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Achieving superior radiative sky cooling (RC) performance in practical applications is challenging due to its
cooling power is easily compromised by unwanted thermal energy influxes, including solar heat gain and thermal
radiation from nearby warm objects. To address this issue, the present work introduces the integration of
affiliated crossed compound parabolic concentrators (CPC) as a means to effectively mitigate this thermal
burden. Through the development of a comprehensive mathematical framework that characterizes the heat
exchange between the RC emitter and different environmental heat sources, the cooling performance of the novel
crossed CPC-RC module is evaluated and compared with other RC configurations. The results show that due to its
excellent capability to shield unfavourable heat inflows from large zenith angles, the crossed CPC-RC module
shows the potential to reach a cooling power density of 99.50 W/m? at noon, outperforming the flat-RC and 2D
CPC-RC modules by 5.1% and 41.7%, respectively. Furthermore, key parameters optimization and the cooling
performance assessment throughout a typical summer day is carried out to demonstrate the superiority of the
crossed CPC structure in boosting cooling capacity, particularly the cooling benefits throughout the day, thereby
offering a promising solution to better align with the cooling demands of buildings.

1. Introduction

The rapid development of modern society has resulted in a sub-
stantial rise in energy consumption, consequently driving a significant
increase in carbon emissions [1]. Furthermore, as morethan 80% of the
primary energy supply continues to depend on non-renewable sources
such as fossil fuels [2], this reliance has further aggravated issues of
energy shortages and environmental pollution [3-5]. Consequently, the
advancement and research of renewable and environmentally friendly
energy technologies have become a critical priority [6,7]. Among them,
radiative sky cooling (RC) technology, which harnesses natural cold
sources from outer space, is considered an attractive passive cooling
approach. It utilizes the "atmospheric window" in the 8-13 pm wave-
length range to emit thermal infrared radiation to the deep universe (~3
K), thereby enabling self-cooling with significant application prospects
[8-11]. However, as depicted in Fig. 1, the cooling power density (P¢oo1)
for the RC module not only depends on the thermal radiation flux
emitted by the RC emitter (Pepi) but also by the thermal radiation
absorbed from the sky (Pgy) and surroundings (Psy). Moreover, the
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most significant impact on its cooling performance is the absorbed solar
radiation (Pgy). Although solar radiation has unlimited potential for
solar applications and is uniformly available everywhere [12], typically
reaching an intensity of around 1000 W/m? on a sunny day, this value
significantly surpasses the cooling flux generated by RC modules at
ambient temperature, which is approximately 100 W/m? [13]. This
substantial discrepancy underscores the challenges of utilizing RC
technology to achieve effective daytime cooling.

Nomenclature
C Concentration ratio of concentrator
f focal length of the CPC
G Total incident solar radiation, W/m?
H Height of crossed CPC-RC modules, mm
h Convection heat transfer coefficient, W-m 2K
i Number of reflections
L Blackbody spectral intensity, W-m™~2.um™.sr~!
P Power density, W/m?
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(continued)
T Temperature, K or °C
w Width of the RC emitter, mm
Greek symbols
a Absorptivity
B Respective ratios of the radiation beam, %
€ Emissivity
p Reflectivity
n Solar acceptance ratio, %
A Wavelength, pm
w Radiation beam ratio, %
Omax Maximum half-acceptance angle of CPC
0 Zenith angle, °
@ Azimuth angle, °
c Stefan-Boltzmann constant, W-m %K *
Subscripts
amb Ambient
con Concentrator
con-+cov Heat conduction and convection
cool Cooling
eff Effective
emi Emitter
env External environment
gro Ground
sol Solar radiation
sur Aboveground surroundings

Advances in materials science have enabled researchers to develop
RC materials with near-ideal spectral properties [14], characterized by
extremely low absorptivity in the solar spectrum while maintaining high
emissivity in the infrared region [15]. These materials have the potential
to achieve sub-ambient cooling throughout the day [16-19]. However,
further improvements in the spectral selectivity of near-ideal RC mate-
rials face challenges. Additionally, they are unable to ensure
high-quality cooling in complex real-world environments, where the
impacts of external environmental thermal radiation and solar radiation
absorbed by the RC modules cannot be mitigated [20]. Consequently,
further research is necessary to optimize the structural design of the RC
module and enhance its ability to block solar and external environ-
mental thermal radiation. Currently, several researchers have proposed
novel systems that combine RC modules with external shielding struc-
tures. For example, utilizing cone-shaped shields [21,22], reflective
troughs [23], V-shaped spectrally selective mirrors [24], and other
configurations [25,26] can effectively shield against adverse thermal
radiation from large zenith angles and non-radiative heat exchange,
achieving excellent cooling effect. In addition, combining concentrators
commonly used in solar energy utilization with RC technology to form a
concentrated RC system [27] can also enhance cooling performance.

In this context, an RC module based on a two-dimensional compound
parabolic concentrator (2D CPC-RC module) was developed and studied
by the authors in a previous work [28]. Nighttime experiments con-
ducted in Nottingham, UK demonstrated its superior cooling perfor-
mance, which was more than 30% higher than that of conventional
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Fig. 1. Schematic diagram of heat transfer processes on a radiative cool-
ing emitter.
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flat-RC modules. However, daytime experiments in summer revealed
that the horizontally placed module struggled to reach sub-ambient
temperatures This limitation arises because the CPC structure cannot
block solar radiation with an incident angle smaller than the maximum
half-acceptance angle (0nax) of the CPC [29]. Furthermore, due to its
concentrating properties, some solar radiation that would not typically
reach the flat-RC module is redirected to the RC emitter [30]. However,
due to the constantly changing trajectory of the sun, when the solar
incident angle exceeds the maximum acceptance angle (Opmax) of the
CPC, the unshaded side of the CPC is unable to effectively block solar
radiation in the morning or afternoon. As illustrated in Fig. 2, a portion
of solar radiation can still enter the 2D CPC-RC module through the side
openings (indicated by the pink areas). Additionally, when obstacles are
present in the surroundings, substantial thermal radiation from the
external environment can also penetrate through these side openings,
further diminishing the cooling performance of the module.

In order to reduce the absorption of adverse solar radiation by RC
modules and thereby improve their cooling capacity throughout the day,
this study proposes a novel concentrated RC module integrating with a
four-sided closed-crossed CPC structure, referred to as the crossed CPC-
RC module, as shown in Fig. 2. The crossed CPC structure, commonly
used in solar energy collection systems, consists of two 2D CPCs and
exhibits excellent optical efficiency [31,32]. When applied to RC sys-
tems, this structure utilizes reflectors to prevent the thermal radiation
emitted by the RC emitter from escaping through the side openings,
concentrating the emitted thermal radiation into a narrower hemi-
spherical range. However, since the structure is based on the 2D CPC, its
concentration characteristic is similar, meaning its height varies with
different concentration ratios (C) [33]. A higher C results in the RC
module collecting more solar radiation when the solar incident angle is
less than its 0,ax. However, once the solar incident angle exceeds 6ax of
crossed CPC, the structure becomes more effective at blocking solar
radiation from large incident angles. Therefore, it is crucial to evaluate
the cooling performance of the crossed CPC-RC module across different
configurations to achieve optimal results. Additionally, when the RC
module is situated in a complex external environment, such as when
many obstacles surround the RC module or when the module is posi-
tioned on an inclined plane., the crossed CPC structure effectively
shields the thermal radiation from the surrounding obstacles and the
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Fig. 2. Difference between 2D CPC-RC and crossed CPC-RC modules in
shielding solar and other adverse thermal radiation.
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ground, preventing it from entering the RC module through the side
openings.

In this paper, the cooling performance of the novel crossed CPC-RC
module, along with other two concentrated RC modules and a flat-RC
module is accurately evaluated, demonstrating the effectiveness of the
crossed CPC-RC module in shielding undesirable thermal radiation and
solar radiation from large zenith angles. Besides, the cooling perfor-
mance of crossed CPC-RC modules under different CPC configurations
(varying concentration ratios) is analysed. Finally, due to the high
sensitivity of concentrated RC modules to solar radiation, the cooling
performance and average hourly cooling power throughout a typical
summer day for different RC modules are examined. The development of
this innovative RC module provides new ideas for the wider application
of RC technology in practical applications, showing its great potential in
improving cooling efficiency and environmental adaptability.

2. Module description

The radiative heat exchange schematic diagram between the 2D
CPC-RC module and the crossed CPC-RC module with the sun and
external environment is illustrated in Fig. 3 (a). The crossed CPC
structure comprises of four parabolic surfaces and a square aperture
[34]. When the 2D CPC-RC module’s side openings are aligned along the
east-west direction, Py from the morning and evening, along with Pgy
from the east or west, can reach the RC emitter of the 2D CPC-RC module
through side openings. In contrast, such thermal radiations are effec-
tively blocked by the wing frameworks of the crossed CPC structure,
thereby enhancing its cooling performance.

However, in low-latitude areas, the solar altitude angle is relatively
high in summer, especially at noon when the sun is around the zenith
direction. In this situation, the concentrators of the CPC-RC modules
cannot function as solar shields, instead, they concentrate solar radia-
tion onto the RC emitter, thereby increasing the difficulty of daytime
cooling. Therefore, in CPC-RC modules, the solar radiation absorbed at
different times or during different seasons is a critical evaluation indi-
cator. This paper introduces the solar acceptance ratio (4j¢on) to represent
the ratio of solar radiation reaching the RC emitter to the solar radiation
reaching the CPC-RC module aperture. The module aperture is depicted
in the blue area of Fig. 3 (b). For CPC-RC modules, a larger 7o, indicates
that more solar radiation is reaching the RC emitter, causing the mod-
ule’s Py to increase and obtaining a lower Pcq). In addition to the #cop,
investigating the Pep, for the crossed CPC-RC and 2D CPC-RC modules
reveals that different CPC configurations vary in their effectiveness at
blocking external environmental thermal radiation from reaching the
RC emitter. This analysis allows for identifying the CPC configuration
that achieves excellent RC effect. Furthermore, variations in environ-
mental parameters and RC material properties influence cooling
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performance. Consequently, this study focuses on the cooling perfor-
mance of the crossed CPC-RC modules with different configurations
under varying parameters.

As a numerical analysis paper, all concentrator materials in this
paper utilized specular aluminium, with reflectivity as high as 0.95
across the entire wavelength range [35]. Additionally, when setting the
spectral characteristics of the RC emitter, considering that the influence
of aso] on the daytime cooling effect is greater than that of eemi, @so) is
used as the key parameter for comparison in the following sections and
will be discussed in detail. For the een,; setting of the RC emitter, this
paper employs a spectrally selective RC emitter, as illustrated in Fig. 4.
The RC emitter has a weighted average emissivity of 0.95 within the
"atmospheric window," while its emissivity in other infrared regions is
set to 0.

3. Modelling approach
3.1. Mathematical model

In this study, a previously established modelling approach is used to
quantitatively assess the net cooling power density (Pcoo1) for the crossed
CPC-RC module and other RC modules under varying parameters. The
numerical analysis relies on specific assumptions to formulate equations
describing the heat transfer between the RC module and the external
environment. Furthermore, the emitter temperature (Ten;) is consis-
tently set equal to the ambient temperature (Tamp), allowing the non-
radiative heat transfer (Pponraq) between the RC module and its sur-
roundings to be disregarded.

In this modelling approach, the thermal radiation from the sky,
ground and surrounding environment is attributed to the thermal radi-
ation from the external environment, so the P, obtained by the RC
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Fig. 4. Average emissivity of spectrally selective emitter across 2.5-25 pm.
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Fig. 3. (a) Radiative heat exchange between 2D CPC-RC and crossed CPC-RC modules and external environment. (b) Definition of solar acceptance ratio.
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modules can be expressed as:

Peool = Pemi — (Psky + Pgro + Psur) Peny — Pgot — Pcon+cov 1)

Based on the above assumption, Peonicov are considered to be
neglective, and therefore will not be mentioned in the following
discussions.

3.1.1. Radiation power emitted by the RC emitter

The thermal radiation emitted by the RC emitter is solely influenced
by its intrinsic spectral characteristics, unaffected by the external envi-
ronment, which can be expressed as follows [26]:

0 21 /2
Pent — / / / et (0, 9, )y (A, Tem ) cOsOsinddadpd. @
0 0 0

where eemi(6, @, 1) is the spectral, directional emissivity of the emitter,
Iy(4, Temi) is the blackbody spectral intensity at the Tempj,
W~m_2~pm_1-sr_1. According to the Stefan-Boltzmann law, Eq. (2) can
be simplified as [36]:

Pemi = eemio—T:mi (3)

where eep is the total, hemispherical emissivity of the RC emitter; and ¢
is the Stefan-Boltzmann constant, 5.67x10~8 W-m 2K,

3.1.2. External environmental radiation power absorbed by the RC emitter

The thermal radiation absorbed by the RC module from the entire
external environment as a new parameter proposed in previous study,
which can be expressed as [37]:

/2 21 00
Py — / / / Cemi (0, 9, 2)Eens (0, 9, )1y (A, Ty )cOS0sin0dAdpd0
0 0 0
)

where demi(6, @, 4) is the spectral, directional absorptivity of the emitter;
eenv(0, @, 1) represents the overall spectral, directional emissivity of the
external environment. This parameter represents the weighted average
of the equivalent sky, ground, and aboveground surroundings emissiv-
ity. A detailed explanation of the parameters can be found in Ref. [38].
As this study assumes that the RC module is positioned horizontally,
thermal radiation from the ground does not reach the RC emitter and
will be excluded from the subsequent calculations.

It is important to note that, similar to the equivalent sky emissivity,
the terms 4,:(0, ¢, 4) in Eq. (4) do not represent the real emissivity but
instead denote the equivalent emissivity of the aboveground surround-
ings at ambient temperature Tamp, can be expressed as
Ssur(ey (p7 l) — S,Slll‘ (97 (/),‘rlj")q":llr(gr (p)

amb

(5)

where €,,.(0,9,4) is the real spectral emissivity of the aboveground
surroundings at the direction (6, ¢) relative to the RC emitter; and T (6,
@) denotes the temperature of the aboveground surroundings at the
direction (0, ¢) relative to the RC emitter, K.

Furthermore, as in Eq. (3), Peyy can be simplified to:
Penv = aemigenng:mb (6)
where e is the total, hemispherical absorptivity of the RC emitter; eepy

is the equivalent external environmental emissivity. Using the modelling
approach for simulation and derivation, €.,y can be expressed as [38]:

/2 foo
Eenv = /0 Eenv (H)ﬂenv (0) ( Z plconwi (0)> Pcon_eff do (7)
i=0
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where €.ny(0) is the equivalent emissivity of the whole external envi-
ronment in the zenith angle of 6; feny(0) is the ratio of the radiation beam
falling on the ring formed by the zenith angle 6 between the incident
direction and the zenith direction relative to the total, hemispheric ra-
diation beam of the RC emitter, as shown in blue lines in Fig. 5. The
method of obtaining feny(0) has been explained in detail in Ref. [37].
Peon eff is the effective reflectivity for the concentrators to the thermal
radiation from the external environment. For non-concentrated RC
modules, the peon eff is 1; i represents the number of reflections by the
concentrators required for thermal radiation to reach the RC emitter;
Peon 18 the real material reflectivity of the concentrators; w;(6) represents
the ratio of the number of incoming radiation beams from the same
zenith angle 0 that reach the RC module after i-time reflections to the
total radiation beams. The approach of determining this parameter is
described in detail in Ref. [38].

3.1.3. Solar irradiation absorbed by the RC emitter

The solar radiation power absorbed by the RC modules plays a key
role in whether sub-ambient cooling effect can be achieved during the
daytime, which can be expressed as:

Py = aemiGsol (8)

For concentrated RC modules, the absorbed solar radiation must be
redefined to account for the concentrating effect, and it can be expressed
as:

Py = C”conaemi GSOlpcon,sol )

where C is the concentration ratio of the concentrator; o, is the solar
acceptance ratio of the concentrated RC module; G is the total incident
solar radiation, W/m?; Peon sol Tepresents the effective reflectivity of the
CPC to solar radiation, which in this study is set equal to the reflectivity
of the material itself.

3.2. Simulation model setting and analysis

In this study, Rhino software is utilized to create an accurate model
of the RC module, while the optical software Photopia [39] is employed
to assign specific material properties to the model. The detailed
modelling process has been described in Ref. [37]. Therefore, this sec-
tion provides only a brief overview of the method’s principles. First, by
setting the sunlight from different incident angles and running the
simulation, the total radiative flux obtained from the module aperture
and the RC emitter is determined to obtain the module’s 7¢qn. Further-
more, based on the principle of reciprocity, a uniform diffuse lamp

Zenith direction

Horizon direction

Fig. 5. Schematic diagram of the directional radiation beam emitted by the
RC emitter.
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replaces the RC emitter to emit radiations outward to characterize the
radiation beam emitted by the RC emitter. The external environment is
represented as a hemispheric black body, divided into 90 concentric
rings via the zenith angle between the incident direction and the zenith
direction, ranging from 0° (zenith direction) to 90° (parallel to the ho-
rizon). As the RC emitter uniformly emits radiation outward, the radi-
ation beams passing through the different concentric rings are observed.
The amount of radiation beams for each concentric ring is then divided
by the total radiation beams to calculate fe,y(6) at various zenith angles.

4. Results and discussion

Based on the modelling approach, Section 1 analyses the cooling
performance of four RC modules at various ambient temperatures,
highlighting the superior nighttime cooling capability of the crossed
CPC-RC module. Additionally, the 24-h cooling power on a typical
summer day is examined. Section 2 investigates the variation in cooling
power of the crossed CPC-RC modules at different concentration ratios
(C) under different solar incidence angles and ambient temperatures
(Tamp)- Furthermore, the aboveground surrounding is set a concrete
high-rise building occupying 10% of the whole external environment.
The key parameter settings for the case study are provided in Table 1.

4.1. Cooling performance comparison for the different RC modules

This section first characterizes the nighttime absorbed Pey, and ob-
tained Py for four different RC modules at various Tomp, demonstrating
the excellent adverse thermal radiation shielding effect of the crossed
concentrator structures. Additionally, Section 4.1.2 examines variations
in solar radiation (Gso)) and the solar absorptivity (aso)) of the RC emitter
affect the cooling performance of the RC module on a typical summer
day in Guangzhou, China, further exploring the crossed concentrator
structure’s effectiveness in blocking solar radiation during the daytime.

Fig. 6 presents a schematic diagram of the four RC modules evaluated
in this section, including a flat-RC module, a 2D CPC-RC module, a
crossed inverted trapezoidal-RC module (referred to as the crossed "V'-
RC module), and a crossed CPC-RC module. All four RC modules feature
emitters with a uniform width (W) of 20 mm. Additionally, the height of
the three concentrated RC modules is the same, each measuring 40 mm,
which means that part of the concentrators is truncated in three
concentrated RC modules. Finally, the three concentrated RC modules
share the same C of 2x.

4.1.1. Effect of different ambient temperatures

To characterize the Pepy and Pcoo for the four RC modules, it is
necessary first to obtain their &py. Since there is a fixed obstacle around
the RC module in this paper, the emissivity of the equivalent sky and
aboveground surroundings needs to be considered simultaneously when
characterizing eey. Specifically, due to lacking a concentrator, the flat-
RC module exhibits the highest &,y at 0.718, indicating that it will
absorb more external environmental thermal radiation. Furthermore,
the concentrated RC modules with 2D and crossed structures demon-
strate varying &epy due to their structure differences. The 2D CPC-RC
module absorbs more thermal radiation through the side openings,
especially from the surrounding obstacle, resulting in a higher €eny of

Table 1
Key parameter settings for case study.
Parameters Descriptions Values
Tsur night Nighttime surrounding temperature (°C) = Tamp [40]
Tsur_day Daytime surrounding temperature (°C) Tamb+(EsurGso)/Rsur
[40]
hgur Surrounding convection heat transfer 25 W/m?K [41]
coefficient
Esur Surrounding emissivity 0.85 [42]
Pcon Concentrator material’s reflectivity 0.95 [35]
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0.682. However, this portion of the thermal radiation can be blocked by
the crossed concentrators in the crossed-structure RC modules. Conse-
quently, the &eqy for the crossed "V'-RC and crossed CPC-RC modules is
lower, at 0.654 and 0.639, respectively.

Fig. 7 (a) shows Pepy and P for the four RC modules at different
Tamp during the nighttime. According to the parameters provided in
Table 1, the Tg,, at night is assumed to be equal to the Tyyp. The results
indicate that across various Taymp, the Peny for the crossed CPC-RC
module is the smallest among the four modules, while the Py, for the
flat-RC module shows the largest. For example, when Tomp is 30 °C, the
Peny for the crossed CPC-RC module is 288.42 W/m?, which is 38.21 W/
m? lower than that of the flat-RC module, demonstrating that the crossed
CPC structure blocks 11.7% external environmental thermal radiation
for the RC emitter. Similarly, the crossed CPC structure blocks 7.0%
more external environmental thermal radiation than the 2D CPC struc-
ture. Fig. 7 (b) shows the P for the four RC modules at different Tymp.
The results indicate that the Py for the flat-RC module at various Tamp
is significantly lower than that of the concentrated RC modules. Among
the four RC modules, the crossed CPC-RC module achieves the highest
Pcoo) due to its smaller Pepy, followed by the crossed "V"-RC module and
the 2D CPC-RC module. Specifically, at an Ty of O °C, the crossed CPC-
RC module demonstrates a cooling performance that is 83.9% and
12.6% higher than that of the flat-RC and 2D CPC-RC modules,
respectively. When the Ty, increases to 40 °C, its Peoop is 10.36 and
21.25 W/m? larger than that of the crossed "V"-RC and 2D CPC-RC
modules, respectively. These results highlight the crossed CPC-RC
module’ s excellent cooling capabilities during the nighttime.

4.1.2. 24-H cooling performance

This section examines the variations in hourly cooling power of four
RC modules on 21st June, aiming to explore the differences in cooling
performance under varying Gso) and Tapp conditions. Additionally, the
impact of using different RC emitters on the daytime cooling perfor-
mance of the RC module is investigated. Table 2 provides o for the
three concentrated RC modules from 7:00 to 18:00 on 21st June. Since
the 2D CPC-RC module allows solar radiation to reach the RC emitter
through the side openings in the morning and evening, its 7o, is not
0 between 7:00-8:00 and 16:00-18:00. Especially at 8:00 and 16:00, it
reaches approximately 0.8, causing the module to absorb more solar
radiation. In contrast, the crossed-structure RC modules can block solar
radiation at certain times due to its four sides concentrator, resulting in
Neon Of O between 7:00-8:00 and 16:00-18:00. Additionally, at 9:00 and
15:00, the #¢op for the 2D CPC-RC module is 0.95 and 0.92, respectively,
while that of the crossed CPC-RC module is 0.60 and 0.61, as the solar
altitude angle at these times is still lower than the crossed CPC-RC
module’s 0,,x. However, during 10:00 to 14:00, the #¢o, for the three
CPC-RC modules shows high values, which is not conducive to cooling
capacity.

Compared to the flat-RC module, concentrated RC modules are
influenced by the concentrating properties of the concentrator, which
causes more solar radiation to be directed onto the RC emitter at specific
times, thereby reducing the cooling effect of the RC modules during the
daytime. Consequently, this study will focus on the variations in P, for
the four RC modules as the sun’s trajectory changes on 21st June.
Additionally, daytime fluctuations in Tapp, also influence Ty, leading to
variations in the thermal radiation emitted by surrounding obstacles.
Fig. 8 presents the 24-h Tyyp and Ggo on 21st June, along with the
inferred Tg,. The weather data is provided from the EnergyPlus
database.

Fig. 9 illustrates the Py for four different RC modules on 21st June.
The flat-RC module cannot block external environmental thermal radi-
ation due to its lack of a concentrator, resulting in the highest Pepy
among the four RC modules, particularly during the daytime. This is
attributed to the increase in Tyyp during the daytime, which increases
the emitted thermal radiation. Specifically, the Pe,y for the flat-RC
module is 317.68 W/m? at 1:00, while at noon, Pe,, increases by
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Fig. 6. Schematic diagram of the four compared RC modules.
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Table 2
Solar acceptance ratio for the three concentrated RC modules.
7 8 9 10 11 12 13 14 15 16 17 18
2D CPC-RC 0.33 0.79 0.95 0.95 0.94 0.96 0.95 0.94 0.92 0.80 0.36 0.13
Crossed "V" 0 0 0.55 0.87 0.95 0.97 0.95 0.88 0.56 0 0 0
Crossed CPC 0 0 0.60 0.89 0.95 0.97 0.95 0.90 0.61 0 0 0
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Fig. 9. Absorbed external environmental thermal radiation for the four RC

modules on 21st June.
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8.3%, which negatively impacts the RC effect. In contrast, the Py, for
the other three RC modules with concentrator structures is consistently
lower than that of the flat-RC module throughout the day. Notably, the
crossed CPC-RC module shows Pepy of 304.59 W/m? at noon, effectively
blocking 11.2% of the adverse thermal radiation compared to the flat-RC
module.

Fig. 10 shows the Py for the four RC modules on 21st June, with
varying aso| for the RC emitter. When s is 0.05, the hourly P, for all
RC modules exceed 70 W/mz, even at noon. Among them, the flat-RC
module has lower cooling performance during the nighttime
compared to the other three concentrated RC modules due to the lack of
concentrators. It obtains Pegol of 124.77 W/m?, which is 8.8%, 18.6%
and 21.8% lower than the 2D CPC-RC, crossed "V'"-RC and crossed CPC-
RC modules, respectively. However, during the daytime, its sensitivity to
solar radiation is lower than the other three modules, resulting in a
relatively stable P oo curve. For instance, at 11:00, its Pcqo) is 97.57 W/
m?, while at 13:00, it exhibits 95.98 W/m?, showing only a small dif-
ference. In contrast, the Py for the other three concentrated RC mod-
ules, especially the 2D CPC-RC module, drops sharply as solar radiation
increases, from 117.35 W/m? at 8:00-87.33 W/m? at 10:00. Since the
Ncon for the crossed structure-RC module shows 0 between 7:00-8:00 and
16:00-18:00, their Py are higher than that of the 2D CPC-RC module
during these periods. Between 9:00 and 15:00, the 7o, for the three
concentrators are similar, meaning their Py, are also comparable.
However, at noon, the P.yo for the crossed CPC-RC module reaches
99.50 W/m?2, which is 5.1% and 41.7% higher than that of the flat-RC
and 2D CPC-RC modules, respectively. This improvement is due to the
crossed CPC structure blocking adverse thermal radiation from entering
the RC module through the side openings.

When a5, increases to 0.10, the Py for the flat-RC module is higher
than that of the other three concentrated RC modules around noon due
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to the concentrating characteristics of the concentrators. In contrast, for
the 2D CPC-RC module, the hourly P, is lower than that of the flat-RC
module from 8:00 to 16:00, totalling 9 h. This duration is reduced to 5 h
for the crossed CPC-RC module. When ag is 0.15, the flat-RC module
can still achieve a small cooling power at noon, while the 2D CPC-RC
module cannot achieve any cooling effect between 10:00 and 3:00.
The crossed structure-RC module performs slightly better but cannot
provide cooling from 11:00 to 2:00. When ¢y, increases to 0.20, even the
flat-RC module fails to provide cooling effect around noon.

Fig. 11 illustrates the average hourly cooling power density (Pcool)
for the four RC modules on 21st June. By comparing this value, the
cooling capacity of the RC modules throughout the day can be evalu-
ated, providing a better reflection of each module’s all-day cooling
performance. The P for all four RC modules decreases as the ag,) for
the RC emitter increases. When ay; is 0.05, the Py, for the crossed CPC-
RC module is 31.0% higher than that of the flat-RC module. The 2D CPC-
RC module is significantly affected by adverse radiation, and its Pcool
falls below that of the flat-RC module when ay, exceeds 0.15. In
contrast, due to the crossed CPC-RC module’s effective thermal radia-
tion shielding, it maintains Pco for 102.76 W/m? even when ay in-
creases to 0.2. This results in 27.56 W/m? more cooling power per hour
than the flat-RC module and 49.30 W/m? higher than the 2D CPC-RC
module.

This section first demonstrates the excellent nighttime cooling per-
formance for the crossed CPC-RC module, attributed to its superior
shielding against adverse thermal radiation (including the sky, sur-
rounding obstacles, etc.), by comparing it with other traditional RC
modules. When characterizing the cooling performance and average
hourly cooling power for a typical summer day, it is observed that higher
daytime ambient temperatures and solar radiation reduced the cooling

21* June
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Fig. 10. Hourly cooling power density for the four RC modules with different RC emitters on 21st June.
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Fig. 11. Average hourly cooling power density for the four RC modules with different RC emitters on 21st June.

performance of RC modules. In addition, different solar absorptivity can
also cause significant changes in the daytime cooling effect, especially
for the 2D CPC-RC modules. In contrast, the crossed CPC structure
offered additional shielding from solar radiation, thereby enhancing
module’s cooling performance throughout the day.

4.2. Cooling performance for the crossed CPC-RC modules with different
configurations

In the previous section, the crossed CPC-RC module demonstrated
the potential to achieve high-quality cooling power due to its four-sided
shielding surfaces, which effectively block adverse thermal radiation
and solar radiation from large zenith angles. However, further investi-
gation is needed to assess the impact of the concentrator’s concentration
ratio (C) on RC performance. This section explores the effect of the
variation of C in the crossed CPC structure on the absorption of solar
radiation. Additionally, the P, for crossed CPC-RC modules with
different configurations under varying Tamp and solar incident angles are
also studied. Finally, the hourly Py and Peool for the modules with
different configurations on 21st June is evaluated. All crossed CPCs in
this section are complete structures without truncation.

Fig. 12 shows three crossed CPC-RC modules with different C. Their
bottom surfaces are set to square RC emitters with a width of 20 mm. As
can be seen from the figure, the height of the crossed CPC structure (H)

A=40 mm

|

28 mm

H=,

W=20 mm W=20 mm

with different C is different. The larger the C, the higher the H.
Furthermore, the parabola equation of the compound parabola can be
expressed as:

1
= @XZ 10)

where fis the focal length of the CPC, which can be calculated by f = W/
2(sinfmax+1). The Opax can be determined based on the C.

4.2.1. Effect of solar incident angles

Fig. 13 illustrates the 5con for the crossed CPC-RC modules with
different C at various solar incident angles. As the C increases, the 0o of
the crossed CPC structure decreases, causing the 7¢on to drop sharply
when the solar incident angle exceeds the Opax. When the C of the
crossed CPC-RC module is 1.5x, the #¢on at the solar incidence angle of
0-30° remains at a high level, exceeding 0.91. This indicates that larger
part of solar radiation reaches the RC emitter within this incident angle
range, which is not conducive to RC. When the solar incident angle
exceeds 30°, surpassing the Opax of the crossed CPC structure, 7con de-
creases rapidly, reaching 0 at 50°. Furthermore, when the C increases to
2x and 2.5%, the 7¢on at the incident angle of 30° drops to 0.47 and O,
respectively, indicating that the greater the C of the crossed CPC struc-
tures, the more solar radiation can be blocked.

A=50 mm
P

H=52.2 mm
H=81.9 mm

e

W=20 mm

(a) Crossed CPC-RC with 1.5x (b) Crossed CPC-RC with 2.0x (c) Crossed CPC-RC with 2.5x

Fig. 12. Schematic diagram of three crossed CPC-RC modules with different concentration ratios.
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Fig. 13. Solar acceptance ratio for three crossed CPC-RC modules with
different concentration ratios.

In addition to characterizing the #con for crossed CPC-RC modules
with different C, characterizing the e.py for the module is also necessary.
As C increases, the height of the crossed CPC increases, allowing more
external environmental thermal radiation to be blocked by the structure,
resulting in a decrease in eepy. Specifically, the eepy for the crossed CPC-
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RC module with 1.5x is 0.645, while the ¢.p, for RC modules with 2x and
2.5x is 0.639 and 0.626, respectively.

Fig. 14 (a) shows the variation of Py, under different Topy, for the
crossed CPC-RC modules with different C during both noon and night-
time, while Fig. 14(b) and (c) and (d) illustrates the effect on Py, when
the solar incident angle and T,np change simultaneously during the
daytime. Fig. 14 (a) indicates that during noon, regardless of Ty, as the
C of the crossed CPC-RC module increases, the Py for the RC module
decreases, which is due to a larger C resulting in a higher Py for the
module. For instance, when C is 1.5%, the P for the crossed CPC-RC
module at 0 °C is 50.85 W/m> However, when C increases to 2.5x,
the Pgqo) drops to 26.55 W/m?, which is 47.8% lower than the former.
This difference diminishes as Tayp increases, when Tamp is 40 °C, the
Peool for the crossed CPC-RC module with 1.5x remains 17.5% higher
than that of the crossed CPC-RC module with 2.5x. During the nighttime,
without the influence of solar radiation, a larger C can reduce the view
factor between the external environment and the RC emitter, thereby
reducing the thermal radiation exchange and enhancing the cooling
performance. When Ty, is 40 °C, the Py for the module with 2.5x
reaches 193.73 W/m?, which is 9.85 W/m? higher than that of the RC
module with 1.5x.

Fig. 14 (b) shows that when C is 1.5x, the crossed CPC-RC module
can still achieve a Py for 50.85 W/m? even when Tamp ia 0 °C at noon.
However, the RC module exhibits a higher 7.0, at small zenith angles,
resulting in obtain lower Pqo. For instance, when Ty, is 20 °C, the Peoo)
for the module at solar incident angle of 0° is 85.62 W/m?, but when the
solar incident angle reaches 40°, the corresponding #con drops sharply,
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Table 3
Solar acceptance ratio for the three crossed CPC-RC modules with different C.
7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
1.5x 0.00 0.00 0.66 0.90 0.93 0.94 0.92 0.90 0.66 0.00 0.00 0.00
2.0x 0.00 0.00 0.00 0.75 0.92 0.93 0.93 0.76 0.00 0.00 0.00 0.00
2.5x 0.00 0.00 0.00 0.03 0.83 0.90 0.83 0.03 0.00 0.00 0.00 0.00
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Fig. 15. Hourly cooling power density for the three crossed CPC-RC modules with different RC emitters on 21st June.

causing Pq] to rise to 95.89 W/m?. Moreover, when the solar incident
angle exceeds 40°, the crossed CPC structure blocks all solar radiation,
causing Pcoo to increase by 1.47 times compared to when the solar
incident angle is 0°, reaching 141.22 W/m?. When C increases, the P¢oo1
for the crossed CPC-RC module decreases at small zenith angles due to
the increased solar radiation concentrated on the RC emitter. For
example, when C is 2x, Ty, is 20 °C and the solar incident angle is 0°,
the Py for the RC module is only 71.88 W/mz, compared to 85.62 W/
m? for the module with 1.5x. This is because, although the CPC structure
blocks more external environmental thermal radiation, the increase in C
causes the module to absorb 28.5% more solar radiation, thereby
reducing its cooling performance. However, as the C of the crossed CPC-
RC module increases, crossed CPC’s 6« is smaller, allowing the RC
module with a larger C to achieve higher P, when the solar incident
angle exceeds the Opax. For instance, when Ty, is 20 °C and the solar
incident angle is 30°, the P for the RC module with 2.5x is 148.78 W/
m?, which is 70.9% and 30.6% higher than the RC modules with 1.5x
and 2.0x, respectively.

4.2.2. Cooling performance on a typical summer day

In this subsection, the Py for the crossed CPC-RC modules with
different C and RC emitters on 21st June will be discussed. The Tamp, Tsur
and hourly G of a typical day are the same as in Section 4.1.

10

Table 3 shows the #con for the different crossed CPC-RC modules on
21st June. As C increases from 1.5x to 2.0x, the crossed CPC structure
blocks sunlight for longer, with higher 7o, observed only around noon
(10:00 to 14:00). When C reaches 2.5%, it concentrates solar radiation
only between 11:00 and 13:00. Additionally, as C increases, the 7o, at
noon decreases. For example, the 7o, for the crossed CPC-RC module
with 1.5x at 12:00 is 0.94, while for the RC modules with 2.0x and 2.5x,
it drops to 0.93 and 0.90, respectively. This occurs because the crossed
CPC-RC module in this section is not truncated and retains its full height,
offering better solar-shield performance than the truncated crossed CPC-
RC structure described in Section 4.1. However, since the effect of C
must still be considered, further analysis of the module’s final Py is
needed.

Fig. 15 shows the hourly P, variations of three crossed CPC-RC
modules with different C on 21st June, with the g, for the RC emitter
changes. The results show that regardless of a5, when the crossed CPC
functions as a solar concentrator (i.e., when 7o, is not 0), a higher C
results in a lower Py for the crossed CPC-RC module. Consequently,
the P01 for the 2.5x crossed CPC-RC module with 2.5x is the lowest
among the three configurations. This occurs because, as the C of the
crossed CPC-RC module increases, when the solar radiation incident
angle is within the 0, of the crossed CPC, more solar radiation will be
concentrated onto the RC emitter, which will negatively affect the
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Fig. 16. Average hourly cooling power density for the crossed CPC-RC modules with different RC emitters on 21st June.

cooling performance. Conversely, when solar radiation exceeds the Oy,
the module effectively blocks almost all incoming solar radiation.
Additionally, as shown in Table 3, the number of hours during which
Neon for the crossed CPC-RC module with 2.5x larger than 0 is only 3,
which is considerably less compared to RC modules with lower C.
However, during these 3 h, the absorption of solar radiation is signifi-
cant. This is because a 2.5x concentrator directs 2.5 times as much solar
radiation onto the RC emitter compared to a planar RC module with the
same emitter, significantly reducing its cooling performance. For
instance, when the ag for the RC emitter is 0.05, its P is only 88.46
W/m?, which is 10.8% and 18.3% lower than the RC modules with 2.0x
and 1.5x at noon, respectively. However, when solar radiation is absent,
it achieves the best P.y, among the three crossed CPC-RC modules,
reaching 165.03 W/m? at 1:00, 8.3% higher than the RC module with
1.5x. Furthermore, since its concentration effect is limited to 3 h around
noon, further research is needed to evaluate its overall cooling perfor-
mance throughout the day.

During the period from 11:00 to 13:00, when ay increases to 0.10,
the crossed CPC-RC module with 2.5x cannot achieve a cooling effect,
while the Peog for the RC module with 2.0x can obtain 25.11 W/m? at
noon, though still 51.8% lower than the P, for the RC module with
1.5x. However, as ag) increased further, none of the three crossed CPC-
RC modules can achieve a cooling effect at noon. Fortunately, tilting the
crossed CPC-RC module to the anti-sunward side to a certain degree can
easily reverse this adverse result, enabling a more efficient and sustained
daytime RC effect even at higher as,) values.

Although a larger C in the crossed CPC-RC module may prevent RC
from being achieved around noon, the crossed CPC structure could still
be advantageous for collecting cooling power over the entire day. This is
because it serves as a radiation shield for a longer duration, effectively
reducing adverse thermal radiation reaching the RC emitter throughout
the day. Fig. 16 shows the P, for the three crossed CPC-RC modules on
21st June. Compared with the P for different RC modules in Fig. 11,
the crossed CPC-RC modules exhibit excellent cooling performance
throughout the day, regardless of the changes in C. Furthermore, the
larger the C, the higher the P, This is mainly because the crossed CPC
structure acts as an adverse radiation shield for a longer duration when C
is larger, resulting in more cooling power over the whole day. Even
when a; is 0.20, the Py for the crossed CPC-RC module with 2.5x still
reaches 130.06 W/m?, which is 22.1% higher than the crossed CPC-RC
module with 1.5x.

The above results indicate that increasing the C of the crossed CPC-
RC module effectively blocks more external environmental thermal
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radiation and part of solar radiation, thereby enhancing cooling power
throughout the day. However, during periods when the solar incident
angle is less than the 0y, of the crossed CPC, more solar radiation is
concentrated on the RC emitter, which negatively impacts cooling per-
formance at these times. Consequently, the appropriate C for the crossed
CPC-RC module should be selected based on the local noon solar altitude
angle in different geographical locations. For instance, in high-latitude
areas like the United Kingdom, where the noon solar altitude angle in
summer is approximately 60°, solar radiation would fall outside the Oy«
of the crossed CPC-RC module, allowing for improved cooling perfor-
mance with a higher C. Additionally, practical applications often involve
integrating novel RC modules into building roofs or facades, needing
consideration of factors such as the cost of material and weight of the
crossed CPC structure. Previous studies have investigated the weights of
crossed CPC structures made from various materials [43], revealing that
glass CPC structures weigh almost twice as much as other materials, at
approximately 10.41g, making them unsuitable for building applica-
tions. Among materials, Topaz plastic weighs only 4.94g, and even when
attached with highly reflective aluminium, the weight and cost remain
significantly lower than those of glass. However, due to the variability in
C and the resulting differences in the height of the crossed CPC structure,
the actual weight of the crossed CPC configuration must still be carefully
considered.

5. Conclusion

This study proposed a novel RC module integrated with the crossed
CPC structure (termed as crossed CPC-RC module) which features a
unique configuration capable of shielding more external environmental
thermal radiation compared to the traditional 2D CPC-RC module,
thereby enhancing overall cooling performance. The paper examines the
thermal radiation shielding advantages of the crossed CPC-RC module
through numerical analysis and characterizes its net cooling power
across various ambient temperatures and CPC configurations. The re-
sults indicate that when the ambient temperature is 30 °C during the
nighttime, the crossed CPC-RC module blocks 11.7% more external
environmental thermal radiation than the flat-RC module, demon-
strating its effectiveness in shielding against adverse thermal radiation.
However, during the daytime, when the solar incident angle is less than
the maximum half-acceptance angle (0max) of the crossed CPC, the
function of CPC changes function as a solar concentrator, reducing its
cooling performance. Specifically, at noon on 21st June, the cooling
performance of the crossed CPC-RC module is only half of that of that
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flat-RC module. Fortunately, the number of hours during which the solar
incidence angle is within the 0. of the crossed CPC is relatively small.
As a result, the average cooling power of the crossed CPC-RC module is
32.4% higher than that of the flat-RC module on 21st June, showcasing
its considerable cooling potential. The paper further investigates the
impact of varying concentration ratios (C) of the crossed CPC structure
on its cooling efficiency. The findings reveal that although a higher C
increases the solar radiation concentrated onto the RC emitter around
noon, it also raises the height of the module, enhancing its ability to
block external environmental thermal radiation. This results in obtain-
ing higher average cooling power throughout the day. For instance, the
crossed CPC-RC module with a 2.5x concentration ratio achieves an
average cooling power of 151.01 W/m? on 21st June, which is 13.8%
greater than that of the module with 1.5x.

Although this paper proposes and validates the ability of the novel
crossed CPC-RC module to achieve excellent all-day cooling perfor-
mance on a typical summer day, it does not investigate the variation in
cooling power across different geographic locations and seasons. Since
the solar altitude angle changes with these factors, the optimal CPC
configurations and deployment orientations will also differ accordingly.
Therefore, in future studies, the net radiative cooling power density of
the crossed CPC-RC module will be investigated across various
geographic locations and seasons to further illustrate its potential for
practical applications. Additionally, to simplify the numerical analysis,
this study fixed the spectral characteristics of the RC emitter and the size
and material properties of the surrounding obstacles. However, when
the spectral characteristics of the RC emitter are suboptimal or the ratio
of surrounding obstacles increases, the cooling performance of the
module is negatively affected. Therefore, future studies will explore the
impact of varying these parameters on the cooling performance of the
crossed CPC-RC module.
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