
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15623  | https://doi.org/10.1038/s41598-023-40280-9

www.nature.com/scientificreports

On the local warming potential 
of urban rooftop photovoltaic solar 
panels in cities
Ansar Khan 1* & Mattheos Santamouris 2

Understanding and evaluating the implications of photovoltaic solar panels (PVSPs) deployment 
on urban settings, as well as the pessimistic effects of densely populated areas on PVSPs efficiency, 
is becoming incredibly valuable. Thus, the deployment of low-efficiency, low-cost, and widely 
available PVSPs may diminish total solar reflectance, raising the risks of PVSPs-based urban 
heating, particularly during the summertime heatwaves. This study employs and assesses physical 
parameterizations that account for the impact of PVSPs on Sydney’s urban environment in the 
context of the mesoscale model weather research and forecasting (WRF). To account for the impacts 
of PVSPs, the parameterization presented in this paper assumes that PVSP arrays are parallel, 
detachable from roofs, and consist of a single layer. Results showed that increasing PVSPs can raise 
peak summer ambient temperatures by up to 1.4 °C and surface temperatures by up to 2.3°C at city-
scale. Temperature variability was found between the city’s eastern and western parts due to the 
presence of PVSPs. In addition, local warming effects of PVSP were observed at urban district-scale 
as well. The large-scale deployment of PVSPs at local district-scale of the Sydney during a typical hot 
day caused air temperature to rise by 1.5 °C during the daytime and decrease by 2.7 °C at nighttime. 
The patterns of the city’s ambient temperature distribution were found to be strongly dependent on 
synoptic meteorological conditions and advection flow strength. The maximum increases in sensible 
heat flux and latent heat flux were 245.5 Wm−2 and 11.5 Wm−2, respectively. Wind speed may be raised 
by up to 1.2 ms−2 due to regional low effect over city domain. As a result, large-scale deployment 
of PVSPs promotes advective flow between the city and its environs. Modification of the PVSPs 
in Sydney results in an increase in planetary boundary layer (PBL) heights of up to 537.9 m above 
the city and may lower pollutant concentrations at ground level. The advent of sea breeze in the 
city’s eastern parts, which reduces the temperature of the coastal zone, along with inland westerly 
winds, which heat the city’s western zones, lessened the intensity of the urban heat island (UHI) 
phenomenon induced by PVSPs warming. The findings of this study can be used to help policymakers 
make informed decisions about the use of PVSPs systems. PVSPs with a high solar reflectance in 
wavelengths that do not convert solar energy to electricity can be considered as an alternative 
solution to reduce local warming in urban environments.

The recent and anticipated future expansion of photovoltaic solar panel (PVSPs) in urban environments is excit-
ing from the aspect of renewable energy generation, but it also poses serious challenges. In terms of ambient 
temperature, wavelength-dependent radiation flux, shading of panels by neighboring structures, and shadow cast 
by panels on occupants underneath, PVSPs both influence and are affected by their local surroundings1. While 
the performance of PVSPs renewable energy has risen, there are still doubts over whether PVSPs have a ‘heat 
island’ effect, comparable to how an increase in ambient temperatures in cities generates an urban heat island 
effect (UHIE). The shadowing effects produced by nearby buildings or an increase in air temperature due to the 
presence of PVSPs. Like the UHIE, large scale PVSPs cause a landscape change that impacts albedo, making 
the changed roof darker and hence less reflective2. A recent study on the environmental impact of solar panels 
revealed that they may significantly warm cities throughout the day. According to the research, this heating can 
also affect the performance of PVSPs1.

The ‘effective albedo’ approach has significantly aided in the study of the relationship between PVSP modules 
and urban air temperature, however it is a simplification that can lead to inaccurate estimations of the PVSPs 
energy balance3–8. Salamanca et al. (2016)9 parameterized and implemented the PVSPs scheme proposed by 
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Masson et al. (2014)10 in weather research and forecasting (WRF)/building effect parameterization (BEP) + build-
ing energy model (BEM). The temperature of the PVSPs, however, is not explicitly computed. Because of the 
elevated gap between the roof surface and the PVSPs, heat is convected away from the PVSPs on both the top and 
bottom surfaces. Local wind speeds and thus convection coefficients may be slightly higher on the top surface. As 
a result, these findings require serious assessment, particularly in light of the implications for research strategy 
and policy. Masson et al. (2014)10 shown that PVSP arrays may lower near-surface air temperature, particularly 
at night. Finally, Salamanca et al. (2016)9 investigated a novel PVSP parameterization in conjunction with the 
multilayer urban canopy (MLUC) schemes such as BEP, and BEM for thermal management of cities11,12 for the 
cities of Phoenix and Tucson, detecting a reduction in both near-surface temperature and energy demand for air 
conditioning systems (ACSs) due to effective albedo approach. The PVSP reduces thermal comfort somewhat on 
average at city scale. This finding contradicts the findings of Masson et al. (2014)10 and Salamanca et al. (2016)9, 
but it is consistent with previous observational data indicating PVSP often boost temperature throughout the 
day1,2,13. The previous results were disillusioned that most of studies introduced inaccurate representations of the 
energy balance of PVSPs in the urban environment and, as a result, made claims about the potential for PVSPs, 
for example, to cool the urban environment when, in fact, the energy balance is much more complex, and the 
implications for the urban environment are correspondingly complex. When convective flux from the bottom 
surface is ignored, the estimated convective heat flux to the environment is underestimated. One has to do with 
PVSP and their relationship to urban energy balance. It is also found that those PVSPs may significantly warm 
the urban environment during the day but typically cool it at night. Another key result was that, for a variety of 
reasons, PVSPs do not perform as well in urban contexts as they do in other settings, such as rural and suburban 
regions1.

Many studies have examined PVSPs from a modeling standpoint, while others have examined actual or 
empirical data. A study in PVSP arrays in the desert, as well as in a comparable desert environment not far away 
from the reference site. It was determined that the average air temperature at 1.5 m at the PVSP array site was 
around 1.3 °C higher than the reference site, which was a non-PVSP site, in that observational study13. At night, 
Broadbent et al. (2019)13 also found that there was little influence from the PVSP array on air temperature. As a 
result, observational study led to the conclusion that PVSPs do have this warming effect during the day, but the 
effect may be extremely weak or nonexistent at night, making it impossible to measure. Other studies, particularly 
modeling ones, have already shown that PVSPs might offer daytime cooling. They did, however, depict the PVSP 
panels incorrectly, neglecting the fact that PVSPs may convect heat from both the top and bottom surfaces9,10. 
The temperature coefficient of traditional silicon-based PVSPs implies that the surface temperature of the solar 
cells impacts their efficiency. As a result, the PVSP surface will be less efficient in warm climatic regions. Solar cell 
temperature normally has a temperature coefficient of 4%/°C. This implies that, while PVSPs are normally 
evaluated at a conventional test temperature of 25 °C, operating in an urban setting—where the PVSPs surface 
temperature often reaches 65–70 °C or even hotter—reduces total efficiency by 10–15%7,14.

Several studies have found that installing PVSPs on a building’s rooftop lowers the yearly energy consumption 
of the ACS15,16. This makes logical sense given that the PVSPs provide shade from direct sunlight. As a result, 
only a fraction of the solar load that would normally travel through the roof surface is received by the buildings. 
And that is how the city would anticipate profiting from AC. Similarly, there may be a heating penalty and an 
increase in seasonal heating demand associated with rooftop PVSPs in the winter where it is desired that solar 
radiation reach the building surface but PVSPs effectively shade the buildings17. It is reported that in extremely 
hot climates, such as Phoenix, USA, PVSPs have a complex set of trade-offs for residential building stock8. 
However, they have the advantage of quickly shielding buildings from the sun during the day. However, at night, 
the PVSPs panels obscure the building’s view of the sky, slowing heat loss, whereas the building roof surface 
would normally radiate its energy out into space, aiding in quick cooling. As a result, the necessity for AC in the 
residential buildings increases at night1,2,9.

As a result of the transition from diagnosing knowledge gaps to considering how to address those gaps, it 
would be advantageous to provide a more comprehensive assessment of PVSPs in the local environment. We 
sought to understand not just how installing PVSPs systems in the urban environment impacts buildings and 
urban air temperatures, but also how the urban environment influences PVSPs system performance. Therefore, 
it is critical to remember that on this issue is dependent on what comparing a specific application against. For 
example, deploying PVSPs on an existing black roof has less of an impact on the urban thermal environment 
than installing same PVSPs on a white roof, because a white roof is often a relatively cool surface. PVSPs put on 
a white roof typically capture 90% of the solar energy18. While PVSPs do convert some of the energy, the average 
panel today is only approximately 16–20% efficient. These panels absorb a large amount of energy from the sun, 
converting some of it into electricity but then heating up since they cannot utilize all of it. As a result, PVSPs emit 
a lot of heat into the environment. They are often placed at an elevation, such as above the surface of a roof or 
above ground level in a field. As a consequence of having two heated surfaces, one on top and one on bottom of 
the panels. As a result, when air travels over these panels, it picks up heat roughly twice as effectively as it would 
on a similar-temperature building or ground surface8,18.

Based on the available studies, it is clear that the two-sided heat exchange from PVSPs is resulting in increased 
heat being added to the urban environment. The WRF model is now able to parameterize the surface in such a 
way to capture this approximately doubling of the heat exchange at building or city scale19. Therefore, an improved 
comprehension of the physical mechanisms behind the changes induced by PVSPs is necessary in order to 
quantify their effects on the urban environment, for a wide range of urban buildings, and under various climatic 
conditions. Several studies have been performed to quantify the impact of PVSPs at the building scale, using 
either field campaigns or numerical simulations1,2,17. However, because the impact of PVSPs varies depending 
on urban geometry, thermal characteristics of building materials, and climatic conditions, the results cannot 
be easily up scaled to analyze thermal impacts at the city scale; an alternate approach is required. In addition, 
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PVSPs confront specific obstacles in urban environments, such as limited usable rooftop area, shade from tall 
buildings, and increased air pollution. The influence of densely inhabited areas on the efficiency of PVSPs must 
be investigated, as this has substantial consequences for their widespread application in cities. To this purpose, 
we used mesoscale meteorological model to study the city-wide influence of PVSPs, using urban parameteriza-
tions with varying levels of complexity.

In the framework of the mesoscale model WRF, this study uses and evaluates physical parameterizations that 
account for the effect of PVSPs on the urban environment of Sydney. The two research questions are placed in 
the context of PVSPs performance (a) How do urban environmental factors influence PVSPs performance when 
PVSPs are placed in cities, (b) What are the thermal impacts of PVSPs on the urban environment? We address 
these issues by designing different fraction of PVSPs on rooftop and their numerical evaluation at city scale. The 
unique application uses numerical simulations in real urban settings for typical heatwave conditions to assess 
the sensitivity of near-surface standard meteorological field and urban climate impact to varied PVSPs fractions.

Results
The results of the control scenario (cool roofs) are used as a reference to compare with four solar PVSPs scenarios. 
The predictions of the mesoscale model with conventional roofs have been compared against the collected data 
from the main ground climatic stations in Sydney to ensure the robustness and accuracy of the model. Our 
previous study20 assessed the impact of PVSPs on urban temperature and corresponding cooling load penalties 
in 17 representative building types in Sydney during the two summer months of January and February, using 
standard roofs (e.g., roof albedo = 0.2) as a reference scenario. According to the study, when 25–100% of roof 
areas are covered by PVSPs, the ambient air temperature may rise by 0.6–2.3 °C. To avoid repeating results, 
we used cool roofs as a reference scenario for analyzing the performance of PVSPs (rather than validating the 
model) in this study for two reasons: (a) the cool roofs reflect more solar radiation back towards the panels, and 
(b) it lowers the ambient temperature, which increases the performance of the PVSPs modules. The results of 
the control scenario with cool roofs are presented for two months of summer. The simulated summer period 
is from 31 December 00:00 h, 2016 to 1 March 00:00 h, 2017. The PVSPs scenario presented here have been 
analyzed during the summer period for 59 days of two months (January and February). These two months were 
warmer than average during 2017 for both daytime and overnight temperatures in Greater Sydney. The mean 
temperature at Observatory Hill was the second-warmest on record, behind 201621.

Ambient temperature.  Ambient temperatures are influenced by the surface energy balance equation in 
the WRF/BEP + BEM urban modeling system22. Under the PVSPs scenario, the ambient temperature at 14:00 LT 
ranges between 21.1 and 42.2 °C for PVSPs 25%, 21.6–42.9 °C for PVSPs 50%, 21.9–43.5 °C for PVSPs 75%, and 
22.5–43.8 °C for PVSPs 100% scenarios. At 06:00 LT, it varies from 18.6 to 33.7 °C for PVSPs 25%, 18.8–33.9 °C 
for PVSPs 50%, 19.3–34.2 °C for PVSPs 75%, and 19.6–34.5 °C for PVSPs 100%.The results show that with the 
implementation of the PVSP on urban roof surface, the maximum increase in the peak ambient temperature 
(Tambient) is 0.5 °C, 0.7 °C, 1 °C, and 1.4 °C for PVSPs 25%, PVSPs 50% PVSPs 75% and PVSPs 100%, respectively 
over central business district  (CBD) and eastern Sydney compared to control scenario. The average ambient 
temperature increases at 14:00 LT over the whole summer are 0.4 °C for PVSPs 25%, 0.6 °C for PVSPs 50%, 
0.9 °C for PVSPs 75% and 1.1 °C for PVSPs 100%. But, during 18:00 LT, the maximum decrease of the ambient 
temperature is − 0.2 °C, − 0.4 °C, − 0.6 °C, and − 0.7 °C for PVSPs 25%, PVSPs 50% PVSPs 75%, and PVSPs 100%, 
respectively over eastern Sydney and the average decrease of summer months varies between − 0.1 and − 0.5 °C 
(Fig. 1). This is because urban areas are often warmer than rural regions—a phenomenon known as the UHI 
effects. The installation of PVSPs in urban environments may have an additional detrimental influence on PVSP 
efficiency and overall power generation. The amplitude of the UHI in Sydney is generally largest at night, but it 

Figure 1.   Increase of ambient temperature at peak hour (14:00 LT) for (a) PVSPs 25%, (b) PVSPs 50%, (c) 
PVSPs 75%, and (d) PVSPs 100%. This map has been created from building rooftop with PVSP scenarios 
minus cool roofs without building rooftop PVSPs for the same urban grid cell. This map was prepared by the 
first author with the help of WRF-Python (https://​github.​com/​NCAR/​wrf-​python) and does not require any 
permission from anywhere.

https://github.com/NCAR/wrf-python
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can reach 6 °C or greater during the day, contributing to higher PVSP surface temperatures due to convective 
flow between roof and panel surface.

Surface temperature.  The urban surface temperature is a weighted area average of the roof and road sur-
face temperatures. Once PVSPs are installed, the roof temperature is calculated as a weighted area average con-
sidering both the fraction with and without PVSPs with the corresponding surface energy balance modified due 
to their presence. Under the PVSPs scenario, the surface temperature (Tsurface) during 14:00 LT ranges between 
25.9 and 49.2 °C for PVSPs 25%, 26.2–49.7 °C for PVSPs 50%, 26.9–50.3 °C for PVSPs 75% and 27.4–50.8 °C 
for PVSPs 100% over city. At 6:00 LT, it varies from 21.3 to 37.2 °C, 21.6–37.5 °C, 21.9–33.9 °C and 22.1–38.1 °C 
for PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100%, respectively. The maximum increase of surface tem-
perature during 14:00 LT is 0.7 °C for PVSPs 25%, 1.2 °C for PVSPs 50%, 1.8 °C for PVSPs 75%, and 2.3 °C for 
PVSPs 100% over eastern Sydney and Southern Sydney. The average increase of urban surface temperature dur-
ing 14:00 LT of summer months is 0.6 °C, 0.9 °C, 1.6 °C, 2.1 °C for PVSPs 25%, PVSPs 50%, PVSPs 75%, and 
PVSPs 100%, respectively over the urban domain. Using the PVSPs on the urban roof surface, the maximum 
decrease of surface temperature during 18:00 LT is − 0.3 °C for PVSPs 25%, − 0.7 °C for PVSPs 50%, − 0.9 °C for 
PVSPs 75%, and − 1.1 °C for PVSPs 100% scenario. The average decrease of urban surface temperature during 
18:00 LT of summer months are − 0.2 °C, − 0.5 °C, − 0.7 °C and − 0.9 °C for PVSPs 25%, PVSPs 50%, PVSPs 75% 
and PVSPs 100% scenario, respectively (Fig. 2).

Sensible heat flux.  In general, cool roofs have a lower sensible heat flux than conventional roofs (dark 
surfaces). When compared to dark roofs, cool roofs can reduce sensible heat by reflecting more solar radia-
tion back towards the panels, lowering the ambient temperature and so increase the performance of the PVSPs 
modules. In other words, PVSPs directly increase sensible heat shown due to PVSPs generating convective heat 
during operation, and secondary effects such as shade and airflow alterations might have an impact on the local 
sensible heat transfer dynamics. The WRF/BEP + BEM reasonably computed the sensible heat flux from the 
urban surface. The maximum and average sensible heat flux (Qsensible) over city during 14:00 LT are 175.3 Wm−2 
and 110.3 Wm−2 for PVSPs 25%, 236.4 Wm−2 and 185.6 Wm−2 for PVSPs 50%, 297.5 Wm−2 and 265.3 Wm−2 for 
PVSPs 75%, 358.9 Wm−2 and 298.6 Wm−2 for PVSPs 100% scenario, respectively. At 18:00LT, the average sensi-
ble heat flux is 45.3 Wm−2, 56.2 Wm−2, 62.1 Wm−2 and 76.4 Wm−2 for PVSPs 25%, PVSPs 50%, PVSPs 75% and 
PVSPs 100% scenario, respectively. The maximum increase of the sensible heat flux during 14:00 LT is 57.5 Wm−2 
for PVSPs 25%, 110.9 Wm−2 for PVSPs 50%, 185.6 Wm−2 for PVSPs 75% and 245.5−Wm−2 for PVSPs 100% sce-
nario, respectively over CBD and inner west. The average increase of sensible heat flux at 14:00 LT of summer are 
51.2 Wm−2, 102.3 Wm−2, 176.4 Wm−2 and 238.5 Wm−2 for PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100% 
scenario, respectively over urban domain. At 18:00LT, the maximum increase of summer month of sensible 
heat flux are 6.5 Wm−2 for PVSPs 25%, 11.8 Wm−2 for PVSPs 50%, 18.3 Wm−2 for PVSPs 75% and 26.2 Wm−2 
for PVSPs 100% scenario. The average increase of sensible heat flux of summer during 18:00 LT are 3.4 Wm−2, 
8.6 Wm−2, 13.9 Wm−2 and 21.2 Wm−2 for PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100% scenario, respec-
tively (Fig. 3).

Latent heat flux.  PVSPs do not boost latent heat flux directly. PVSPs are generally put on rooftops to pro-
vide shade to the areas below. PVSPs can lower the amount of solar radiation reaching the surface by obstruct-
ing direct sunlight, which can impact the warmth of the surrounding air. When a surface is shaded, it gets less 
energy, resulting in a lower temperature rise and possibly less evaporation, both of which affect the latent heat 
flux. Additionally, PVSPs have the potential to change the micro environment surrounding their installation 
location. They act as a wind break and may slow air movement in shaded places. Reduced airflow can impede 

Figure 2.   Increase of surface temperature at peak hour (14:00 LT) for (a) PVSPs 25%, (b) PVSPs 50%, (c) 
PVSPs 75%, and (d) PVSPs 100%. This map has been created from building rooftop with PVSP scenarios 
minus cool roofs without building rooftop PVSPs for the same urban grid cell. This map was prepared by the 
first author with the help of WRF-Python (https://​github.​com/​NCAR/​wrf-​python) and does not require any 
permission from anywhere.

https://github.com/NCAR/wrf-python


5

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15623  | https://doi.org/10.1038/s41598-023-40280-9

www.nature.com/scientificreports/

moisture dispersion and affect evaporation rate, affecting latent heat flux. In addition, increased wind speed 
also can enhance evaporation, transport moisture, promote mixing and dilution, and affect urban boundary 
layer (UBL) dynamics, all of which can contribute to an increase in latent heat flux. The maximum and aver-
age latent heat flux (Qlatent) over city during 14:00 LT are 35.5 Wm−2 and 23.8 Wm−2 for PVSPs 25%, 37.5 Wm−2 
and 25.1  Wm−2 for PVSPs  50%, 39.5  Wm−2 and 26.5  Wm−2 for PVSPs  75% 42.5  Wm−2 and 28.5  Wm−2 for 
PVSPs 100% scenario. At 18:00 LT, the average latent heat flux are 7.4 Wm−2, 8.3 Wm−2, 9.3 Wm−2 and 10.4 Wm−2 
for PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100% scenario, respectively. The maximum increase of the 
latent heat flux during 14:00 LT is 4.3 Wm−2 for PVSPs 25%, 6.4 Wm−2 for PVSPs 50%, 8.3 Wm−2 for PVSPs 75% 
and 11.5 Wm−2 for PVSPs 100% scenario over CBD and eastern Sydney. The average increase of latent heat flux 
at 14:00LT of summer months are 2.9 Wm−2, 4.3 Wm−2, 5.6 Wm−2 and 7.6 Wm−2 for PVSPs 25%, PVSPs 50%, 
PVSPs 75% and PVSPs 100% scenario, respectively over urban domain. At 18:00 LT, the maximum and aver-
age increase of summer month of latent heat flux are 2.7 Wm−2 and 1.7 Wm−2 for PVSPs 25%, 4.1 Wm−2 and 
2.7  Wm−2 for PVSPs 50%, 5.6  Wm−2 and 3.6  Wm−2 for PVSPs 75% 7.3  Wm−2 and 4.7  Wm−2 for PVSPs 100% 
scenario over eastern Sydney. At, 06:00 LT, the maximum increase of latent heat flux are 1.9 Wm−2, 2.1 Wm−2, 
2.9   Wm−2, and 4 Wm−2 for PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100% scenario respectively over 
urban domain (Fig. 4).

Surface wind.  PVSPs boost regional wind speed over Sydney. This is the increment for wind coming from 
the east (sea breeze) and west (inland). The diurnal cycle of regional wind over Sydney is impacted by a number 
of factors, including local topography, proximity to the coast, and prevailing weather patterns. Wind speed has 
a significant influence on the exchange of moisture between the surface and the atmosphere. Increased wind 
speed can boost evaporation, transport moisture, promote mixing and dilution, and influence UBL dynamics, 

Figure 3.   Increase of sensible heat flux at peak hour (14:00 LT) for (a) PVSPs 25%, (b) PVSPs 50%, (c) PVSPs 
75%, and (d) PVSPs 100%. This map has been created from building rooftop with PVSP scenarios minus cool 
roofs without building rooftop PVSPs for the same urban grid cell. This map was prepared by the first author 
with the help of WRF-Python (https://​github.​com/​NCAR/​wrf-​python) and does not require any permission 
from anywhere.

Figure 4.   Increase of latent heat flux at peak hour (14:00 LT) for (a) PVSPs 25%, (b) PVSPs 50%, (c) PVSPs 
75%, and (d) PVSPs 100%. This map has been created from building rooftop with PVSP scenarios minus cool 
roofs without building rooftop PVSPs for the same urban grid cell. This map was prepared by the first author 
with the help of WRF-Python (https://​github.​com/​NCAR/​wrf-​python) and does not require any permission 
from anywhere.

https://github.com/NCAR/wrf-python
https://github.com/NCAR/wrf-python
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all of which can contribute to an increase in latent heat flux. Under the control scenario simulation, the aver-
age wind speeds (Wspeed) are 8.8 ms−1, 9.4 ms−1 and 8.9 ms−1 during 06:00 LT, 14:00 LT and 18:00 LT respec-
tively over the city. The maximum increase of wind speed compared to control case is 0.4 ms−1 for PVSPs 25%, 
0.6 ms−1 for PVSPs 50%, 0.7 ms−1 for PVSPs 75% and 1.2 ms−1 for PVSPs 100% scenario during 14:00LT and 
0.3 ms−1, 06 ms−1, 0.7 ms−1, and 0.9 ms−1 for PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100% scenario, 
respectively during 18:00LT over inner west, CBD, and lower north shore, western parts of CBD. The average 
increase of wind speed for whole summer months during 14:00LT is 0.2 ms−1, 0.4 ms−1, 0.5 ms−1 and 0.7 ms−1 for 
PVSPs 25%, PVSPs 50%, PVSPs 75% and PVSPs 100% scenario, respectively over the city (Fig. 5). At 6:00LT, the 
average increase of wind speed of summer months is 0.1 ms−1 for PVSPs 25%, 0.2 ms−1 for PVSPs 50%, 0.3 ms−1 
for PVSPs 75% and 0.5 ms−1 for PVSPs 100% scenario over urban domain.

Regional impact of photovoltaic solar panels on planetary boundary layer.  The changes in plan-
etary boundary layer (PBL) depth are seen in the Sydney urban region for each scenario as compared to the con-
trol scenario. It is evident that any coverage rate of large-scale PVSPs deployment increases the convective PBL 
height. The maximum increase for PVSPs 100% experiments ranges from 170 to 540 m, whereas the minimum 
increase for PVSPs 25% experiments ranges from 45 to 150 m. In addition, we examined the regional distribu-
tion of PBL height rise averaged across the full 59-day excessive heat period (for these WRF model experiments). 
The results demonstrate that the convective PBL depth rose over Sydney urban regions, indicating that the lower 
atmosphere has a greater ability to efficiently mix pollutants vertically, with possible consequences for low level 
pollutants concentration over ground level. Figure 6 depicts the complex and changeable geographical gradients 
seen over the urban domain of Sydney. The investigation demonstrated that these structures are reliant on hori-
zontal grid size since comparable impacts were observed across the simulation periods, but an examination to 
verify their believability required further research and is beyond the scope of the current work.

The high-density urban building environment has an influence on lower atmospheric dynamics from the 
city to the regional scale. The diurnal fluctuation of the PBL was documented as a result of the effects of PVSPs 
technology at the city scale. When a higher fraction of PVSPs are implemented on rooftops at the city scale, then 
the level of the PBL height increases considerably. The regional distribution of the PBL height in the instance 
of PVSPs installation at 14:00LT is depicted in Fig. 6. The vertical wind speed distribution as a function of PBL 
height and available moisture in the lower atmosphere. For example, in the city’s core urban regions, the effects of 
PVSPs on PBL depth rise appear to extend beyond the scope of the deployment itself. The maximum increases of 
PBL height during 14:00 LT are 170.4 m, 256.2 m, 323.8 m, and 537.9 m for PVSPs 25%, PVSPs 50%, PVSPs 75% 
and PVSPs 100% respectively with average values are 74.6 m, 112.5 m, 139.6 m, and 233.2 m. At 18:00LT, the 
maximum increase of PBL height is 145.4 m for PVSPs 25%, 199.8 m for PVSPs 50%, 312.9 m for PVSPs 75%, 
and 451.8 m for PVSPs 100%. The highest rise is related with peak hour (14:00 LT) over the CBD, Inner West, 
Parramatta, and Southern Sydney. The highest decline, on the other hand, is reported for the Sydney domain’s 
outer west during dawn and sunset.

The primary reasons of PBL depth increase are the absorption of solar energy into PVSPs over the roof sur-
face, which results in an increase in sensible heat and concomitant turbulence in the lower atmosphere. It is also 
highlighted that an increase in PVSPs is likely to accelerate static stability at the diurnal scale of the PBL depth. 
Modification of the PVSPs enhances the consequences of urban-induced warming and increases the intensity 
of convective mixing, hence increasing the PBL depth, with possible advantages for air pollution dilution and 
dispersion throughout the city domain. This would assume that the urban surface still has moisture to relin-
quish to the atmosphere, which may not be the case over the long term as the PVSPs aid in higher transfers of 
moisture and the surface is not storing as much moisture as a non-urbanized surface. To some extent, increased 
moisture transfer from the urban surface to the vertical layer developed by the adoption of PVSPs could also be 

Figure 5.   Increase of wind speed at peak hour (14:00 LT) for (a) PVSPs 25%, (b) PVSPs 50%, (c) PVSPs 75%, 
and (d) PVSPs 100%. This map has been created from building rooftop with PVSP scenarios minus cool roofs 
without building rooftop PVSPs for the same urban grid cell. This map was prepared by the first author with 
the help of WRF-Python (https://​github.​com/​NCAR/​wrf-​python) and does not require any permission from 
anywhere.

https://github.com/NCAR/wrf-python
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a very short term beneficial to cloud formation processes, increasing the amount of precipitation in urban areas 
or their downwind environs.

Regional impact of photovoltaic solar panels on sea breeze circulations.  The city of Sydney 
being a coastal city will most definitely have complex transport characteristics. Sea breeze impacts will highly 
influence the regular convective boundary layer due to the moisture gradient in the urban atmosphere. The pat-
terns of the Sydney’s ambient temperature distribution were found to be significantly dependent on synoptic 
meteorological conditions and the strength of the advection flows. High intensities of the urban heating phe-
nomena were connected with the presence of a sea breeze in the eastern portions of the city, which lowers the 
temperature of the coastal zone, paired with westerly winds from the inland, which heat up the Sydney’s western 
zones. The high intensities of the oasis phenomena were accompanied with low wind speeds and a very feeble 
development of the sea breeze in the coastal area23. The intensification of sea breeze circulation is also reliant on 
the large-scale synoptic background, which is crucial in regulating the prevailing wind at the near-surface. In 
the vertical dimension, the study found that the height of the PBL in Sydney is directly related to the advection 
of the sea breeze. When PVSPs are adopted at the city scale, circulation can be quickened (Fig. 6). The PVSPs 
have the ability to raise the PBL height and cause localized circulation over Sydney’s dense urban areas. The 
results also show that the sea breeze arrived early in the afternoon (14:00 LT) as a result of the ‘regional low’ 
influence within the upper PBL and offshore synoptic wind flow above the PBL. To refill the buoyant cold air, 
the less-buoyant lighter warm air over the urban domain flows towards the suburbs. This is due to the fact that 
an increase in the PBL height and heat transfer could be a result in a stronger sea breeze circulation. The PVSPs 
can accelerate the sea breeze front by increasing the vertical lifting of urban thermals, transporting and dispers-
ing low-level movements caused by warm advection, and transporting and dispersing low-level motions caused 
by warm advection. As a result, increasing the vertical wind speed by 0.3–0.5 ms−1 cause a greater buoyant over 

Figure 6.   Cross-sectional profile of PVSPs impacts on sea breeze during peak hour (14:00 LT) over Sydney 
from east (sea breeze) to west (inland): (a) cool roofs (b) PVSPs 25%, (c) PVSPs 50%, (d) PVSPs 75%, and (e) 
PVSPs 100%, (f) vertical cross section showing the specific humidity difference between the PVSPs 100% and 
cool roofs simulations. The vertical gradient of specific humidity determines the static stability of the lower 
atmosphere. During high solar, the convective boundary layer developed the very fastest way and progressively 
increases with the implementation of PVSPs. This map was prepared by the first author with the help of WRF-
Python (https://​github.​com/​NCAR/​wrf-​python) and does not require any permission from anywhere.

https://github.com/NCAR/wrf-python
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the urban domain where PVSPs are installed. This is due to a temperature gradient between the PVSPs and the 
surrounding air. This temperature difference can lead to the generation of convective flows, which are horizontal 
airflows caused by warm air rising and cooler air sinking. The surface roughness (z0) characteristics are being 
painstakingly calculated to maximize the results in order to be beneficial in drawing cold air from sea breezes 
to the surface due to mixing effects. Moreover, it is demonstrated that the influence of sea breeze is significantly 
magnified in high density residential areas. The surface roughness due to urbanization with high rise buildings 
could slow the advent of sea breeze, and possible counteracting the heating from the PVSPs to urban environ-
ments. Furthermore, the horizontal wind shear and frontal lifting caused by surface roughness characteristics 
may delay the arrival of the sea breeze front in the urban center. The efficacy of sea breeze advection is affected 
by the coastal location, shape and size of the city, which influences the urban heating impact caused by PVSPs. 
As a result, PVSPs for cities have significantly altered the thermal and dynamic profiles of the UBL and sea breeze 
circulation. This synoptic flow dominates in the parallel direction of the sea breeze, and the sea breeze fronts are 
less prone to secondary pollution deposition in the back of the front.

The study also demonstrates that implementing PVSPs on a city scale can change the pressure gradient 
between the city and the surrounding surface due to a considerable rise in ambient temperature of up to 1.4 °C 
and wind speed of up to 1.2 ms−1. Thus, fluctuations in PVSPs, sensible heating, and wind result in feedback 
within the city’s local climate during peak hours (14:00 LT). Higher PVSPs fractions enhance advective flow 
between the city and its environs, which increases local warming effects. It develops a ’regional low’, which can 
increase both horizontal and vertical wind speed over the city. The average increase in wind speed in the north-
west and south-west at 14:00 LT is 0.8 and 0.9 ms−1, respectively. As a result of the influence of this ‘regional low’ 
over the domain, the rise in PVSPs may hasten the warm airflow from the nearby desert into western Sydney 
(Fig. 6). It can be expected that the collision of the warm dry desert with the cooler, humid air off the nearby 
ocean over the city result in significant exchanges of energy within the urban atmosphere over the city. In sum-
mary, the PVSPs impacts are as large as this modeling study shows, then there could be some significant knock-on 
effects over the urban atmosphere over Sydney.

Discussions
The PVSPs can increase local temperatures in dense urban environments due to a phenomenon called the ‘local 
urban warming effects’. When PVSPs are installed on rooftops in dense urban areas, they can absorb large amount 
of solar energy and convert it into less amount of electricity. Therefore, PVSPs hold heat and release it slowly 
into the local urban environment via convection. As a result, the temperature of the PVSPs can become higher 
than the surrounding ambient temperature, and this can lead to an increase in local temperatures. In addition, 
the heat absorbed by the PVSPs can be transferred to the building underneath, further increasing the building’s 
temperature. PVSPs can reach their panel surface temperatures of up to 70 °C due to several factors related to 
their operation and design. These factors include: solar radiation, wind speed, convective heat transfer, efficiency, 
design, orientation and shading. As a result, heat is transmitted from the top and bottom surfaces of the PVSPs 
away. Due to the local wind speeds, convection coefficients may be slightly higher on the upper PVSPs surface. 
Figure 7 shows substantiation of local warming in urban environments presented with two months average 
value for the heat wave period (January and February 2017) when PVSPs 100% installed on the cool roofs. In 
the study, we demonstrate that the PVSPs surface temperature may exceed 68.1 °C during the peak hours of the 
day if we installed 100% PVSP on the cool roofs of urban building in Sydney (Fig. 7a). The primary reason of this 
higher temperature is convective heat transfer from both PVSPs surfaces to the surrounding air over the urban 
domain. Figure 7b illustrates how cool roofs, as opposed to traditional black roofs, might increase the effects of 
PVSPs on urban areas. The findings show unequivocally that, in comparison to PVSPs roofs, the urban ambient 
temperature increased by up to 1.5 °C during the hottest peak hour. This primarily happened because of realistic 
depictions of the PVSPs energy balance. Also, it was found that large scale PVSPs during a typical hot day in 
Sydney caused the air temperature to increase by 1.5 °C during the day and decrease by 2.7 °C at night. Thus 
study infers that the roof surface was less warmed by longwave radiation trapped between the shadowed roof 
and PVSPs caused by cool roof effects, increasing the ambient air temperature is only due PVSPs convective heat 
transfer in outdoor urban environments. Hence, the PVSPs should continue to be cooler than the surrounding 
air for the bulk of the night due to poor thermal storage and strong thermal emissivity. The increasing ambient 
temperature during the day is impacted by the PVSPs’ efficiency (ambient temperature penalties) and cool roofs. 
Hence, adopting cheap, readily available, and inefficient PVSPs could reduce overall solar reflectance, increasing 
the risks of urban heating by PVSPs, particularly during the daytime.

At peak hours (14:00), the surface temperature increases by 2.5 °C and during night decrease by 3.4 °C 
(Fig. 7c). This is because of offset between ambient air temperature and surface temperature in WRF model 
depends on various factors. WRF model strives to simulate the temporal dynamics of both surface and air tem-
peratures over urban domain, discrepancies between the two can arise due to limitations in the representation 
of heat transfer processes, surface characteristics, atmospheric mixing and advection, and solar forcing. These 
discrepancies may be related to uncertainties in model physics, parameterizations, or boundary conditions. 
Additionally, regional or local factors such as topography, land use, or vegetation cover can introduce further 
complexities that affect the relationship between surface and air temperatures. The surface temperature could 
increase as a result of the PVSPs’ local warming effects due to a process called heat transfer. Remembering that 
the surface temperature is affected by factors other than the ambient temperature is important. The solar irra-
diation, the wind velocity, and the PVSPs design are a few more factors that influence the surface temperature. 
Peak sensible flux was significantly reduced when a cool roof took the place of a black roof. However, the peak 
flux is more affected by the installation of PVSPs to a cool roof, although the sensible heat flux is increased by 
170.9% (Fig. 7d). Sensible heat flux is decreased to 148.6 Wm−2, -when cool roof installation is implemented on a 
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standard conventional roof. But after adding PVSPs to a cool roof, the sensible heat flux increased to 402.6 Wm−2, 
when used in Sydney’s urban settings, PVSPs performs like typical black roofs and subsequently increase local 
warming. According to the findings, 100% PVSPs roof would enhance total sensible flux if a cool roof were to be 
replaced. This is typically caused by the total sensible heat flux from the PVSPs surface’s front and rear through 
heat convection added into the urban environments up to 610.6 Wm−2 in Sydney.

Spatiality of local warming in 30 urban districts is shown with average values for a typical hottest day when 
PVSPs were installed on the cool roofs (Fig. 8a–d): (a) increase in average daytime ambient temperature (with 
PVSPs minus without PVSPs); (b) increase in average daytime surface temperature (with PVSPs minus without 
PVSPs); (c) release of total sensible heat flux from the front and back of PVSP surface during peak hour; (d) 
increase in average 24-h sensible heat flux (with PVSPs—without PVSPs). In the urban districts of Ryde, Wil-
loughby, Lane Cove, Mosman, Canada Bay, North Sydney, Woollahra, Inner West, Sydney, Waverley, Randwick, 
Srathfield, and Bayside, the average increase in ambient temperature ranges from 0.9 to 1.5 °C is shown in Fig. 8a. 
In the urban areas of North Beaches, Ku-ring-gai, Parramatta, Ryde, Willoughby, Lane Cove, Mosman, Canada 
Bay, North Sydney, Woollahra, Inner West, Sydney, Waverley, Randwick, Georges River, Sutherland, Campbell-
town, and Bayside, the average increase in surface temperature ranges from 1.8 to 2.5 °C is shown in Fig. 8b. In 
the urban districts of North Beaches, Ku-ring-gai, Ryde, Willoughby, Lane Cove, Mosman, Canada Bay, North 
Sydney, Woollahra, Inner West, Sydney, Waverley, Randwick, Georges River, Sutherland, Canterbury-Bankstown, 
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Figure 7.   Substantiation of local warming in urban environments presented with two months average value 
for the heat wave period (January and February, 2017) when PVSP installed on the cool roofs: (a) average PVSP 
surface temperature; (b) average ambient temperature with and without PVSP effect; (c) average outdoor surface 
and ambient temperature with and without PVSP effect; (d) average sensible heat flux with and without PVSP 
effect and total average sensible heat flux from front and back of PVSP surface.
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Figure 8.   (a-d) Spatiality of local warming in urban districts presented with average value for a typical hottest 
day when PVSP installed on the cool roofs: (a) daytime average increase in ambient temperature (with PVSP 
minus without PVSP); (b) daytime average increase in surface temperature (with PVSP minus without PVSP); 
(c) Release of total sensible heat flux from front and back of PVSP surface during peak hour; (d) Increase in 
24-h average sensible heat flux (with PVSP—without PVSP). The urban district is identified by code: (1) Bayside, 
(2) Blacktown, (3) Burwood, (4) Camden, (5) Campbelltown, (6) Canada Bay, (7) Canterbury-Bankstown, (8) 
Cumberland, (9) Fairfield, (10) Georges River, (11) Hornsby, (12) Hunters Hill, (13) Inner West, (14) Ku-ring-
gai, (15) Lane Cove, (16) Liverpool, (17) Mosman, (18) North Sydney, (19) Northern Beaches, (20) Parramatta, 
(21) Penrith, (22) Randwick, (23) Ryde, (24) Strathfield, (25) Sutherland, (26) Sydney, (27) The Hills, (28) 
Waverley, (29) Willoughby, and (30) Woollahra. This map was prepared by the first author with the help of 
ArcGIS 10.4 (http://​www.​esri.​com/​softw​are/​arcgis) and does not require any permission from anywhere.

http://www.esri.com/software/arcgis
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and Bayside, the release of total sensible heat flux from the front and back of PVSPs surface during peak hour 
ranges from 571 to 660 Wm−2 is shown in Fig. 8c. According to Fig. 8d, the increase in the 24-h average sensible 
heat flux (with PVSPs versus without PVSPs) for the urban areas of Ku-ring-gai, Ryde, Willoughby, Lane Cove, 
Mosman, Canada Bay, North Sydney, Woollahra, Inner West, Sydney, Waverley, Randwick, Strathfield, and 
Bayside ranges from 97 to 128 Wm−2. High density urban areas tend to show higher warming due to a combina-
tion of additional factors including the urban heating due to local climate change, lack of green or blue spaces, 
high energy use, urban metabolism and human activity can contribute to the higher temperatures seen in high 
density urban areas of the Sydney.

Even though there is some disagreement in the previous studies, the majority of experimental data and 
more recent, thorough modeling that takes into account longwave exchange between PVSPs surface and urban 
surfaces, convective heat transfer from both sides of PVSPs, and other advancements suggest that current PVSP 
implementations in urban settings could probably have a warming effect on ambient temperatures during the 
day and a cooling effect at night1. In this section, we summarized some reported studies that cool or heat cities 
in various urban or suburban environments (Fig. 9). Many studies have reported that PVSPs can help to cool 
the urban environment in Log Angeles, Sydney, Paris, Phoenix and Tucson, and Osaka3,5,9,10,24. This is primar-
ily due to simplistic representations of the energy balance of PVSPs in urban environments. However, very few 
studies have found that PVSPs can increase local temperatures when the realistic PVSPs’ energy balance is taken 
into account in Ontario6, Arizona2, Arizona13 and, Ideal City19. Because PVSPs installation and thermal prop-
erties play a significant role in how much of the impact they have on urban ambient temperatures. According 
to Zonato et al. (2021)19, PVSPs cause a temperature increase of 1.5 °C during the day and a slight decrease of 
0.5 °C at night. The PVSP has a lower thermal inertia than the roof surface because of its thinness (6.55 mm). 
Because of this, the ambient temperature for PVSPs increases throughout the day and is higher in cramped, tiny 
spaces. Furthermore, the ambient temperature at night is lower in the case of cool roofs with PVSPs due to the 
cool roofs’ daytime reflectivity and the shading effect of the PVSPs, which both prevent heat from being held on 
the roof surface during the day and then released negligibly at night. On top of that, roof surface temperature 
under PVSPs are warmer at night than cool roofs without PVSPs because cooling due to longwave emission are 
blocked by the PVSPs. PVSPs reduce outdoor air temperature during night because PVSP has very lower thermal 
inertia and their rapid cooling cools the surrounding air by convection. The ambient temperature increase during 
the day is remarkably similar to our Sydney findings i.e. 1.5 °C. However, because of local weather conditions 
and cooling effects of cool roof, nighttime drops are very considerable. According to a microscale atmospheric 
modeling study in Ontario, Canada, the widespread deployment of PVSPs’ rather than cool (white) roofs will 
result in outdoor warming penalty. In particular, Berardi and Graham (2020)6 found that rooftop PVSPs might 
result in a 0.5 °C urban warming. However, the study also included an effective albedo technique representation 
of PVSPs and assumed that they were flush with the roofs. Another observational analysis found that, in southern 
Arizona, near PVSPs’ arrays, the daily average air temperature was 1.3 °C warmer than at a comparable reference 
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Figure 9.   PVSPs have an effect on the energy balance of cities, which in turn may have an impact on air 
temperatures. Notwithstanding the fact that this corpus of literature contains inconsistent outcomes, review and 
synthesis point to two important conclusions. PVSPs have the ability to considerably warm the city during the 
diurnal scale, and PVSPs can also likely cool the urban environment on a diurnal scale. Nonetheless, the results 
of the current study indicated that while PVSPs can significantly cool the city at night because of the impacts of 
cool roofs, they can also significantly warm the city during the day due to heat convection.
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site without PVSPs13. A large-scale PVSPs module array was shown to increase ambient temperature by 1.5 °C 
during the day and 3 to 4 °C at night in a distinct experimental evaluation carried out in southern Arizona2. Our 
Sydney study’ findings on the urban daytime increase are astonishingly similar to these two studies. According to 
Barron-Gafford et al. (2016)2, longwave radiation trapped between the PVSPs’ and the shaded ground warmed 
the ground surface, increasing the temperature of the surrounding ambient environments. However, as dem-
onstrated by Pham et al. (2019)8, the PVSPs’ should continue to be cooler than the surrounding ambient air for 
the majority of the night due to their low thermal storage and high thermal emissivity. While a warming of the 
ambient air during the daytime is typical, a warming during the night is more unexpected. The study’s quantify 
of urban warming is therefore probably too negligible. Scherba et al. (2011)25 conducted simulation studies to 
examine the effects of PVSPs installation over three various roof types: a white roof with a solar reflectance of 
0.7, a green roof with vegetation, and a black roof with a 0.06 solar reflectance and a leaf area index of 1.0. They 
found that roof-mounted PVSPs’ on a very dark roof led to less overall warming of the urban airshed than an 
unshaded, very dark roof alone (with solar reflectance of 0.06). However, they did find that adding PVSPs’ to a 
roof that was lighter in color (with a solar reflectance of 0.7) caused a significant warming of the urban airshed. 
These findings are very similar to present study because we used PVSPs on highly reflective cool materials (0.8).

Conclusions
The PVSPs in urban environments have a lot of advantages, but they also have certain drawbacks, both in terms 
of how the urban environment affects their performance and how PVSPs potentially overheat the urban envi-
ronment. These complexities can be difficult to communicate to urban planners or decision-makers, who are 
typically looking for succinct explanations of PVSPs efficiency. When communicating the negative effects of 
any sustainability solution, the scientific community must exercise caution because they are sometimes taken 
out of context and can significantly slow the penetration of technologies that, despite their limitations, continue 
to benefit society as a whole; urban PVSP is no exception. The force and characteristics of the PVSPs are heav-
ily influenced by synoptic meteorological conditions, notably the development of the sea breeze and westerly 
winds from the desert area is Sydney. The possibility of a secondary heating mechanism, such as advection of 
warm air from neighboring places, might exacerbate the severity of the situation when PVSPs implemented on 
rooftop. At city-scale, an increase in PVSPs can raise peak summer ambient temperatures by up to 1.4 °C and 
surface temperatures by up to 2.3 °C. Temperature disparities between the eastern and western areas of the city 
were observed during the study period. The patterns of the city’s ambient temperature distribution were deter-
mined to be highly reliant on synoptic meteorological conditions and advection flow strength. In addition, local 
warming effects of PVSPs were observed at urban district-scale. The large-scale deployment of PVSPs at local 
district-scale during a typical hot day in Sydney caused the air temperature to rise by 1.5 °C during the daytime 
and decrease by 2.7 °C at nighttime. The maximum increase of sensible heat and latent heat flux was 245.5 Wm−2 
and 11.5 Wm−2, respectively. Wind velocity can be increased by up to 1.2 ms−1. As a result, larger urban PVSPs 
values promote advective flow between the city and its environs. Modification of the PVSPs in Sydney leads in a 
significant rise in PBL heights over the city of up to 537.9 m and may reduce pollutant concentrations at ground 
level. The advent of a sea breeze in the city’s eastern portions, which reduces the temperature of the coastal zone, 
combined with inland westerly winds, which heat the city’s western zones, decreased the severity of the UHI 
phenomenon due to warming effects of PVSPs.

In addition, future research could be focused on enhancing the reflectance of solar energy wavelengths that 
are not converted to energy. PVSPs may play an important role in our future energy mix as we work to reduce 
green house-induced global warming. However, we believe that panels that reject non-transformed heat more 
efficiently might be developed. For the fraction of the PVSPs spectrum that cannot be turned into electricity, fur-
ther research may provide PVSPs systems that are more reflective of these wavelengths or more strongly emissive 
of their own energy. Consider some recent advances in material science known as the photo thermal conversion 
plates on the surface of PVSPs are made of highly absorbent materials, so as to improve the efficiency of photo 
thermal conversion. By merging some of these material science findings with traditional PVSPs breakthroughs, 
a new generation of ‘cool photovoltaic’ will be developed. So, PVSPs that are as efficient as our present genera-
tion of PVSPs but far more efficient thermally, allowing them to operate at significantly lower temperatures. 
Furthermore, because of the temperature coefficient, they would very definitely benefit from an extra efficiency 
increase by operating at cooler temperatures and expelling less heat into the urban environment. Additionally, 
to evaluate the impact of PVSPs, conducting a field study at a building scale and incorporating the findings into 
a mesoscale model to understand the city-wide impacts would be highly desired in future study.

Methods
This paper attempts to bring attention to this issue and initiate scientific discussions within the PVSP community. 
So certain aspects are beyond the expertise as well as the scope of this general work. We will surely incorporate 
these as more progress is made. However, there are many limitations even in observations as well as model.WRF 
model works at large spatial scale and hence even in an urban model, most interactions are to a large extent aver-
aged or parameterized. It is also difficult to incorporate all the processes including PVSP albedo, heat storage and 
other aspects as such measurements even for parameterization are not available for our conditions.

To resolve these issues in WRF model, Zonato et al., (2021)19 have updated the urban storage heat flux in the 
WRF model to explicitly incorporate the urban energy balance. They also tested PVSP in the WRF-BEP + BEM 
model with this newly parameterized urban storage heat flux. Their results reveal that the model explicitly cap-
tures the effects of PVSP on the urban environment. Therefore, we used their parameterized schemes for the 
present investigation at the city scale. To account for the effects of PVSPs inside BEP + BEM, the parameteriza-
tion provided in this study assumes that PVSPs arrays are parallel, detachable from roofs, and include a single 
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layer19. Unlike Masson et al. (2014)10 and Salamanca et al. (2016)9, they parameterized the PVSPs temperature 
based on its dependency on shortwave solar radiation, while Zonato et al. (2021)19 explicitly developed the PVSPs 
temperature that relies on all of the related components of wavelength. Once temperature is calculated, the value 
of the incoming heat flux is updated and sent to the multilayer urban canopy scheme. Zonato’s schemes19 were 
used to assess the impacts of PVSPs in the study. This study is being done in Sydney, Australia, to investigate 
the environmental effects of PVSPs. The breadth and characteristics of a strong urban heatwave in Sydney were 
investigated using mesoscale WRF model.

Assumptions of PVSPs within WRF/BEP + BEM.  The parameterization employed in this study assumes 
that PVSPs arrays are parallel, unattached from roofs, and made of a single layer in order to account for the 
impacts of rooftop PVSPs inside WRF/BEP-BEM schematically shown in Fig. 10. The time derivative of PVSPs 
temperature ( Tpv ) reads with all terms in Wm−219:

Details of terminologies. 

•	 Cmodule : The corresponding heat capacity per unit area is 5.72 MJK−1 m−2, assuming that the PVSPs is com-
prised of three layers, as described by Jones and Underwood (2002)26: a monocrystalline silicon PVSPs cell, a 
polyester trilaminate, and a glass face, with a total depth of 6.55 mm. Jones and Underwood (2002)26 provide 
the heat capacity, depths, and density values for each stratum19.

•	
(

1− αpv
)

sw
↓

sky : Assuming an albedo is αpv = 0.11, the net shortwave radiation gained by the PVSP’s upward 
surface19.

•	 εUpvLW
↓

sky : Incoming longwave radiation near the PVSP’s top surface, where εUpv = 0.79 is the emissivity of the 
glass face19.

•	 LW
↑
pv = εUpvT

4
pv : The PVSPs emits upward longwave radiation19.

•	 LW
�

roof−pv = VF 1

1−εDpv

εDpv
+

1−εroof
εroof

σ

(

T4
pv − T4

roof

)

 : Longwave radiation exchanged between the PVSP’s downward 

monocrystalline silicon face ( εDpv = 0.95) and the upward face of the roof. The radiation fluxes from the PVSPs 
and the roof are examined jointly to account for the numerous reflections between the two surfaces. The view 

(1)Cmodule =
∂Tpv

∂t
=

(

1− αpv
)

sw
↓

sky + εUpvLW
↓

sky − LW
↑
pv + LW

�

roof−pv

(2)−Epv −H↑ −H↓

(3)+(1− VF)
[

(

1− αpv
)

SWdiff + LW
↓

sky

]

Figure 10.   The PVSP design in WRF/BEP + BEM19, with a schematic representation of the energy exchanges 
with the underlying cool roofs and the ambient environment. When calculating the radiative heat exchange 
with the other elements, the PVSPs are assumed to be horizontal in geometry: exchanges between the roof, 
the PVSPs, and the sky above are assumed to be solely vertical. We take the inclination of the PVSPs into 
consideration when calculating the irradiance for electricity generation. The energy balance equation of the 
PVSP is found in methods section. The parameterization employed in this study assumes that PVSPs arrays are 
parallel, unattached from roofs, and made of a single layer in order to account for the impacts of rooftop PVSPs 
inside WRF/BEP + BEM schematically shown in Fig. 10.
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factor between the PVSP’s downward face and the ceiling is denoted by VF. Assuming a 10 m × 10 m PVSP 
(covering completely the roof, with a clearance of 0.3 m from the underlying surface, VF = 0.06)19.

•	 Epv = ηpvsw
↓

sky min
[

1, 1− 0.005
(

Tpv − 298.15
)] : The PVSPs generates energy in presence of sunlight. It 

considers that the efficiency of PVPs diminishes at temperatures over 25 °C;ηpv is the PVP’s conversion 
efficiency, or the proportion of shortwave radiation converted into electricity. The efficiency of quantum dot 
cells ranges from 7 to 44% when employed in research applications27. Because the most frequent rooftop 
arrays are monocrystalline and polycrystalline silicon PVSPs, we use an efficiency ηpv = 0.1919.

•	 H↑ +H↓ =
(

h↑ + h↓
)(

Tpv − Tair

)

 : The sensible heat fluxes on the PVP’s upper and downward faces. The 

formulation for h =

√

h2c + a|V |b depends on empirical fits and is adopted from the EnergyPlus model28, 
which has been validated against measurements25. The term hc is determined by the surface material (glass 
in this example), whether the surface is facing upward or downward, and the sign of the temperature dif-
ferential between the surface and the air. The absolute wind speed is taken at the first level of the WRF above 
the roofs, and it is assumed to be the same for the upward and downward faces19.

•	 (1− VF)
[

(

1− αpv
)

SWdiff + LW
↓

sky

]

 : The downward PVSPs surface receives diffuse shortwave and longwave 

isotropic radiations.LW↓

sky the sky is the incoming longwave radiation, while SWdiff  is the diffuse shortwave 
radiation. The roof below the PVSPs receives the same amount of diffuse shortwave and longwave radiation19.

Unlike Masson et al. (2014)10 and Salamanca et al. (2016)9, the parameterized Tpv through its dependence 
on shortwave solar radiation, But, Zonato et al. (2021)19 numerically unravel Eq. (1), in a way similar to Jones 
and Underwood (2002)26, to get a PVSPs temperature that depends on all the involved contributions. Once Tpv 
is calculated, the value of the outgoing heat flux is updated and passed to the multilayer urban canopy scheme19.

Model configuration.  We employ a comprehensive mesoscale climatic model for the entire city of Sydney, 
which is an advanced frequently used weather research and forecasting (WRF v4.3.1) model29 coupled to the 
multilayer building parameterization and energy (BEP + BEM) system30. The ability of the BEP + BEM system to 
replicate the observed diurnal cycle of near-surface variables (ambient air temperature, wind speed, and wind 
direction) and city wide energy consumption at the city scale31. The Noah land-surface model32,33 was used for 
the proportion of grid cells with natural cover, while the multilayer building parameterization, and energy model 
was used for the fraction with built cover. The model is created to approximate the distribution of the city’s key 
climatic conditions under all meteorological, synoptic, and land use situations. To assess the regional impacts 
of large-scale PVSPs deployment on near-surface standard meteorological fields and urban climate, we conduct 
one control and four PVSPs scenario with high resolution WRF model experiments, each covering the 2-month 
clear-sky extreme heatwave period from 1 January 12:00 h, 2017 to 28 February 00:00 h, 2017. All WRF model 
simulations were started twelve hours before (i.e., 31 December 00:00 h, 2016), and this time interval was des-
ignated the model spin-up phase. The horizontal domain was made up of three two-way nested domains with 
grid points at 200 × 200 (d01), 202 × 202 (d02), and 202 × 202 (d03) with spatial resolutions of 4.5 km, 1.5 km, 
and 0.5 km, respectively (Table 1, and Fig. 11). The inner domain (d03) encompasses practically the whole city 
of Sydney, including the urban areas. For initial and boundary conditions, all WRF model experiments used 
ERA-Interim data. The map of updated land use/land cover (LULC) derived from ESA Sentinel-2 imagery at 
10 m resolution for the innermost domain. The ESA Sentinel-2 imagery LULC categorization was used to gener-
ate non-urban LULC classifications along with updated urban and built-up land overlaid on Sydney city. Urban 
environmental factors can have a significant impact on the performance of PVSPs in cities. Here are some ways 
in which urban environmental factors influence the performance of PVSPs such as land use, building height, 

Table 1.   WRF/BEP + BEM model configuration.

Configuration Domain 01 (d01) Domain 02 (d02) Domain 03 (d03)

Version ARW-WRF v4.3.1

Initial and boundary conditions ERA-Interim reanalysis

Run time 31 December 00:00 h, 2016 to 1 March 00:00 h, 2017

The period for analysis 1 January 00:00 h, 2017 to 28 February 00:00 h, 2017

Grid distance (m) 4500 1500 500

Grid number 200 × 200 202 × 202 202 × 202

Number of vertical layers 40 layers

Microphysics WRF single-moment 6-class scheme

Surface layer model Noah-LSM + BEP + BEM)30

Turbulence TKE scheme34

Short-wave radiation Dudhia scheme35

Long-wave radiation RRTM scheme36

Planetary boundary layer Bougeault-Lacarrère (BouLac) PBL scheme37

Cumulus parameterization Kain-Fritsch (KF) scheme38
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roof width, heat capacity of buildings, thermal conductivity of buildings, albedo and emissivity of buildings, 
street parameters, anthropogenic heat, etc. The parameters in WRF urban parameter table may vary greatly from 
city to city. The default values are most likely not appropriate for Sydney city. Thus these values based on the Syd-
ney city have been adapted in WRF urban parameter table to replicate the actual effects of urban environmental 
factors on PVSPs performance.

Numerical design and experiments.  The control WRF model experiment (hereinafter referred to as 
control scenario) was carried out by setting the albedo of the roofs to 0.80 and the proportion of the roofs cov-
ered by PVSPs to zero. The other four WRF model sensitivity studies relate to varied coverage rates of either 
roofing methods, when analyzed alone or together. The built mesoscale model is used to simulate the hourly 
distribution of important meteorological parameters in Sydney under current heatwave conditions, as well as 
four PVSPs scenarios. The PVSPs were installed in a uniform proportion across all urban grid cells. The PVSPs 
were evaluated at the urban scale on 25%, 50%, 75%, and 100% roof surfaces (Table 2). We did extensive inves-
tigation into the PVSPs scenario’s performance and heating potential. This study examines four PVSPs meas-
ures at the city level. For example, the PVSPs 0.25 WRF model experiment shows a hypothetical situation in 
which 25% roof of city is covered with PVSP (PVSPs 25%). Similarly, the WRF model simulation with fraction 

Figure 11.   WRF domain shows (a) dynamical downscaling with domain 1 (d01) as the outermost parent 
domain with 4.5 km grid spacing, domain 2 (d02) with 1.5 km grid spacing, and, an innermost domain 3 (d03) 
with 0.5 km grid spacing; innermost d03 with 0.5 km grid spacing which encompasses the Greater Sydney). 
Point-A (east) and Point-B (west) are the points used for drawing horizontal-vertical cross-sections to analyze 
meteorological conditions for Fig. 6 and (b) The map of updated land use/land cover (LULC) derived from ESA 
Sentinel-2 imagery at 10 m resolution for the innermost domain. This map was prepared by the first author with 
the help of WRF-Python for WRF domain (https://​github.​com/​NCAR/​wrf-​python) and ArcGIS 10.4 for LULC 
map (http://​www.​esri.​com/​softw​are/​arcgis) and does not require any permission from anywhere.

Table 2.   WRF/BEP + BEM model designs and experiments. SR standard roof, CR cool roof, PVSP photovoltaic 
solar panel.

Experiments Purpose
Photovoltaic panel 
fraction

Thermal characteristics of roof and photovoltaic panel

Albedo Emissivity
Conversion 
efficiency ηpvRoof αroof Panel αpv Roof εU

roof
Upward panel εUpv Downward panel εDpv

SR Validation 0.00 0.20 0.00 0.85 0.00 0.00 0.00

CR Control 0.00 0.80 0.00 0.85 0.00 0.00 0.00

PVSP 25% Scenario 0.25 0.85 0.11 0.85 0.79 0.95 0.19

PVSP 50% Scenario 0.50 0.85 0.11 0.85 0.79 0.95 0.19

PVSP 75% Scenario 0.75 0.85 0.11 0.85 0.79 0.95 0.19

PVSP 100% Scenario 1.00 0.85 0.11 0.85 0.79 0.95 0.19

https://github.com/NCAR/wrf-python
http://www.esri.com/software/arcgis
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of PVSPs 0.50, PVSPs 0.75, and PVSPs 1.00 presents a hypothetical circumstance in which PVSPs cover 50% 
(PVSPs 50%), 75% (PVSPs 75%), and 100% (PVSPs 100%), respectively on the building  rooftop of the city. All 
WRF model tests using PVSPs arrays were carried out with the PVSPs albedo, and conversion efficiency set to 
0.11, and 0.19, respectively, which are typical values for modern PVSPs technology4,10,19,27. PVSPs characteristics, 
such as albedo, inclination, and tilt elevation, are found in detailes19 in section of ‘assumptions of PVSPs within 
WRF/BEP + BEM’.
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Figure 12.   Validation of the WRF model and the corresponding observed ambient air temperature for the 24-h 
average duration for four local meteorological stations: (a) Penrith, (b) Observatory park, (c) Sydney airport, 
and (d) Olympic park.

Table 3.   Comparison of the simulation results with observation data at an average of 24-h scale for 59 days.

Parameters

Local weather stations

Penrith Observatory park Sydney airport Olympic park

Correlation coefficient 0.975 0.981 0.986 0.985

Mean bias error 0.352 0.932 0.429 0.563

Mean absolute error 0.523 0.926 0.432 0.501

Root mean square error 1.023 1.031 1.102 1.361

Index of agreement 0.961 0.954 0.956 0.970

Correlation coefficient 0.972 0.975 0.981 0.982
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Model evaluation and validation.  In this study, we validated the model using conventional roofs (e.g., 
roof albedo = 0.2) rather than cool roofs. The standard roof (0.20) for PVSPs cases in Sydney in the current vali-
dation was based on the same simulation period as our previous two studies20,39 against the most representative 
Sydney’s current scenario (buildings with standard roofing  system). WRF simulation results with regular or 
standard roofs (e.g., roof albedo = 0.2) were validated against neighboring meteorological stations before going 
on to PVSPs scenarios. Garshasbi et  al. (2023a; 2023b)20,39 provide details on model validation for the same 
period as the control scenario. To assess the efficacy of the WRF/BEP + BEM system, we compared hourly simu-
lated 2-m ambient air temperature to local observations for the control scenario simulation over urban grid 
cells in the innermost area in Fig. 12. Table 3 provides a statistical comparison of the mean bias error (MBE), 
mean absolute error (MAE), root mean square error (RMSE), correlation coefficient (R), and index of agree-
ment (IOA) for hourly 2-m ambient air temperature during a 24-h period. The model is evaluated based on the 
correlation between the WRF model and data for 2-m ambient air temperature across the diurnal cycle. The 
combined WRF/BEP + BEM model accurately reflects the temperature recorded at four stations (mean R = 0.982; 
mean bias = 0.569) for Penrith (rural), Observatory park (urban), Sydney airport (urban), and Olympic park 
(sub-urban). The control scenario simulation reproduced urban meteorological conditions that were statistically 
consistent with local observations (p < 0.05). As a function of the prevailing local meteorological conditions, the 
simulated average UHI intensity ranged from 3.2 to 6.3 °C in high-density urban residential areas versus vari-
able rural (i.e., surrounding) landscapes. The MBE and RMSE of air temperature were 0.4–0.9 °C and 0.5–0.9 °C, 
respectively. When all observation stations were included, the IOA ranged from 0.95 to 0.97, with an average 
value of 0.96.

For determining the UHI intensity, we used both urban and rural weather stations. The magnitude ranged 
from 3.2–6.3 °C for urban and rural weather stations, respectively. But, we need to reframe the narrative around 
extreme heat in cities to de-emphasize ‘the concept of UHI’ due to a number of concerns with a focus on 
urban–rural temperature differences (we can care about absolute conditions not urban–rural differences), and 
the common confusion between surface versus air temperature UHI (e.g. spatial or temporal difference refers 
to intensity). This is due to the fact that rural surface temperature and ambient air temperature are mainly sen-
sitive to change in availability of soil moisture, but urban temperatures are still modulated by the dynamics of 
sensible and storage heat of the urban building environments. Furthermore, assessing UHI severity using surface 
temperature or ambient air temperature ignores other meteorological factors crucial to how individuals perceive 
heat, such as complex effects of temperature, humidity and wind speed.

The daily average 2-m ambient air temperature was somewhat overestimated by the model, which might 
be related to an overestimation of anthropogenic heating over the urban domain. We also assess the effects on 
local meteorological stations, as they are the ones most touched by the WRF/BEP + BEM scheme’s utility. The 
well-simulated daytime warming is offset by an equally well-simulated night cooling, resulting in a diurnal range 
with magnitudes equivalent to observations. In this case, while simulations may capture daytime warming and 
nighttime cooling well, discrepancies in the diurnal temperature range can arise due to various factors, including 
local urban influences, cloud cover, heat transfer processes, microscale variations, and data quality. Understand-
ing and improving these aspects can help to enhance the accuracy of simulations and align them more closely 
with observed diurnal temperature patterns. If the errors in simulating daytime warming and nighttime cooling 
offset each other, it is possible for the simulated diurnal range to match the observations in terms of magnitude. 
In this case, the overall temperature range throughout the day could be similar to what is observed, even if the 
individual components are not accurately represented. The comfort level of various dew points for the stations 
is > 20 °C, suggesting an uncomfortable situation in the urban building environments. When it comes to analyz-
ing the effects on local meteorological stations, there is no difference. Despite the fact that WRF does not display 
considerable warm (comfort) bias over urban regions, it properly depicts the 24-h mean diurnal range of dew 
point temperature. Furthermore, model biases are most likely caused by (a) a lack of proper urban morphological 
representation, and (b) inaccuracies in model physical schemes, input data used, and locally significant urban 
biophysical parameters. Despite this, prior studies by Garshasbi et al. (2023a; 2023b)20,39 demonstrated that the 
model is capable of precisely mimicking the actual urban environment of Sydney, including well-simulated evo-
lution of the diurnal cycle of both near-surface and dew point temperature. Thus, the model framework can be 
utilized to predict regional meteorology and then use the mesoscale WRF model to investigate the local urban 
warming effects of PVSPs.

Data availability
The datasets used and analyzed in this study are available from the corresponding author upon reasonable 
request.
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