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A B S T R A C T   

The feasibility of integrating the radiative sky cooling ability of common photovoltaic cells into the photovoltaic- 
thermoelectric cooler to further enhance the space cooling energy density is analyzed in this paper. Specifically, 
daytime cooling is obtained by the photovoltaic panel powering the thermoelectric cooler while the same 
photovoltaic panel provides nighttime radiative sky cooling. To achieve an optimal temporal match between the 
new method’s output cooling power to a cooling building’s time-varying cooling load (with 4 occupants and 24 
m2 floor space), two thermoelectric cooler modes of operation are studied; The first continuously operates the 
thermoelectric cooler power at the time-averaged value while the second directly supplies the photovoltaic 
power to the thermoelectric cooler in the daytime. Furthermore, a spectral model is used to accurately estimate 
the radiative energy of crystalline solar cells based on their emissivity spectrum. It is found that radiative sky 
cooling can almost double the equivalent solar to cooling coefficient of performance over the basic photovoltaic 
and thermoelectric cooler system (from 0.1099 to 0.2054). The photovoltaic area only needed to be 12–17 m2, 
and the second operating mode can better match the supply versus cooling demand ratio while yielding a 
relatively consistent 10 ◦C difference throughout the entire day.   

1. Introduction 

Despite being a very important aspect of everyday life to ensure the 
personal comfort and health of the occupants, space cooling occupies a 
very significant portion of the building’s energy consumption (e.g., 
around 60% in regions near the equator such as Singapore [1]). 
Currently, the heat pump (HP) engine is most commonly used to satisfy 
the cooling demands, which uses an applied work to forcibly drive heat 
transfer from a low-temperature environment into a higher temperature 
one. HPs have already been widely implemented either as the vapor 
compression cycle (VCC) (i.e., The common air conditioner) [2,3] or as a 
thermoelectric cooler (TEC) for smaller-scale applications [4,5]. How-
ever, the applied work is most commonly being supplied by fossil fuel 
power plants, which is worsening environmental issues such as global 
warming, climate change, and air pollution. Thus, an alternative is ur-
gently needed, and one approach is to use a renewable energy source to 
drive the HP. 

In particular, solar energy is a clean energy source that is available 

almost anywhere on the Earth, but the sun is naturally a high- 
temperature (≈ 6000 K) blackbody radiator [6]. This means a system-
atic method is required to convert this into cooling energy, which is 
currently being achieved by either coupling solar thermal collectors to 
the absorption chiller (AC) [7,8], or using a photovoltaic (PV) panel to 
convert the sunlight into electricity for driving the HP. The latter is more 
attractive because it avoids the exergy losses that incur in the solar to 
heat conversion process. Furthermore, the HP choice affects the PV-HP 
system’s energy performance, so many researchers have studied the 
vapor compression cycle (VCC) because it yields a higher coefficient of 
performance (COP), such as (a solar to cooling equivalent) range of 
1.85–2.25 as reported by Salilih and Birhane [9]. Furthermore, Fong 
et al. [10] included an ejector into this system to produce chilled water 
at even higher energy efficiencies. Besides providing cooling energy to 
the end-user, another recent approach is cooling down the PV cells 
through the VCC while the waste heat from the hot side is harnessed for 
space/water heating applications. Doing so can significantly lower the 
PV panel temperature, thus increasing the cell lifetime and production 
efficiency. This idea has been studied by Lu et al. [11] and our previous 
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work [12], which obtained heating COPs ranging within 3.27–3.45. 
Nevertheless, despite having a high performance, the PV-VCC system 
has a high system complexity because of the VCC’s structure and the 
power electronics equipment needed to convert the PV’s DC output into 
the AC input of the VCC. 

Recognizing that reliability and structural simplicity are important 
factors, the thermoelectric cooler (TEC) has also been studied (i.e., PV- 
TEC system) [13] because it is fully solid-state and does not require toxic 
fluids. In particular, Daghigh and Khaledian [14] showed that a PV-TEC 
system could achieve a cooling COP of 1 and a stagnation cooling 
temperature of down to − 3 ◦C. Moreover, Irshad et al. [15,16] con-
structed a building that combined the PV wall and the thermoelectric air 
duct system (the latter being based on their previous works [17,18]). By 
additionally including an air gap to remove the PV waste heat, this 
implementation lowered the room temperature to 6.8 ◦C below the 
outside ambient air. Unfortunately, as the TEC has a low COP, the PV- 
TEC system is currently a less preferable option than the PV-VCC system. 

Besides, the PV-HP system’s energy performance is also limited by 
the PV panel’s electrical efficiency, which can be around 20% for cost- 
effective materials [19,20]. Thus, this technology has difficulty in 
achieving the performance needed for widespread commercial use. 

Alternatively, the cold outer space environment is another suitable heat 
sink for cooling, a concept utilized by radiative sky coolers (RSC). 
Radiative cooling works because room temperature (≈25 ◦C) blackbody 
radiation has a large spectral peak in the mid-infrared waveband (within 
8–13 μm) range, and the same waveband is where the Earth’s atmo-
sphere has a high transmission and low absorption [21]. RSCs optimize 
this cooling effect by maximizing the emissivity within the mid-infrared 
waveband while minimizing it in other spectrums. However, despite 
being known to humanity for many centuries [22], its cooling density is 
extremely low (e.g. 100 W/m2 [23]), which is very low over other 
cooling technologies even under the best possible working conditions (i. 
e. Low RH, clear night sky, temperature difference under 5 ◦C, etc.). 
Furthermore, conventional RSCs also cannot work during the daytime 
because of solar absorption; Although recent research has shown that 
daytime RSC is possible by maximizing the surface reflectance about the 
solar spectrum via specialized materials and structures (e.g., dual-layer 
structure RSC [24], the multi-layered titanium oxide [25], and the 
asymmetric electromagnetic transmission window (AEMT) method 
[26]), these materials are typically rare or difficult to manufacture. 
Hence, RSC is currently an uneconomical standalone technology and it is 
instead mostly used to supplement another cooling system. For example, 

Nomenclature 

Abbreviations 
BB Blackbody Radiation 
COP Coefficient of performance 
CPV Concentrated Photovoltaic 
DC Direct Current 
BB Blackbody Radiation 
IR Infrared 
PV Photovoltaic 
RSC Radiative Sky Cooling 
RH Relative Humidity 
TEC Thermoelectric Cooler 
VCC Vapor Compression Cycle 

Variables 
a Ideal Diode Constant (0–1) 
ARSC Radiative sky cooling surface area (m2) 
Awall The surface area of the building wall (m2) 
Areq Required surface area of the PV panel (m2) 
Areq(T.S.) Required surface area of the PV panel if thermal storage is 

included in the system (m2) 
α Seebeck coefficient (W/K) 
COPEq The equivalent solar to cooling energy coefficient of 

performance 
EBat The required battery size (Wh) 
ET The required thermal storage capacity (Wh) 
eBat The recorded amount of electricity within each timestep 

(Wh) 
eT The recorded amount of thermal energy within each 

timestep (Wh) 
ηE The average quantum efficiency of the PV material 
∊ wavelength dependant emissivity 
Hair Convective heat transfer coefficient of air (W/(m2K)) 
IB.B. Function that defines the ideal blackbody radiation 

spectrum (W/(m2 μm)) 
ISolar Function that defines the global AM1.5 solar irradiance 

spectrum (W/(m2 μm)) 
i TEC operating current (A) 
Jo A coefficient that scales the magnitude of the solar 

irradiation throughout the day 

K Thermal conductance (W/K) 
k Thermal conductivity (W/(mK)) 
L The precipitable water length in humid air (cm) 
λ Wavelength (μm) 
n An index variable for denoting the current timestep 
pPV PV panel output power (W/m2) 
pTEC TEC power consumption (W/m2) 
ϕ The power-temperature loss coefficient (/◦C) 
QLoad The instantaneous cooling load of the building room (W) 
QP The magnitude of heat radiated by a typical human body 

(W) 
QWall Heat loss through the building walls (W)qH - Heat flux at 

the TEC hot side (W/m2) 
qL Heat flux at the TEC cold side (W/m2) 
qa Convective heat flux on the PV panel’s top surface (W/m2) 
qb Convective heat flux on the PV panel’s bottom surface (W/ 

m2) 
qC(TEC) TEC cooling flux (W/m2) 
qC(RSC) RSC cooling flux (W/m2) 
qC(T) Total cooling flux by the PV-RSC-TEC system (W/m2) 
qr Radiative heat flux into the outer space (W/m2) 
qs Solar irradiation flux that is absorbed (W/m2) 
σ Electrical Conductivity (S/m) 
Troom Enclosed building space temperature (◦C) 
Tamb Ambient temperature (◦C) 
TPV PV panel temperature (◦C) 
Tsky Sky temperature (◦C) 
Tdew Dew-point temperature (◦C) 
t Time (s) 
Vroom The volume of the building space (m3) 
z The thickness of the building wall (m) 

Constants 
c = 2.998 × 108 m/s Speed of light 
h = 6.626 × 10− 34 Js Planck’s Constant 
k = 1.38 × 10− 23 J/K Boltzmann’s constant 

Subscripts and Superscripts 
A atmosphere 
cell Refers to properties related to the PV materials  
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Muselli [27] and Zhang et al. [28] both demonstrated that the RSC can 
be integrated with the common air conditioner (usually the vapor 
compression cycle) and reduce the latter’s energy consumption by up to 
26–49%. Nevertheless, as this practice requires significant modifications 
and higher system complexity, its economic feasibility is still a signifi-
cant concern. 

Recently, the concept of integrating the RSC function during the 
nighttime and power generation by the photovoltaic (PV) effect during 
the daytime has gained much recent attention by numerous researchers, 
such as Zhao et al [21]. Notably, as discussed by Zhao et al. [29], the RSC 
function is a common cooling method for PV cells because conventional 
PV cells naturally already have this ability. This concept is verified by 
Riverola et al. [30] who showed that the atmospheric window emissivity 
of the common crystalline silicon solar cell is over 0.8. Therefore, the 
focus should be to optimize the RSC ability rather than to propose it. 
However, if the PV panel is required to produce power, then it cannot 
reasonably achieve daytime cooling because, unlike the daytime RSC, it 
cannot allocate reflection to the solar spectrum band (0.2–1.1 μm). 
According to the review report by Sato & Yamada [31], even when the 
radiative emissivity in the infrared band is perfectly 1, the RSC method 
could only achieve a further 1◦C temperature reduction to the PV panel 
during daytime operation. This is a major technological issue because 
cooling energy is generally at higher demands during the daytime than 
at nighttime. To tackle this major drawback, Zhao et al. [32] proposed a 
new strategy in which the PV panels are located at the building’s sunny 
side, and RSC modules are located at the shady side; Hence, a combined 
electricity and cooling production system is formed. However, in com-
parison to a standalone PV system, this system required large amounts of 
floor space and high economic costs. Hence, it is more practical to 
redirect some of the PV-RSC output power into a heat pump technology 
to produce the daytime cooling energy. Furthermore, besides maxi-
mizing the cooling capacity of the cooling devices, minimizing the 
cooling loads of the building space by improving the building’s insu-
lation properties is another very common research direction [33,34]. 
The design process for the building’s space cooling system should not 
only involve optimizing the cooling device, but it should also compare 
the output cooling performance to the building’s cooling loads to 
properly couple these two parts together. 

To overcome the low energy performance of the PV-TEC system, this 
paper proposes to integrate the PV panel’s RSC ability into this system, 
thus forming a complete PV-RSC-TEC system. During the daytime, the 
PV-TEC component works as usual to produce cooling energy, but dur-
ing the nighttime, the PV-RSC panel produces cooling power via the RSC 
effect. Hence, the RSC effect not only increases the overall cooling 
density under the same PV-TEC system size but also improves the tem-
poral match between cooling supply and demand by enabling the TEC to 
allocate more cooling energy into the daytime period. To optimize the 
system, first, a realistic analytical spectral model that involves the 
emissivity spectrum of crystalline solar cells and Planck’s law is devel-
oped to calculate the radiative flux of the RSC component, which is then 
coupled to the TEC model to evaluate the total cooling power of the PV- 
RSC-TEC system. Then, to achieve a good temporal match for cooling, 
two modes of how the PV power is supplied to the TEC is studied; The 
first is the TEC operates continuously at the time-averaged PV output 
power to provide cooling throughout the entire day (using a battery as a 
buffer), and the second is to directly feed the PV output power to the TEC 
during the daytime. To prove the feasibility of these modes of operation, 
a simplified cooling load model for an occupied building is developed, 
which is compared to the PV-RSC-TEC system’s cooling capacity to 
evaluate the required PV surface area. This study is conducted by a time- 
dependent analysis using weather data for 7 typical days in Hefei, China. 

2. System modelling 

2.1. Overall structure 

Fig. 1 shows the schematic and energy flow relationships of the 
proposed PV-RSC-TEC system, where (a) shows the case for daytime 
operation and (b) shows the case for nighttime operation. The PV-RSC 
panel is treated to be a regular flat PV panel where a transparent film 
covers the PV cells to form an air gap and minimize convective heat 
transfer (which still exists) with the ambient environment (qa). Mean-
while, an airflow channel is placed directly below the PV-RSC panel, and 
the origin and destination of the flowing air are different between the 
daytime and nighttime. During the daytime, solar power (qs) is incident 
to the PV-RSC panel to produce electricity (ppv) and a large amount of 
waste heat, implying the PV-RSC panel cannot provide cooling energy. 
Thus, in this instance, air from the ambient environment is allowed to 
circulate along the airflow channel to maximize the ability to dissipate 
the waste heat into the ambient air. In contrast, during the nighttime, 
thermal radiation (qr) becomes the relatively dominant energy flow, so a 
part of the produced cooling energy (qb) can now be collected by 
circulating airflow. During this instance, the battery becomes the sole 
energy source for the TEC operation. 

The combination of 1st law thermodynamics and the spectrum 
characteristics of the crystalline solar cell has been used to calculate the 
cooling energy, both in terms of the TEC via the produced electricity and 
the RSC. According to the principle of energy conservation, the 
following energy flow relationship on the PV-RSC panel is obtained for 
the daytime and nighttime cases: 

qs = qr + qa + qb + pPV Daytime
qC(RSC) = qr + qa Nighttime (1) 

Due to the different thermodynamic conditions, the PV panel tem-
perature (TPV) should be treated differently between the daytime and 
nighttime scenarios. During the daytime, TPV should be calculated based 
on the daytime expression of Eqs. (1) whereas during the nighttime, it is 
assumed that TPV equals Troom. From the above formulations, the cooling 
energy available to the building room space may be calculated as 
follows: 

qC(T)(t) =
{

qC(TEC)(t) Daytime
qC(TEC)(t) + qC(RSC)(t) Nighttime (2)  

noting that t is time (s), which implies the cooling loads can vary with 
time depending on the ambient conditions and the selected TEC mode of 
operation. The following assumptions are made about the model anal-
ysis:  

1. In practice, the waste heat at the TEC hot side should be dissipated 
into the ambient air. Thus, convective heat transfer theoretically 
exists here, and the TEC hot side surface temperature TH will be at a 
higher value than Tamb. To simplify the calculation process, it will be 
assumed that sufficient convective cooling is provided to enable TH 
to be 8 ◦C above Tamb [35].  

2. Heat losses through the air gaps and physical connection points of 
the building walls are neglected.  

3. The heat losses through the battery and the electrical wire resistances 
are assumed to be negligible.  

4. Power losses through the involved power converters are small.  
5. When the system switches from daytime to nighttime operation, the 

effect of any residual heat in the air duct below the PV-RSC panel is 
ignored. 

2.2. Modes of operation 

In this paper, two different modes of operation for the PV-RSC-TEC 
system will be studied, each of which handles the temporal 
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distribution of the cooling demand and supply differently. These two 
modes have been graphically illustrated in Fig. 2, and their detailed 
description is provided in the smaller subsections. 

For both modes of operation, the required PV surface area is deter-
mined by comparing the cooling demand and supply at each instanta-
neous moment: 

Areq(t) =
QLoad(t)
qC(T)(t)

(3)  

where QLoad(t) is the instantaneous cooling load of the building room, 
whose formulation is provided in Section 2.7; qC(T) is the instantaneous 
total supply of cooling energy as presented in Eqs. (2). Then, the largest 
Areq(t) value (i.e. max(Areq(t))) should ideally be chosen to satisfy all the 
entire day’s range of cooling loads. 

2.2.1. Include electric battery 
In the first mode, a battery is used to buffer the incoming solar energy 

into an all-day time-averaged constant for the TEC. In this case, pTEC is 
evaluated as follows: 

pTEC(Mode1) =
∫ ttotal

0 pPV(t)dt
ttotal

(4)  

where ttotal denotes 24 h. This mode shall namely be the continuous TEC 
mode. 

To estimate the battery size needed to support the continuous TEC 
mode, first the amount of stored energy ebat is initiated to zero at the 
beginning of the time simulation. Then, the change of ebat after a certain 
time-step (n, the time step size is selected as 1 h) with ppv(t) and pTEC(t) is 
calculated as follows: 

eBat(n+ 1) = eBat(n)+
(
ppv(t) − pTEC(t)

)
Δt (5) 

From this, the required battery size is defined as the difference be-
tween the maximum and minimum magnitudes of this stored energy 
within the studied timeframe: 

EBat = max(eBat) − min(eBat) (6)  

2.2.2. d-TEC:n-RSC 
In the second mode, the PV output power is directly given to the TEC 

to support the daytime cooling demand, so pTEC(Mode2)(t) = pPV(t). 
During the nighttime, the cooling demand is solely supplied by the RSC 
only. This mode would not require a battery so it may be more 
economical than the first mode. This mode shall namely be the “d-TEC: 
n-RSC” mode. After computing pTEC, the TEC cooling power qC(TEC) can 
be calculated accordingly. 

Optionally, a thermal storage device can be used to support the “d- 
TEC:n-RSC” mode by allowing a better temporal match of the cooling 
load versus supply throughout the day. This special situation can reduce 
the PV area requirement because, unlike Eqs. (3), the area requirement 
can now be based on the daily average cooling demand and supply 
instead, as calculated below: 

Areq(T.S.) =

∫ 24hr
0 QLoad(t)dt
∫ 24hr

0 qC(T)(t)dt
(7) 

Then, the corresponding thermal storage device size can be calcu-
lated using a similar methodology as that shown in Eqs. (5) and (6) 
except that the QLoad(t) and should be applied in the formula, as shown 
below: 

eT(n+ 1) = eT(n)+
(

Areq(T.S.)qC(T)(t) − QLoad(t)
)

Δt (8)  

ET = max(eT) − min(eT) (9)  

2.2.3. Analysis method 
After selecting the mode of operation, the following design meth-

odology is used to calculate the maximum available cooling power and 
the required PV area (A(req)) by the proposed system:  

1. Consider a certain commercial PV panel and TEC module. Calculate 
the instantaneous pPV(t) throughout the time of day, and hence 
calculated pTEC(t) depending on the operational mode choice.  

2. Use the TEC model to calculate the corresponding TEC cooling power 
(qC(TEC)(t)). 

Fig. 1. Overall structure of the PV-RSC-TEC hybrid cooling system that illustrates the heat flow relationships.  

Fig. 2. The two different modes of operations that will be studied in this paper.  
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3. Calculate the yieldable RSC cooling power (qC(RSC)(t)) by using the 
spectrum analysis model.  

4. Calculate the total cooling power qC(T) as the sum of the RSC and TEC 
cooling power.  

5. Based on Eq. (3), calculate APV(req) given a value of kwall and z. 

After the cooling powers are known, the equivalent solar to cooling 
energy COP can be calculated as follows: 

COPEq =

∫
qcdt

∫
qsdt

(10)  

where the integration should cover the entire day and the term qc can be 
substituted to be any cooling variable, such as qC(TEC) for cooling by TEC 
only or qC(T) for total cooling power. The individual simulation models 
needed to carry out the above methodology are described in the 
following subsections. 

2.3. Spectral analysis 

In Eqs. (1), qS is the absorbed incident solar power, which is defined 
as follows: 

qS = J0(t)
∫ ∞

0
∊Cell(λ)ISolar(λ)dλ (11)  

where J0(t) is a coefficient that scales the magnitude of the solar irra-
diation throughout the day, ∊Cell(λ) is the emissivity spectrum of the PV 
material, and ISolar(λ) is the global AM1.5 solar irradiance spectrum. The 
wavelength dependant curves ∊Cell(λ) and ISolar(λ) have been graphically 
illustrated in Fig. 3, where ∊Cell(λ) was taken from the experimental 
study by Riverola et al. [30] for crystalline silicon (c-Si). Meanwhile, the 
solar panel emits radiative thermal power into outer space by the 
following equation: 

qr =

∫ ∞

0
∊Cell(λ)IB.B.(λ,TPV)dλ −

∫ ∞

0
∊A(λ)IB.B.(λ,Tamb)dλ (12)  

where TPV is the PV panel’s temperature, and Tamb is the ambient air 
temperature. In this equation, the left term denotes the radiative flux 
from the PV material whereas the right term denotes the received 
thermal radiation from the atmosphere. Here, IB.B.(λ,T) is the spectral- 
dependant energy distribution of the blackbody as depicted by 
Planck’s law: 

IB.B.(λ,T) =
2πhc2

λ5(e hc
λκT − 1)

(13) 

Also, ∊A(λ) is the radiative emissivity of the atmosphere, which is 

practically a complex curve that depends on the specific constituents of 
the air. Based on Zhao et al. [30], the atmospheric emissivity, while 
having many uncertain variations, is generally at or close to 1 in the 
ranges 4 μm ≤ λ < 8 μm and λ > 13 μm. For the wavelengths within 
the solar spectrum, it can be roughly estimated by using the ratio dif-
ference in the spectral irradiance between AM0 and AM1.5 Global 
irradiation (raw data can be found in [36]). Meanwhile, the atmospheric 
emissivity within the atmospheric window (8 μm ≤ λ < 13 μm) is 
highly dependent on the water content in the air (i.e., RH). Thus, in this 
paper, the atmospheric emissivity is approximated as follows: 

∊A(λ) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1 −
ISolar(AM1.5)

ISolar(AM0)
λ < 4 μm

1 λ < 8 μm, λ > 13 μm,

∊A(0) 8 μm ≤ λ ≤ 13 μm

(14)  

where according to Zhao et al. [30], ∊A(0) is another complex curve, but 
an overall average in terms of RH can be estimated. To simplify the 
calculation process, this paper will assume that ∊A(0) is constant in terms 
of λ, and its value will vary with RH and will as closely mimic the curves 
shown by Zhao et al. [30] as possible. Specifically, the following 
empirical expression is used to estimate ∊A(0): 

∊A(0) = 0.0007L3 − 0.0144L2 + 0.1457L+ 0.0853 (15)  

where L is the precipitable water length (cm), which can be found by the 
following empirical formula: 

L =
1
10

(
0.06T2

amb − 0.05Tamb + 11
)
RH (16)  

where the Tamb is valid in the range of (0◦C⩽Tamb⩽40◦C), noting that in 
this formula, the units shall be ◦C. Also, the RH units shall be the ab-
solute value (i.e. 0–1). 

2.4. Convective heat transfer 

The convective heat transfer expressions qa and qb may be calculated 
as follows: 

qa = Hair(1)(TPV − Tamb) (17)  

qb =

{
Hair(2)(TPV − Tamb, Daytime

qC(RSC), Nighttime (18)  

where Hair(1) and Hair(2) are the convective heat transfer coefficients on 
the top and bottom surfaces of the PV-RSC panel, respectively. For Hair(1)

which exists all day and night, efforts to suppress its influence is possible 

Fig. 3. The emissivity spectrum of the atmospheric air (∊A), the solar cell (∊Cell), and the radiation spectrum of AM1.5 solar power.  
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by covering the PV surface with a transparent film [37], so a relatively 
small equivalent value of 1W/(m2K) is chosen. Notably, qa will exist 
throughout the entire day since the PV panel is always facing the sky. For 
Hair(2), a value of 10W/(m2K), which is typical of natural convective 
cooling [38], is set during the daytime for the PV panel’s bottom surface. 
However, during the nighttime, the PV panel’s bottom surface directly 
interfaces with the building room by natural circulating air. Hence, qb is 
calculated by thermodynamic balance to be equal to qC(RSC). 

2.5. PV panel efficiency 

Theoretically, the PV-RSC panel can only convert a certain portion of 
the adsorbed energy qs into electricity, which depends on the bandgap 
selectivity of the PV material. In this paper, the average quantum effi-
ciency of the solar cell ηE will be used to obtain pPV as shown below: 

pPV = ηEqS (19)  

where ηE is estimated by using the electrical efficiencies reported by 
commercial PV panel datasheets. Furthermore, ηE is also known to drop 
with increasing PV temperature, a factor that is taken into account 
below: 

ηE = ηE(0)[1 + ϕ(TPV − T0)] (20) 

Here, ϕ is the power-temperature loss coefficient (ratio/ ◦C), and the 
terms subscripted with 0 denote the manufacturer specified values of the 
PV material. 

2.6. TEC model 

The widely known energy equilibrium TEC model described in 
[5,39] is adopted here, and the model equations are shown below: 

qH = n[αiTH +
λAtc

ltc
(TH − T1) −

1
2
i2 ltc

σAtc
] (21)  

qC(TEC) = n[αiT +
λAtc

ltc
(TH − T1) +

1
2
i2 ltc

σAtc
] (22)  

where qC(TEC) is the contribution of cooling energy by the TEC; qH is the 
heat that is dissipated into the ambient environment; Atc is the combined 
surface area of a single thermocouple pair; ltc is the length of the ther-
mocouples in the heat flow direction; TH is the TEC hot side temperature. 
The TEC power consumption is evaluated as follows: 

pTEC = qH − qL (23) 

In these equations, the Seebeck coefficient α, electrical conductivity 
σ, and thermal conductivity λ parameters will vary with the thermo-
couple’s operating temperature [5]. However, because this paper 
studies the TEC when it operates in a relatively small temperature range 
about the natural ambient condition, constant values have been 
assumed. The values used in our previous publication [39] have been 
directly reused here, which are: α = 4.5313× 10− 4 V/K, σ = 1.7150 ×

105 S/m and λ = 3.162 W/(mK). 

2.7. Cooling load model 

To evaluate the feasibility of the PV-RSC-TEC system, a simplified 
model is used to estimate the cooling loads of an occupied building and 
subsequently the PV area required to satisfy this. Minimizing the 
building’s cooling loads (often known as energy-efficient buildings 
design) is another popular research trend for minimizing the size 
requirement of the applied cooling system [40]. However, the building’s 
cooling load involves numerous factors such as the building’s structural 
design, the number of occupants, and the operations conducted inside 
the building, etc., so it is very complex and uncertain. To minimize the 
model complexity, this paper considers heat radiated by the human body 

(QP) and heat loss through the building walls (Qwall) as the primary 
cooling loads, which are defined as follows: 

QLoad = QP +Qwall (24)  

where Qwall can be defined as: 

Qwall =
kAwall

z
(Tamb − Troom) (25)  

where kwall is the thermal conductivity of the wall (W/(m ◦C)); z is the 
thickness of the wall (m), and Awall is the surface area of the walls (m2). 
In this paper, the room is set to be a rectangular prism so the Awall value 
includes the 4 walls and the ceiling whereas the ground is excluded. 
Notably, by setting the outside wall temperature as Tamb, this implies 
that the outside wall’s convective heat transfer ability is perfect. 
Although this may not be true in reality, this assumption will maximize 
the size of the cooling load Qwall, which is suitable for achieving a con-
servative analysis of the cooling system. The building’s summary spec-
ifications have been listed in Table 1 and have been described in detail 
under Section 4. 

2.8. Time-dependent analysis 

This paper aims to analyze how the PV-RSC-TEC hybrid system 
performs in a real-time environment with varying conditions. The time- 
varying data shown in Fig. 4 for Hefei city, China, has been chosen for 
the analysis. 

The average cooling power throughout the daytime and nighttime 
periods are useful parameters for assessing the average performance of 
the PV-TEC-RSC system, which are calculated as follows: 

qC(day) =

∫ tday qC(T)dt
tday

(26)  

qC(night) =

∫ tnight qC(T)dt
tnight

(27)  

3. Model validation 

To show that the presented models are accurate, the TEC and RSC 
models are first validated through comparisons with experimental data 
from previous publications. Notably, the TEC model has already been 
validated in our previous publication [39], and we have directly reused 
that TEC model in this paper. The RSC model is then validated in the 
following content through a comparison with the results obtained by 
Zhao et al. [22]. In Zhao et al.’s study, the cooling power versus tem-
perature curve was reported for a high-performance polyvinylidene 
fluoride-based RSC panel under a variety of hair values. Here, we spe-
cifically took hair = 8 W/(m2 K) as the sample value because its order of 
magnitude is the same as those in the main analyzes of this paper. 
Furthermore, the PVDF’s emissivity spectrum was reported there and is 
reapplied to the present model to validate it. Fig. 5 shows the compar-
ison of the radiative cooling power results obtained between the two 
models, which shows a good agreement at lower temperature 

Table 1 
The building space specifications.  

Parameter Value 

Number of Occupants 4 
Room dimensions 2.5 m (height) × 4 m (length) 

× 6 m (width) 
Corresponding wall area (Awall), floor area (Afloor) 

and volume of the room (Vroom)  
74 m2, 24 m2, and 60 m3, 
respectively 

The thickness of the room’s walls (l)  0.1 m 
The thermal conductivity of the room’s walls (kwall)  0.1 W/(m ◦C)  
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differences (< 7.5◦C). A slight deviation is observed at the higher values, 
which is most likely because of the discrepancy in calculating the at-
mospheric radiative power between the two models. Nevertheless, this 
deviation is not large. Furthermore, Fig. 5 also shows the net radiative 
power result by the present model when the c-Si’s emissivity spectrum is 
used instead, which are clearly shown to be lower than the PVDF panel. 
This is expected because, as shown in Fig. 3, c-Si’s emissivity spectrum 
involves values that typically range between 0.7 and 0.9, which are less 
ideal than the PVDF panel. Hence, it is verified that the present RSC 

model is reasonably accurate. 

4. Simulation parameters 

Space cooling of a small building room during the summer has been 
chosen as the target objective of this paper, where the temperature 
difference (Tamb − T1) could range between 3 ◦C and 10 ◦C. Specifically, 
the room has 4 occupants, and it is assumed each occupant radiates 100 
W of body heat [41] (i.e. QP = 400 W). The key specifications of the 
studied building space have been summarized in Table 1, and the 
cooling load profile for the studied room is depicted in Fig. 6. Indeed, a 
larger building wall area and the increasing number of occupants would 
increase the cooling demand size. Notably, according to Fig. 6, together 
with the building wall surface area, the Tamb − T1 difference impacts the 
cooling demand much more than the number of occupants. Hence, the 
PV-TEC-RSC system size is likely higher for a more spacious building. 

Table 2 lists the other working conditions that have been imposed in 
this paper. The commercially available crystalline silicon (c-Si) solar 
cells are chosen as the PV material because it has both a reasonably high 
emissivity within the atmospheric window and can also yield a 
reasonable enough power efficiency for the TEC [42]. Natural convec-
tive cooling has been assumed in the paper, hence resulting in the 
choices shown in Table 2. 

Meanwhile, a commercial TEC module is applied in this paper whose 
specifications have been summarized in Table 3. Given that the 
geometrical parameters are fixed, there exists a maximum COP with 
respect to the input TEC power because of the balance between the in-
crease of the Peltier effect and increasing resistive losses. A brief in-
spection reveals that 4 TECs per m2 of PV panel would yield the highest 
COP, so we utilize this rate (all serially connected) in all of the analyzes. 
Notably, since the RSC cooling power is directly proportional to the PV 
panel size, this means that the cooling power ratio between the RSC and 
the TEC will be relatively constant regardless of the overall PV-RSC-TEC 
system size. 

Fig. 4. Time-dependent environmental characteristics of Hefei on day 29,800 
(a) Global direct solar irradiance (qS) and the ambient RH (b) Ambient tem-
perature and corresponding PV panel temperature. 

Fig. 5. Comparison of the retrievable cooling power result between the present 
model and that from Zhao et al. [22] when a PVDF panel is used and hair =

8 W/(m2K). 

Fig. 6. Adopted profile of QLoad, which is based on involving 4 people in the room while z = 0.1 m and kwall = 0.1 W/(m K).  

Table 2 
List of the working conditions that are imposed in this paper’s study.  

Parameter Value 

Solar Panel Nominal Efficiency (ηE) and Output 
Power Density (ppv) [42]  

20% & 120 W/m2 

Convective heat transfer coefficient at the PV-RSC 
panel’s top surface 

Hair(1) = 1 W/(mK)

Convective heat transfer coefficient at the PV-RSC 
panel’s bottom surface Hair(2)

{
10 W/(mK),Daytime
0 W/(mK),Nighttime   
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5. Results 

In the following analysis, the building’s room temperature (Troom) is 
first fixed at the target of 25 ◦C, which can be regarded as the maximum 
acceptable room temperature for summer [44]. Then, the ambient 
temperature, ambient RH, and magnitude of solar irradiance are all 
varied according to Hefei on Day 29,800 (Fig. 4). By using these as in-
puts, the available cooling powers by the TEC and RSC as well as the 
building’s cooling load can be calculated at each hour of the day. Based 
on these results, the theoretical PV area requirement (Areq) to meet the 
cooling load at each instance of time can be estimated, which indirectly 
implies the economic feasibility of the PV-RSC-TEC system. After this, 
the PV-RSC-TEC system’s cooling power performance is then analyzed 
over 1 week in Hefei (days 29,800–29,806) to prove its stability under 
different weather conditions. Based on these results, a reasonable APV 
value is selected and Troom becomes a time varying value and is moni-
tored to verify the system’s cooling ability. 

5.1. Time-dependent characteristics 

Fig. 7 shows how the TEC, RSC, and total cooling powers vary with 
time for the two modes of operations in each respective subplot. Based 
on Fig. 7 (a), clearly, QC(TEC) is relatively stable at around 50 W/m2, 
which is normal because the PTEC is fixed in this instance. Here, the slight 
variations are because of the varying Tamb throughout the day. During 
the nighttime, cooling by the RSC (QC(RSC)) was only around 60 W/m2, 
and the TEC enhanced the total nighttime cooling power to around 
120–130 W/m2. As a result, in the continuous TEC mode, the PV-RSC- 
TEC system will yield a relatively constant QC(T) that exhibits an 
almost “step” change between the daytime and nighttime periods. For 
the d-TEC:n-RSC mode, based on Fig. 7 (b), clearly the instantaneous 

QC(TEC) is much higher than in the continuous TEC mode (up to 70–80 
W/m2), and this lasts for the duration between 9 am and 4 pm of the day. 
However, during the sunrise and sunset periods, QC(TEC) will typically 
drop below 40 W/m2 since the available PPV is low at these times. 
Meanwhile, although QC(RSC) is around 60 W/m2 during the nighttime 
period, its value is also very weak during the sunrise and sunset periods 
because the solar irradiation is still present. As a result, the QC(T) value 
during the sunrise and sunset periods is low, and this is a major disad-
vantage of using the d-TEC:n-RSC mode. 

Based on the cooling power results of Fig. 7 and the cooling load 
model, the estimated minimum PV area (Areq) is calculated by using Eq. 
(3) and is reported in Fig. 8 for the two operational modes. Indeed, as the 
continuous TEC mode supplied a large magnitude of nighttime cooling 
power and that the nighttime cooling load is relatively low (due to a 
smaller Tamb − Troom difference), its Areq is very low during the nighttime 
period. However, the Areq value during the mid-day has risen to up to 30 
m2, which indicates the available daytime cooling energy is not very 
well matched with the daytime cooling loads. Thus, the continuous TEC 
mode’s nighttime cooling power is excessively high while the daytime 
cooling power is too low, which indicates a poor temporal match of the 
cooling energy. 

For the d-TEC:n-RSC operational mode, its main advantage over the 
continuous TEC mode is the increased daytime cooling power that 
allowed for a much lower mid-day Areq requirement. However, due to 
the lack of available cooling power during the sunrise and sunset, the 
Areq during these times would spike to unrealistic values (e.g. 130 m2 at 
7 pm) which are indeed not realistic to cover economically. Thus, if the 
d-TEC:n-RSC operational mode is used, then the lack of available cooling 
power that arises during the sunrise and sunset periods is very likely 
needed to be tolerated by the end-user. Notably, such an issue can be 
resolved by including a thermal storage device to buffer the available 
cooling power and hence supplement the cooling demands at these 
sunrise and sunset periods. A brief inspection would reveal that adding 
thermal storage can lower the average Areq value down to 13.97 m2. The 
corresponding required thermal storage size is about 961.32 Wh, which 
equates to roughly 18.21 kg of paraffin (the latent heat of fusion is 190 
kJ/kg [45]). Thus, thermal storage inclusion is certainly a solution to 
solve the aforementioned lack of available cooling power problem 
during these two specific periods. 

5.2. One week performance analysis 

The previous section analyzed the PV-RSC-TEC hybrid system’s 
performance based on a time profile of a single day. In this section, the 
analysis has been repeated to calculate the system’s cooling perfor-
mance under 7 consecutive days to prove that it can work under a wide 
range of different ambient conditions. Fig. 9 shows specifically the 
varying Tamb (in (a)), RH and qs conditions for the selected 7 days. 

Fig. 10 shows the average cooling powers over 7 consecutive days for 

Table 3 
List of the TEC specifications as used in this paper.  

Parameter Value 

Commercial TEC Product [43] TEC1-12715 (4 cm by 4 cm 
module) 

Mass of the TEC module 15 g 
thermocouple length (ltc)  1 mm 
Combined thermocouple pair cross-sectional 

surface area (Atc)  
2 × 1.2 mm by 1.2 mm 

The number of TEC modules per unit area of PV 
surface. 

4 modules/m2  

Fig. 7. The cooling power produced with the time on Hefei day 29,800 for (a) 
The continuous TEC mode (b) The d-TEC:n-RSC mode. 

Fig. 8. The corresponding Areq of the PV panel to meet the cooling demands (a) 
Estimated value at each moment (b) The maximum Areq which will satisfy all 
the cooling needs. 
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the continuous TEC mode, which shows that the average daytime and 
nighttime cooling powers can vary considerably under different weather 
conditions. Here, it is shown that daytime cooling power will normally 
vary between 45 W/m2 and 60 W/m2, but an outlier on day 4 exists with 
a value reaching 74 W/m2. This is interesting because, according to 
Fig. 9, the solar irradiance on day 4 is the lowest. The main reason for the 
increased available daytime cooling power is because, as seen in Fig. 9 
(a), Tamb is very close and sometimes even lower than the setpoint Troom 
of 25 ◦C, so it is easy to produce large amounts of cooling energy. In 
contrast, despite having a higher irradiance, the daytime cooling power 
is much lower on days 2 and 6 where the daytime Tamb is mostly much 
higher than Troom = 25◦C, thus indicating that Tamb has a much stronger 
influence on the proposed system’s cooling performance than the solar 
irradiance itself. Furthermore, because the primary reason for a higher 
Tamb is higher solar irradiance, this indirectly implies that a higher solar 
irradiance actually causes more stress on the proposed system’s cooling 

requirement. 
Meanwhile, the average nighttime cooling power also varies on 

different days, with values ranging between 60 W/m2 and 95 W/m2. In 
terms of the RSC, the primary contributing factor is the air RH; The RH 
was relatively low (with a lower peak of 50%) on day 5 to yield a higher 
qC(RSC) whereas on day 2, a consistent nighttime RH of 90% greatly 
lowered the qC(RSC) value. Meanwhile, a lower daytime irradiance 
naturally results in less qC(TEC) during the nighttime; For example, it was 
only about 30 W/m2 on day 4 (with low average irradiance) while it was 
up to 45 W/m2 on day 5. Overall, in the continuous TEC mode, the RSC 
and TEC performances for nighttime cooling are both highly affected by 
the ambient RH and solar irradiance conditions, respectively. 

Fig. 11 shows the corresponding average daytime and nighttime 
cooling powers over the same 7 days but when the d-TEC:n-RSC mode is 
used instead. When compared to the results of Fig. 10, clearly the 
available nighttime cooling power is much lower since the d-TEC:n-RSC 

Fig. 9. The ambient conditions of the 7 consecutive days for the study.  

Fig. 10. The average daytime (qC(day)) and nighttime (qC(night)) average cooling powers obtained for each day of a full week using the continuous TEC mode.  

Fig. 11. The average daytime (qC(day)) and nighttime (qC(night)) average cooling powers obtained for each day of a full week using the d-TEC:n-RSC mode.  

T.H. Kwan et al.                                                                                                                                                                                                                                



Applied Thermal Engineering 196 (2021) 117230

10

mode does not involve any TEC cooling power during this period. 
Meanwhile, the average daytime cooling power by the d-TEC:n-RSC 
mode is generally slightly higher than the continuous TEC mode 
although not by any significant margin. Other than this, except for day 4, 
the daytime cooling performance appears to be similar to the continuous 
TEC mode in which the daytime cooling performance mostly ranges 
between 50 W/m2 − 65 W/m2. 

Fig. 12 shows the average Areq result for the two modes of operations, 

obtained by first using the time-averaged value (
∫ tday Areqdt

tday 
and (

∫ tnight Areqdt
tnight

) 
for each day, and then averaging again the obtained values from the 7 
days of operation. Surprisingly, despite only having a very small in-
crease in the average daytime cooling power, the average Areq for the d- 
TEC:n-RSC mode during the daytime is considerably lower than the 
continuous TEC mode (up to 1.6 times smaller). This demonstrates that, 
during this period, the d-TEC:n-RSC mode’s instantaneous cooling 
power versus the cooling load profile ratio is much better matched than 
the continuous TEC mode. 

During the nighttime, the continuous TEC mode has a very low 
average Areq, which indicates that this mode produces excessive night-
time cooling energy while not producing sufficient cooling energy dur-
ing the daytime. Meanwhile, for the d-TEC:n-RSC mode, the average Areq 

between the daytime and nighttime is more closer together, indicating 
once again that the instantaneous cooling power production is better 
matched with the cooling load. Now recall from Table 1 that the studied 
room’s floor space is 24 m2. By comparing this value with those in 
Fig. 12, it seems only the d-TEC:n-RSC mode can meet the requirement 
that the PV panel area can be less than the room’s floor space. 

For the continuous TEC mode, the sizing requirement to meet most of 
the daytime cooling loads is a significant concern, which occurred 
because the distribution of cooling power between the daytime and 
nighttime is not well-matched with the cooling load. To resolve this 
problem, two possible strategies are suggested. The first is to introduce 
two-step values for the TEC’s operating power, where the nighttime 
involves a lower value and the daytime has a higher value. Doing so can 
effectively “smooth out” the Areq curve in Fig. 8, which can lower the 
maximum peak during the mid-day and increase the economic feasi-
bility of the PV-TEC-RSC hybrid system. The second strategy is to 
include a heat storage medium (e.g., phase change material) into the 
system to carry the nighttime cooling energy into the daytime. Never-
theless, this strategy is not recommended for the continuous TEC mode 
because it would further increase the economic cost on top of the already 
required battery. 

5.3. Performance-based on a selected APV 

In the previous analyzes, Troom was set to a constant value of 25 ◦C 
and the corresponding cooling load powers and required PV area (Areq) 
were calculated to meet this requirement. However, in reality, the PV 
area cannot be a “variable”, and one has to set and implement a fixed PV 
area. Thus, this section performs a time-dependent analysis where the 
PV area is given and the parameter Troom can now vary with time. Based 
on the discussion relating to Fig. 12, the average Areq is in the same order 
of magnitude as the studied room’s floor space. Thus, in this section, the 
PV area is set to be the same as the building’s room floor space (i.e. 24 
m2) to represent a case that can be technically and economically 
implemented. 

Fig. 13 shows the corresponding temperature results for the two 
modes of operation. Indeed, for the continuous TEC mode, during the 
nighttime, the temperature difference could be up to 10 ◦C which caused 
the room temperature to drop below 20 ◦C. This indicates that there is 
too much cooling energy being produced. In contrast, during the day-
time, the temperature difference was only around 6.6 ◦C (e.g., at 2 pm, 
Troom was 27.44 ◦C while Tamb was 34 ◦C), so the cooling performance is 
somewhat lower. Overall, although the PV-RSC-TEC system can achieve 
the required cooling performance under this mode, the performance is 
certainly not optimal as there is too much cooling energy during the 
nighttime but not quite enough during the daytime. A thermal storage 
device may be required here to better balance this temporal mismatch 
problem. 

For the d-TEC:n-RSC mode, during the nighttime, Troom would remain 
in the range of 20 ◦C to 22 ◦C, which indeed are more appropriate values 
in the building cooling application. These results suggest that the RSC is 
typically already enough for nighttime cooling, and adding the contri-
bution by the TEC is not critically needed though still helpful on warmer 
days. Meanwhile, during the daytime, unlike the continuous TEC mode, 
Troom could remain in the 20 ◦C to 22 ◦C range, hence demonstrating that 
the d-TEC:n-RSC mode can achieve a better daytime cooling perfor-
mance. Unfortunately, the d-TEC:n-RSC mode exhibits a spike in Troom at 
the sunrise and sunset moments, which is consistent with the observa-
tions found in Fig. 7 (b). Thus, installing the thermal storage device to 
buffer the supplied cooling power is recommended if these temperature 
peaks are not desired. 

5.4. Discussion 

Estimated the minimum theoretical battery size required to achieve 
the results in Fig. 12 (a) by the continuous TEC mode is 134.9 Wh/m2 or 
3.237 kWh for APV = 24 m2. These values are based on assuming that 
the battery is 100% efficient which indeed is not realistically possible. 

Fig. 12. The average Areq based on the 7 days of operation by (a) The continuous TEC mode (b) The d-TEC:n-RSC mode.  
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Factoring the battery’s round trip efficiency would require even bigger 
PV and TEC sizes while the battery may need to be at least 5 kWh in size. 
Although 5 kWh lithium-ion battery products do exist, the investment 
will be very costly, thus these observations further support that the 
continuous TEC mode is overall not recommended. In contrast, as 
aforementioned in Section 5.1, the required thermal storage size to 
support the sunrise and sunset periods in the d-TEC:n-RSC mode can be 
18.21 kg of paraffin, which is a significantly cheaper option, thus 
making this mode of operation a more practical option. 

Based on Eqs. (10) and considering the cooling curve shown in Fig. 7 
(b) for the d-TEC:n-RSC mode, it is found that the equivalent solar to 
cooling COP for the TEC and the total cooling power cases are 0.1099 
and 0.2054, respectively. These numbers imply that the PV-TEC sys-
tem’s cooling power can be almost doubled if the RSC effect is integrated 
into it. Unfortunately, the value 0.2054 is still inferior to that of the PV- 
VCC implementation (reported as 1.85–2.25 by Salilih and Birhane [9]), 
which occurred most likely because the TEC naturally has a lower en-
ergy performance. On the bright side, as demonstrated by several pre-
vious studies [17,18], the PV-TEC system implementation is structurally 
simple over the PV-VCC system as it does not require working fluids and 
compressor components. Adding the RSC is also not expected to signif-
icantly increase the system complexity since the cooling energy is 
sourced from the same PV panel, so the proposed PV-RSC-TEC system 
may be an economical option for smaller building rooms. Indeed, con-
ducting a techno-economic analysis and life cycle assessment would be a 
valuable future work to assess the feasibility of the PV-RSC-TEC system 
from the economic cost and greenhouse gas emission perspectives. 

Meanwhile, the above analysis was based on real weather data and it 
has shown that the system performance is sensitive to many working 
parameters. Here, the effects of some key parameters are briefly sum-
marized as follows:  

1. TEC’s COP is maximal when the hot side temperature TH ideally 
equals Tamb, so cooling methods that can further reduce TH towards 
Tamb while not consuming little energy is desirable. Indeed, active 
cooling methods generally require energy so this factor should be 
monitored in the design process.  

2. A lower target Troom would indeed increase the cooling demand of the 
proposed system. Based on the results in Fig. 13 (b), the target Troom 
minimum stagnation point is very close to 20 ◦C, and a more 
powerful cooling technology such as the PV-VCC system may be 

preferred for lower temperatures. However, it should be noted that 
no attempt has been made to optimize the TEC module choice and 
that better options could enable an equivalent solar to cooling COP of 
up to 0.23 (after factoring in the 20% PV efficiency) [15].  

3. Increasing the solar cell’s power conversion efficiency and the TEC’s 
COP would indeed be desirable factors to linearly increase the 
cooling power output and subsequently decrease the system sizing. 
Furthermore, increasing the building’s wall thicknesses or choosing 
materials with lower thermal conductivities are alternative ways to 
decrease the cooling demand. 

4. While a larger qs will provide additional solar power and subse-
quently larger amounts of cooling power, generally days with higher 
average qs will also increase Tamb and hence the cooling demand. It is 
projected that a certain qs and subsequently Tamb condition will exist 
such that the required PV area APV(req) will be minimum, a factor of 
which can be studied in future works. Meanwhile, a high RH envi-
ronment has little effect on the PV-TEC cooling energy, but it will 
greatly degrade the RSC cooling power, so this system is more suit-
able in dryer climates.  

5. It is noted that the current study is simulation-based and that certain 
factors will need to be additionally considered when developing an 
experimental platform or real implementation of the proposed sys-
tem. These include I. The addition of airflow valves or “switches” 
required to change the airflow source and origin across the bottom of 
the PV panel during the day and night times; II. The addition of air 
blowers and their energy consumptions; III. The power electronic 
subsystems and wiring are needed to manage the power flows be-
tween the PV panel, TEC, battery, and auxiliary equipment. Although 
this may seem complex, it is noted that, in the conventional PV-VCC 
system, the same air blowers and power electronic subsystems would 
still be required. There, the power subsystem would be even more 
complex because it would need to convert DC power into the 
required AC power. 

6. Conclusion 

This paper has integrated the radiative sky cooling (RSC) ability of 
the PV cell to the PV-TEC system, which further increased the total 
cooling power output (and hence the energy utilization efficiency). A 
spectral model that involves the PV panel’s emissivity spectrum is used 
to analyze the RSC ability, which is then coupled to the TEC model. The 

Fig. 13. Variation of the ambient and room temperatures throughout the day under the two modes of operation.  
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overall PV-RSC-TEC system is applied for space cooling of an occupied 
building by estimating the building’s cooling loads and calculating the 
corresponding PV surface area requirement. Two modes of operation for 
the PV-TEC component have been selected for analysis under 7 days of 
operation with time-varying solar irradiances, ambient temperature, 
and ambient relative humidity. The key findings of this paper include:  

1. The continuous TEC mode (involving a battery for nighttime TEC 
operation) will cause excessive amounts of nighttime cooling power 
while the daytime cooling power was often insufficient. This leads to 
an unideal PV surface area requirement to properly meet all the 
cooling demands.  

2. In contrast, the all-day TEC and all-night RSC (d-TEC:n-RSC) mode 
enabled a much better matched cooling supply-demand ratio 
throughout most of the day, but weak spots existed at the sunrise and 
sunset period due to problems caused by low solar irradiance. 
Notably, this problem can be easily solved by adding a thermal 
storage material.  

3. Overall, the RSC ability of the common crystalline solar cells can 
increase the PV-TEC’s equivalent solar to cooling coefficient of per-
formance (from 0.1099 to 0.2054), and as such is worthwhile inte-
grating. The PV area requirement was in the range of 12–17 m2, 
which is much smaller than the studied room space (24 m2), and a 
consistent temperature drop of up to 10 ◦C was achievable. 
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