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The Global Warming Potential of Geoengineering via
Radiative Cooling

Atousa Pirvaram, Siu Ning Leung, and Paul G. O’Brien*

This paper analyzes the potential to mitigate global warming using radiative
cooling (RC) surfaces on a large scale. The study evaluates the net cooling
power, radiative forcing (RF), and global warming potential of different
RC materials compared to conventional construction and roofing materials,
Earth’s natural surfaces, and some reference cases. Key parameters for
evaluating the above-mentioned structures include their solar reflectance
(albedo) and long-wavelength infrared emissivity. Results show the cooling
power that can be achieved by an ideal RC material with a solar reflectance of
100% and long-wave infrared emissivity of 100% is 164.8 W·m−2. In practice,
materials exhibiting a cooling power as high as 160.8 W·m−2 are fabricated.
Further analysis shows if 1% of Earth’s surface are to be covered with this
material the terrestrial RF will decrease by 1.61 W·m−2 (from 0.6 to −1.01
W·m−2). The results demonstrate that RC materials with high solar reflectivity
and emissivity offer substantial cooling benefits and can reduce RF when
implemented on large scales. The findings underscore the effectiveness of RC
materials in reducing global warming and provide a valuable perspective on
their role in reducing the environmental impacts of the built environment.

1. Introduction

According to the International Panel on Climate Change, global
warming due to human activities has caused Earth’s temperature
to increase by ≈1 °C as compared to pre-industrial levels. If the
current rate of increase continues, Earth’s temperature will likely
surge by 1.5 °C between 2030 and 2050 due to global warming.[1]

The Earth’s temperature is influenced by a complex exchange
of radiant energy, wherein the atmosphere and surface absorb
incoming solar radiation and emit thermal radiation in the in-
frared spectrum to outer space. The increasing severity of climate
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change has brought the concept of ra-
diative forcing (RF) to the forefront of
environmental science. Changes in RF,
which is a measure of the imbalance
of radiative heat transfer between the
Earth’s atmosphere and outer space, has
been a critical indicator of how hu-
man activities are driving global warm-
ing. According to recent scientific re-
ports, the rise in RF is directly linked
to significant alterations in the Earth’s
climate, leading to rising sea levels,
more frequent extreme weather events,
and ecosystem disruptions. RF, mea-
sured in W·m−2, represents the differ-
ence between the incoming and out-
going radiant energy between Earth’s
atmosphere and outer space.[2] RF in-
creases when atmospheric greenhouse
gases absorb outgoing radiation, lead-
ing to higher climatic temperatures.[3,4]

The Paris Agreement, which came into
effect in 2016, is a legally obligatory

international agreement to reduce emissions and combat climate
change. Itsmain objective is to limit global temperature increases
to much lower than 2 °C above pre-industrial levels, while pursu-
ing efforts to limit the increase to 1.5 °C. The agreement encom-
passes variousmeasures including cutting global greenhouse gas
emissions, promoting adaptation, and enhancing transparency
and support mechanisms for climate action.[5] Emissions reduc-
tions and removing carbon dioxide from the atmosphere, collec-
tively referred to as “mitigation,” along with reducing damage by
adapting to climate risks and impacts, are recognized strategies
for combating global warming and its effects. Climate change
mitigation strategies can be broadly categorized into two ap-
proaches: emission reduction and geoengineering. Emission re-
duction focuses on minimizing the release of greenhouse gases,
primarily through renewable energy adoption, energy efficiency
improvements, and reforestation efforts. These methods address
the root cause of global warming by reducing the atmospheric
concentration of greenhouse gases. Conventional decarboniza-
tion strategies include fuel switching, efficiency improvements,
and nuclear power. On the other hand, geoengineering strategies
involve intentionally altering Earth’s climate system to counter-
act global warming. In geoengineering approaches such as So-
lar Radiation Management (SRM), which is also known as so-
lar engineering, a portion of the Sun’s energy is reflected into
space. Techniques in this category used to manage RF include
stratospheric aerosol injection, marine cloud brightening, cir-
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rus cloud thinning, space-based mirrors, surface-based brighten-
ing, and various other radiation management strategies.[6–9] De-
spite the help of SRM in mitigating the climate risk and mini-
mizing ecosystem degradation, it does not tackle the underlying
causes of global warming, nor does it fully reverse all the climate
changes induced by greenhouse gases. This means that if SRM
efforts were to cease, temperatures could rapidly rebound, po-
tentially causing more harm[7] Carbon Dioxide Removal (CDR)
is another geoengineering strategy that refers to any practice that
includes removing and restoring CO2. It is proposed for CO2 to
be captured directly from the atmosphere using negative emis-
sions technologies or CO2 removal methods. These methods in-
clude bioenergy with carbon capture and storage, biochar pro-
duction, enhanced weathering, direct air capture, ocean fertil-
ization, ocean alkalinity enhancement, soil carbon sequestration,
afforestation and reforestation, wetland restoration, mineral car-
bonation, and using biomass in construction.[8,9] However, while
CDR technologies like direct air capture are theoretically scalable,
the infrastructure required to remove significant amount of CO2
from the atmosphere is immense and costly. Current CDRmeth-
ods are expensive and scaling them to the necessary level may not
be economically feasible in the short term. Similar to SRM, there
is a concern that the prospect of CDR could lead to complacency
in reducing emissions. Policymakers and industries might rely
too heavily on the future success of CDR technologies instead of
immediately reducing emissions. Therefore, despite these mit-
igation efforts, global warming due to increasing RF levels re-
mains a significant and pressing challenge. Furthermore, global
warming rates are expected to increase as global energy con-
sumption and emissions continue to rise. For example, the In-
ternational Energy Agency predicts a three-fold increase in the
global energy demand for air conditioning by 2050, which could
accelerate global warming due to the abundant amount of green-
house gases emitted by these systems.[10–13]

In recent years, radiative cooling (RC) has emerged as a
promising geoengineering approach. Unlike SRM and CDR, RC
leverages the natural ability to emit infrared radiation into outer
space, passively cooling surfaces without additional energy input.
Advanced materials designed for RC can reflect solar radiation
while efficiently emitting thermal radiation, potentially mitigat-
ing the warming effects associated with RF. That is, RC technol-
ogy cools terrestrial objects by emitting radiation to outer space
over a spectral regionwhere the atmosphere is highly transparent
(from ≈8 to 13 μm). This process can be implemented on a large
scale as a geoengineering method to alleviate global warming
while reducing energy consumption and emissions associated
with cooling loads.[14–20] Recent advancements in RC technology
focus on elevating the cooling power of novelmaterials and struc-
tural designs by increasing the solar reflectance and long-wave in-
frared emissivity.[21–24] For instance, the study conducted by Liu
et al.[25] introduces innovative approaches, including hierarchi-
cal micro/nanostructures and doped polymer-based films, which
enhance spectral selectivity and durability for real-world applica-
tions. In studies reported by Pirvaram et al.[26] and Chiu et al.,[27]

the effects of placing underside reflectors on the cooling perfor-
mance of RC materials are investigated. Pirvaram et al.[26] show
that employing reflectors significantly increase the cooling power
of the RCs while achieving temperature well below the ambient.
In particular, a parabolic reflective dish decreases the steady state

temperature a selective RC can potentially achieve to tempera-
tures as low as 229 in a 300 K ambient. The study conducted by
Chiu et al.[27] demonstrates that placing a parabolic trough with
a focal length of 0.016 m, a height of 0.635 m, and a length of
1 m results in sub-ambient cooling temperatures of 273.5 and
232.7 K when the RC is a broadband and selective emitter, re-
spectively. Integrating these advancements into RC surfaces can
significantly improve their effectiveness inmitigating urban heat
and reducing energy consumption,making them viable for large-
scale deployment. Guo et al.[28] also presents current challenges
and future development trends of RC.
RC technology addresses global warming through two key

mechanisms: 1) as a passive cooling method, it conserves elec-
tricity by lowering the cooling load in buildings, which indirectly
reduces CO2 emissions from electricity production; and 2) by en-
hancing the radiative heat flow from Earth to outer space, thereby
decreasing RF and potentially achieving negative RF.[19] Despite
its potential, the environmental implications and life cycle assess-
ment (LCA) of RC have not been thoroughly investigated.
This paper presents LCA methods for determining the impact

of using RC materials in place of other surfaces on the global
warming potential (GWP) when the enhancement of RCs on in-
creasing the radiative heat flow from Earth to outer space is con-
sidered. Specifically, the GWP associated with RC materials re-
ported by Pirvaram et al.,[29] Wang et al.,[30] and Li et al., [31] are
compared to the GWP associated with common constructionma-
terials such as white cement paste, road asphalt, concrete, and
grey cement. Also, the GWP for common roofing materials in-
cluding shingles, ceramic roofing tiles, and PVC roofing mate-
rials, as well as natural surfaces like forests and oceans, are ana-
lyzed. To further contextualize our results, the GWP for idealized
surfaces such as a perfect RC, a perfect reflector, and a blackbody
are considered. This study investigates the impact of covering
1% of the Earth’s surface on the terrestrial RF and the resulting
change in RF. The results contribute to a deeper understanding
of how surface modifications may influence RF, thereby inform-
ing discussions surrounding climate mitigation strategies and
land use planning. This study directly supports the United Na-
tions Sustainable Development Goals (SDGs), particularly Goal
7: Affordable and Clean Energy, Goal 9: Industry, Innovation,
and Infrastructure, and Goal 13: Climate Action. By analyzing
the potential of RC materials to mitigate global warming on a
large scale, this research offers an innovative and sustainable so-
lution to reduce energy demands and greenhouse gas emissions
associated with cooling systems. The demonstrated decrease in
terrestrial RF when RC materials are employed highlights their
capacity to address climate change (SDG 13) while promoting
energy-efficient infrastructure (SDG 7 and SDG 9). Furthermore,
the findings emphasize the critical role of advanced materials in
creating sustainable urban environments and reducing the envi-
ronmental impacts of the built environment, aligning with the
broader objectives of the SDGs.

2. Methods

2.1. Determining the Net Cooling Power and Radiative Forcing

The net cooling power, Pnet cooling, is a criticalmetric for evaluating
the performance of RC materials and systems. It is determined
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Figure 1. Global energy balance. Numerical values indicate the magnitudes of individual energy fluxes, measured in W·m−2 as reported by NASA.[32,33]

by the balance between the cooling power provided by thermal
radiation and the heat gains from solar absorption, convection,
and conduction. The net cooling power is calculated using Equa-
tion 1:[26]

P net, Cooling

(
TRC

)
= PRC

(
TRC

)
− Patm

(
Tamb

)
− PSolar − PConv.

(
TRC, Tamb

)
(1)

where PRC is the radiative heat transfer from RC to outer space,
Patm is the atmospheric downward thermal radiation received by
the RC, Psolar is the solar irradiance absorbed by the RC, and PConv.
is the convective heat transferred from the surroundings, respec-
tively. Furthermore, TRC and Tamb are the RC sample and ambi-
ent temperatures, respectively. Pnet cooling represents the intrinsic
cooling capacity of an RC material, measured as the net power
emitted per unit area of the material (W·m−2) and is a material-
specific property that quantifies the ability of an RC material to
emit long-wavelength infrared radiation while reflecting incom-
ing solar and atmospheric radiation incident on it. This term is
widely used in the RC field to evaluate and compare the perfor-
mance of developed RC materials on the earth’s surface.
RF, also measured in W·m−2, refers to the difference between

the among of radiant energy entering and exiting Earth’s atmo-
sphere (measured at the top of the atmosphere). This study quan-
tifies the changes in the balance between incoming solar radi-
ation and outgoing terrestrial radiation due to the properties of
differentmaterials. By emitting heat directly into space, RCmate-
rials can induce a negative RF, helping to counteract the warming
effects of greenhouse gases. A schematic diagram utilizing data
reported by NASA depicting the global mean energy balance of
the Earth is presented in Figure 1. The radiative heat transfer val-

ues presented in Figure 1 are used in conjunctionwith Equation 1
to examine how the surface albedo and emissivity of differentma-
terials influence the energy balance between the Earth and outer
space.[32,33] The numerical values in Figure 1 denote the best esti-
mates of the globally averaged incoming and outgoing radiant en-
ergy. As shown in Figure 1, the average incident solar irradiance
per squaremeter at the top of the atmosphere (TOA) is≈340.4W,
with 186.2 W·m−2 reaching the Earth’s surface, PSolarToEarth. Out
of the solar irradiance reaching Earth’s surface 163.3 W·m−2 is
absorbed while 22.9 W·m−2 is reflected into space. The solar irra-
diance absorbed by Earth’s surface is converted into heat energy.
The Earth’s surface emits longer wavelength infrared radiation.
As a rough approximation, an average emissivity for Earth’s sur-
face, 𝜀̄Earth, is ≈95%, owing to the prevalence of natural land and
water surfaces with relatively high emissivity values. This results
in a thermal outgoing flux at the TOA of ≈239.9 W·m−2. Accord-
ingly, there is an imbalance of 0.6 W·m−2 in the incoming and
outgoing radiation at the TOA causing the Earth’s temperature to
increase. Notably, in comparison, Johnson et. al. have estimated
the imbalance of the RF to be 0.71 W·m−2.[34]

The optical properties of materials at the Earth’s surface affect
its radiative energy balance with outer space. The effects of dif-
ferent surfaces on the RF can be determined considering Equa-
tions 2 and 3. RF is the difference between the total incoming
power (solar radiation) absorbed by the Earth and the total outgo-
ing thermal radiation emitted by the Earth back into space at the
TOA. The equation for calculating RF is given by:

RF =
∑

PIncoming, TOA −
∑

POutgoing, TOA

= PSolar− PReflectedSolar− PTotalEmitted (2)
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where PIncoming, TOA is the incoming thermal radiation at the TOA,
POutgoing, TOA is the outgoing thermal radiation emitted by the
Earth at the TOA, PSolar is the total incoming solar radiation,
PReflectedSolar is the total reflected solar radiation by the atmosphere
and Earth’s surface, and PTotalEmitted is the total radiation emitted
by the atmosphere and the Earth’s surface. As shown in Figure 1,
the average incoming solar radiation at the TOA is 340.4 W·m−2,
the total outgoing radiation at the TOA is 239.9 W·m−2 (and the
imbalance is 0.6 W·m−2).
The RF that would occur if different materials were placed on

top of the Earth’s surface can be estimated by incorporating the
average surface albedo (R̄solar) and the average long wavelength
infrared emissivity (𝜀̄LWIR) into the balance for RF, as shown in
Equation 3:

RFi = PSolar −
(
R̄solar × PSolarToEarth

)
−
(
PReflectedSolar_atm

)
−
((

𝜀̄LWIR

𝜀̄Earth

)
× PEmitted_AW + PEmitted_atm + PEmitted_Clouds)

)
(3)

wherePEmitted_AW,PEmitted_Atm, andPEmitted_Clouds are the thermal ra-
diation emitted by Earth’s surface and passing through the atmo-
spheric window (40.1 W·m−2), emitted by the atmosphere (169.9
W·m−2), and emitted by the clouds (29.9 W·m−2), respectively.

2.2. Determining the Global Warming Potential Using the Net
Cooling Power of Different Materials

The GWP compares the impact of the emissions of a particular
gas on RF to that of CO2 over a specific time horizon. The GWP
for an emitted substance, i, can be calculated using Equation 4:[3]

GWPi (H) =
AGWPi (H)

AGWPCO2
(H)

=
∫
H
0 RFi (t) dt

∫
H
0 RFCO2

(t) dt
(4)

where AGWPi(H) and AGWPCO2
(H) are the absolute GWPs for

substance i, and for CO2, respectively. In essence, the GWP of a
substance is determined by comparing the time-integrated global
RF caused by a pulse emission of that substance to that of an
equivalent mass of CO2 over the specified time horizon of H.
GWP is measured in carbon dioxide equivalents (CO2eq) and
varies with the time horizon because different substances decay
at different rates in the atmosphere. For instance, methane (CH4)
has a GWP of 84–87 kgCO2-eq over a 20-year horizon and 28–36
kgCO2-eq over a 100-year horizon.

[35]

The absolute GWP for a substance, assuming its removal from
the atmosphere follows exponential decay, can be determined us-
ing Equation 5:

AGWPi (H) = Ai𝜏i

(
1 − exp

(
−H
𝜏i

))
(5)

where Ai is the radiative efficiency (RE) and 𝜏 i is the lifetime of
substance i in the atmosphere. The expression for AGWP CO2-eq
is more complicated due to the absorption and transport pro-
cesses in the ocean over different timescales. The decomposition

of CO2 in the atmosphere is not accurately represented by an ex-
ponential decay model. Forster et al. approximated the AGWP of
CO2 using Equation 6:

AGWPCO2
(H) = ACO2

{
aoH +

3∑
i=1

ai𝛼i

(
1 − exp

(
−H
𝛼i

)) }
(6)

where ACO2
is the RE of CO2, a0 = 0.217, a1 = 0.259, a2 = 0.338,

a3 = 0.186, 𝛼1 = 172.9 years, 𝛼2 = 18.51 years and 𝛼3 = 1.186
years. Based on Equation 6, the AGWP of CO2 for a 20-year time
horizon is 2.49 ×10−14 W·m−2·yr·kg−1 and the AGWP of CO2 for
a 100-year time horizon is 9.17 ×10−14 W·m−2·yr·kg−1.[4]

If the net cooling power of a given RC structure is known, its
AGWP can be approximated using Equation 7.[19]

AGWPRCi
(H) = − ∫

H
0

Pnet cooling,i
ARCi

(
1

Atropopause

)
dt (7)

where RCi denotes RC structure i, the cooling power for RCi is
Pnet cooling,i, ARCi is the area of RCi projected onto the horizon-
tal plane, and Atropopause is the area of the tropopause. The neg-
ative sign in Equation 7 indicates the AGWP is negative when
an RC structure has a positive net cooling effect. Moreover, the
(1/Atropopause) term in Equation 7 normalizes the AGWP of an RC
structure to the area of the tropopause, which enables theGWPof
the RC structure to be calculated in terms of CO2eq. It follows that
the GWP of an RC structure can be estimated using Equation 8:

GWPRCi
(H) =

AGWPRCi
(H)

AGWPCO2
(H)

=
− ∫

H
0

Pnet cooling,i
ARCi

(
1

Atropopause

)
dt

ACO2

{
aoH +

∑3
i=1 ai𝛼i

(
1 − exp

(
−H

𝛼i

)) }
(8)

The GWPRCi (H) values are determined in units of
kgCO2-eq·m

−2 which, when multiplied by the area of the RC
structure or panel, gives the desired units of kgCO2-eq. The
GWPRCi values can be included when determining the total
GWP of RC technologies in a LCA. Negative GWPRCi values can
be interpreted as credits for offsetting CO2-eq emissions, such as
emissions released during the manufacturing of RC panels or
while providing base cooling loads using conventional methods.

2.3. Determining the Global Warming Impact when Covering 1%
of the Earth’s Surface with RC Materials

The materials are evaluated based on their R̄solar, 𝜀̄LWIR, net out-
going power, RF, and GWP over 20 and 100 years. It is assumed
that 1% of the Earth’s surface is covered by the materials listed
in Table 1 that reflect R̄solar of the solar radiation of (163.3 + 22.9
W·m−2) incident on the Earth’s surface and emit 𝜀̄LWIR/95% of
the radiation emitted to space through the atmospheric window
(which is 40.1 W·m−2 as shown in Figure 1). The remaining 99%
of the Earth’s surface remains the same and is assumed to have
a radiative balance with outer space as depicted in Figure 1 (with
RF = 0.6 W·m−2).
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Table 1. Classification of the materials examined and their R̄solar and 𝜀̄LWIR values.

Structure R̄solar (%) 𝜀̄LWIR (%)

ID RC Structures in Literature

I Pirvaram et al.[29] 98.2 98.5

II Wang et al.[30] 95 98

III Li et al.[31] 96 78

Common Construction Materials

IV White cement paste[36] 66 93

V Road asphalt (ID A001)[37] 21 96

VI Concrete (ID C002)[37] 21 92

VII Grey cement (ID C005)[37] 41 95

Common Roofing Materials

VIII Roofing shingle (ID L003)[37] 6 95

IX Ceramic roofing tile (ID R010)[37] 19 95

X PVC roofing material (ID V002)[37] 43 93

Natural Surfaces

XI Forests[38] 15 97

XII Oceans 10[39] 98[40]

Reference Cases

XIII Perfect RC 100 100

XIV Perfect reflector 100 0

XV Blackbody 0 100

Figure 2. GWP as a function of cooling power for the materials listed in Table 1. (I = Pirvaram et al.,[29] II =Wang et al.,[30] III = Li et al.,[31] IV =White
cement paste,[36] V = Road asphalt (ID A001),[37] VI = Concrete (ID C002),[37] VII = Grey cement (ID C005),[37] VIII = Roofing shingle (ID L003),[37]

IX = Ceramic roofing tile (ID R010),[37] X = PVC roofing material (ID V002),[37] XI = Forests,[38] XII = Oceans,[39,40] XIII = Perfect RC, XIV = Perfect
reflector, and XV = Blackbody).

The equation for calculating the RF at TOA when 1% of the
Earth’s surface is covered with material i (herein defined as
RFi(1%)) is given as:

RFi(1%) = 1% × RFi + 99% × RFEarth (9)

In this study, Equations 4 – 8 are utilized to calculate of
AGWPRCi (20) W·m−2·yr·kg−1, AGWPRCi (100) W·m−2·yr·kg−1,
GWPRCi (20)W·m−2·yr·kg−1, and GWPRCi (100)W·m−2·yr·kg−1,
respectively.

3. Results and Discussion

3.1. Analysis of Net Cooling Power of RC Materials and their
Associated Global Warming Potential

Figure 2 illustrates the GWP relative to the net cooling power,
Pnet cooling , of a surface, which provides valuable insights into the
environmental benefits of using RC technologies to mitigate cli-
mate change impacts. The GWPRCi values plotted in the figure
represent the GWP per square meter of RC panel area over 20
years (GWPRCi (20)) and 100 years (GWPRCi (100)). The nega-
tive values of GWPRCi indicate the cooling effect of the RC ma-
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 23667486, 2025, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsu.202400948 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [06/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com


www.advancedsciencenews.com www.advsustainsys.com

terials offset the warming due to CO2eq emissions. Starting from
zero at zero cooling power, the GWPRCi values decrease linearly
with increasing cooling power. For example, a RC structure of
porous Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) developed in reference[29] exhibits a solar reflectivity of
R̄solar = 98.2% and a long-wavelength infrared emissivity of 𝜀̄LWIR
= 98.5%. Using the information obtained from Figure 1 and
Equation 3, the Pnet cooling, which is qual to – RFi, is calculated to
be 160.8 W·m−2 that leads to GWPRCi (20) = −252 kgCO2-eq·m

−2

and GWPRCi (100) = −333 kgCO2-eq·m
−2 using Equations 9 – 13.

The negative values imply that 252 and 333 kg of CO2 emissions
are offset by the cooling achieved by 1 m2 of a surface with this
cooling power over 20-year and 100-year timeframes, respectively.

3.2. The Global Warming Impact when Covering 1% of the
Earth’s Surface with a RC Material

This section evaluates the impact of covering 1% of Earth’s sur-
face with the materials listed in Table 1 on the GWP. The optical
properties of the materials outlined in Table 1 are used to calcu-
late the net outgoing power, RF, and GWP over 20 and 100 years.
The results are summarized in Table 2 and displayed in Figure 3.
Among all surfaces considered. the hypothetical case of

the black body has the highest GWP values of GWP(20) =
33.5 kgCO2-eq·m

−2 andGWP(100)= 44.3 kgCO2-eq·m
−2. Although

a blackbody emits the maximum amount of radiation over the
atmospheric window, it also absorbs 100% of the incident solar
radiation, which results in substantial heating overall. Indeed, as
shown in Figure 3, the RF at the TOA would increase from 0.6
to 0.81 if 1% of the Earth’s surface were covered with a material
that had the properties of a black body.
Notably, as shown in Table 2, only three types of surfaces would

increase the GWP if they covered 1% of the Earth: Oceans, roof-
ing shingles, and the hypothetical case of the blackbody. (Here,
covering the Earth’s surface with oceans refers to covering an
area the size of 1% of Earth’s surface that has an average solar
reflectance of 12.3% and long-wave infrared emissivity of 95%).
Ocean surfaces contribute to a slightly higher RF value than that
for the average terrestrial surface. This raises concerns about RF
values increasing as sea ice melts and exposes ocean waters. In
contrast to water, which has an albedo of ≈10%,[39] ice has a
significantly higher albedo of 49%.[41] This higher albedo allows
ice to reflect a much greater portion of incoming solar radiation
back into space compared to the darker ocean surfaces, despite
both water and ice having nearly the same infrared emissivity of
98%[40] and 94.75%,[41] respectively. Applying these albedo and
emissivity values of ice to Equation 3 results in a RF of −0.09
W·m−2, indicating the cooling effect that sea ice provides by re-
flecting solar radiation away from Earth’s surface. However, as
sea ice diminishes and darker ocean waters are exposed, this neg-
ative RF diminishes, contributing to further warming. In recent
years, human-induced greenhouse gas emissions have driven
numerous environmental issues, one of the most visible being
the decline of sea ice. For example, satellite data from the GRACE
and GRACE-FOmissions, which have tracked changes in Green-
land’s ice sheet since May 2002,[42,43] show that Greenland has
lost ≈4550 gigatons (4550 billion metric tons) of ice mass. This
ice melt exposes darker ocean surfaces with much lower albedo, Fi
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leading to increased absorption of solar radiation. This, in turn,
accelerates global warming by amplifying RF. The significant ice
loss fromGreenland has also contributed to a global sea level rise
of≈1.2 cm over the same period, marking a stark reminder of the
growing impacts of climate change.[43]

For roofing shingles GWP(100) = 25.5 kgCO2-eq·m
−2, where as

for the average terrestrial surfaceGWP(100)= 1.24 kgCO2-eq·m
−2.

It follows that on average GWP(100) increases by 24.3
kgCO2-eq·m

−2 when roofing shingles are used. If 1% of the Earth
were to be covered with roofing shingles the corresponding in-
crease inGWP(100) would be≈124Gt CO2-eq, which ismore than
thee times the amount of CO2 emitted annually. Fortunately, as
shown in Table 2, most construction and roofing materials have
a positive net cooling effect and decrease GWP. Of the construc-
tion and roofing materials listed in Table 2 white cement paste is
the best RC with Pnet,cooling = 98.5 W·m−2 and GWP(100) = −204
kgCO2-eq·m

−2. If 1% of the Earth’s surface were to be replaced
with white cement paste, the RF at the TOA would decrease from
0.6 to −0.39 W·m−2, implying the Earth would experience global
cooling.
The upper limit on the achievable amount of cooling is set by

the perfect RCmaterial with R̄solar = 100% and 𝜀̄solar = 100%. The
net cooling power for this idealmaterial is 164.8W·m−2 and if 1%
of the Earth’s surface were to be covered by a perfect RC, the RF
would decrease from 0.6 to −1.05. Remarkably, engineered RC
materials with net cooling abilities very close to that of the perfect
RC have been fabricated. Pirvaram et al.,[25] Wang et al.,[26] and Li
et al.[27] fabricated porous polymeric RC films exhibiting cooling
values of Pnet,cooling = 160.8 Wm−2, Pnet,cooling = 154.6 Wm−2, and
Pnet,cooling = 148 W m−2, respectively. Covering 1% of the Earths
surface with these materials would decrease the RF at the TOA
to as low as −1.01 W·m−2.
To validate the results obtained in this study, the effects of

albedomodifications onRF values is comparedwith that reported
in existing studies. According to the research conducted by the
MIT Concrete Sustainability Hub, increasing 1% of the Earth’s
average surface albedo can change the RF in a range of −1.3–
−2.9 W·m−2, depending on the methodology and assumptions
taken. [44] Akbari et al.[45] reported that a 1% increase in the ur-
ban areas’ albedo could result in a reduction of the global RF to
≈−1.3 W·m−2. While Lenton and Vaughan[46] estimated that this
urban albedo modification could achieve an RF of ≈−1.0 W·m−2.
In a more recent study conducted by Hu et al.,[47] a potential RF
reduction of −1.6 W·m−2 is reported. In the current study, cover-
ing 1% of the Earth’s surface with a highly reflective RC material
(albedo = 98.2%) while the remaining 99% retains an albedo of
12.3% effectively increases the global average albedo by ≈1%, re-
sulting in a calculated RF of −1.61 W m−2 compared to the ref-
erence RF of 0.6 W·m−2 for Earth’s surface. The value calculated
herein falls within the reported range of RFs, which are between
−1.3 and −2.9 W m−2, confirming the consistency of the find-
ings with established literature. The variations between studies
can be attributed to differences in solar insolation, atmospheric
transmittance, and surface characteristics considered in themod-
els.
Reducing GWP by changing the albedo of surfaces and using

RC materials over large areas have also been reported in the lit-
erature. Akbari et al.[45] investigated the effects of changing the
albedo of surfaces of urban areas on a reduction in RF. They re-

ported the emitted CO2 offset for increasing roof albedo by 25%
is equal to−64 kgCO2-eq·m

−2 of roof area. Similarly, for cool pave-
ments with a proposed albedo difference of 0.15, the emitted CO2
offset is equal to −38 kgCO2-eq·m

−2 of pavement area. Therefore,
16 m2 of cool roof areas and 26m2 of cool paved areas are needed
to offset 1 tonne of CO2 emissions. Munday[48] suggested that if
5 × 106 km2 in desert areas were to be covered with RC materi-
als the terrestrial RF would be decreased by almost 1 W·m−2. In
comparison, the GWP associated with the RCmaterial fabricated
by Pirvaram et al. is −333 kgCO2-eq·m

−2, and if 1% of Earth’s sur-
face (which is ≈5.1 × 106 km2) were to be covered with this ma-
terial the RF would decrease by 1.61 W·m−2 (from 0.6 to −1.01
W·m−2). Achieving such a low RF value shows the potential for
using these RC materials for practical applications in reducing
urban heat island effects and lowering energy consumption in
buildings. Notably, it has been reported that the global urbanized
land area is ≈3% of Earth’s total land area.[49]

One limitation of this study is the use of surface albedo and
emissivity results measured at normal incidence for the calcula-
tions.While thesemeasurements provide useful insights, they do
not account for the full angular dependence of radiative proper-
ties. It is important to note that these valuesmay not fully capture
the angular dependence of radiative properties. Solar reflectance
(albedo) and long-wave IR emissivity can both vary significantly
with the angle of incidence. As the angle between incident solar
radiation and the normal to a surface increases, solar reflectance
generally increases, leading to less absorption of solar energy.
On the other hand, long-wave IR emissivity may also exhibit an-
gular dependence, with emissivity often increasing as the angle
of emission approaches the normal direction.[50] For a more de-
tailed analysis, future work could consider hemispherical opti-
cal properties measured at different angles. This would provide a
broader understanding of how surface reflectivity and emissivity
vary, though the current results still offer valuable insights.
Another limitation is that the use of RC materials cannot be

a permanent solution to greenhouse gas emissions. Similarly to
SRM technologies, geoengineering via widespread RC can con-
tribute to mitigating global warming and minimizing damage to
ecosystems but will not address the underlying causes of global
warming. Largescale RC will not be able to offset increases in
global warming if greenhouse gas emissions continue to rise.
Nevertheless, RC can play an important role in alleviating the
effects of global warming while solutions that address the root
causes of global warming are developed. To address global warm-
ing nations are transitioning to clean energy sources and devel-
oping carbon capture technologies.[51–53] However, almost half of
the CO2 that has already been emitted will stay in the atmosphere
for centuries and will contribute to global warming over extended
time periods.[54,55] RC technologies can play a vital role in “buy-
ing time” by offsetting RF caused by greenhouse gas emissions
while permanent solutions for global warming are being devel-
oped and implemented.
Another important point to mention is that while RC materi-

als offer significant benefits in reducing cooling energy demand
and lowering CO2 emissions, their effectiveness can be affected
by seasonal variations. During cold seasons, the cooling effect of
RC materials can lead to excessive cooling, which may increase
heating demand and overall energy consumption. This seasonal
trade-off is important to consider when evaluating the full en-
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vironmental impact of RC materials, particularly when the ef-
fects of RCs on energy consumption are involved. To address this
issue, Dynamic Thermal Regulation (DTR) strategies—such as
thermochromic or switchable emissivity materials—can be em-
ployed. These strategies allowRCmaterials to adapt to varying cli-
matic conditions by minimizing the risk of overcooling in colder
environments. Through the integration of adaptive designs or
hybrid systems, RC materials can be optimized for use across
diverse environmental conditions, ensuring their practical appli-
cation year-round. However, while DTR is crucial for optimizing
energy savings, this study focuses primarily on the effects of RC
materials on modifying Earth’s radiative balance and contribut-
ing to a reduction in RF.

4. Conclusion

This study analyses RC materials in comparison with conven-
tional construction and roofingmaterials and highlights their sig-
nificant potential inmitigating global warming. The study reveals
that RCmaterials with high solar reflectivity and long-wavelength
infrared emissivity can notably reduce RF and GWP. Among
the materials evaluated, those developed by Pirvaram et al.,[29]

Wang et al.,[30] and Li et al.[31] exhibit notable cooling efficien-
cies and significant reductions in RF. The results suggest that
covering 1% of the Earth’s surface with high-performance RC
materials could offset a considerable amount of anthropogenic
CO2 emissions, offering a practical approach to climate change
mitigation. For example, the RC material developed by Pirvaram
et al. demonstrates exceptional performancewith a R̄solar of 98.2%
and a 𝜀̄LWIR of 98.5%. This material achieves a net cooling power
of 160.8 W·m−2, leading to a GWP of −252 kgCO2-eq·m−2 over
20 years and −333 kgCO2-eq·m−2 over 100 years. Its RF value
is −1.01 W·m−2 when covering 1% of the Earth’s surface, indi-
cating a substantial reduction in RF compared to conventional
materials. These results are closely comparable with the per-
fect RC as the benchmark for performance (with R̄solar= 𝜀̄LWIR=
100%), which shows a net outgoing power of 164.8 W·m−2 and
achieves the highest reduction in RF (ΔRF = −1.05 W·m−2). On
the other hand, roofing shingles (ID L003[37] with R̄solar of 6%
and 𝜀̄LWIR of 95%) shows the least favorable environmental im-
pact among the materials analyzed. It sets a net cooling power
of −12.3 W·m−2 and a GWP of 193 kgCO2-eq·m−2 over 20 years
and 255 kgCO2-eq·m−2 over 100 years. The RF value for roofing
shingle (ID L003)[37] is 0.72 W·m−2 when 1% of the Earth’s sur-
face is covered, indicating a positive contribution to RF and in-
creasing global temperatures. The results emphasize that engi-
neered RCmaterials offers superior cooling efficiency and poten-
tial for global warming mitigation, closely approaching the ideal
perfect RC benchmark. In contrast, roofing shingles, along with
other conventional materials like concrete and road asphalt, con-
tributes positively to RF, highlighting their environmental draw-
backs. The findings of this work underscore the importance of in-
corporating RCmaterials into sustainable building practices and
climate mitigation strategies.
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