation of RC materials on a typical building in use today, as well as future buildings in- 

tegration based on the high efficiency building recommendations provided by the DOE. Our results show 

> 7% and > 12% electricity savings across the United States for the high efficiency building and typical 

building, respectively. Interestingly, we find the main benefit comes from the material’s ability to offset 

solar gains, while the heat flux from cooling the exterior surface temperature below the ambient is a sec- 

ondary benefit. Furthermore, warm climates yield the greatest electricity savings of up to 22% and 46% 

for the high efficiency and typical building, respectively. We observed that warm climates utilize the “full 

effects” of RC materials as the below ambient cooling of the exterior is sufficient cooling to lower the 

interior below the set-point temperature, which greatly reduces the cooling energy demand. 

© 2022 Elsevier Ltd. All rights reserved. 

1. Introduction 

Cooling homes with conventional air conditioning techniques 

is both costly and not environmentally friendly. If the cooling de- 

mand for residential homes was decreased by as little as 1% across 

the United States, it would correlate to an annual decrease of 118 

thousand metric tons of carbon dioxide emissions from electricity 

production [1] . Radiative cooling is a passive, sustainable cooling 

method that utilizes deep-space as an infinite heat sink at a con- 

stant 3 K where heat can be rejected through the highly trans- 

parent region of the atmosphere, from 8 - 13 μm, known as the 

“sky-window”. Many studies have investigated the adaptation of 

radiative cooling as either a complete alternative or a retrofit ef- 

ficiency gain to existing air conditioning. However, they did not in- 

clude the comprehensive effects of dynamic convective heat loads 

due to wind, cloud coverage, or the atmospheric transmittance de- 
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Ruan) . 
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crease due to humidity which all have major impacts on the cool- 

ing performance of radiative cooling technologies. 

Over the last several years the field of passive radiative cool- 

ing has exploded with novel new materials that have shown 24 h 

cooling, even when exposed to direct solar irradiation [2–4] . With 

these advancements on the materials side, the field would benefit 

from feasibility studies of real-world implementation of these pas- 

sive radiative coolers to offset cooling demands. There have been 

multiple studies on utilizing modular radiative cooling systems for 

large-scale cold plates and incorporating the cooled working fluid 

into an air conditioning cycle to estimate energy savings, as well 

as incorporating radiative cooling films as standalone roofing ma- 

terials [5–9] . Other studies have investigated the effects of certain 

weather parameters, such as humidity or ambient temperature, on 

the cooling power of radiative cooling surfaces and their respec- 

tive energy savings [6,10–12] . Moreover, there have been several 

works on creating building materials, such as engineered wood, 

paper, and bulk fire retardant, with radiative cooling characteris- 

tics for sustainable, energy efficient buildings in the future [13–16] . 

Recently, radiative cooling paints have been of interest due to their 

scalabilty, cost, and ease of implementation [17–19] . Earlier stud- 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123001 
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ies, which share a subset of authors with the current work, have 

demonstrated two radiative cooling paints with 24 h cooling per- 

formance [20–22] . However, they did not evaluate the energy sav- 

ings that are possible if these materials are retrofitted onto exist- 

ing buildings. All these studies motivate the need for a more com- 

plete understanding of the benefits radiative cooling can provide, 

in terms of annual energy savings, across all United States climate 

zones. 

Here, we have coupled a novel radiative cooling model with a 

high-fidelity building envelope simulation to more accurately de- 

pict the benefits of utilizing exterior radiative cooling surfaces on 

all parts of the building. The increase in the fidelity of our model 

comes from the treatment for dynamic convective loads due to 

wind speed, decreases in atmospheric transmittance due to pre- 

cipitable water (i.e. humidity), accounting for cloud coverage, and 

variable solar irradiation intensity. We model the impact of radia- 

tive cooling surfaces on both a prototypical single story residen- 

tial building and a National Renewable Energy Laboratory (NREL) 

high efficiency single story residential building. We simulate a typ- 

ical cooling season for each DOE recommended representative city 

for every ASHRAE climate zone in the United States, utilizing the 

previously mentioned weather parameters, and we present the 

cooling energy savings of radiative cooling for each climate zone 

[23,24] . 

2. Methods 

2.1. Building envelope model 

The building model is constructed based on a single-story, rect- 

angular ranch style residential with two doors and six windows, 

developed by Holloway [25] . Holloway constructed the building 

model in TRNSYS based upon a high fidelity residential building 

model proposed by Smith et al. [24,25] . TRNSYS is a dynamic 

building simulation software, developed by the Thermal Energy 

System Specialists and the University of Wisconsin Solar Energy 

Laboratory, and it is utilized to calculate the building energy per- 

formance and HVAC system power consumption in this study [26] . 

The ranch style building is an 1800 ft 2 , 1-story residence [25] . 

The building envelopes of Holloways design are established accord- 

ing to Smiths analysis. However, the envelopes were modified with 

higher thermal resistance (R-39, 13-3/4 ǥ roof; R-25, 9-1/2 ǥ exterior 

walls) for greater efficiency [24,25] . This high efficiency ranch style 

building will be referred to as the High-Efficiency Building in this 

work moving forward. However, these thermal resistances are not 

common for existing residential buildings. Since our radiative cool- 

ing paint is ideal for retrofitting existing buildings to increase their 

energy efficiency, we modeled a more typical ranch style build- 

ing. This model was constructed based on a typical range of build- 

ing envelopes (R-18, 6 ǥ roof; R-11, 4 ǥ exterior walls) and will be 

referred to as the Typical Building in this work moving forward. 

The HVAC system utilized in both the High-Efficiency and Typical 

Buildings is based on a constant air volume design. In this study, 

the cooling is provided by a single-speed air conditioner based on 

TRNSYS’s built-in single-speed air-conditioner (AC) module (Type 

921) and the cooling set-point temperature is 23 °C. The power 

consumption of the AC ( P AC ) is proportionally calculated according 

to, 

P AC = P 921 
Q sen 

Q 921 

(1) 

which is the instant A/C power consumption output from Type 921 

provided in TRNSYS library, ( P 921 ), the sensible load of the space 

( Q sen ), and sensible heat removal rate provided by Type 921 ( Q 921 ) 

[26] . The internal gains schedule is assigned based on ASHRAE 

90.2, and the infiltration rate schedule was from ASHRAE 62.2 

[27,28] . Table 1 has the specifics for each type of building utilized 

in this work [25] . 

The RC solar absorptance and mid-IR emittance represent val- 

ues somewhat similar to that of the novel RC paints [21,22,29] . 

The view factors of the building to the sky were conservatively as- 

sumed to be 0.9 for the roof to account for another building or 

trees in the area and 0.4 for the walls based on the height to width 

ratio of the building walls using Table 13-1 in Cengel’s text [30] . 

The energy consumption reduction of applying the radiative 

cooling paint on all exterior surfaces of a building is investigated. 

The ranch style residential building will illustrate the maximum 

benefit from radiative cooling since the roof area relative to the 

volume is large and directly tied to the air conditioned space. The 

radiative cooling (RC) paint is factored into the TRNSYS model as 

an external heat flux on the exterior building surfaces. The RC 

paint heat flux is depended on weather parameters and surface 

temperature and will be discussed further in Radiative Cooling 

Model section. 

A dynamic forced convective heat transfer coefficient was im- 

plemented for the exterior surfaces of the building model to de- 

liver simulations closer to reality. It was calculated by [31] , 

h c = 12 . 12 − 1 . 16 V w 

+ 11 . 6 V 

0 . 5 
w 

(2) 

where V w 

is the wind velocity. Note that this correlation is valid 

from 2 to 20 m/s. To gain an extensive understanding of the bene- 

fits of the RC paint in a diverse range of climates, we utilize the 

DOE’s 16 recommended cities for each type of ASHRAE climate 

zone, shown in Table 2 [23,32] . The weather data sets of the target 

cities were obtained from the typical meteorological year (TMY3) 

files published by the United States Department of Energy, and the 

study period is focused on the summer months, i.e. cooling season 

(May 1st, 12 AM to October 1st, 12 AM) [33] . 

2.2. Radiative cooling model 

To accurately predict the amount of heat rejected from a radia- 

tive cooling surface, more weather parameters need to be consid- 

ered compared to traditional building envelope models. Our model 

introduces two terms to the traditional radiative cooling power 

calculations: β which is the sky clearness factor and ε atm 

(P W, λ) 

which is the atmospheric emittance that is dependent on the pre- 

cipitable water, P W , and the wavelength, λ. Precipitable water is 

an absolute measure of water vapor content in the air. If one were 

to take a column of air from the earth’s surface to the upper at- 

mosphere and condense all the water vapor within that column, it 

would have some height associated with it. This height is referred 

to as the precipitable water and is measured in mm [34] . The 

precipitable water can be related to the relative humidity, given 

the ambient temperature and pressure; however, this work will 

present all results in terms of precipitable water as it is an absolute 

measure of water content which directly impacts the atmospheric 

transmittance/emittance. 

To calculate the thermal radiation, P rad , for our radiative cooling 

surface we first calculate the amount of thermal radiation leaving 

the surface, P LW R , given by, 

P LW R (T s ) = 

∫ π/ 2 

0 

∫ ∞ 

0 

2 π sin (θ ) cos (θ ) I bb (T s , λ) ε s (λ, θ ) dλ dθ

(3) 

I bb (T , λ) = 

2 h̄ c 2 0 

λ5 
[
exp 

(
h̄ c 0 

λT k B 

)
− 1 

] (4) 

where T s is the surface temperature, ε s (λ, θ ) is the emissivity of 

the surface, and I bb is the black body spectral intensity calculated 

with Planck’s constant, h̄ , the speed of light in vacuum, c 0 , and 
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Table 1 

Pertinent building model parameters. 

Parameter High-Efficiency Building Typical Building 

Conditioned Floor Area [m 

2 ] 167.2 

Building Volume [m 

3 ] 407.8 

Wall Area (fron/side) [m 

2 ] 537.7/23.4 

Total Window Area (front/side) [m 

2 ] 8.1/3.4 

Roof Area (front/side) [m 

2 ] 90.5/15.1 

Door Area [m 

2 ] 2.1 

Roof U-Value [W/m 

2 K] 0.145 0.305 

Wall U-Value [W/m 

2 K] 0.229 0.486 

Roof Emissivity at 10 μm (no RC/RC) [-] 0.92/0.92 

Wall Emissivity at 10 μm (no RC/RC) [-] 0.92/0.92 

Door Emissivity at 10 μm (no RC/RC) [-] 0.90/0.92 

Roof Total Solar Absorptivity (no RC/RC) [-] 0.70/0.036 

Wall Total Solar Absorptivity (no RC/RC) [-] 0.70/0.036 

Door Total Solar Absorptivity (no RC/RC) [-] 0.60/0.036 

View Factor (roof/side) [-] 0.90/0.50 

Table 2 

DOE recommended representative cites for every climate zone in the 

United States [23] . 

ASHRAE Climate Zone Description Representative City 

1A Very Hot, Humid Miami, FL 

2A Hot, Humid Houston, TX 

2B Hot, Dry Phoenix, AZ 

3A Warm, Humid Atlanta, GA 

3B-Coast Warm, Marine Los Angeles, Ca 

3B Warm, Dry Las Vegas, NV 

3C Warm, Marine San Francisco, CA 

4A Mild, Humid Baltimore, MD 

4B Mild, Dry Albuquerque, NM 

4C Mild, Marine Seattle, WA 

5A Cold, Humid Chicago, IL 

5B Cold, Dry Boulder, CO 

6A Cold, Humid Minneapolis, MN 

6B Cold, Dry Helena, MT 

7A Very Cold Duluth, MN 

8A Sub-Arctic Fairbanks, AK 

Boltzmann’s constant, k B [35,36] . Then we calculate the amount of 

thermal irradiation coming from the atmosphere and absorbed by 

the surface, P atm 

, using 

P atm 

(T amb , P W ) = 

∫ π/ 2 

0 

∫ ∞ 

0 

2 π sin (θ ) cos (θ ) I bb (T amb , λ) 

× ε s (λ, θ ) ε atm 

(λ, θ, P W ) dλ dθ (5) 

where T amb is the ambient temperature and ε atm 

(λ, θ, P W ) is the 

atmospheric emittance that is dependent on the precipitable wa- 

ter, P W . Though there are other molecules in our atmosphere that 

cause absorptance in the mid-infrared spectral region, water va- 

por has strong absorptance due to the H-O-H bonds and the size 

and quantity of the water molecules in the atmosphere [34] . A free 

online platform, MODTRAN, shows the atmospheric transmittance 

as a function multiple variables, including the water column, W C

[37–39] . Precipitable water can be converted to the water column 

with the atmospheric pressure, molar density of water and specific 

volume. We assume the atmospheric transmittance is independent 

of temperature within temperature range of approximately -100 °C 

and 50 °C, as the majority of the molecules in the atmosphere, ni- 

trogen, oxygen, and water have weak temperature dependent op- 

tical responses from 8 to 13 μm within the specified temperature 

range [40–43] . Once we have calculated the net thermal long wave 

radiation, we determine the amount of absorbed power due to so- 

lar irradiation, P solar , using, 

P solar (P W ) = 

∫ ∞ 

0 

I solar (λ, P W ) ε s (λ) dλ (6) 

where I solar (λ, P W ) is the solar intensity which is dependent on 

the precipitable water as well, due to the O-H bonds having strong 

absorptance peaks in the 2–3 μm range, and higher order molecu- 

lar interactions causing absorptance peaks at shorter wavelengths 

[34] . Lastly, we calculate the net radiation leaving the surface, P rad , 

by, 

P rad = β[ P LW R (T s ) − P atm 

(T amb , P W ) ] − P solar (P W ) (7) 

where the sky clearness factor, β , accounts for cloud coverage, e.g. 

β = 1 − 0 . 22 = 0 . 78 if there is 22% cloud cover in the atmosphere. 

The TMY3 data set provides the sky clearness factor for most cities 

[33] . It should be noted that this treatment of the sky clearness 

is conservative as we do not account for any blocking of the solar 

irradiation; however, the TMY3 data set should account for some of 

the cloud coverage effects in their solar irradiation measurements. 

3. Results 

3.1. Impact of precipitable water and sky clearness 

To illustrate the impact of precipitable water (PW) on radiative 

cooling performance we collected the atmospheric transmittance 

from 2.5 to 20 μm varying the PW from 0 to 60 mm at an in- 

terval of 2 mm using MODTRAN’s online tool [37–39] . From the 

40 spectral atmospheric transmittance profiles, we linearly inter- 

polated the data to be a 1 mm PW resolution and this data is 

shown in Fig. 1 (a). The atmospheric transmittance from 8 to 13 μm 

(the sky-window) shows a strong dependence on precipitable wa- 

ter which correlates to a decrease in radiative cooling power with 

an increase in PW. From Fig. 1 a, we can calculate the irradiation 

from the atmosphere, P atm 

, using Eq. 5 . Fig. 1 (b) shows the atmo- 

spheric irradiation with respect to PW and ambient temperature. 

Figs. 1 (a) and 1 (b) elucidate a deeper understanding of the hu- 

midity dependence on radiative cooling; as the PW, i.e. humidity, 

increases the atmospheric transmittance decreases, decreasing the 

thermal energy rejected to deep-space which is an infinite heat 

sink at 3 K. The atmospheric irradiation increases due to the wa- 

ter molecules absorptance. These coupled effects lead to decrease 

in the net cooling power any radiative cooling surface can achieve 

regardless of their solar reflectance or mid-IR emittance. 

The radiative cooling power of the RC paint, P rad , can be calcu- 

lated with a given solar irradiation value, P solar , and a sky clear- 

ness, β . To illustrate the dependence of the PW and sky clear- 

ness, we calculate P rad by assuming T s = T amb , a solar irradiation 

of 900 W/m 

2 and two sky clearness factors of 0.7 and 1.0, respec- 

tively. These calculations were done with the spectral properties 

of a batch of our BaSO 4 RC paint, i.e. 3.6% solar absorptance and 

a sky-window emittance of > 95% [22] . The results can be seen in 

3 
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Fig. 1. (a) Atmospheric transmittance as a function of wavelength and precipitable water from MODTRAN [37–39] . (b) Atmospheric thermal irradiation dependence on 

ambient temperature and precipitable water. 

Fig. 2. (a) Example net radiative cooling power as a function of precipitable water and temperature for RC paint with the following assumptions, β = 0 . 7 , P solar = 900 W/m 

2 , 

and T s = T amb . (b) Same example calculation as (a) except β = 1 . 0 to illustrate the impact of sky clearness. 

Figs. 2 a and 2 b, where Fig. 2 a has a sky clearness, β = 0 . 70 and 

Fig. 2 b is calculated with β = 1 . 00 . 

Fig. 2 a only shows a net cooling effect from the RC paint for 

slightly more than 50% of the cases; though it should be noted 

these calculations are conservative as the radiative heat flux be- 

tween clouds and RC surfaces is not accounted for. However the 

magnitude of the heat flux between the RC surface and the clouds 

is negligible compared to the radiative heat flux from the RC sur- 

face to deep-space (T = 3 K), due to a small temperature difference 

between the surface and the clouds. Fig. 2 b presents a more posi- 

tive result that correlates well with works in the literature, which 

is a clear day, β = 1 , with a low PW yielding cooling powers of 

100–150 W/m 

2 . While the cooling power in Fig. 2 b shows radia- 

tive heat fluxes up to 250 W/m 

2 , it is not a common occurrence as 

ambient temperatures > 45 °C do not happen often in most United 

States climates. Moreover, it should be noted that results in Figs. 2 a 

and 2 b only model the radiative heat fluxes, they do not account 

for the parasitic heat gains from convection or conduction. TRNSYS 

handles these loads within the program so they do not need to be 

included in our radiative model [26] . 

3.2. Energy savings from radiative cooling 

Utilizing the developed radiative cooling model, a look-up ta- 

ble was constructed, for TRNSYS to interface with, based on the 

spectral properties of the surface, the solar irradiation, the build- 

ing surface temperature, ambient temperature, and PW to give a 

radiative heat flux on the surface of the building. Then TRNSYS 

solves for the cooling demand based on the radiative heat flux, 

dynamic convective load from the wind, infiltration rates, and in- 

ternal gains. Furthermore, the TRNSYS model accounts for the tran- 

sient heat conduction through the building envelope, separate con- 

ditioned spaces based on room locations, separate treatment for 

the doors, windows, walls, and floors, as well as internal solar 

gains through the windows [25,26] . To illustrate the main heat 

loads in the model, the hourly heat flux data for the typical build- 

ing type is presented in Figs. 3 a (no RC) and 3 b (RC paint) for July 

24th in Phoenix, AZ. In the top portions of both Figs. 3 a and 3 b, 

a positive heat flux correlates to energy transfer into the system 

while a negative heat flux correlates to energy transfer leaving the 

system. 

From the bottom portion of Fig. 3 a it can be seen that the south 

roof surface temperature goes > 10 ◦C above the ambient temper- 

ature due to the solar absorptance. This increase in surface tem- 

perature creates a negative convective heat flux as the air would 

actually be cooling the surface between sunrise and sunset. Results 

for the RC building, illustrated in Fig. 3 b, show the roof tempera- 

ture consistently staying below the ambient temperature meaning 

it is able to achieve full 24-hour cooling below ambient. Since the 

surface temperature is below the ambient temperature, the largest 

external heat flux in Fig. 3 b is the convective heat flux, as it heats 

the surface. While the cooling heat flux from the below ambient 

4 
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Fig. 3. (a) (Top) Hourly heat fluxes for the typical building with no RC, (Bottom) Ambient temperature and south roof temperature from TMY3 data set for Phoenix, AZ 

on July 24th [33] . (b) (Top) Hourly heat fluxes for the typical building with RC paint. (Bottom) Ambient temperature and south roof temperature from TMY3 data set for 

Phoenix, AZ on July 24th [33] . 

exterior surface temperature is partially beneficial to the building 

envelope, it is not the main contribution to the energy savings. 

The largest contribution of the RC paint is the offset of the so- 

lar gains, diminishing this dominant heat flux takes a large load 

off the total building cooling demand as the exterior surfaces are 

not being heated and then conducting that heat to the interior 

space. Furthermore, we analyze the surface temperature of the RC 

painted building and see that while it cools below ambient it is 

still above the thermostat set-point temperature of 23 °C through- 

out the entire day. Therefore, even with an ultra-efficient radia- 

tive cooling surface able of achieving full 24-hour cooling below 

the ambient temperature, the air-conditioning system still needs 

to cool the space to maintain the set-point temperature in certain 

climates with high ambient temperatures. 

Using our high fidelity RC building model, we studied the ben- 

efits of RC across the United States by simulating the 16 represen- 

tative cities for each climate zone recommended by the DOE [23] . 

We considered four cases for each city by varying the building type 

between typical and high-efficiency, both with and without our RC 

paint on the buildings. The results of all these simulations are pre- 

sented in Figs. 4 a-d. 

Figs. 4 a and 4 b show the electricity usage per unit floor area 

for an entire cooling season for a typical year for the no RC paint 

(red) and RC paint (blue) buildings for both the High-Efficiency 

and Typical building types, respectively. The amount of electricity 

required to cool the air-conditioned space required for the High- 

Efficiency Building is lower than the Typical building across all 

climate zones, which is expected as it has better thermal insula- 

tion. While the amount of cooling electricity reduction from the 

RC paint looks to be uniform across the different cities, Fig. 4 c 

illustrates the impact of the diverse range of climates and how 

the cooling load reduction from the RC paint is impacted for both 

building types, High-Efficiency (red) and Typical (blue). The Typi- 

cal building has greater electricity savings from RC again because 

the thermal insulation is less. Therefore, when the cooling power 

from the RC paint cools the surface below the set-point tempera- 

ture (23 °C) it is more effectively utilized for cooling the interior 

space. Although Miami, FL has the third largest cooling energy de- 

mand, due to its high humidity it only has the sixth largest cooling 

energy reduction due to the negative PW/humidity effects on RC. 

Fig. 4 d presents the cooling percentage electricity savings for 

each city for both the High-Efficiency (red) and Typical (blue) 

building types, respectively. The relative cooling electricity savings 

gives a different perspective to the impact of the RC paint com- 

pared to the absolute cooling electricity reduction. For example, 

Phoenix, AZ has the largest cooling electricity reduction but the 

second smallest percentage cooling electricity savings; this is due 

to the large cooling electricity required to maintain the indoor set- 

point temperature and how far the set-point temperature differs 

from the ambient temperature. Fig. 3 b illustrates this point where 

even though the RC paint keeps the exterior temperature below 

the ambient the exterior surface is still > 30 °C for most of the day 

while the set-point is 23 °C, meaning further cooling is required. 

This effect explains why the milder, more dry climates in Fig. 4 d 

have the greatest percentage cooling electricity savings from the 

RC paint. In these climates, the exterior surfaces can be cooled be- 

low the set-point temperature and offset a majority of the other 

cooling loads. However, it should be noted that as long as the am- 

bient temperature is above the set-point, some type of active cool- 

ing will be required due to infiltration, internal gains, and latent 

effects. Fig. 4 d also shows that RC can yield large relative savings 

in northern climate zones due to their low cooling demand. How- 

ever, the absolute electricity reductions are smaller in the north- 

ern climate zones compared to southern zones, since the cooling 

demand is lower. 

Fig. 5 presents the electricity savings of RC on a United States 

map by ASHRAE climate zone to demonstrate where RC is the most 

effective [23,32] . 

Visualizing the cooling electricity reduction across the United 

States is the most direct method for seeing the impact of diverse 

climates on the cooling performance of the RC materials. While 

this result is specific to RC paints [21,22,29] , the geographic trends 

are applicable for all radiative cooling materials. 

4. Discussion and conclusion 

Our newly developed weather dependent radiative cooling (RC) 

model for exterior envelope surfaces was integrated into a high- 

fidelity, single-story residential building model to study the ben- 

efits of RC materials across all the climate zones in the United 

5 
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Fig. 4. Annual cooling electricity requirement normalized by floor area for the High-Efficiency building (a) and Typical Building (b), both with and without RC paint across 

16 cities each with a unique climate. Annual cooling electricity reduction normalized by floor area (c) and percentage electricity savings (d) due to RC paint for the 16 cities 

for the High-Efficiency building and Typical building types. 

Fig. 5. Annual cooling electricity reduction normalized by floor area from RC paint across the United States for both the Typical and High-Efficiency building types. This data 

is generated by running the representative 16 cities recommended by DOE for each ASHRAE climate zone in the United States [23,32] . 

States. We used the models to illustrate the impact that precip- 

itable water (PW) has on RC surfaces due to its effect on atmo- 

spheric transmittance and atmospheric irradiation, as well as inte- 

grated the effects of both cloud coverage and wind speed. 

The building model was used to shed light on the benefits 

when a radiative cooling material is utilized as an exterior surface. 

It was found that the heat flux due to the below ambient tem- 

perature of the RC surface is much less important than the reduc- 

tion of solar gains. There is a subtle difference between the two 

effects. An exterior coating could have high reflectance in the solar 

spectrum and low emittance in the mid-IR and still show similar 

cooling energy savings. However, the opposite case is not true, an 

exterior coating could not have high emittance in the mid-IR and 

poor solar reflectance and show the same benefits. Previous work 

also illustrated this prioritization when the RC figure of merit was 

defined, where solar reflectance plays a more important role than 

the IR emittance [22] . 

Using DOE’s 16 recommended cities, we found that radia- 

tive cooling can decrease the cooling electricity requirements by 

more than 7% and 12% for the High-Efficiency and Typical Build- 
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ings, respectively [23] . We have shown that RC materials have 

a greater benefit when they are retrofit onto existing typical 

buildings that have typical thermal insulation when compared to 

high efficiency (NREL) buildings with higher thermal insulation in 

the walls and roof. Well-insulated buildings will see less benefit 

from RC materials because the “cooling-effect” is not realized in 

the air-conditioned space. The largest implication of our study is 

the impact that different climate zones have on RC performance. 

Fig. 5 clearly illustrates the negative impact that PW has on RC 

performance. Intuition might suggest that hotter climates would 

always have greater energy benefits from the radiative cooling ef- 

fect; however this is not always the case as PW, wind speed, and 

sky clearness also play important roles in the cooling electricity 

savings from RC materials. Furthermore, this work motivates the 

need to incorporate RC materials into more advanced integrated 

systems to realize the full benefits of the cooling power and in- 

crease the electricity savings, such as integrated radiative cooling 

A/C systems or cold thermal storage methods. 
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