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A B S T R A C T   

Low-medium concentration photovoltaics (LM-CPV) can significantly reduce cost by using cheap optical lenses to 
reduce the area of the solar cell. Recently, radiative sky cooling (RSC) has been demonstrated to be promising for 
CPV systems. However, in the reported designs of heat dissipation for CPV systems combining the radiative 
cooler and a heat sink, a simple flat heat sink was used. Therefore, the effect of the radiative heat dissipation was 
magnified, but the contribution of convection, which accounts for a significant share in the natural working 
environment of CPV, was inhibited. To give full play to the role of convection, in this paper, a heat dissipation 
design combining a radiative cooling layer (RCL) and a finned heat sink was proposed. The RCL was laid on the 
upper surface of the heat sink to enhance heat dissipation for RSC and realize the effects of thermal radiation. The 
contributions of the RCL in reducing the temperature of the device, heat dissipation, and obtaining a tolerable 
concentration ratio under different external environments were examined, and the law whereby the cooling 
effect of the RCL was influenced by the wind speed and ambient temperature was investigated. The results of 
numerical simulations shown that the proposed passive cooling device could ensure that the temperature of the 
solar cell did not exceed 71.5 ◦C at a concentration ratio of 200, and the maximum difference in temperature 
inside the device was less than 3.8 ◦C even in extremely harsh environments (wind speed, 0 m/s; ambient 
temperature, 50 ◦C), where this satisfies the requirements of heat dissipation in low-medium concentration 
silicon solar cells. The radiative heat dissipation power per unit area of the RCL was 201 W/m2, far exceeding the 
convective heat dissipation. Although the area of the RCL only accounted for 7.9 % of the total area of heat 
dissipation, its radiative ratio of heat dissipation exceeded 15 % of the total heat dissipation and led to a drop in 
temperature of 1.76 ◦C. Moreover, the increase in ambient wind speed significantly improved the cooling effect 
of the device, which could ensure the rise in the temperature of the solar cell relative to the environment to 
smaller than 5 ◦C. However, this also diluted the effect of radiative heat dissipation by the RCL. The increase in 
the ambient temperature significantly improved the ratio of radiative heat dissipation of the RCL to the overall 
heat dissipation, reaching 20.2 % when the concentration ratio was 100. In all cases, the cooling power per unit 
area of the RCL was higher than that of convective and conventional radiative heat dissipation. An even better 
cooling effect could be achieved by further increasing the relative area of the RCL. Finally, we found that the 
maximum acceptable concentration ratio of the device was approximately linearly related to the size of the heat 
sink, and using the RCL could enable the device to withstand an additional 10 ~ 15 multiples of concentration. 
The work here provides a new technical option for reducing the cost and improving the efficiency of photovoltaic 
power generation through the systematic exploration of the influence of the RSC on cooling LM-CPV systems.   

1. Introduction 

Concentrated photovoltaic (CPV) technology uses cheap optical units 
to replace most of the area of the solar cell, and is expected to provide 
new space for photovoltaic power generation to increase its efficiency 
and reduce cost. As early as in 2012, Intelligent Manufacturing Systems 

(IMS) Research predicted that low-medium concentration photovoltaics 
(LM-CPV) based on crystalline silicon solar cells have significant po-
tential for development [1]. Compared with flat silicon solar cells, 
concentrated silicon solar cells have significant advantages in terms of 
efficiency, cost, and environmental adaptability. Their maximum effi-
ciency (27.6 %±1.2 % [2]) is still well below the theoretical limit of 37 
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% [3]. The higher the concentration ratio, the lower the cost of the 
device, the better its performance in poor light, and the smoother the 
curve of its output power. In an area with low solar irradiance and an 
average annual light intensity of 200 W/m2, the efficiency of flat silicon 
solar cells is reduced by 15 %–30 % [4], but this problem can be solved 
by using concentrated technology. Given that there is no more room for 
improving the efficiency and reducing the cost of flat-panel silicon solar 
cells, concentrated silicon photovoltaics are expected to be the focus of 
research on photovoltaic power generation again [5]. 

Heat dissipation is a major challenge to the development of 
concentrated silicon solar cells. When the concentration ratio was 200, 
the heat-generating power Pheat by the silicon solar cell can be evaluated 
by: Pheat = 200 × Pin×(1-ηpv). If we assume the solar irradiance Pin equals 
to 1000 W/m2 and the photoelectric conversion efficiency of the silicon 
solar cell is 27 %, the heat-generating power should be about 1.46 × 105 

W/m2. Not only did the temperature rise degrade the efficiency of the 
cell at a rate of 0.4 %/ ◦C [6], but silicon solar cells could also be 
oxidized or even burned up within minutes in this case [7]. Therefore, 
developing of low-cost, highly reliable, powerless, and maintenance-free 
heat dissipation technology is important for low-medium concentration 
silicon solar cells. 

Radiative sky cooling (RSC) is a passive cooling technology that has 
received considerable attention in recent years [8–16]. It involves 
releasing terrestrial heat in the form of radiation through an “atmo-
spheric window” of 8–13 μm electromagnetic waves into cosmic space at 
temperatures close to absolute zero. To realize RSC in general, special 
materials and structures, such as refractive index matching and ultra- 
broadband micro-nano-structures or photonic crystals, are used to ach-
ieve low surface emissivity in the 0.3–8 μm band and high surface 
emissivity (close to one) in the 8–13 μm band [17–23]. RSC is a prom-
ising method to passively cool photovoltaic cells under outdoor condi-
tions [24–26]. Fan et al. used sky radiation materials to dissipate heat in 
flat silicon solar cells, and predicted that this technology could reduce 
the temperature of solar cells by 18.3 ◦C [27]. Fan et al. subsequently 
developed various materials for sky radiation that can reduce the tem-
perature of flat silicon solar cells by 13 ◦C [28–29]. Wang and Pei et al. 
have reduced the temperature of the commercial silicon cells by 2 ◦C and 
3.6 ◦C, using a pyramid-textured PDMS film and a micro-grating pho-
tonic cooler, respectively [30–31]. 

RSC is also promising to be explored for concentrated photovoltaics 
(CPV) systems [32]. However, as the net cooling power per unit area of 
RSC at room temperature is only about 150 W/m2, [12,33] which cannot 
satisfy the requirements of heat dissipation of CPV systems, it is usually 
necessary to lay the radiative cooler on the heat sink with a larger area 
than the solar cell. For example, Sun et al. have designed a reflective 
CPV system with a large flat heat and demonstrated that a radiative 
cooler on the top facing towards the sky could reduce the temperature of 
the solar cell by 14 ◦C [34]. Besides, since the cell temperature in a CPV 
system is usually higher than the ambient temperature, adding a radi-
ative cooler on the heat sink’s rear surface can also enhance thermal 
radiation exchange with the ground. Therefore, Wang et al. have pasted 
radiative coolers on both the top and bottom of the heat sink in a GaSb 
CPV system, achieving a 36 ◦C temperature drop and a 31 % relative 
increase of open-circuit voltage [35]. 

The above heat dissipation designs for CPV systems mainly empha-
sized the effect of the radiative cooler, so a simple flat heat sink with 
weak convection cooling was used. However, in most cases, there is a 
certain wind speed in the outdoor environment; [35,32]and even using 
flat heat sinks, the radiative heat dissipation was significantly diluted 
with increasing wind speed [36,37,24]. This means that in the actual 
work environment, the convective heat dissipation will account for a 
large share; and it should be more practical to combine the radiative 
cooler and finned heat sink with more vigorous convection heat dissi-
pation effect in a CPV system. Besides, it has been demonstrated that 
quick and efficient heat transfer throughout 0.5 m can be achieved using 
a heat pipe [38]. Therefore, we propose a passive heat dissipation device 

for low-medium concentration silicon solar cells based on the design of 
the point-focusing CPV system, where the silicon solar cells are con-
nected to flat heat pipes (vapor chambers, VC) through thermal interface 
material (TIM), the flat heat pipes are welded to the heat sink, and the 
radiative cooling layer (RCL) is laid on the upper surface of the heat pipe 
and the heat sink excluding the solar cell. In our CPV system, the inci-
dent light is concentrated on the solar cells by a condenser lens, and the 
area under the lens, excluding the solar cell, is not directly irradiated by 
sunlight; therefore, there is no transparency requirement for the RCL, 
only its high emissivity in the atmospheric window band is required 
[32,35]. 

In the existing research, either the concentration multiple is fixed 
[35], or only the effect of the concentration multiple on the overall 
temperature reduction is investigated without considering the impact of 
concentration multiple on various forms of heat dissipation [34]. 
Furthermore, there are few reports exploring the effect of ambient 
temperature on heat dissipation. This study used a steady-state heat 
transfer simulation to examine whether the above design of the device 
could satisfy the requirements of heat dissipation of concentrated silicon 
solar cells under a variety of external conditions. The authors focused on 
the effects of RSC on the reduction in temperature, heat dissipation, and 
the contribution to the maximum acceptable concentration ratio for LM- 
CPV. The influence of concentration multiple, wind speed and ambient 
temperature on the sky radiation effect was also investigated. The results 
shown that our cooling device based on RSC and the heat sink could 
satisfy the requirements of heat dissipation of low-medium concentra-
tion silicon solar cells even in extremely harsh environments. 

2. Methodology 

The research here was based on the finite element analysis (FEA) 
module of the commercial software COMSOL-Multiphysics 5.6. Model 
building and finite element calculations were performed directly in the 
COMSOL software. 

2.1. Proposed model 

A schematic diagram of a point-focusing CPV system is shown in 
Fig. 1. Incoming sunlight is concentrated by a concentrator and then 
irradiated on the silicon solar cell. The solar cell is connected to the 
vapor chambers (VC) through TIM, and the VC is welded to the heat 
sink. The radiative cooling layer (RCL) is laid on the upper surface of the 
VC and the heat sink, excluding the solar cell. Harmful heat in the solar 
cell is conducted to the VC through the TIM and further to the heat sink. 
The device releases heat to the environment in the form of convection 
and thermal radiation. 

The model of the cooling device includes solar cells, TIM, VC, heat 
sinks, and a radiative cooling layer (RCL). We assumed that the solar cell 
was a single monocrystalline silicon cell that was not covered by any 
other material, such as glass or metal grid lines. The TIM was assumed to 
have a thickness of about 100 μm, and its thermal conductivity was set to 
10 W/m⋅K and the emission coefficient to 1.0. The VC was a metal 
copper block with a uniform thermal conductivity closely fitted with the 
heat sink. The heat sink consisted of a substrate and fins. The substrate 
size was 107 × 80 mm2 with a thickness of 5 mm. There were 16 fins, 
each of which was 80 mm long, 33 mm high, and 2 mm thick. The 
distance between adjacent straight fins was 5 mm [39]. 

The RCL was a surface with no thickness, and its effect in terms of 
RSC was realized by wavelength-dependent surface emissivity. It was 
necessary to ensure high emissivity in the atmospheric window band 
(8–13 μm). The surface emissivities of the RCL were set to 0.05 at 0–2.5 
μm, 0.1 at 2.5–4 μm, 0.9 at 4–8 μm, and 0.95 at 8–13 μm and beyond. 
The coefficients of thermal conductivity and thermal emissivity of the 
solar cell, VC, and heat sink were determined by the properties of the 
materials considered. The dimensional and physical parameters of each 
component in the device were given in Table 1. The value of ε of the Si 
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solar cell comes from [36] those of the TIM, the vapor chamber, and the 
heat sink come from [40,41] the values of k of the TIM, the vapor 
chamber, and the air come from [42–44,52] respectively. 

2.2. The environment 

We used the heat-dissipating device as the object of our research. 
Under the assumption of point-focusing concentrated photovoltaics, the 
environmental factors of outdoor operation that we considered included 
the concentrated heat source, wind speed, and radiation from the 
environment directed toward the device. 

We loaded the top surface of the solar cell in the numerical simula-
tions with concentrated solar radiation in the form of boundary heat 
flux. We assumed that the solar irradiance Qrad was 800 W/m2, the 
concentration ratio (CR) varied from 1 to 200, and the loss of solar ra-
diation ηloss caused by reflections of the concentrator and the solar cell 
was 7 %. The efficiency of photoelectric conversion ηpv of the silicon 
solar cell was 26 %, and solar radiation that entered the interior of the 
solar cells but was not converted into electricity was converted into “the 
harmful heat.” The flux of the heat source Qheat on the surface of the solar 
cell was then calculated by [45]: 

Qheat = CR × Qrad × (1 − ηloss ) ×
(
1 − ηpv

)
(1) 

The wind speed u was used to determine the effect of convective heat 
transfer in the model. Natural convection with a wind speed of 0 m/s 
and forced convection with that>0 m/s were separately simulated. Eight 
cases of wind speed, u = 0.0, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 (m/s), 
were investigated in total. 

Ambient radiation to the model was determined by the ambient 
temperature Tamb and the ambient emissivity εamb. Cases with values of 
Tamb = -10 ◦C, − 5 ◦C, 0 ◦C, 5 ◦C, 10 ◦C,15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C, 
40 ◦C, 45 ◦C, and 50 ◦C were considered. Ambient emissivity εamb is also 
a function of wavelength λ. εamb = 0.9 in the λ = 0–2.5 μm band, 0.8 in 

the λ = 2.5–8 μm band, and 0.2 in the λ = 8–13 μm band. When λ > 13 
μm, εamb = 0.9 [12,24,27,46–51]. A comparison of the curves of ambient 
emissivity and the RCL is given in Fig. 2, where the cooling effect of RSC 
is described by the difference between εamb = 0.2 and εRCL = 0.95 in the 
8–13 μm band. 

2.3. Theory and governing equations 

The three basic modes of heat transfer within the device and between 
the device and the environment are conduction, convection, and radi-
ation. Thermal conduction occurs inside the heat sink, and steady-state 
thermal conduction is described by the Fourier law, which defines the 
conductive heat flux q as being proportional to the temperature gradient 
∇T: 

q = − k∇T (2)  

where k is thermal conductivity [53]. 
Thermal convection occurs between the device and the environment. 

To reduce the calculation cost, both the natural and forced convection 
are solved by an empirical formula [54]: 

q0 = h(T − Tamb) (3)  

where q0 is the convective heat flux, h is the coefficient of convective 

Fig. 1. Model of a point-focusing concentrated photovoltaic cooling device. (a) Point-focusing condensing and heat-dissipating device. (b) The dimen-
sional parameters. 

Table 1 
Dimensions and physical parameters of each component of the cooling device.  

Component material size 
（mm） 

k (W/ 
m⋅K) 

ε (a. 
u.) 

Cp (J/ 
kg⋅K) 

ρ (kg/ 
m3) 

Air / / 2.643 
× 10-5 

/ / / 

Solar cell Silicon 10 × 10 
× 0.2 

131 0.65 700 2329 

TIM Silicon 
grease 

10 × 10 
× 0.1 

10 1 1200 2600 

Vapor 
chamber 

Copper 30 × 30 
× 4 

700 0.6 385 8960 

Heat sink Aluminum Fig. 1 238 0.4 900 2700 
RCL / / / Fig. 2 / /  

Fig. 2. Curves of ambient emissivity and the RCL emissivity.  
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heat transfer, Tamb is ambient temperature, and T is the model 
temperature. 

We conducted simulations for two cases: natural and forced con-
vection. The difference between them was reflected in the coefficient of 
convective heat transfer h, labeled hnat and hfor, respectively. In natural 
convection, the surface of the model of the device was divided into three 
types according to its principle of heat dissipation: a vertical wall, and an 
upper surface and a lower surface of the horizontal plate. Boundary 
conditions were also set for them. The following formula was used to 
calculate the coefficient of heat transfer of natural convection by the 
vertical wall [54]: 

hnat− ver =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k
L

⎛

⎜
⎜
⎜
⎝

0.68 +
0.67Ra

1 /

4
L

(
1 + (0.492k/μCp)9/16

)4/9

⎞

⎟
⎟
⎟
⎠

if RaL⩽109

k
L

⎛

⎜
⎜
⎜
⎝

0.825 +
0.387Ra

1 /

6
L

(
1 + (0.492k/μCp)9/16

)8/27

⎞

⎟
⎟
⎟
⎠

2

if RaL > 109

(4)  

where RaL is the Rayleigh number, L is the characteristic length, μ is 
hydrodynamic viscosity, Cp is the heat capacity at constant pressure, and 
k is thermal conductivity. 

RaL is a dimensionless number used to characterize natural convec-
tion. It is expressed as the product of the Grashof number Gr and the 
Prandtl number Pr, where Gr represents the ratio of buoyancy to vis-
cosity, and Pr represents the ratio of momentum diffusivity to thermal 
diffusivity [54]: 

RaL = Gr⋅Pr =
ρ2gαL3ΔT

μ2 ⋅
Cpμ

k
, (5)  

where ρ is the density of the material, g is the acceleration due to gravity, 
and α is the coefficient of thermal expansion. 

The coefficient of heat transfer due to natural convection on the 
upper and lower surfaces of the horizontal plate is as follows [54]: 

hnat− up&low =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k
L

0.54Ra
1 /

4
L if T > Text and 104⩽RaL⩽107

k
L

0.15Ra
1 /

3
L if T > Text and 107⩽RaL⩽1011

k
L

0.27Ra
1 /

4
L if T > Text and 105⩽RaL⩽1010

(6)  

where Text is the external temperature. 
In the case of forced convection with fluid velocity u > 0 m/s, no 

distinction is made between the types of thermal convection in different 
parts of the device. The coefficient of heat transfer due to forced con-
vection is as follows [54]: 

hfor =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2
k
L

0.338Pr1 /

3Re
1 /

2
L

(
1 + (0.0468/Pr)2/3

)1/4 if ReL⩽5⋅105

2
k
L

Pr1 /

3

⎛

⎜
⎝0.037Re

4 /

5
L − 871

⎞

⎟
⎠ if ReL > 5⋅105

(7)  

where ReL is the Reynolds number [54]. 

ReL =
ρuL

μ (8) 

The physical parameters related to Eqs. (1)–(8) are given in Table 1, 
and L related to convective heat transfer is described in the next section. 

Accounting for radiative heat dissipation requires considering the 
radiation between the surface of the device and the environment as well 
as radiation within the surface of the device itself. The former includes 
radiation from the environment to the device and that from the device to 
the environment. The radiation from the device to the environment is 
divided into radiation of the surface with the RCL and radiation of the 
surface without the RCL. 

The contribution of any component of radiation can be described by 
the ideal gray-body radiation. The direction and magnitude of radiative 
heat flow are determined by the radiated area, the direction of radiation, 
and the coefficient of thermal emission. For an ideal grey body, the net 
inward radiative heat flux qr is given by [55]: 

qr = G − J (9)  

where G is the incident irradiance and J is the radiative emission. 
The incident irradiance G is given by the following [55] formula: 

G = Gm +Gamb (10) 

Gm is radiation from other boundaries in the model, and was calcu-
lated by the program according to the geometry of the model. Gamb 
represents radiation from the environment and is defined as [54]: 

Gamb = εambFambeb(Tamb) (11)  

where εamb is environmental emissivity, Famb is the environmental 
perspective factor, calculated by the program according to the geometry 
of the model, and Tamb is the ambient temperature in the direction 
represented in Famb. 

For opaque surfaces, the emission J is given by the following formula 
[54]: 

J = (1 − ε)G+ εeb(T) (12)  

where ε is the surface emissivity of the cooling device (Table 1), eb(T) is 
the total power of transmission of the hemispherical black body that, 
according to the Stefan–Boltzmann law, depends on the temperature to 
the fourth power [54]: 

eb(T) = n2σT4 (13)  

where n is its refractive index, and σ is the Stefan–Boltzmann constant, 
5.67⋅10-8 W/(m2⋅K4). 

2.4. Boundary conditions and grid settings 

We briefly introduce the main boundary conditions in Fig. 3. The 
boundary of heat flux Qheat was set on the surface of the solar cell, and 
corresponded to different values under different concentration ratios. 
For devices with the RCL, we set wavelength-dependent emissivity 
functions εamb and εRCL on the surface of the RCL to achieve the RSC 
effect (Fig. 2). 

In the case of natural convection, the surface of the device was 
divided into three types—the upper and lower surfaces of the horizontal 
plate, and the vertical wall—and their parameters were set accordingly. 
The characteristic length L was the main parameter considered. The 
characteristic lengths of the upper and lower surface of the horizontal 
plate were “the area of the substrate /the perimeter of the substrate.” 
They corresponded to a characteristic length of 23 mm. The character-
istic length of the vertical plate was set to 33 mm according to the height 
of the fin (Fig. 3a). In case of forced convection, we set a characteristic 
length of 80 mm for all outer surfaces of the device by assuming that air 
passed in the direction of the channel between the fins (Fig. 3b). 

We set surface-to-surface boundary conditions for radiation on all 
outer surfaces of the device, and this included radiation between the 
outer surface of the heat sink and the environment as well as radiation 
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within the surfaces of the device. 
To ensure the accuracy of the calculations, we conducted mesh tests 

to arrive at appropriate mesh settings. We performed mesh tests on 3D 
models of different densities (from extremely coarse to ultra-fine 
meshes) at a concentration ratio of 100 and an ambient temperature 
of 25 ◦C in the case of natural convection. To show the results clearly, 
Fig. 4 depicts the relationship between the number of elements of the 
domain and the highest temperature of the model Tmodel_max (on the 
surface of the solar cell) as well as its lowest temperature Tmodel_min (on 
the surface of the heat sink). When the number of mesh elements 
exceeded 40,000, the maximum and minimum temperatures of the 
model tended to stagnate. Under the premise of affordable computa-
tional cost, we chose an ultra-fine grid for calculation containing 
148,029 domain elements, 55,396 boundary elements, and 3,722 edge 
elements. 

A steady-state solver was used to calculate the temperature and heat 
flux after the device had reached equilibrium, and “surface-to-surface 
radiation heat transfer” was used in the multi-physical field. The 
Generalized Minimum Residual (GMRES) iterative method was used to 
make the calculations more accurate. 

3. Analysis of results 

3.1. Contribution of RSC to heat dissipation in extremely harsh 
environments 

Heat exchange between the device and the environment took the 
form of convection and radiation. Convective heat dissipation is mainly 
affected by wind speed and ambient temperature while radiative heat 
dissipation is affected by the ambient temperature only. From the 
perspective of heat dissipation, the worst natural environment in which 
solar cells operate involves an ambient temperature of 50 ◦C (Turpan) 
and a natural wind speed of 0 m/s [40]. RSC is not affected by wind 
speed, and the corresponding cold source is outer space with a 

temperature of 2.7 K, which is not affected by environmental factors. A 
major purpose of introducing the RCL to the design of the cooling device 
is to cope with the worst natural environment described above. The aim 
is to control the rise in the temperature of the solar cell and ensure its 
normal operation. Therefore, we now examine the contribution of the 
RSC in terms of heat dissipation when the wind speed was 0 m/s (natural 
convection) and the ambient temperature was 50 ◦C. 

What we call “radiative cooling” (RC) here refers to the total radiant 
energy from the RCL, which in this case includes sky radiation (RSC) and 
conventional thermal radiation. Moreover, the “heat dissipation of the 
RCL” here refers to the radiant heat dissipation of the RCL unless 
otherwise stated. 

Fig. 5(a) shows rises in the temperature of the solar cell (the highest 
temperature) relative to the environment, and the maximum internal 
difference between the temperature of the device, with and without the 
RCL. When the concentration ratio was 200, the cloud map device’s 
temperature shows that after the RCL had been laid, the surface tem-
peratures of the solar cell, VC, and heat sink were significantly lower 
than those without the RCL. The RCL thus enhanced heat dissipation. 
The red and yellow data lines show that applying the RCL reduced the 
solar cell temperature by 1.76 ◦C compared with the case without it, and 
the magnitude of the reduction increased slightly with the concentration 
ratio. This value is relatively lower than 14 ◦C and 36 ◦C, where the 
radiative cooler layers were added on one and two faces of a flat heat 
sink, respectively [34,35]. Moreover, when the concentration ratio was 
lower than 8.5, the temperature of the solar cell was even lower than the 
ambient temperature, which is consistent with the results in the litera-
ture, but the cooling effect was not as good as that reported in the past 
work [27–29]. This is because in the cooling device here, the area of the 
RCL (part A in the figure) accounted for only 7.9 % of the total surface 
area of the radiator, which is much smaller than the convective and the 
radiative areas of heat dissipation (part A + B in the device diagram). 
The effect of heat dissipation of RSC was thus greatly diluted [28]. 

In Fig. 5(a), the difference in the internal temperature of the device 
ΔTinternal refers to the difference between the highest (on the solar cell) 
and the lowest temperatures (on the aluminum fin) in the heat sink. The 
cloud map shows that when the concentration ratio was 200 and the 
device did not have an RCL, the drop in temperature from the solar cell 
to the heat sink was only about 1 ◦C. This was due to the application of 
the TIM and VC. Their excellent thermal conductivity and uniformity of 
temperature caused heat to dissipate from the solar cell to the heat sink. 
The drop in temperature from the center to the corners of the heat sink 
was about 2 ◦C, indicating that the capacity of the heat sink for heat 
conduction and heat dissipation met the given requirements when the 
concentration ratio was 200. The effect of laying the RCL on values of 
ΔTinternal of the device was not prominent, and ΔTinternal was only slightly 
lower than that without the RCL because the overall temperature 
reduction due to RSC was limited (about 2 ◦C). The value of ΔTinternal of 
the device was approximately proportional to the concentration ratio; at 
a concentration ratio of 200, the value of ΔTinternal of the device was only 
3.8 ◦C. 

Fig. 5(b) shows the percentage of the radiation and convective heat 

Fig. 3. Schematic diagram of boundary conditions: (a) natural convection and (b) forced convection.  

Fig. 4. Relationship between the number of mesh elements and the maximum/ 
minimum temperature of the model. 
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dissipation, as well as the contribution comes from RSC, under different 
concentration ratio. Of them, the heat dissipation due to RSC was 
evaluated by the difference between the radiative heat dissipation with 
and without the RCL. At first, it can be observed that the heat dissipation 
of RSC accounts for a considerable ratio of the total radiative heat 
dissipation (as the concentration ratio increases, it changes from over 
100 % to 15 %). Fig. 5(b) also shows that regardless of whether the RCL 
was added, convective heat dissipation occurred more rapidly than 
radiative heat dissipation with increasing rates of the concentration 
ratio. Therefore, the percentage of RSC-induced heat dissipation to the 
overall heat dissipation became small (15 %) as the concentration ratio 
increased to 200. However, the average power of convective heat 
dissipation per unit area was only 68.9 W/m2 even when the concen-
tration ratio was 200, as shown in Fig. 5(c). This value was even lower 
than the heat dissipation power per unit area of the surface without the 
RCL: 71 W/m2. Fig. 5(c) also compares the radiant power of surface A 
when the RCL was and was not laid when the concentration ratio was 
200. The radiant power per unit area of surface A with the RCL was 201 
W/m2, much higher than that without the RCL, 71 W/m2. Therefore, the 
low ratio of RCL-induced heat dissipation to the total heat dissipation 
can be explained by the area of the RCL being much smaller than that of 
the other parts of the device (only 7.9 %), which diluted its heat dissi-
pation effect. Therefore, the area/thickness ratio of the heat sink should 
be optimized and the ratio of the area of the front surface should be 
increased in the design of concentrated silicon solar cells to make better 
use of the cooling effect of the RSC. 

3.2. Diluting effect of wind speed on the contribution of RCL 

Natural wind commonly blows in the working environment of the 
CPV system in most cases. It significantly enhances the intensity of 

convective heat dissipation and further dilutes the heat dissipation effect 
of the RCL while cooling the solar cell. 

The typical ambient temperature is 25 ◦C and the ambient wind 
speed is in the range of 0–3 m/s. This corresponds to the vast majority of 
working environments of concentrated photovoltaic devices. We set the 
concentration ratio to 100, the ambient temperature to 25 ◦C, and wind 
speed to 0–3 m/s to investigate the effect of a dilution in convective heat 
dissipation on the heat dissipation-related performance of the RCL as 
well as the performance of the device. 

Fig. 6(a) shows the rise in the temperature of the device with and 
without the RCL relative to the environment at different wind speeds. 
With the increase of wind speed from 0 m/s to 3 m/s, the temperature 
difference between the cell and the ambient is reduced from 13 ◦C to 
4 ◦C, i.e. reduced 9 ◦C. The same rule was also observed when a RCL was 
added to a flat photovoltaic module, where the module’s temperature 
was decreased by about 15 ◦C with the wind speed increasing from 0 m/s 
to 3 m/s [36]. The contribution of the RCL to lowering the temperature 
of the device fell with increasing wind speed, dropping from 1.14 ◦C to 
only 0.15 ◦C at wind speeds of 0 m/s and 3 m/s. This shows that the 
laying of the RCL still helped enhance heat dissipation but that the effect 
was seriously diluted. It is clear that as the wind speed increased, the rise 
in the temperature of the solar cell relative to the environment decreased 
rapidly. This shows that compared with natural convection, a minor 
increase in the ambient wind speed greatly enhanced the overall heat 
dissipation capability of the device. 

Fig. 6(b) shows that as the ambient wind speed increased, the 
contribution of convective heat dissipation gradually increased as well. 
For devices without the RCL, the convective heat dissipation ratio 
increased from 77.8 % to 95.8 % as the wind speed increased from 0 m/s 
to 3 m/s. Even for devices with the RCL, the proportion of convective 
heat dissipation risen from 68.7 % to 88.9 %, thus contributing the most 

R=8.5

Temperature( )

Temperature( )

Radiant heat flux (W/m2)

Radiant heat flux (W/m2)

Fig. 5. Under different concentration ratios, (a) the temperature rise of the solar cell, and the maximum internal temperature difference of the device. For clear, 
0.5 ◦C is added to the internal temperature difference of the device without RCL. The insets map the device temperature at a concentration ratio of 200. (b) The 
percentage of convective and radiative heat dissipation, as well as that of RSC. (c) The power of radiant and convective heat dissipation per unit area. The ambient 
temperature is 50 ◦C and the wind speed is 0 m/s. 
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1.14

0.7

0.4

0.28
0.23 0.20 0.17 0.15

u=0.3 m/s

69 W/m2

Convective heat flux (W/m2)

Convective heat flux (W/m2)

Fig. 6. With wind speed ranges from 0 to 3 m/s, (a) the temperature rise of the solar cell, and the internal temperature difference of the device; (b) the ratios of the 
convective and radiative heat dissipation, as well as that of RSC; (c) the RSC power per unit area of the RCL, and cloud maps of the convection power per unit area 
with and without RCL. The ambient temperature is 25 ◦C and the concentration ratio is 100. 
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to heat dissipation. The condition of ambient wind speed of 1 m/s can be 
satisfied in most weather conditions. Convection can contribute over 85 
% of the heat dissipation, which confirms that our design is more 
valuable for CPV systems under most conditions. As shown in Fig. 6(a), 
the device could control a rise in the temperature of the solar cell rela-
tive to the environment of up to about 5 ◦C, which helped ensure that the 
solar cell had a suitable temperature for operation (the actual temper-
ature was about 30 ◦C). 

The heat dissipation effect of the RCL was diluted. On the one hand, 
this was owing to the rapid increase in convective heat dissipation with 
the increase in wind speed. On the other hand, the power of heat 
dissipation of the RCL decreased due to the reduction in the temperature 
of the device. Fig. 6(c) shows the relationship between the power radi-
ated from per unit area of the surface of the RCL and wind speed. As the 
wind speed increased, the power radiated by per unit area RCL 
decreased rapidly: When the wind speed was 0.5 m/s, it dropped to 69 
W/m2, and was only 55 W/m2 when the wind speed was 3 m/s. How-
ever, the RSC still played an important role in heat dissipation compared 
with radiation. 

Fig. 6(b) shows that when the wind speed was higher than 0.3 m/s, 
the heat dissipation due to the RSC exceeded that owing to the thermal 
radiation of the device, and occupied an increasing ratio of the overall 
radiative heat dissipation with further increases in wind speed (when 
the wind speed was higher than 1.5 m/s, this ratio exceeded 70 %). 
Fig. 6(c) also shows that although the contribution of RSC to heat 
dissipation was diluted by convection, its heat dissipation power per 
unit area was 69 W/m2 when the wind speed was 0.5 m/s, still larger 
than that due to convective heat dissipation (see the cloud map in Fig. 6 
(c); most areas depict power per unit area under 44 W/m2). Considering 
the high ratio of RSC-induced heat dissipation in the case of radiative 
dissipation and given that its power is greater than that of convective 
heat dissipation, it appears that the heat dissipation capability of the 
CPV cooling device can be enhanced further by increasing the ratio of 
the area of the front surface of the heat sink. This conclusion is consistent 
with the previous conclusion in this study. 

Fig. 6(a) also shows the values of ΔTinternal of the device with and 
without the RCL under different wind speeds. Changes in the wind speed 
nearly did not affect ΔTinternal, which was stable at about 2 ◦C, and the 
effect of RCL on it was minor as well. This is because ΔTinternal was 
mainly determined by heat conduction in the solar cell-VC-heat sink 
channel. Such a stable ΔTinternal further justifies the reasonableness of the 
overall design of the device. 

3.3. Enhancing effect of ambient temperature on the contribution of RCL 

The operating temperature of the CPV system varies with seasons 
and the time of year. According to the expressions for convective heat 
transfer (Eq. (3)) and thermal radiation (Eq. (11)), the ambient tem-
perature had a significant impact on the heat dissipation of the device. 
We set the concentration ratio to 100 and the wind speed to 0 m/s to 
investigate the influence of changes in the ambient temperature from 
− 10 ◦C to 50 ◦C on the heat dissipation of the RSC as well as the overall 
heat dissipation of the device. 

Fig. 7(a) shows the rise in the temperature of the device relative to 
the ambient temperature with and without the RCL as the ambient 
temperature was increased. The contribution of the RCL to reducing the 
temperature of the device increased from 0.79 ◦C to 1.42 ◦C with 
increasing ambient temperature. The higher the ambient temperature 
was, the more effective RCL-induced heat dissipation was because the 
temperature of the device increased with the ambient temperature, as 
shown in Fig. 7(b), which resulted in increased radiative and convective 
heat dissipation from the device to the environment. RSC represented 
radiative heat dissipation for outer space with a fixed temperature (2.7 
K) and was independent of the ambient temperature. The power per unit 
area of RSC-induced heat dissipation increased from 72.8 W/m2 to 
131.5 W/m2 as the device’s temperature increased (Fig. 7(b)). 

According to Eqs. (3) and (11), the powers of heat dissipation due to 
thermal radiation and convection were affected by the ambient tem-
perature. Therefore, the ratio of RSC-induced heat dissipation gradually 
increased with the ambient temperature, as shown in Fig. 7(c). When the 
ambient temperature reached 50 ◦C, the ratio of RSC-induced heat 
dissipation was 20.2 %, and it played an important role in heat dissi-
pation in the solar cell. Considering that RCL accounted for only 7.9 % of 
the overall surface area of the device, increasing its area ratio could 

0.79

1.42

Fig. 7. With ambient temperature ranges from − 10 to 50 ◦C, (a) the temper-
ature rise of the solar cell, and the internal temperature difference of the device; 
(b) the RSC power per unit area of the RCL and the maximum temperature of 
the solar cell; and (c) ratios of the convective and radiative heat dissipation, as 
well as that of RSC. The concentration ratio was 100 and wind speed was 0 m/s. 
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enhance its effect in terms of heat dissipation. 
Although the temperature of the device increased with the ambient 

temperature, as shown in Fig. 7(b), the calculations showed that this 
relative rise in temperature gradually decreased (Fig. 7(a)): When the 
device had an RCL, the temperature of the solar cell was 61.2 ◦C when 
the ambient temperature was 50 ◦C, only 11.2 ◦C higher than environ-
mental temperature. This rule meets the requirements of the operating 
temperature of silicon solar cells because as the ambient temperature 
increased, heat flux from the device to the environment increased more 
quickly than from the environment to the device. 

Fig. 7(c) compares the ratio of radiative and convective heat dissi-
pation to the overall heat dissipation of the device with and without the 
RCL as a function of ambient temperature. It is clear that the ratio of 
radiative heat dissipation gradually increased with the ambient tem-
perature, and the rate of increase for the device with the RCL was faster 
than that without the RCL. At the same time, the ratio of convective heat 
dissipation gradually decreased with the ambient temperature because 
radiative heat dissipation was proportional to the fourth power of the 
temperature (Eq. (13)). However, convection was proportional to tem-
perature (Eq. (3)). When the device had the RCL, the radiation ratio 
increased more quickly for the same reason, and RSC radiated heat to a 
cold source at a fixed temperature, 2.7 ◦C. 

Fig. 7(a) also presents the effect of the ambient temperature on 
ΔTinternal, which remained stable at 2 ◦C with and without the RCL. 

3.4. Maximum acceptable concentration ratio and the size of heat sink 

The maximum acceptable concentration ratio is defined here as the 
maximum concentration multiple when the ambient wind speed is 0 m/ 
s, and the ambient temperature is 25 ◦C, ensuring that the solar cell 
temperature does not exceed 50 ◦C. We examined the relationship be-
tween the size of the heat sink and the maximum acceptable concen-
tration ratio. 

The height and thickness of the heat sink were unchanged from 
before, and only the dimension perpendicular to the fins was allowed to 
be adjusted. It varied from 50 mm to 80 mm. The results are given in 

Fig. 8. With and without the RCL, the relationship between the accept-
able maximum concentration ratio and the heat sink size was approxi-
mately linear. 

By linear fitting, the acceptable concentration ratio for devices with 
the RCL can be given as follows: 

CRwith RCL = 41.607+ 2.336⋅Lheat - sink (14) 

By linear fitting, the acceptable concentration ratio for devices 
without the RCL is as follows: 

CRwithoutRCL = 40.036+ 2.164⋅Lheat− sink (15) 

When the RCL was added, the device could withstand a concentra-
tion ratio higher by at least 10 than without the RCL. This gap increased 
with the size of the heat sink. 

Thus, the RCL can significantly enhance heat dissipation in LM-CPV 
systems. Under the worst conditions (wind speed of 0 m/s and ambient 
temperature of 50 ◦C), the ratio of RSC-induced heat dissipation (Fig. 5 
(b)) exceeded 15 % when the concentration ratio was 200. This ratio 
could guarantee that solar cell did not exceed 71.5 ◦C (Fig. 5(a)) and 
could operate normally. When the concentration ratio was 100, the 
percentage of RSC-induced heat dissipation was 20.2 %, the solar cell 
could be maintained at 61.2 ◦C. In most weather conditions (wind speed 
of 1 m/s and ambient temperature of 25 ◦C), thermal convection 
significantly dilutes the effect of RSC, but the overall heat dissipation 
effect substantially improves. When the concentration ratio was 100, the 
proposed cooling device could guarantee that the solar cells could 
operate at a temperature of around 30 ◦C. The relation between the 
maximum concentration ratio acceptable for the normal operation of the 
device and the heat sink’s size was approximately linear. Moreover, the 
difference in temperature within the device could be controlled within 
3.8 ◦C. 

4. Conclusions 

In this paper, we proposed a passive cooling device for LM-CPV 
systems combining a RCL and a finned heat sink, which can not only 

Fig. 8. Relationship between the acceptable concentration ratio and the heat sink size when the ambient temperature is 25 ◦C, the wind speed is 0 m/s, and the cell 
temperature is 50 ◦C. 
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give play to the heat dissipation effect of the RSC but also give full play 
to the role of convection heat dissipation. Based on numerical simula-
tions, we examined the contribution of RSC to the drop in temperature 
and heat dissipation of the device while considering the effects of the 
wind speed, ambient temperature, and concentration ratio. The results 
showed that RSC could play an important role in enhancing heat dissi-
pation in LM-CPV systems. When the concentration ratio was 100, under 
the worst conditions for heat dissipation (wind speed of 0 m/s and 
ambient temperature of 50 ◦C), the ratio of RSC-induced heat dissipation 
to total heat dissipation exceeded 20.2 %, which guaranteed that the 
temperature of the solar cells did not exceed 61.2 ◦C. While in most 
conditions (wind speed of 1 m/s and ambient temperature of 25 ◦C), RSC 
can still significantly improve the heat dissipation of the device 
(contribute 9.55 %), which could guarantee the solar cells worked at 
temperatures around 30 ◦C. 

The increase in wind speed significantly diluted the heat dissipation 
of RSC. When the concentration ratio was 100 and the ambient tem-
perature was 25 ◦C, the percentage of RSC to overall heat dissipation 
decreased from 16.1 % to 8.4 % as the wind speed increased from 0 m/s 
to 3 m/s. The ambient temperature increases significantly increased the 
ratio of RSC to the overall heat dissipation. When the concentration ratio 
was 100 and wind speed was 0 m/s, the ambient temperature increased 
from − 10 ◦C to 50 ◦C, and the contribution of the RCL to the drop in the 
temperature of the device increased from 0.79 ◦C to 1.42 ◦C. The 
maximum concentration ratio acceptable for the device was approxi-
mately linear with respect to the size of the heat sink, and the LM-CPV 
system with RCL could withstand a concentration ratio of 10 to 15 
higher than that without the RCL. 

The low ratio of RSC to the total heat dissipation mainly attributes to 
the area of RCL being much smaller than that of other parts. However, 
the heat dissipation power per unit area of the RCL far exceeded that of 
thermal convection and radiation. An optimized LM-CPV system can be 
obtained by increasing the area ratio of the RCL. This work provides a 
stable and reliable technical choice for reducing the cost and increasing 
the efficiency of photovoltaic power generation. 
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