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radiation for maximal energy saving

Jiale Chai,1 Jianheng Chen,2 Zhanxiao Kang,1 Lin Lu,2 Chi-Hung Tang,3 and Jintu Fan1,4,*

SUMMARY

The energy consumption for maintaining desired indoor temperature accounts
for 20% of primary energy use worldwide. Passive rooftop modulation of so-
lar/thermal radiation without external energy input has a great potential in build-
ing energy saving. However, existing passive rooftop modulation techniques
failed to simultaneously modulate solar/thermal radiation in response to rooftop
surface temperature which is closely related to the building thermal loads, lead-
ing to limited or even counter-productive overall energy saving. Here, we report
the development of a surface temperature-adaptive rooftop coveringwith syner-
getic solar and thermal modulations. The covering, made of a scalable metalized
polyethylene film, demonstrated excellent solar absorptancemodulation (72.5%)
and thermal emissivity modulation (79%) in response to its temperature change
from 22�C (indoor heating setpoint) to 25�C (indoor cooling setpoint), and vice
versa. Building energy simulations demonstrate that the proposed rooftop
covering can achieve all-season energy savings across all climate regions.

INTRODUCTION

The building sector accounts for 40%of primary energy use worldwide,1 of which 50% is consumed tomaintain

desired indoor temperature by removing building thermal loads.2 Regulation of solar and thermal radiation of

building rooftop shows great promise to reduce building thermal loads for energy savings.3–5 In principle, to

maximize the energy savings, the rooftop should achieve high solar absorptance but low thermal emissivity in

cold seasons to increase the rooftop surface temperature for reducing building heat loss (i.e., heating loads),

while it should achieve low solar absorptance but high thermal emissivity in hot seasons to decrease rooftop

surface temperature for reducing building heat gain (i.e., cooling loads) (Figures 1A and 1B). Unfortunately, the

prevailing radiation-regulation rooftop materials show fixed solar absorptance and thermal emissivity,6–9 and

they can only help decrease the building cooling loads in summer but inevitably increase the heating loads in

winter. Consequently, the reduced cooling energy use may be counteracted or even surpassed by the

increased heating energy use, especially in heating-dominated regions. To overcome such limitations, a

few attempts have been devoted to modulating the optical properties of the rooftop materials, which may

accommodate the actual heating/cooling needs of building in different seasons (Table S1). Among them,

the most effective strategy is to simultaneously modulate solar absorptance and thermal emissivity of the

rooftop materials. Nevertheless, such synergetic modulation is mainly activated by electricity or mechanical

force.10–15 Although these materials show potentials to decrease building energy needs all year round, they

usually require external power inputs and involve sophisticated manufacturing process.

Compared with the electrical-/mechanical-driven types, the temperature-adaptive rooftop materials/de-

vices are more promising in practice since they require no external power inputs. Broadly speaking, the

existing works can be classified into two groups. In the first group, the temperature-adaptive materials/de-

vices can only achieve either solar or thermal modulations, not both. The solar modulation was achieved by

mixing the thermochromic paints (Leuco dyes) with titanium oxide particles, which could switch the solar

absorptance accompanying with color change in response to surface temperature variations.16–22 Never-

theless, their thermal emissivity is constant and usually exceeds 90%, which would accelerate the building

heat loss in cold seasons, resulting in increased building heating loads. The thermal modulation was carried

out by using vanadium dioxide (VO2)-based Fabry-Perot (FP) resonator, which switched its thermal emissiv-

ity through the temperature-induced phase change of VO2 and the FP resonance.23–29 Whereas, the
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resonator usually shows constant solar absorptance, which cannot effectively regulate the solar heat in

different seasons, resulting in limited or even counter-productive overall energy savings. Besides, there

are other temperature-responsive materials with thermal emissivity modulation, i.e., chalcogenide30–33

and perovskite oxide.34–38 Nevertheless, the former requires much higher transitional temperature (usually

above 150�C) while the latter experiences wider transition temperature range (e.g., from�176�C to 100�C),
hindering their application on buildings.

In the second group, the temperature-adaptive materials/devices could achieve both solar and thermal mod-

ulations. To the best of our knowledge, there are only three studies on the temperature-induced synergetic

Figure 1. Proposed temperature-adaptive rooftop covering with synergetic radiation modulations and its

fabrication process

(A) Schematic of heat transfer of building rooftop.

(B) Ideal absorptance/emissivity of building rooftop within the solar and infrared spectrum (the light yellow and orange

shadows represent the normalized spectra of AM1.5 solar radiation and blackbody radiation at 300 K, respectively. ts is

rooftop surface temperature, while theating/cooling setpoint is the indoor heating/cooling setpoint (22�C /25�C in the study),

respectively).

(C) Schematic of the proposed rooftop covering for synergetic solar and thermal modulations, and the associated

temperature-adaptive optical properties.

(D) Bending actuation of a metalized polyethylene (PE) film in response to temperature change simulated using ABAQUS

software.

(E) Fabrication process of the proposed rooftop covering (one ends of the heating and cooling materials are bonded

together in the final sample).
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modulations.39–41 Onewas a theoretical work using rigorous nanophotonic structures with ideal assumption,39

while the other two40,41 were from the same group, reporting synergetic modulations using a temperature-

responsive polymer. The former40 indeed achieved the twomodulations separately rather than synchronously

(solar modulation was achieved between 30�C and 35�C while thermal modulation was achieved between

40�C and 55�C). The separate modulations may fail to accommodate the actual building heating/cooling

needs in practice, resulting in limited or even deteriorated energy savings. Although the latter41 can achieve

synchronous modulation, both solar absorptance and thermal emissivity changed very slowly as temperature

decreased at heating mode, resulting in much limited heating performance. Besides, they both required

sophisticated fabrication process, which hindered their practical application. Until now, developing energy-

efficient temperature-adaptive rooftop material/device still poses significant challenge.

Here, we developed a temperature-adaptive rooftop covering with synergetic modulation of solar and

thermal radiation for maximum energy savings. In this work, the temperature-adaptive material/device

was activated by its own temperature rather than the ambient temperature. The synergetic modulation

was achieved synchronously, and both solar absorptance and thermal emissivity can change quickly as tem-

perature changed at both cooling and heating modes. Besides, the proposed roof covering was fabricated

in simple process. The covering was composed of a bilayer structure having a temperature-responsive

heating material at the top and a cooling material at the bottom. It demonstrated excellent solar absorp-

tance modulation (72.5%) and thermal emissivity modulation (79%) in response to the temperature change

of the top heating material. In the cold ambient, the covering was in the solar heating mode and exhibited

high solar absorptance (81%) but low thermal emissivity (10%) to suppress the building heat loss. In the hot

ambient, the covering was in the radiative cooling mode and exhibited low solar absorptance (8.5%) but

high thermal emissivity (89%) to reduce the building heat gain. Experiments demonstrated the effective-

ness of the proposed rooftop covering in regulating roof surface temperature in cold and hot weather

conditions. Building energy simulation further demonstrated that the proposed covering can achieve

year-round building energy savings in all climate regions in comparison with conventional heating and

cooling roof materials. This work opens pathway to achieve synergetic modulation of solar and thermal

radiation of rooftop for maximum energy savings.We foresee that this concept can also be applied to other

fields where radiation modulation is required under different temperatures, such as outdoor personal ther-

mal management,42,43 solar heat storage system.44,45

RESULTS

Working principle and fabrication process

The proposed rooftop covering consists of two layers, and one ends of them are bonded together. The up-

per layer is a temperature-responsive heating material with high solar absorptance but low thermal emis-

sivity, while the lower layer is a cooling material with low solar absorptance but high thermal emissivity. The

synergetic modulation of solar and thermal radiation is attributed to the thermal-induced bending actua-

tion of the heating material, which is made of a metalized polyethylene (PE) film. In comparison with other

polymers, the PE film has a relatively high thermal expansion coefficient (�100 3 10�6/K) due to the simple

and long C-C chemical bonds along its main chain.46 To fully utilize this thermal-responsive property for

thermal regulation, a metal layer with much lower thermal expansion coefficient (�10 3 10�6/K) is coated

onto it to form a temperature-responsive actuator. When temperature increases, the PE film expands due

to its much higher expansion ratio, while the metal layer largely retains its dimension as its expansion ratio

is one magnitude smaller. As the two layers are bonded together, the actuator bends up due to the large

mismatch of the two expansion ratios. When temperature decreases, the PE film would contract and the

stress within the actuator will release. Consequently, the actuator recovers back to the original flat shape.

The finite element simulation using ABAQUS software confirms the bending actuation of the actuator in

response to temperature changes (Figure 1D). The parameters of each substance used in ABAQUS soft-

ware (e.g., Young’s modulus and Poisson’s ratio) are obtained from ref. 47–49.

Owing to such temperature-induced bending actuation, the rooftop covering achieves synergetic radia-

tion modulations and thus it can accommodate the building heating/cooling needs in different seasons.

In the cold season, the heating material keeps flat, and it largely absorbs solar heat and simultaneously

suppresses the building heat loss owing to its low thermal emissivity, thereby increasing the roof’s surface

temperature and reducing building heating needs. As temperature increases, the heating material would

gradually bend up. Correspondingly, the solar absorptance of the rooftop covering would decrease while

the thermal emissivity would increase. In the hot season, the heatingmaterial would further form small rolls,
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and the cooling material is fully exposed to the ambient. In this state, most of the solar radiation would be

reflected and the building heat would largely dissipate into ambient due to its high thermal emissivity,

thereby decreasing the roof’s surface temperature and reducing building cooling needs. Mentioned

that in practice, the temperature of heating material is jointly determined by the ambient temperature

and solar heat, and thus affects the associated bending properties (Video S1).

The fabrication process of the proposed rooftop covering is illustrated as follows (Figure 1E). We have tried

the widely usedmetal coatingmethods (including the electroless plating and electroplating) to coat the Cu

layer onto PE films, which were cheap and fast techniques.50,51 For the electroless plating, we found that as

the surface of the PE film was too smooth, the catalysis cannot adhere onto it, leading to unsuccessful

coating. For electroplating, we found that as the PE film was not electroconductive, the Cu layer cannot

be directly coated on it. To the best of our knowledge, the magnetron sputtering was the most appropriate

technique to coat the Cu layer onto the PE film. For the heating material fabrication, a very thin layer

(�5 nm) of copper was firstly deposited onto a PE film using magnetron sputtering, and then a thick layer

(�1000 nm) of zinc was electrodeposited onto the electroconductive film. Here, the thick zinc layer was not

directly deposited onto the PE film using sputtering as it would cause severe thermal stress within the PE

film and result in curly shape (Figure S1). The metalized film was further dipped into a copper sulfate

(CuSO4) solution, washed using deionized water, and dried. The dipping process resulted in Cu nanoclus-

ters on the zinc layer with plasmonic resonance that induced strong solar absorption.13,52 The fabrication

process also led to low thermal emissivity due to themetallic components. Note that as the Cu nanoclusters

randomly dispersed onto the Zn layer rather than forming dense metal layer, they had little impacts on the

bending properties of the heating material. Lastly, a very thin layer of copper was coated onto the other

side of the PE film. This step can slightly increase the temperature at which the heating material began

to bend from 22�C to 25�C (Figure S2), which was an energy-efficient indoor cooling setpoint recommen-

ded by Department of Energy of U.S.53 Regarding the cooling material fabrication, there were several

choices (e.g., randomized glass-polymer hybrid metamaterial,7 cellulose nanofiber-based wood,8 and

barium sulfate - BaSO4 paint
54). In this work the BaSO4 paint was selected since it showed excellent optical

properties but with easy-to-be-implemented fabrication process. The BaSO4 powders were directly mixed

with the acrylic resin and ultrasonicated for 30 min. Then, the mixture was coated onto a substrate (white

hardboard), and dried for 24 h. At last, the heating material was placed onto the cooling material, and one

ends of them were bonded together.

Optical and bending properties

The temperature-adaptive optical properties of the proposed rooftop covering (Figure 1C) were jointly

determined by the tailored optical properties of the heating and cooling materials, and the tailored tem-

perature-responsive bending properties of the heatingmaterial. For the heatingmaterial, the optical prop-

erties were tailored by changing the dipping time. As the dipping time increased from 20 to 30 s–40 s to 50 s

and 60 s, the solar absorptance increased from 50.8% to 71.9%–81.0% to 82.8% and 85.1% while the thermal

emissivity increased from 7.6% to 8.4%–10.3% to 14.8% and 16.2% (Figure S3), respectively. To identify the

optimal solar absorptance and thermal emissivity, we assumed the heating material to achieve thermal

equilibrium under solar absorption and sky radiative cooling, and quantified the associated surface tem-

perature (Figure S4). The results showed that the heating material achieved the highest surface tempera-

ture under the dipping time of 40 s, indicating the best heating performance. Thus, the optimal solar

absorptance and thermal emissivity of the heating material was identified as 81% and 10.3%, respectively.

For the cooling material, the optical properties were tailored by varying the volume fractions of the BaSO4

particles. As the volume fraction increased from 2% to 4%–6% to 8% and 10%, the solar absorptance

decreased from 16.3% to 8.6%–5.3% to 4.7% and 4.3% while the thermal emissivity decreased from

93.6% to 93.3%–93.2% to 92.7% and 92.4% (Figure S5). It showed that both solar absorptance and thermal

emissivity decreased little as the fraction increased from 6% to 10%. To further evaluate the cooling effects

of thematerial under different sets of optical properties, the associated surface temperature was quantified

at thermal equilibrium state considering both solar absorption and sky radiative cooling. With the increase

of the volume fraction (Figure S6), the surface temperature sharply decreased in the beginning (from 2% to

6%) and then stabilized afterward (from 6% to 10%). In other words, the cooling effects increased little as the

fraction was larger than 6%. Taking the initial cost into consideration, we finally identified the optical

properties at the volume fraction of 6% as the optimal ones. In brief, the heating and cooling materials

(Figure 2A) achieved tailored solar absorptance of 81.0% and 5.3%, respectively, while achieved tailored

thermal emissivity of 10.3% and 93.2%, respectively (Figure 2B).
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The impacts of the dipping time and thickness of each layer on the response time and modulation effect

were investigated. As the modulation effect was jointly determined by the bending property and optical

property of the material, the bending property was also presented. Figure S7A showed that the dipping

time had little impacts on the response time and bending properties (i.e., bending curvature). As the dip-

ping time increased from 20 to 60 s, the solar absorptance modulation increased from 50.5% to 76.2% while

thermal emissivity modulation decreased from 81.6% to 72.2% (Figure S7B). As discussed earlier, the op-

tical properties under dipping time of 40 s were chosen at last since they resulted in the best heating per-

formance (Figure S4). Figure S8A showed that the PE film thickness had large impacts on the response time

and bending properties. As the PE film thickness increased, the response time increased while the bending

property decreased, which further resulted in deteriorated solar absorptance and thermal emissivity mod-

ulations (Figure S8B). The PE film thickness of 40 mm was chosen at last as it led to the highest modulation

properties. Mentioned that a thinner PE film (e.g., 30 mm) was not considered since it would bend up even at

heating mode and thus it would accelerate the building heat loss, leading to deteriorated building energy

savings. Figure S9A showed that the metal layer thickness had little impacts on the response time while had

large impacts on the bending property. The thickness of 1000 nm was chosen at last since it resulted in the

highest modulation properties (Figure S9B). The tailored sample was almost flat as temperature was lower

than 25�C, while it bended up and finally formed small rolls with the further increase of temperature

Figure 2. Optical and bending properties of the heating and cooling materials

(A) Optical images of the cooling and heating materials.

(B) Tailored solar absorptance and thermal emissivity of the cooling and heating materials.

(C) Optical images of the tailored heating material in the temperature range of 10�C–45�C.
(D) Bending curvature comparisons between the experimental and theoretical results.

(E) Bending curvatures of the tailored heating material at 10�C and 45�C within 600 cycles.

(F) Open-area ratio of the rooftop covering at different temperatures.
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(Figure 2C). The bending curvature measured from the optical images kept almost zero at low temperature

(10�C, 15�C, and 20�C), while it sharply increased and then gradually stabilized as temperature increased

from 25�C to 45�C. The response time of the proposed rooftop covering was 10 s when temperature

increased from 25�C to 45�C, while the associated recovery time was 40 s as temperature decreased

from 45�C to 25�C. The measured curvatures agreed well with the theoretical results derived from Hooke’s

law (Figures 2D and S16). The slight discrepancy may be attributed to the deviations of physical parameters

(e.g., layer thickness, Young’s modulus), supporting force from the ground, neglected effect of shear force,

etc.55,56 For instance, at lower temperature (e.g., 10�C), the supporting force from the ground can offset the

bending force of the film toward the ground so that the film can still keep flat. The bending stability of the

sample was another important factor in application. The sample showed highly repeatable changes of

bending curvature as the temperature varied from 10�C to 45�C within 600 cycles (Figure 2E), indicating

high stability. Last, the open-area ratio was quantified, which was defined as the area percentage of the

cooling material covered by the heating material (see the inserted schematic in Figure 2F). A larger ratio

indicated more solar would be reflected and more infrared thermal would dissipate into the ambient,

and vice versa. The ratio was measured from the optical images, and it was highly correlated with the

bending property of the heating material (Figure 2F). Based on the tailored optical properties and the

open-area ratio, the solar absorptance and thermal emissivity of the rooftop were quantified

(Figures S17 and S18), and the associated results will be adopted in the building energy simulation.

Roof surface temperature test

The temperature-adaptive synergetic solar and thermal modulations of the proposed rooftop covering

lay the foundation of effective regulations of roof surface temperature in different seasons. We demon-

strated its temperature regulation capabilities by monitoring the temperatures of three samples (i.e.,

proposed rooftop covering, conventional cooling and heating roof materials with the same dimensions

of 7.5 cm 3 5.5 cm) under cold and hot ambient conditions, respectively. The stabilized roof surface

temperature was jointly determined by the solar absorptance and thermal emissivity of different mate-

rials/devices. The solar absorptance and thermal emissivity of the conventional cooling roof material

were 13.6% and 92.1%, respectively, while those of the conventional heating roof material were 83.7%

and 93.8%, respectively (Figure S10). The conventional heating and cooling roof materials were copper

oxide (CuO)-based and titanium dioxide (TiO2)-based roof coatings, respectively, which were widely

used in existing studies.57–59 The experimental setup was shown in Figure 3A. We controlled the ambient

temperature and adopted solar simulator to simulate the weather conditions in cold and hot seasons.

The temperature was recorded using a data record system. To improve the measurement accuracy,

two thermocouples were installed onto each sample and their average value was considered as the

roof surface temperature. The solar simulator in our lab can only simulate the solar intensity between

80 and 560 W/m2, while the ambient temperature of our lab can only be controlled between 8�C and

26�C. For simplicity, this work adopted 80 W/m2 and 8�C to simulate the cold weather, while adopted

560 W/m2 and 26�C to simulate the hot weather.

Under cold weather condition, when the simulator was on, the temperatures of the three samples sharply

increased in the beginning and stabilized afterward. The proposed rooftop covering and conventional

cooling material showed the highest (17.1�C) and lowest (11.3�C) stabilized temperatures, respectively

(Figure 3B). The reason was explained as follows. Although the solar absorptance of the proposed covering

(81%) was a little smaller than that of the conventional heatingmaterial (83.7%), the thermal emissivity of the

former (10.3%) was much smaller than that of the latter (93.8%), indicating excellent thermal insulation

capability. As a result, the temperature of the proposed covering was higher than that of the conventional

heating material. Since the conventional cooling material showed much smaller solar absorptance and

poor thermal insulation capability, it achieved the lowest stabilized temperature. Under hot weather con-

dition, when the simulator was on, the temperatures of the three samples also sharply increased in the

beginning and stabilized afterward. The proposed covering and the conventional heating material showed

the lowest (38.4�C) and highest (56�C) stabilized temperatures, respectively (Figure 3C). For the proposed

rooftop covering, the conventional heating material in the upper layer largely absorbed the strong solar

light and form small rolls once the simulator was on, which made the cooling material in the lower layer fully

exposed to the solar light. The smaller solar absorptance of the proposed covering resulted in less solar

heat absorption while the larger thermal emissivity led to more heat dissipation, making the proposed

covering achieve the lowest stabilized temperature. The conventional heating material achieved the high-

est stabilized temperature mainly due to its much higher solar absorptance.
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The outdoor experiments were also conducted to demonstrate the actual performance of the proposed

device in real weather conditions. The experimental setup was shown in Figure S11. With reference to

the existing studies,7,24,40,41 a thin PE film with high hydrophobicity and solar and infrared transparency

was covered above the proposed device to prevent it from wind disturbance and water/moisture environ-

ment. The results showed that the proposed device achieved higher and lower surface temperature than

Figure 3. Experimental tests of the proposed rooftop covering in regulating the roof surface temperature

(A) Schematic of the experimental setup in simulated weather condition.

(B) (Left) roof surface temperature profiles of the three samples in simulated cold weather condition, and (right) the

associated optical images at the stabilized state.

(C) (Left) roof surface temperature profiles of the three samples in simulated hot weather condition, and (right) the

associated optical images at the stabilized state.

(D) Surface temperature (ts) of the proposed rooftop covering, conventional cooling and heating materials in outdoor

environment recorded over a day-night cycle (the measurement was taken on Apr 05 2023 in Zhengzhou city (34.76�N
113.67�E)).
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both conventional heating and cooling materials in cold (e.g., 00:00 to 07:00) and hot (e.g., 10:00 to 16:00)

time, respectively (Figure 3D), indicating excellent building energy-saving potentials. Furthermore, we

tested the mechanical and optical properties of the proposed device before and after a longtime outdoor

application (60 days, from Apr 06 2023 to Jun 05 2023 in Zhengzhou city). The results showed that the

bending curvature, solar absorptance, and thermal emissivity of the device changed little after longtime

outdoor application (Figure S12), indicating high stability and durability.

Overall, owing to the temperature-adaptive solar absorptance and thermal emissivity, the proposed

rooftop covering achieved higher roof surface temperature than the conventional heating and cooling ma-

terials in cold seasons, while it achieved lower roof surface temperature than the two in hot seasons. Such

excellent temperature-regulation capabilities would help reduce both building heating and cooling needs

in practice.

Building energy simulation

Building energy simulations were performed to quantify the energy-saving potentials of the proposed

rooftop covering in different climate regions of China. Five cities were selected to represent these climate

regions (Figure 4A), i.e., Harbin (severe cold), Beijing (cold), Wuhan (hot summer and cold winter), Kunming

(warm/mild), and Hong Kong (hot summer and warm winter). In each city, an office building was built on the

EnergyPlus platform and its configurations were set according to the design standard.60 Based on the local

weather file derived from the weather database of EnergyPlus, we firstly calculated the temperature of the

heating material of the rooftop covering. Correspondingly, the solar absorptance and thermal emissivity of

the rooftop covering were identified. The roof surface temperature of building can be further estimated,

and it was adopted to calculate the heating/cooling degrees that quantified the difference between

roof surface temperature and indoor temperature heating/cooling setpoints. Lastly, the building en-

ergy-saving potentials can be estimated using the regression relationship between the annual accumu-

lated heating/cooling degrees and the annual heating/cooling energy savings.24,61

Here, we chose Wuhan as an example to analyze the identified optical properties, roof surface tempera-

ture, and building energy savings. As expected, large solar absorptance but small thermal emissivity

was mainly identified in cold time including cold seasons and nighttime of transition seasons (Figures 4B

and 4C) according to the quantified temperature of the heating material (Figure S13). By contrast, small

solar absorptance but large thermal emissivity was identified in hot time (e.g., from June to August). Corre-

spondingly, the proposed covering showed higher roof surface temperature tproposed than both conven-

tional heating (tconventional heating) and cooling (tconventional cooling) roof materials mainly in cold time, while

lower surface temperature than the two in hot time (Figures 4D and 4E). Particularly, as the solar absorp-

tance of the proposed covering was much smaller than that of the conventional heating material in hot

time, it resulted in significant surface temperature decrease (up to 25.6�C decrease), indicating huge cool-

ing energy-saving potentials. Taking the conventional heating and cooling roof materials as baselines,

respectively, the monthly energy savings of the proposed rooftop covering were estimated, and they all

showed positive values (Figure 4F). In cold season (e.g., January, February, and December), the proposed

material achieved higher energy savings in comparison with the cooling material mainly because the

former absorbed more solar heat and blocked infrared heat loss, resulting in less heating loads. In hot sea-

son (e.g., June, July, and August), the proposed covering achieved much higher cooling energy savings in

comparison with the heating material mainly because the former largely reflected the solar heat and led to

less building cooling loads. In total, the proposed covering achieved annual energy savings of 128 and

72 MJ/m2 in comparison with the conventional heating and cooling materials, respectively.

Lastly, the annual energy savings of the five selected cities were quantified (Figure 4G), and three features

can be drawn. First, the proposed rooftop covering achieved positive energy savings in comparison with

both conventional heating and cooling roof materials in all the five selected cities. Second, Kunming

and Harbin achieved the largest and smallest energy savings among the five cities, respectively, when tak-

ing the conventional heating material as baseline. Kunming experienced warm climate all year round and

more critically, it was located on Yunnan-Guizhou Plateau which showed much richer solar resources than

other regions. As the proposed covering presented much lower solar absorptance than the heating mate-

rial especially in hot seasons, it significantly reduced the cooling loads derived from the solar heating and

achieved the largest energy savings. Harbin was in severe cold region, and it experienced longer cold time

and lower ambient temperature than other cities. In very cold time, the upper heating material of the
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covering would bend toward the lower coolingmaterial rather than the ambient at lower temperature (e.g.,

5�C shown in Figure S14), which led to decreased solar absorptance and increased thermal emissivity, re-

sulting in limited energy savings. This was mainly because the supporting force from the ground cannot

offset the bending force of the heating material toward the ground so that the film cannot keep flat. Third,

Figure 4. Building energy savings of the proposed rooftop covering in different climate regions

(A) Classification of Chinese climate regions and the five selected cities.

(B) Identified solar absorptance and (C) thermal emissivity of the proposed rooftop covering of Wuhan. Roof surface temperature differences between the

proposed rooftop covering and the conventional.

(D) heating roof material, and (E) cooling roof material of Wuhan.

(F) Monthly and annual energy savings of the proposed rooftop covering of Wuhan.

(G) Annual energy savings of the five cities.
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Kunming and Hong Kong achieved the largest and smallest energy savings among the five cities, respec-

tively, when taking the conventional cooling material as baseline. As discussed earlier, Kunming achieved

the largest energy savings mainly due to its richer solar resources than other regions. Hong Kong was in hot

summer and warm winter region, and heating energy use accounted for a very small proportion of annual

energy use. Thus, the proposed covering achieved very limited heating energy savings. In addition, Hong

Kong was humid especially in hot seasons, which would reduce the sky radiative cooling effects,62 and lead

to limited cooling energy savings.

DISCUSSION

In this work, we developed surface temperature-adaptive rooftop covering with synergetic modulation of

solar and thermal radiation for maximum energy savings, which achieved excellent solar absorptance mod-

ulation of 72.5% and thermal emissivity modulation of 79%. Such synergetic modulation was mainly

enabled via thermal-induced bending actuation of a metalized PE film. Owing to the synergetic modula-

tion, the proposed rooftop covering can induce solar heating and suppress infrared heat loss to reduce

building heating loads in cold seasons, while it can reflect unwanted solar heat and enhance heat dissipa-

tion to reduce building cooling loads in hot seasons. Building simulation illustrated that the proposed

covering achieved year-round energy savings in all climate regions. The covering was also scalable as it

was fabricated using commonly used materials (e.g., PE film, zinc) via easy-to-be-implemented processes

(electroplating, dipping). In all, this work opens pathway to achieve surface temperature-adaptive syner-

getic modulation of solar and thermal radiation for building applications. We foresee that this concept

can be applied to other fields where radiation modulation is required under different temperatures,

such as outdoor personal thermal management,42,43 solar heat storage system.44 Mentioned that when

temperature is lower than 10�C, the upper heating material of the covering would bend toward the lower

cooling material rather than the ambient, resulting in limited heating performance. To prevent this phe-

nomenon, we propose to replace the PE film using the temperature-responsive liquid crystal,63 which

changes its length at high temperature but keeps fixed length at low temperature. Consequently, the

rooftop covering will keep flat and will not bend toward the cooling material in cold environment. As

the initial cost of the liquid crystal is much higher than that of the PE film and the liquid crystal cannot

be recycled, it should be well considered when replacing the PE film using the liquid crystal in practice.

Limitations of the study

There are twomain limitations of this work. First, it requires high initial cost andmanufacturing time. It takes

30 min to reach the required vacuum level for the magnetron sputtering, while it takes 8 min to deposit a

very thin copper layer (�5 nm) onto the PE film. Then, 5 min are taken to electrodeposit a thick layer of zinc

(�1000 nm) onto the electroconductive PE film. The metalized film is further dipped into a CuSO4 solution

for 40 s. It takes another 38 min to coat copper layer (�5 nm thickness) onto another side of the PE film. The

whole process takes about 82 min. The sputtering is charged 100 HKD (�25 USD), while the other cost is

only 10 HKD (�1.25 USD). Future work should explore fabrication methods to avoid the vacuum tools for

reducing the manufacturing time and costs. Second, at low temperature, although the metalized PE film

(upper layer) can cover the whole BaSO4 paint (bottom layer) for heating, the thermal contact between

the upper and bottom layers may not be good enough due to the existence of air gap, thereby hampering

the heating performance of the proposed device. It is an inherent issue of this work and needs further

investigation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

There are no experimental model and subject details to be reported.

METHOD DETAILS

Preparation of the temperature-responsive heating material

A very thin copper layer (�5 nm) was firstly deposited onto the polyethylene (PE) film usingmagnetron sput-

tering (MAT 400). The coating thickness was controlled by tuning the sputtering power and time. Then, a

thick layer of zinc (�1000 nm) was electrodeposited onto the electroconductive film. The plating bath con-

tained 350 g/L zinc sulfate (99%, Dieckmann), 25 g/L sulfuric acid (99.5%, Sigma Aldrich), and 20 mL/L ad-

ditive (Bigely, 99%). The layer thickness was controlled by tuning the input current and plating time. The

metalized filmwas further dipped into a copper sulfate (CuSO4) solution, washed using deionized (DI) water

and dried. At last, a very thin layer (�5 nm) of copper was deposited onto another side of the PE film using

magnetron sputtering.

Bending property measurement

The bending property of the temperature-responsive heating material was quantified within a small envi-

ronmental chamber (YG(B)606G, Wenzhou Darong), which can maintain different cold and hot ambient

temperatures. The sample was placed onto a white paper, and one end of the sample was fixed using glass

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Low-density polyethylene film Wangshi packaging Co. Ltd. NA

Copper target SANTE metal NA

Barium sulfate Macklin CAS#7727-43-7

Zinc sulfate Dieckmann CAS#7446-20-0

Sulfuric acid Sigma Aldrich CAS#7664-93-9

Copper sulfate Sigma Aldrich CAS#7758-98-7

Software and algorithms

ABAQUS 3DEXPERIENCE Company https://www.3ds.com/products-services/

simulia/products/abaqus/

EnergyPlus Department of Energy of US https://energyplus.net/
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sheet. Optical images of the sample were taken at different temperatures of 10, 15, 20, 25, 30, 35, 40�C and

45�C respectively when the sample reached the thermal equilibrium state. We recorded the bending cur-

vature and open-area ratio of the sample by analyzing the images using ImageJ software.

Finite-element modeling of the temperature-responsive material

A three-dimensional finite-element model is constructed to demonstrate the bending actuation of the

temperature-responsive material using the thermal module in the ABAQUS software. The material

with simplified bilayer structure is rectangular, and one end of the material is fixed. The upper layer is

the zinc metal with thickness of 1000 nm while the lower layer is the polyethylene (PE) film with thickness

of 0.4 mm. The Young’s modulus of the zinc layer and PE film are set as 105 Gpa, 0.2 Gpa respectivley.

The Poisson’s ratio of the zinc layer and PE film are set as 0.38 and 0.4 respectivley. The thermal expan-

sion coefficients of the zinc layer and PE film are set according to the thermal expansion ratio and tem-

perature difference.

Preparation of roof surface temperature measurements

The test cell (13 cm 3 10 cm 3 8 cm) covered with aluminum foil was made using white extruded poly-

styrene (XPS) sheet. On the top surface of each test cell, a hole of 7.5 cm 3 5.5 cm was cut from the foil

and the sample was placed into the hole. Solar simulator (SOL 500/1200/2000) installed above the test

cells were adopted to simulate the solar light. Two K-type thermocouples were installed onto the sample

to measure the surface temperature, and the data were recorded using a data record system at a time

interval of 5s.

Building simulation using EnergyPlus

An office building (10 3 10 3 3 m) was built in EnergyPlus for each city. The indoor heating and cooling

setpoints were set as 22�C and 25�C, respectively. The other configurations (e.g., U-value of envelope)

of the building was set according to the design standard.60 In each city, the typical meteorological year

(TMY) weather data were derived from the weather database. The single-year building energy simulations

were then conducted to obtain the roof surface temperature and building energy demands under different

sets of roof optical properties. The results would be adopted to quantify the regression relationship be-

tween the accumulated heating/cooling degrees and the annual energy savings.

Measurements of linear thermal expansion ratio

In this study, the thermal expansion ratio of the PE film (Figure S15) was measured using a thermal mechan-

ical analyzer (Mettler Toledo TMA/SDTA1), while that of the metal layer was obtained from the ref. 48 and

64. The film was prepared in regular shape (20 mm 3 4 mm) and attached onto two hooks along the length

direction. During the test, a small tensile force of 0.05 N was applied on the film to ensure the film keep

straight. The temperature scan was performed at 2�C/min. Taking the length at 20�C (l20) as a reference,

the linear thermal expansion ratio at each temperature t was calculated as (lt - l20)/l20, where lt is the length

of film at temperature t. The thermal expansion coefficient used in the numerical simulation can be ob-

tained according to the thermal expansion ratio and temperature difference.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identification of the optimal optical properties

The solar absorptance affects the solar absorption of the material while the thermal emissivity affects the

infrared heat loss of the material through sky radiative cooling. To identify the optimal solar absorptance

and thermal emissivity, we assume the material to achieve thermal equilibrium under solar absorption and

sky radiative cooling. The associated equations at the thermal equilibrium state are shown below.24

qsolar = qthermal (Equation 1)

qsolar = Ats,I (Equation 2)

qthermal = εts,s
�
ðts+273:15Þ4 � �

tsky+273:15
�4�

(Equation 3)

where, qsolar and qthermal are the solar absorption and infrared heat loss through sky radiative cooling res-

pectively. Ats and I are the solar absorptance (unit: %) and the global solar radiation (unit: W/m2) respectively.
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εts is the thermal emissivity (unit: %). s is the Stefan-Boltzmann constant (5.6703744193 10�8 W/m2/K4). ts and

tsky are the surface temperature (unit: �C) and sky temperature (unit: �C) respectively.

The global solar radiation and sky temperature of (200 W/m2, 0�C) and (800 W/m2, 25�C) are chosen as ex-

amples to identify the optimal optical properties of the heating material and cooling material, respectively.

By substituting the known parameters into Equations 1, 2, and 3, the associated surface temperature can be

obtained and the optimal optical properties will be identified accordingly.

Bending curvature calculation of the temperature-responsive heating material

Figure S16 shows the schematic of the bended heating material at the equilibrium state. Note that as the

Cu nanoclusters randomly disperse onto the Zn layer rather than forming dense metal layer,52 they have

little impacts on the bending properties of the heating material, and thus they are not considered in the

theoretical analysis. The displacement constraint is set at one end of the structure (i.e., left end of the ma-

terial in Figure S16). In each layer the relationship between normal stress s and total strain ε can be ob-

tained using the Hooke’s law.65

s = E0�
ε � n0ε0

�
(Equation 4)

where, E0 is equal to E/ ð1 � n2Þ, in which E and n are the Young’s modulus and Poisson’s ratio respectively;

n0 is equal to 1+ n; ε0 is the original strain before being restricted by the four-layer structure.

The total strain ε in the four-layer structure is linearly proportional to the y coordinate as follows.66

ε =
y � ya

R
+b (Equation 5)

where, ya is the y coordinate of the location where the bending strain component is zero; R is the bending

radius of the four-layer structure; b is the uniform strain component.

The expression of the normal stress s can be obtained by substituting Equation 5 into Equation 4.

s = E0
�y � ya

R
+ b � n0ε0

�
(Equation 6)

There are three unknown parameters including ya, b and R. As the structure is at equilibrium state, the force

due to bending and uniform strains as well as the bending moment should be zero.67,68 This leads to the

three following equilibrium equations.

X4

i = 1

Zyi
yi� 1

Ei
0ðy � yaÞ

R
dy = 0 (Equation 7-1)

X4

i = 1

Zyi
yi� 1

Ei
0�b � ni

0
ε
0
i

�
dy = 0 (Equation 7-2)

X4

i = 1

Zyi
yi� 1

Ei
0
�y � ya

R
+ b � ni

0
ε
0
i

�
ðy � yaÞdy = 0 (Equation 7-3)

In the integration process, y0, y1, y2, y3 and y4 are set as 0, t1, t1+t2, t1+t2+t3 and t1+t2+t3+t4 respec-

tively according to Figure S16. We obtain the solutions of parameters ya, b and R by solving these

equations.

ya =

P4
i = 1E

0
i tiðyi+yi� 1Þ

2
P4

i = 1E
0
i ti

(Equation 8-1)

b =

P4
i = 1E

0
i tini

0
ε
0
iP4

i = 1E
0
i ti

(Equation 8-2)
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R =
2
P4

i = 1E
0
i ti½yi2+yiyi� 1+yi� 1

2 � 3yaðyi+yi� 1 � yaÞ�
3
P4

i = 1E
0
i tiðyi+yi� 1 � 2yaÞðb � ni 0ε0i Þ

(Equation 8-3)

After conducting complex algebraic transformations, we obtain the bending radius R of the four-layer

structure as follows.

R =

fE1
02t1

4+E2
02t2

4+E3
02t3

4+E4
02t4

4+2E1
0E2

0t1t2
h
2ðt1+t2Þ2 � t1t2

i
+2E1

0E3
0t1t3

h
2ðt1+t3Þ2 � t1t36t2ðt1+t2+t3Þ

i
+2E1

0E4
0t1t4

h
2ðt1+t4Þ2 � t1t4+6ðt2+t3Þðt1+t2+t3+t4Þ

i
+2E2

0E3
0t2t3

h
2ðt2+t3Þ2 � t2t3

i
+2E2

0E4
0t2t4

h
2ðt2+t4Þ2 � t2t4+6t3ð+t2+t3+t4Þ

i
+2E3

0E4
0t3t4

h
2ðt3+t4Þ2 � t3t4

io

6

"
E1

0E2
0t1t2ðt1+t2Þ

�
n1

0
ε
0
1 � n2

0
ε
0
2

�
+E1

0E3
0t1t3ðt1+2t2+t3Þ

�
n1

0
ε
0
1 � n3

0
ε
0
3

�
+E2

0E3
0t2t3ðt2+t3Þ

�
n2

0
ε
0
2 � n3

0
ε
0
3

�
+E1

0E4
0t1t4ðt1+2t2+2t3+t4Þ

�
n1

0
ε
0
1 � n4

0
ε
0
4

�
+E2

0E4
0t2t4ðt2+2t3+t4Þ

�
n2

0
ε
0
2 � n4

0
ε
0
4

�
+E3

0E4
0t3t4ðt3+t4Þ

�
n3

0
ε
0
3 � n4

0
ε
0
4

�
#

(Equation 8-4)

where, the subscripts 1, 2, 3 and 4 represent the copper layer in the bottom, polyethylene film, copper layer

above the polyethylene film, and zinc layer, respectively.

Last, the bending curvature K can be obtained using the following equation.

K =
1

R
(Equation 8-5)

Quantification of temperature-adaptive optical properties of the proposed rooftop covering

The temperature-adaptive solar absorptance At and thermal emissivity εt of the proposed rooftop covering

(Figure 1A) are jointly determined by the tailored optical properties of the heating and cooling materials

(Figure 2B), and the temperature-dependent open-area ratio rt (Figure 2F). At and εt are quantified using

Equations 9 and 10. Particularly, when the temperature of the heating material is equal or higher than

30�C, At and εt will be quantified using the optical properties of the heating material of the back side (Fig-

ure S17) as the back faces the outside.

At = Acooling , rt + Aheating,ð100% � rtÞ (Equation 9)

εt = εcooling , rt + εheating,ð100% � rtÞ (Equation 10)

where, Acooling and Aheating are the solar absorptance of cooling and heating materials respectively, while

εcooling and εheating are the thermal emissivity of cooling and heating materials respectively.

When temperature is lower than 10�C, the polyethylen (PE) film would largely contract and make the heat-

ing material bend toward the cooling material rather than the ambient (Figure S14). In this case, part of the

cooling material would expose to the ambient, resulting in decreased solar absorptance and increased

thermal emissivity for the proposed covering. With the further decrease of temperature, the PE film would

further contract and the bending curvature (absolute value) of the heating material would again increase

according the theoretical analysis. Here we assume the bending curvature of the heating material at tem-

perature 5�C or lower value would reproduce the curvature at temperature 25�C or higher value, and the

associated open-area ratio at the temperature of �15�C–5�C is symmetrical to that at the temperature of

25�C–45�C. We measured the open-area ratios of the covering at the temperature of 0�C (81%) and 5�C
(5.5%), and found they agreed well with the assumed results at 0�C (76.7%) and 5�C (4.0%). Thus, we

consider the assumption is reliable, and utilize such estimated open-area ratios (Figure S18A) to quantify

the optical properties of the rooftop covering at lower temperature (Figure S18B).

Estimations of building energy savings

The building energy savings of the proposed rooftop covering are estimated as follows. On one hand, we

firstly assume the heating material on the upper layer keep flat and quantify its stabilized temperature.

Then, the solar absorptance and thermal emissivity of the proposed rooftop covering are identified accord-

ing to the temperature of the heatingmaterial. With the optical properties given, the stabilized roof surface

temperature is estimated. On the other hand, existing studies have proved that the change of roof

surface temperature is highly correlated with the building energy savings, and the relationship can be

quantified using linear regression model.24,61 Thus, building energy simulations using EnergyPlus are con-

ducted to obtain the roof surface temperature and building energy use in order to quantify the regression
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coefficients. At last, building energy savings of the proposed rooftop covering are obtained on basis of the

estimated roof surface temperature and the regression model.

The temperature of a surface ts (
�C) with given solar absorptance and thermal emissivity at the thermal

equilibrium state can be estimated according to the adiabatic approximation, assuming negligible heat

exchange with the underlying structure.24,69 The equation at the thermal equilibrium state as well as

each term of the equation are shown as follows.

qsolar � qthermal � qconvective = 0 (Equation 11)

qconvective = hconvectiveðts � taÞ (Equation 12)

where, qconvective is the convective heat loss. hconvective is the convective heat transfer coefficient. In practice,

the sky temperature tsky (see Equation 3) is derived from the following equations.70

tsky = ε
1=4
sky ,ta (Equation 13)

εsky =

�
0:787 + 0:764 , ln

�
td+273:15

273:15

��
,
�
1:0 + 0:0224 ,CF � 0:0035 ,CF2 + 0:00028 ,CF3

�
(Equation 14)

where, εsky is the sky emissivity; td is the dewpoint temperature (�C), CF is the cloud cover ratio.

We define hourly heating degree Dheat,i=(Tset, heating – Ts,i)
+ and cooling degree Dcool,i=(Ts,i – Tset, cooling)

+,

where DT+ = DT if DT > 0, or 0 otherwise. Tset, heating, Tset, cooling and Ts,i are the indoor heating setpoint

(22�C), indoor cooling setpoint (25�C) and roof surface temperature, respectively. The annual accumulated

heating degrees and cooling degrees are denoted as Dh and Dc respectively, while the building heating

energy use and cooling energy use are denoted as Eh and Ec, respectively. The heating energy saving

DEh and cooling energy saving DEc are highly correlated with the reductions of the accumulated heating

degrees DDh and cooling degrees DDc, respectivley.
24,61

DEh = khDDh (Equation 15)

DEc = kcDDc (Equation 16)

DE = DEh +DEc (Equation 17)

where, kh and kc are the linear regression coefficients, and DE is the annual energy saving.

Building energy simulations on EnergyPlus platform are conducted using the roof material with five

different sets of optical properties (solar absorptance, thermal emissivity), i.e., (0.9, 0.9), (0.5, 0.9), (0.1,

0.9), (0.1, 0.5) and (0.1, 0.1). Taking the associated results of (0.9, 0.9) as baseline, four sets of kh and kc
are quantified according to Equations 15 and 16, and their average values are adopted to estimated the

cooling and heating energy savings respectively. The quantification process is conducted for the five

selected cities (i.e., Harbin, Beijing, Shanghai, Kunming and Hong Kong), and the annual energy saving

of each city can be obatined at last.

Quantification of solar and thermal optical properties

The spectral solar optical properties of samples including solar reflectance (rsolar, l) and transmittance

(tsolar, l) were firstly measured using a spectrometer (Shimadzu UV-2450 & IR-21) with an integrating

sphere. Then the total solar reflectance Rsolar and transmittance Tsolar are obtained by integrating

rsolar, l and tsolar, l within the solar spectrum (Equations 18 and 19). The total solar absorptance (Asolar)

was calculated according to the energy balance law Asolar = 100% - Rsolar - Tsolar. The spectral thermal op-

tical properties of samples including thermal reflectance (rthermal, l) and transmittance (tthermal, l) were

measured using a Fourier transform infrared (FTIR) spectrometer (PerkinElmer Spectrum 100, 2.5–15 mm)

with a gold integrating sphere. Then the total thermal reflectance Rthermal and transmittance Tthermal are

obtained by integrating rthermal, l and tthermal, l within the infrared thermal spectrum (Equations 20 and

21). The total thermal emissivity (ε) of the sample was calculated according to the Kirchhoff’s law of thermal

radiation ε = 100% - Rthermal - Tthermal.
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Rsolar =

R 2:5mm

0:3mm rsolar ;lIsolar ;ldlR 2:5mm

0:3mm I0ldl
3 100% (Equation 18)

Tsolar =

R 2:5mm

0:3mm tsolar ;lIsolar ;ldlR 2:5mm

0:3mm I0ldl
3 100% (Equation 19)

Rthermal =

R 15mm

2:5mm rthermal;lEbla;ldlR 15mm

2:5mm Ebla;ldl
3 100% (Equation 20)

Tthermal =

R 15mm

2:5mm tthermal;lEbla;ldlR 15mm

2:5mm Ebla;ldl
3 100% (Equation 21)

where, Isolar, l and Ebla, l are the spectral solar intensity (AM1.5G) and spectral blackbody radiative power at

300 K.

The solar absorptance modulation and thermal emissivity modulation were quantified by calculating the

absolute difference of the optical properties at the high temperature and low temperature.

ADDITIONAL RESOURCES

There are no additional resources to be reported.
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