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Abstract

Rooftop photovoltaic (PV) panel systems have become a key component in green building
design, driven by new building sustainability measures advocated worldwide. The shading
generated by the rooftop PV panel arrays can impact their annual heating and cooling load,
as well as their overall thermal performance. This paper presents a long-term experimental
investigation into the changes in roof temperature caused by PV panels. The experiment
was conducted over the course of a year, with measurements taken on four sample days
each month. The study is based on measurements of the covered roof temperature, the
uncovered roof temperature, PV surface temperature, ambient air temperature, as well
as solar irradiation, wind speed, and rainfall. The results reveal that the annual energy
savings (MJ/m?) in the cooling load due to the covered roof are about 26% higher than the
energy loss from the heating load due to shading. The study shows that the effect of the
rooftop PV panels on the house’s total heating and cooling load savings is between 5.3 to
6.1%. This difference is significant in thermal performance analyses, especially if most of
the roof is covered by PV panels.

Keywords: rooftop PV shading; thermal performance; heating and cooling load

1. Introduction

Residential applications of PV systems have increased significantly over the last
decade, with most installations placed on dwelling roofs that receive the highest solar
irradiation. Recent studies have shown that rooftop PV systems can affect passive thermal
performance due to the roof shading provided by the PV panel installation. Numerous
studies conducted in different climates have demonstrated that PV panels significantly
influence heating and cooling loads by altering roof surface temperatures, heat fluxes, and
internal thermal gains.

A simulation model was developed to assess the cooling load and heat loads associated
with an inclined PV roof structure [1]. The study found that installing rooftop PV panels
can reduce the cooling load by up to 35% for the specific roof design analyzed. Key factors
influencing the building’s thermal and energy performance included the air gap between
the PV panels and the roof surface, as well as the roof’s inclination angle. In a separate
study, Kotak et al. [2] used a computer simulation to investigate the impact of rooftop PV
panels on the cooling load of a flat-roofed house. Their findings also indicated a notable
reduction in cooling load due to the shading effect provided by the PV panels. However,
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their heat transfer model did not account for insulation on the roof or ceiling beneath the
PV array.

Dominguez et al. [3] modelled the effect of solar PV panels on roof heat transfer using
experimental data from California. The results revealed that daytime ceiling temperatures
beneath PV arrays were about 2.5 K cooler than parts of the ceiling below the uncovered
roof, with a significant reduction in roof heat flux. At night, the effect was reversed, where
the ceiling beneath the panels had a higher temperature than the ceiling below the exposed
roof. The simulations indicated that installing PV panels on the roof could reduce the
building’s cooling load by 38%.

In Greece, Kapsalis and Karamanis [4] investigated the effect of rooftop PV panels
on a building’s energy demand. They found that PV panel shading reduced the cooling
load by 17.8% but increased the heating load by 6.7%. During the day, the exposed roof
temperature was 8.3-12.9 °C lower than the roof covered with PV panels, while at night, it
was 1.7-4 °C higher, depending on the season. Buonomano et al. [5] conducted a simulated
study in Italian cities to evaluate the integration of hybrid solar panels PVT into building
envelopes and their effect on heating and cooling loads. They found that PVT panels had a
passive effect on the building’s thermal performance, leading to higher cooling demands
and lower heating demands. Wang et al. [6] investigated the shading effects of PV panels
(flat and tilted) on building energy consumption and roof thermal performance through
a single-day experiment in Shaanxi, China. The study revealed that PV panel shading
significantly reduced cooling loads while slightly increasing heating loads compared to the
uncovered roof. The heat gain through flat and tilted overhead PV roofs was reduced by
67.1 and 59%, respectively. Furthermore, the daily cooling load of the flat overhead PV roof
decreased by 77.4%, while that of the tilted overhead PV roof was reduced by 69.4%.

In Australia, Odeh S. [7] assessed the thermal performance of dwellings at various sites.
The study found that in cooler climates, such as Sydney and Melbourne, PV panel shading
could increase heating loads during winter by blocking solar radiation from reaching the
roof. In hotter climates like Townsville, however, the shading effect significantly reduced
cooling loads, resulting in substantial energy savings. The analysis indicated that the
overall change in cooling and heating loads due to PV panel addition to the roof ranged
from 5 to +8%, depending on the building orientation and site climate.

Shukla et al. [8] carried out an experimental study in New Mexico, showing that daily
peak heat flow through the attic ceiling was almost halved when the PV panels were added.
The rooftop tiles” temperature under the panels was up to 13 °C lower than the exposed
roof, and heat flow to the conditioned space was reduced by 49%.

Barone et al. [9] developed a thermal performance model analyzing three PV and
PV /T system configurations on a building fagade in Italy. The results showed that solar
collection devices decreased heating loads while increasing cooling loads. In Arizona,
Brown et al. [10] examined the effects of PV rooftop panels on building cooling demand
and sensible heat flux for a white-roof house model. They found that PV panels could
cause an air conditioning energy penalty, with cooling load increases equivalent to 11%
of the total electricity generated by the panels. The increase was more pronounced when
panels were positioned closer to the roof.

Pandiaraj et al. [11] investigated the heat gain variation in buildings with PV panels in
four Indian cities through modeling and experimental measurements. They found that roof-
mounted PV panels significantly reduced cooling loads, with infrared imaging showing a
2.5 °C reduction in ceiling temperatures beneath the panels, consistent with Dominguez
et al. [3]. Bhuvad and Udayraj [12] studied the annual reduction in roof temperatures due
to PV panels experimentally in Raipur, India, and numerically compared with the results
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in multiple other Indian cities, finding roof and ceiling temperature reductions between 6
and 11 °C and annual cooling load reductions between 70% and 94%.

Ma et al. [13] created a numerical model to analyze rooftop PV panel heat transfer,
validated with summer data from Wuhan, China. Shading by tilted PV panels on flat black
roofs reduced heat flux by 41.7% and daily indoor heat gain by 74.8%. Vakilinezhad and
Ziaee [14] studied the combined effect of PV panel shading and roof materials in Iran. They
found that PV shading was most effective on roofs with high solar absorption and low
thermal resistance. In warm climates, shading reduced cooling loads, while in cold and
moderate climates, it increased heating loads. Zhan et al. [15] investigated the thermal
and energy performance of photovoltaic and green roofs in hot-humid climates in China.
They found that PV panels enhanced thermal performance compared to conventional roofs,
increasing interior surface temperatures by up to 0.4 °C and reducing daily total heat gain
by 29.0-39.2%.

The summary of the reviewed literature presented in Table 1 indicates that roof shading
by PV panels has both advantages and disadvantages, depending on the building’s climate
zone. In warm climates, roof shading enhances thermal performance by reducing cooling
loads. In contrast, in cold climates, it may impair thermal performance due to an increase
in heating loads. The literature review also highlights a research gap regarding the impact
of rooftop shading on building thermal performance, particularly in relation to seasonal
variations in weather and their effects on heating and cooling loads.

Table 1. Summary of literature review findings.

Reference Study Location Major Findings
. . . o
Yang, H. etal. [1] Hong Kong The study found that installing rooftop PV Pgnels can rfaduce the cooling load by up to 35% for
the specific roof design.
. Computer simulation to investigate the impact of rooftop PV panels on the cooling load of a
Kotak, Yetal. [2] India flat-roofed house. Their findings indicated a notable reduction in cooling load.
Dominguez et al. [3] California, USA Daytime ceiling temperatures beneath PV arrays were up to 2.5 K cooler than parts of the ceiling

below the exposed roof, with a significant reduction in roof heat flux.

Kapsalis and
Karamanis [4]

Greece (western) PV panel shading reduced the cooling load by 17.8% but increased the heating load by 6.7%.

Solar collection devices like PV and PVT had a passive effect on the building’s

Buonomano etal. 5] Naples, Italy thermal performance, leading to higher cooling demands and lower heating demands.
Heat gain through flat and tilted overhead PV roofs was reduced by 67.1% and 59%,
Wang et al. [6] Shaanxi, China respectively. Daily cooling load of the flat overhead PV roof decreased by 77.4%, while the tilted

overhead PV roof was reduced by 69.4%.

OdehS.[7]

Sydney, Melbourne, Townsville,

Overall change in cooling and heating loads due to PV panel addition to the roof ranged from
Australia —5% to +8%, depending on the building orientation and site climate.

Shukla et al. [8]

Rooftop tiles under the panels were up to 13 °C cooler, and heat flow to the

New Mexico, USA conditioned internal space was reduced by 49%.

Barone et al. [9]

Naples, Milan, Almeria, Italy

Solar collection devices decreased heating loads while increasing cooling loads.

Brown etal. [10]

PV panels could cause cooling load increases equivalent to 11% of the total electricity generated

Arizona, USA by the panels on white roofed houses.

Pandiarajetal. [11]

Perundurai, Tamil, Nadu, India

Roof-mounted PV panels significantly reduced cooling loads, reducing internal ceiling
temperatures by 2.5 °C.

Bhuvad and Udayraj [12]

Raipur +10 other cities, India

PV panels reduced roof and ceiling temperatures between 6 and 11 °C and annual cooling load
reductions between 70% and 94%.

Maetal. [13]

Shading by tilted PV panels on flat black roofs reduced heat flux by 41.7% and daily indoor heat

Wuhan, China gain by 74.8%.

Vakilinezhad and Ziaee [14]

PV shading most effective on high solar absorption and low thermal resistance roofs. In warm
climates, shading reduced cooling loads, while in cold and
moderate climates, it increased heating loads.

Ardabil, Rasht, Yazd, and
Bandar-Abbas, Iran

Zhan etal. [15]

They found that PV panels enhanced thermal performance compared to

Guangzhou, China conventional roofs, reducing daily total heat gain by 29.0-39.2%.

The primary research question of this study is the following: what percentage re-
duction or increase in cooling and heating loads due to PV panel installation leads to a
significant change in building thermal performance and star rating assessment? Addition-
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ally, how does this change compare, as a percentage, to the annual energy output of the
PV panels?

These questions will be addressed by analyzing long-term temperature measurements
of roofs with and without PV panel coverage. The experimental data are then applied to a
heat transfer equation and compared with the results of a thermal performance software to
estimate the annual impact of rooftop PV panels on cooling and heating loads.

2. Materials and Methods
2.1. Rooftop Experiment Settings

A rooftop PV system located at Sydney latitude (33.87°) facing north, revealed by the
yellow rectangle in Figure 1, was selected for the experiment settings for data measurements.
The experiment was conducted over the course of a year by averaging the measurements
over 10 min each time. Four sample days of each month were used for the sake of analysis
and comparison between different months. One of the major elements in this experimental
work is to find the effect of weather conditions on roof temperature under and outside the
rooftop PV panels.

Figure 1. Rooftop system used for the experiment settings.

Three wireless (INKBIRD IBSTH1) sensors were used to measure the temperature of
the PV surface, the roof tiles covered by the PV panel, and the uncovered roof tiles. These
three sensors are located on the same roof, highlighted in Figure 1. Other weather data for
the location, such as wind speed in m/s, solar irradiation in W/ m?, rainfall in mm, and
ambient temperature in °C, have also been collected on-site or from local weather stations.

2.2. Roof Thermal Resistance

To study the effect of shading on the house thermal performance, the total thermal
resistance of the roof structure setting used in this work is estimated using the roof structure
components’ thermal resistances specified in Figure 2 and Table 2 [16].

2.3. Heating and Cooling Load

To estimate the heating and cooling load change due to the rooftop PV installation,
the heat transfer rate through the roof structure of Figure 2 is estimated by using the
conventional heat transfer rate equation [17], as follows:

g=U=xAT 1)

where
g—Heat flux (W/m?)
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U—Overall heat transfer coefficient (W/m? °C)

AT—Temperature difference between the roof tile and the inner air space (T1-17)

Figure 2. Roof structure components.

Table 2. Thermal resistance of the roof structure components.

Thermal Resistance .
Roof Component (m2-°C/W) Summer Winter
1 Roof Tile Ry 0.02 0.02
2 40mm Air Gap Ry 0.16 0.18
3 Sarking Material R3 0 0
4 Attic air space Ry 1.36 0.34
5 Insulation Rs 4 4
6 Plasterboard Rg 0.06 0.06
7 Internal Air Space Ry 0.16 0.11
Total R¢ 5.616 4.584

The inner air space temperature is assumed to be controlled at an average of 21 °C by
the air conditioning system throughout the year.

To estimate the overall heat transfer coefficient (U), the total thermal resistance (R;) of
the roof structure is estimated from Table 2 using Equation (2),

Rt=R1+R2+R3+R4+R5+R6+R7 (2)

The difference in R; between winter and summer is due to the combined effects of
temperature, moisture, material properties, and heat transfer mechanisms.
Where R is the Thermal resistance (m? °C/W).

Therefore,
1

U= ®)
Referring to Table 2, the values of U for summer and winter are found to be 0.22 and
0.18 W/m?-°C, respectively.
The total daily heat loss and heat gain (Wh/ m?) from the roof were estimated by using
the measured temperatures for the covered and uncovered roof for each 10-min (1/6 h)

time step and integrating g in Equation (1) for 24 h; therefore,

24
Grotal = 0 qx dt 4)
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or
144
dtotal = EZ‘:1 q x At (&)
where

At—Time step 1/6 h (10 min step)
Gtotai—Daily heat loss or heat gain from the roof in (Wh/m?).

3. Long-Term Measurements and Results
The Effect of Different Weather Conditions on Roof Temperatures

The effect of weather conditions on the covered roof is investigated across different
seasons. A four-day sample of data from the summer and winter seasons is presented in
Figures 3 and 4. It is evident that changes in wind speed and rainfall have a significantly
lesser impact on the covered roof temperature compared to solar irradiation and ambient
temperature. Overall, the roof temperature trend closely follows that of solar irradiation
and ambient temperature. However, it is clear that the temperatures of both the covered
and uncovered roofs are not significantly affected by instantaneous changes in weather
conditions, due to the thermal capacity of the roof tiles. Figures 3 and 4 also show that
the temperature difference between the covered and uncovered roofs is greater during the
daytime than at night, with this difference being more pronounced on summer days.
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Figure 3. Roof temperature variation with weather conditions, summer days in January; (a) Total
solar irradiation and roof temperature; (b) Ambient temperature, rainfall, and windspeed.
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Figure 4. Roof temperature variation with weather conditions, winter days in August; (a) Total solar
irradiation and roof temperature; (b) Ambient temperature, rainfall, and windspeed.

A sample day was selected from each season to show the change in temperature
difference between the uncovered and covered roof during the 24 h. Figure 5 shows that
the maximum temperature difference takes place at midday in all seasons. However, after
sunset, the temperature of the covered roof becomes higher than that of the uncovered roof,
which explains the negative values shown in Figure 5. The main reason for this behavior is
the reduced heat loss through long-wave infrared radiation from the covered roof during
nighttime. The distance between the PV panel and the roof surface is approximately 10 cm,
providing shading during the day and reducing the roof temperature. Conversely, at night,
the PV panel captures infrared radiation emitted from the roof and reflects it back to the
roof surface. In contrast, the uncovered roof exchanges heat directly with the sky without
any obstruction, which allows the roof surface to lose more heat. Figure 5 reveals that the
maximum difference between the uncovered and covered roof temperatures in daytime
ranges between 5 °C in winter and 20 °C in summer, while the difference becomes much
lower at night and ranges between 1 °C in winter and 3 °C in summer. From above, we
can conclude that there are pros and cons when having a covered roof with PV panels. In
summer daytime, the drop in roof temperature reduces the heat transfer rate toward the
inner space of the building and hence reduces the required cooling load. However, the
reduction in the cooling rate of the covered roof would cause an increase in cooling load
during the night hours. Contrary to the summer season, in winter, an increase in heating
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load could be reported during daytime, affected by the shaded area of the roof that is
experiencing lower solar heat gain or lower heat transfer rate toward the inner spaces of the
building. To investigate the effect of the rooftop PV panels on the heating and cooling load
of the building, a long-term analysis of the energy gained and lost by the roof is conducted
and presented in Figure 6. The figure elaborates on the changes in the annual energy
consumption by cooling and heating that could happen when installing rooftop panels.
The energy savings and energy lost in Figure 6 are plotted against the monthly mean of
maximum and minimum ambient temperature extracted from [18]. Energy savings in
space cooling are taking place in the months where the maximum mean monthly ambient
temperature is higher than the space setting temperature (21 °C). The amount of annual
energy saved in space cooling due to the covered roof by the PV panels is found to be
around 4.6 MJ/m?, as noted by the positive area of the curve in Figure 6. Contrary to that,
the covered roof has a negative impact on energy consumption for space heating, which
causes a loss of 2.7 MJ/m?, noted by the negative area of the curve in Figure 6. As a result
of these changes in energy consumption in cooling and heating seasons, the annual energy
saving is the difference between the saved energy in cooling and the increased energy in
heating and found to be around 1.9 MJ/m? of the roof, which means that the annual energy
savings in the cooling load due to the covered roof are about 26% higher than the energy
14 A

loss from the heating load due to shading.
12 M

Summer day Autumn day

Spring day

24
22 A
20 A
18 A
16 -

[
o
L

Temperature difference °C

Winter day

S Ao v s o o

Season

Figure 5. The temperature difference between the uncovered and covered roof during the sample
day of different seasons.
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Figure 6. Energy savings and energy loss due to the covered roof by the PV panels, (a) Ambient and
space temperatures, (b) Energy saving and energy loss.

4. Case Study

The experimental results for the heat loss and heat gain of a roof with a PV panel
system were used to evaluate their impact on the heating and cooling load of different
house designs, utilizing the Accurate Sustainability software (Version 2.4.3.21 SP1) [19].
This software is approved by the Australian Nationwide House Energy Rating Scheme
(NatHERS) and is used to assess the thermal performance of houses. It simulates heat trans-
fer within buildings and predicts annual space heating and cooling energy consumption.
The complete design of three houses of different floor and roof areas is used in the simula-
tion to find the heating and cooling load (Qy, and Q;) for each design. The simulation was
conducted at the same latitude and within the same climate zone, with the roof oriented to
face north (in line with the sun’s path in the southern hemisphere). Key results, including
the thermal performance star ratings, are summarized in Table 3. The values of Q, and Q.
are estimated per square meter of the conditioned floor area for the house.

Table 3. Heating and cooling loads of different house designs (without PV panels).

Floor Area Roof Area Heating Load Cooling Load Total Load
House Number Acond Aroof Qn Qc Qtotal Star
(m?) (m?) (M]J/m?2.ann) (MJ/m2.ann) (M]J/m2.ann)
1 123 108.2 19 12.5 315 6.8
2 151 106 11.8 17.1 28.9 7.1
3 200 114 8.9 124 21.3 7.9

The NatHERS scheme provides star ratings (out of 10) based on the total annual energy
consumption required for space heating and cooling, as illustrated in the graph in Figure 7.
The curve becomes more exponential at higher star values, meaning even a slight change in
the total annual energy load could move a house from a one-star rating to a higher one. The
current minimum star rating for new homes, as set by the Australian National Code [20], is
7 stars. Figure 7 shows the star rating locations of the sample designs provided in Table 3,
highlighting that a small decrease in annual energy consumption could shift a rating of
6.8 up to or beyond 7 stars.

The experimental results on the effect of rooftop PV panels on roof temperature were
used to estimate the changes in heating and cooling loads for the different houses designs
presented in Table 3. The calculations assumed a uniform roof orientation facing north and
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a roof insulation value of R4. The following equations were used to estimate new values of
Qy, and Q. for a house with rooftop PV roof,

(Acond X Qp+ Aroof X qh)
Acond

Qh, pv — (6)

(Acond X Qe — Aroof X ‘]c)
Acond

Qc, pv — (7)

where

Qp pv—Heating load for rooftop PV house MJ/ m? of conditioned floor area.
Qcpv—Cooling load for rooftop PV house MJ/m? of conditioned floor area.
Qn—Heating load for house without PV panels, MJ/m? of conditioned floor area.
Q.—Cooling load for house without PV panels, MJ/m? of conditioned floor area.
A ong—Conditioned floor area (m?).

A,oof—Roof area covered by PV panels (m?).

gr—Energy increased in space heating MJ/m? of the rooftop PV area.

g—Energy saved in space cooling MJ/m? of the rooftop PV area.

10
9 |
— 8 r 7.9
2
g 7r ‘el stars
- 6 |
o0
g5 |
©
= 4 r
20
o 3 f
c
Wy |
1}
0 1 1 L 1 1 1 I 1 1 L 1 1 1 I 1 1
0 50 100 150 200 250

Annual energy (MJ/m?2)

Figure 7. NatHERS home star rating.

The differences between roofs with and without PV panels are presented in Figure 8
for the various house floor areas. Although all the houses were assessed within the same
climate zone, the heating and cooling loads exhibit different behaviors due to the variations
in design and structural materials for each house. Some houses require more energy for
space cooling than for space heating (houses 2 and 3), while others display the opposite
behavior (house 1). However, applying Equations (6) and (7) reveals that adding PV panels
to a roof with an insulation value of R4 has a significant effect on the annual energy load.
This is explained by a decrease in space cooling load and an increase in heating load,
resulting in a total energy load reduction between 5.3% to 6.1%. This reduction in the total
annual energy load due to the inclusion of the PV shading in the thermal analysis could
change the star rating of a house. For example, house 1 in Table 3 shows a total energy load
dropping below 30 MJ/m? (see Figure 8), which raised its star rating from 6.8 to above
7 stars, as explained in Figure 7, making it meet the national rating standard.

The annual energy yield of the rooftop PV system was estimated using Sunny Design
software [21], based on the same roof design and climatic conditions. The results show
that the change in heating and cooling loads due to the installation of rooftop PV panels



Energies 2025, 18, 3429

11 0f 13

is very minor (approximately 0.2%) compared to the energy output of the PV system
(820 MJ /m?). This finding reinforces the benefits of rooftop PV installations in buildings
and demonstrates that any impact on thermal performance is negligible.

35
Heating load Total load
30 uncovered Coolingload covered
) covered Total load
Heating load uncovered
25 covered
P Coolingload
N>* 20 uncovered
=
]
=
15
&
[}
=
w10
5
0

House number

Figure 8. Change in heating and cooling load for houses with covered and uncovered roofs with
PV panels.

5. Conclusions

This study investigated the impact of rooftop PV panel shading on the thermal be-
havior of roofs and the resulting changes in the heating and cooling loads of houses.
Experimental data collected over the course of a year in Sydney revealed that rooftop PV
panels significantly reduce roof surface temperatures during the daytime between 5 and
20 °C, which falls within the same range described by [3,8,11,12], particularly in summer, by
providing shading. Conversely, at night, covered roofs exhibit slightly higher temperatures
(1-3 °C) than uncovered ones due to reduced long-wave radiation losses. Simulations
using the Accurate Sustainability software demonstrated that for houses with R4-insulated
roofs, rooftop PV panels decrease the cooling load in summer but increase the heating load
in winter, resulting in a net annual energy load reduction of 5.3-6.1%. When comparing
the findings of this study with those presented in Table 1 of the literature review, a strong
alignment was found with the results of studies [1-4,6-9,12-15], particularly regarding the
reduction in heat gain and cooling load resulting from rooftop PV installations.

While the experimental results showed clear temperature differences between covered
and uncovered roofs, the effect on the annual energy load of houses was found to be minor
if the northern side roof area covered with PV panels is small. Furthermore, the design of
some house roofs does not allow enough area for significant PV installation, which could
limit the shading effect of the PV panels. Nonetheless, even these minor energy savings can
be significant when scaled across star ratings and building sustainability measures. These
findings suggest that while rooftop PV systems primarily contribute to renewable electricity
generation, their impact on the thermal performance of houses can be relatively significant if
the majority of the roof area is covered with PV panels and should be considered alongside
other energy efficiency measures in sustainable building design.

Future experimental work could be conducted at different latitudes and with various
roof structures to develop a general correlation that could be used in thermal performance
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software to estimate the impact of rooftop PV panel shading on the thermal behavior
of roofs.
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Nomenclatures

Agpnd  Conditioned floor area (m?2)
Aror  Roof area covered by PV panels (m?)

q Heat flux (W/m?)

qy Energy increased in space heating MJ/m? of the rooftop PV area

q. Energy saved in space cooling MJ/m? of the rooftop PV area

ot Daily heat loss or heat gain from the roof in (Wh/m?)

Qc Cooling load for house without PV panels, MJ/m? of conditioned floor area
Qcpo  Cooling load for rooftop PV house MJ/ m? of conditioned floor area

Qn Heating load for house without PV panels, MJ/m? of conditioned floor area

Qnpo  Heating load for rooftop PV house MJ/ m? of conditioned floor area
R Thermal resistance (m? °C/W)

u Overall heat transfer coefficient (W/m?2.°C)

At Time step

AT Temperature difference between the roof tile and the inner air space
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