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Abstract  

Taking the frigid outer space as the heat sink, a terrestrial body can cool itself to a sub-ambient 

temperature via radiative sky cooling (RC) scheme. However, poor seasonal and regional adaptabilities 

and low cooling power density of the RC technology confine its effective applications only in hot 

seasons and regions with RC-friendly ambient conditions. Similarly, a solar thermal collector cannot 

work at night and is of little value when heat is needless. To tackle these challenges, a hybrid solar 

photothermic and radiative cooling (PT-RC) collector equipped with a rotatable absorber/emitter panel 

is proposed and experimentally investigated. This dual-mode collector can flexibly switch between PT 

and RC to match specific energy demands in different scenarios. The daily solar thermal efficiency of 

the PT-RC system at zero-reduced temperature reached 50.4%, a typical level of flat-plate solar water 
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heating systems. The PT-RC system could not provide cooling energy during most daytime hours. 

However, the system could easily achieve nighttime cooling, with the cooling power of the collector 

decreasing from about 60 to 50 W/m2 as the circulated water being continuously cooled down from 

around 20 to 12 °C. The average nocturnal cooling power of the PT-RC collector ranged from 30.5 to 

57.5 W/m2 in a multi-night RC test. This rotatable PT-RC collector offers a new strategy to flexibly 

deliver heat and coldness in a renewable and environmental-friendly manner and shows the potential 

of smart thermal management in buildings, vehicles, agriculture, etc. 

Keywords: solar energy; solar collector; radiative cooling; passive cooling; rotatable. 

1. Introduction 

Heating and cooling demands in modern society, for example, in the building sector, have been 

expanding significantly, which are responsible for massive energy consumption [1, 2]. Although 

whether human activities such as fossil fuel consumption have caused global warming is still under 

debate [3, 4], it is indisputable that energy shortage has posed a huge challenge to the sustainable 

development of human society. Therefore, further advancing renewable and sustainable energy 

technologies is becoming increasingly imperative. The sun (~5800 K) and the deep universe (~3 K) 

are respectively the natural heat source and sink for the earth, providing renewable energy solutions 

for building energy-saving [5, 6]. 

Solar thermal collection is a well-handled solar energy technology that has been widely applied in 

domestic water heating [7], space heating [8], crop drying [9], power generation [10], etc. The 

mechanism of solar photothermic (PT) conversion is quite simple; namely, a solar receiver containing 

backside thermal carrier channels traps solar photons that finally dissipate into heat [11]. To achieve 

the highest possible photon-to-thermal conversion efficiency, the receiver should show very high 
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absorptivity in the whole solar spectrum (i.e., 0.2–3 µm). Meanwhile, the receiver is expected to lose 

minimal thermal energy to hit a higher overall thermal efficiency, which requires the receiving surface 

to present the lowest possible spectral emissivity aside from the solar radiation band (above 3 µm) 

[12]. The well-developed solar selective absorbing coating, usually being coated to the receiver 

substrate through magnetron sputtering [13], physical vapour deposition [14], or electrochemical 

deposition [15], etc., enables the solar receiver to strictly follow the required spectral selectivity and 

to reach a high-level PT efficiency [16]. 

Radiative cooling (RC), on the other hand, is still at its early developing stage either in the research 

or industrial communities, though it was recognized as a passive cooling strategy back to several 

centuries ago [17]. An RC emitter gains cooling energy by radiatively dumping heat to the cold sky 

through the well-known “atmospheric window” lying in between 8 and 13 µm [18]. Quite different 

from the spectral selectivity of a PT absorber, the RC emitter should exhibit high spectral emissivity 

within the “atmospheric window” to strongly dissipate heat to the sky, and simultaneously the emitter 

should show very low spectral absorptivity outside the “atmospheric window” if larger ambient-

emitter temperature gap is targeted [19, 20]. In particular, given that the cooling load gets higher during 

the daytime with intensive solar radiation in some scenarios (e.g., official buildings, shopping malls), 

RC devices are expected to provide coldness even during peak solar hours [21]. Fortunately, with very 

recent advancements in material sciences and technologies, delivering a spectrally near-ideal RC 

emitter capable of realizing an all-day sub-ambient cooling effect becomes accessible [22, 23]. 

Though the PT and RC technologies are two attractive routes to provide renewable thermal energy, 

they still face some challenges and limitations in real-world applications, e.g., building energy-saving. 

The first comes to the inherent low cooling flux of the RC mechanism compared to typical cooling 
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technologies such as vapor compression refrigeration [24]. The RC flux at room temperature is around 

120 W/m2 theoretically, and can easily shrink to half or even less under real circumstances [25], which 

is a huge barrier for widespread use of this cooling technology taking the cost into consideration. The 

second challenge is the poor flexibility of typical stand-alone PT and RC collectors in terms of thermal 

regulation. Unlike the sophisticated all-day RC emitter that can provide cooling energy continuously, 

a spectrally-static solar absorber is out of work at night due to the lack of solar radiation. Such 

operation discontinuity is generally associated with a long pack back period for a solar thermal system. 

Besides, a solar thermal collector cannot provide coldness and may even bring an adverse effect of 

burdening building cooling load on hot days as it will always absorb solar energy when exposed to 

sunlight [26]. Similarly, a spectrally-static RC emitter cannot deliver heat and may even cause an 

undesired cooling effect on cold days, which cannot well match the dynamic energy demands in 

buildings located in four-season regions [27]. Therefore, a solar heater or radiative cooler may be of 

little value in some months of a year in most areas across the world. Such poor seasonal adaptability 

further lowers their running frequency and prolongs the payback period. Considering the commonality 

between PT and RC mechanisms in renewability and extraterrestrial nature, and the complementarity 

concerning their operation periods (hot days vs. cold days, daytime vs. mostly nighttime), types of 

energy outputs (heat vs. coldness), as well as their aforementioned superiorities and practical 

limitations, it is of significance and possibility to integrate them into a single apparatus to increase 

operating availability and provide thermal energy in tune with the specific energy demand.  

The concept of integrating daytime solar heating and nighttime radiative cooling by applying a 

spectrally-coupled absorber/emitter was firstly introduced by Matsuta et al. [28] and then developed 

by Hu et al. [29, 30]. A hybrid daytime solar heating and nighttime radiative cooling collector shows 
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the capability of work day and night with better seasonal adaptability, but its daytime solar thermal 

efficiency weakens due to the high emissivity in the “atmospheric window” for radiative cooling. Chen 

et al. [31] deployed a vacuum device to simultaneously conduct solar heating and radiative cooling 

with a mid-infrared transparent solar absorber setting above a radiative emitter, but the stagnation 

temperature of the absorber is only up to 24.4 °C higher than the ambient temperature under intensive 

solar radiation, indicating that the solar thermal performance of the absorber is poor. In fact, for the 

purpose of realizing daytime solar heating and radiative cooling simultaneously, the solar absorber 

temperature should be depressed within a low level to avoid radiating overmuch heat to the radiative 

emitter [32]. 

Therefore, combining solar heating and radiative cooling in a single collector but remaining the 

same level of heating and cooling performance is challenging and needs to be further developed. In 

typical solar thermal collectors, the solar absorber panel is structurally fixed and coated by a layer of 

solar selective absorbing coating only on the sun-facing side while leaving the other side untreated and 

untapped [33, 34]. Therefore, if taking advantage of the anti-sunward surface of a solar absorber panel 

by covering it with a layer of radiative cooling material, and rolling over the panel in some way when 

cooling is needed, we can realize PT and RC flexibly in a single collector without diminishing the PT 

or RC capacity. Such dual-nature enables the collector to efficiently carry out either solar heating or 

radiative cooling in line with dynamic energy demands. In the present study, we designed and 

manufactured such a rotatable photothermic and radiative cooling (PT-RC) collector. Furthermore, we 

deployed an outdoor PT-RC testing rig to quantitively characterize the thermal performance of the 

rotatable PT-RC system in solar heating and radiative cooling modes. 

2. Rotatable PT-RC system 
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The rotatable PT-RC collector is arranged as a flat-plate structure which mainly includes a 

transparent cover, a rotatable PT-RC panel, ten groups of branch copper tubes, two manifold copper 

tubes, and a stretchable thermal insulation layer, and several frames. Fig. 1 illustrates the cross-section 

view of the rotatable PT-RC collector. A 6 μm-thick polyethylene (PE) film is employed as the 

transparent cover of the collector to suppress convective heat exchange between the panel and ambient 

air. The rotatable PT-RC panel, consisted of ten strips of sub-PT-RC panels, is coated with a solar 

selected absorbing coating on one surface while a radiative cooling layer (provided by Ningbo Radi-

Cool Advanced Energy Technologies Co., Ltd) on the opposite surface. The spectral properties of the 

two surfaces, namely, the solar absorber (PT side) and the radiative emitter (RC side), are shown in 

Fig. 2. The solar absorber shows a high absorptivity in the solar spectrum and a low emissivity in the 

rest bands, indicating an excellent solar thermal performance. In contrast, the radiative emitter presents 

a low solar absorptivity and a high thermal emissivity, suggesting a good radiative cooling capacity. 

Ten groups of concentric copper tubes, with the outer tubes being welded on the RC side of the panel 

and the inner ones being connected with the two manifold copper tubes evenly, are acted as the heat 

conductor. The internal diameter of the outer tube is only slightly greater than the external diameter of 

the inner tube. This design enables the PT-RC panel, together with the outer tubes, to rotate freely 

around the inner tubes and effectively transfer heat or coldness to the water flow passed through the 

inner tube. The rotation is manual in this proof-of-concept study. However, in real-world applications, 

automatic or gearing schemes can be involved to achieve more advanced rotation. With a thickness of 

50 mm and thermal conductivity of 0.046 W/(m2·K), the thermal insulation layer is placed at the 

bottom of the collector to suppress the backward heat loss of the PT-RC panel. A list of some key 

structural and thermophysical parameters of the PT-RC collector is shown in Table 1. 
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Fig. 1. Cross-section view of the rotatable PT-RC collector working in (A) solar heating mode and (B) radiative 

cooling mode. 
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Fig. 2. Spectral properties of the solar absorber (PT side) and radiative emitter (RC side). The curves are smoothed 

using Origin 2020. The normalized AM 1.5 solar spectrum and typical transmissivity of the atmospheric window 

are plotted for reference. 

Table 1. Some key structural and thermophysical parameters of the PT-RC collector. 

Components Parameters Values 

Cover (PE film) Length (m) 1.95 

 Width (m) 0.96 

 Thickness (μm) 6 

PT-RC panel (aluminum sheet as substrate) Solar absorptivity (PT side) 0.951 

 Solar absorptivity (RC side) 0.135 

 Thermal emissivity (PT side) 0.088 

 Thermal emissivity (RC side) 0.927 

 Thickness (mm) 0.6  

Branch copper tube External diameter of inner tubes (m) 0.01  

 Internal diameter of inner tubes (m) 0.008  

 External diameter of outer tubes (m) 0.013 

 Internal diameter of outer tubes (m) 0.011  

 Number 20 

 Center distance between groups (m) 0.096 

Manifold copper tube External diameter (m) 0.02 

 Internal diameter (m) 0.018  

 Number 2 

Backside thermal insulation Thermal conductivity (W·m-1·K-1) 0.046  

 Thickness (m) 0.05  

Air gap between the cover and panel Height (m) 0.04  

As shown in Figs. 3 and 4, the rotatable PT-RC system is formed by connecting the PT-RC 

collector with a 120 L circulation water tank using two thermal-insulated water pipes. The water tank 

act as a hot storage tank in solar heating mode and a cold storage tank in radiative cooling mode. In 

real-world applications, however, it may be better to arrange two separate water tanks for the system 

to store heat and coldness, respectively. The water flow circulates continuously in the closed water 

loop during each test. Thus, the water temperature in the tank can be gradually heated up in solar 

heating mode or cooled down in radiative cooling mode. The PT-RC collector is placed due south on 

iron support with an inclination angle of 32° which is equal to the local (Hefei, China) latitude. A water 

pump, a water flowmeter, and a valve are arranged on the water pipe. Two platinum resistors are 

respectively installed at the inlet and outlet of the PT-RC collector to measure the inlet and outlet water 
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temperatures. Five thermocouples are connected with the PT-RC panel along the water flow direction 

to monitor the panel temperature. Another five thermocouples are inserted in the water tank evenly 

along the height to measure the average water temperature. One more thermocouple is placed in a 

nearby thermometer shelter to record the ambient temperature. A pyranometer is installed on the iron 

support with the same inclination angle to measure solar irradiance. An anemometer is set nearly to 

monitor the ambient wind velocity. All measured data were recorded by a data logger every 10 seconds. 

Testing and monitoring devices involved in the PT-RC experimental system and their uncertainties are 

listed in Table 2. 

 

Fig. 3. Schematic of the rotatable PT-RC experimental system. 
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Fig. 4. In-situ experimental setup of the rotatable PT-RC system working in (A) solar heating mode and (B) 

radiative cooling mode. The experimental system is located on the rooftop of a building in the University of 

Science and Technology of China, Hefei, China. 

Table 2. List of testing and monitoring devices in the rotatable PT-RC experimental system. 

Device Specification Uncertainty 

Pyranometer  TBQ-2A  ± 2%  

Anemometer HSTL-FS01 ± 0.2 m/s 

Water flowmeter  LWGY-C ± 0.5%  

Thermocouple  Type T ± 0.5 °C  

Platinum resistor OMEGA-PT100  ± (0.03+0.001| t |) °C  

Data logger  HIOKI LR8450  / 

3. Performance indicators 

Attributed to the rotatable structure, the PT-RC system can operate in either solar heating or 

radiative cooling modes in line with weather conditions and energy demands. 

In solar heating mode, the daily average thermal efficiency of the rotatable PT-RC system is set 

as the performance indicator, which is the total heat gain of water in the water tank divided by the total 

incident solar energy during the test, expressed as: 

 w w_end w_starttotal
th

c c

Mc T TQ

GA GA



                                                      (1) 

where Qtotal signifies the total heat gain of water in the water tank during the test, J; G is the total 
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incident solar energy per square meter, J/m2; Ac is aperture area of the PT-RC collector, m2; M is the 

mass of water in the water tank, kg; cw is the specific heat capacity of water, J/(kg·K); and Tw_start and 

Tw_end are correspondingly the water temperature in the tank at the start and end of the test, K. 

In radiative cooling mode, the instantaneous cooling power of the PT-RC collector and the total 

cooling energy gain of the PT-RC system are set as two performance indicators. 

The instantaneous cooling power of the PT-RC collector is defined as the dissipated heat of the 

water flow passing through the collector, expressed as: 

 w w_in w_out

cooling

c

mc T T
P

A


                                                          (2) 

where m  is the mass flow rate of the water flow, kg/s; and Tw_in and Tw_out are respectively the water 

temperature at the inlet and outlet of the collector, K. 

The total cooling energy gain of the PT-RC system is the total cooling energy gain of water in the 

tank during the test, expressed as: 

 cooling w w_start w_endQ Mc T T                                                         (3) 

4. Results and discussion 

4.1. Solar heating mode 

4.1.1. Single-day solar heating test 

Firstly, the rotatable PT-RC system running in solar heating mode was measured. Fig. 5 presents 

the weather data on a typical day and the water temperature variations in the water tank and at the inlet 

and outlet of the PT-RC collector during the test. The sum of incident solar energy was 39.4 MJ, and 

the average ambient temperature was 24.8 °C. The initial water temperature in the water tank (21.0 °C) 

was only slightly higher than the ambient temperature (18.6 °C). As time went on, the temperature gap 
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between the water and ambient air enlarged, with the water temperature ending at 60.8 °C, which is 

34.2 °C higher than the ambient temperature. The water temperature plateaued or even slightly 

decreased during the last half-hour of the test (bluish area), attributed to the weak and sharply declined 

solar intensity and large thermal loss of the system. Unlike a solar photovoltaic/thermal system which 

can still generate electricity even though the solar radiation is poor, it is recommended to stop the 

operation of the rotatable PT-RC system earlier to save pump power consumption. In real-world 

applications, the pump in most solar water heating systems can be turned on/off automatically 

depending on inlet-out let temperature difference of the collector field, storage tank, etc. The thermal 

efficiency of the system during the test was recorded at 51.6% and could increase to 53.3% if the 

system was shut down at 15:30.  

 

Fig. 5. Weather data and water temperature profile of the rotatable PT-RC system on October 20th, 2019 in Hefei, 

China. 

4.1.2. Multi-day solar heating test 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



As the weather condition and initial temperature difference between the water in the tank and 

ambient air will influence the thermal performance of a solar thermal system, we conducted multi-day 

testing on several sunny or mostly sunny days to eliminate this influence and reveal the thermal 

efficiency of the rotatable PT-RC system at different reduced temperatures  w_start aT T H  , which is 

a more rigorous performance indicator for a solar thermal system. Tw_start and 
aT  are respectively the 

initial water temperature in the tank and the average ambient temperature during the test, K; and H´ is 

the total incident solar energy per square meter, MJ/m2. 

The test period on each testing day was 8:00 to 16:00. The thermal efficiency of the system at 

different reduced temperatures is plotted in Fig. 6, with more detailed experimental data presented in 

Table 3. According to the fitting curve in Fig. 6, the linear regression equation for thermal efficiency 

can be expressed as Eq. (4), in which 50.4% is the thermal efficiency of the rotatable PT-RC system at 

zero-reduced temperature (when the initial water temperature in the water tank equals the average 

ambient temperature during the test, i.e.,  w_start a =0T T H  ); and 0.125 is the heat loss coefficient 

of the system. With a thermal efficiency of over 50% at zero-reduced temperature, we can conclude 

that, though the spectral property of the cover material (PE film) is different from the glass cover in 

typical solar collectors, the thermal performance of the rotatable PT-RC system is comparable to that 

of typical flat-plate solar water heating systems [29, 35] and much higher than that of the spectrally-

coupled PT-RC system (38.6%) in our previous work [29]. 

w_start a

th 0.504 0.125
T T

H



 


                                                    (4) 
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Fig. 6. The thermal efficiency of the PT-RC system at different reduced temperatures in a multi-day solar heating 

test. 

Table 3. Multi-day solar heating testing results (data from 08:00 to 16:00). 

Day No. 
H 
(MJ) 

aT  

(°C) 

Tw_start 

(°C) 

Tw_end 

(°C) 

 w_start aT T H   

(K·m2/MJ) 

wT  

(°C) 
th  

(%) 

1 39.4 24.8 21.0 60.8 -0.181 39.8 51.6 

2 35.0 24.7 29.5 60.8 0.259 31.3 45.7 

3 31.9 23.0 26.8 57.2 0.228 30.4 48.7 

4 30.5 24.1 23.5 54.8 -0.0377 31.3 52.3 

5 33.3 20.6 23.9 56.2 0.186 32.3 49.6 

6 32.8 22.5 31.4 60.3 0.515 28.9 44.9 

7 36.1 23.6 20.5 57.4 -0.160 36.9 52.1 

8 36.2 24.8 32.5 64.7 0.403 32.2 45.3 

9 29.9 24.9 20.7 51.7 -0.269 31.0 53.0 

10 24.1 22.6 31.7 51.3 0.712 19.6 41.4 

11 32.1 23.2 32.1 59.7 0.528 27.6 43.8 

12 28.0 20.5 33.1 54.2 0.854 21.1 38.5 

13 32.0 19.8 18.8 50.8 -0.0540 32.0 50.9 

4.2. Radiative cooling mode 

4.2.1. Consecutive 32-hour radiative cooling test 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



By rotating the PT-RC panel with the RC side facing the sky, the cooling performance of the 

rotatable PT-RC system was measured in a consecutive 32-hour period, during which the sky was very 

clear both in daytime and nighttime. Experimental results revealed that the PT-RC collector could not 

achieve radiative cooling in most daytime hours, evidenced by the gradually increasing water 

temperature in the water tank (see Fig. 7A). The deactivation of daytime radiative cooling is mainly 

attributed to the limited solar reflectivity of the radiative emitter. As shown in Table 1, the solar 

reflectivity of the radiative emitter is 0.865, which is much lower than the radiative emitter with a 

similar structure but a solar reflectivity of 0.95 [36]. The climate and geographical conditions in Hefei 

are also responsible for the failure of achieving daytime radiative cooling in this study. In Boulder with 

an arid climate and an altitude of over 1600 m, the radiative emitter realized an average cooling power 

of 45 W/m2 under an average solar irradiance of 952 W/m2 at noon (12:00 to 14:00) [36]. However, in 

Hefei with a humid climate and an altitude of only 30 m, the radiative emitter could not achieve sub-

ambient cooling and showed an average heating power of 68 W/m2 under 807 W/m2 average solar 

irradiance during the same period. Our long-term testing further demonstrated that the rotatable PT-

RC system at Hefei generally could not realize daytime radiative cooling no matter on sunny, cloudy, 

or overcast days. Although the solar intensity was lower when the sky was cloudy or overcast, the 

atmospheric transmittance was also much lower. In this case, the absorbed solar heat still exceeded the 

dissipated radiative heat. However, the fact that the present rotatable PT-RC collector cannot achieve 

daytime sub-ambient radiative cooling does not signify that it is meaningless operating as a daytime 

radiative cooler. Regardless of the potential that it might provide all-day coldness in certain locations 

with RC-friendly ambient conditions, its possible contribution in cutting down energy consumption is 

worth pointing out. For example, even though the building envelop is well-insulated, its external 
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surface will be heated up to a high temperature due to the high solar absorptivity, and thus a non-

negligible amount of heat will be gradually transferred into the room through the insulation structure 

inevitably. However, installing the PT-RC collector onto the building roof or façade and switching its 

working mode to radiative cooling in hot seasons can reduce the cooling load of the building since 

most of the solar energy that the building envelope would otherwise absorb will be rejected by the PT-

RC collector. Furthermore, the rotatable PT-RC system could easily achieve radiative cooling at night, 

early morning, and late afternoon when the solar irradiance is zero or very low. As shown in Fig. 7A, 

the water temperature in the water tank, with an initial temperature of 17.4 °C, decreased slightly in 

the first half an hour when the solar radiation was weak and then increased to 23.8 °C around 16:10 

on Nov 17th, 2020 when the solar irradiance was 215.8 W/m2. After that, the water declined gradually 

to a minimum temperature of 14.3 °C around 07:25 on Nov 18th, 2020 when the solar irradiance was 

166.3 W/m2. Then, the water temperature remained relatively stable before increasing again from 

around 08:30 to 16:00, with an ending value of 21.5 °C. 

The instantaneously cooling power, regardless of the heat exchange occurring in the water tank 

and connecting water pipes, characterizes the cooling performance of the rotatable PT-RC collector 

rather than the whole system. As shown in Fig. 7B, the cooling power value was negative during most 

daytime hours, indicating that the water was heated up when passing through the collector. Generally, 

the heating power during the daytime was almost equivalent to the cooling power during the nighttime. 

The profile of the cooling power was exactly the opposite of that of the solar irradiance, except that 

the value plateaued in general during peak solar hours. This abnormal phenomenon can be traced to 

the structural design of the rotatable PT-RC panel. As presented in Figs. 3 and 4, there exist tiny gaps 

between adjacent sub-PT-RC panels, allowing a fraction of solar radiation, both direct and diffuse parts, 
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to pass through and finally be absorbed by the PT side of the panel. When the incident angle of direct 

solar radiation is large, namely, in the early morning and late afternoon, these tiny gaps are more likely 

to capture direct solar radiation and guide it to the PT side of the panel. However, when the incident 

angle of direct solar radiation is limited within a small level, namely, around noon, less proportion of 

direct solar radiation will be finally absorbed by the PT side. In conclusion, a lower incident angle of 

direct solar radiation signifies greater solar energy absorption by the RC side but less by the PT side, 

resulting in relatively stable negative cooling power (i.e., heating power) during peak solar hours. This 

enlightens the importance of optimizing the gap structure to eliminate unwanted solar absorption and 

improve daytime radiative cooling performance in future studies. 

The PT-RC collector could output net cooling energy from 15:50 to 07:50, during which the 

adverse impact of solar radiation was overwhelmed by the thermal emission of the collector itself. In 

particular, the collector operated in quasi-steady-state from 17:00 to 07:00, with the cooling power 

slightly decreasing from roughly 60 to 50 W/m2. This gradual decline is in line with the principle 

revealed by the well-known Planck’s law. That is, with the water temperature being cooled down by 

radiative cooling, the panel temperature gradually decreased from approximately 20 to 12 °C, and thus 

the outward radiative power of the panel experienced a slow reduction during this period. 

Paradoxically, on the one hand, we prefer to deliver colder working medium (e.g., cold water and air) 

for end-users; on the other hand, the cooling performance of a radiative cooling system will deteriorate 

at lower temperatures. 
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Fig. 7. Weather data and cooling performance of the rotatable PT-RC system on November 7th and 8th, 2020 in 

Hefei, China. 

4.2.2. Multi-night radiative cooling test 

Considering that the PT-RC system had proved unable to realize daytime sub-ambient radiative 

cooling in Hefei, we focused on testing its nocturnal cooling performance. As the weather condition, 
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in particular, the sky transmittance, dominates the performance of a radiative cooling-driven system, 

we investigated the nighttime cooling behaviour of the PT-RC system on several nights. As shown in 

Table 4, the cooling performance of the system varied distinctly among selected nights. The water 

temperature-reduction in the water tank (ΔTw) could reach 8.3 °C over the clearest night (from 18:00 

to 07:00), but reduced by more than half over the most overcast night. Correspondingly, the cooling 

energy gain (Qcooling) throughout the night changed between 1.9 and 4.2 MJ. The average cooling power 

of the PT-RC collector (
coolingP ) is a more appropriate indicator to reveal the effect of weather conditions 

and to compare the radiative cooling performance on different nights. This value ranged from 30.5 to 

57.5 W/m2 among different nights, which is comparable to several other radiative cooling systems we 

tested in Hefei [29, 37, 38], but is significantly less than that recorded in Boulder at night (around 80 

W/m2 on average) [36], further indicating that climate and geographic conditions are critical factors in 

determining radiative cooling performance. Therefore, it is unfair and unobjective to judge and 

compare the radiative cooling capacity of different radiative cooling materials or systems applied in 

different regions without taking into account the difference in weather conditions (e.g., solar intensity, 

relative humidity, altitude). Besides, no regression equation for the cooling power of the rotatable PT-

RC system can be derived from the multi-night radiative cooling testing results, unlike that for the 

daytime solar thermal efficiency presented in Eq. (4) and Fig. 6.  

Table 4. Multi-night radiative cooling testing results (data from 18:00 to 07:00). 

Night No. aT  (°C) Tw_start (°C) T w_end (°C) wT  (°C) 
coolingQ  (MJ) 

coolingP  (W/m2) 
cooling _ maxP  (W/m2) 

1 16.7 19.9 15.7 4.2 2.1 31.7 39.5 

2 17.0 21.9 17.1 4.8 2.4 31.8 46.8 

3 15.6 22.5 14.2 8.3 4.2 55.6 61.4 

4 15.0 19.7 16.0 3.7 1.9 30.5 62.2 

5 17.5 22.9 16.8 6.1 3.1 46.2 55.1 

6 16.3 22.7 14.6 8.1 4.1 57.5 64.2 

7 15.4 20.8 13.8 7.0 3.5 51.1 54.0 

8 14.3 19.6 12.8 6.8 3.4 50.1 50.9 
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9 14.8 19.3 12.7 6.6 3.3 50.1 54.8 

10 14.8 19.8 13.3 6.5 3.3 49.5 50.5 

11 15.0 20.4 13.9 6.5 3.3 49.2 52.7 

4.3. Uncertainty analysis 

Considering the limited accuracy of the measuring instruments and the variation of meteorological 

parameters, the uncertainty of the experimental result needs to be evaluated. The root sum-of-the-

squares method is applied to conduct the uncertainty analysis, with the evaluating formula being [39]: 
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                                                                         (5) 

Based on Eq. (5), the maximum uncertainty values of the performance indicators of the PT-RC 

system are calculated. In solar heating mode, the maximum uncertainty of thermal efficiency (
th ) is 

± 3.40%. In radiative cooling mode, the maximum uncertainties of Pcooling and Qcooling are ± 7.08 W/m2 

and ± 0.357 MJ, respectively.  

5. Conclusions 

In the present work, a rotatable solar photothermic and radiative cooling (PT-RC) system is 

proposed, designed, fabricated, and experimentally investigated. The novel PT-RC system, featuring a 

rotatable PT-RC panel, can operate in either solar heating or radiative cooling modes in tune with the 

specific energy demand. The daily solar thermal efficiency of the PT-RC system hit 51.6% on a typical 

sunny day from 8:00 to 16:00, but the heat gain after 15:30 was negligible due to weak solar intensity 

and significant heat loss. A multi-day solar heating test revealed that, originated from data regression, 

the daily thermal efficiency of the system at zero-reduced temperature reached 50.4%, which is 

comparable to that of the common flat-plate solar water heating system and significantly greater than 

that of the reported spectrally-coupled PT-RC system. A continuous 32-hour radiative cooling test 
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demonstrated that the rotatable PT-RC system could not generate a sub-ambient cooling effect in most 

daytime scenarios in Hefei due to large solar absorption and adverse ambient conditions, but could 

easily output cooling energy at night, early morning and late afternoon. The rotatable PT-RC collector 

itself could provide a gradually declined cooling power from roughly 60 to 50 W/m2 as the circulated 

water being continuously cooled down from 20 to 12 °C approximately. The average nocturnal cooling 

power of the PT-RC collector varied from 30.5 to 57.5 W/m2 in a multi-night radiative cooling test, 

which is much less than that of a similar radiative cooling system located at a more RC-friendly 

location. This finding suggests that it is unnecessary and pointless to compare the radiative cooling 

capacity of different radiative emitters or systems in different regions with different climate and 

geographical conditions. As heating and cooling are increasingly essential in modern society 

challenged by the energy crisis, this work brings out a new vision for flexibly providing heat and 

coldness in a renewable and environmental-friendly manner, and can possibly be extended to energy-

saving applications in buildings, vehicles, agriculture, etc. For instance, by integrating the rotatable 

PT-RC collector with the building envelope properly, it can either work as a stand-alone unit for space 

heating/cooling directly or couple with an inherent Heating, Ventilation and Air Conditioning (HVAC) 

system to decrease the heating/cooling loads, which could be the focus of future research. 
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A Area, m2 

c Specific heat capacity, J/(kg·K) 

G Total incident solar energy, J/m2 

H´ Total incident solar energy, MJ/m2 

H Total incident solar energy, MJ 

P Cooling power, W/m2 

P  Average cooling power, W/m2 

Q Thermal energy gain, J 

T Temperature, °C 

T  Average temperature, °C 

ΔT Temperature difference or measurement uncertainty of temperature sensors, °C 

η Solar thermal efficiency, - 

Abbreviation and subscripts 

a Ambient air 

c Collector 

cooling Radiative cooling mode 

end Ending time of a test 

in Collector inlet 

max Maximum 

out Collector outlet 

start Starting time of a test 

th Thermal 

w Water 

Appendix 

This appendix contains detailed information for uncertainty analysis conducted in Section 4.3. As 

listed in Eq. (5), the uncertainty analysis is conducted by using the root sum-of-the-squares method: 
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The uncertainties of performance indicators presented in Section 4.3 are derived as follows: 

(1) 
th  
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According to Eq. (1), the uncertainty of 
th  is expressed as: 
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(2) Pcooling 

According to Eq. (2), the uncertainty of Pcooling is written as: 
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(3) Qcooling 

According to Eq. (3), the uncertainty of Qcooling is calculated by: 
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The ΔT, ΔG, and m   are respectively the measurement uncertainty of the thermocouple/platinum 

resistor, pyranometer, and water flowmeter listed in Table 2. 
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