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ABSTRACT

The rapid urbanization and transition to renewable energy are driving the adoption of rooftop photovoltaic solar
panels (RPVSPs) to meet local energy demands. While their potential for clean energy generation is well-
recognized, their broader impacts on urban microclimates, building energy consumption, and system perfor-
mance remain poorly understood. This study examines the effects of RPVSPs on urban temperatures, energy
balances, and cooling demand in Lyon, France, using high-resolution simulations with the weather research and
forecasting (WRF) model. Results show that citywide installation of RPVSPs increase daytime temperatures by up
to 0.72 °C, primarily because RPVSPs have a lower albedo compared to conventional rooftop surfaces, which
leads to increased solar heat absorption and enhanced thermal convection between the panels and the underlying
roof surfaces. This elevates the net sensible heat flux to the urban atmosphere during the daytime. Conversely,
the nocturnal cooling of up to —0.42 °C results from radiative heat losses facilitated by the air gap and reduced
thermal storage in RPVSPs covered roofs, enabling more efficient surface cooling after sunset. This dual thermal
behavior reflects the RPVSPs influence on altering both the radiative and convective energy fluxes at the urban
surface. While these effects may not exceed the cooling capacity of dedicated reflective or radiative cooling
materials, the innovation in our study lies in quantifying the net thermal impact of real-world RPVSPs deploy-
ment at an urban scale. This dimension remains inadequately addressed in existing literature for temperate cities,
especially in terms of balancing energy production with local microclimatic alterations. Additionally, RPVSPs
reduce roof surface temperatures, cutting daytime air conditioning (AC) demand by nearly 5 %, particularly in
areas with high roof-to-surface ratios. Inmediate RPVSPs utilization achieved 100 % at 25 % RPVSPs coverage,
offsetting 26.8 % of AC demand. At 60 % RPVSPs coverage, utilization dropped to 91.2 % with a 59.9 % AC
offset, but storage enabled 100 % utilization and a 50.1 % offset. At full (100 % RPVSPs) coverage, immediate
utilization declined to 64.3 % with a 73.0 % AC offset, while storage restored 100 % utilization, achieving an
85.9 % AC offset. High-resolution simulations reveal that RPVSPs simultaneously alter urban radiati-
ve—convective fluxes and cooling energy demand, highlighting their dual role in shaping city climate and energy
resilience. Such strategies are vital for creating sustainable, energy-efficient urban environments that optimize
renewable energy use while ensuring thermal comfort and resilience.

1. Introduction

therefore developed to plan the massive integration of RPVSPs compo-
nents in cities. This development is influencing the balance between the

The rapid growth of the rooftop photovoltaic solar panels (RPVSPs)
industry is being driven by urgent shift towards low carbon energy so-
lutions and the decreasing cost associated with RPVSPs technology [1].
The integration of building attached RPVSPs brings substantial social
and economic benefits, such as produce energy where it is most needed,
i.e. in cities, reducing the land use and associated costs, losses during
electricity transport, and architectural benefits [2]. Scenarios have been
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Earth’s energy budget and land utilization patterns. Therefore, a
comprehensive scientific assessment is essential to understand the con-
sequences of extensive RPVSPs implementation in urban areas [3].
Lyon, with its temperate climate and diverse urban structure, offers a
unique context to study RPVSPs impacts often overlooked in existing
literature, such as dynamic energy flux interactions and
socio-environmental trade-offs. Additionally, urban heterogeneity is
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frequently oversimplified, with local climate zones (LCZs) reduced to a
few broad categories, limiting spatial accuracy in assessing RPVSPs
impacts. Its participation in european sustainability initiatives makes it a
relevant case for climate-responsive urban planning.

Foreseen future extensions of RPVSPs in urban environments offer a
promising outlook in terms of low-carbon energy generation and cost
efficiency [4]. However, these developments also present significant
challenges. RPVSPs significantly influence the local environment and
are, in turn, affected by it [5]. This includes their impact on ambient
temperatures, changes in radiation, and the shadow cast by and on
RPVSPs. While advancements in RPVSPs efficiency have been made,
their impact on the urban environment and the rising urban heat island
(UHI) effect remain areas of ongoing research. RPVSPs incorporated into
buildings have a notable impact on albedo, reducing the reflectivity of
roofs and contributing to the UHI effect [6]. A recent study on the
environmental impact of RPVSPs revealed that they may significantly
warm cities throughout the day. According to this research, this heating
can also affect the performance of RPVSPs [5].

Numerous studies have employed regional climate modeling tools to
assess the RPVSPs systems on urban environments. In the literature,
many studies have demonstrated that RPVSPs contribute to reducing
daytime temperatures. Ref. [7] conducted a study on urban areas of Los
Angeles and investigated the impact of RPVSPs on the urban environ-
ment. He employed a simplified approach based on effective albedo and
observed temperature reductions during the daytime by up to 0.2 °C and
at night by up to 0.3 °C. The study assumed 30 % panel efficiencies and
assumed dark roof surfaces (solar reflectance of 0.15). However,
buildings in hotter climates often use higher reflectance roof coatings
(solar reflectivity > 0.6), and even in moderate climates, rooftop solar
reflectivity > 0.2. Setting albedo for all building rooftops to 0.15 was
unrealistic.

Similar results were obtained by [8], they reported daytime cooling
of up to 0.4 °C and nighttime cooling of up to 0.7 °C. This study assumed
that panel temperature and ambient temperature were equal. However,
RPVSPs panels have low thermal storage capacity, resulting in a small or
negligible temperature difference between the lower and upper surfaces.
RPVSPs surface temperatures frequently exceed 70 °C, particularly in
hot locations. This assumption in the Masson study is inaccurate, leading
to substantial errors in estimating convective heat transfer from RPVSPs
to the surrounding air.

Another study [9] conducted in London demonstrated that inte-
grating 100 % of RPVSPs systems can reduce daytime temperatures by
up to 0.5 °C. In terms of UHI mitigation strategies, cool roofs have been
shown to be highly effective. Another study conducted in China [10]
revealed a cooling effect of 0.2 to 0.7 °C due to RPVSPs. The study
proposes that RPVSPs can mitigate the UHI effect by reducing heat
storage on roofs. However, this simplifies the complex heat transfer
processes. While RPVSPs reduce the heat absorbed by roofs, they still
convert a significant portion of solar energy into heat. Consequently,
RPVSPs can reach temperatures of up to 70 °C, emitting this heat into
the surrounding air, which can paradoxically increase temperatures in
the vicinity. The reduction in heat storage on the roof (—47.32 Wm™%)
indicates a decrease in heat on the roof itself, but it fails to account for
the heat transferred to the surrounding air. Therefore, while RPVSPs
may reduce heat storage, they primarily redistribute heat, resulting in a
net warming effect. Another study [11] employed the weather research
and forecasting (WRF) model with datasets derived from the LCZ and
gridded urban canopy parameters (UCPs) to simulate RPVSPs in-
stallations with 50 % (RPVSPs0.5) and 100 % (RPVSPs1.0) capacity in
Guangzhou-Foshan. Under RPVSPs1.0, daytime cooling amounted to
approximately 0.11 °C (LCZ-UCP) and 0.07 °C (gridded-UCP), while
nighttime cooling ranged from 0.05 to 0.10 °C. In contrast, RPVSPs0.5
exhibited negligible or slight daytime warming, with values of —0.01 °C
(LCZ-UCP) and +0.03 °C (gridded-UCP). Furthermore, RPVSPs0.5
induced modest nighttime cooling, with values ranging from 0.02 to
0.05 °C. Despite the reduction in sensible heat flux by 7.4 -15.7 Wm™2,
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RPVSPs still released stored heat during the day, resulting in partial
warming. Nighttime cooling was attributed to limited roof heat storage
and enhanced longwave emission. It is important to note that the results
varied depending on the morphology dataset used, gridded-UCP pre-
dicted stronger cooling under RPVSPs0.5, while LCZ-UCP exhibited
greater cooling under RPVSPs1.0. Key uncertainties associated with the
study include uniform coverage assumptions, the omission of humidity
and wind effects, and the differences in urban morphology
representation.

In a study conducted by [12], the WRF model was integrated with
the building effect parameterization (BEP) and building energy model
(BEM) models to simulate extensive RPVSPs coverage during a heat-
wave period spanning from August 21st to 27th, 2021, within the Chi-
cago Metropolitan Area. The researchers findings indicated a significant
reduction in daytime air temperatures by approximately 0.6 °C
(11:00-17:00 LT), primarily attributed to the interception of solar ra-
diation by RPVSPs panels. This process converts a portion of the solar
energy into electrical energy, thereby mitigating the roof’s sensible heat
flux. Conversely, during the nighttime hours (00:00-06:00 LT), a modest
warming of 0.1-0.2 °C was observed. The study assumed mono-
crystalline RPVSPs with 19 % conversion efficiency, 0.20 albedo, and
0.90 emissivity. This phenomenon can be attributed to a decrease in
radiative heat loss from the roof and the continued convective release of
residual panel heat under lower wind speeds. However, the study did not
explicitly consider elevated RPVSPs panel temperatures, which often
exceed 15-20 K above ambient during peak insolation, or the variability
in panel emissivity. These factors would increase sensible and longwave
heat release, consequently altering both the magnitude of daytime
cooling and nocturnal warming.

A separate study in China [13] found that daytime cooling can range
from 0.1 to 0.5 °C, while nighttime cooling can range from 0.2 to 0.4 °C,
depending on the efficiency of RPVSPs. In contrast, while [14] demon-
strated that Singapore can experience a daytime temperature drop of up
to 1 °C, the study’s conclusions regarding the cooling effect of RPVSPs
panels are questionable. The study suggests that RPVSPs reduce near-
surface air temperature by mitigating roof heat storage and maintain-
ing lower panel temperatures through partial energy conversion.
Furthermore, it asserts that, based on Stefan-Boltzmann’s law, similar
emissivity but lower RPVSPs temperatures result in reduced longwave
radiation to the surrounding air. However, this assumption is erroneous.
RPVSPs absorb approximately 80-85 % of solar radiation and typically
attain high surface temperatures often surpassing standard roofing
materials. Consequently, they emit more thermal radiation, not less. The
assertion of reduced emissions is contingent upon the inaccurate pre-
sumption that RPVSPs do not experience substantial heating. Conse-
quently, the reported cooling of ambient temperature is likely a
consequence of oversimplified thermal modeling rather than a genuine
physical phenomenon. Most of the models considered only the radiative
properties of RPVSPs. However, RPVSPs also influence surface-
atmosphere interactions and processes that were poorly understood
and neglected in their RPVSPs land surface modeling, such as surface
roughness and convective heat transfer [15].

Numerous other studies conducted using numerical simulations and
examining actual or empirical data yielded conflicting results compared
to the work mentioned above. A study highlighted that the temperature
of local air can be elevated due to the installation of RPVSPs, primarily
because of their low energy conversion efficiency [16]. An observational
study conducted in southern Arizona revealed a significant increase of
1.3 °C in the daily average air temperature as a result of the presence of
RPVSPs arrays [15]. However, the impact of RPVSPs installations on
local climate varies across different climatic regions and RPVSPs char-
acteristics [5]. In a numerical study conducted on Kolkata, India, it was
found that RPVSPs installed in urban environments can cause a tem-
perature increase of 1.4 °C during the day and a decrease of 2.3 °C at
night [17]. A comparable study conducted in Sydney yielded similar
findings, with temperature rising by up to 1.5 °C during the day and
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falling by up to 2.7 °C at night [18]. These studies revealed that the
installation of RPVSPs on rooftops has a substantial impact on sensible
heat flux and convection, leading to an increase in daytime tempera-
tures. A study has shown that the thermal impact of RPVSPs is more
pronounced in low-rise buildings due to their lower thermal inertia and
greater influence on near-surface air temperature [19]. In such config-
urations, RPVSPs can increase daytime temperatures by up to 1.5 °C,
while at night, as their thermal mass is low reduced heat storage can lead
to cooler conditions up to 0.5 °C lower. This effect diminishes with
increasing building height, where rooftops have less influence on the
surrounding air temperature. A comprehensive study was conducted to
assess the thermal impact of RPVSPs [20]. The study revealed that the
daytime ceiling temperature beneath a RPVSPs array was up to 2.5 °C
cooler compared to an unprotected roof. Heat flux modeling indicated a
substantial reduction in daytime roof heat flux under the RPVSPs array.
At night, the conditions reversed, and the ceiling under the RPVSPs
arrays was warmer than for the exposed roof, indicating the insulating
properties of RPVSPs. Across the reviewed WRF-based studies including
Chicago [12], Chaoyang [13], Singapore [14], Kolkata [17], and
Guangzhou [11], RPVSPs were uniformly parameterized with albedo
values ranging from 0.10 to 0.20, emissivity’s ranging from 0.79 to 0.95,
conversion efficiencies ranging from 0.10 to 0.30 (typically approxi-
mately 0.19), temperature coefficients ranging from —0.005 to —0.008
G, equivalent heat capacities of 5.72 MJ m~2 K1, thermal conduc-
tivities near 1 Wm ™' K1, coverage fractions ranging from 25 % to 100
%, mounting heights ranging from 0.3 to 0.8 m, and panel thicknesses of
approximately 6.5 mm.

In light of the diverse and occasionally conflicting findings in the
literature, it is evident that the environmental impacts of RPVSPs panels
in urban settings are multifaceted and highly local context dependent.
Therefore, this study aims to provide a comprehensive analysis of the
effects of RPVSPs on the urban environment, focusing specifically on
diurnal variations in temperature, surface and atmospheric heat trans-
fers, and energy generation. Additionally, we investigate how the
presence of RPVSPs influences urban energy consumption patterns
particularly the potential shift in cooling demands due to changes in
rooftop heat fluxes and indoor temperatures. To achieve this, the study
employed the WRF model coupled with an urban canopy and land sur-
face model to simulate the dynamic interactions between RPVSPs in-
stallations and the urban climate. Using a realistic urban setup for Lyon,
this work seeks to enhance the understanding of RPVSPs integration
impacts on both the thermal and energy dynamics of cities across day
and night cycles.

2. Methodology
2.1. Model domain

Lyon, the third-largest city in France, is located in southeastern
Auvergne-Rhone-Alpes. Situated at the confluence of the Rhone and
Saone Rivers, it’s about 470 km southeast of Paris and 320 km north of
Marseille. Lyon experiences a temperate oceanic climate with an
average annual temperature of 12 °C, fluctuating from 3 °C in January to
20 °C in July. The average annual global horizontal irradiance is 1200
kWh m~2 yr~!, varying from 2.75 kWh m 2 day ! in January to 5.75
kWh m~2 day ! in July. Relative humidity averages 75 %, and 10 m
wind speeds range from 1.5 m s~! in summer to 3.0 m s™! in winter.
Annual precipitation is about 820 mm.

Lyon experiences the UHI, leading to elevated nighttime tempera-
tures, especially in densely urbanized areas. To address this, a nested
domain strategy with three domains was employed. The outermost
domain (d01) had a resolution of 3.5 km, followed by the second domain
(d02) with a refined resolution of approximately 1.17 km (1/3 nesting
ratio). The innermost domain (d03) had the highest resolution, around
390 m, enabling detailed analysis of the city’s specific meteorological
conditions. The grid dimensions for the domains were 150 x 150 for
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d01, 130 x 130 for d02, and 100 x 100 for d03 as shown in Fig. 1.

This study used a hybrid 100-m global land cover dataset developed
by [21] to represent urban morphology in WRF simulations. The dataset
integrates copernicus global land cover (CGLC) and LCZ classifications,
providing a standardized classification of land cover, including vegeta-
tion and urban categories. This ensures consistent representation of
surface characteristics, as shown in Fig. 1. The dataset is used to
parameterize land surface properties and urban energy balance dy-
namics, enabling a comprehensive evaluation of RPVSPs’ interaction
with the urban environment.

2.2. Model setup

The WRF model version 4.5.2 assessed the impact of RPVSPs on
urban temperatures and surface energy fluxes, focusing on Lyon, France.
The study used the WRF/BEP + BEM system to simulate urban micro-
climates and RPVSPs effects (see Supplementary Fig. S1 for schematic).
This integrated approach evaluated urban-atmosphere interactions,
including heat exchange, momentum transfer, humidity flux, and tur-
bulent kinetic energy. The model also incorporated building-level dy-
namics, such as heat conduction, natural ventilation, indoor radiative
exchange, internal heat gains, and air conditioning (AC) energy con-
sumption. Indoor thermal dynamics were simulated BEM component,
which models each zone as a well-mixed control volume with coupled
energy and moisture balances in Supplementary Section S1; [22]. This
configuration enables dynamic coupling between indoor environmental
conditions and the urban microclimate.The initial and lateral boundary
conditions were established using high-resolution european centre for
medium-range weather forecasts (ECMWF) data [23,24]. Key physics
parameterization schemes are summarized in Table 1. The simulation
ran from August 14, 2023, at 00:00 LT to August 20, 2023, at 00:00 LT,
with a 10,800-second (3-hour) integration time step for meteorological
boundary condition updates. The comprehensive modeling framework
and workflow for the WRF simulation setup are detailed in Fig. S2.

2.3. Rooftop photovoltaic solar panels parameterization

The parameterization of RPVSPs within the WRF/BEP + BEM sys-
tem, developed by [19], models RPVSPs as parallel, detached single-
layer arrays. The temperature time derivative is calculated by consid-
ering various energy fluxes, including net shortwave radiation,
incoming longwave radiation, and longwave radiation exchange be-
tween the RPVSPs and the roof. The model consists of three layers:
monocrystalline silicon, polyester trilaminate, and glass, with material
properties from [32]. Notably, energy production efficiency decreases
when temperatures exceed 25 °C. This method differs from previous
studies [8,7] by directly solving the energy balance to calculate RPVSPs
temperature, providing a more accurate representation of all factors.
The resulting heat flux is updated and passed to the multilayer urban
scheme. The parameterization scheme is detailed in the literature, with
the time derivative of the RPVSPs temperature represented by the
equation [19].

dTRPVSPs

dt

(Rn — Egpvsps — Qn) (€9)]

vﬁ‘»—l

where R, denotes net radition, Erpysps is energy production and Qy, is
total heat flux.

dTrpysps 1

dt = E (st‘in + le,in - leAout,RPVSPs + leAexchange - ERPVSPx - Qup
P

- Qdown + le.down>
(2)

The area heat capacity of the composite laminate, Cp, is calculated as
5.72MJK~'m~2 based on the composition of the RPVSPs, glass face,
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Sparsely built
Large low-rise
Lightweight low-rise
Open low-rise
Open midrise

Open high-rise
Compact low-rise
Compact midrise

Compact high-rise

4.65°E

4.8°E 4.95°E

Fig. 1. WRF model setup and urban land classification over Lyon, France. Panel (a) shows the nested domain configuration used in the WRF simulations, with the
innermost domain (d03) centered over the city of Lyon for high-resolution urban analysis. Panel (b) presents the CGLC urban classification map used for surface

characterization within the simulation domain.

Table 1
Physics parameterization schemes used in the WRF model

Physics process Scheme

Multi-layer urban canopy model
Microphysics

Land surface model

Planetary boundary layer
Turbulence

Shortwave radiation

Longwave radiation

Cumulus parameterization

WREF/BEP + BEM [22]

WREF single-moment six-class [25]
Noah-MP [26]
Bougeault-Lacarrere [27]

Janji¢ TKE scheme [28]

Dudhia scheme [29]

Rapid radiative transfer model [30]
Kain-Fritsch scheme [31]

polyester trilaminate, and monocrystalline-silicon cell. The total depth
of these layers is 6.5 mm. Specific values of heat capacity, thickness, and
density for each layer are provided in [33]. Net short-wave gain on the
upward face is Rgin = (1 — arpysps) X SWine with agpysps = 0.11.
Incoming long-wave radiation is Ry = €3pyspL Wiky.qown using an up-
ward emissivity €fpyep; = 0.79, while the panel’s own emission is
Ruw outRPVSPs = EIIQ]PVSPSGTARPVSPS Long-wave exchange with the roof beneath
is:

1

1—Eroof

le.exchange =VF 1D o <T4RPVSP: - T;‘oof ) 3
RPVSPs

ERpvsps Eroof

with view factor VF = 0.06 for a 10 m x 10 m array at 0.3 m clearance
and a downward emissivity €2pyep, = 0.95. Useful electrical production
is parameterized as

ERPVSPx = nRPVSPSSWinCmin[l.l — 0~005(TRPVSPs — 29815)] (4)

where 5jzpysps = 0.19 the bracketed factor accounts for the documented
efficiency loss above 25 °C. Sensible heat exchange with the ambient air
and the shaded roof is Qu = hy(Trevses — Tair) and  Qgown =
Fown (Trpvses — Troof ) Tespectively; the transfer coefficients hy, and Agown
h2+a|V|? validated
by [34]. Finally, the isotropic short-wave and long-wave flux incident on
the panel’s underside is Ry gown = (1-VF) [(1 — arpyses)SWaifr+ LWy |
the same amount being received by the underlying roof surface.
Together, these terms close the surface energy balance driving the time

evolution of Tgpysps in the WRF-BEP + BEM simulations. Table 2 rep-
resents the properties of RPVSPs used in WRF simulation:

follow the EnergyPlus empirical formulation h =

2.4. Simulation scenarios for rooftop photovoltaic solar panels

Three primary simulation scenarios assessed the impact of RPVSPs

Table 2

Properties of RPVSPs panel
Properties Value
Albedo 0.11
Upper face emissivity 0.79
Downward face emissivity 0.95
Conversion efficiency 0.19
Cell depth 6.55 mm

Temperature coefficient 0.0045 °C™!

systems on urban temperature dynamics. The baseline Scenario (No
RPVSPs) represents the current urban land-use configuration in Lyon,
excluding RPVSPs, with a rooftop albedo of 0.2, based on studies in the
city [35,36]. The RPVSPs scenarios introduce rooftop RPVSPs panels at
varying coverage levels (25 %, 60 %, and 100 %). The data analysis
focused on near-surface temperature variations, energy fluxes, and
building energy dynamics. It compared the base scenario with the
RPVSPs scenarios to quantify the effect of RPVSPs systems on urban
temperatures. Changes in roof heat flux, sensible heat flux due to
shading, and reflective properties were also examined. Building cooling
energy load was assessed to understand the impact of solar shading and
heat transfer from RPVSPs on reducing cooling energy consumption.
RPVSPs energy production was calculated for each coverage scenario
based on solar radiation and panel efficiency to determine the potential
for RPVSPs systems to meet the city’s electricity demand. This approach,
implemented in WRF v4.5.2, provides a comprehensive framework for
evaluating the effects of varying RPVSPs coverage on urban thermal
dynamics, energy fluxes, and energy consumption, contributing to sus-
tainable urban planning and climate mitigation strategies, especially in
integrating renewable energy technologies in urban areas.

3. Results and discussions
3.1. Model validation and evaluation

To assess the WRF/BEP + BEM system’s efficacy, hourly simulated 2-
m ambient air temperatures were compared with local observations in
urban grid cells within the innermost domain for the control scenario.
Measurements from two meteorological stations in Lyon-Bron and Saint-
Exupéry (LFLL) were used from August 16 to 20, 2023.

Statistical metrics, root mean square error (RMSE), bias, R, and R?
were calculated to evaluate the model’s accuracy. At the first location,
the WRF model had an RMSE of 2.06, a bias of —0.90, an R of 0.94, and
an R? of 0.88, indicating a slight underestimation. However, the high
correlation and R? values suggest strong agreement. At the second



H. Nisar et al.

location, the RMSE was 1.85, the bias was —0.10, the R was 0.95, and
the R? was 0.90, as shown in Fig. 2. These results indicate high accuracy
and strong agreement with observed temperatures at both locations.
Similar validation results have been observed in numerous studies
[10,17,18], supporting the WRF model’s efficacy in replicating local
meteorological conditions and its application in UHI studies.

3.2. Impact on near-surface temperature during daytime

The study examined the effects of large-scale RPVSPs deployment on
near-surface air temperature (T2) using the WRF model, with RPVSPs
coverage levels at 25 %, 60 %, and 100 %. At 11:30 LT, the 2-meter air
temperature increased by 0.20 °C, 0.48 °C, and 0.72 °C for the respective
coverage scenarios compared to the baseline without RPVSPs, as shown
in Fig. 3. A diurnal analysis of average temperature variation across
urban areas is presented in Fig. 4. For 25 % RPVSPs coverage, temper-
ature differences ranged from —0.06 °C at 5:30 LT to 0.06 °C at 11:00 LT.
For 60 % coverage, they ranged from —0.10 °C at 20:30 LT to 0.18 °C at
10:00 LT, and for 100 % coverage, from —0.18 °C at 20:30 LT to 0.28 °C
at 11:00 LT. The highest temperature rise was observed in zones with
compact mid-rise buildings, while the lowest was in zones with low-rise
open buildings. The temperature increase in RPVSPs regions is mainly
due to changes in the surface energy balance. RPVSPs panels, with low
albedo as shown in Fig. 5, absorb more solar radiation than conventional
rooftops, leading to higher surface temperatures and increased heat
transfer to the atmosphere.

Direct sunlight exposure can cause RPVSPs to reach temperatures up
to 70 °C, as illustrated in Fig. 6, contributing to air warming. Similar
findings were reported in another study [17]. The monocrystalline
RPVSPs under study have low thermal inertia due to their 6.55 mm
thickness, allowing rapid heating and heat release, leading to noticeable
local air temperature increases, especially around 10:00 LT [17,19].
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RPVSPs rapidly transfer heat to the air, intensifying heat exchange from
rooftops. This effect raises air temperatures, particularly in the morning
when heat absorption is highest. RPVSPs installation leads to higher
temperatures than control scenarios due to greater sensible heat gen-
eration by the panels and roof. The low albedo of RPVSPs also causes
localized warming through enhanced thermal convection.

Additionally, RPVSPs are elevated 0.3 m above the roof, creating a
ventilation gap that promotes convective airflow. This setup results in
two heat surfaces: one exposed to solar radiation and the underside
above the roof, intensifying convective heat transfer and amplifying
temperature increases as shown in Fig. 7. This contributes to localized
warming and alters the urban microclimate. While 15-20 % of absorbed
solar energy is converted into electricity, the remainder is released as
heat, enhancing near-surface atmospheric warming.

RPVSPs panels influence urban temperatures by altering the surface
energy balance. Fig. 8 shows atmospheric temperature up to 1 km at
10:00 LT with respect to a base case of 0 % RPVSPs installation. With
100 % RPVSPs coverage, the 2 m air temperature increased by up to
0.25 °C, with warming effects extending vertically up to 0.6 km in ur-
banized regions. A cooling zone of up to 0.27 °C was observed between
0.6-0.9 km due to altered vertical heat transport and convective pro-
cesses. For 60 % RPVSPs coverage, the warming effect was less pro-
nounced, with a maximum temperature increase of 0.176 °C. Similar
cooling trends were detected above 0.7 km. At 25 % coverage, surface
warming was minimal, and enhanced cooling occurred above 0.8 km,
likely due to reduced surface heat flux and weaker convective activity.
These findings demonstrate that increased RPVSPs coverage leads to
enhanced surface warming and significant modifications in vertical heat
redistribution and convective processes.

To evaluate the seasonal reliability of RPVSPs induced temperature
effects, additional simulations were conducted for a representative
spring period from March 26-31, 2023, using the same WRF/BEP +

- WRF T2

Temperature (°C)

02:00 12:00 22:00 08:00

18:00 04:00
Time (Paris)

14:00 00:00 10:00 20:00

Temperature (°C)

02:00 12:00 22:00 08:00
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Fig. 2. Model validation through comparison with observed weather station data at multiple locations across Lyon, demonstrating the accuracy of simulated

temperature and meteorological parameters.
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Fig. 3. Spatial distribution of daytime (11:30 LT) 2-m air temperature differences between RPVSPs deployment scenarios 25 %, 60 %, and 100 % and the baseline
scenario (0 % RPVSPs) over the urban area of Lyon. The differences are calculated as RPVSPs scenario minus baseline (0 % RPVSPs), illustrating the impact of
increased RPVSPs coverage on urban air temperature. The urban extent of Lyon is outlined in black. Panels represent: (a) 25 % RPVSPs, (b) 60 % RPVSPs, and (c) 100
% RPVSPs.
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Fig. 5. Time Series of surface albedo for different RPVSPs deployment scenarios (25 %, 60 %, and 100 %).

BEM configuration. Supplementary Fig. S3 illustrates that the spatial RPVSPs induced warming persist under moderate seasonal conditions.
distribution of 2m air temperature changes at 25 %, 60 %, and 100 % These findings confirm the consistency of modeled thermal impacts
RPVSPs coverage levels shows localized surface warming patterns over across different meteorological conditions and enhance the robustness
urban areas, similar in magnitude and spatial extent to those observed in of the results.

the summer simulation. Supplementary Fig. S4 further demonstrates the
diurnal temperature differences, confirming that the temporal trends in
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Fig. 7. Intensified convection process due to heating of RPVSPs.

3.3. Impact on near-surface temperature during nighttime

At 20:00 LT, a consistent temperature decrease was observed across
all RPVSPs coverage levels. The maximum temperature drops were 0.27
°C for 25 % coverage, 0.30 °C for 60 %, and 0.42 °C for 100 %, as
illustrated in Fig. 9. During nighttime, RPVSPs primarily function as
efficient radiative surfaces despite their low thermal inertia. Their sky-
facing orientation and high emissivity facilitate efficient emission of
longwave radiation to the cold sky, resulting in net radiative energy loss.
Under clear-sky conditions, this enables rapid cooling, often to tem-
peratures below ambient air, leading to a slight reduction in near-
surface air temperatures. While RPVSPs introduce thermal resistance,
their elevated geometry and emissive properties prioritize sky-facing
radiative cooling over ground-level conductive release. Consequently,
the nocturnal cooling observed in simulations stems from dynamic
radiative exchange and modified convective regimes, particularly under
calm, clear conditions.

The nighttime cooling effect in urban areas with RPVSPs arises from
a combination of radiative and enhanced convective cooling of the
shaded rooftop surface beneath the panels. Although RPVSPs can reduce
direct nighttime radiative heat loss from the roof, enhanced convective

cooling within the panel-roof gap mitigates this, leading to reduced
urban surface temperatures. Unlike conventional building surfaces that
retain heat more effectively, RPVSPs exhibit lower heat retention,
facilitating quicker cooling. This interplay contributes to a net temper-
ature decrease in the urban environment during the evening.
Literature reports cooling effects ranging from 0.2 °C to 1.0 °C, as
shown in Fig. 10, primarily due to attributed to shading and reduced
sensible heat flux. For instance, a study by [37] documented a 0.2-0.4 °C
reduction in Phoenix-Tucson with 100 % RPVSPs coverage. Masson
et al. [8] observed over 0.2 K of daytime cooling in Parisian suburbs due
to the high conversion efficiency and emissivity of thermal RPVSPs.
Another study [38] showed up to 1.2 °C of cooling in Singapore under
full RPVSPs deployment in low-rise, high-density areas, influenced by
high emissivity and sea-breeze advection. In contrast, the current study
indicates that RPVSPs can increase city 2m air temperature by up to 0.7
°C due to panel heating and convective heat flux. Daytime warming has
been widely reported, with increases up to 1.5 °C in high-density urban
settings with low-albedo RPVSPs materials and extensive panel coverage
[39,17,18,40,19]. Hirano and Yoshida [39] found a 0.1-0.2 °C daytime
air temperature increase in Japanese office/residential districts due to
low RPVSPs albedo. A study by [18] demonstrated that 100 % RPVSPs
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Fig. 9. Spatial distribution of nighttime (20:00 LT) 2-m air temperature differences between rooftop photovoltaic (RPVSPs) deployment scenarios 25 %, 60 %, and
100 % and the baseline scenario (0 % RPVSPs) over the urban area of Lyon. The differences are calculated as RPVSPs scenario minus baseline (0 % RPVSPs),
illustrating the impact of increased RPVSPs coverage on urban air temperature. The urban extent of Lyon is outlined in black. Panels represent: (a) 25 % RPVSPs, (b)

60 % RPVSPs, and (c) 100 % RPVSPs.

coverage in Sydney resulted in up to 1.5 °C daytime warming, as panel-
induced roof-surface temperatures reached 55-65 °C, enhancing sensi-
ble heat flux despite electrical generation. Our WRF simulations
corroborate this trend, indicating 2 m air temperature increases of 0.20
°C, 0.48 °C, and 0.72 °C at 11:30 am under 25 %, 60 %, and 100 %
RPVSPs coverage, respectively. Pokhrel et al. [40] observed a 0.6 °C
temperature increase in mid-rise sectors with 75 % RPVSPs coverage due
to enhanced sensible heat retention from constrained urban-canyon
ventilation. Our simulations further demonstrate that compact mid-
rise zones experience the most significant warming, primarily due to
increased sensible heat flux from RPVSPs in poorly ventilated canyon
geometries.

Nighttime impacts were more consistent, with most studies reporting
a cooling effect of 0.3 °C to 0.8 °C as shown in Fig. 10. This is attributed
to the low thermal inertia of RPVSPs panels, facilitating rapid heat

dissipation after sunset. Previous studies [37,38] reported nocturnal
cooling of 0.4-0.8 °C in Phoenix-Tucson and Singapore, respectively,
attributed to rapid heat loss. A study by [8] noted 0.3 K of nighttime
cooling in Parisian suburbs, linked to reduced daytime heat storage and
increased rooftop panel longwave emission. Another study [11] re-
ported 0.2-0.4 °C of nocturnal cooling in Chaoyang under 100 %
RPVSPs coverage, with occasional slight warming at lower coverage
(02:00-06:00 LT) due to residual insulation. The current study observed
minor nighttime cooling across all deployment levels, with the most
significant decrease under 100 % RPVSPs coverage. Although smaller in
magnitude than some reported values, the consistent direction and trend
confirm the role of RPVSPs surfaces in reducing residual nighttime
urban heat.

Our findings align with the study by [17], who observed similar
trade-offs between rooftop cooling and daytime air warming in Kolkata,



H. Nisar et al.

1.40 F

~120

o

& 1.00 &)

=

©

F ~4

O 080 |

4

2

©

5 0.60 -

Q

£

2 0.40
0.20 o)

(@]

000 1 1 1

Daytime warming Daytime cooling Nighttime cooling

Fig. 10. Boxplot showing temperature changes associated with RPVSPs in-
stallations reported across different studies. “daytime warming” refers to
observed increases in 2-m air temperature, while “daytime cooling” and
“nighttime cooling” represent temperature reductions. The interquartile range,
median, and outliers are illustrated, highlighting the variability of RPVSPs
impacts under different conditions. (Data shown in supplementary Table 2).

and with studies conducted in Sydney, Austin, Athens, and Brussels,
which demonstrated comparable shifts in surface energy balance. This
study stands out by integrating high-resolution surface parameters and
focusing on extreme summer conditions within a temperate-oceanic
climate zone. This approach enables the capture of nuanced RPVSPs
effects, including nighttime radiative suppression.

Supplementary Fig. S5 shows the spatial distribution of 2 m air
temperature differences at 20:00 LT for 25 %, 60 %, and 100 % RPVSPs
coverage during spring (March 26-31, 2023), relative to the 0 % base-
line. The observed evening cooling patterns mirror those from summer
(Fig. 9), reinforcing consistency of RPVSPs induced thermal responses
across seasons. This comparative framework validates our findings and
enhances generalizability, providing insights into urban morphology,
solar installations, and local climate dynamics. LCZ approach, employed
to represent urban morphology, facilitates spatially explicit and
typology-sensitive assessments of thermal impacts. Unlike earlier WRF
studies, the LCZ framework offers a finer resolution of urban form,
surface materials, and land cover effects, thereby enhancing the accu-
racy of localized temperature effects of RPVSPs as depicted in Figs. 3 and
9. Detailed LCZ implementation and classifications are provided in
Table S1.

3.4. Impact on surface energy budget

The city-wide deployment of RPVSPs significantly impacted the
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sensible heat flux (Qsensible) from urban surfaces. At 10:30 LT, the
average Qsensible Was 112.3 Wm? for 25 % RPVSPs coverage, 116.5
Wm2 for 60 % coverage, and 121.1 Wm'2 for 100 % coverage, as shown
in Fig. 11. After 12:00 LT, Qsensible decreased due to reduced anthro-
pogenic heat emissions, particularly from AC units, as cooling demand
declined, leading to a decrease in waste heat release into the environ-
ment [10].

Solar shading from RPVSPs blocks direct solar radiation, reducing
roof heat flux. Although longwave and diffused radiation partially offset
this, the decreased direct solar heating of the roof results in a lower
overall roof heat flux [9,41]. At 12:00 LT, the roof heat flux for the base
case (0 % RPVSPs) ranged from —179.87 Wm? to —464.75 Wm'z, with
an average of —257.70 Wm'2, indicating heat transfer into the building.
With 25 % RPVSPs coverage, the flux decreases, with a minimum of
—~172.41 Wm™>, a maximum of —449.08 Wm™, and an average of
—245.59 Wm'?, indicating reduced heat transfer. For 60 % and 100 %
RPVSPs coverage, the flux remains negative, with minimum and
maximum values of —159.61 Wm™? and —414.10 Wm™ (average of
—227.59 Wm'?) for 60 % RPVSPs, and —139.23 Wm™? and —387.83
Wm?2 (average of —202.38 Wm?2) for 100 % RPVSPs, indicating
continued heat transfer but at a lower rate. Shading effects reduce the
downward heat flux, decreasing the thermal load on buildings and
lowering AC demand, which leads to reduced anthropogenic heat
emissions, particularly from buildings, as shown in Fig. 12.

RPVSPs influence net radiation diurnally due to changes in surface
energy absorption and emission. During the day, net radiation increases
with higher RPVSPs coverage due to lower panel albedo, enhanced solar
radiation absorption, and elevated surface temperatures. For 100 %
RPVSPs coverage, net radiation rises by 76.5 Wm'2, for 60 % coverage by
41.1 Wm'2, and for 25 % coverage by 15.3 Wm™. This demonstrates a
direct correlation between RPVSPs coverage and energy retention, as
illustrated in Fig. 13. Conversely, at night, net radiation decreases with
higher RPVSPs coverage. RPVSPs high emissivity, especially in the
thermal infrared range, efficiently emits longwave radiation to the clear
night sky, causing radiative cooling and a decrease in net radiation.
Convective heat loss and low thermal mass further enhance this cooling
effect. These characteristics limit heat retention and enable efficient
nighttime cooling. Consequently, net radiation decreases by 21.4 Wm™
for 100 % RPVSPs, 11.3 Wm™ for 60 % RPVSPs, and 5.6 Wm for 25 %
RPVSPs during night. This suggests that while RPVSPs panels enhance
daytime heat absorption, they also diminish nighttime radiative cooling,
impacting urban thermal dynamics and heat retention.

RPVSPs effectively reduce roof temperatures but increase daytime
ambient air temperatures by up to 0.72 °C due to enhanced convective
heat and net radiation, as found by [17] in cities like Kolkata, Sydney,
Austin, Athens, and Brussels. Despite climatic differences, the surface
cooling-air warming trade-off remains consistent. This generalizability
supports the relevance of our findings and emphasizes the need for
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Fig. 11. Comparison of average sensible heat flux across 0 %, 25 %, 60 %, and 100 % RPVSPs deployments.
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Fig. 13. Average net radiation difference for 25 %, 60 %, and 100 % RPVSPs scenarios compared to the base case (0 % RPVSPs).

integrated designs combining RPVSPs with high-albedo or vegetative
strategies in various urban contexts. Our results can be extrapolated to
other temperate-oceanic cities with similar built-form characteristics.
Fig. 14 shows results from studies in diverse climatic contexts, including
subtropical, tropical, Mediterranean, maritime, and temperate oceanic

regions, using observation and simulation methodologies to highlight
the universality of these mechanisms across various climate regimes.
The effects of RPVSPs on near-surface temperatures exhibit signifi-
cant regional variations and diurnal fluctuations across diverse climatic
contexts. In Sydney, Australia, studies have reported daytime cooling of
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Fig. 14. RPVSPs impacts on near-surface air temperature across countries.
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1.0 °C and nighttime cooling of 2.7 °C, along with a daytime warming
effect of 1.5 °C [18,42]. Similarly, in Vicosa, Brazil, a moderate daytime
cooling of 0.4 °C has been documented [43], while Paris, France, records
reductions of 0.2 °C during the day and 0.3 °C at night [8]. In contrast,
Ontario, Canada, shows a small daytime warming of 0.5 °C [44]. Osaka,
Japan, exhibits limited cooling, with reductions of 0.1 °C during the day
and 0.4 °C at night [45]. Across China, including Chaoyang, Gonghe,
Guangzhou, Lhasa, and Qinghai Province, mixed responses are evident,
with reported daytime cooling of about 0.34 °C, nighttime cooling of
0.64 °C, and daytime warming up to 1.57 °C [10,13,46-49]. In Munich,
Germany, notable nighttime cooling of 1.19 °C contrasts with daytime
warming of 1.35 °C [50]. A strong warming effect is observed in Pune,
India, where daytime and nighttime temperatures rise by 2.3 °C and 3.1
°C, respectively [51]. In the United States, including regions such as
Arizona, California, Chicago, Los Angeles, and Phoenix, mean estimates
reveal daytime cooling of 0.4 °C, daytime warming of 0.92 °C, and
pronounced nighttime warming approaching 4.0 °C
[6,7,12,15,37,52-55].These findings highlight the heterogeneous ther-
mal impacts of RPVSPs, shaped by local climatic conditions, urban form,
and surface-atmosphere interactions.

3.5. Air conditioning energy demand

The integration of RPVSPs systems into urban environments signif-
icantly impacts building energy dynamics, particularly affecting AC
energy consumption and roof temperature variations. As RPVSPs
coverage increases, there is a noticeable reduction in daytime AC energy
demand, highlighting the potential of these systems to mitigate cooling
loads during peak solar hours.

At 0 % RPVSPs coverage, the average AC energy consumption is 6.6
Whm2, with a range from 2.4 Whm2 to 11.2 Whm'2, resulting in a total
daytime energy demand of 213.6 Whm2. As coverage rises, energy
consumption decreases. At 25 % RPVSPs coverage, the average AC
consumption drops to 6.5 Whm2, further declining to 6.4 Whm2 at 60 %
coverage and 6.3 Whm™ at full (100 %) RPVSPs coverage. This reduc-
tion is primarily due to the shading effect of RPVSPs, which decrease
solar heat gain on building surfaces and, consequently, indoor cooling
requirements. The total daytime energy demand also decreases with
increasing RPVSPs coverage, from 213.6 Whm™ at 0 % to 210.9 Whm™
at 25 %, 206.9 Whm® at 60 %, and 200.7 Whm™ at 100 %. These
findings emphasize the effectiveness of RPVSPs systems in reducing
cooling loads, especially during the most demanding part of the day.
Although nighttime AC consumption slightly increases, from 64.2
Whm™? at 0 % to 64.6 Whm? at 100 %, this variation is negligible
compared to the substantial daytime savings. This slight increase in
nighttime demand is due to the reduced ability of RPVSPs to facilitate
radiative cooling from the roof at night.

Roof temperature patterns highlight the passive cooling benefits of
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RPVSPs systems functioning as sunshades, as illustrated in Fig. 15. With
100 % RPVSPs coverage, the average roof temperature decreases by 1.7
°C compared to the absence of these systems. At 60 % coverage, the
reduction is 1.0 °C, and at 25 % coverage, it is 0.4 °C. This temperature
reduction is mainly due to the shading effect of RPVSPs, which block
direct solar radiation. The cooling effect is most significant during the
day, with maximum temperature reductions of —6.4 °C at 100 %
RPVSPs, —3.4 °C at 60 % RPVSPs, and —1.3 °C at 25 % RPVSPs. How-
ever, while RPVSPs notably lower roof temperatures during the day,
they slightly hinder the roof’s ability to radiate heat at night, leading to
nighttime warming effects. These include maximum temperature in-
creases of 1.2 °C at 100 % RPVSPs, 0.7 °C at 60 % RPVSPs, and 0.3 °C at
25 % RPVSPs. Although these nocturnal warming effects may slightly
increase nighttime building cooling demand, they are largely offset by
the significant reductions in daytime energy demand and roof
temperatures.

As shown in Fig. 16 and Table S2, previous WRF based studies
consistently report reductions in building energy demand of 11 % to 14
% on the day following the deployment of RPVSPs systems
[11,8,37,13,12,38]. RPVSPs mitigate roof surface heating through two
synergistic processes: firstly, by providing shade that obstructs solar
radiation, significantly reducing the shortwave radiation flux to the roof
membrane; secondly, by enhancing convective and radiative dissipation
through the ventilated air gap between the RPVSPs module and the roof.
This air layer facilitates upward heat transport via natural convection
and longwave infrared emission, preventing heat accumulation at the
roof interface. Consequently, the roof surface under RPVSPs remains
cooler during peak daytime hours, reducing conductive heat gain into
the building envelope and lowering the sensible cooling load. These
mechanisms result in a measurable reduction in building-level cooling
energy demand, which in our simulations was approximately 4.8-5.0 %
during summer daytime periods in Lyon, France. This lower reduction is
due to the simultaneous increase in near-surface air temperature caused
by RPVSPs, which partially offsets the expected cooling savings. The
intensified surface heating from large-scale RPVSPs installations leads to
higher ambient temperatures around buildings, diminishing the net
energy benefit. These findings highlight the complex interplay between
rooftop modifications and urban thermal dynamics, emphasizing the
importance of considering both direct and indirect impacts when eval-
uating the synergistic benefits of RPVSPs deployment.

4. Energy generation and utilization efficiency of rooftop
photovoltaic solar panels

The results indicate a significant, nearly linear increase in RPVSPs
output with expanded coverage, highlighting the technology’s scal-
ability in dense urban areas and its potential to support local energy self-
reliance. During solar hours (06:00-20:00 LT), the average RPVSPs yield
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Fig. 15. Roof surface temperature differences for 25 %, 60 %, and 100 % RPVSPs coverage scenarios compared to the base case (0 % RPVSPs).
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Fig. 16. Boxplot showing reported reductions (%) in building energy demand due to RPVSPs installations across various studies. The results highlight variability

linked to climate, RPVSPs design, and urban characteristics.

increases from 1.3 Wh m ™2 at 25 % coverage to 3.2 Wh m 2 at 60 % and
5.4 Wh m~2 at 100 %, as illustrated in Fig. 17. Corresponding sub-daily
peaks reach 3.5, 8.5, and 14.3 Wh m 2, respectively. Total daytime
production follows a similar pattern, rising from 56.4 Wh m~2 at 25 % to
135.9 Wh m™2 at 60 % and 227.7 Wh m~2 at 100 %. These findings
emphasize not only the substantial increase in energy generation but
also its alignment with daytime cooling needs, which are crucial for
addressing passive load imbalances in climate-sensitive regions.

The system’s ability to utilize generated RPVSPs energy also im-
proves with coverage. At 25 % RPVSPs penetration, all generated energy
is consumed instantly on-site, effectively offsetting 26.8 % of the day-
time AC demand. At 60 % RPVSPs, immediate utilization decreases
slightly to 91.2 %, with 59.9 % of AC demand being offset. At 100 %
RPVSPs, real-time utilization falls further to 64.3 %, while the AC load
offset reaches its maximum of 73.0 %, as shown in Table 3. This
apparent contradiction, declining real-time utilization yet rising de-
mand, indicates a saturation point in direct consumption capacity and
underscores the importance of integrating load balancing strategies.

The reduction in immediate RPVSPs utilization at higher coverage
levels results from a temporal mismatch between RPVSPs generation
and cooling energy demand. As RPVSPs capacity expands, particularly
beyond 25 % coverage, midday generation often exceeds instantaneous
AC loads. Since cooling demand typically peaks later than solar irradi-
ance, a diurnal decoupling occurs. Without energy storage or demand-
side management, this surplus generation is either curtailed or expor-
ted, reducing the on-site utilization factor. This highlights the inherent

load-generation imbalance and the critical need for integrating storage
or intelligent controls to enhance operational efficiency.

4.1. Impact of energy storage systems on rooftop photovoltaic solar panels
utilization and air conditioning load offset

To quantify the benefits of energy storage within different RPVSPs
deployment scenarios, a battery energy storage system (BESS) model
was integrated into the simulation framework. This model assesses BESS
charge and discharge dynamics and their impact on RPVSPs energy
utilization and AC load offset. The model calculates surplus energy E,,(t)
and deficit energy Eq.f(t) based on the RPVSPs generation Egpysps(t) and
AC demand E¢(t) obtained from WRF simulations:

Ex(t) = max|0, Erpysps(t) — Eac(t)] )

(6)

The battery state-of-charge (SOC) evolves according to the following
equations, which govern the energy flow within the system:

Egef(t) = max([0, Eac(t) — Erpvsps(t)]

SOC* (t) = Min[Cax, SOC(t) — Eep(t)] @

Ealt)

SOC(t + At) = max[0, SOC(t) — ] (8)

where SOC(t) is the state-of-charge at the beginning of the timestep,
SOC™ (t) is the state-of-charge after charging but before discharging, and
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Fig. 17. RPVSPs generated energy and building AC energy consumption under 0 %, 25 %, 60 %, and 100 % RPVSPs coverage scenarios.
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Table 3
RPVSPs energy utilization and AC energy offset per day.

Solar Energy 301 (2025) 113928

RPVSPs Immediate RPVSPs AC offset immediate RPVSPs utilization with storage (%) AC offset with storage (%)
coverage utilization (%) 0 Med n = Med n = Lgn= Lgn= Med Med n = Lgn= Lgn=
0.7 0.9 0.7 0.9 n= 0.9 0.7 0.9
0.7
0% 0 0 0 0 0 0 0 0 0 0
25 % 100 26.8 100 100 100 100 20.5 20.5 20.5 20.5
60 % 91.2 59.9 97.4 99.1 97.4 99.1 48.7 49.6 48.7 49.6
100 % 64.3 73.0 79.7 84.1 89.3 94.7 68.5 72.2 76.7 81.3
At represents timestep. The charge E(t) and discharge Eg;(t) terms are ;
defined to prevent overcharging or over-discharging, and to account for —— 0% RPVSPs
the available surplus or deficit: 0.04 L= medium 70 discharge
— medium ng0 cl.warge
Een(t) = min[Ee(t), Cpax — SOC(t)] © ogp |- e wocae
3 [EEmtse
Egis(t) = minnSOC™ (t), Egis(t)] (10) E o | = laersoocge
This approach ensures symmetrical application of charging and g 002 |
discharging losses through round-trip efficiency (n). A sensitivity anal-
ysis was conducted using two storage capacities (Cpax): @ medium ca- -0.04 -
pacity of 50 Whm2 and a large capacity of 100 Whm2, representing the . . . . . . .
maximum energy storable per unit area within the urban domain. The 25% RPVSPs
round-trip efficiency (1)) was evaluated at 70 % and 90 %, typical ranges 008 [ e e
for various battery chemistries and operational conditions. This led to e i
testing four battery configurations for each RPVSPs coverage level. The 0.02 |* targenocharge
integration of BESS significantly enhanced RPVSPs utilization and AC ¥ ity
load offset, especially at higher RPVSPs penetration levels where the E ooo T mmmRtcege
load-generation mismatch limits immediate consumption. The =
photovoltaic-self-consumption metric and cooling-load offset used in ooy
this study are defined as _0.04 -
U= %—;Psdw x 100 an 60% RPVSPs
ol
o Fm +Bas 100 12) =
Eac § = large n70 charge
= large n70 discharge
G 20 = large n90 charge
where Ej,, represents the instantaneous electricity consumption of the E sl large 90 discharge
building, E4s denotes the battery discharge over the time step, Egpysps .
signifies the total RPVSPs generation, and E, indicates the air- or
conditioning demand. Thus, U measures the fraction of on-site solar 05
production that is self-consumed either immediately or after storage, 00 | e—
while O quantifies the percentage of the cooling load met by the RPVSPs ' ' '
and battery supply. p————
At 0 % and 25 % RPVSPs coverage, the BESS was inactive. With no 8 = medium n70 discharge
RPVSPs at 0 % coverage, and at 25 % coverage, all 56.4 Whm™ of ptipitivogriesol
RPVSPs output was instantaneously consumed, leaving no surplus to 6 | L laemro dicmarge
charge any battery configuration. This confirms that at low RPVSPs N'E e e v oo
penetration levels, the entire RPVSPs output is efficiently absorbed £47
directly by the on-site load. A substantial shift in storage utility emerged
at 60 % RPVSPs coverage. The total energy generated by RPVSPs was 2r
135.9 Whm™, with immediate RPVSPs utilization at 91.2 %, creating a
daily surplus. Both medium and large BESS capacities charged an Rl S e——

identical 11.9 Whm'%, indicating that the available surplus was fully
captured by the medium battery, rendering the larger capacity non-
beneficial for additional charging. Discharged energy varied with effi-
ciency, 8.4 Whm? at ) = 0.70, and 10.8 Whm'2 at 1) = 0.90 as shown in
the Fig. 18. This led to a notable increase in total RPVSPs utilization,
rising from 91.2 % immediately to a range of 97.4-99.1 % with storage.
Similarly, the AC load offset improved from 45.7 % immediately to
48.7-49.6 %.

At 100 % RPVSPs, daily generation reached 227.7 Whm'2, of which
only 64.3 % was immediately utilized, leaving an 81.2 Whm2 surplus. A
medium BESS captured 62 % of this excess and delivered 35.0 Whm2 at
1 = 0.70 or 45.0 Whm™ at ) = 0.90, increasing total RPVSPs utilization
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Fig. 18. Domain-averaged battery charge and discharge for RPVSPs coverages
of 0 %, 25 %, 60 %, 100 %.

to 79.7-84.1 % and the AC load offset to 68.5-72.2 %. A large BESS
stored the full surplus, discharging 56.8 Whm? at = 0.70 to 69.1
Whm at | = 0.90, elevating utilization and offset to 89.3-94.7 % and
76.7-81.3 %, respectively, as shown in the Fig. 18. Detailed numerical
results for each scenario are presented in Table 3. Increasing n from 0.70
to 0.90 in the large battery yielded an additional 16 % of usable energy,
underscoring the necessity of sizing storage to the daily surplus and
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prioritizing high round-trip efficiency at high RPVSPs penetration. The
precise battery sizing and operational strategy would depend on
building-specific load profiles, diurnal irradiance variability, and pre-
vailing tariff structures. Nevertheless, this conceptual integration un-
derscores how storage can optimize the benefits of renewable power
systems. These results highlight the efficiency and scalability of urban
RPVSPs systems in meeting electricity demands during peak solar pe-
riods and their strategic value when integrated with storage solutions.

5. Sensitivity analysis of rooftop photovoltaic solar panels
coverage and storage

To explore the factors influencing the decline in immediate utiliza-
tion at higher RPVSPs coverage levels, a sensitivity analysis was con-
ducted, evaluating various building topologies: compact high-rise,
compact mid-rise, compact low-rise, open high-rise, open mid-rise, and
open low-rise structures. At 0 % RPVSPs coverage, the average AC en-
ergy demand varied significantly, ranging from 2.8 Whm in open low-
rise buildings to 24.8 Whm? in compact high-rise structures, with no
RPVSPs generation or storage utilization at this baseline.

At 25 % RPVSPs coverage, high demand building types such as
compact and open high-rise have total AC utilization of buildings
maintained 100 % immediate utilization, offsetting their AC loads by
4.9 % and 5.4 %, respectively, indicating that their high internal de-
mand fully absorbed the generated RPVSPs as shown in Table 4 and
Fig. S5. In contrast, low-demand types exhibited slightly reduced im-
mediate utilization rates, such as 99.3 % in compact low-rise and 95.9 %
in open low-rise buildings, with a small surplus of RPVSPs generation
beginning to emerge. Compact low-rise charged 0.5 Whm and open
low-rise charged 1.6 Whm™® into BESS. Storage utilization for these low-
demand types, even with medium and large (70 % and 90 % round-trip
efficiency) battery configurations, remained relatively low, at 1.1-1.3 %
for compact low-rise and 7.0-7.8 % for open low-rise, as the surplus
generation was modest. However, the overall RPVSPs utilization in low-
demand urban typologies experienced a slight improvement with stor-
age, reaching 99.9 % for compact low-rise and 99.6 % for open low-rise.
This marginal increase in utilization resulted in higher total AC load
offset values of 26.4 % and 29.4 %, respectively, under the 25 % RPVSPs
scenario as shown in Fig. S6.

At 60 % RPVSPs coverage, high-demand building types maintained
100 % immediate utilization due to their consistently high energy loads,
achieving AC offsets of 11.9 % for compact high-rise and 13.0 % for open
high-rise. In contrast, lower-demand types experienced significant de-
clines in immediate utilization. Compact mid-rise utilization fell to 96.3
%, with 7.8 Whm™® charged into BESS as shown in Table and Fig. S7.
With battery storage, overall RPVSPs utilization increased to 99.6 %,
and the AC offset rose from 37.4 % to 38.7 %. Compact low-rise utili-
zation dropped sharply to 69.2 %, indicating substantial surplus gen-
eration, with 59.6 Whm? charged into large storage and 50.0 Whm™
into medium storage. BESS integration improved total RPVSPs utiliza-
tion to 96.9 %, increasing the AC offset from 44.7 % to 62.6 % with large
storage at 90 % round-trip efficiency. Similarly, open mid-rise utiliza-
tion decreased to 95.1 %, with 5.5 Whm> charged, and overall RPVSPs
utilization rose to 99.5 %, increasing the AC offset from 37.3 % to 39.0
%. Open low-rise utilization also declined significantly to 64.7 %, with
33.5 Whm2 charged into storage. Battery integration for open low-rise
buildings boosted total RPVSPs utilization to 96.5 % and increased the
AC offset from 47.1 % to 70.3 % with medium and large storage at 90 %
round-trip efficiency as shown in Fig. S8. The increased charged and
discharged values for medium and low-rise types at this coverage
highlight the growing role of storage in managing surplus generation.

At 100 % RPVSPs deployment, compact and open high-rise buildings
still achieved 100 % immediate utilization, significantly offsetting AC
demands by up to 20.1 % and 21.9 %, respectively, with no recorded
battery charging or discharging, reinforcing their consistent high de-
mand. However, mid-rise and low-rise types showed pronounced
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Table 4

Total RPVSPS generation, AC energy demand, and corresponding immediate
utilization and offsetrates across six urban typologies under four RPVSPs
deployment scenarios (0 %, 25 %, 60 %, and 100 %). Immediate RPVSPS uti-
lization represents the percentage of RPVSPS energy consumed on-site without
storage, while AC offset reflects the proportion of total cooling demand met
directly by RPVSPs generation.

RPVSPs Urban Total Total RPVSPs util AC off
coverage type RPVSPs AC (Wh immediate immediate
(%) Whm™® m?) (%) (%)
0 Compact 0 1188.8 0 0
high rise
Compact 0 545.5 0 0
mid rise
Compact 0 306.6 0 0
low rise
Open high 0 638.4 0 0
rise
Open mid 0 288.6 0 0
rise
Open low 0 134.9 0 0
rise
25 Compact 58.2 1183 100 4.9
high rise
Compact 86.5 541.8 100 16
mid rise
Compact 80.4 304.1 99.3 26.3
low rise
Open high 34.1 636.1 100 5.4
rise
Open mid 46.0 286.5 100 16.1
rise
Open low 39.3 133.1 95.9 28.3
rise
60 Compact 140.2 1179.3 100 11.9
high rise
Compact 208.4 535.9 96.3 37.4
mid rise
Compact 193.8 299.9 69.2 44.7
low rise
Open high  82.2 633.0 100 13.0
rise
Open mid 110.9 282.9 95.1 37.3
rise
Open low 94.9 130.1 64.7 47.1
rise
100 Compact 234.8 1168.3 100 20.1
high rise
Compact 349.0 525.5 69.9 46.4
mid rise
Compact 324.4 291.3 45.7 50.8
low rise
Open high  137.7 628.3 100 21.9
rise
Open mid 185.7 277.0 69.8 46.8
rise
Open low 158.8 125.5 41.8 52.9

rise

decreases in immediate utilization, dropping to 69.9 % for compact mid-
rise, 45.7 % for compact low-rise, 69.8 % for open mid-rise, and 41.8 %
for open low-rise buildings as shown in Fig. 19 and Table 4. This was
attributed to substantial RPVSPs generation surpassing immediate in-
ternal demand during peak irradiance periods. The integration of BESS
at 100 % RPVSPs coverage significantly mitigated the impact of surplus
generation on overall RPVSPs utilization and AC offset for these building
typologies. For compact mid-rise buildings, RPVSPs utilization
improved to 95.7 % with storage, and AC offset increased from 46.4 % to
63.6 % with large storage at 90 % round-trip efficiency charging 100.0
Whm™. Compact low-rise buildings saw RPVSPs utilization rise to 73.4
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Fig. 19. Diurnal profiles of RPVSPs generation and AC cooling demand (Wh m~2) for six urban building types under 100 % RPVSPs coverage.

% with large storage at 90 % round-trip efficiency, achieving an 81.7 %
AC offset from 50.8 %, with 100.0 Whm™ charged. Open mid-rise
buildings achieved 97.0 % RPVSPs utilization with large storage at 90
% round-trip efficiency, improving AC offset from 46.8 % to 65.0 %,
with 56.0 Whm™ charged. Open low-rise buildings, charging 92.4
Whm into large storage, reached 69.7 % RPVSPs utilization and an
impressive 88.2 % AC offset from 52.9 % as shown in Fig. 20. The uti-
lization metric for BESS, especially at 100 % coverage and with large
storage sizes, shows a significant increase of 58.6 % for compact low-rise

volumes, limit the maximum feasible RPVSPs integration, maintaining
high immediate utilization rates and minimal storage needs. In contrast,
mid-rise and low-rise buildings, with larger roof areas compared to their
internal volumes, allow for greater RPVSPs installations, often resulting
in surplus generation beyond immediate demand. The sensitivity anal-
ysis with BESS shows that for these building types, energy storage is
crucial for enhancing overall RPVSPs utilization efficiencies by
capturing and later discharging surplus energy, significantly increasing
the total AC offset.

and 86.1 % for open low-rise, indicating effective utilization of stored

This extended sensitivity analysis illustrates the dynamic relation-

energy to meet demand when RPVSPs generation is low.
The primary factor influencing these patterns is closely linked to

ship between building morphology, RPVSPs coverage, and energy uti-
lization efficiency, further supporting the mechanisms behind the

building morphology, particularly the roof-to-volume ratio. High-rise
buildings, with smaller roof areas relative to their large internal

decline in immediate utilization at higher RPVSPs deployments and
emphasizing the need for optimized sizing and integration of energy

—— medium n70% ch —— medium n90% ch
medium n70% dis ~==medium n90% dis

large n70% ch
—-— large n70% dis

large n90% ch
—-= large n90% dis
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Fig. 20. Charging and discharging patterns (Wh m~2) of medium and large BESS at 70 % and 90 % round-trip efficiencies across six urban typologies under 100 %

RPVSPs deployment. Compact and open high-rise buildings exhibit no storage activity due to their high AC loads fully absorbing generated RPVSPs energy. In
contrast, mid- and low-rise buildings, particularly compact mid-rise and open low-rise, demonstrate substantial battery charging during midday and discharging in
the evening, indicating a pronounced temporal mismatch between generation and demand. Peak discharging exceeds 10 Wh m~2 in high-efficiency configurations,
significantly enhancing RPVSPs utilization.
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storage to manage energy surplus and maximize the benefits of RPVSPs
in urban energy systems. The insights gained underscore the importance
of customized RPVSPs sizing strategies and integrated storage solutions
for optimizing urban energy systems, particularly for building types
with high RPVSPs generation potential relative to their immediate
demand.

6. Trade-offs between cooling and warming effects

RPVSPs installations exert dualistic impacts on urban thermal dy-
namics emphasizing the inherent trade-offs between their cooling ben-
efits and localized warming effects. Quantitatively, at peak solar noon
(12:00 LT), the implementation of 100 % RPVSPs coverage significantly
reduces the downward conductive heat flux into buildings from -257.70
Wm2 (baseline) to -202.38 W rn’z, corresponding to a net decrease of
approximately 55.3 W m™2 This diminished conductive heat load
directly translates to a reduction in roof-surface temperature by ~1.7 °C,
which subsequently lowers building cooling demand, evidenced by an
estimated 5 % decrease AC energy consumption. This outcome un-
derscores the effective thermal barrier function of RPVSPs panels,
mitigating heat gain by shading and altered surface energy partitioning.
Conversely, the presence of RPVSPs arrays modifies the surface energy
balance by increasing the sensible heat flux from 112.3 W m™2 at 25 %
RPVSPs coverage to 121.1 W m™2 at full coverage. This increase in
turbulent heat flux, coupled with an augmentation in net daytime ra-
diation by up to +76.5 W m~2, contributes to localized ambient air
temperature elevations of up to +0.72 °C, as demonstrated in Figs. 12,
14, and 15. These warming effects are attributable to changes in surface
albedo and thermal emissivity induced by RPVSPs materials, which
absorb more solar radiation than high-albedo roofing alternatives and
re-emit heat into the urban canopy layer. Further, we investigate
nocturnal dynamics, revealing that RPVSPs can hinder radiative cooling
at night, increasing roof surface temperatures by up to +1.2 °C
compared to conventional roofing. This occurs because RPVSPs modules
reduce the effective longwave emissivity of the roof and obstruct sky
view factors, thereby suppressing radiative heat loss. However, RPVSPs
simultaneously emit elevated longwave radiation relative to traditional
roofing materials, partially offsetting this effect. Comparative analysis
with passive heat mitigation strategies such as cool roofs and green roofs
shows that these interventions typically yield consistent reductions in
both roof and ambient air temperatures of 1-2 °C, without electricity
generation. Their higher albedo and evapotranspiration processes
improve urban heat stress with minimal localized warming trade-offs.
Based on these findings, we propose that hybrid approaches, inte-
grating RPVSPs with reflective coatings or vegetative layers, may opti-
mize the trade-offs between electricity generation and urban heat
mitigation. Such synergistic strategies can simultaneously leverage the
renewable energy benefits of RPVSPs installations while preserving or
enhancing urban cooling effects, thereby aligning with sustainable
urban climate resilience goals.

7. Limitations of the study

While this study provides valuable insights into the thermal and
energy performance of RPVSPs, several limitations must be acknowl-
edged to contextualize its findings. The simulations were conducted
under idealized conditions, assuming uniform RPVSPs coverage and
tailored to the specific climatic, architectural, and urban morphology
characteristics of Lyon, France. Although this ensured internal consis-
tency, it limits the generalizability of the results to cities with different
climatic conditions, solar radiation patterns, urban configurations, or
building typologies. For instance, cities in arid, tropical, or extremely
cold climates may exhibit distinct interactions between RPVSPs in-
stallations and the urban thermal environment due to differences in
atmospheric dynamics and energy fluxes. Furthermore, the model
assumed homogeneous RPVSPs system deployment with ideal
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operational parameters. Installations are highly heterogeneous, varying
in panel coverage, module efficiency, orientation, tilt angles, cleaning
practices, and degradation rates. These factors can substantially affect
both energy generation and thermal performance. While simplifying
assumptions were necessary for model tractability, incorporating these
operational complexities would improve the representativeness of re-
sults in applied settings. The simulations did not capture interactions
between RPVSPs and surrounding urban surfaces such as facades,
adjacent buildings, roads, and vegetated areas. Secondary radiation
exchanges, inter-surface shading, and alterations to pedestrian-level
microclimates were not explicitly modeled. These factors are particu-
larly relevant in dense urban environments, where thermal feedback
between surfaces may significantly influence outcomes.

In addition, the study neglected to consider dynamic atmospheric
variability, such as interannual weather fluctuations, extreme heat
events, and long-term climate change projections. These temporal fac-
tors can significantly influence system performance and urban thermal
responses, and their exclusion restricts the assessment of resilience or
adaptation potential under changing climatic conditions. Future
research should address these limitations by incorporating spatial and
operational heterogeneity, urban surface interactions, and dynamic
climate scenarios to enhance the robustness and applicability of
simulation-based evaluations of RPVSPs in various urban settings.

8. Conclusion

This study evaluates the thermal and energy implications of RPVSPs
within the urban setting of Lyon, France, with a primary focus on their
influence on near-surface air temperatures, building energy consump-
tion, and energy production. The findings reveal a dual thermal effect:
while RPVSPs effectively convert incident solar energy into electricity,
they also induce localized daytime warming, resulting in an increase of
up to 0.72 °C in near-surface air temperatures under 100 % coverage.
This warming is attributed to the panels’ enhanced solar absorption,
elevated surface temperatures, and intensified convective heat transfer
with the surrounding air. Conversely, nighttime conditions exhibit a net
cooling effect, with air temperatures reduced by up to 0.42 °C relative to
scenarios without RPVSPs. In terms of building performance, RPVSPs
reduce daytime roof surface temperatures by an average of 2.09 °C at
full coverage leading to a nearly 5 % reduction in daytime AC energy
demand. However, diminished nighttime radiative cooling results in a
slight elevation of roof temperatures by 1.61 °C, marginally increasing
nighttime cooling loads. Notably, energy generation from RPVSPs plays
a pivotal role in offsetting electricity consumption. At 100 % coverage,
the panels produced an average of 227.7 Whm2, effectively offsetting
85.9 % of the total daily AC energy demand of 265.1 Whm™2. These
findings underscore the strategic significance of RPVSPs as an integrated
solution for urban energy systems providing clean energy generation
and reductions in cooling demand. Nevertheless, the potential for day-
time heating effects underscores the necessity of context-specific plan-
ning and thermal impact assessment. Future research should expand
upon this work by exploring diverse RPVSPs layouts, incorporating more
detailed urban morphologies, and assessing system performance under
future climate scenarios. Furthermore, hybrid configurations that
combine RPVSPs with reflective or vegetated roofing materials may
offer a promising avenue to maximize energy efficiency while mitigating
unintended thermal consequences in densely populated urban
environments.
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