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Winter climate–energy trade-offs of
rooftop photovoltaics under green, cool,
and super cool roofs in cities
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Urban rooftop photovoltaic systems are increasingly integrated with green, cool and super cool roofs
to simultaneously support renewable energy generation, building energy efficiency and climate
adaptation. However, whether these objectives remain aligned during winter is poorly understood.
Hereweshow thatwinter atmospheric stability largely confines rooftop thermal effects to thenear-roof
environment, resulting in only modest reductions in ambient temperature (−0.2 to −1.0 °C). In
contrast, substantial cooling occurs at roof and photovoltaic panel surfaces, with panel temperatures
decreasing by up to 14.7 °C. These cooler operating conditions increase photovoltaic electricity
generation by 2.1–6.1%. However, the same cooling processes enhance nocturnal heat loss through
building envelopes, increasing winter heating load by 1.1–3.48%. These findings reveal a previously
overlooked winter climate–energy trade-off, emphasizing the need to balance photovoltaic efficiency
with building thermal performance in urban energy transitions.

Rooftop photovoltaic solar panels (RPVSPs) have emerged as a key com-
ponent of urban decarbonization and distributed energy systems, trans-
forming underutilized building surfaces into productive renewable energy
assets1–3. Because RPVSPs conversion efficiency decreases with increasing
module temperature, considerable attention has been directed toward
passive roof technologies capable of regulating rooftop thermal conditions
while simultaneously providing climate and energy co-benefits4,5. Among
these approaches, evaporative green roofs (GRs) and reflective cool roofs
(CRs) have attracted increasing interest because they modify the rooftop
energy balance, reduce module temperatures, and mitigate urban heat
exposure6–9. Integrating RPVSP systems with these roof technologies offers
opportunities to enhance electricity generation while lowering building
cooling demand and improving urban energy resilience10–12. Consequently,
GR+ RPVSP andCR+ RPVSP systems have been extensively investigated
across diverse climatic regions over the last two decades12–14. Understanding
the interactions among rooftop materials, atmospheric processes, and
RPVSP systems is therefore becoming increasingly important for

maximizing renewable electricity generation and accelerating net-zero
transitions under a warming climate15,16.

Extensive studies have demonstrated that GR+ RPVSP can enhance
electricity generation through evaporative cooling and reductions inmodule
operating temperatures10–12,17–25. The highest gains of approximately 6.0%
have been reported in Berlin17, whereas enhancements of around 4.3% have
been documented in Hong Kong18. Improvements of approximately 3.0%
have been observed in Lleida10 and Winterthur11, while electricity gains of
around 2.0% have been reported in New York19 and Colombia20. More
moderate increases ranging from 0.8 to 1.8% have been documented in
Zurich12, Kansas21, Portland22, and San Diego23. Average gains of approxi-
mately 0.55% across various regions of the United States24 and the smallest
enhancement of approximately 0.4% inBucaramanga,Colombia25 have also
been reported. Collectively, these findings indicate that GR+RPVSP sys-
tems can increase electricity generation by approximately 0.4–6.0%,
depending on local climate, vegetation characteristics, substrate properties,
and roof configuration. In addition to improving RPVSP performance, GRs
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provide multiple co-benefits through reduced rooftop temperatures,
enhanced evapotranspiration, lower cooling demand, and improved urban
environmental quality6–9,12. These findings report the important role of
evaporative cooling in enhancing RPVSP performance while simulta-
neously contributing to urban climate adaptation.

Similarly, extensive studies have shown that reflective CR technologies
can substantially improve RPVSP performance by reducing module oper-
ating temperatures and modifying rooftop radiative conditions12,26,27. Pre-
vious studies have reported electricity gains ranging from approximately 1.9
to 7.0%, with the highest enhancements observed in Shanghai26 and more
moderate increases documented in Zurich12 and Texas27. Specifically, elec-
tricity generation improvements of approximately 7.0%and 6.0%have been
reported in Shanghai26, whereas gains of 3.4% and 1.9% have been observed
in Zurich12 and Texas27, respectively. Together, these findings suggest that
CR+RPVSP can enhance electricity generation by approximately
1.9–7.0%. In addition to improving RPVSP output, reflective CRs reduce
rooftop temperatures, lower building cooling energy demand, and mitigate
urban heat12,26,27. Therefore, extensive evidence demonstrates that both
evaporative and reflective roof technologies can substantially improve CR
performance while simultaneously generating climate and energy co-
benefits. However, despite the extensive literature on GR+ RPVSP and
CR+RPVSP systems, virtually all reported investigations have focused on
summer conditions, when cooling effects are expected to be
strongest10–12,17–27. To our knowledge, no previous studies have system-
atically examined winter RPVSP gains under hybrid roofing technologies.

This pronounced summer bias represents a critical limitation because
RPVSP performance depends not only on solar irradiance but also on
module temperature, radiative forcing, atmospheric stability, cloud condi-
tions, and surface energy exchanges28,29, all of which exhibit substantial
seasonal variability. Consequently, conclusions derived exclusively from
summer experiments cannot necessarily be extrapolated to annual perfor-
mance. The absence of winter assessments limits understanding of year-
round electricity gains and hinders the development of climate-sensitive
design strategies for hybrid rooftop systems. Moreover, most previous
investigations have been conducted at building or neighborhood scales,
thereby limiting representation of city-scale atmospheric feedbacks and
climate–energy interactions10–12,17–27,30. Seasonal differences in radiation,
ambient temperature, and atmospheric conditions may substantially alter
the effectiveness of roof-mediated cooling and consequently influence
RPVSP efficiency. Therefore, the annual benefits of integrated roof tech-
nologies may have been underestimated by existing summer-based studies.
Addressing these limitations requires seasonally explicit frameworks cap-
able of representing the coupled interactions among rooftop materials,
RPVSP modules, and the urban atmosphere across different climatic con-
ditions. Suchunderstanding is essential for improvingRPVSPreliability and
optimizing climate-responsive urban energy systems.

Another important knowledge gap concerns advanced radiative
cooling materials31–33,34. Recent developments in super cool roofs (SCRs)
characterized by exceptionally high solar reflectance and strong infrared
emissivity have demonstrated remarkable capabilities for reducing roof
surface temperatures and lowering building energy consumption35–39.
Compared with reflective CRs, these roofs canmaintain substantially lower
temperatures through enhanced radiative cooling and therefore offer
additional opportunities for regulating RPVSP module temperatures40.
Despite their promising thermal properties, interactions between SCRs and
RPVSP systems remain largely unexplored. To date, studies evaluating
SCR+ RPVSP systems are virtually absent from the literature, and no
investigations have examined their seasonal behavior or winter perfor-
mance. Consequently, the potential of advanced radiative cooling materials
to enhance RPVSP electricity generation and improve energy resilience
remains unknown. Resolving these uncertainties requires integrated
climate–energy frameworks capable of quantifying the seasonal response of
RPVSP systems to emerging rooftop technologies. Such assessments are
essential for identifying previously overlooked opportunities to maximize
renewable electricity generation and strengthen the climate adaptation

benefits of urban rooftops. These advances also offer new opportunities for
integrating passive cooling technologies with distributed renewable energy
systems.

Here, we investigate the seasonal climate–energy interactions of
urbanRPVSPunder evaporative, reflective, and radiative-cooling rooftops,
with particular emphasis on winter conditions, using a climate-informed
urban modelling framework. During summer, GR+ RPVSP systems
increased electricity generation by 1.9%, which falls within the previously
reported range of 0.4–6.0%, while CR+ RPVSP systems produced gains
ranging from 3.6 to 5.3%, comparable to values reported for Zurich12 and
Shanghai26. More importantly, winter simulations reveal that cooling-
induced benefits persist and, in some cases, become more pronounced.
Electricity generation increased by 2.1% under GR+ RPVSP systems and
by 4.3% under CR+ RPVSP systems during winter. Furthermore,
SCR+ RPVSP systems achieved a 6.1% increase in winter electricity
generation, representing the highest enhancement among all scenarios
considered. To our knowledge, these findings provide one of the first
seasonal evaluations of roof–panel interactions and the first assessment of
winter RPVSP performance under SCRs. These results demonstrate that
roof-mediated thermal regulation is not exclusively a summer phenom-
enon but a year-round process, extending the predominantly summer-
based literature intowinter conditions and revealingpreviously overlooked
climate–energy interactions that are important for enhancing SCR relia-
bility, improving urban energy resilience, and accelerating net-zero tran-
sitions under current climate normal.

Results
Winter atmospheric limits on rooftop thermal effects
Wintertime urban meteorology is characterized by low solar elevation,
reduced incoming shortwave radiation, weakened turbulent exchange, and
persistent stable boundary-layer conditions,which collectively constrain the
vertical propagation of surface thermal signals. Rooftop modifications
during winter influence the partitioning of turbulent energy fluxes under
stable atmospheric conditions. Generally, sensible heat flux responses
remain moderate and generally decrease under reflective and shaded roofs,
while vegetated configurations (GR+ RPVSP) show relatively larger day-
time exchanges compared with CR+ RPVSP and SCR+RPVSP. In con-
trast, latent heat flux exhibits stronger enhancements primarily over
vegetated roofs due to evapotranspiration, whereas reflective and shaded
roofs produce comparatively small changes. These results indicate that
winter atmospheric stability limits turbulent heat exchange, while
vegetation-drivenmoisture fluxes play amore prominent role inmodifying
the surface energy balance. Detailed analyses of sensible and latent heat flux
responses across all scenarios are presented in Supplementary Fig. S1 and in
Supplementary Fig. S2.

Within this framework, ambient air temperature exhibits the weakest
sensitivity to rooftop modification. Relative to conventional roofs, daytime
maximum ambient temperature increases slightly by +0.6 °C under
GR+ RPVSP but decreases by −0.6 °C and −1.0 °C under CR+RPVSP
and SCR+ RPVSP (Fig. 1a-c). Daytime minimum ambient temperature
responses remain small, ranging from+0.1 °C to −0.2 °C, producing day-
time mean anomalies of +0.4 °C, −0.4 °C, and −0.7 °C for GR + RPVSP,
CR + RPVSP and SCR + RPVSP, respectively. At night, when radiative
cooling dominates and mechanical turbulence is suppressed, ambient
temperature maxima decline by −1.4 °C, −1.6 °C, and −1.9 °C, while
nighttime mean reductions reach−0.9 °C,−1.1 °C, and−1.3 °C for GR+
RPVSP, CR + RPVSP and SCR + RPVSP, respectively (Fig. 1a’-c’). Daily
mean ambient temperature decreases remain limited at −0.2 °C, −0.7 °C,
and−1.0 °C (Table S1) forGR+RPVSP,CR+RPVSP and SCR+RPVSP,
respectively. These muted responses align with boundary-layer theory,
indicating that winter atmospheric stability restricts the feedback of roof-
level cooling to the urban canopy air, isolating surface and building-scale
processes.

Surface temperatures represent the first level at which winter rooftop
modification effects become amplified, reflecting direct control by radiative
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balance and surface thermal properties. During daytime, surface tempera-
ture maxima increase slightly by +0.7 °C under GR+ RPVSP, indicating
partial insulation-driven heat retention, but decrease by −1.8 °C and
−2.2 °C under CR+RPVSP and SCR+ RPVSP, respectively (Fig. 2a-c).
Daytime minimum surface temperatures decline by −0.5 °C for both
CR+RPVSP and SCR+ RPVSP, yielding daytime mean surface tem-
perature anomalies of +0.5 °C, −1.2 °C, and −1.5 °C (Table S1). These
responses reflect reduced net shortwave absorption and suppressed sensible
heatflux under reflective and shaded surfaces. At night, surface temperature
maxima decrease by−2.8 °C,−4.2 °C, and−5.4 °C, while nighttime mean
reductions reach−1.9 °C,−2.8 °C, and−3.8 °C, consistent with enhanced
longwave radiative loss under stable winter conditions (Fig. 2a’-c’). Daily
mean surface temperature reductions intensify from−0.6 °C to−2.0 °Cand
−2.5 °C, demonstrating increasing sensitivity relative to ambient air and

confirming that winter surface thermodynamics are governed by material
properties rather than atmospheric mixing.

Roof surface temperatures show the strongest winter response,
reflecting their dominant role in urban heat storage and release within the
building energy balance. Daytime roof surface maximum temperatures
decrease substantially by −4.4 °C under GR+RPVSP, −10.8 °C under
CR+RPVSP, and −19.2 °C under SCR+RPVSP (Fig. 3a-c). Corre-
sponding daytime minimum reductions of −1.5 °C, −3.6 °C, and −6.3 °C
produce daytime mean roof surface cooling of −3.0 °C, −7.3 °C, and
−12.8 °C (Table S2). These large reductions arise from increased albedo,
reduced absorptivity, added insulation layers, anddiminished thermalmass,
which collectively suppress conductive heat storage duringwinter. At night,
roof surface maximum temperatures decline further by −4.5 °C, −9.1 °C,
and −11.7 °C, while nighttime mean reductions reach −3.2 °C, −6.3 °C,

Fig. 1 | Wintertime ambient temperature differences under optimized RPVSP
scenarios. Differences (experiments minus RCC+ RPVSP) in simulated ambient
temperature (Tambient) under various optimized rooftop scenarios during the winter
month- a, a’ GR+ RPVSP, b, b’ CR+ RPVSP, and c, c’ SCR+ RPVSP,

corresponding to peak daytime a–c and nighttime a’–c’ conditions. All results are
spatially averaged over urban grid cells across the Kolkata urban region. The baseline
RCC+ RPVSP represents conventional RCC rooftops integrated with RPVSP.
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and −7.9 °C, indicating enhanced longwave emission and weakened heat
release from roof slabs (Fig. 3a’-c’). Daily mean roof surface temperature
reductions intensify from −3.1 °C to −6.8 °C and −10.6 °C, establishing a
persistent cold roof boundary that directly constrains upward heat transfer
to overlying RPVSP systems.

RPVSP temperatures respond directly to roof surface cooling through
combined conductive, radiative, and convective pathways, completing the
winter thermal cascade at the city scale. During daytime, RPVSP surface
maximum temperatures decrease by −6.8 °C under GR+RPVSP,
−14.1 °C under CR+RPVSP, and −22.6 °C under SCR+RPVSP, while
daytime minimum reductions range from −2.3 °C to −7.6 °C. These yield
daytimes mean RPVSP temperature decreases of −4.7 °C, −9.5 °C, and
−15.2 °C, which closelymirror roof surface cooling rather than ambient air
temperature changes. At night, RPVSP surface temperatures decrease fur-
ther, with nighttime mean reductions of −5.7 °C, −10.2 °C, and −14.2 °C,
reflecting dominant longwave radiative exchange under stable conditions
(Table S2). Although nocturnal cooling does not directly enhance electricity

generation, it establishes a colder initial thermal state at sunrise, delaying
temperature-driven efficiency losses during subsequent daylight hours.
Daily mean RPVSP surface temperatures decline by−5.2 °C,−9.8 °C, and
−14.7 °C, confirming thatwinterRPVSPbehavior is controlledprimarily by
building-scale thermal physics rather than atmospheric temperature
modulation.

Figure 4 illustrates the relationship between changes in winter ambient
air temperature and the simulated rooftop thermal responses across the
Kolkata urban region under different optimized rooftop configurations.
Winter conditions are characterizedby lower background temperatures and
reduced solar elevation, which modify the surface–atmosphere energy
exchange and influence rooftop thermal dynamics and RPVSP operating
temperatures. This relationship highlights how wintertime atmospheric
variability interacts with rooftop material properties and surface energy
balance processes. Cooling responses are particularly pronounced in
reflective and vegetated roof systems, where enhanced radiative losses and
reduced heat storage amplify the sensitivity of roof surfaces to ambient

Fig. 2 | Wintertime urban surface temperature differences under optimized RPVSP scenarios. Same as Fig. 1, but for urban surface temperature (Tsurface).
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temperature fluctuations. As a result, RPVSP temperatures closely track
these rooftop thermal adjustments, reflecting the coupling between RPVSP
operating temperature and the underlying roof environment. Such
responses indicate that optimized rooftop configurations not only influence
summertime heat mitigation but also modulate winter rooftop thermal
regimes. These interactions are important for understanding seasonal urban
energy dynamics, as lower roof andRPVSP temperatures can affect building
heating demand and RPVSP performance under winter climate conditions.

Temperature-mediated winter control of building energy
consumption
During winter daytime, building energy consumption responds weakly
despite pronounced cooling at surface, roof, and RPVSP levels, reflecting
strong atmospheric constraints. Ambient air temperature variations remain
small, with daytimemean changes limited to+0.4 °C,−0.4 °C, and−0.7 °C,
indicating shallow boundary layers and restricted turbulent heat exchange.
Under these conditions, daytime maximum building energy consumption

reaches 6.52Wm−2 for GR+RPVSP, 6.51Wm−2 for CR+RPVSP, and
6.61Wm−2 for SCR+ RPVSP, corresponding to relative increases of 0.87%,
1.04%, and 3.66% and absolute increases of 0.05Wm−2, 0.04Wm−2, and
0.14Wm−2. Daytime minimum consumption remains low at 0.97Wm−2

for both GR+ RPVSP and CR+ RPVSP and increases marginally to
0.99Wm−2 for SCR+ RPVSP, with relative increases of 0.57%, 0.60%, and
2.12%. These modest penalties persist despite daytime mean roof surface
cooling of−3.0 °C,−7.3 °C, and−12.8 °C and RPVSP cooling of−4.7 °C,
−9.5 °C, and−15.2 °C, demonstrating partial compensation bywinter solar
gains, indoor heat storage, and reduced daytime heating sensitivity.

Daytimemeanbuilding energy consumption integrates surfacecooling
and limited atmospheric feedback under reduced winter insolation. Mean
consumption stabilizes at 2.53Wm−2 for both GR+ RPVSP and CR+
RPVSP and increases marginally to 2.58Wm−2 for SCR+ RPVSP. These
values correspond to relative increases of 0.76%, 0.85%, and 3.00% and
absolute increases of 0.02Wm−2, 0.02Wm−2, and 0.07Wm−2, respectively
(Fig. 5 and Table S3). The muted daytime response contrasts sharply with

Fig. 3 | Wintertime roof surface temperature differences under optimized RPVSP scenarios. Same as Fig. 1, but for roof surface temperature (Troof).
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stronger cooling observed at surface, roof, andRPVSP levels. Daytimemean
surface temperatures vary between+0.5 °C and−1.5 °C, while roof surface
temperatures decrease by −3.0 °C, −7.3 °C, and −12.8 °C, and RPVSP
temperatures decline by −4.7 °C, −9.5 °C, and −15.2 °C. This decoupling
reflects winter meteorological control, where stable stratification and weak
mechanical mixing limit the transmission of surface cooling into indoor
thermal loads. Building thermal inertia further moderates heat loss during
daylight hours, delaying the response of heating systems to roof and RPVSP
temperature suppression. As a result, daytime heating demand increases
nonlinearly, remaining small relative to the magnitude of surface and roof
cooling.

Nighttime conditions reveal a pronounced amplification of winter
cooling impacts on building energy consumption, driven by enhanced
radiative losses and suppressed convective exchange. Ambient air tem-
perature reductions remain limited, with nighttime mean decreases of
−0.9 °C, −1.1 °C, and −1.3 °C, confirming weak atmospheric control. In
contrast, roof surface nighttime mean temperatures decline sharply by
−3.2 °C under GR+ RPVSP, −6.3 °C under CR+ RPVSP, and −7.9 °C
under SCR+ RPVSP, while RPVSP surface temperatures decrease further
by−5.7 °C,−10.2 °C, and−14.2 °C.These reductions intensify conductive
heat loss across the roof envelope, directly increasing indoor heating
demand. Consequently, nighttime maximum building energy consump-
tion rises to 9.97Wm−2 for GR+ RPVSP, 10.01Wm−2 for CR+ RPVSP,
and 10.13Wm−2 for SCR+ RPVSP, corresponding to relative increases of
2.34%, 3.18%, and 6.06% and absolute increases of 0.23Wm−2,
0.31Wm−2, and0.32Wm−2.Nighttimeminimumconsumption increases
to 3.50Wm−2, 3.51Wm−2, and 3.55Wm−2, with relative increases of
1.02%, 1.37%, and 2.61%, confirming dominant nocturnal winter energy
penalties (Fig. 6).

Nighttimemean building energy consumption reaches 7.37Wm−2 for
GR+ RPVSP, 7.42Wm−2 for CR+RPVSP, and 7.56Wm−2 for SCR+
RPVSP, corresponding to relative increases of 1.53%, 2.12%, and 4.04% and
absolute increases of 0.11Wm−2, 0.15Wm−2, and 0.29Wm−2. These ele-
vated nighttime demands persist intodailymeans because shortwinter days
provide limited opportunity for thermal recovery. Daily mean surface
temperatures decrease by−0.6 °C,−2.0 °C, and−2.5 °C, while roof surface
temperatures decline by −3.1 °C, −6.8 °C, and −10.6 °C across GR+
RPVSP, CR+ RPVSP, and SCR+RPVSP. The RPVSP surface daily mean
temperatures exhibit the strongest cooling, decreasing by−5.2 °C,−9.8 °C,
and −14.7 °C, respectively. These sustained reductions suppress upward
heat flux from conditioned indoor spaces, maintaining elevated heating

demand throughout the diurnal cycle. As a result, daily mean building
energy consumption increases to4.75Wm−2 forGR+RPVSP, 4.77Wm−2

for CR+RPVSP, and 4.86Wm−2 for SCR+RPVSP. These correspond to
relative increases of 1.11%, 1.43%, and 3.48% and absolute increases of
0.06Wm−2, 0.08Wm−2, and 0.17Wm−2, confirming a robust city-scale
winter cooling penalty.

Winter modulation of urban photovoltaic energy generation
Wintertime RPVSP energy generation responds nonlinearly to rooftop
cooling despite strong atmospheric constraints on ambient temperature.
Daytime generation shows clear sensitivity to roof modification, while
nighttime generation remains zero across all scenarios due to the absence
of solar irradiance. Relative to the conventional roof baseline, daytime
maximum energy generation increases by 18.2Wm−2 under GR+
RPVSP, 19.0Wm−2 under CR+ RPVSP, and 20.1Wm−2 under SCR+
RPVSP, corresponding to percentage increases of 5.3%, 10.1%, and 16.5%,
respectively. Daytime minimum generation enhancements are smaller,
increasing by 6.2Wm−2, 6.3Wm−2, and 6.4Wm−2, with associated
percentage gains of 1.7%, 3.2%, and 4.9% (Table S4). These gains reflect
improved module operating conditions under reduced RPVSP tempera-
tures, rather than changes in incoming radiation, confirming that winter
RPVSP performance is thermally constrained rather than irradiance-
limited alone.

Daytime mean RPVSP energy generation provides a robust metric
for evaluating winter performance improvements. Under GR+ RPVSP,
daytime mean energy generation increases by 14.4Wm−2, corre-
sponding to a 3.8% enhancement. Stronger responses are observed for
CR+ RPVSP and SCR+ RPVSP, where daytime mean generation rises
by 14.9 Wm−2 (7.5%) and 15.5Wm−2 (11.2%), respectively. Absolute
increases of 0.6 Wm−2, 1.1Wm−2, and 1.6Wm−2 further indicate
progressively stronger thermal control with increasing roof reflectance
and emissivity. These patterns closely follow the magnitude of RPVSP
surface cooling reported earlier, demonstrating that daytime RPVSP
gains scale with rooftop-induced reductions in module temperature
rather than ambient air temperature. The nonlinear amplification from
GR to SCR scenarios highlights that winter RPVSP performance is
particularly sensitive to roof-level radiative control, where enhanced
cooling reduces temperature-driven efficiency losses during peak day-
time operation.

In contrast to daytime behavior, nighttime RPVSP energy generation
remains zero across all scenarios, with no measurable differences in

Fig. 4 | Relationship between ambient temperature change (ΔTambient) and
simulated urban thermal responses under different optimized rooftop config-
urations during winter month over the Kolkata urban region. Panels show
a changes in surface temperature (ΔTsurface), b roof temperature (ΔTroof), and
c RPVSP temperature (ΔTpanel) relative to the RCC+ RPVSP baseline. Points
represent hourly mean values of the 24-hour mean diurnal cycle averaged over the
62-day simulation period (n = 24) for GR+ RPVSP, CR+ RPVSP, and SCR+

RPVSP scenarios; solid lines and shaded bands indicate linear regressions and their
95% confidence intervals, respectively. Dotted curves denote the probability density
distribution ofΔTambient. Reported coefficients of determination (R2) values quantify
the strength of the temperature-response relationships. Negative ΔTambient reflects
colder conditions associatedwith potential increased inwinter heating load, whereas
values closer to zero or positive indicate relatively warmer ambient states influencing
rooftop thermal behaviour and RPVSP temperature responses.

https://doi.org/10.1038/s44406-026-00042-8 Article

npj Clean Energy |            (2026) 2:27 6

www.nature.com/npjcleanenergy


percentage increase, absolute increase, or energy generation for GR+
RPVSP, CR+ RPVSP, and SCR+RPVSP. Nighttime maximum, mini-
mum, and mean values are uniformly 0.0Wm−2, reflecting the absence of
solar input during winter nights. However, the absence of nocturnal gen-
eration does not imply an absence of thermal influence. Substantial night-
time RPVSP cooling, reported previously, establishes colder initial
conditions at sunrise, indirectly shaping subsequent daytime performance.
This carry-over effect is particularly relevant under SCR+ RPVSP, where
enhanced longwave emission produces the strongest nighttime cooling but
no immediate electrical output. Thus, winter RPVSP performance is gov-
erned by a delayed thermodynamic response, where nocturnal cooling
modifies the starting thermal state of the RPVSPs rather than producing
instantaneous energy gains. This distinction underscores the importance of
separating thermal conditioning effects from direct radiative generation
when interpreting winter RPVSP performance.

Daily mean RPVSP energy generation integrates both daytime gains
and nighttime inactivity, providing a conservative measure of winter per-
formance. Daily mean energy generation increases by 8.1Wm−2 under
GR+ RPVSP, 8.4Wm−2 under CR+ RPVSP, and 8.6Wm−2 under
SCR+ RPVSP, corresponding to percentage increases of 2.1%, 4.3%, and
6.1%, respectively (Fig. 5d–f). Absolute daily mean increases of 0.3Wm−2,
0.6Wm−2, and 0.9Wm−2 confirm a systematic intensification of winter
RPVSPgainswith increasing rooftop cooling strength.Althoughdailymean
enhancements are smaller than daytime maxima, they remain substantial
given the limited winter photoperiod and reduced solar elevation. The
persistence of these gains despite strong atmospheric stability and low
ambient temperatures demonstrates that rooftop radiativemodification can
partially offset winter climate constraints. Moreover, these results establish
that winter RPVSP performance in cities is governed by a balance between
atmospheric limitation and roof-induced thermal optimization.

Fig. 5 | Spatial distribution of winter building heating load and RPVSP energy
generation under optimized roof top scenarios. Spatial distribution of a–c daily
mean building energy (heating load) consumption and a’-c’ RPVSPs energy

generation under various optimized rooftop scenarios during the wintermonth: a, a’
GR+ RPVSP, b, b’CR+ RPVSP, and c, c’ SCR+ RPVSP. Values are averaged over
urban grid cells across the Kolkata urban region.
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Discussions
We demonstrate that winter climate imposes a hierarchical constraint on
urban RPVSP performance, with atmospheric stability limiting ambient air
temperature responses while amplifying thermal contrasts at the surface,
roof, and RPVSP levels. The weak sensitivity of ambient air temperature to
rooftop modification, despite substantial reductions in roof and RPVSP
temperatures, is consistent with stable winter boundary-layer conditions in
which suppressed turbulence restricts vertical heat exchange and weakens
atmospheric mixing41,42. Similar decoupling between surface cooling and
near-surface air temperature has been reported in previous winter urban
thermal studies43,44. Our results further show that these atmospheric con-
straints do not inhibit strong thermal responses at the roof and building
scales, emphasizing the importance of scale-dependent interpretationwhen
assessing winter rooftop mitigation strategies. As illustrated in Fig. 7, ther-
mal processes dominate winter rooftop thermodynamics, producing sub-
stantial roof andRPVSPcooling thatmodifies conductive or convective heat
transfer across the roof envelope and enhances nocturnal heat losses,
thereby increasing nighttime heating demand.

Despite the increase in nighttime heating requirements, RPVSP
energy generation exhibits consistent gains owing to reduced RPVSP
operating temperatures. The increase in daytime RPVSP output across all
modified roof scenarios demonstrates that thermal optimization remains
effective evenunder lowerwinter irradiance conditions. The results further
indicate that RPVSP performance is governed primarily by roof-induced
RPVSP cooling rather than changes in ambient air temperature, empha-
sizing the dominant role of rooftop thermodynamics. The absence of
nighttime electricity generation, coupled with pronounced nocturnal
cooling, suggests that winter RPVSP performance is partly influenced by
the thermal state established during the preceding night. As shown in Fig.
6, lower RPVSP temperatures are consistently associated with enhanced
daytime electricity production across all rooftop configurations. These
results indicate that winter RPVSP responses arise from coupled
atmosphere–surface–building–panel interactions and exhibit strong
diurnal variability. Consequently, assessments based solely on daily or
seasonal averages may overlook important processes controlling photo-
voltaic efficiency, highlighting the need to explicitly resolve diurnal
climate–energy interactions when evaluating winter RPVSP strategies.

The enhancement in RPVSP performance obtained during summer is
broadly consistent with previous city-scale studies conducted under dif-
ferent climatic conditions, although the magnitude of improvement varies

with climate and cooling strategy. As shown in Figs. 6 and 8, CR+RPVSP
configurations produced larger reductions in roof andRPVSP temperatures
and consequently larger increases in RPVSP output than GR+RPVSP
systems. Previous city-scale studies reported summer RPVSP output
enhancements of 7% and 6% in Shanghai26, 3.4% in Zurich12, and 1.9% in
Texas27 for CR+ RPVSP systems. In comparison, the present study pro-
duced summer increases of 3.6% and 5.3% in Kolkata. Although lower than
the maximum values reported for Shanghai26, these results indicate that
reflective roofs remain effective for improving photovoltaic performance
under tropical climatic conditions. The variability among studies likely
reflects differences in atmospheric humidity, radiation availability, and
background climatic conditions affecting roof and module temperatures.

For GR+ RPVSP systems, previous investigations reported summer
RPVSP performance improvements ranging from 0.4% in Bucaramanga25,
0.55% across various U.S. regions24, 0.8% in SanDiego23, 1.2% in Portland22,
1.4% in Kansas21, and 1.8% in Zurich12, to 2.0% in Colombia20 and New
York19, 3.0% inLleida10 andWinterthur11, 4.3% inHongKong18, and6.0% in
Berlin17. The present study produced a summer enhancement of 1.9% in
Kolkata, which lies within the range reported in the literature (Table S5).
Such variability reflects differences in vegetation characteristics, substrate
moisture, irrigation conditions, and local meteorological environments.
Under humid tropical conditions, relatively high atmosphericmoisturemay
reduce evaporative cooling efficiency and moderate RPVSP temperature
reductions, resulting in smaller increases in RPVSP output. This behavior is
consistent with the smaller roof and RPVSP temperature reductions
observed for GR+RPVSP relative to reflective roof configurations (Fig. 5).
Furthermore, the comparison presented here is restricted to city-scale stu-
dies because building-scale investigations resolve individual roof geometries
and microscale processes that are not directly comparable with spatially
averaged urban-scale responses.

Winter responses exhibit a distinct pattern from those observed
during summer. As shown in Figs. 5d–f and 6, winter RPVSP output
increased by 2.1% under GR+ RPVSP, 4.3% under CR+ RPVSP, and
6.1% under SCR+ RPVSP. Direct comparison with previous studies
remains limited because most existing investigations have focused on
summer conditions, and city-scale assessments of winter RPVSP–climate
interactions are scarce. Available winter studies are predominantly per-
formed at the building scale and therefore cannot be directly compared
with the present city-scale simulations. Nevertheless, the present results
demonstrate that reductions in roof and RPVSP temperatures continue to

Fig. 6 | Relationships between ambient temperature change (ΔTambient) and
wintertime building energy responses across the Kolkata urban region under
various optimized rooftop scenarios (GR+ RPVSP, CR+ RPVSP, and SCR+
RPVSP). Panels show (a) building energy consumption, b percentage increase in
energy demand, and c absolute increase in energy use as functions of ΔTambient.
Points represent hourly mean values of the 24-hour mean diurnal cycle averaged
over the 62-day simulation period (n = 24), solid lines denote least-squares linear
regressions, and shaded envelopes indicate the corresponding 95% confidence

intervals. Dotted curves at the bottom of each RPVSP show the probability density
distribution of ΔTambient. Reported R2 values quantify the strength of the fitted
relationships. Negative ΔTambient values correspond to colder ambient conditions
associated with increased space-heating requirements (winter heating load),
resulting in higher building energy consumption. The negative slopes across all
scenarios indicate a systematic increase in winter heating load with decreasing
ambient temperature, with the strongest sensitivities observed for the CR+ RPVSP
and SCR+ RPVSP configurations.
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enhance RPVSP conversion efficiency even under lower winter irradiance.
Among the investigated configurations, SCR+ RPVSP produced the
maximumincrease in electricity generation, corresponding to the strongest
reductions in roof and RPVSP temperatures, while CR+ RPVSP gener-
ated larger gains than GR+ RPVSP, indicating that radiative cooling
exerts a stronger influence on RPVSP performance than evaporative
cooling under winter conditions.

We also show that the magnitude of RPVSP performance enhance-
ment is strongly influenced by climatic conditions and the type of rooftop
cooling strategy employed.WhileGR+ RPVSPsystemsgenerally provide
moderate improvements, CR+ RPVSP and SCR+ RPVSP configura-
tions produce larger gains through stronger reductions in roof andRPVSP
temperatures. The results shown in Figs. 6, 8 indicate that roof-induced
thermal regulation is the principal mechanism governing RPVSP per-
formance and that these responses exhibit pronounced seasonal depen-
dence. The present simulations further suggest that evaluation of rooftop
technologies should consider multiple climate–energy metrics and sea-
sonal variability rather than relying exclusively on summertime perfor-
mance. However, the analysis presented here is limited to
atmosphere–surface–building–panel interactions resolved by the coupled
WRF–BEP+ BEM framework. Figure 8 further summarizes the potential
seasonal performance trade-offs associated with reflective, radiative and
evaporative rooftop technologies, including radiative modification,
water–energy implications, andRPVSP-climate interactionswithinurban
environments.

We demonstrate that winter urban climate–energy interactions are
governed by a hierarchical thermal response in which the influence of
rooftop interventions progressively strengthens from the urban atmosphere
to the building envelope and RPVSP. Unlike summer conditions, stable
winter boundary layers largely suppress the vertical propagation of rooftop
thermal perturbations, limiting their influence on ambient air temperature
despite pronounced cooling at roof and RPVSP surfaces. This decoupling
reveals that the principal winter impacts of GRs, CRs and SCRs arise
through modifications of the local surface energy balance rather than city-

scale atmospheric cooling. By altering radiative exchange, conductive heat
transfers and near-roof thermodynamic conditions, rooftop materials or
vegetative coverage fundamentally regulate building heat exchange and
RPVSP operating temperatures. These findings challenge the conventional
assumption that the effectiveness of rooftop renewable technologies should
be assessed primarily through reductions in ambient temperature,
demonstrating instead that their greatest winter influence occurs at the
building–energy interface, where coupled radiative, conductive and con-
vective processes govern thermal storage, heat transfer and RPVSP per-
formance. Collectively, our results establish a mechanistic framework
linking rooftop interventions, urban surface thermodynamics and renew-
able energy systems under winter conditions.

We further reveal a previously overlooked winter climate–energy
trade-off associated with integrating RPVSP with GRs, CRs and SCRs.
Cooler rooftop environments substantially reduce RPVSP operating tem-
peratures, improving module efficiency and increasing electricity genera-
tion. However, the same thermal processes enhance nocturnal heat losses
through the roof envelope, increasing winter building energy demand
despite only minor changes in city-scale ambient temperature. This
demonstrates that improvements inRPVSPperformance donot necessarily
coincide with improvements in building thermal performance, indicating
that rooftop interventions influence urban energy systems through com-
peting physical pathways. Consequently, evaluating rooftop technologies
solely on the basis of RPVSP electricity generation, roof cooling or ambient
temperature reduction may overlook important interactions among
buildings, rooftop materials and renewable energy systems. Instead, these
technologies should be considered as components of an integrated
climate–energy system in which seasonal changes in surface energy parti-
tioning determine whether rooftop interventions produce complementary
benefits or unintended trade-offs. This perspective provides a more com-
prehensive framework for evaluating rooftop technologies under seasonally
varying climatic conditions.

Although our analysis represents an idealized assessment of com-
plete rooftop deployment and direct city-scale winter observations of

Fig. 7 | Conceptual framework of RPVSPs configurations and associated energy
exchanges. The RPVSPs are coupled with four roof types: conventional RCC, CR,
SCR, GR. The schematics illustrate the partitioning of incoming shortwave radiation
(SWinc), outgoing longwave radiation (Rlw;out;panel), net longwave radiative exchange
(Rlw;exchange), conductive heat transfer (hup; hdown), sensible heat flux (Qup;Qdown),

and building heating demand (Qheating load). Relative to the reference RCC config-
uration, CRs enhance solar reflection, SCRs promote radiative cooling, and GRs
increase evapotranspiration (ETvapour), thereby modifying rooftop thermal condi-
tions and RPVSPs module temperatures. These coupled winter climate–energy
interactions regulate electricity generation (Epanel) and building energy demand.
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roof surface temperature, photovoltaicmodule temperature and building
energy demand remain unavailable, the identified trade-offs arise con-
sistently from physically based representations of coupled radiative,
conductive and convective energy exchanges. Because all rooftop stra-
tegies were evaluated within an identical modelling framework using the
same meteorological forcing, urban morphology and physical para-
meterizations, the relative differences among scenarios and the under-
lying physical mechanisms are expected to be more robust than the
absolute magnitudes of the simulated responses. While the quantitative
responses will inevitably vary with climate, urban form, building char-
acteristics and deployment extent, the governing mechanisms identified
here are likely to be broadly applicable to cities where RPVSP are inte-
grated with reflective, radiative or vegetated roofing systems. We
therefore anticipate that these findings will provide a robust physical
basis for developing seasonally adaptive rooftop strategies that jointly
optimize renewable energy generation, building thermal performance
and urban climate resilience, supporting more integrated approaches to
low-carbon urban energy transitions.

Method
Rooftop photovoltaic model
The RPVSP temperature and electricity generation were prognostically
simulated using the physically based rooftop photovoltaic parameterization
developed and implemented within the WRF–BEP+ BEM framework45.
The model explicitly resolves the coupled exchanges of shortwave and
longwave radiation, sensible heat, and electricity between the RPVSP, the
underlying roof surface, buildings, and the urban atmosphere. The RPVSP
temperature was calculated by solving a transient energy-balance equation
that accounts for absorbed solar radiation, atmospheric and surface long-
wave radiation exchanges, convective heat transfer from the upper and
lower RPVSP surfaces, and temperature-dependent electricity generation.
The scheme further incorporates panel–roof radiative interactions through
a view-factor approach and parameterizes convective heat exchange using
both natural and wind-driven convection, enabling physically consistent
simulations of photovoltaic thermal behavior, electricity production, and
their interactionswith the urban surface energy balance andbuilding energy
demand.

Fig. 8 | Seasonal thermal interaction between atmospheric cooling response and
photovoltaic operating environment under rooftop-integrated RPVSP scenarios.
a, c and b, d represent the coupled thermal behaviour of different rooftop config-
urations integrated with RPVSP during summer and winter conditions, respectively.
a, b show the relationship between ambient thermal response (ΔTambient) and surface
thermal response (ΔTsurface), while c, d represent the interaction between roof ther-
mal conditions (ΔTroof) and RPVSP operating temperature (ΔTpanel). Solid

trajectories indicate the temporal evolution of the coupled thermal states, whereas
enlarged markers represent the centroid (mean) thermal condition of each scenario.
Marginal kernel density distributions along the upper and right axes characterize the
statistical distribution and variability of the thermal responses. Reported R2 values
and 95% confidence intervals quantify the strength and uncertainty of the fitted
relationships. Points represent hourlymean values of the 24-hourmean diurnal cycle
averaged over the 62-day simulation period (n = 24).
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The temporal evolution of the RPVSP temperature (Tpanel) was
determined by solving the energy balance equation45 in the
WRF–BEP+ BEM framework (unit W m-2):

Cp
dTpanel

dt
¼ ðRsw;in þ Rlw;in � Rlw;out;panel þ Rlw;exchange � Epanel � Qup � QdownÞ

ð1Þ

where Cp is the equivalent areal heat capacity of the RPVSP, Rsw;in is the
absorbed shortwave radiation, Rlw;in is the incoming atmospheric longwave
radiation, Rlw;out;panel is the emitted longwave radiation, Rlw;exchange is the
longwave radiative exchange between the RPVSP and roof surface, Epanel is
the electricity generated by the RPVSP, and Qup and Qdown are the sensible
heat fluxes from the upper and lower RPVSP surfaces, respectively.

Absorbed shortwave radiation was calculated as:

Rsw;in ¼ 1� αpanel

� �
× SWinc ð2Þ

where αpanel = 0.11 is the RPVSP albedo46 and SWinc is the incident solar
radiation.

The incoming atmospheric longwave radiation was calculated as:

Rlw;in ¼ ϵUpanelLWsky;down ð3Þ

where ϵUpanel ¼ 0:79 is the emissivity of the upper glass surface4,47 and
LWsky;down is the downward longwave radiation emitted by the atmosphere.

The outgoing longwave radiation emitted by theRPVSPwas calculated
using the Stefan–Boltzmann law.

Rlw;out;panel ¼ εUpanelσT
4
panel ð4Þ

The net longwave radiative exchange between the underside of the
RPVSP and the roof surface was represented as:

Rlw;exchange ¼
1

1�εDpanel
εDpanel

þ 1
VF þ

1�εroof
εroof

σ T4
roof � T4

panel

� �
ð5Þ

where ϵDpanel ¼ 0:95 is the emissivity of the lower RPVSP surface,2roof is the
roof emissivity, and VF is the panel–roof view factor.

The electricity generation by the RPVSPwas calculated as a function of
the incident solar radiation, RPVSP conversion efficiency, and RPVSP
temperature:

Epanel ¼ ηpanelSWinc 1� 0:005 Tpanel � 298:15
� �h i

ð6Þ

where Epanel is the electrical power output, ηpanel is the reference RPVSP
conversion efficiency (0.19)45 to represent contemporary mono-
crystalline and polycrystalline silicon RPVSP., SWinc is the incident
shortwave solar radiation flux, andTpanel is the RPVSP temperature (K).
The coefficient 0:500K�1 represents the temperature sensitivity of
RPVSP efficiency, while 298.15 K (25°C) corresponds to the standard
reference temperature4,48.

The sensible heat fluxes from the upper (Qup) and lower (Qdown) sur-
faces of the RPVSP were calculated as the product of the corresponding
convective heat transfer coefficient and the temperature difference between

the RPVSP and the ambient air temperature Tpanel � Tair

� �
. These fluxes

represent the convective exchange of sensible heat between the RPVSP and
the surrounding atmosphere.

Qup ¼ hup Tpanel � Tair

� �
ð7Þ

and

Qdown ¼ hdown Tpanel � Tair

� �
ð8Þ

where the overall convective heat transfer coefficients for the upper (hup)
and lower (hdown) RPVSP surfaceswere calculated by combining the natural
convection coefficient (hc) and the forced convection coefficient (hf ) using a
root-sum-square formulation. This approach accounts for the concurrent
effects of buoyancy-driven and wind-driven heat transfer processes.

hup ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2c þ h2f

q
ð9Þ

and

hdown ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2c þ h2f

q
ð10Þ

For the upper RPVSP surface, the natural convective heat transfer
coefficient (hc) was calculated as a function of the panel-to-air temperature
difference (ΔT) and the RPVSP tilt angle (θ), following the empirical
formulation45.:

hc ¼
9:842jΔTj1=3

ð7:283� j cosðθÞj ð11Þ

The forced convective heat transfer coefficient (hf ) was parameterized
as a functionof roof-levelwind speed (Uroof ), following an empirical square-
root relationship. This formulation accounts for the enhancement of con-
vective heat exchange between the surface and ambient air under increasing
wind conditions:

hf ¼ 2:5ð0:4 ×Uroof Þ0:5 ð12Þ

where the roof-level wind speed (Uroof ) was calculated as the magnitude of
the horizontal wind vector using the zonal (U2

out) and meridional (V2
out)

wind components.

Uroof ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

out þ V2
out

q
ð13Þ

And, the panel-to-air temperature difference (ΔT) was calculated as
the difference between the RPVSP temperature (Tpanel) and the ambient
temperature (Tambient). This temperature gradient governs the magnitude
and direction of sensible heat exchange between the RPVSP surface and the
surrounding atmosphere.

ΔT ¼ Tpanel � Tambient ð14Þ

For the lower RPVSP surface,

hc ¼
1:810jΔTj1=3

ð1:382þ jcosðθÞj ð15Þ

These empirical formulations were adopted from the EnergyPlus
model49, which has been evaluated against measurements50. The con-
vective heat-transfer coefficients depend on the surface material prop-
erties (glass in this case), RPVSP orientation, whether the surface faces
upward or downward, and the sign and magnitude of the panel–air
temperature difference. Wind speed was obtained from the first atmo-
spheric level above the rooftop withinWRF, and the absolute wind speed
was assumed to be identical for both the upper and lowerRPVSP surfaces.
This framework enables physically consistent simulations of RPVSP
temperature, electricity generation, roof–panel interactions, and their
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coupled impacts on building energy demand and the urban surface
energy balance.

Model configuration
The numerical experiments were conducted using the WRF-BEP+ BEM
v4.6.051–53. A three-level nested configurationwas employed,with horizontal
grid spacings of 18 km, 6 km, and 2 km for domains d01, d02, and d03,
respectively. The corresponding domain dimensions were 75 × 75, 91 × 91,
and 121 × 121 grid cells, with the innermost domain encompassing the
Kolkata (Supplementary Fig. S3). Themodelwas configuredwith 40 vertical
levels, including a lowest atmospheric layer thickness of approximately 15m
to better resolve urban boundary-layer processes. The winter simulations
were integrated from30November2025 to1February2026. Following a24-
h spin-upperiod, analyseswereperformed for 1December 2025–31 January
2026. This simulation window captures the core winter season over eastern
India, when air temperatures, solar elevation, and surface–atmosphere
coupling differ markedly from other seasons. Focusing on this period
enables robust evaluation of rooftop thermal behavior and RPVSP perfor-
mance under cold-season meteorological constraints. To place the winter
climate–energy responses within a broader seasonal context, an additional
summer simulation was conducted from 31 March 2025 to 1 June 2025,
with a 24-h spin-up period and an analysis period of 1 April–31May 2025.
The same rooftop configuration experiments (Table S6) were performed to
evaluate seasonal climate–energy trade-offs associated with RPVSP. How-
ever, the main focus of this study is on winter climate–energy interactions.

Physical parameterizations followed configurations that have been
extensively evaluated and applied in urban climate simulations over tropical
and subtropical environments. Cloud microphysical processes were repre-
sented using the WRF Single-Moment six-class (WSM6) scheme, which
predicts themixing ratios of water vapor, cloud water, rain, cloud ice, snow,
and graupel54. Land–atmosphere interactions were simulated using the
Noah land surface model55 coupled with the BEP+ BEM, which explicitly
represents urban geometry, surface energy exchanges, and building energy
consumption52,53. Turbulent transport within the urban canopy and atmo-
spheric boundary layer was represented using the turbulent kinetic energy
(TKE) closure scheme56. Shortwave and longwave radiative transfer were
calculated using the Dudhia57 and Rapid Radiative Transfer Model58

schemes, respectively. Planetary boundary-layer processes were represented
using the Bougeault–Lacarrère (BouLac) scheme59, while sub-grid-scale
convective processes were parameterized using the Kain–Fritsch scheme60.
Together with the RPVSP parameterization45, this modelling framework
explicitly resolves coupled exchanges of radiation, heat, moisture,
momentum, and energy between urban surfaces, buildings, rooftop tech-
nologies, and the atmosphere. The framework provides a physically con-
sistent representation of urban climate processes and enables robust
assessment of the climatic and energy impacts of rooftop photovoltaic
systems, GRs, CRs, and SCRs across city scales.

Accurate representation of Kolkata’s land surface characteristics and
urban morphology was achieved using multiple high-resolution geospatial
datasets (Table S7). Land-use and land-cover information for the innermost

model domain (d03) was derived from 10-m Sentinel-2 imagery, providing
detailed characterization of urban, vegetation, water, and impervious sur-
face distributions across the metropolitan region61. Urban morphological
parameters required by the BEP+ BEM scheme were obtained from the
University of Texas Global Building Heights for Urban Studies (UT-
GLOBUS) dataset at 1 × 1 km spatial resolution62. These parameters
included -(a) urban fraction (f u) (b) area averaged building height (ha), (c)
plan area fraction (λp) and (d) building surface to plan area ration (λb).
Together, these variables characterize the three-dimensional urban struc-
ture governing radiative trapping, turbulent exchange, and
building–atmosphere interactionswithin theurban canopy.AcrossKolkata,
meanbuildingheights typically range from6–11mand increase to 12–14m
within densely developed urban cores. The λp generally varies between 0.25
and 0.35 and exceeds 0.5 in highly compact urban districts, whereas the λb
ranges from0.5 to0.75 acrossmuchof themetropolitan area andexceeds 2.5
in the most intensely developed zones63. Initial and lateral meteorological
boundary conditions were prescribed from the National Centers for
Environmental Prediction Global Forecast System (GFS) analyses64, avail-
able at 0.25° spatial resolution with 3-hourly temporal updates. These
datasets provide a robust representation of both regional atmospheric
conditions and local urban morphology, enabling realistic simulations of
urban climate processes and rooftop energy interventions across Kolkata.

Numerical experiments
The CRs were represented by modifying rooftop radiative and thermal
propertieswithin theurbanparameter tables.Roof shortwave reflectance (ρ)
was increased to values near 0.80, consistent with field measurements and
modelling studies demonstrating that advanced reflective roof coatings can
achieve solar reflectance of ~0.8 and effectively reduce roof heat gains and
building energy demand65–68. Corresponding longwave emissivity and
thermal parameters were adjusted to represent reflective roofing assemblies,
while urban geometry and building morphology were held constant to
isolate thermodynamic effects. Partial deployment of CRs was represented
using an area-weighted effective albedo, allowing mixed rooftop conditions
within individual grid cells. The GRs were parameterized45, ensuring con-
sistent treatment of vegetated surfaces within the urban canopy. To account
for the spectral selectivity of SCRs, effective broadband solar reflectance (ρ)
and hemispherical longwave emissivity (ε) were derived from reported
spectral measurements and implemented within the urban canopy and
land-surface schemes35–39. This approach preserves the essential
wavelength-dependent radiative behavior of advanced reflective materials
within a broadband modelling framework, enabling physically consistent
assessment of their performance under realistic urban climates and com-
pound extreme conditions38,39.

The numerical experiments were designed to quantify the influence of
winter climate conditions on RPVSP performance in Kolkata through
interactions between rooftop surface properties and building energy pro-
cesses (Table 1). A conventional reinforced cement concrete roof with
rooftop RPVSP deployment (RCC+RPVSP) was used as the control sce-
nario, representing present-day urban rooftops with low solar reflectance

Table 1 | Numerical design used in the present study

Scenarios Types of roof surface Building roof surface properties Purpose

Albedo Emissivity GR
fraction

CR or SCR
coverage

RPVSP
fraction

RCC+RPVSP Conventional roofs with urban
photovoltaic

0.15 0.90 - - 1.0 Control

GR+RPVSP Green roofs with urban photovoltaic 0.15 0.90 1.0 - 1.0 Experimental

CR+ RPVSP Reflective roofs with urban photovoltaic 0.80 0.90 - 100% 1.0 Experimental

SCR+RPVSP Radiative roofs with urban photovoltaic 0.96 0.97 - 100% 1.0 Experimental

Current urban with
RCC roofs

Conventional roofs 0.15 0.90 - - - Model
validation
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(albedo = 0.15) and typical longwave emissivity (0.90). This configuration
serves as the reference for assessing wintertime rooftop thermal and RPVSP
responses. Three experimental scenarios were constructed by modifying
rooftop radiative and thermophysical properties while keeping urban
morphology, building geometry, and RPVSP coverage identical, thereby
isolating winter surface–atmosphere–panel interactions. The GR with
rooftop RPVSP (GR+RPVSP) scenario represents complete vegetative
rooftop coverage (GR fraction = 1.0) beneath RPVSPs and isolates evapo-
transpirative and thermal inertia effects. The CR with rooftop RPVSP
(CR+ RPVSP) scenario applies full rooftop coverage (100%) of high-
reflectance materials (albedo = 0.80, emissivity = 0.90). The SCR with

rooftop RPVSP (SCR+RPVSP) scenario further enhances radiative con-
trol using spectrally selective materials with very high solar reflectance
(albedo = 0.96) and elevated longwave emissivity (0.97), representing the
upper bound of rooftop cooling under winter conditions.

Model validation and limitations
The modelling framework was evaluated against wintertime observations
from six urban monitoring stations across Kolkata operated by the Central
Pollution Control Board (CPCB), India (Supplementary Fig. S3). For
domain-scale validation, hourly observations of ambient temperature (2-m
air temperature), relative humidity andwind speed fromall six stationswere

Fig. 9 | Evaluation of winter meteorological conditions and RPVSP temperature.
Comparison between simulated and observedwintertime: a ambient air temperature
(Tambient), b relative humidity (Hrelative), c wind speed (Wspeed), and d RPVSP
temperature (Tpanel). Meteorological observations (Tambient, Hrelative, and Wspeed)
were obtained from CPCB monitoring stations, whereas simulations represent
urban-grid-cell-averaged values. RPVSP temperature (Tpanel) was calculated using

the Sandia Module Temperature Model based on Tambient, Wspeed, solar irradiance,
and RPVSP materials properties. Solid lines show linear regressions, dashed lines
indicate the 1:1 relationship, and shaded regions denote RMSE-based uncertainty
bands. Statistical performancemetrics (r,MBE,MAE, RMSE, and IOA) are shown in
each RPVSP. Points represent hourly mean values of the 24-h mean diurnal cycle
averaged over the 62-day simulation period (n = 24).
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averaged to generate a single city-wide observational time series repre-
sentative of urban conditions across Kolkata. This observational dataset was
compared with the corresponding spatially averaged output from the
innermost model domain (d03). Simulated ambient temperature showed
excellent agreement with observations (correlation coefficient, r = 0.99;
mean bias error (MBE) = 0.41 °C; mean absolute error (MAE) = 0.53 °C;
root mean square error (RMSE) = 0.56 °C; and index of agreement
(IOA) = 0.98). Relative humidity was also reproduced with high fidelity
(r = 0.97, MBE = 5.42%, MAE= 5.41%, RMSE = 5.46%, IOA = 0.94), while
wind speed showed strong agreement with observations (r = 0.96,
MBE = 0.52m s−1,MAE = 0.52m s−1, RMSE = 0.56m s−1, IOA = 0.80) over
the 62-day simulation period (Fig. 9a-c and Table S8). To further evaluate
model performance at the local scale, simulated and observed diurnal cycles
of 2-m air temperature were compared separately at each monitoring sta-
tion. The model successfully reproduced the magnitude and timing of
temperature variations across all six sites, demonstrating its ability to cap-
ture local thermal variability within heterogeneous urban environments
(Supplementary Fig. S4).

Direct observations of RPVSP temperature representative of an entire
urban area are unavailable for the study region and remain exceptionally
rare worldwide. Existing measurements are typically obtained from indi-
vidual rooftop installations, experimental facilities or dedicated monitoring
sites and therefore represent site-specific conditions rather than the grid-
cell-averaged conditions resolved by urban climate models. To address this
limitation, city-wide reference RPVSP temperatures were independently
estimatedusing the SandiaModuleTemperatureModel69 (TPanelÞ, drivenby
the city-wide hourly observational time series of ambient temperature
(Tambient) and wind speed (Wspeed) together with coincident solar irradiance
(EPOAÞ on the RPVSP.

TPanel¼ ¼ EPOAðeaþb�WspeedÞ þ Tambient ð16Þ

The model was parameterized using the glass-sheet close-roof-mount
configuration (a =−2.98; b =−0.0471), representative of RPVSP with
limited rear-surface ventilation. Simulated domain-averaged RPVSP tem-
peratures were then compared with the corresponding Sandia-based city-
wide reference estimates over the same 62-day simulation period. Simulated
RPVSP temperatures showed excellent agreement with the independent
estimates (r = 0.98, MBE =−0.56 °C, MAE = 1.53 °C, RMSE = 1.65 °C,
IOA = 0.98; Fig. 9d). The strong agreement between simulated and inde-
pendently estimated RPVSP temperatures, together with the accurate
reproduction of the underlyingmeteorological drivers, provides confidence
that the modelling framework realistically captures the coupled radiative,
aerodynamic and thermodynamic processes governing urban-scale RPVSP
operation.

Data availability
The urban land-use data have been updated in the Kolkata from the Eur-
opean Space Agency (ESA) World Cover data is available at https://
worldcover2021.esa.int/. The Kolkata region building shapefile along with
the urbanmorphological parameters has been obtained from theUniversity
of Texas – Global Building heights for Urban Studies (UT-GLOBUS)
dataset (https://zenodo.org/records/11156602). The meteorological input
data to create the initial and boundary conditions for the WRF model
domains were obtained from the National Centers for Environmental
Prediction (NCEP)Global Forecast System(GFS) datasets (https://rda.ucar.
edu/datasets/d084001/). For Kolkata, meteorological observational data for
model validation can be obtained from the Central Control Room for Air
Quality Management - All India (https://airquality.cpcb.gov.in/ccr/#/
caaqm-dashboard-all/caaqm-landing/caaqm-data-repository), maintained
by the Central Pollution Control Board (CPCB). Hourly data on tempera-
ture and humidity were retrieved using the station-wise dropdown in the
CPCB data repository. As direct links are often unstable, the data can be
located by searching “2025/2026 Kolkata and Howrah station-wise

meteorological data” on the CPCB portal. These datasets were used to
serve as reference observations for model evaluation and validation.

Code availability
The source code of WRF model version 4.6.0 is available at https://github.
com/wrf-model/WRF/releases/tag/v4.6.0.
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