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A B S T R A C T   

The surface temperature of a passive daytime radiative cooler (PDRC) can be lower than the ambient temper-
ature without consuming any extra energy. Thus, the technology of the PDRC has attracted the attention of 
researchers recently. However, most current studies only focused on the short-term performance of the PDRC 
during sunny and cloudless days. The influence of clouds and variations of atmosphere total column water vapor 
on the long-term performance of PDRC have not been investigated in previous research. In this study, a radiative 
cooling model considering the influence of total column water vapor and clouds was developed for PDRC, and 
TMY weather data files with total column water vapor were generated for estimating the annual performance of 
PDRC in five selected major climate zones in China. The results showed that the high total column water vapor 
would deteriorate the performance of the PDRC. Considering the impact of cloud or not, the difference in po-
tential of achieving sub-ambient cooling during daytime annually ranged from 12.68 % to 43.35 % in five cities, 
i.e., Harbin, Beijing, Shanghai, Kunming, and Guangzhou. The results also indicated that the selective PDRC 
always achieved a slightly better performance than the broadband one. Finally, the potential of applying PDRC in 
five selected cities was estimated. The results demonstrated that the PDRC could yield satisfying performance in 
Beijing, Shanghai, Guangzhou, and Kunming, with the energy-saving potential of 39.53 kWh/m2, 221.40 kWh/ 
m2, 435.82 kWh/m2, 97.26 kWh/m2, respectively.   

1. Introduction 

Urbanization is an ongoing process. Only around 10 % of the world’s 
population lived in urban areas in 1900 and this number reaches 50 % in 
2008 and continues increasing over the next 50 years [1]. However, the 
overexpansion of cities had not only exacerbated resource depletion and 
pollution but also changed the metropolitan microclimate due to high 
building densities in urban areas [2]. Among the challenges caused by 
urbanization, urban heat islands (UHI), a phenomenon that indicates a 
significant increase in urban temperature compared to the surrounding 
suburban areas [3], is receiving more and more attention as it can 
threaten the livability of a city. Various strategies have been proposed to 
mitigate UHI, such as urban morphology design[4,5], application of 
phase-changing materials (PCM) [6,7], green infrastructure develop-
ment[8,9], and the replacement of the urban surface with highly 
reflective materials [10,11]. These migration strategies rely on modi-
fying the surface energy balance over built terrains. For instance, 
greenery tends to redistribute more vaporized latent heat, while higher 
albedo materials make the surface reflect more solar radiation. 

In recent years, passive daytime radiative cooler (PDRC), a tech-
nology based on the strongly solar reflective and directly terrestrial heat 
exchange with outer space through the atmospheric window (for the 
wavelength of 8 to13 μm), has received a lot of attention as the surface 
temperature of the PDRC can be lower than the ambient air temperature 
during the daytime without energy consumption and pollutants pro-
duction. This technology was first achieved by Raman et al. [12] in 
2014. With solar radiation at 850 W/m2, their photonic radiative cooler 
achieved a cooling power of 40.1 W/m2 and the surface temperature of 
the passive daytime radiative cooler dropped from around 4 ◦C to 5 ◦C 
compared to the ambient air temperature. The PDRC has been devel-
oped rapidly afterward and many materials have been proposed and 
tested. However, to achieve wavelength-independence high emissivity 
between the wavelength of 8 to 13 μm, the designs and fabrication of 
some PDRC heavily depended on the complicated photonic micro-
structures design [12–15], the use of metamaterials [13,16] or noble 
metal [12,17,18], for example, Raman et al. [12] achieved the 
wavelength-independence PDRC by a 7 layers photonic structure, and 
these complex designs and the use of expensive materials greatly 
increased the production costs of PDRC, constraining its application 
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potential on buildings. Mandal et al. [19] predicted that PDRC achieved 
by paint is the preferred candidate for large-scale applications in the 
building sector since paint material can be fabricated by matured 
technology and easily applied to the building surface. Ruan et al. 
demonstrated that BaSO4 paints [20] and CaCO3 paints [21] can achieve 
daytime sub-ambient radiative cooling by experiment, and Xue et al. 
[22] used the commercially used building coating materials to fabricate 
a paint that achieved 6 ◦C below ambient temperature. These materials 
have huge energy-saving potential in building applications. 

However, most of the research related to PDRC was carried out in dry 
regions under ideal, desert-like conditions by experiment [23]. When 
the PDRCs were exposed to real operating conditions, evidence sug-
gested that their cooling performance would be strongly weakened due 
to the reduction of atmospheric transparency and some additional heat 
gains [24]. Tso et al. [25] experimentally researched the performance of 
PDRC in Hongkong using the same multilayer photonic cooler devel-
oped by Raman et al. [12], and results showed that the cooler’s surface 
temperature was 6 to 7◦ C higher than the ambient air in Hong Kong 
(absolute humidity = 16 g/m3), while it was 4.9◦ C lower than the 
ambient air in California (absolute humidity = 10 g/m3) [12], and they 
suggested that this difference may be caused by humidity. Liu et al. [26] 
applied an empirical equation of relative humidity (RH) related to the 
dew point temperature in order to access the influence of humidity on 
the performance of PDRC, and their results showed that the maximum 
deviation of PDRC performance could be 56 % when the dew point 
temperature changed from 8 ◦C to 17 ◦C. Hu et al. [27] employed pre-
cipitable water vapor (PWV) amount to compute the atmospheric 
emittance and analyzed the influence of relative humidity on the cooling 
performance of an air-based integrated solar heating and radiative 
cooling collector, and the cooling power decreased by 61.91 % with the 
increase of relative humidity from 5 % to 95 %. However, considering 
the unique wavelength-dependent emissivity of PDRC, using the overall 
atmosphere transparency calculated by RH or PWV could lead to a 
certain deviation. Cheng et al. [28] argued that spectral atmosphere 
transparency can be calculated by total column water vapor (TCWV). 
According to MODTRAN [29], the atmosphere transmission within the 
wavelength of the atmosphere window decreases with an increase in 

TCWV, so the long-wave radiation released by the object to outer space 
reduces. The impact of dynamics of hourly TCWV on the performance of 
PDRC is needed to be investigated. 

The cloud’s appearance is another important factor to be considered 
in analyzing the performance of PDRC, as the long-wave irradiance on 
partly cloudy days can exceed the value estimated on clear-sky days due 
to cloud enhancement (CE) [30]. Nevertheless, the influence of the 
clouds has not been included in most of the studies when the perfor-
mance of the PDRC was evaluated [31–33]. Reza et al. [34] used ma-
chine learning techniques to research the effect of cloud cover on the 
radiative cooling potential, and their results showed that a cloudy sky 
could lead to 15 ◦C inaccuracy in the system model, it is therefore 
important to take the cloud into account when studying the cooling 
potential of PDRC in a given climate. However, the high computing 
rescues and samples need are always the shortcomings of the machine 
learning techniques, and a relatively simple cloud model would effec-
tively solve these problems. 

However, a major limitation of the PDRC application was that it may 
be counterproductive in year-round assessments by providing undesir-
able cooling during the heating period [35]. Nevertheless, as the object 
of most PDRC research was to achieve sub-ambient cooling during the 
daytime, short-term performances were always the focus of research 
[12–17]. Although several studies assessed the long-term performance 
of the PDRC, they either only considered PDRC’s application potential 
for cooling seasons [26,36] or did not consider changes in TCWV over 
time [37–39]. Hence, the objective of this study was to investigate the 
annual performance of PDRC considering the influence of TCWV and 
clouds. The annual hourly weather data was needed to achieve this goal. 
The widely used annual weather data is the typical meteorological year 
(TMY). The conventional method to generate TMY was to use the dry- 
bulb temperature, solar radiation, and wind speed as necessary 
indices, and different weight factors were assigned to these indices 
consideration of their impact on annual building energy [40–44]. 
However, TCWV had not been included in TMY. In this research, the 
TMY including the TCWV was generated first. 

The novelty of this paper was in the evaluation of the annual per-
formance of the PDRC considering the dynamic TCWV value and the 

Nomenclature 

C infrared cloud amount, [-] 
c speed of light in vacuum, 3.0 × 108 [m/s] 
F view factors, [-] 
h Planck’s constant, 6.62607004 × 10-34 [J⋅s] 
hc non-radiative heat exchange coefficient, [W/(m2⋅K)] 
H cloud base height, [km] 
I spectral radiance, [W/(m2⋅sr m)] 
kB Boltzmann constant, 1.38064852 × 10-23 [J/K] 
N opaque sky cover, [-] 
n fractional area of the sky covered by clouds, [-] 
P radiation flux or power, [W/m2] 
T temperature, [K] 
t atmospheric transmittance, [-] 
α absorption coefficient, [-] 
ε emissivity, [-] 
σ Stefan-Boltzmann constant, 5.67 × 10− 8[W/

(
m2K4)]

ϕ tile angle, [rad] 
Δ difference 

Abbreviation 
CDF cumulative distribution function 
CE cloud enhancement 
FS Finkelstein-Schafer statistics 

MPE mean percentage error 
PDRC passive daytime radiative cooler 
PDCA percentage of the achieving sub-ambient cooling 
PWV precipitable water vapor 
TMY typical meteorological year 
TMM typical meteorological month 
TCWV total column water vapor 
RH relative humidity 
UHI urban heat island 
WS weighted sum 

Subscripts 
A atmosphere 
Air air 
BB black body 
Cond conduction 
Conv conviction 
D dew point temperature 
Grd ground 
LWR long wave radiation 
R passive daytime radiative cooler 
Solar solar 
Sun sun 
S short-term 
L long-term  
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influence of the cloud. Therefore, we first generated a TMY in consid-
eration of indices of dry bulb temperature, wind speed, solar radiation, 
and TCWV. Afterward, the impact of the clouds and TCWV on the per-
formance of PDRC was investigated. At last, the annual performance of 
PDRCs under conditions of ideal PDRC in five selected cities, which 
represent five climate zones in China, were assessed. 

2. Methodology 

2.1. Modeling of PDRC 

2.1.1. Heat exchange between PDRC and the ambient 
The heat exchange between PDRC and the ambient is illustrated in 

Fig. 1. Assuming that the thermal storage in PDRC can be neglected since 
PDRC is a thin coating material, the radiative cooling power by PDRC, 
PCool(TR), can be expressed by Eq. (1) for given emissivity εR(λ, θ) and 
temperature TR (K): 

PCool(TR) = PR(TR) − PA(TA) − PSun − PCond+Conv (1) 

where PR(TR) is the radiation released by PDRC (W/m2) and PA(TA) is 
the absorbed incident atmospheric longwave radiation (W/m2). They 
can be calculated by Eq. (2) and Eq. (3) respectively [22]: 

PR(TR) = 2π
∫ π/2

0
sinθcosθdθ

∫ ∞

0
IBB(TR, λ)εR(λ, θ)dλ (2)  

PA(TA) = 2π
∫ π/2

0
sinθcosθdθ

∫ ∞

0
IBB(TA, λ)εR(λ, θ)εA(λ, θ)dλ (3) 

IBB(T, λ) in the unit of W/(m2⋅sr m) is the spectral radiance of a 
blackbody at temperature T (K), and can be calculated by [22]: 

IBB(T, λ) =
2hc2

λ5
1

ehc/(λkBT) − 1
(4) 

where h is the Planck’s constant with a value of 6.62607004 × 10-34 

J⋅s; kB is the Boltzmann constant with a value of 1.38064852 × 10-23 J/ 
K; c is the speed of light in vacuum with a constant value of 3.0 × 108 m/ 
s, and λ is the wavelength (m). 

εA(λ, θ) is the emissivity of the atmosphere and can be approximated 
by: 

εA(θ, λ) = 1 − [1 − εA(0, λ) ]1/cosθ
= 1 − [t(λ) ]1/cosθ (5) 

where, εA(0, λ) is the spectrum-dependent emissivity in the normal 
direction, and θ is the zenith angle. t(λ) is the atmospheric transmittance 

in the zenith direction which is strongly dependent on the local atmo-
spheric conditions. 

PSun is the incident solar energy absorbed by the PDRC and can be 
expressed as [22]: 

PSun =

∫ ∞

0
εR(λ, θSun)ISolar.s(λ)dλ (6) 

where ISolar.s(λ) is standardized solar radiation. 
PCond+Conv is the heat exchange between PDRC and the ambient air 

through conduction and convection and is calculated by Eq. (7): 

PCond+Conv = hC(TA − TR) (7) 

where hC = hCond +hConv is the non-radiative heat exchange coeffi-
cient of the PDRC. 

2.1.2. Cloud model 
The clouds increase the emissivity of the atmosphere, εA, which can 

be calculated by Eq. (8) according to Martin et al. [45]: 

εA = εA,0 +
(
1 − εA,0

)∑

i
Ci (8) 

where εA,0 is the atmosphere emissivity of clear sky, and Ci is the 
‘infrared cloud amount’ for the clouds on different heights, which is 
denoted by Eq. (9): 

Ci = niεC.iΓi (9) 

where ni is the fractional area of the sky covered by clouds and can be 
obtained from weather data, εC.i is the hemispherical emissivity of clouds 
at ith height. According to Pyrina et al. [46], clouds can be divided into 
three non-overlapping layers considering their influences on longwave 
radiation of the atmosphere as well as their height: low-position clouds 
whose emissivity is 97 % to 100 %, medium-position clouds whose 
emissivity ranges from 30 % to 100 % with a mean value of 79 % ± 6 %, 
and high-position clouds with an emissivity ranging from 0 % to 100 % 
and a mean value of 35 % ± 5 % [47], and in this model the mean values 
of emissivity were used. Γi is a factor depending on the cloud’s base 
temperature, denoted by Eq. (10): 

Γi = exp( − Hi/H0) (10) 

where H0 is 8.2 km and Hi (km) is the cloud base height for low 
clouds, medium clouds, and high clouds, respectively, and they can be 
found from data provided by European Centre for Medium-Range 
Weather Forecasts (ECMWF) [48]. 

Fig. 1. Heat exchange between PDRC and the ambient and the influence of the environment.  
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2.1.3. Validation of PDRC modeling 
The experimental data and needed inputs (such as boundary condi-

tions) reported by Raman et al.[12] were adopted to validate the PDRC 
modeling. Fig. 2 showed the spectral emissivity of the cooler with the air 
mass 1.5 (AM 1.5, -) solar spectral radiation [49] and the atmosphere 
transmittance. It can be seen that this PDRC had a very low emissivity in 
the wavelength of solar radiation, indicating that it reflected the most 
incident solar radiation, as well as a high level of emissivity within the 
atmosphere window, where the wavelength is in the range of 8 to13 μm, 
meaning it could directly release a lot of energy to the outer space 
through radiation. Besides, its emissivity for other wavelengths in the 
mid-infrared range was relatively low. Therefore, this PDRC was 
considered as a selective PDRC. 

2.2. Methodology of generating TMY by using 40 years’ hourly weather 
data 

TMY data file generally does not provide information about TCWV, 
which impacts the energy transfer via radiation through the atmosphere. 
Therefore, in this section, procedures and methods used to generate 
TMY considering TCWV as one of the main indices are described. Five 
cities located in typical climate zones of China have been selected to 
demonstrate the processes of TMY generation and those TMYs will then 
be used in further analysis. 

2.2.1. Climate zones and cities 
In China, there are five climate zones generally used for building 

thermal design and quantification of heating/cooling load, which are 
severe cold, cold, hot summer and cold winter, hot summer and warm 
winter, and temperate based on the average temperatures in the hottest 
and coldest months of the year as well as the consideration of the 
number of days when daily average temperature are below 5 ◦C and 
above 25 ◦C [50]. Fig. 3 shows an overall layout of five climate zones 
and the selected city in each climate zone. Due to the varying topology 
and elevations, five climate zones can be further divided into nine re-
gions, where both severe cold and cold climates have three regions 
respectively. The representative city in each climate zone is Harbin 
(severe cold region), Beijing (cold region), Shanghai (hot summer and 
cold winter region), Guangzhou (hot summer and warm winter region), 
and Kunming (temperate region). 

2.2.2. Relationship between TCWV and atmosphere transmission 
The amount of energy released from the PDRC surface to outer space 

greatly depends on the atmosphere transmission, which is affected by 
atmospheric components such as CO2, O3, CH4, N2O, and H2O⋅H2O has a 
greater impact on atmosphere transmission and its value fluctuates 
widely throughout the year compared to other ingredients. In MOD-
TRAN its value can be represented by TCWV. The values of atmosphere 
transmission at different TCWV are generated by MODTRAN [51]. The 
atmosphere transmissions changing with wavelengths under different 
TCWVs are shown in Fig. 4. 

2.2.3. Procedures for generating TMY data 
Procedures for generating TMY have been proposed in many studies. 

Sandia method, which used Finkelstein-Schafer (FS) statistical method 
to capture the weather characteristics, was selected in this study due to 
its wide application [52]. To generate the TMY, hourly weather data of 
40 years from ECMWF were downloaded to evaluate nine selected 
indices including daily maximum, minimum, and mean dry bulb tem-
perature and dew point temperature (DPT); daily maximum and mean 
wind speed, and daily mean total global horizontal solar radiation. The 
procedures for generating TMY data were shown in Fig. 5. 

Firstly, the daily meteorological data of a given month for both short- 
period (e.g., one month) and long-period (40 months in total from 40 
candidate years in this study) were extracted for the individual index of 
nine selected indices and were then sorted into an increasing order x1,x2,

⋯, xn. The cumulative distribution functions (CDF) of each index in a 
given month for a long-period (40 candidate years) CDFL and short- 
period CDFS, according to Skeiker et al. [53], were calculated by Sn(x)
function defined as: 

Sn(x) =

⎧
⎨

⎩

0 forx < x1
(k − 0.5)/n forxk ≤ x < xk+1

1 forx ≥ xn

(11) 

where Sn(x) was the value of CDF for each index x, n was the total 
number of the extracted data, and k was the ranking number of indices x 
in terms of data series x1,x2,⋯,xn. 

Secondly, the CDFS of a given candidate month was compared to 
CDFL by using the FS statistics [54] for each index, denoted by Eq. (12). 

FSj = (1/n)
∑n

i=1
|CDFS(xi) − CDFL(xi) | (12) 

where FSj was the Finkelstein-Schafer statistics for the jth index of a 
given month in a candidate year, and n was the number of days in a 
given month of the candidate year. FS statistics were used to measure 
how close the CDFS calculated for the given month is to CDFL. Smaller FS 
indicated the distribution of the targeted index of a given month in the 
candidate year could better represent the distribution of the targeted 
index over the long period. Here the best and worst CDFS matches of 
maximum dry bulb temperature in January in Harbin were taken as an 
example to clarify how this process worked. As shown in Fig. 6, a large 
deviation between the worst match CDFS and CDFL was observed. 
Therefore, the weather data from certain candidate month couldn’t 
represent the change character of the long-term data. 

Because some climatic indices were considered to be more important 
than others in building energy simulations, a weighted sum (WS) 
calculated by Eq. (13) had been adopted by giving weighting to indi-
vidual FS statistics of a given month in the candidate year so that WS of 
each candidate month can be obtained. 

WS =
∑

wjFSj (13) 

Where wj and FSj were the weighting factor and FS statistics for the 
jth index respectively, and the range of j, namely the number of indices, 
depended on the methods used to derive TMY. 

Then candidate months of a given month for 40 years were organized 
in increasing order of WS. 

The weighting factors from TMY3 [55], International Weather for 
Energy Calculations (IWEC) [44], and Ohunakin (Nigeria as a replace-
ment) [41] were borrowed in this study to assess if the TMY identified in 

Fig. 2. The emissivity used for validation of PDRC modeling, solar spectral 
radiation, and atmosphere transmittance The red dashed line separates the 
wavelength of solar radiation from the wavelength of long-wave radiation. 
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the previous studies without including the index of TCWV could reflect 
the change of this parameter. Meanwhile, new sets of weighting factors 
considering TCWV based on TMY3′s weighting factors were introduced 
in this study. One was to add the index of TCWV and the other was to 
replace indices of dew point temperature including maximum, mini-
mum, and mean values with the index of TCWV, and the weighting 
factors for different TMY generation methods could be seen in Table 1. 

After the WS of a given month was obtained for 40 candidate years, 
the typical meteorological months (TMMs) for TMY could be selected by 
using the method proposed by Chan et al. [56]. Firstly, five candidate 
years with the lowest values of WS were identified for a given month. 
Then, the persistence of mean dry bulb temperature and daily global 
horizontal radiation was evaluated by determining the frequency and 
length of runs of consecutive days with values above and below fixed 

long-term percentiles. For mean daily dry bulb temperature, runs above 
the 67th percentile (consecutive warm days) and below the 33rd 
percentile (consecutive cool days) were determined. For global hori-
zontal radiation, the runs below the 33rd percentile (consecutive low 
radiation days) were determined [55]. Here Harbin was taken as an 
example to clarify this criterion. The days with a mean daily dry tem-
perature over – 16.41 ◦C were called warm days while the ones with a 
mean daily temperature below – 20.13 ◦C were classified as the cooling 
days in January, as shown in Fig. 7. If the temperatures of several 
consecutive days were higher than − 16.41 ◦C, it was named as 
consecutive warm days in January in Harbin and vice versa. The 
persistence criteria stated that the conditions were considered to be 
extreme where the longest duration of warm or cool days, the zero or 
highest occurring frequency of the consecutive warm or cool days ap-
pears for a given month of the candidate year. The candidate year for a 
given month, when extreme conditions occurred, was excluded in 
determining the TMM. For global horizontal radiation, the criteria were 
similar but only applied the persistence criteria to the consecutive low 
radiation days. Finally, the TMM of a given month with the lowest WS 
from the five candidate years was identified, which met the persistence 
criteria. 

2.2.4. Identification of TMY from the five approaches with different 
weighting factors 

A stochastic analysis method, mean percentage error (MPE), was 
adopted [40,41] to evaluate which set of weighting factors could be used 
to determine TMY. This method was usually used to evaluate the long- 
term performance of the relationship between the actual and forecast 
value as well as the cross-sectional forecasts. It had valuable statistical 
properties because it utilizes all observations and had minimal vari-
ability between multiple samples. The negative value of MPE indicated 
an underestimation of the actual value and vice versa. The MPE was 
calculated by: 

Fig. 3. Climate zones across China and the geographical distribution of the five representative cities.  

Fig. 4. The atmosphere transmission for different TCWV.  
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MPE =
1
n

[
∑n

i=1
(
Ui,LT − Ui,TMY

Ui,LT
× 100%)

]

(14) 

where Ui,LT and Ui,TMY were monthly mean value of four examined 
indices for a given month (based on the time series of hourly data), 
which were mean dry bulb temperature, mean wind speed, global solar 
radiation, and mean TCWV based on the long-term data and TMM for 
the selected TMY, respectively, and n was the number of months. The 
TMY with the lowest value of overall MPE, which summed up MPEs of 
four examined indices, was thus desired for further analysis in this study. 

2.3. Model comparison 

The most commonly used model to calculate the energy balance for 
the surface exposed to the sky was the constant emissivity model [57]. In 
this model, the emissivity of the surface is regarded as a constant value, 

and the sources of infrared radiation are the sky and atmosphere. 
Therefore, the infrared radiation can be expressed by: 

PLWR = PSky +PAir +PGrd 

Each component can be calculated by the Stefan-Boltzmann law: 

PSky = εσFSky

(
T4

R − T4
Sky

)

PAir = εσFAir
(
T4

R − T4
Air

)

PGrd = εσFGrd
(
T4

R − T4
Grd

)

where PSky, PAir, PGrd are the net heat transfer between PDRC surface 
and sky, air and ground through infrared radiation(W/m2), respectively; 
FSky, FAir and FGrd are the view factors of the surface to the sky, air, and 
ground and can be calculated as: 

FSky = 0.5(1+ cosϕ)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5(1 + cosϕ)

√

FAir = 0.5(1+ cosϕ)
(

1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5(1 + cosϕ)

√ )

FGrd = 0.5(1 − cosϕ)

where ϕ is the tile angle of the material surface. As the PDRC is 
usually used on the horizontal roof to maximize their performance, ϕ 
here is set at zero. 

σ is the Stefan-Boltzmann constant, 5.67 × 10− 8W/
(
m2K4), TSky is 

the effective sky temperature and could be calculated by: 

TSky = ε0.25
Sky TAir 

And the effective sky emissivity εSky can be calculated by: 

εSky = (0.787+ 0.764ln(TD/273) )
(
1+ 0.0224N − 0.0035N2 + 0.00028N3)

where TD is the ambient dewpoint temperature, and N is the opaque 
sky cover (ranging from 0 to 1 when sky condition changed from clear to 
fully covered by cloud). 

And the absorbed solar radiation could be calculated by: 

PSun = αISolar 

where α is the absorption coefficient. 

Fig. 5. The workflow for TMY generation.  

Fig. 6. Comparison of CDFL with the best and worst matches of CDFS of 
maximum dry bulb temperature in January in Harbin. 
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2.4. Data analysis 

2.4.1. Assessment of the performance of the PDRC 
To assess the performance of the PDRC, an evaluation parameter, the 

percentage of the achieved sub-ambient cooling during daytime (PDCA), 
was used. PDCA could be calculated by Eq. (15): 

PDCA = τDCA/τD × 100% (24) 

where, PDCA was the percentage of achieving sub-ambient cooling 
during the daytime for a certain period. τDCA was the accumulated hours 
for that period when the surface temperature of PDRC was lower than 
the ambient air temperature during daytime and was calculated by Eq. 
(16): 

τDCA =
∑

τi for
{

τi = 1 if TR.i < TAir.i & ISolar.i > 0
τi = 0 if TR.i ≥ TAir.i & ISolar.i > 0 

where τi was the accounted hour, TR.i and TAir.i were the surface and 
the ambient air temperatures at i th hour, and ISolar.i was the solar radi-
ation at i th hour, and i ranged from 1 to 8760. 

τD was the accumulated hours of daytime for a certain period and 
was calculated by Eq. (17): 

TD =
∑

Ti for
{

Ti = 1 if ISolar.i > 0
Ti = 0 if ISolar.i ≤ 0  

2.4.2. The cooling capacity of the PDRC 
As PDRC could be regarded as a cooling component of the building, 

the cooling capacity calculated by Eq (18) was used to calculate how 
much cooling the PDRC component could produce. 

Cooling capacity =

∫

PCool(TR)dτ/
(
3.6 × 106) (27) 

where PCool(TR) was the radiation released by PDRC (W/m2) 
component, and τ was the time. 

During the cooling season, the cooling capacity should be regarded 
as the cooling benefit and should be regarded as the heating penalty 
during the heating season. 

2.5. The choice of the tool 

Python, a powerful general-purpose programming language, is 
becoming an increasingly popular tool in research due to its intuition to 
learn, its flourishing online community, and its open-source character. 
In this research, python was used to build the spectral-independent 
PDRC model and to process the data. 

3. Results and discussion 

3.1. Model validation 

By using the given air temperature and solar radiation, the predicted 
surface temperature (◦C) of PDRC was compared with measurements 
between 10:00 to 15:00, as shown in Fig. 8. The yellow, red, and black 
lines represented the given solar radiation, ambient air temperature, and 
the measured surface temperature of PDRC in Raman et al [12], 
respectively. The blue line showed the calculated surface temperature of 
PDRC. Large deviations between the simulated and measured results 
were observed at the beginning of measurements. This was because the 
sample was just exposed to the sky at 10:00 am and the surface began to 
exchange heat with outer space via radiation, leading to a decrease in 
the measured surface temperature. However, our simulation model 
assumed that PDRC was exposed to the sky all the time so there was no 
rapid change in the environmental conditions. After the PDRC compo-
nent was exposed to the sky for around 15 min, the disturbance caused 
by the change of environmental conditions exposed to the PDRC 
component disappeared. The simulated surface temperatures then 
agreed reasonably with the measurements. As shown in Fig. 9, the 
correlation coefficient between simulated and measured data was 0.98. 
Therefore, the proposed mathematical model in section 2.1 was 
considered to be able to predict the heat exchanges between the PDRC 
component and the ambient environment with acceptable accuracy and 

Table 1 
Weighting factors assigned for climatic parameters to generate TMY.  

Meteorological parameter  TMY3 IWEC Nigeria Replace DPT with TCWV Adding TCWV 

Dry bulb temperature Max 1/20 5/100 1/12 1/20 1/20  
Min 1/20 5/100 1/12 1/20 1/20  
Mean 2/20 30/100 2/12 2/20 2/20 

Wind Max 1/20 5/100  1/20 1/20  
Mean 1/20 5/100 1/12 1/20 1/20 

Solar radiation Global 5/20 40/100 5/12 5/20 5/20  
Direction 5/20   5/20 5/20 

Dew point temperature Max 1/20    1/20  
Min 1/20    1/20  
Mean 2/20    2/20 

Relative Humidity Max  2.5/100 1/12    
Min  2.5/100     
Mean  5/100    

TCWV Max    1/20 1/20  
Min    1/20 1/20  
Mean    2/20 2/20 

Precipitation    1/12    

Fig. 7. CDFL used to determine the temperature of the warm day and the cool 
day in January Harbin. 
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would be adopted in further analysis. 

3.2. Generation and determination of TMY 

The overall MPEs for Harbin, Beijing, Shanghai, Guangzhou, and 
Kunming were calculated to identify the TMY for given climate zones, as 
shown in Fig. 10, and their values ranged from − 2.716 % to 6.101 % for 
different weighting factors and locations. The TMY with a smaller ab-
solute value of overall MPE indicated that this TMY could better 
represent the change of long-term data after considering the changes in 
these four parameters, namely dry bulb temperature, solar radiation, 
wind speed, and TCWV. And it can be seen from Fig. 10 that TMYs for 
Harbin and Beijing were determined by adopting weighting factors used 
in TMY3 with an overall MPE of 2.13 % and − 0.083 %. TMY for 
Shanghai was determined by using weighting factors recommended in 
Replace DPT with TCWV, with an overall MPE of − 0.253 %. TMYs for 
Guangzhou and Kunming were derived by using weighting factors 
adopted in the Nigeria approach, with the lowest value of 0.556 % and 
0.543 %. 

3.3. Model comparison 

Fig. 11 compared the hourly surface temperature calculated by the 
wavelength-independent model and the conventional constant- 

emissivity model. it could be seen that the surface temperature calcu-
lated by the wavelength-independent model was higher than the con-
ventional model, which was 4.8◦ C higher on the annual average. There 
were two possible reasons for this result. First, using the wavelength- 
independent emissivity would predict the radiative cooling power 
more accurately than using the constant emissivity. Second, the 
wavelength-independent model could take the influence of TCWV 
change on the atmosphere radiation into account, while the conven-
tional model could not. Therefore, the proposed spectral-dependent 
model should be used to ensure accuracy when the PDRC was calculated. 

3.4. Performance analysis of PDRC 

3.4.1. Influence of reflectance on the PDRCs’ performance 
The PDRC with high emissivity for all the infrared wavelength bands 

was called broadband PDRC and the one having high emissivity only at 
the wavelength range of 8 to 13 μm was named selective PDRC. The 
performance of the ideal selective PDRC which was assumed to have an 
identical emissivity of 0.9 within the wavelength of 8 to 13 μm was 
compared with that of the ideal broadband PDRC which had the same 
emissivity for all longwave bands. 

The annual PDCA of broadband PDRC without considering the cloud 
model was shown in Fig. 12 (a) and the annual PDCA of selective PDRC 
without considering the cloud model was shown in Fig. 12 (b) with 
different solar reflectance in five cities. The annual PDCA increased 

Fig. 8. Comparisons of the simulated and measured surface temperature of the 
PDRC component with given air temperatures and solar radiations. 

Fig. 9. Correlation between simulation and experiment data in reference [12].  

Fig. 10. Overall MPE of TMYs generated by different weight.  

Fig 11. Comparison of hourly surface temperature calculated by wavelength- 
independent model and the conventional constant-emissivity model 
in Guangzhou. 
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generally in all studied scenarios and there was a dramatic increase 
when solar reflectance was raised from 0.8 to 0.9. The surface temper-
ature of PDRC was dependent on the energy it releases and absorbs, and 
the energy absorbed was mainly divided into the energy irradiated by 
the sun and by the atmosphere, where solar radiation accounted for the 
majority. When the reflectance increased, the absorbed solar energy was 
reduced, leading to a decrease in the PDRC’s temperature, and this made 
the annual PDCA increase with the increase of the reflectance. In addi-
tion, for a given atmosphere temperature and solar radiation, the surface 
temperature of PDRC was a monotonic function of its reflectance. 
Considering the CDF of temperature as shown in Fig. 6, there might be a 
critical reflectance for the PDRC where daytime cooling has been ach-
ieved. When the reflectance was higher than this critical value (e.g. the 
reflectance increased from 0.8 to 0.9), the rate of change of the annual 
PDCA was observed. 

The change in reflectance impacted the annual PDCA differently in 
different cities. For example, with the reflectance increasing from 0.3 to 
0.94, the annual PDCA for broadband PDRC increased from 38.6 % to 
99.3 % in Harbin, from 31.2 % to 98.9 % in Beijing, from 32.7 % to 89.8 
% in Shanghai, from 25.0 % to 83.8 % in Guangzhou, and from 31.5 % to 
98.21 % in Kunming, leading to PDCA increase by 60.7 %, 67.7 %, 57.1 
%, 58.8 % and 66.7 % in five cities. This difference was mainly caused by 
TCWV in different cities. The value of TCWV was similar in Harbin, 
Beijing, and Kunming, with a maximum of around 4000 atm-cm, while 
TCWV was about 7000 atm-cm in Shanghai and Guangzhou. The in-
crease in TCWV from 4000 atm-cm to 7000 atm-cm decreased the at-
mosphere transmission by 34.94 % (see Fig. 4). This enhanced the 
energy released by the atmosphere and thus increased the amount of 
energy absorbed by the PDRC so that the cooling potential of the PDRC 
was reduced. 

3.4.2. Influence of the clouds on the performance of the PDRC 
The clouds in the sky increased the emissivity of the atmosphere and 

therefore led to the increase in the energy absorbed by PDRC. When the 
TCWV was 4000 atm-cm, the clouds in Harbin would increase the at-
mosphere’s longwave radiation by 34.76 %. Fig. 13 showed the change 
of annual PDCA difference between cases without and with considering 
the cloud model. Except for Guangzhou, the difference of annual PDCA 
increased first with reflectance until reflectance reached 0.9 and then 
decreased again with reflectance, indicating there existed an inflection 
point in the relationship between annual PDCA and reflectance. Consid-
ering the annual average cover in Guangzhou (0.37) was much higher 
than the other four cities (0.26, 0.19, 0.32, 0.27 for Harbin, Beijing, 
Shanghai, and Kunming, respectively), the increase in the reflectance 
could still enhance the performance of PDRC in Guangzhou. As shown in 
Fig. 13, the difference in annual PDCA between cases of clear and cloudy 

sky increased from 12.68 % to 43.35 % when reflectance changed from 
0.3 to 0.94. 

3.4.3. Influence of TCWV on the performance of the PDRC 
As the increase in TCWV decreases atmosphere transmission, the 

higher TCWV would deteriorate the performance of the PDRC. Fig. 14 
displayed the PDCA of broadband PCR under different TCWV conditions 
in five cities considering the influence of the clouds, when the TCWV 
increased from 1000 atm-cm to 8000 atm-cm, the PDCA decreased by 
34.78 %, 48.91 %, 40.31 %, 37.39 %, and 33.70 % for these 5 cities, 
respectively. Therefore, the increase in TCWV would worsen the per-
formance of PDRC. However, when the TCWV was a high value, the 
effect of its change on the performance of PDRC was very limited, as 
could be seen in Fig. 14, the PDCA decreased by 9.35 % for 1000 atm-cm 
to 2000 atm-cm and by 0.22 % for 7000 atm-cm to 8000 atm-cm in 
Harbin under the same increase of 1000 atm-cm. 

Therefore, when the TCWV of a certain city was low, the change in its 
value should be considered more. Fig. 15 showed the variation of the 
TCWV with time. It could be seen that the TCWV fluctuated greatly over 
the course of each month and year, ranging from 328.76 atm-cm to 
9147.62 atm-cm, and such a wide range of changes would inevitably 
cause the performance of the PDRC to fluctuate. One possible way to 
simplify the annual calculation was to use the average value of TCWV 

Fig. 12. The annual PDCA of (a) broadband PCR and (b) selective PCR at different reflectance for short-wave solar radiation in five cities, (i) Harbin, (ii) Beijing, (iii) 
Shanghai, (iv) Guangzhou, and (v) Kunming, without considering the clouds. 

Fig. 13. Difference of annual PDCA of broadband PDRC between clear and 
cloudy sky changing with reflectance in five cities. (i) Harbin, (ii) Beijing, (iii) 
Shanghai, (iv) Guangzhou, and (v) Kunming. 
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rather than the hourly value. The annual averages of TCWV of Harbin, 
Beijing, Shanghai, Guangzhou, and Kunming were 1588 atm-cm, 1850 
atm-cm, 3512 atm-cm, 5148 atm-cm, and 2383 atm-cm, respectively. 
From Fig. 14 we could see that the performance of Harbin, Beijing, and 
Kunming was very close to the calculation results with TCWV of 2000 
atm-cm while the performance of Shanghai and Guangzhou were very 
close to that with a value of 3000 atm-cm and 4000 atm-cm. Considering 
the variation range of TCWV in Harbin, Beijing, and Kunming was not so 
large, the annual average would be acceptable for these three cities. 

Another method to simplify the calculation was to use the seasonal 
average TCWV. Considering the temperatures in a certain season 
changed in a relatively small range, and the TCWV of the atmosphere 
directly related to the temperature, using the season average could 
somehow capture the change characteristics of TCWV. As could be seen 
in Fig. 15 (b), the seasonal average could capture the change charac-
teristics of TCWV compared to the annual average, therefore providing 
more accurate results with a relatively low computational cost. Table 2 
showed the TCWV values for 6 typical model atmospheres in MOD-
TRAN. It could be seen that the MODTRAN classifies the atmosphere 
into three regions (Subarctic, Mid-latitude, and Tropical) and two sea-
sons (summer and winter). According to latitudes, Guangzhou could be 
categorized as a tropical region while the other four cities could be 
classified as the mid-latitude region. And the annual average TCWV in 
Guangzhou went with the tropical model. However, as the mid-latitude 

region was a quite large spatial region on earth (located between 
23◦26′22′′ to 66◦33′39′′), the mid-latitude model couldn’t match the 
other 4 cities well. And Table 3 showed the TCWV seasonal averages in 
winter and summer in 5 cities. 

Fig. 16 presented the PDCA results calculated by TCWV seasonal av-
erages and hourly values in winter and summer for five cities. It could be 
seen that in summer, the differences between results calculated by 
seasonal averages and hourly values were quite small, with the PDCA 
difference ranging from 0.89 % to 2.97 % for different cities. Therefore, 
the seasonal averages could be used as a replacement for hourly data in 
summer. However, we could see this difference get larger when it came 
to winter, especially for Beijing and Harbin, with a discrepancy of 10.46 
% and 14.12 %, respectively. As we mentioned before, the change of 
TCWV would have a huger impact on PDRC’s performance when the 
region was relatively dry, and the winter in Harbin and Beijing, as could 
be seen in Table 3, was quite arid, leading to the larger difference in 
these two cities compared to others. And the TCWV value in Beijing, as 
we could see in Fig. 15, fluctuated more than that in Harbin, leading to a 
larger difference in Beijing. Therefore, when the seasonal average comes 
to use, its applicability should be considered carefully, especially for the 
dry region. 

Fig. 17 showed the comparison of the annual PDCA calculated by 
seasonal average, annual average, and hourly TCWV. Compared to the 
results calculated by hourly TCWV, the results calculated by seasonal 
average would lead to a discrepancy of 2.45 %, 0.80 %, − 5.44 %, 
− 12.26 %, − 4.12 % for Harbin, Beijing, Shanghai, Guangzhou, and 

Fig. 14. The annual PDCA of broadband PDRC with a reflectance of 0.9 for 
different TCWV conditions in five cities, (i) Harbin, (ii) Beijing, (iii) Shanghai, 
(iv) Guangzhou, and (v) Kunming, considering the clouds. 

Fig. 15. Variation of the TCWV with time ((a). hourly value and monthly average, (b). Seasonal average, and annual average) in (i) Harbin, (ii) Beijing, (iii) 
Shanghai, (iv) Guangzhou, and (v) Kunming. 

Table 2 
The TCWV for 6 typical model atmospheres in MODTRAN [51].  

location TCWV(atm-cm) 

Sub-arctic winter  517.7 
Mid-latitude winter  1059.7 
Sub-arctic summer  2589.4 
Mid-latitude summer  3635.9 
Tropical  5119.4  

Table 3 
TCWV seasonal averages in winter and summer for 5 cities.  

City Summer Winter 

Harbin  3580.1  343.0 
Beijing  3693.6  454.6 
Shanghai  6408.6  1568.9 
Guangzhou  7274.7  3025.8 
Kunming  3759.2  1178.6  
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Kunming, respectively, and the results calculated by annual average 
would lead to a discrepancy of 4.93 %, 0.34 %, − 8.36 %, − 16.79 %, 
− 6.52 %. Therefore, the seasonal average could provide better results 
for PDRC calculation. The seasonal average of TCWV for China in 2020 
was shown in Fig. 17. It was observed that in summer TCWV averages 
were at a high level in Northeast and South Regions, and in winter this 
value was relatively low across China. When hourly TCWV values are 
not available, Fig. 18 could provide some guidance to estimate seasonal 
average TCWV values for PDRC calculation in engineering applications. 

3.4.4. Comparison between selective and broadband PDRCs 
Fig. 19 showed the difference of PDCA between selective and broad-

band PDRCs. When the clouds were not considered, it was seen that the 
PDCA of the selective PDRC was 0.03 % to 4.38 % higher than that of 
broadband one in different regions and at various reflectance, indicating 
the slightly better performance of selective PDRC regarding the annual 
cooling effect. The difference of PDCA slightly increased when the clouds 
model was considered, ranging from 0.53 % to 8.80 %. Considering the 
selective PDRC would not absorb the near-infrared radiation with 
wavelength out of the range of 8 to13 μm, it would absorb 74.9 % less 
atmospheric radiation compared to broadband one in Harbin when the 
clouds were considered. However, this unique property would also 
weaken its ability to release long-wave radiation. Compared to the 
broadband PDRC, the energy selective one would release in form of 

near-infrared radiation reduced by 55.91 %. Those two effects led to a 
slightly better cooling effect of selective PDRC. 

3.4.5. Annual performance of PDRC 
In practical applications, a year-round clear sky condition was hardly 

possible. Therefore, the results below were based on the calculation 
considering the cloud model. 

Fig. 20 showed the relationship between the annual cooling capacity 
of the PDRC and the reflectance in five cities. As the reflectance only 
affects the energy absorbed by PDRC due to solar radiation, the annual 
cooling capacity was linearly related to the reflectance. However, the 
slope was determined by climatic conditions. Besides, by comparing 
Fig. 20 (a) and Fig. 20 (b) it was seen that the influence of reflectance 
was almost the same for broadband PDRC and selective PDRC. However, 
due to its selective emissivity in the near-infrared band, the cooling 
capacity of the selective PDRC was slightly larger than the broadband 
one. The negative value of the annual cooling capacity implied that the 
PDRC would absorb energy from the surroundings. Therefore, a positive 
value of the annual cooling capacity achieved by the PDRC was needed if 
the cooling effect was preferred. It was seen in Fig. 20 that Beijing had 
the lowest requirement for reflectance to reach the positive value, which 
was 0.75 for broadband PDRC and 0.74 for selective PDRC. Guangzhou 
had the highest requirement for reflectance, which was 0.89 and 0.86 for 
broadband and selective PDRC, respectively. Considering lower TCWV 
in winter than that in summer, this requirement for reflectance needed 
to be higher if the cooling effect is expected to be achieved by PDRC in 
summer. 

Because the exterior surface of the building was in direct contact 
with the external environment, the temperature difference between the 
surface and the air could also show the performance of the PDRC. Fig. 21 
showed the temperature difference between the PDRC with a reflectance 
of 0.9 and the outdoor air in five cities in China. It was seen that the 
PDRCs had a good cooling effect in Beijing, with a maximum tempera-
ture difference of − 1.02 ◦C and − 1.15 ◦C for broadband PDRC and se-
lective PDRC, respectively. Besides, it could also be seen that the 
performances of the PDRCs were steadier all year round in Shanghai and 
Guangzhou, as the range of interquartile was 20 % to 30 % smaller than 
that in other cities. 

3.4.6. Application potential of PDRC for 5 cities 
In practical applications, not only the cooling potential of PRC in 

summer was important but also the heating penalty in winter should be 
evaluated. In general, the cooling caused by PDRC in the cooling season 
could be considered a cooling benefit and in the heating season could be 
regarded as a heating penalty. Therefore, if we wanted to comprehen-
sively evaluate the application potential of the PDRC, the heating and 

Fig. 16. The seasonal PDCA of broadband PCR with a reflectance of 0.9 in five cities, (i) Harbin, (ii) Beijing, (iii) Shanghai, (iv) Guangzhou, and (v) Kunming, 
calculated by seasonal average and hourly TCWV values in (a) summer and (b) winter. 

Fig. 17. The annual PDCA of broadband PCR with a reflectance of 0.9 in five 
cities, (i) Harbin, (ii) Beijing, (iii) Shanghai, (iv) Guangzhou, and (v) Kunming, 
calculated by seasonal average, annual average, and hourly TCWV. 
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cooling season should be clarified first. According to Design Code for 
Heating Ventilation and Air Conditioning of Civil Buildings (GB50736- 
2012), the cooling season and heating season of cities in China could be 
calculated by:  

• The start and end dates when the daily average temperature is higher 
than 25 ◦C are defined as the cooling season.  

• The start and end dates when the daily average temperature is less 
than 5 ◦C are defined as the heating season.  

• The rest of the time is the transition season. 

According to the above regulations, the specific time of the cooling 
season and heating season of five representative cities was shown in 
Table 4. And it can be seen that there were differences in the length of 
the cooling season and heating season in Harbin, Beijing, and Shanghai. 
Besides, there is only a cooling season in Guangzhou and no cooling 
season and heating season in Kunming. Therefore, in Guangzhou, the 
heating penalty could be ignored and in Kunming, the cooling capacity 

Fig. 18. Seasonal average of TCWV in China for (a) spring, (b) summer (c) autumn, (d) winter.  

Fig. 19. Comparison of PDCA difference between selective PDRC and broadband PDRC in five cities. (i) Harbin, (ii) Beijing, (iii) Shanghai, (iv) Guangzhou, and (v) 
Kunming for (a) without and (b) with considering the clouds. 
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in winter and summer would be used to comprehensively consider 
PDRC’s impact. 

Fig. 22 showed the cooling capacity of PDRC and traditional roof 
materials in winter and summer for five typical cities. Just as mentioned 
above, the cooling capacity in summer was the cooling benefit and in 
winter was the heating penalty. And we could see from Fig. 22 (a) that 
the cooling capacities of PDRC were not very much in summer, which 
were 10.68 kWh/m2 for Harbin, 22.45 kWh/m2 for Beijing, − 1.78 kWh/ 

m2 for Shanghai, − 25.63 kWh/m2 for Guangzhou, and − 8.4 kWh/m2 for 
Kunming, and cooling capacities could only have positive values in the 
relatively dry region. Nevertheless, due to the relatively weak cooling 
capacity of the traditional roof materials, the PDRC could still improve 
the roof’s performance by 191.68 kWh/m2, 265.58 kWh/m2, 305.01 
kWh/m2, 435.82, and 292.81 kWh/m2 for these five cities, respectively. 
And due to the relatively low TCWV and solar radiation in winter, it 
could be seen that the application of PDRC led to the heating penalty in 
these cities except Guangzhou, a city without heating demand, which 
could burden the heating supplement by 310.43 kWh/m2, 226.05 kWh/ 
m2, 83.60 kWh/m2, 195.54 kWh/m2 for Harbin, Beijing, Shanghai, and 
Kunming. 

Considering the cooling benefit would reduce energy consumption 
while the heating penalty could increase the energy demand. Here the 
energy-saving potential, which is the cooling benefit minus penalties, 
was used to evaluate the application of the PDRC, and the results could 
be seen in Fig. 23. It showed that the application of PDRC would benefit 
Beijing, Shanghai, Guangzhou, and Kunming, with energy potential of 
39.53 kWh/m2, 221.40 kWh/m2, 435.82 kWh/m2, 97.26 kWh/m2, 
respectively. However, due to the long heating season in Harbin, the use 
of PDRC would increase the annual energy demand by 118.75 kWh/m2. 
Therefore, the PDRC could be applied all over China except in the server 
cold regions. 

4. Conclusion 

This work developed a mathematical model of PDRC considering the 
influence of TCWV and clouds on the annual performance of PDRC, 
which has been validated by the data from Raman et al. [12]. Besides, as 
current weather data do not contain TCWV, the TMYs have been 
generated by using 40 years of data from ECMWF for five selected 
climate zones in China in consideration of TCWV as one of the indices. 
The performance of the ideal broadband and selective PDRCs were 
calculated for 5 cities. The results allowed the following conclusions to 
be drawn:  

(1) Due to the unique climatic characteristics of each region, 
different weighting factors should be used to generate TMY to 
capture the changes in weather parameters in long-term weather 
data. Among the five weighting factors investigated for TMY 
generation for 5 cities in China, TMY3 was best for Harbin and 
Beijing, Replace DPT with TCWV was best for Shanghai, and 
Nigeria’s was best for Guangzhou, and Kunming after considering 
the TCWV. 

(2) The performance of the PDRC greatly depended on its reflec-
tance. With the reflectance increasing from 0.3 to 0.94, the PDCA 

Fig. 20. The annual cooling capacity of (a) broadband PDRC and (b) selective PDRC with considering clouds in five cities. (i) Harbin, (ii) Beijing, (iii) Shanghai, (iv) 
Guangzhou, and (v) Kunming. 

Fig. 21. The hourly temperature difference between PDRC surface (reflectance 
= 0.9) and outdoor air in five cities. (i) Harbin, (ii) Beijing, (iii) Shanghai, (iv) 
Guangzhou, and (v) Kunming. 

Table 4 
The division of cooling and heating seasons in representative cities.  

Climate zone Cities Cooling season Heating season 

Severe cold Harbin Jun 12 to Aug 9 Oct 17 to Apr 10 
Cold Beijing Jun 12 to Sep 2 Nov 12 to Mar 

14 
Hot summer and cold winter Shanghai Jun 19 to Sep 24 Dec 22 to Feb 10 
Hot summer and warm 

winter 
Guangzhou May 6 to Oct 17 – 

temperate Kunming – –  
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for broadband PDRC increased from 38.6 % to 99.3 % in Harbin, 
from 31.2 % to 98.9 % in Beijing, from 32.7 % to 89.8 % in 
Shanghai, from 25.0 % to 83.8 % in Guangzhou, and from 31.5 % 
to 98.21 % in Kunming. Besides, the selective PDRC always 
performed slightly better than the broadband PDRC under the 
same conditions, as its PDCA was 0.03 % to 8.78 % higher than 
that of broadband one for different regions and reflectance.  

(3) The performance of the PDRC also greatly depended on the 
weather conditions. The high TCWV would decrease the atmo-
sphere transmission at the atmosphere window, thus worsening 
the cooling effect of the PDRC. Using the season average of TCWV 
could provide a relatively accurate result for engineering appli-
cations compared to the annual average. In addition to this, the 
condition of the clouds would also greatly affect the cooler’s 
performance, as the difference of PDCA between cases of clear and 
cloudy sky increased from 12.68 % to 43.35 % when reflectance 
changed from 0.3 to 0.94. Therefore, it was important to consider 
cloud conditions for PDRC research.  

(4) The application of the PDRC had not only a cooling benefit for 
summer but also a heating penalty for winter, and if the cooler 
could be used in a certain region depended on the interrelation-
ship between these two effects. For the typical cities in China, the 
PDRC could have the application potential for Beijing, Shanghai, 
Guangzhou, and Kunming, with energy potential of 39.53 kW⋅ h/ 

m2, 221.40 kW⋅ h/m2, 435.82 kW⋅ h/m2, 97.26 kW⋅ h/m2. And 
the PDRC could be applied all over China except in the server cold 
regions. 

The research results in this paper could provide theoretical guidance 
for the practical application of PDRC. However, a building was an object 
composed of multiple components, its energy consumption depends on 
the interaction among different components. Therefore, the combina-
tion of the cooler model and the existing building model should be done 
in further research to study the impact of the daytime PDRC on building 
energy consumption more precisely. 
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