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A B S T R A C T

Radiative sky cooling (RC) is a promising passive heat dissipation technology for building energy conservation 
but suffers from sensitivity to daytime solar radiation and an inherently low cooling power density. To address 
these challenges, a novel dissimilar material-based compound parabolic concentrator (DCPC) is first proposed 
and integrated into an RC system. The asymmetric DCPC features a dissimilar material design: a transparent wing 
framework covered with a transparent infrared-reflective film (TIRF) on one side and a high-reflectivity mirror 
wing on the other, aiming to enhance solar shielding while maximizing thermal emission for RC panels. In this 
work, a mathematical model, validated through experiments conducted in Nottingham, UK, is developed to 
explore the effects of TIRF’s optical properties and the module’s tilt angle on cooling performance. Effects of 
diverse tilt angles for the DCPC-RC module are also analysed based on annual solar profile angles. The experi
ment results demonstrate that the DCPC-RC module’s emitter can achieve sub-ambient temperature during the 
daytime. When located in Rome and tilted at 30◦ toward the anti-sunward side, it achieves an average cooling 
power density of 135.24 W/m2 within the solar profile angles of 40–50◦, a 22.7 % increase over the horizontal 
module. This work establishes the DCPC-RC system as an efficient and scalable solution for enhancing passive 
cooling performance in energy-efficient buildings across diverse climatic conditions.

1. Introduction

The ever-increasing demands for heating and cooling in modern 
buildings result in massive energy consumption [1,2]. However, con
cerns about energy shortages and environmental damages have esca
lated because 81 % of the world’s primary energy supply is still 
non-renewable and environmentally unfriendly energy sources (such as 
fossil fuels) [3,4]. Therefore, ensuring the sustainable development of 
society and advancing research into renewable energy technologies are 
viewed as critically important [5,6]. Among them, radiative sky cooling 
(RC) technology has attracted significant attention for its capability to 
passively emit the Earth’s waste heat into the cold outer space through a 

transparent ‘atmospheric window’ with a wavelength of 8–13 μm [7,8]. 
Its potential for self-cooling without the need for additional energy input 
makes it enormously promising for building cooling applications 
[9–11]. However, the inherently low power density of RC technology, 
typically characterized by a cooling flux of approximately 100 W/m2 

[12] at ambient temperature, is easily offset by the intense power den
sity of daytime solar radiation, approximately 1000 W/m2 [13,14]. This 
disparity makes RC technology inadequate for meeting the all-day 
cooling needs of buildings, particularly during the daytime when cool
ing demands are highest [15]. Therefore, it is crucial to enhance the 
cooling power density and reduce the impact of solar radiation on the RC 
system.
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The mainstream focus of current research is to improve the cooling 
performance of RC systems by developing RC emitter materials with 
near-ideal spectral selectivity. These materials are characterized by 
extremely low absorptivity in the solar spectrum and high emissivity 
close to 1 within the ‘atmospheric window’ [16,17]. As research pro
gresses, many near-ideal spectrally selective materials have been 
developed, verifying the feasibility of achieving RC throughout the day 
[17–19]. However, the production of these materials with superior 
properties necessitates complex and rigorous processing methods 
[20–22], which makes them costly and hinders their large-scale appli
cation in actual building scenarios. Fortunately, beyond utilizing spec
trally selective materials to minimize solar radiation absorption, RC 
systems can also improve cooling power by incorporating shading de
vices to block solar radiation. Common shading devices for RC systems 
fall into two categories. The first type includes enclosed structures on 
four sides, such as truncated cone shields [23], mirror cone shields [24] 
and parabolic reflective dish shields [25]. The second type involves 
unenclosed structures, such as flat plate shields [24] and ring shields [8,
26]. These shading devices have been experimentally proven to effec
tively block most incident sunlight from the RC system. However, these 
independently installed shading devices often require significant space 
and may introduce new challenges concerning installation and aesthetic 
compatibility in real-world applications, particularly when integrated 
with buildings.

In addition to installing independent shading devices around the RC 
systems, recently proposed concentrated RC systems [27–30] show the 
potential to address both challenges simultaneously. The concentrated 
RC systems can be viewed as replacing the solar collector at the bottom 
of the concentrator with a flat RC emitter, enabling easy integration with 
building roofs or other envelopes. Furthermore, the height difference 
between the concentrator and the RC emitter allows it to effectively 
block sunlight at specific times. Inspired by advancements in RC sys
tems, the compound parabolic concentrator-based RC (CPC-RC) module 
was developed [31]. To investigate the impact of this innovative struc
ture on the enhancement of RC performance, comparative experiments 
were conducted by our team. It was revealed by nighttime experiments 
that the cooling performance of the CPC-RC module is 30 % greater than 
that of the flat emitters without concentrators [32]. This is because the 
unique CPC structure can concentrate the emitted thermal radiation 
from the emitter towards the almost transparent zenith and uses the 
height difference between the CPC and the emitter as a shielding 
mechanism to block unfavourable thermal radiation from the side sur
roundings, thereby improving cooling capacity. However, during the 
daytime, when the solar incident angle is less than the maximum 
half-acceptance angle (θmax) of the CPC, its concentrating ability causes 
the module to absorb more solar radiation, particularly at noon [33]. 
Additionally, the configuration of the CPC-RC module lacks extra space 
for solar energy utilization [34], preventing it from generating other 
forms of energy and causing a loss of solar resources. This limitation 
reduces its functional flexibility and year-round adaptability for various 
applications.

In this study, a novel RC module based on CPC with dissimilar ma
terials (termed DCPC-RC module) is proposed to address the challenges 
of intense solar radiation on RC and the waste of solar radiation re
sources. This paper first demonstrates the exceptional all-day cooling 
capability of the DCPC-RC module through field experiments. Addi
tionally, utilizes preliminary numerical studies [35] to accurately 
characterize its net cooling power density, showcasing its effectiveness 
in mitigating the impact of solar radiation. Furthermore, the paper in
vestigates the effects of various parameters, including the DCPC wing 
frameworks with different spectral splitting films and varying module 
tilt angles, on the cooling performance of the DCPC-RC module. The 
development of this innovative RC module offers new insights for the 
broader application of radiative cooling technology, highlighting its 
significant potential to enhance cooling efficiency and environmental 
adaptability.

2. Description of the DCPC-RC system

In this section, the configuration and features of the proposed DCPC- 
RC module will be introduced in detail, focusing on its functional ad
vantages compared to the conventional mirror CPC-RC. Additionally, 
the test rig established in Nottingham for validation will be presented.

2.1. Introduction of DCPC-RC module and its cooling performance 
advantages

As illustrated in Fig. 1, the DCPC-RC multi-module system comprises 
multiple identical DCPC-RC modules, with each module’s side openings 
facing east-west. Within each DCPC-RC module, the DCPC wing 
frameworks are made of two different materials: the north-facing side 
features a transparent wing framework covered with a transparent 
infrared-reflective film (TIRF), which allows sunlight to pass through 
while reflecting infrared thermal radiation, while the south-facing side is 
a standard specular metal wing framework. The RC emitters are located 
at the bottom of the DCPC structures. Two adjacent modules are inter
connected by their wing frameworks. Each module in the system fea
tures an aperture width of 40 mm and an emitter width of 20 mm. And 
the module’s height and length are 40 and 200 mm, respectively.

Compared to the DCPC-RC multi-module system, a typical mirror 
CPC-RC multi-module system leaves the space between adjacent module 
wing frameworks underutilized, with only the bottom of the CPC serving 
as the effective cooling area, leading to low utilization efficiency. 
Furthermore, due to the concentrating properties of the mirror CPC, 
more solar radiation is concentrated on the RC emitter when the solar 
incident angle is smaller than the θmax of the CPC, negatively affecting 
the RC performance. However, in the DCPC-RC multi-module system, 
the yellow middle area (as shown in Fig. 1) created by the wing 
frameworks of adjacent modules can function as a solar collector, 
absorbing sunlight passing through the transparent side of the module. 
This configuration demonstrates the potential of this system to obtain 
cooling power and solar energy collection simultaneously. Nevertheless, 
the primary focus of this paper is not on the utilization of solar energy by 
the system but rather on its impact on RC performance. Therefore, the 
utilization of the solar collector will not be involved in this study.

Fig. 2 shows the radiative heat exchange between (a) the mirror CPC- 
RC module and (b) the DCPC-RC system and the surroundings. It can be 
seen that the traditional CPC with opaque mirror wing frameworks on 
both sides concentrates solar radiation, whose incident angle falls within 
the CPC’s θmax range, onto the RC emitter. This concentration typically 
weakens the cooling performance of the module during the daytime. In 
contrast, the transparent side of the DCPC structure allows solar radia
tion to pass through it to the collectors on the sides, thereby reducing its 

Fig. 1. Schematic diagram of DCPC-RC multi-module system.
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impact on the RC emitter. Moreover, since the transparent wing 
framework covered with TIRF exhibits high reflectivity under the ‘at
mospheric window’, the DCPC can concentrate the thermal radiation 
emitted by the RC emitter to a smaller range of zenith angles, similar to 
the mirror CPC. Finally, both structures can shield the unfavourable 
radiation from the sky and the sun whose incident angle exceeds the θmax 
of CPC and DCPC, preventing it from reaching the RC emitter. Therefore, 
theoretically, DCPC-RC system’s configuration enhances the cooling 
efficiency by reducing unwanted thermal gain during the day while 
maximizing cooling power under favourable conditions.

2.2. Experiment rigs

This section introduces the different RC modules and measuring rigs 
in the field experiment in Nottingham (52.94 ◦N, 1.09 ◦W), UK, as shown 
in Fig. 3. The whole experimental system is composed of several key 
components, including three RC modules, which are DCPC-RC, mirror 
CPC-RC, and flat-RC modules, K-type thermocouples, a data logger, a 
pyranometer, a weather station, a thermocouple shelter and a laptop. 
The pyranometer is used to measure the total solar irradiance of the 
plane where the modules are located. Meanwhile, the weather station 
obtains real-time weather parameters such as wind speed and relative 

humidity. Several K-type thermocouples are attached to the bottom of 
the RC emitters of different modules to measure the temperature of the 
emitter. The ambient temperature is measured by a thermocouple in the 
shelter at the same height as the module. All the measured data is 
collected by the data logger and summarized in the laptop. Furthermore, 
to minimize convective and conductive heat transfer between the RC 
emitter and ambient air, a 15 μm thick polyethylene (PE) film is posi
tioned 5 mm above the emitter. The detailed spectral properties of the 
experimental materials are listed in Table 1, while Table 2 provides the 
test and monitoring equipment along with their associated 

Fig. 2. Radiative heat exchange between (a) mirror CPC-RC and (b) DCPC-RC system and external environment.

Fig. 3. In-situ experimental setup of the RC systems.

Table 1 
Spectral properties of materials in the experimental system (spectral charac
teristics are weighted average values).

Parameter Description Value

τTIRF Solar transmittance of TIRF 0.856 [36]
ρTIRF Infrared reflectivity of transparent wing framework 0.50 [36]
τTCPC Solar transmittance of transparent wing framework 0.90 [37]
τPE Solar transmittance of PE film 0.90 [32]
εemi Infrared emissivity of RC emitter 0.94 [1]
αemi Solar absorptivity of RC emitter 0.134 [1]
ρMCPC Infrared reflectivity of mirror wing framework 0.95 [32]
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uncertainties.

3. Methodology

In this section, the mathematical model characterizing the net radi
ative cooling power for the RC modules is first introduced. Given that 
the complete mathematical framework has been thoroughly explained 
in our previous studies [33,35], only the key equations are presented in 
this paper, with appropriate references to Refs. [33,35]. Additionally, 
the software and approaches used in the simulation are briefly 
described, and the accuracy of the model is verified using experimental 
data. Finally, the definition and calculation method of the solar profile 
angle are provided.

3.1. Mathematical model

In the modelling approach, the net radiative cooling power density 
(Pcool) obtained by the DCPC-RC module can be expressed as [12,38]: 

Pcool =Pemi − Psky − Psol − Pnon− rad (1) 

where Pemi is the thermal radiation power density of the RC emitter, W/ 
m2; Psky is the emitter-absorbed thermal radiation power density of the 
sky, W/m2, W/m2; Psol is the emitter-absorbed solar irradiance, W/m2, 
and Pnon-rad is the non-radiative heat exchange power density between 
the emitter and surroundings, W/m2. In this paper, the RC emitter 
temperature (Temi) is assumed to be equal to the ambient temperature 
(Tamb), allowing the neglect of Pnon-ra between the RC module and its 
surroundings.

Among them, the thermal radiation power of the emitter is not 
affected by the external environment and is only determined by its own 
spectral characteristics, which can be expressed as [39]: 

Pemi = εemiσT4
emi (2) 

where εemi is the total, hemispherical emissivity of the RC emitter; σ is 
Stefan-Boltzmann constant, 5.67 × 10− 8 W m− 2 K− 4; Temi is the tem
perature of the RC emitter, ◦C.

The thermal radiation power from the sky absorbed by the RC 
emitter can be expressed as [13]: 

Psky =

∫ π/2

0

∫ 2π

0

∫ ∞

0
εsky(θ,φ, λ)Ib(λ,Tamb)αemi(θ,φ, λ)cos θ sin θdλdφdθ

(3) 

where εsky(θ, φ, λ) and αemi(θ, φ, λ) denote the spectral, directional 
emissivity and absorptivity of the sky and emitter, respectively; and Ib(λ, 
Tamb) is the blackbody spectral intensity at ambient temperature, 
W⋅m− 2⋅μm− 1⋅sr− 1. According to the Stefan-Boltzmann law, the Psky can 
be expressed simplified as Eq. (4): 

Psky =αemiεskyσT4
amb (4) 

where αemi is the total, hemispherical absorptivity of the RC emitter; εsky 
is the total, hemispheric emissivity of the sky; Tamb is the temperature of 
the ambient, ◦C. Using the new modelling approach for simulation and 
derivation, εsky can be expressed as [35]: 

εsky =

∫ π/2

0

[
εsky(θ)βsky(θ)

]
dθ (5) 

where εsky(θ) is the equivalent emissivity of the sky in the concentric 
ring with a zenith angle of θ; βsky(θ) represents the ratio of the sky ra
diation beam reaching the corresponding θ ring from the RC emitter to 
the total, hemispheric radiation beam of the RC emitter. These two pa
rameters will be introduced in detail in Ref. [33].

In addition to the thermal radiation power of the sky, solar radiation 
is another important factor affecting Pcool during the daytime. Since the 
wing frameworks of DCPC in this study use different materials, they 
cannot concentrate sunlight during the daytime. The solar radiation 
absorbed by the RC emitter can be expressed as: 

Psol = αemiη solGsol (6) 

where η_sol is the solar receiving ratio of the DCPC; Gsol is the total 
incident solar radiation, W/m2. Since this paper studies the different RC 
modules, the η_sol for RC modules is defined as the ratio of solar radiation 
reaching the RC emitter to the solar radiation reaching the CPC aperture 
surface. The higher the η_sol, the greater the Psol, which in turn negatively 
impacts the RC power. Therefore, this study proposes a solar shielding 
ratio (η) to explain the shielding effect of the CPC structure. η can be 
expressed as: 

η=1 − η sol (7) 

3.2. Simulation model setting and validation

The modelling approach utilized in this paper first simulates the solar 
shielding ratio (η) of the RC modules using optical software, then de
termines the equivalent sky emissivity (εsky) based on the reciprocity 
principle, and finally employs the mathematical model to characterize 
the module’s cooling performance. All simulated models are precisely 
constructed using Rhino software, with specific material properties 
assigned via the Rhino plug-in Photopia [40]. A detailed description of 
this modelling approach is introduced in Ref. [35], where the 
approach’s accuracy is also validated using experimental results from 
Ref. [12]. However, as this paper introduces a novel dissimilar CPC-RC 
module, the accuracy and reasonableness of the modelling approach will 
be re-verified using experimental results by the DCPC-RC module. To 
validate the modelling approach, an experiment was conducted to 
measure the RC emitter temperatures of the mirror CPC-RC and 
DCPC-RC modules on the morning of 21st June and to calculate the 
emitter temperatures under identical environmental conditions by the 
mathematical model. The weather conditions on 21st of June are shown 

Table 2 
List of testing and monitoring devices in the experimental system.

Device Specification Uncertainty

Data logger Data Taker DT85 /
Pyranometer SKL 2650 ±2 %
Thermocouples K-type ±0.05 ◦C
Weather station for wind speed CE-FWS 20N-2 ±1 m/s
Weather station for relative humidity CE-FWS 20N-2 ±4 % within 20–80 %

Fig. 4. Weather conditions in Nottingham, UK, on 21st June.
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in Fig. 4. To quantify the discrepancy between simulated and experi
mental results, the root mean square deviation (RMSD) is employed as a 
metric. The formula for calculating RMSD is provided below [41]: 

RMSD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ [(

xsim − xexp
)/

xexp
]2

n

√

(8) 

The experiment and simulated temperatures are shown in Fig. 5. The 
modelling approach used in this study closely aligns with experimental 
data. Initially, the measured emitter temperatures (Temi_exp) of the 
mirror CPC-RC and DCPC-RC modules were 23.27 ◦C and 22.72 ◦C, 
respectively, while the simulated temperatures (Temi_sim) were 23.25 ◦C 
and 22.59 ◦C. According to Eq. (8), the RMSD for the mirror CPC-RC and 
DCPC-RC modules are 1.93 % and 1.88 %, respectively. These findings 
confirm that the modelling approach agrees well with experimental 
outcomes, validating the effectiveness of both the simulation approach 
and the mathematical model in calculating the emitter temperature for 
concentrated RC modules and, subsequently, in assessing the maximum 
net cooling power density (Pcool) of the RC module.

3.3. Solar profile angle

Previously, CPC application areas are generally focused on solar 
collections. To maximize the collection of solar radiation, the tilt angle 
of the solar energy collection system is adjusted according to the local 
solar path. However, in the DCPC-RC module, conducting a study on the 
solar path is also imperative, but the purpose changes to prevent inci
dent sunlight from reaching the RC emitter. This will help mitigate the 
impact of solar radiation on cooling performance. As the solar azimuth 
angle (γ) and altitude angle (θh) change every moment, the solar position 
vector is divided into two projection components, i.e., east-west and 
north-south directions, as shown in Fig. 6. Since the side openings of the 
DCPC-RC multi-module system are oriented east-west, whereby the 
projection components in the east-west direction are parallel to the 
module surface and do not contribute to the solar radiation absorbed by 
the module. However, the projection component in the north-south di
rection determines the amount of solar radiation absorbed [42]. In this 
study, the solar profile angle [43] is used to characterize the projection 
angle of the southern horizon and the solar position on the north and 
south meridian planes (ϕ in Fig. 6), ranging from 0◦ (south horizon) to 
180◦ (northern horizon).

4. Results and discussion

This paper first compares the differences between the ambient tem
perature and various RC modules’ temperature through field 

experiments, demonstrating that the DCPC-RC module can mitigate the 
adverse effects of solar radiation on daytime cooling performance and 
achieve sub-ambient temperatures. Subsequently, the solar shielding 
ratio (η) of the DCPC-RC module in different configurations at varying 
solar profile angles (ϕ) is evaluated, further, to characterize the 
maximum cooling power density (Pcool) for the DCPC-RC module under 
different configuration parameters. Finally, the concept of hour per
centages of ϕ and the solar irradiance distribution in different ϕ are 
introduced to determine the cooling performance for the DCPC-RC 
module in cities across various latitudes, ensuring optimal cooling ca
pacity throughout the year. In this section, the DCPC-RC module’s sur
roundings have no obstacle, which is placed horizontally on the brick 
roof.

4.1. Experimental results

This section discusses experimental results from the night of 25th 
June and the day of 26th in Nottingham, UK. Fig. 7 (a) illustrates the 
temperatures of three RC modules alongside ambient temperatures and 
solar irradiance, while Fig. 7 (b) shows the weather data, including 
relative humidity and wind speed. Furthermore, Fig. 7 (c) depicts the 
differences between ambient and RC emitter temperatures. Notably, 
relative humidity during this period was stable, ranging from 50% to 56 
%, and wind speeds remained below 2.5 m/s. These conditions facili
tated the RC modules in achieving sub-temperature easily. However, 
when solar irradiance was present, the flat-RC module, lacking 
concentrator shading, showed the highest emitter temperatures among 
the three. For instance, at 19:00, with solar radiation at 318.09 W/m2, 
the emitter temperature of the flat-RC module reached 26.73 ◦C, in 
contrast to 25.47 ◦C for the mirror CPC-RC and 24.86 ◦C for the DCPC- 
RC modules. As solar radiation diminished to 50 W/m2, the temperature 
of the flat-RC module closely matched that of the DCPC-RC module, both 
dropping to around 16.65 ◦C by 21:00, while the mirror CPC-RC module 
exhibited the most pronounced cooling, reaching 15.87 ◦C at the same 
time.

When analysing temperature differences between the three RC 
modules and ambient temperature, it is shown that under solar irradi
ance, the flat-RC module exhibits the smallest temperature difference, 
indicating minimal cooling performance. The mirror CPC-RC module, 
which reflects some solar radiation to the emitter by mirror CPC, shows 
a slightly larger temperature difference. The DCPC-RC module, due to its 
distinctive structure, demonstrates the largest temperature differential 
under these conditions. As solar radiation diminishes, the mirror CPC- 
RC module achieves the most significant temperature reduction, fol
lowed by the flat-RC module, with the DCPC-RC module slightly lagging 
behind the flat-RC module. Throughout the experiment, the mirror CPC- 
RC module maintained an average temperature reduction of 3.97 ◦C 
from ambient, surpassing the DCPC-RC module, which averaged a 
3.37 ◦C reduction. Finally, the flat-RC module showed the least cooling 
effect, with a temperature drop of 3.09 ◦C.

Fig. 5. Simulated and experimental temperatures of the mirror CPC-RC and 
DCPC-RC modules.

Fig. 6. Definition of solar profile angle (ϕ).
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The experimental results from 26th June are shown in Fig. 8. On this 
condition, relative humidity was higher than the previous night, ranging 
from 56 % to 66 %, while wind speeds remained similar. Additionally, 
solar radiation increased from 715.65 W/m2 at 10:15–933.40 W/m2 at 
13:15, significantly impacting the cooling performance of the RC mod
ules. Among the three, the flat-RC module was most affected by adverse 
thermal radiation and could not achieve a sub-ambient temperature. 
While the mirror CPC-RC module utilizes the CPC as a shield against 
adverse radiation. However, as the solar altitude angle increased, the 
solar incident angle fell within the CPC’s θmax range, concentrating part 
of solar radiation on the emitter and causing its temperature to rise 
above ambient. The DCPC-RC module performed the best cooling effect 
due to its unique structure, which minimized solar radiation reaching 
the emitter, consistently maintaining temperatures below ambient. 
Around 12:35, cloud cover temporarily blocked the solar, leading to a 
sharp drop in temperatures for three RC modules, most notably for the 
flat-RC module, which fell from 30.39 to 27.29 ◦C, while the others 
experienced smaller declines. These results illustrate the significant 
impact of solar radiation on RC performance. Furthermore, despite the 
CPC’s shielding capability, in the absence of solar radiation, the CPC-RC 
module cools slightly slower than the flat-RC module. Fig. 8 (c) displays 
the temperature difference between the ambient temperature and three 
RC modules. Notably, apart from the DCPC-RC module, the temperature 

differences for the other two modules are consistently negative, indi
cating that their temperatures remain above ambient. At 12:35, cloud 
cover briefly blocked the sun, causing the temperature differences for all 
three modules to surge, each exceeding 2 ◦C. However, once the clouds 
dispersed, the temperature differences reverted to their previous states. 
Throughout the experiment, the average emitter temperature of the 
DCPC-RC module was 0.95 ◦C below the ambient average, while the 
mirror CPC-RC and flat-RC modules recorded average temperatures of 
0.33 and 0.85 ◦C above ambient, respectively.

The results from daytime and nighttime experiments highlight the 
DCPC-RC module’s potential for achieving effective all-day RC. How
ever, there is still space for improvement, such as enhancing daytime 
cooling capacity and nighttime performance. The following sections will 
explore the cooling power of the DCPC-RC module under various con
figurations and discuss strategies for further optimizing the module.

4.2. Comparisons and analysis of key performance metrics among three 
RC modules

To evaluate the overall performance of the DCPC-RC system, three 
key performance metrics, i.e., solar shielding ratio (η), absorbed solar 
radiation (Psol) and net cooling power density (Pcool), are analysed and 
compared across three RC modules (DCPC-RC, flat-RC and mirror CPC- 

Fig. 7. (a) Measured emitter temperatures of three RC modules alongside ambient temperature and solar irradiance. (b) Weather data in Nottingham, UK on 25th 

June 2024. (c) Temperature differences (ΔT) between the ambient air and RC emitters.

Y. Dan et al.                                                                                                                                                                                                                                     Renewable Energy 244 (2025) 122622 

6 



RC modules) under varying solar profile angles (ϕ).
Specifically, for the flat-RC module, which lacks CPC structure, η 

remains consistently at 1. In contrast, the η for the two CPC-RC modules: 
the mirror CPC-RC and DCPC-RC modules, are determined through 
simulation. Additionally, Psol and Pcool for RC modules in Guangzhou, a 
typical subtropical city, are analysed throughout the day on 21st June to 
compare their different cooling performance. Weather data for 21st June 
in Guangzhou, obtained from EnergyPlus [44], is presented in Fig. 9, 
and key parameter settings for this case are provided in Table 3.

Fig. 10 illustrates the η for two CPC-RC modules at different ϕ. 
Because the θmax of the mirror CPC is 30◦, almost all incoming solar 
radiation within ±30◦ of the zenith direction (i.e., ϕ is 60–120◦) will be 
reflected by the mirror CPC to the RC emitter, resulting in η near zero in 
this range. In this ϕ range, the CPC concentrates solar radiation, 
adversely affecting RC performance. However, outside the half- 
acceptance range, the module’s η remains at 1, indicating no solar ra
diation reaches the RC emitter. In contrast, the η curves for the DCPC-RC 
modules at different ϕ exhibit significant fluctuations, notably when ϕ is 
20◦ or 150◦, its η vastly differs from the mirror CPC-RC module. For 
instance, when ϕ is 20◦ or 150◦, η for the mirror CPC-RC module is 1, 
while for the DCPC-RC, η is 0.52 or 0.26, respectively. This discrepancy 
is attributed to the dissimilarity in the material of DCPC wing 
frameworks.

Fig. 8. (a) Measured emitter temperatures of three RC modules alongside ambient temperature and solar irradiance. (b) Weather data in Nottingham, UK on 26th 

June 2024. (c) Temperature differences (ΔT) between the ambient air and RC emitters.

Fig. 9. Hourly total incident solar radiation, ambient and surrounding tem
peratures on 21st June.
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Fig. 11 clarifies the incident paths of solar radiation entering the 
DCPC-RC module at various ϕ. Fig. 11 (a) and (c) illustrate that when ϕ 
is 20◦ and 150◦, most of the incoming solar radiation, after passing 
through the transparent wing framework, will be reflected by the 
adjacent mirror wing framework back to the RC module, eventually 
reaching the RC emitter, resulting in a lower η at this ϕ. Furthermore, 
Fig. 11 (b) shows that when ϕ is 100◦, the angle falls within the half- 
acceptance angle range of the DCPC. Consequently, a portion of the 
solar radiation reaches the RC emitter directly, while the mirror wing 
framework of the DCPC reflects another portion. This results in η being 
less than 0.1 at this ϕ. The results show that as ϕ increases, the η for the 
DCPC-RC module has no obvious regularity in variation, but in the ϕ 
range of 70–110◦, the η for the DCPC is still higher than that of the 
mirror CPC, indicating its potential to reduce the absorbed Psol by the 
DCPC-RC module.

Fig. 12 shows the Psol and Pcool for three RC modules over a 24-h 
period on 21st June. It can be seen that during the nighttime, both 

CPC-RC modules exhibit higher Pcool, as the infrared reflectivity of the 
TIRF is assumed to be the same as that of mirror CPC structure, resulting 
in similar cooling performance. At 1:00, their Pcool reaches 148.35 W/ 
m2, showing an excellent cooling effect. In contrast, the flat-RC module, 
lacking a concentrator, shows lower cooling performance, with a Pcool 
15.5 % lower than the previous two at the same time. However, the 
situation changes with the presence of solar radiation. The mirror CPC- 
RC module, due to its concentrating properties, absorbs more solar ra
diation during the daytime. At noon, its Psol exhibits 120.10 W/m2, 
resulting in a Pcool of only 40.03 W/m2. In comparison, the optimized 
DCPC-RC module, which absorbs only 59.1 W/m2 of solar radiation at 
the same time, shows a Pcool that is double that of the mirror CPC-RC 
module, demonstrating superior cooling capability. Meanwhile, the 
flat-RC module’s Pcool currently is slightly higher than that of the mirror 
CPC-RC module, at 54.01 W/m2, but still lower than the DCPC-RC 
module. Notably, as previously mentioned, when the solar profile 
angle is around 100◦, the DCPC-RC module’s η is minimized, meaning it 
absorbs more solar radiation. As a result, from 13:00 to 14:00 on 21st 
June, its Pcool is at its lowest for the day, approximately 87.89 W/m2.

4.3. Effect of spectral selectivity of DCPC-RC module’s wing framework 
on cooling performance

To investigate the impact of DCPC structures with varying spectral 
characteristics on the overall performance of the RC module, this section 
analyses and compares the changes in three key parameters of DCPC-RC 
modules using three different TIRF materials at various solar profile 
angles (ϕ).

Fig. 13 presents the weighted average transmittance (τ) under the 

Table 3 
Key parameters setting for case studies.

Parameter Value Unit

Tgro_day Tamb+20 [45] ◦C
Tgro_night Tamb-5 [46] ◦C
εgro 0.85 [47] ​
εemi 0.95 ​
αemi 0.1 ​
αcpc 0 ​
ρMCPC 1 ​
θmax of CPC (DCPC) 30 ◦

ρTCPC 1 ​

Fig. 10. Solar shielding ratio of different CPC-RC modules under different solar profile angles.

Fig. 11. Traced incoming solar radiation on DCPC-RC multi-module system under different solar profile angles.
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Fig. 12. Absorbed solar radiation and net cooling power density for three RC modules under different solar profile angles.

Fig. 13. Weighted average transmittance of DCPC acrylic wing framework with and without TIRF.

Fig. 14. Solar shielding ratio for the DCPC-RC modules with and without TIRFs under different solar profile angles.
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solar spectrum and infrared broadband for two types of TIRFs and the 
acrylic wing framework without TIRF. The TIRF with near-ideal spectral 
selectivity (called near-ideal TIRF) is shown to have a τ of 0.99 under the 
solar spectrum, while its τ at the infrared broadband is extremely low, 
only 0.01, which is equivalent to an infrared broadband reflectivity of 
0.99. The second type is a relatively poor TIRF from Ref. [48] (called 
relatively poor TIRF), displays a τ of 0.92 under the solar spectrum and 
0.1 at the infrared broadband. For comparison, the acrylic wing 
framework without TIRF (called without TIRF), selected as the control 
group, exhibits a τ of 0.90 under the solar spectrum and 0.80 at the 
infrared broadband [37].

Fig. 14 shows the η for the three DCPC-RC modules at different ϕ. The 
η for all three modules follows similar trends as ϕ changes. At ϕ smaller 
than 10◦, the three modules show the η of 1. But when the ϕ at 20◦, a 
rapid decline in η is observed, with the module with near-ideal TIRF 
showing the lowest η of 0.43, while the other two modules display 
slightly higher η of 0.52 and 0.65, respectively. From 20◦ to 50◦, η for all 
three modules increases as ϕ increases, almost all of them reaching 0.88 
at 50◦. This indicates that at 50◦, only 12 % of the sunlight on the CPC’s 
aperture can reach the RC emitter. However, beyond ϕ of 50◦, η for the 
three modules decreases rapidly and approaches 0 at 110◦, suggesting 
that most of the incident sunlight still reaches the RC emitter when the 
solar is close to the zenith direction. Fortunately, when ϕ exceeds 110◦, a 
sharp increase in the η for the three modules is seen, particularly for the 
module with near-ideal TIRF, where η reaches 1 at 130◦, which means 
almost no sunlight reaches the emitter. Nonetheless, at ϕ of 150◦, η re
bounds as some sunlight is reflected by the mirror wing framework of 
the adjacent module back to the emitter.

In addition to determining the η for the three DCPC-RC modules at 
different ϕ, the determination of the εsky for the three modules is also 
necessary for characterizing their Psky. The εsky for the three modules is 
listed in Table 4. The εsky for the module with near-ideal TIRF is 0.669, 
slightly exceeding 0.664 for the module with relatively poor TIRF. This 
difference is due to the lower τ for the former under the infrared 
broadband region, which results in almost all the sky thermal radiation 
being concentrated on the RC emitter by the DCPC. Furthermore, the εsky 
for the module without TIRF is 0.627, which is significantly lower than 
the first two modules. This is also due to its τ under the infrared 
broadband region being only 0.8, allowing a portion of the sky thermal 
radiation to pass through the acrylic wing framework.

However, it is noted that a lower εsky does not necessarily imply a 
higher Pcool for the module. This is because if the infrared broadband 
reflectivity of the DCPC’s acrylic wing framework is not 1, it permits 
thermal radiation from the solar collector to pass through and reach the 
RC emitter, as illustrated by the brown line in Fig. 15. Simultaneously, 
thermal radiation emitted by the emitter can also pass through the 
acrylic wing framework, either being captured by the collector or 
returning to the RC emitter, thereby not escaping the system, as depicted 
by the blue line in Fig. 15.

In this case, the thermal radiation from the emitter finally being 
trapped in the system (Pesc), and the thermal radiation from the solar 
collector (Pcol) can be expressed as follows: 

Pesc = εemiσT4
emiβesc (9) 

where βesc is the ratio of the emitted thermal radiation beam that cannot 
escape from the system to the total hemispheric emitted radiation beam; 

Pcol =αemiεcolσT4
emiβcol (10) 

where εcol is the real material emissivity of the solar collector; βcol is the 

ratio of the radiation beam from the system reaching the solar collector 
to the total hemispheric emitted radiation beam.

Fig. 16 shows the Psol and Pcool for the DCPC-RC modules using 
different TIRFs on 21st June. During the nighttime, the DCPC-RC 
module with near-ideal TIRF exhibits the highest Pcool for the three, 
close to 150 W/m2 due to its high infrared reflectivity. In contrast, the 
DCPC-RC module with relatively poor TIRF, with an infrared emissivity 
of 0.9, reflects less infrared radiation emitted by the emitter, resulting in 
a lower Pcool. For instance, at 1:00, its Pcool is 130.27 W/m2, which is 
12.1 % lower than the DCPC-RC module with near-ideal TIRF. However, 
the DCPC-RC module without TIRF has a much lower infrared reflec
tivity of 0.2. Although the infrared thermal radiation passing through 
the transparent wing framework is partially reflected by the mirror wing 
framework of the adjacent module, the Pcool remains the lowest of the 
three, 17.2 % lower than the DCPC-RC module with near-ideal TIRF.

During the daytime, the influence of solar radiation causes the Pcool 
for all three DCPC-RC modules to reach its lowest value around noon. 
This is because the solar transmittance of both TIRF materials and 
acrylic is above 0.9, with little difference, allowing most solar radiation 
to pass through the transparent wing framework. However, due to 
variations in infrared reflectivity, the Pesc and Pcol for the modules differ. 
It can be seen that the DCPC-RC module without TIRF absorbs the most 
solar radiation, resulting in the lowest Pcool. For example, at noon, the 
Pcool for the DCPC-RC module without TIRF is 99.45 W/m2, while the 
modules with near-ideal and relatively poor TIRF show Pcool of 119.06 
and 105.24 W/m2, respectively.

By characterizing the maximum net cooling power density of the 
DCPC-RC modules with TIRFs of varying spectral selectivity or without 
TIRF, it is observed that the solar radiation absorbed by the three 
module emitters shows minimal variation, primarily due to the slight 
differences in solar transmittance among them. The critical factor 
influencing performance is the reflectivity of the TIRFs in the infrared 
broadband. Consequently, DCPC-RC modules with near-ideal TIRF 
demonstrate superior cooling performance.

4.4. Effect of the geographical location of DCPC-RC modules on cooling 
performance

This section examines the cooling performance of horizontally 
placed DCPC-RC modules in three typical cities at different latitudes 
including Guangzhou, Rome, and Nottingham to determine the per
centages of hours and solar energy at different ϕ intervals throughout 
the year. Additionally, the chapter explored the cooling performance of 
the modules at various ϕ across different cities when the modules are 
tilted at a specific angle to the anti-sunward side. The transparent wing 
framework of the DCPC-RC module in this section is covered with near- 
ideal TIRF. Typical annual weather data for these cities are utilized to 

Table 4 
Equivalent sky emissivity for three DCPC-RC modules.

Name Near-ideal TIRF Relatively poor TIRF Without TIRF

εsky 0.669 0.664 0.627

Fig. 15. Schematic diagram of thermal radiation from the solar collector and 
thermal radiation that cannot escape from the DCPC-RC multi-module system.
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perform the calculations, with their locations and annual solar irradi
ance summarized in Table 5.

Fig. 17 shows the number of hours of incident sunlight from different 
ϕ intervals (in 10◦ intervals) as a percentage of the total daylight 
duration throughout the year (ω) for the three cities. Statistical data 
reveal that Guangzhou experiences 4404 h of total daylight duration 
throughout the year, while Rome and Nottingham register 4310 and 
3850 h respectively. Distinct variations in ω across each ϕ interval are 
evident among the three cities. For instance, at ϕ ranging from 0–10◦, 
Guangzhou records ω of 1.4 %, whereas Rome and Nottingham exhibit 
3.4 % and 6.6 %, respectively. This indicates that higher latitudes 
experience a greater ω of sunlight coming from the 0◦–10◦ interval 
annually. Moreover, the ϕ interval corresponding to the maximum ω 
differs among the cities: Guangzhou’s maximum ω exhibits 14.7 % 

corresponds to ϕ interval of 40~50◦, Rome’s 14.4 % to ϕ interval of 
20◦–30◦, and Nottingham’s highest ω is 17.1 % occurs at 10–20◦. Given 
that solar radiation is highest when ϕ is at the zenith, it is less favourable 
for RC. By comparing the total ω within the ϕ range of 70◦–110◦, the 
challenge of achieving effective RC during the day in each city can be 
preliminarily assessed. For example, Nottingham’s total ω between 70◦

and 110◦ is 11.4 %, while Rome and Guangzhou show total ω of 23.3 % 
and 39.0 %, respectively. This indicates that mitigating the effects of 
solar radiation on RC modules in Guangzhou is essential for achieving 
cooling effects.

Fig. 18 shows the solar irradiance distribution in different ϕ in
tervals, calculated by the total solar irradiance in ϕ intervals relative to 
the horizontal solar irradiance throughout the year. In Guangzhou, 36.2 
% of the solar irradiance distribution originates from the ϕ interval of 
40◦–60◦, while the interval of 80◦–100◦ contributes 28.5 %. This in
dicates that the highest amount of solar radiation reaching the ground 
surface in Guangzhou occurs within these two intervals. Therefore, for 
RC systems, it is crucial to block as much solar radiation from these 
angles as possible. In Rome, solar irradiance within the 30◦–100◦ range 
accounts for 75.8 % of the total horizontal irradiance. In contrast, due to 
its higher latitude, Nottingham experiences a solar irradiance distribu
tion in the 20◦–80◦ of ϕ range, which accounts for 78.2 % of the total 

Fig. 16. Absorbed solar radiation and radiative cooling power density for DCPC-RC modules with and without TIRF.

Table 5 
Latitudes and solar irradiance of three typical cities [44].

Name Guangzhou Rome Nottingham

Latitudes 23◦N 42◦N 53◦N
Solar Irradiance (kWh/(m2⋅y)) 1256 1642 1018

Fig. 17. Hours percentage of different solar profile angle intervals in different cities.
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horizontal irradiance. The results indicate that, to achieve optimal RC 
performance throughout the year in different geographic locations, it is 
essential to further reduce the Psol by tilting the RC module in the ϕ 
ranges where solar irradiance distribution is most concentrated. 
Therefore, characterizing the Pcool for the DCPC-RC modules tilted at 
various angles to the anti-sunward side across different ϕ ranges holds 
significant research value.

To explore the appropriate tilt angle to the anti-sunward side for the 
RC module in each city, determining the η and εsky for the tilted modules 
is first needed. As depicted in Fig. 19, the η for three DCPC-RC modules 
with different tilt angles at various ϕ shows apparent differences. At ϕ is 
0◦, the η for three modules is observed to be 1. When ϕ reaches 10◦, η of 
0.45 is recorded for the module tilted at 0◦, while the other two maintain 
the η of 1. As ϕ further increases, a sharp rise in η to 0.88 (at 50◦) fol
lowed by a sharp drop to 0 (at 110◦) is observed for the module tilted at 
0◦. The other two modules show a similar general trend, albeit with a 
delay. Specifically, for the module tilted at 15◦, η rises to 0.88 at 70◦ and 
drops to 0 at 120◦; for the module tilted at 30◦, η rises to 0.88 at 80◦ and 
falls to 0 at 140◦. Furthermore, in the zenith direction, the η for the 
module tilted at 0◦ is 0.21, which is 54.6 % and 73.7 % lower than that of 
the modules tilted at 15◦ and 30◦ respectively, indicating that an in
clined placement allows the RC module to block more solar radiation at 
noon. Finally, as η drops to 0 and ϕ further increases, a rapid rise in η to 
about 1 is observed. However, like the previous subsection, fluctuations 
in the η for the three modules are experienced after ϕ reaches 150◦ due 
to reflections from the metal wing framework of the adjacent module. 
These fluctuations result in η falling to about 0.2 before rising back to 1.

Table 6 presents the εsky for the DCPC-RC modules at three different 
tilt angles. It can be observed that an increase in εsky with the increase of 
the tilt angle, rising from 0.669 when the module tilted at 0◦ to 0.675 
when the module tilted at 30◦. This is due to the larger sky emissivity at 
larger zenith angles, and the tilted placement of the module causes the 
module to receive more sky thermal radiation from the larger zenith 
angle.

When the module is tilted at different angles, the total global solar 
radiation in the normal direction of the tilted surface will be different 
from that when the module is placed horizontally. In this case, the direct 
solar radiation in the normal direction of the surface tilted at different 
solar profile angles(ϕ) can be calculated as: 

G(ϕ)=G(ϕ)sin(90 − ϕ)cos(− α) + G(ϕ)cos(90 − ϕ)cos γ sin(− α) (11) 

where G(ϕ) is direct solar radiation at different ϕ, W/m2; α is the tilt 
angle of the module to the anti-sunward side; γ is sun azimuth. Since the 
solar azimuth angle in this paper is due south, γ is 0◦. In this study, the 
average solar radiation for each angular interval is calculated by sta
tistically analysing the solar radiation from different ϕ intervals over a 
typical year. This data is then used to characterize the Pcool for RC 
modules under various configurations.

Fig. 20 displays the Pcool for DCPC-RC modules tilted at different 
angles to the anti-sunward side in three cities when the ambient tem
perature is 30 ◦C alongside the solar irradiance distribution in different 
ϕ intervals. It can be observed that in Guangzhou, within the ϕ interval 
(50–60◦), which has the strongest solar energy distribution, the Pcool is 
accordingly lowest across all tilt angles (0◦, 15◦, and 30◦). However, the 
module tilted at 30◦ toward the anti-sunward side performs best, 
achieving a Pcool of 127.35 W/m2, which is 15.2 % higher than the 
horizontally placed DCPC-RC module. In other ϕ intervals, the larger tilt 
angle leads to higher Pgro, in regions with relatively low solar energy 
distribution, the Pcool for the module tilted at 30◦ is lower than that tilted 
at 15◦. In Rome, which has the highest solar irradiance among the three 
cities, tilting the RC module at 30◦ significantly enhances cooling per
formance due to improved solar shielding under strong solar irradiance. 
For example, when ϕ is between 40 and 50◦, the Pcool reaches 135.24 W/ 
m2, which is 22.7 % higher than that of the horizontally placed DCPC-RC 

Fig. 18. Percentage of total solar irradiance in different ϕ intervals to the total solar irradiance throughout the year.

Fig. 19. Solar shielding ratio for the DCPC-RC modules tilted at different angles 
to the anti-sunward side under different solar profile angles.

Table 6 
Equivalent sky emissivity for three ACPC-RC modules tilted at different angles.

Name Tilted at 0◦ Tilted at 15◦ Tilted at 30◦

εsky 0.669 0.671 0.675
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module. Conversely, in Nottingham, which has weak solar irradiance, 
the tilted configurations provide limited improvement in mitigating 
solar irradiance. Accordingly, the horizontally placed DCPC-RC module 
consistently achieves higher cooling performance throughout the year.

5. Conclusions

In this study, a novel RC system based on a dissimilar material CPC 
(termed as DCPC-RC system) is proposed, and its ability to reduce the 
absorption of solar radiation by RC emitters is explored. The modelling 
approach developed in Section 3.2 is applied and validated through 
experiments conducted in Nottingham, UK. The comparisons show that 
the simulation results yield good consistency with the experimental 
data. During the daytime experiments, the DCPC-RC module demon
strates superior performance, with the average emitter temperature 
being 0.95 ◦C lower than the ambient temperature and the minimum 
temperature exceeding 2 ◦C below the ambient. Additionally, this paper 
investigates the impact of changing the configurations of the DCPC-RC 
module on cooling power density (Pcool) on a typical summer day in 
Guangzhou, China. The results led to the following conclusions. 

1. When comparing the cooling performance of different RC modules 
on 21st June, the results indicate that at 1:00, the Pcool for two CPC- 
RC modules reaches 148.35 W/m2, demonstrating an excellent 
cooling effect. In contrast, the flat-RC module exhibits lower cooling 
performance, 15.5 % lower than that of the CPC-RC modules at the 
same time. However, at noon, both the mirror CPC-RC and flat-RC 
modules show significantly reduced cooling performance, with 
Pcool of only 40.03 and 54.01 W/m2, respectively. In comparison, the 
DCPC-RC module, which absorbs only 59.1 W/m2 of solar radiation 
at the same time, achieves a Pcool that is nearly double than that of 
the mirror CPC-RC module.

2. Changing the spectral properties of the transparent wing frameworks 
of the DCPC-RC module illustrates that different spectral selectivity 
affects the unfavourable thermal radiation absorbed by the RC 
emitter. For instance, at noon, the Pcool for the DCPC-RC module 
without TIRF is 99.45 W/m2, while the modules with near-ideal and 
relatively poor TIRF show Pcool of 119.06 and 105.24 W/m2, 
respectively.

In addition, this paper summarizes the distribution of different solar 
profile angles throughout the year in three cities located at different 
latitudes, along with the corresponding proportion of solar energy 
received under each angle. The average solar radiation within each 10◦

solar profile angle is calculated to characterize the cooling performance 
of DCPC-RC modules in various cities. This analysis provides new in
sights for guiding the installation of RC systems in the future, aiming to 
optimize cooling performance throughout the year.
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