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Abstract

Driven by the combined effects of global warming and the urban heat island (UHI) effect,
building energy consumption has been rising steadily in recent years. The photovoltaic-cool
roof (PVCR) system has emerged as an effective solution for urban energy conservation and
carbon reduction. However, existing research on the energy-saving benefits of PVCR re-
mains relatively limited, and none of these studies have considered the interaction between
photovoltaic modules and high-reflectivity roofs (also called cool roof, CR). Therefore,
field experiments were conducted to compare the thermal performance of the PVCR sys-
tem against that of three conventional roof configurations, including photovoltaic roof
(PVR), asphalt roof (AR), and CR. The results demonstrate that the PVCR system achieves
a remarkable daytime cooling effect, with a maximum temperature reduction of 29 °C
compared to the AR system, and maintains lower temperature fluctuations throughout
the entire day. In addition, the findings reveal that the photovoltaic modules exhibit a
lower average temperature when installed on the cool roof, with a temperature decrease of
0.15 °C relative to the asphalt roof. A numerical model incorporating the photothermal
interaction between a high-reflectivity surface and PV modules was developed and vali-
dated with experimental data. The numerical model considers the interactions between the
photovoltaic (PV) modules and the high reflectivity surface, including shortwave radiation
reflection, longwave radiative exchange, and convective heat transfer. The sensitivity
analysis indicates that a change in the spacing and height of the PV arrays from 0.3 m to
0.5 m increases the relative energy-saving efficiency of the system. The conclusions drawn
in this paper can provide a reference for the application of the PVCR system in hot-summer
and cold-winter areas.

Keywords: photovoltaic-cool roof; field experiment; numerical simulation; thermal
performance; energy saving benefits

1. Introduction

Against the backdrop of accelerating urbanization, high-rise building clusters have
become a dominant feature of contemporary urban morphology. While such compact
development patterns enable efficient land utilization and enhance urban operational effi-
ciency and residential convenience, they have simultaneously led to a substantial increase
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in building energy consumption and persistently high levels of carbon dioxide emissions.
The intensification of these challenges not only exacerbates global warming, resulting in a
higher frequency, broader spatial extent, and greater severity of extreme climate events,
but also interacts synergistically with the urban heat island effect. Consequently, the en-
ergy intensity of the building sector has exhibited a continuous upward trend in recent
years [1,2]. As a key component of the building envelope, the roof plays a critical role in
thermal insulation and heat mitigation, thereby offering significant potential for reducing
building energy consumption [3]. Photovoltaic roofs and cool roofs have become widely
adopted strategies for energy conservation and carbon emission reduction in urban build-
ings. A substantial body of existing research has investigated their thermal performance
and energy-saving potential under various climatic conditions. For example, Park et al. [4]
conducted a one-year field study on cool roofs in Seoul, Republic of Korea, and reported
that, compared with conventional asphalt roofs, cool roofs reduced the average external
surface temperature of the roof structure by 5.6 °C, with a maximum temperature reduc-
tion of up to 21.4 °C. Meanwhile, Zhang et al. [5] investigated the impact of cool roofs
on building energy consumption in Hefei, China, using a combined approach of field
experiments and numerical simulations. The results indicated that, during the summer
period, the daily average indoor air temperature in buildings equipped with cool roofs was
1.8 °C lower than that of a reference building, accompanied by a 29.1% reduction in cooling
load. However, an increase of 4.1% in heating load was observed during the winter season.
Chen et al. [6] and Tzempelikos and Lee [7] also conducted studies across cities in different
climatic areas by developing models and performing numerical simulations, demonstrat-
ing the energy efficiency, economic feasibility, and carbon-neutral potential of applying
cool roofs in buildings. With regard to photovoltaic roofs, in addition to their electricity
generation capability, the shading effect provided by PV modules plays an important role
in reducing building energy demand and enhancing overall energy saving performance.
Kapsalis and Karamanis [8] investigated the impact of roof-mounted photovoltaic systems
on building energy demand using a university building in western Greece as a case study.
Their results showed that, for top-floor spaces, the seasonal heating load increased by 6.7%,
while the cooling load decreased by 17.8%, leading to an overall annual air conditioning
load reduction of 3.2%. Wang et al. [9] developed a simplified physical and mathematical
model of photovoltaic roofs to analyze the synergistic effects of photovoltaic power genera-
tion and shading. The results indicated that photovoltaic roofs can substantially attenuate
solar heat gains and cooling loads, while slightly increasing heating loads. In addition, the
presence of PV modules alters the thermal storage characteristics of the roof, resulting in a
delay of approximately 2 h in the peak cooling load and about 1 h in the peak heating load.
Meanwhile, an increasing number of studies have investigated photovoltaic roofs and cool
roofs across different climatic regions and building types, as summarized in Table 1.

Table 1. A summary of the thermal-electric performance of PVR or CR under different climate

conditions.
Study Site . .
Authors (Képpen Climate Type) Time Roof Types Conclusions
Cubi etal. [10] Vancouver, Canada (Cfb) 2013 Cool roof Cool roofs have been proven effective in warm climates but are
not recommended for cold climates.

Piselli etal. [11] Ttaly (Csa) 2016 Cool roof Cool rpofs havg energy saving p(_)tentlﬂ inall ch_mate areas, with

particularly significant effects in cooling dominated regions.
. For cool roofs, when the reflectance is between 0.50 and 0.85, the

Imranetal. [12] Melbourne, Australia (Cfb) 27-30 January 2009 Cool roof daytime roof surface UHI is reduced by 2.2-5.2°C.
The cooling effect of cool roofs in summer is more significant
Heetal. [13] Shanghai, China (Cfa) July-December 2017 Cool roof than that of green roofs; cool roofs reduce the cooling load by

3.6%, but increase the heating load by 10.4%.
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Table 1. Cont.

Authors

Study Site
(Koppen Climate Type)

Time Roof Types Conclusions

Ben Amaraetal. [14]

Chenetal. [15]
Osma-Pinto et al. [16]

Weietal. [17]

Khorat et al. [18]
Panetal. [19]

Zheng etal. [20]

Amsterdam, The Netherlands

Guilin, China (Cfa) 2024 PV roof

Photovoltaic roofs can reduce indoor air temperature by 3-5 °C

10 January to during the summer, decrease solar radiation by approximately

Sophia Antipolis, France (Csa) 21 June 2019 PV roof 65%, and generate an annual electricity output of
about 5054.4 kWh.
USA 2020 Cool roof Radiative cooling ropfs have been shown Eo dehveg cooling
electricity savings ranging from 8.2% to0 29.7%.
Compared with a concrete roof, the shading of PV modules leads
Bucaramanga, Colombia (Aw)  April-September 2019 PV roof to a reduction of approximately 10 °C in roof
surface temperature.
Malaysia (Af) 2023 PV roof Building integrated photgvoltauc systems exhibit superior
economic performance.
Kolkata, ndia (Aw) April 2022 Cool roof Cool roofs can significantly reduce urban temperatures during

heatwave periods and improve thermal comfort.
Photovoltaic roofs tend to increase urban surface temperatures
(Cfb) 20162023 PV roof during the spring and autumn seasons, while exhibiting a
cooling effect in summer and winter.
For PV roofs, the optimal tilt angle varies across different
seasons, while an inclination of 20° is optimal on an annual basis.

However, in high-density urban areas where land resources are limited, photovoltaic
roofs and cool roofs usually compete with each other for limited roof space. To address this
challenge, an integrated design approach that combines rooftop photovoltaic arrays with a
high reflectivity surface has been increasingly adopted. This integrated design is also called
the photovoltaic-cool roof system (hereafter referred to as PVCR), as illustrated in Figure 1.
Existing studies indicate that, compared with standalone photovoltaic roofs or cool roofs,
the interaction between photovoltaic arrays and high reflectivity surfaces can generate
synergistic effects that significantly enhance overall system performance [21]. Specifically,
the reflective properties of a high reflectivity surface can reduce the operating temperature
of PV modules, thereby improving electricity generation efficiency. Meanwhile, the shading
effect of PV modules helps enhance the cooling performance of the underlying cool roof.
However, some studies have also pointed out that the magnitude and even the presence
of such synergistic effects remain uncertain. Ma et al. [22] focused on the Wuhan region
and analyzed the shading effect and energy saving potential of rooftop photovoltaic arrays
by developing a coupled thermo-optical-fluid heat transfer model, which was further
validated through experimental measurements. The results showed that, at the annual
optimal tilt angle of 18° for Wuhan, and under conditions where photovoltaic arrays
were installed on both roof types, conventional low reflectivity asphalt roofs exhibited
superior energy saving performance compared with cool roofs. These findings suggest that
the thermo-electric performance of PVCR systems can vary substantially under different
scenarios, and a clear consensus has yet to be established.

Cool roof Photovoltaic roof Photovoltaic-cool roof

Figure 1. Schematic diagram of cool roof, photovoltaic roof, and photovoltaic-cool roof.
Given the potential energy-saving benefits of PVCR, a number of experimental and
modeling studies have been conducted to investigate their thermal behavior and energy

performance. However, most existing studies have relied on fixed parameter settings and
have been limited to single climatic regions, resulting in a relatively insufficient under-
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standing of the overall thermal performance of these systems and their implications for
carbon emission reduction. Moreover, optimization strategies for PVCR systems across
distinct climate areas have not yet been systematically explored. As summarized in Table 2,
owing to variations in building characteristics, high reflectivity surface, photovoltaic con-
figurations, and climatic conditions, the energy saving performance of PVCR reported for
specific regions is difficult to directly extrapolate to other climate areas.

Table 2. A summary of the thermal-electric performance of PVCR under different climate conditions.

Study Site . .
Authors (Képpen Climate Type) Time Conclusions
The combination of high reflectivity
surface and PV modules reduces
Ban-Weiss et al. [23] Yuma, AZ, USA (BWh) May 2009 to September solar absorptance from 0.75 to 0.38,

2011 resulting in an average reduction of
approximately 5 °C in roof surface
temperature during the summer.
The application of cool roofs
increases photovoltaic electricity
the United Arab Emirates ) eneration by approximately 5-10%
(BWh) March-April 2018 § compareg v\ﬁ{)h photovoﬁltaic
systems installed on
conventional roofs.
Cool roofs increase photovoltaic
efficiency by 10.4% and output
Rahmani et al. [25] Texas, USA (Cfa) June-October 2020 power by 1.91%, resulting in an
additional annual electricity
generation of approximately 10%.
High reflectivity coatings can
reduce the surface temperature of
PV modules by up to 11 °C, enhance
2020 electrical efficiency by as much as
6.61%, and mitigate disturbances
from indoor and outdoor
environmental conditions.
PVCR integrates the shading effect
of PV modules with the reflective
effect of cooling coatings, enabling
synergistic cooling under moderate
to low temperature and moderate to
low solar radiation conditions.
High reflectivity coatings can
Gong etal. [28] Hong Kong, China (Cwa) August 2024 increase total photovoltaic
electricity generation by up to 23%.

Altan et al. [24]

New South Wales,

Alim etal. [26] Australia (Cfa)

Heetal. [27] Shenzhen, China (Cwa) August 2023-April 2024

To evaluate the energy-saving performance of PVCR systems, several models have
been developed based on existing heat transfer models for cool roofs or photovoltaic
roofs, and there are four modeling approaches. The first approach of studies is based on
building energy simulation using Ladybug Tools in combination with Honeybee and the
EnergyPlus engine [29]. In these studies, a typical low-rise residential building model is
constructed within the Grasshopper parametric environment, where rooftop photovoltaic
arrays are coupled with roof materials of varying solar reflectance to simulate the coupled
thermo-electric processes associated with photovoltaic shading and cool roof effects. This
approach enables the assessment of the impact of photovoltaic shading on building energy
consumption across different climatic regions. However, in this modeling framework,
the role of PV modules is simplified to a shading effect only. Longwave radiative heat
exchange, convective heat transfer, and thermal coupling between the PV modules and the
roof are not explicitly considered. In addition, the impact of the operating temperature
variation of photovoltaic equipment on power generation efficiency has been overlooked.
The second approach of studies employs a coupled simulation framework that integrates
regional climate models with building energy models [30]. In this approach, a compre-
hensive parametric model of urban-scale cool roofs and rooftop photovoltaic systems is
developed to evaluate the impacts of large-scale deployment of photovoltaic arrays and
high reflectivity roofs on near-surface air temperature and urban cooling energy demand.
This modeling framework incorporates an energy-balance-based physical parameterization
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of PV modules, accounting for the attenuation of shortwave solar radiation by PV modules,
longwave radiative exchange between the modules and the roof surface, and the impact of
temperature-dependent photovoltaic power conversion efficiency. As a result, dynamic in-
teractions among photovoltaic systems, buildings, and the urban atmosphere are explicitly
represented. However, the model treats shaded and unshaded roof areas using a single
equivalent roof temperature, which limits its ability to capture the spatial heterogeneity of
the local thermal environment beneath photovoltaic arrays. The third approach of studies
is based on the System Advisor Model (SAM) photovoltaic simulation platform [31]. In this
approach, a rooftop energy balance model is developed and coupled with a modified SAM
framework to simulate the power generation performance of photovoltaic systems under
different roof configurations. Specifically, the roof surface temperature was first calculated
using nonlinear energy balance equations and subsequently introduced as an input param-
eter to the photovoltaic model, thereby accounting for the influence of the rooftop thermal
environment on PV module temperature and power conversion efficiency. However, this
method does not capture the bidirectional thermal impact processes between PV modules
and the roof. Moreover, the model has been validated only under a single climatic condition
and for a single photovoltaic system configuration, and its applicability to other climate
areas, PV module types, and installation configurations remains to be further examined.
The fourth approach of studies adopts a hybrid research framework that combines physics-
based photovoltaic system modeling with data-driven approaches [32]. In this framework,
the PVsyst photovoltaic simulation platform is integrated with artificial neural network
models to evaluate the power generation performance of bifacial photovoltaic systems
coupled with high reflectivity roofs and to achieve power output prediction. Specifically,
PVsyst is employed to establish an opto-electrical model of bifacial photovoltaic systems,
enabling the quantification of power gains resulting from enhanced roof reflectance. In
parallel, an artificial neural network based on the nonlinear autoregressive with exogenous
inputs architecture is developed to accurately predict photovoltaic power output under
different roof reflectance conditions. However, the accuracy of this approach is strongly
dependent on the quality and availability of measured data. At present, experimental
measurements of PVCR systems remain limited both domestically and internationally,
resulting in relatively scarce data sources and thereby constraining the broader applicability
of this method.

As one of the key regions driving China’s economic development, the hot summer
and cold winter (HSCW) area is characterized by substantial heating and cooling demands
and faces significant challenges under the “dual-carbon” targets [33]. Despite the growing
body of research on PVCR systems, existing studies have mainly focused on fixed design
parameters or single climatic conditions, and the coupled thermo-radiative interactions
between photovoltaic modules and high-reflectivity surfaces have not yet been fully clar-
ified. Moreover, reported conclusions regarding the synergistic energy-saving effects of
PVCR remain inconsistent across different regions and installation configurations. These
results indicate a clear research gap in terms of experimentally validated and parametric
optimization of PVCR systems, particularly in the HSCW climate area. This restriction has
hindered its further promotion, large-scale deployment, and industrial development in the
area. Therefore, this study selected the HSCW area as the research region and conducted
a field comparative experiment. The aim was to study the temperature distribution and
energy balance of PVCR, and to develop a new heat transfer model for the photovoltaic
cooling system. This model can explicitly consider the interaction of solar radiation be-
tween the cold roof and the photovoltaic modules. In addition, a systematic assessment
was conducted on the thermal performance and energy-saving potential of PVCR in HSCW
areas, providing a scientific basis for the application and promotion of PVCR in this area.

https:/ /doi.org/10.3390/buildings16040762


https://doi.org/10.3390/buildings16040762

Buildings 2026, 16, 762

6 of 23

2. Materials and Methods

To investigate the coupled thermal and energy saving benefit of PVCR systems, a
long-term field measurement campaign was conducted on the rooftop of an office building
in Shanghai, China (121.22° E, 31.06° N). This location is representative of the northern
subtropical monsoon climate (Kdppen classification: Cfa), which is characterized by high
solar availability and pronounced seasonal thermal contrasts. The local climate exhibits
an annual precipitation of approximately 1173 mm [34] and an average annual global
solar radiation of 4688.69 MJm 2 [35]. During summer months (June-September), outdoor
air temperatures frequently exceed 35 °C, whereas winter temperatures may drop below
0 °C [13]. Seasonal prevailing winds are predominantly southeasterly in summer and
northwesterly in winter [36], with an annual mean relative humidity of about 75% [37].

2.1. Field Experiment

Four types of roofs were constructed for comparative analysis of thermal performance:
photovoltaic-cool roof (PVCR), photovoltaic roof (PVR), cool roof (CR), and asphalt roof
(AR), as shown in Figure 2. For the PVCR and PVR configurations, south-facing pho-
tovoltaic arrays composed of monocrystalline silicon modules (35 cm x 290 cm) were
installed above the roof surface. The modules were elevated 0.30 m from the roof plane,
arranged with a row spacing of 0.45 m, and inclined at an angle of 25°. In the PVCR system,
a cool roofing layer was applied beneath the photovoltaic arrays to enhance shortwave solar
reflection, whereas the PVR system retained a conventional asphalt substrate. The CR and
AR systems, without PV modules, served as reference cases for evaluating the individual
and combined thermal effects of reflectivity and shading. Two sets of thermocouples were
installed on both the upper and lower surfaces of the central PV module of the PVCR and
PVR roof types to record the temperature changes at the central position of the solar PV
modules. In addition, five thermocouples were evenly arranged on the upper and lower
surfaces of the high reflectivity surface of PVCR and CR, as well as on the surfaces of PVR
and AR roofs, to analyze the temperature changes of the four types of roofs. Detailed
specifications of the instruments are provided in Table 3.

Table 3. Specification of instruments used during the experiment.

Parameter Instrument Used Instrume.nt Measurement Accuracy
Information Range
HOBO U23-002 Onset Computer Temp: —40-70
Air temperature Temp/RH Data Corporation, P~o C +02°C
Logger Bourne, MA, USA
Surface Thegl;lz};%iple Onset Computer
temperature Onset UX100-014M Corporation, —200-4007C +0.1%
Bourne, MA, USA
data logger
Onset Computer
Solar radiation S;)insit gl;li-l\ﬁ?(?r Corporation, 0-1280 W/m? +5%
CONTYTAnOMEET " Bourne, MA, USA
Onset wind Speed Onset Computer
Wind speed Smart Sensor Corporation, 0-45m/s +4%
S-WSA-MO003 Bourne, MA, USA
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Figure 2. Thermal behavior testing platform of PVCR and the other three types of roofs: (a) Top
view of the field experiment; (b) Schematic diagram of the experimental setup; (c) Cross-sectional
schematic diagram of the test roofs.

2.2. Heat Transfer Model Development for PVCR System

To investigate the thermal performance and energy saving potential of the PVCR sys-
tem, a coupled numerical heat transfer model was developed by integrating an established
photovoltaic roof thermal model [31] with a cool roof heat transfer model. The proposed
model systematically characterizes the coupled interactions between the PV modules and
the cool roof. The model incorporates several key physical processes, including the shading
effect of PV modules on the surface of cool roof, wind resistance effect of PV Modules
on roof airflow [38], multiple shortwave radiation reflections among the PV modules and
roof surfaces, longwave radiative exchange among the PV modules, the cool roof, and
the sky, as well as the regulation of the thermal environment of the PV modules by the
high solar reflectance of the cool roof. The numerical calculation procedure is illustrated
schematically in Figure 3. Firstly, the turbulent heat transfer coefficients for each compo-
nent of the PVCR system are estimated using empirical correlations as functions of wind
speed, air properties, and geometric characteristics of the photovoltaic arrays under given
boundary meteorological conditions. Subsequently, a photon-tracking method is employed
to simulate the distribution of shortwave and longwave radiation within the PVCR system,
explicitly accounting for surface optical properties, including albedo and emissivity of both
the photovoltaic modules and the high-reflectivity roof. Finally, based on these radiative
fluxes, the coupled energy balance equations are solved iteratively under quasi-steady
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thermal assumptions until convergence is achieved, thereby determining the temperature
distributions of the photovoltaic modules and the high-reflectivity roof.

START
P
Input Next time step
[Geometrical and structural data ] [Initial conditions <

o 4

[Hygrothermal and optical properties ][Boundary condition
S

| Weather conditions

(Air temperature ] (Relative humidity )

\4
Transfer coefficients  Radiation distribution (o enion |y hindspert
Turbulent heat transfer coefficients | e s
: e Solar radiation distribution
between PV panels, high-reflectivity B
within the system
surfaces, and the atmosphere €
No

Longwave radiation
distribution within the system

urbulent heat transfer coefficients
of air inside and above the PVCR

stem

—>»<Convergence?

4 Energy balance N
PV panels I

Heat balance of high-reflectivity surfaces| [Heat balance of PV panels

High-reflectivity materials ]
S

Heat and moisture balance of air inside and above the PVCR system

¢ Yes

Output
Temperature of air inside and above | [Temperature distribution of PV
the PVCR system anels

Atmosphere ]

—

Temperature distribution of high-reflectivity surfaces ]

—

Yes No
END < End?

Figure 3. Simulation flowchart of the PVCR model.

2.2.1. Energy Balance of PV Module

In addition to the heating and power generation process driven by solar radiation,
the PV modules exchange heat with the environment through convection and long-wave
radiation. The energy balance equations of the PV cover, PV absorber, and PV back are
presented below.

T -T
%1&5 = hpy(Tc — Teov) + RDsR cov + RDLR cov (1)
dTy, Teov — Tap Tpac — Tab
(pCP)absdabS di 2 = Rl e + aCRZ o + RDSR,abs + Pabs (2)
Tpac — Tap
R = hPV (TC - Tbac) + RDSR,bac + R]:)LR,bac (3)

R
where, Teov, Tabs, Thac are the surface temperature of PV cover, PV absorber and PV back,
respectively. Ry is the thermal resistance between PV cover and PV absorber, while R; is the
thermal resistance between PV back and PV absorber. hpy is the convective heat transfer
coefficient of PV modules. T, is the temperature of the air layer close to the PV modules.
RDsR cov, RDgR abs and RDgg b, are net shortwave radiation of the PV cover, PV absorber,
and PV back, respectively. RDiR cov, RDiR abs and RDy R pac are net longwave radiation of
the PV cover, PV absorber, and PV back, respectively. (pCp) abs and daps are the volumetric
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heat capacity and thickness of PV absorber, respectively. P4 refers to the heat emission
from power generation, and equals 0 W/m? due to the non-connection of PV modules in
this study. t refers to time (s).

2.2.2. Heat Transfer of Roof Deck Layer

The energy balance of the roof deck is shown in the following equations, including the
internal, external surface, and the middle layer.

dT
_}\rdizr |2=0 = he(Tt|,=0 — Tc)+RDsr e + RDiRe @)
dT,
A lz=1 = hi(Trl,=1 — Tin) +RDs i + RDpR; )
dT, | &°T;
(PCp) gy =M52 ©

where, T; refers to temperature of roof deck layer. (pCp)r and A, are volumetric heat
capacity (J/m? K) and heat conductivity (W/m K) of the roof deck layer, respectively. h;
and Tj, are indoor convective heat transfer coefficient (W/m?) and indoor temperature
(°C), he is outdoor convective heat transfer coefficient, respectively. RDgg . and RDy g e are
the net solar radiation and longwave radiation of the external surface for the roof deck,
respectively. RDsg ; and RD;r; are the net solar radiation and longwave radiation of the
internal surface for the roof deck, respectively.

2.2.3. Energy Balance of Air Within PVCR System

For the air layer at PV canopy, the energy balance equations are shown as below:

T
(pCp),, (Ah — dpy PAI) g:pv = hpv (Teov — Tenpv) 4 hpv (Toac — Tenpy) +Henpy — (7)
(Tc,npv+1 - Tc,npv) (Tc,npv—l - TC,an)
Henpy = (0Cp), +(0Cp), (®)

ra,rlpv-¥- 1 ra,npv

where, Ah refers to the spatial step of air (m). (pCp)a is the volumetric heat capacity
(J/m3 K) of the air layer, respectively. dpv and PAl are the thickness and PV modules per
unit area, respectively. Tcnpv is the temperature of the air node at PV height, respectively.
He npv is the turbulent heat transfer from other air nodes to the air node at PV height. ra npy
and r, npy+1 are the aerodynamic resistance below and above the air node at PV height,
which are based on the authors’ previous study [39].

2.2.4. Aerodynamic Resistance of Heat Transfer

The convective heat transfer coefficient of PV modules is based on the empirical
model of:
hpy = 5.43upy +10.47 )

where Upy is the wind speed of the air node closest to PV modules.

3. Results
3.1. Comparison of Thermal Performance Between the PVCR System and Other Roofs

To clarify the thermal characteristics of the PVCR system, this study selected five
consecutive typical clear days in both summer and winter for experimental investigation,
as illustrated in Figure 4. The temporal variations in the external surface temperature of
the roof structural layers for the four roof types are also presented in Figure 5.
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Firstly, from the perspective of the shading effect of PV modules, both roof systems
equipped with photovoltaic arrays exhibit a reduction in daytime roof surface temperature
compared with the AR and CR systems. Among them, the PVR system shows a particularly
pronounced cooling effect relative to the AR system, with a maximum daytime temperature
reduction of up to 21.4 °C during the summer. However, when compared with the CR
system, the additional cooling provided by PVCR is relatively limited, with a maximum
summer temperature difference of only about 7.6 °C.

Secondly, owing to the strong reflection of shortwave solar radiation by the cool roof
layer, the average roof temperature of the PVCR system is significantly lower than that of
the PVR system. Moreover, as indicated in Figure 5, the diurnal temperature difference
of the PVCR system is much smaller than that of the PVR system, which contributes to
extending the service life of the roof structural layers. During nighttime, the differences in
the external surface temperature of the roof structural layers among the four roof systems
are smaller than those observed during daytime. In particular, the maximum temperature
difference between the PVCR and AR systems is only about 4 °C.

During winter daytime, the variation patterns of temperature differences among the
four roof systems are similar to those observed in summer. However, around noon, the
roof temperature of the CR system is higher than that of the PVR system. This can be
attributed to the lower solar radiation intensity in winter, under which the shading effect
of PV modules is more effective in reducing roof temperature than the reflective effect
of a high reflectivity surface. At night, the temperatures of the PVR and PVCR systems
are noticeably higher than those of the CR and AR systems, indicating that PV modules
obstruct longwave radiative heat exchange between the roof surface and the sky.

In summary, the temperature distributions of the external surface of the roof structural
layers for the four roof systems indicate that the PVCR system achieves a pronounced
cooling effect during daytime, while exhibiting smaller temperature fluctuations at night.
Moreover, the cool roof layer plays a more dominant role in enhancing the roof's thermal
performance than the PV modules alone.

3.2. The Impact of Cool Roof Surface on PV Modules

As illustrated in Figure 6, a comparison of the front and back surface temperatures
of the photovoltaic modules between the PVCR and PVR systems is presented. On a
typical clear summer day, the PV modules in the PVCR system exhibit higher temperatures
around noon than those in the PVR system, while remaining cooler during all other periods.
Overall, experimental results indicate that, in summer, the PVCR system shows slightly
lower average temperatures on both the front and back surfaces, with reductions of 0.2 °C
and 0.1 °C, respectively. The minimum temperatures are more significantly reduced by
1.3 °C on the front surface and 1.0 °C on the back surface. In contrast, the maximum
temperatures increase by 2.2 °C and 2.5 °C for the front and back surfaces, respectively.
In winter, the cooling effect of the PVCR system on photovoltaic modules becomes more
pronounced. Compared with the PVR system, the average temperatures of the front and
back surfaces decrease by 0.6 °C and 0.8 °C, respectively. Meanwhile, both the minimum
and maximum temperatures exhibit consistent reductions, with decreases of 0.6 °C and
0.7 °C in minimum temperature, and 1.5 °C and 1.6 °C in maximum temperature for the
front and back surfaces, respectively.

As illustrated in Figure 7, A comparison was conducted between the two roof systems
to analyze the distributions of solar radiation incident on the front and back surfaces of the
photovoltaic modules. Both in summer and winter, the solar radiation received by the front
surfaces of the PV modules in the two systems is almost identical, whereas a substantial
discrepancy is observed in the radiation received by their back surfaces. The solar radiation
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incident on the back surfaces of the PV modules in both systems increases initially, reaches
a maximum around solar noon, and then gradually decreases. However, the solar radiation
received by the back surfaces of the PV modules in the PVCR system is dozens of times
higher than that in the PVR system. This can be attributed to the high reflectivity of the
surface beneath the PV modules, which reflects the solar radiation passing through the
module gaps onto the back surfaces of the PV modules. In contrast, the conventional
asphalt roof has a high absorptivity, absorbing the majority of the incoming radiation.
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Figure 6. Temperature comparison of PV modules between PVR and PVCR: (a) Hourly average
temperature difference of PV modules in summer; (b) Box plot of PV surface temperature for PVR
and PVCR in summer; (c) Hourly average temperature difference of PV modules in winter; (d) Box
plot of PV surface temperature for PVR and PVCR in winter.
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Figure 7. Comparison of Surface Radiation of PV Modules between PVCR and PVR: (a) Front surface
of PV module in summer; (b) Back surface of PV module in summer; (c) Front surface of PV module
in winter; (d) Back surface of PV module in winter.
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As shown in Figures 6 and 7, it can be observed that at solar noon, both solar irradiance
and solar altitude angle reach their maxima, which substantially enhances the reflection
of shortwave solar radiation from the cool roof. A large fraction of the reflected solar
radiation was reflected to the back surfaces of the PV modules, thereby increasing the total
radiative energy received by the modules. During this period, the increased solar radiation
leads to greater heat accumulation on the back surface of the PV modules, resulting in
higher PV module temperatures above the cool roof than those above the asphalt roof.
In contrast, during non-noon periods, solar irradiance decreases, and the contribution of
reflected shortwave radiation from the roof to the PV modules becomes much weaker.
Under this condition, the cool roof shows a relatively low surface temperature due to
reduced absorption of solar radiation. Compared with the heating effect from reflected
solar radiation, longwave radiation between the PV modules and the cool roof is greater,
thus enhancing the heat dissipation from the PV modules and leading to lower module
temperature than that observed above the asphalt roof.

3.3. Model Validation and Energy Saving Benefit Evaluation

Based on the PVCR heat transfer processes described in Section 2.2, a numerical model
for the PVCR system was developed. To verify the validity of the proposed model, a
comparative analysis was conducted between simulated results and experimental mea-
surements. The evaluated parameters include the front and back surface temperatures of
the PV module, the roof temperature of the PVCR system, and the roof temperature of the
CR system. During the experimental measurement period, the indoor temperature was
maintained at around 26 °C in summer and 20 °C in winter under the effect of air condi-
tioning. Based on the input parameters of PVCR in Table 4, the temperature distribution
can be simulated. The comparison between simulated and measured values is presented in
Figures 8 and 9, while the model evaluation metrics are summarized in Table 5. The results
demonstrate that the proposed model is capable of reproducing the temporal variations of
the measured parameters and accurately capturing the thermal response characteristics
of the PVCR system. Furthermore, the RMSE and R? values reported in Table 5 provide
quantitative evidence of the model’s reliability and applicability.

In order to assess the thermal and energy performance of PVCR, the above PVCR
model was coupled with the building energy simulation platform THERB by the method
proposed by He et al. [13]. The building model adopted in this simulation is shown in
Figure 10, which is a typical commercial office building. The main thermal properties of the
building and related building service data meet the design standard for energy efficiency
of public buildings of China (GB50189-2015 [40]), which are presented in Tables 6 and 7.

Table 4. Parameters in thermal performance simulation of PVCR.

Parameter Value Parameter Value
Albedo of PV 01 Emissivity of PV 0.9
upper surface ’ upper surface ’
Albedo of PV 0.8 Emissivity of PV 0.89

back surface ’ back surface ’

Albedo of cool Emissivity of cool
0.8 0.9
roof surface roof surface
Heat conductivity of 79 W/m-K Thickness of PV panel 8.3 mm

PV panel

Thickness of Heat transfer coefficient 5
roof deck 265 mm of roof deck 0.83 W/(m"-K)
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Figure 8. Temperature comparison between simulated and observed results in summer: (a) Outer
surface temperature of roof deck for PVCR; (b) Outer surface temperature of roof deck for CR;
(c) Upper surface temperature of PV module; (d) Back surface temperature of PV module.
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Figure 9. Temperature comparison between simulated and observed results in winter: (a) Outer
surface temperature of roof deck for PVCR; (b) Outer surface temperature of roof deck for CR;
(c) Upper surface temperature of PV module; (d) Back surface temperature of PV module.
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Table 5. Evaluation of simulation results for the PVCR model.

Summer Winter
Parameter
R2 RMSE  Average R2 RMSE  verage
Bias Error Bias Error
Outer surface temperature of 5 5 o o
roof deck for PVCR 0.93 1.57°C 0.22°C 0.91 1.33°C 0.13°C
Outer surface temperature of 5 5 o o
roof deck for CR 091 1.72°C 0.25°C 0.87 1.76 °C 0.20°C
Upper surface temperature of PV 5 5 o o
module for PVCR 0.87 1.91°C 0.29 °C 0.89 1.74°C 0.19°C
Back surface temperature of PV o o o o
module for PVCR 0.90 1.70°C 0.27°C 0.89 1.69 °C 0.17°C
RMSE refers to root mean square error; R? refers to the coefficient of determination.
i
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20 m
I\
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o wy
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|
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o Y
r Y
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Figure 10. Plan view of a typical office building.
Table 6. Thermal properties of building envelope settings.
Thermal Properties of Building Envelope
Parameter Value Parameter Value
U value of roof deck 0.4 W/m?2-K U value of window 2.6 W/m?2-K
U value of wall 0.6 W/m?2-K SHGC of window 0.4
U value of floor 1.5 W/m?-K Window-wall ratio 0.4

Table 7. Thermal properties of building service settings.

Information of Building Service

Indoor set temperature and relative humidity: summer (26 °C, 60%),
Air-conditioning system winter (20 °C, 60%); System comprehensive COP: summer (2.5),
winter (2.2); Operation mode: On/Off.
Occupant density: 0.25 person/m?; Lighting power density: 9 W/m?;

Internal load Equipment power density: 15 W/m?; Fresh air volume: 30 m®/person.
Operating hours on weekdays: 07:00-19:00 (Not operating on
Schedule weekends and holidays). Summer: 1 June to 30 September;

Winter: 1 December to 28 February.

Annual simulations were conducted using the validated model, and sensitivity analy-
ses were performed. It can be seen from Figure 11 that, compared to the asphalt roof, the
PVR roof saves 1683.97 kWh of electricity annually, while the PVCR roof saves 3005.34 kWh.
Additionally, the annual PV production of the PVCR roof is 1244.55 kWh higher than that
of the PVR roof. It can be observed that the PVCR system has lower AC demand and higher
photovoltaic power output. Therefore, among the four roof systems, the PVCR system
represents a solution with superior performance for promoting urban sustainability.
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Figure 11. Comparison of annual energy demand of AC system and electricity production among
four types of roofs: (a) Energy demand of AC system; (b) Electricity production of PV.

3.4. Sensitivity Analysis

Furthermore, sensitivity analysis based on simulation reveals the impact of photo-
voltaic array spacing (Figure 12) and PV installation height (Figure 13) on air conditioning
energy consumption, photovoltaic power generation, and total energy savings. As the
spacing of the solar photovoltaic array increases from 0.3 m to 0.5 m, the air conditioning
energy consumption rises gradually, while the solar power generation and the total energy
savings increase steadily. Within the same range, with the increase in installation height,
the air conditioning energy consumption decreases, and the solar power generation and
total energy savings also show a gradual upward trend. This indicates that both photo-
voltaic array spacing and installation height have a notable impact on the PVCR system. By
optimizing these two parameters, the overall performance and energy saving effectiveness
of the system can be significantly improved.
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Figure 12. Effects of PV module array spacing on the relative energy saving performance and
electricity production of PVCR: (a) Energy demand of AC system; (b) Electricity production of PV;
(c) Total energy saving.

,_\60,520 A255,3 0 194,800
S <
z z 5
£.60,516 255,300 § 194,750
]
3 Z <
@ [
2 o0
©'60,512 2255,250 & 194,700
Q g S
< 2 S
S Q9
°© = Z
= 60,508 '8255,200 %0194,650
g a =
= > =
3 = =

60,504 .2255,150 S 194,600
S 8 &
g &
u:.:] &5

60,500 255,100 194,550

0.30 0.35 040 045 0.50 030 0.35 040 045 0.50 030 035 040 045 0.50
(@) (b) (©)

Figure 13. Effects of PV module height on the relative energy saving performance and electricity
production of PVCR: (a) Energy demand of AC system; (b) Electricity production of PV; (c) Total
energy saving.
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4. Discussion and Limitations

From the temperatures of the photovoltaic modules installed on the cool roof and the
asphalt roof, it can be observed that the observed increase in PV module temperature over
the cool roof, reaching approximately 2.2-2.5 °C around solar noon in summer, represents
a short-term peak effect occurring under high solar irradiance conditions. This transient
temperature rise is primarily associated with enhanced reflected shortwave radiation from
the high-reflectivity roof and does not persist over extended periods of time. When the
thermal performance is evaluated on daily or seasonal time scales, the PVCR system
exhibits an overall cooling effect on the photovoltaic modules, as evidenced by lower daily
average module temperatures. Therefore, the short-term peak temperature increase around
solar noon should be distinguished from long-term averaged thermal behavior.

With the continuous advancement of photovoltaic module technologies, bifacial pho-
tovoltaic systems, owing to their distinct power generation advantages, have gradually
emerged as a research focus in both industry and academia. To investigate the differences
between bifacial and monofacial photovoltaic systems, the developed PVCR numerical
model was adopted to evaluate three aspects: building energy consumption, photovoltaic
electricity generation, and relative energy saving performance. As shown in Figure 14, the
bifacial and monofacial photovoltaic systems exhibit very similar AC energy consumption,
with an annual difference of only 139 kWh, indicating that the PV module type has a
limited influence on AC demand. In contrast, a significant difference is observed in the an-
nual photovoltaic electricity generation between the two systems, resulting in significantly
higher overall energy saving performance for the bifacial photovoltaic system. This can
be attributed to the high reflectivity roof, which reflects a considerable portion of incident
solar radiation. Bifacial PV modules are able to capture this reflected radiation and convert
it into electricity, whereas monofacial photovoltaic systems rely solely on front-side solar
irradiation. Moreover, the radiation reflected onto the back of the PV modules accumulates
and is converted into heat, which may further hinder their electrical energy conversion
efficiency.
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Figure 14. The relative energy-saving performance and electricity production of the bifacial PV system
and the monofacial PV system: (a) Energy demand of the AC system; (b) Electricity production of the
PV; (c) Total energy saving.

In addition, sensitivity analyses were performed on the PV module tilt angle and roof
reflectance to examine their effects on the energy consumption, photovoltaic electricity
generation, and relative energy saving performance of bifacial photovoltaic systems. As
illustrated in Figure 15, AC energy consumption increases with increasing PV module tilt
angle. This indicates that, as the tilt angle increases, the shaded area on the roof gradually
decreases, allowing the roof to absorb more solar radiation and consequently leading to
higher cooling energy demand. Meanwhile, the electricity generation of the photovoltaic
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system decreases as the module tilt angle increases, due to the amount of solar radiation
received on the back side of bifacial modules being progressively reduced, thereby limiting
additional electricity conversion. As shown in Figure 16, with increasing roof reflectance,
indoor AC energy consumption continuously decreases, while photovoltaic electricity
generation increases, resulting in a corresponding enhancement in relative energy saving
performance. Some scholars have conducted research and found that for every 0.1 increase
in roof reflectivity, the output of monofacial photovoltaic systems energy increases by an
average of 0.7%, and the output of bifacial photovoltaic systems energy increases by an
average of 4.55% [21]. This trend can be attributed to the fact that higher roof reflectance
leads to greater amounts of reflected solar radiation incident on the back side of bifacial
PV modules, thereby improving both electricity generation and overall energy saving
performance. Based on the numerical simulation results, bifacial photovoltaic systems
exhibit superior comprehensive energy saving performance compared with monofacial
systems. Meanwhile, different roof systems exhibit distinct economic performance. A major
challenge lies in the relatively high initial installation cost, as the integration of photovoltaic
modules with high-reflectivity surfaces requires specialized materials and installation
techniques. A case study conducted in Xiamen showed that only 12% of CR retrofit projects
achieved a payback period shorter than 10 years [41]. Although PVR systems demonstrate
significantly higher annual energy-saving intensity than CR, CR exhibits clear advantages
in terms of economic payback period, energy payback period, and environmental payback
period [42]. In contrast, the PVCR combines the benefits of passive cooling and PV power
generation, enabling superior cooling-related energy savings while maintaining more stable
economic performance compared with conventional PVR and CR systems [43].

This study employed a combined experimental and numerical simulation approach to
evaluate the energy-saving performance of PVCR systems. Nevertheless, several limitations
should be acknowledged. Firstly, the experimental test was conducted on the rooftop of
an office building, representing a low-rise building scenario. High-rise buildings in dense
urban environments, as well as commercial and industrial buildings, were not considered.
Differences in roof structure, ventilation conditions, and load constraints among these
building types may influence the optimal installation parameters and actual performance
of PVCR systems. Secondly, the selection of cool roof surface was limited to a single option.
The effects of a high-reflectivity surface with different reflection mechanisms on the thermal
regulation performance and power generation of PVCR systems have not yet been system-
atically investigated, and the influence of surface durability on long-term performance was
not addressed. Thirdly, the power generation efficiency of PV modules is also affected by
surface cleanliness. This factor was not considered in the present study. Further research is
therefore required to quantify the influence of a high reflectivity roof surface on rooftop
cleanliness, enabling more accurate predictions of photovoltaic electricity generation. Fi-
nally, the study was conducted exclusively in Shanghai, focusing on the hot summer and
cold winter climate zone, without covering other climatic types. Given the substantial
variation in meteorological conditions across different climate zones, the energy-saving
performance of PVCR systems may differ fundamentally, limiting the direct applicability
of the findings to global climatic contexts. But the proposed PVCR numerical model is not
site-specific and can be readily applied to other climatic regions. The governing energy
balance equations, radiative exchange formulations, and photon-tracking framework are
based on fundamental physical principles and remain valid across different locations. To
adapt the model to other regions, only region-dependent inputs and assumptions need to
be modified, including local meteorological conditions, roof material properties, and photo-
voltaic installation parameters. Therefore, the model provides a transferable framework for
evaluating PVCR performance under diverse climatic conditions.
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Figure 15. Effects of PV module tilt angle on the relative energy saving performance and electricity
production of a bifacial PV system: (a) Energy demand of the AC system; (b) Electricity production
of the PV; (c) Total energy saving.
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Figure 16. Effects of roof reflectance on the relative energy saving performance and electricity
production of a bifacial PV system: (a) Energy demand of the AC system; (b) Electricity production
of the PV; (c) Total energy saving.

5. Conclusions

Taking Shanghai as an example, this study aims to experimentally evaluate the ther-
mal behavior of PVCR systems, develop and validate a coupled heat transfer model that
accounts for photothermal interactions, and assess the energy-saving potential and key
design parameters of PVCR. The extent to which the proposed research objectives were
achieved can be summarized as follows, based on the experimental observations and
numerical simulation results. Firstly, field measurements demonstrate that PVCR achieves
a pronounced daytime cooling effect while maintaining smaller diurnal temperature fluc-
tuations than the other roof types. The combination of photovoltaic shading and high
roof reflectivity effectively suppresses solar heat gains during summer daytime, while the
presence of PV modules reduces nocturnal radiative heat loss, resulting in a more stable
roof thermal environment. Secondly, field measurements also demonstrate that the average
temperature of photovoltaic modules in the PVCR system is lower than that in the PVR
system. However, under conditions of high solar radiation intensity, the temperature of PV
modules in the PVCR system is slightly higher than that of the PV modules in the PVR sys-
tem. Thirdly, A numerical model incorporating multiple shortwave reflections, longwave
radiative exchange, convective heat transfer, and aerodynamic effects was developed and
validated against experimental data. Based on the annual simulation results, the PVCR sys-
tem reduces the air-conditioning energy consumption by 1321.37 kWh compared with the
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PVR system, while simultaneously increasing annual photovoltaic electricity generation by
1244.55 kWh. These absolute values provide a clearer indication of the actual energy-saving
potential of PVCR systems at the building scale. Finally, Sensitivity analysis reveals that
increasing PV array spacing and installation height leads to higher photovoltaic electricity
generation and greater total energy savings, although excessively large spacing may in-
crease AC demand. Proper optimization of these parameters can significantly improve the
overall energy-saving effectiveness of PVCR systems. Furthermore, bifacial PV modules
demonstrate substantially higher energy saving potential than monofacial modules when
combined with cool roofs. The simulation results indicate that the electricity generation of
the bifacial PV system decreases significantly as the tilt angle of the PV modules increases.

This paper conducts a preliminary exploration of the performance of PVCR in hot
summer and cold winter regions. Due to the diversity of factors such as climate, materials,
and design, more field experiments should be carried out in the future to expand the
performance database and further validate the accuracy of the PVCR model, so that PVCR
can be applied and evaluated on a larger scale. Meanwhile, due to the limitations in article
length, this study does not provide a systematic analysis of the applicability of the PVCR
system across different building types and diverse climatic regions. Future research will
build upon and validate the numerical model established in this paper, and further expand
to conduct comparative studies on different building functional types and typical climate
zones, in order to evaluate the thermal performance and energy-saving potential of PVCR
under different climate conditions and building application scenarios, thereby enhancing
the universality and engineering reference value of the research conclusions.

Author Contributions: Conceptualization, Q.Y.; Software, Y.H.; Validation, Y.H.; Resources, Y.H.;
Data curation, YH., C.L., and Y.L.; Writing—original draft, Q.Y., M.D., and W.W.; Writing—review &
editing, Q.Y., YH., L.Z,, S.C., and Y.F,; Visualization, L.Z., M.D., S.C., Y.F. and Z.W.; Supervision, Y.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundamental Research Funds for the Central Universi-
ties, grant number: 2232024D-22, and the Natural Science Foundation of Shanghai, grant number:
257R1402004. The authors would like to take this opportunity to thank the funding bodies for their
support, as well as the collaboration of other fellow researchers.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to confidentiality agreements with
project partners.

Conflicts of Interest: The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

Nomenclature
Air Conditioning AR Asphalt Roof
Coefficient of Performance CR Cool Roof
thickness of PV absorber [m] dpv thickness of PV modules [m]
spatial step of air [m] Hempy turbulent heat transfer to air node at PV
’ height [W/m?]
outdoor convective heat transfer coefficient [W/m?] h; indoor convective heat transfer coefficient [W/m?2]

convective heat trans
modules [W/m?]

fer coefficient of PV HSCW  Hot-Summer and Cold-Winter

heat conductivity of roof deck layer [W/m/K] PAI Plan Area Index
heat emission from power generation [W/ m?] PV Photovoltaic
Photovoltaic-Cool Roof PVR Photovoltaic Roof
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RDpRabs net longwave radiation of PV absorber [W/ m?] RDyRpac net longwave radiation of PV back [W/ m?]

RDiRcov netlongwave radiation of PV cover [W/ m?] RDiRe

net longwave radiation of roof external
surface [W/m?2]
net longwave radiation of roof internal

RDi R surface [W/m?] RDgR abs net shortwave radiation of PV absorber [W/ m?]
RDgRpac net shortwave radiation of PV back [W/ m?] RDsR coy Net shortwave radiation of PV cover [W/m?]
net shortwave radiation of roof external net shortwave radiation of roof internal
RDSR,e 2 RDSR,i 2
surface [W/m~] surface [W/m~]
thermal resistance between PV cover and
RMSE  Root Mean Square Error Ry
absorber [K/W]
R thermal resistance between PV back and . aerodynamic resistance below air node at PV
2 absorber [K/W] anpy height [s/m]
Tanpv+1 ;z;ﬁﬁ;a/rzlc resistance above air node at PV R? Coefficient of Determination
SAM System Advisor Model SHGC  Solar Heat Gain Coefficient
t Time [s] Tabs PV absorber surface temperature [°C]
Thac PV back surface temperature [°C] Tc temperature of air layer close to PV modules [°C]
Tenpy temperature of air node at PV height [°C] Teov PV cover surface temperature [°C]
Tin indoor temperature [°C] Tr temperature of roof deck layer [°C]
UHI Urban Heat Island Upy wind speed of air node closest to PV modules [m/s]
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