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Rooftop photovoltaic (PV) systems reduce reliance on fossil fuels but may unintentionally exacerbate urban heat.
This study investigates the competing thermal effects of rooftop PV —microclimate warming versus panel shading
— through environmental monitoring and building energy simulations during July 2024 heatwaves in a humid

Field measurements showed that PV installations elevated ambient temperatures by over 5 °C compared to

conventional bare roof, creating localized “PV heat islands”. Energy simulations of top-floor spaces revealed that
PV-induced warming fully offset shading benefits, resulting in a net 1.5 % increase in cooling energy demand.
While generating 71 % of monthly electricity demand at 50 % coverage, PV-induced warming significantly
increased occupants "Extreme Danger" heat exposure by 29.8 % during power outages.

This highlights a critical resilience paradox: while rooftop PV systems enhance energy sustainability, they may
compromise thermal safety during extreme heat. These findings highlight the need for climate-adaptive PV
designs that balance energy generation with urban heat mitigation, particularly in heat-vulnerable urban areas.

1. Introduction

The global transition toward renewable energy has led to widespread
adoption of rooftop photovoltaic (PV) systems [1-4]. While these in-
stallations generate clean electricity, their dual function as energy
generators and thermal modifiers in urban environments remains
insufficiently understood [5-8], particularly their net effects on micro-
climates and building energy performance.

Existing research on PV climate effects has primarily employed two
approaches: computational fluid dynamics (CFD) models for panel-to-
neighbourhood scale analysis [8-11] and numerical meteorological
models for neighbourhood-to-global scale assessments [12-21]. These
studies report conflicting daytime temperature impacts during hot pe-
riods, ranging from cooling effects (—1.0 °C in Singapore [19], —0.7 °C
in Phoenix [12] and Guangzhou [20]) to warming effects (1.5 °C in
Kolkata [18], +1.9 °C in Sydney [18]). While informative, these models
face reliability challenges due to simplified assumptions and unvali-
dated parameterization schemes [7,22], highlighting the need for
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validation through field measurements.

Field studies at utility-scale PV plants have identified a localized PV
heat island (PVHI) effect [23-25], with average daily maximum tem-
peratures 1.3 °C higher than surrounding desert areas [24] and night-
time temperatures 3—4 °C warmer than wildlands [25]. However, urban
environments may respond differently due to distinct surface properties
and atmospheric conditions. The few available real-world scale urban
measurement studies — limited by safety and regulatory constraints —
consistently show PV systems create daytime warming (monthly
average +0.75 °C [26] and +1.18 [22]) with slight nighttime cooling
(monthly average —0.2 °C) [22,26,27]. These findings are critical for
understanding microclimate impacts of rooftop PV deployment.

PV systems also provide significant shading benefits, reducing
rooftop solar radiation and cooling loads [28-32]. Experimental data
from Shaanxi, China demonstrate PV-shaded roofs can be 10 °C cooler at
peak sunlight than exposed roofs [30], while measurements in Western
Greece show temperature differences of 12.9 °C (summer) and 8.3 °C
(winter) at noon, with around 2 °C nighttime cooling [31]. These
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thermal modifications yield 17.8 % cooling energy savings but increase
heating demand by 6.7 %. Importantly, the observed cooling benefits
may be counterbalanced by PV-induced warming effects, highlighting
the need for comprehensive assessment of net energy impacts.

Notably, urban climates and building energy systems engage in a
complex positive feedback cycle [33]. Rising temperatures increase
cooling demand (up to 8.5 % per 1 °C [34]), while waste heat from air
conditioning (A/C) further elevates urban temperatures — creating a
self-reinforcing cycle that increased energy use by additional 10 % in
Osaka, Japan [35]. Li et al. [33] projected that neglecting these
climate-energy interactions may lead to 120 % underestimation of
future cooling needs in global cities.

Rooftop PV systems interact with this feedback cycle through three
distinct mechanisms operating at different scales:

1. Building-scale shading effect: Direct reduction of solar heat gain
and cooling load on host buildings.

2. Local-to-global warming effect: PV-induced thermal accumulation
can propagate through horizontal advection. At large deployment
scales, these thermal effects may alter atmospheric patterns and in-
fluence global climate, subsequently impacting cooling demand.

3. Regional-to-global scale energy substitution: By displacing fossil
fuel-based power generation, PV systems reduce both greenhouse gas
emissions and waste heat from power plants — collectively miti-
gating global warming and its associated urban cooling demand
escalation.

Current research has largely examined PV’s shading and climate
effects in isolation, creating knowledge gaps in understanding how these
competing effects interact. Our study addresses this need through an
integrated approach combining field measurements with building en-
ergy simulations, specifically focusing on three key aspects:

1. Microclimate modulation: Quantify microclimate impact of
rooftop PV during extreme hot conditions and identify the underly-
ing mechanisms.

2. Net energy impact: Examine the net influence of rooftop PV on
building cooling loads, considering both shading benefits and po-
tential ambient warming.

3. Resilience performance: Assess PV’s influence on indoor thermal
comfort and passive survivability during power outage events.

These investigations provide physics-based evidence to inform
climate-resilient PV deployment strategies that simultaneously optimize
energy yield and thermal mitigation potential. The paper is organized as
follows: Section 2 describes methodology, Section 3 presents results,
Section 4 discusses implications, Section 5 concludes with key findings,
and Section 6 addresses limitations and future research directions.

2. Method
2.1. Site description

The study was conducted at the Hong Kong University of Science and
Technology (HKUST) campus (22.338 °N, 114.264 °E) in Hong Kong
SAR, a city located in Southeast China, which features a typical
monsoon-influenced humid subtropical climate (Koppen climate classi-
fication: Cwa). The region is characterized by hot, humid summers and
mild winters, with an annual mean temperature of 23.5 °C, relative
humidity of 78 %, and a total rainfall of 2431.2 mm [36]. July represents
the hottest month, with mean temperatures reaching 29.9 °C and rela-
tive humidity of 81 %.
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We compared two adjacent rooftop sites (>200 m? each) on a six-
story campus building located 300 m from the coastline (Fig. 1a). The
control site consisted of an aged concrete-tiled roof — normally exhib-
iting higher albedo than black roofing but lower than reflective coatings
— serving administrative functions (Fig. 1b). The experimental site
featured a 50 %-coverage PV system installed above office spaces with
comparable occupancy patterns (Fig. 1c; see Table S1 for occupancy
schedule details). The PV array comprised 66 N-type mono-crystalline
panels (JINKO company: JKM415N-6RL3; Size: 1855 x 1029 x 30
mm) with 21.74 % conversion efficiency and —0.34 %/ °C temperature
coefficient. PV panel’s electrical parameters included 415 Wp maximum
power (Pmax), 46.77 V open-circuit voltage (Voc), and 12.06 A short-
circuit current (Isc). Panels were mounted 1 m above the roof at 12°
tilt with alternating southwest and northeast orientations, connected to
optimizers and inverters for 15-minute resolution power monitoring.
The sites were separated by 90 m to minimize cross-interference from
shading or anthropogenic heat.

The environmental monitoring systems were deployed at both sites
(Fig. 1d), including sensors for air temperature, humidity, wind, surface
temperature, and solar irradiance (Fig. le: instrument specifications).
Thermocouples were installed to monitor surface temperatures at both
sites: (1) on the backside of southwest-facing PV panels (azimuth: 240°),
and (2) on adjacent concrete bases that represent bare roof thermal
characteristics. Prior to deployment, all temperature and humidity
sensors were calibrated in a constant temperature and humidity cham-
ber to ensure measurement accuracy. The air temperature and humidity
data collected at 1.8 m height formed the basis for microclimate impact
assessment in subsequent analyses.

2.2. Study period

This study focused on July 2024, Hong Kong’s hottest month, to
evaluate rooftop PV performance under extreme summer conditions.
Meteorological data from a nearby 10-m high ground-based weather
station (located 1 km southeast of the campus; instrument specifications
in Fig. 1f) revealed two distinct heatwave periods (Fig. 2a). Following
World Meteorological Organization (WMO) criteria (daily maximum
temperatures > 32 °C for >3 consecutive days), heatwaves occurred
from July 3-15 and July 20-25, with 22 total days exceeding 32 °C.
Daily air temperatures (Ta) ranged from 24.5-35.9 °C (mean: 28.9 °C),
creating ideal conditions for assessing PV thermal impacts during peak
cooling demand.

The subtropical climate showed characteristic humidity patterns
(Fig. 2b), with nighttime relative humidity (RH) approaching saturation
and daytime levels dropping to 60-85 %, yielding a monthly average of
87.2 %. Rainfall accumulation reached 326.9 mm, including intense
precipitation events (July 27-28) that maintained 100 % RH. Solar
irradiance exhibited strong diurnal variability (Fig. 2¢), with higher
radiation coinciding with elevated temperatures, while overcast or rainy
days showed reduced irradiance intensity. Wind speeds averaged 2.3 m/
s at 10-m height (Fig. 2d).

2.3. Research workflow and simulation scenario

The study combines field measurements with energy simulations to
evaluate rooftop PV impacts. As illustrated in Fig. 3, the methodology
comprises four main phases: (1) experiment data preprocessing and
quality control, (2) microclimate impact analysis, (3) building energy
impact assessment, and (4) passive survivability evaluation during
power outages. Each phase is described in detail below.
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(b) Bare roof (d) Sensors

(c) PV roof

Nearby
automated
weather

(e) Technical specifications of rooftop measurement instruments

Anemometer — _ _ _ .
Ta & RH sensor
# Ta & RH sensor
20m  spmig
Pyranometer
Thermocouple 1.0m
Concrete base

1

3

8
Thermocouple atPV back side
|~ <

Device name Legend Variables Range Resolution Accuracy
X Air temperature (Ta) -40 to +60 °C 0.1°C +05°C
QTHPB Air temperature &
relative humidity sensor . o
Relative humidity (RH) 0-100 % 0.5% +3%
Wind Speed 0-70m/s 0.1 m/s +3%
HY-SAS3E Ultrasonic anemometer P
Wind Direction 0-359° 1° +3°
K-type Thermocouple - Surface temperature -189 to +660 °C 0.1°C +0.5°C
SMP10 Pyranometer é Global horizontal irradiance 0 to 1600 W/m?2 0.1 W/m2 < +7 W/m?2 (at 200 W/m?2)
(f) Technical specifications of 10-m automatic weather station
Device name Variables Range Resolution Accuracy
o . Air temperature (Ta) -40 to +60 °C Not given +0.6°C
Cambell Scientific HMP60-L Air
temperature & relative humidity sensor i . o ’ +3 % (0-90 % RH);
Relative humidity (RH) 0-100 % Not given + 5% (90 — 100 % RH)
Wind Speed 0-70m/s 0.1m/s +2%or0.1m/s
Young MODEL 85000 Anemometer
Wind Direction 0-360° 1° +2°
- : . . . . . Uncertainty: 1.0% up to
Cambell Scientific TE525-L Rain Guage Rainfall Not given 1 tip (4.73 ml/tip) 50 mmih (2 in./h)

LI-COR LI-200R Pyranometer Global horizontal irradiance

0 to 3000 W/m2

Not given

+3% typical; +5% maximum

Fig. 1. Study site and environmental monitoring system. (a) Geographical location of the study site, (b) Conventional bare roof, (c) PV roof, (d) Schematic
diagram of sensor deployment. Detailed technical specifications of (e) rooftop measurement instruments and (f) the 10-m automatic weather station.
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Fig. 2. Meteorological conditions in July 2024. (a) Air temperature ( °C), (b) Relative humidity and Rainfall (mm), (c) Global horizontal irradiance (W/m?), and
(d) Wind speed (m/s). Heatwave periods are shaded in grey colour. Data from nearby automatic weather station.
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mechanisms

Cooling demand
changes due to
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Changesin ., §
discomfort =5,
hours

PV-equipped top-floor with 50% PV coverage

Fig. 3. Four-phase research workflow. (1) Data processing, (2) Microclimate analysis, (3) Energy simulation, and (4) Resilience assessment.

2.3.1. Experiment data preprocessing and quality control

Meteorological field measurement data were collected at 1-minute
intervals, achieving high data completeness (98 % for bare roof, 92 %
for PV roof). Most missing data (80 %) consisted of single-minute gaps,
attributed to transient signal transmission issues. To address these gaps

linearly interpolated and then aggregated into 15-minute averages. This

anomalies.

and maintain meaningful temporal patterns, the raw 1-minute data was

15-minute interval was chosen as it aligns with typical maintenance
schedules for rooftop equipment, ensuring that the average data reflect
realistic operational conditions while minimizing the impact of transient
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2.3.2. Microclimate impact analysis

The processed 15-minute data from both roof configurations —
including air temperature, humidity, solar irradiance, and surface tem-
peratures — were analysed using MATLAB R2024a for data processing
and visualization. Statistical analysis employed Pearson correlation co-
efficients to evaluate variable relationships, with all reported correla-
tions accompanied by p-values to establish statistical significance (ax =
0.05 threshold). This analysis aims to quantify the localized thermal
effects of rooftop PV under various meteorological conditions during
July. The complete microclimate analysis results, including correlation
matrices, statistical significance testing outcomes, 95 % confidence in-
tervals, and MATLAB-generated visualizations, are presented in Section
3.1.

2.3.3. Building energy impact assessment

The energy performance assessment employed EnergyPlus v23.2 to
simulate and evaluate two competing effects of rooftop PV systems:
microclimate modification and shading impacts on building cooling
demand. To accurately represent localized microclimate conditions, we
developed customized weather files by replacing standard Typical
Meteorological Year (TMY) data with site-specific meteorological mea-
surements. Hourly averages of air temperature, relative humidity, and
solar irradiance from both the bare roof and PV roof sites were incor-
porated into modified TMYgye and TMYpy files, with original TMY
values retained for any missing measurements to ensure data continuity.

Three distinct simulation scenarios were established to isolate
different thermal effects, as summarized in Table 1. The Baseline Sce-
nario A employed TMYg,.e With a conventional bare roof configuration.
Scenario B applied TMYpy data while maintaining the same bare roof
configuration, allowing isolation of microclimate effects (detailed in
Section 3.2). Scenario C incorporated both the PV roof system and
TMYpy data to assess combined impacts. Cooling demand differences
between these scenarios (B-A for microclimate effects, C-B for shading
effects, and C-A for total impact) provided quantitative measures of PV
system influences on cooling demand.

The simulation specifically focused on the top-floor office spaces
(2317.5 m?) based on three key considerations. First, field instrumen-
tation at rooftop level captured microclimate modifications most rele-
vant to adjacent spaces. Second, top-floor environments experience the
most direct shading impacts from rooftop conditions. Third, whole-
building simulations would require unverified assumptions about ver-
tical thermal gradients, potentially introducing uncertainty.

The PV system was geometrically represented in EnergyPlus using
Shading:Building:Detailed objects with dimensions matching field mea-
surements (Fig. 1¢), including 50 % PV coverage, 1.0 m panel separation
height, and 12° tilt angle. This model accounted for critical thermal
processes: solar radiation blockage, longwave radiative exchange be-
tween PV panels and roof surfaces, and convective heat transfer through
EnergyPlus’ surface heat balance algorithms. Electrical output was
calculated using the PhotovoltaicPerformance:Simple model:

Power = Acet X Gr X N X Ninyerr

where A . represents active solar cell area (m?), Gr is total incident
radiation (W/m?), 1lefr denotes module conversion efficiency (= 21.74
%), and Ninvert is inverter efficiency (= 95 %).

In this study, “sensible cooling energy” refers to the energy required
to lower indoor air temperature, and “latent cooling energy” refers to the

Building and Environment 282 (2025) 113233

energy required to remove moisture from the air. Both are supplied by
the A/C system to the building for the timestep reported. The cooling
electricity is calculated as the total cooling energy divided by the Co-
efficient of Performance (COP = 3.5). This comprehensive methodology
provides a robust framework for quantifying the competing thermal
effects of rooftop PV systems on building cooling demands under real-
istic operating conditions.

2.3.4. Passive survivability assessment

Passive survivability refers to a building’s ability to maintain safe
indoor conditions during extended power outages. To evaluate the
impact of rooftop PV installations on this critical resilience metric, we
conducted thermal comfort analysis using the heat index (HI) during
power outage scenarios. HI combines air temperature and relative hu-
midity to better represent human thermal perception than air temper-
ature alone [37]. This approach is particularly relevant for Hong Kong’s
humid climate, where elevated humidity levels exacerbate discomfort
by hindering the body’s natural cooling mechanisms through
perspiration.

The calculation of HI is based on the formula [38,39]:

HI = —42.379 + 2.04901523T + 10.14333127R — 0.22475541TR
—0.00683783T2 — 0.05481717R? + 0.00122874T>R
+0.00085282TR? — 0.00000199T2R?.

Where HI is heat index and T is air temperature, both in degrees
Fahrenheit. R is relative humidity expressed as a percentage.

Simulations examined the same top-floor under complete power
outage conditions (i.e., without any electricity consumption, including
A/C) to quantify changes in indoor discomfort hours. HI effects on
human health are categorized into five risk categories (Table 2): Safe,
Caution, Extreme Caution, Danger, and Extreme Danger. This analysis
provides critical insights into how rooftop PV installations may influ-
ence building resilience during extreme heat events when grid power is
unavailable.

3. Results
3.1. Microclimate impact of rooftop PV: experimental evidence

Field measurements demonstrate statistically thermal modifications
caused by the rooftop PV installation (Fig. 4). Compared to the bare roof

(Fig. 4a and 4c), PV coverage consistently elevated daytime (6 AM to 5
PM) air temperatures by 0.67+0.82 °C (monthly mean + standard

Table 2
Health risk categories based on Heat Index (HI) values [39].

Heat Index in Heat Index Level

Celsius

Safe: no risk of heat hazard

Caution: fatigue is possible with prolonged exposure and
activity. Continuing activity could result in heat cramps.
Extreme caution: heat cramps and heat exhaustion are possible.
Continuing activity could result in heat stroke.

Danger: heat cramps and heat exhaustion are likely; heat stroke
is probable with continued activity.

Extreme danger: heat stroke is imminent.

Less than 26.7 °C
26.7°C-32.2°C

32.2°C-39.4°C

39.4°C-51.7°C

over 51.7 °C

Table 1
Designed simulation scenarios to investigate the impact of altered microclimate and PV shading on building cooling demand after installing rooftops PV.
Scenario Meteorological data Building setting Notes
A Bare roof TMYgare Control top-floor (with bare roof) B — A: Impact of altered microclimate
B PV roof TMYpy Control top-floor C — B: Impact of PV shading effect
C PV roof TMYpy PV-equipped top-floor C - A: Total impact of microclimate and shading
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Fig. 4. Microclimate temperature variations at 15-minute resolution induced by rooftop PV installation during July 2024. (a) Diurnal air temperature (Ta)
profiles at PV and bare roof sites, with grey shading indicating heatwave periods. (b) 15-minute interval temperature difference (ATa) between PV roof and bare roof
throughout the study period. (c) Mean temperature difference aggregated from 15-minute data (solid line) with pink shading showing +1 standard deviation. (d)

Daily averaged temperature difference derived from 24-hour measurements.

deviation; 95 % confidence interval CI [0.38, 0.96]; p < 0.001), with
peak warming occurring during midday hours. The warming effect
intensified during heatwave events, reaching maximum observed dif-
ferences of 5.2 °C at 10 AM on July 20 and 4.5 °C at 12 PM on July 23
(Fig. 4b). While occasional daytime cooling (1-2 °C) occurred on July
1-2, noon temperature measurements (12 PM) showed particularly
strong warming, averaging 1.29+1.58 °C higher (95 % CI [0.74, 1.85]; p
< 0.001) (Fig. 4c).

In contrast, nighttime measurements (6 PM — 5 AM) revealed a slight
cooling effect, with PV roof reducing ambient temperatures by 0.20
+0.13 °C (95 % CI [-0.25, —0.16]; p < 0.001). Daily aggregate tem-
perature impacts peaked at +0.8 °C during extreme heat events (July 6
and 22; Fig. 4d), demonstrating PV systems’ potential to intensify urban
heating when cooling demand is highest. These findings highlight an
important energy-environment trade-off: while rooftop PV installations
generate renewable energy, they may exacerbate local warming during
periods of peak thermal stress. The statistically robust daytime warming
coupled with weaker nighttime cooling (p < 0.001) suggests complex
microclimate interactions that warrant consideration in urban heat is-
land mitigation strategies.

The observed warming patterns confirm previously reported mech-
anisms [7], where convective heat transfer from heated PV surfaces
creates significant surface-atmosphere temperature gradients. During

heatwave conditions (Fig. 5a), PV surface temperature (TPV) exhibited
rapid morning increases, peaking at noon (reaching 65.8 °C on July 6)
and remaining higher than bare roof surface temperatures (TR) until
approximately 4 PM. The monthly analysis revealed an average noon-
time temperature differential (TPV-TR) of 9.66+6.86 °C (95 % CI [7.24,
12.071; p < 0.001), with peak daily differences reaching 24.6 °C. This
pronounced heating results from the combined effects of PV materials’
high solar absorptivity, low thermal inertia, and decreased conversion
efficiency during hot and sunny conditions, which collectively increase
sensible heat release [22].

The surface heating patterns directly affected near-surface air tem-
peratures through convective transfer. Fig. 5b reveals a strong positive
correlation between surface (TPV - TR) and air temperature differences
(ATa) during daylight hours, with correlation strength increasing at
higher irradiance levels (r = 0.79 for irradiance > 1000 W/mz, p <
0.001). Notably, while solar irradiance showed only moderate direct
correlation with ATa (r = 0.38, p < 0.001), its primary influence
occurred through PV surface heating (results not shown here),
explaining the enhanced daytime warming observed during clear-sky
conditions.

During evening transition, PV surfaces cooled rapidly, falling below
conventional roof temperatures after 5 PM. Nighttime measurements
showed PV panels maintained consistently lower temperatures than
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Fig. 5. Surface temperature dynamics and correlations at 15-minute resolution. (a) Temperature profiles of PV panel (TPV) versus concrete bare roof (TR). (b)
Daytime and (c) nighttime correlations between surface temperature difference (TPV — TR) and air temperature differential (ATa).

concrete roof (mean difference: —1.84+1.31 °C; 95 % CI: [-2.30,
—1.38]; p < 0.001), with corresponding air temperature differences
(ATa) predominantly clustered within —1 °C (Fig. 5c¢). The weak
surface-air temperature correlation (r = 0.16, p < 0.001) during night-
time hours reflects minimal thermal influence from PV systems after

(a)
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Relative humidity (%)

301

20

sunset, as concrete roof gradually release stored heat while PV panels
cool more rapidly [32].

Fig. 6 illustrates the diurnal relative humidity (RH) patterns
observed at both rooftop sites. Throughout July (Fig. 6a), both sites
exhibited persistent near-saturation conditions (RH ~ 100 %), with only
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Fig. 6. Relative humidity comparisons between PV roof and bare roof. (a) July, and (b) February 2024.
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two exceptions occurring on July 8 (3 PM) and July 23 (1 PM). These
consistently high humidity levels result from the sites’ coastal proximity
(300 m from shore), where continuous moisture advection maintains
saturation even during daytime heating periods. Accounting for the RH
sensors’ +3 % accuracy, the 100 % readings correspond to actual hu-
midity levels between 97-100 %, confirming the air was indeed near
saturation. This pattern was consistently recorded by five additional
rooftop sensors across campus, verifying that these observations reflect
true regional atmospheric conditions rather than sensor errors.

To further demonstrate the proximity and comparability of these two
sites, we analysed the temporal variations in RH during February
(Fig. 6b), a winter month characterized by cooler air and reduced solar
irradiance. The winter comparison reveals highly similar RH patterns
between sites. The PV roof site showed slightly higher average RH (86.3
% versus 83.7 % at the bare roof), particularly during nighttime hours
when cooler PV site enhanced near-surface moisture condensation. This
seasonal analysis confirms that while PV installations can modify local
humidity, their influence remains secondary to regional climatic drivers
in coastal environments.

These findings have important implications for building cooling
demand in coastal regions. While both roofs maintained near-saturation
RH conditions during summer, the PV site’s elevated ambient temper-
atures (Section 3.1) would correspond to higher absolute humidity
levels. Our EnergyPlus simulations in Sections 3.2 demonstrate how this
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thermal-humidity interaction affects both sensible and latent cooling
components. The dynamics differ fundamentally in inland environments
where absolute humidity remains more stable. In such conditions, PV-
induced warming would primarily influence sensible loads while
potentially decreasing RH and latent loads — a fundamentally different
dynamic we discussed through comparative modelling in Section 4.

3.2. Building energy impact due to ambient warming

Rooftop PV installations alter local microclimates, subsequently
affecting building cooling demands. We quantified these effects through
EnergyPlus simulations comparing top-floor office spaces under two
meteorological conditions: Baseline (TMYgse) and PV-modified
(TMYpy) climates.

The analysis reveals distinct temporal patterns in cooling energy
demand (Fig. 7). Sensible cooling requirements begin to rise at 7 AM,
peak near midday, and decline to zero after 10 PM (Fig. 7a). During
heatwave conditions, PV-induced warming amplifies peak sensible
cooling demand by up to 11 %, with the most pronounced effects
observed on July 6. The 24-hour average profile reveals that sensible
cooling energy peaks at 1 PM, with PV-modified microclimate condi-
tions increasing energy demand by 4.23 % on average (p < 0.001;
Fig. 7¢).

Notably, latent cooling energy demonstrates similar magnitude to
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sensible cooling due to the building’s substantial dehumidification re-
quirements in the near-saturated environment (Fig. 7b). Although RH
levels remained comparable between sites, warmer air temperatures at
the PV site during midday increased the air’s moisture-holding capacity,
elevating absolute humidity. This thermal-hygric coupling effect sub-
stantially increased latent cooling requirements, with peak demand
reaching 29 % higher than the control case at 1 PM on July 22 (Fig. 7b).
The 24-hour average profile shows latent cooling peaking at 139.8 kWh
by 10 AM and remaining 8.3 % higher on average during midday hours
(p < 0.001; Fig. 7d).

Aggregated over the entire July study period, PV-induced microcli-
mate changes increased sensible and latent cooling energy by 3.1 % and
5.3 %, respectively (Fig. 7e, Table S2). These findings highlight the
critical need to account for microclimate- induced energy penalties
when assessing rooftop PV systems, especially in humid coastal regions
where dehumidification requirements are substantial.

3.3. Building energy impact due to PV shading

Rooftop PV systems substantially alter the thermal performance of
underlying roof surfaces through their shading effects, with important
implications for building cooling demands. We compared two roof
configurations: (1) fully exposed bare roof and (2) roof with 50 % PV
coverage, where surface temperatures represent area-weighted averages
of shaded and exposed portions.

Our simulation reveals that PV shading significantly reduces un-
derlying concrete roof surface temperatures, with maximum cooling of
13.4 °C observed at 2 PM on July 23 compared to exposed bare roof
(Fig. 8a). The mean diurnal cycles illustrate that unshaded bare roof

(a) Diurnal variations
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experiences rapid daytime heating from 6 AM, peaks at 45.9 °C by 1 PM,
and stabilizes around 25 °C at night through radiative cooling (Fig. 8b).
In contrast, PV-shaded roof shows more moderate temperature varia-
tions, with maximum daytime temperatures 7.2 °C lower (38.8 °C at 1
PM), and nighttime temperatures 1.1 °C higher (p < 0.001), as PV panels
impede nocturnal heat loss and facilitate heat retention beneath them.

These surface temperature modifications directly impact building
cooling requirements. The reduced daytime heat transfer through
shaded roof yields substantial sensible cooling energy savings,
exceeding 14 % at noon on July 23 (Fig. S1). Daily averages show PV
shading reduces peak sensible cooling energy by 6.7 % (p < 0.001)
during the 12-2 PM period (Fig. 8c). While latent cooling savings are
minimal, peaking at just 2.3 % (p < 0.001; Fig. 8d), this finding dem-
onstrates that PV shading primarily influences sensible rather than
latent cooling components. Monthly aggregates indicate that PV shading
provides overall reductions of 4.5 % in sensible cooling energy and 0.8
% in latent cooling energy (Fig. 8e, Table S2).

3.4. Total energy impact of rooftop PV on top-floor spaces

The above analyses demonstrate two competing thermal effects from
rooftop PV installations: microclimate alterations that increase cooling
energy demands (Section 3.2) versus shading effects that provide energy
savings (Section 3.3). To evaluate the net impact, we conducted
comparative simulations focusing on top-floor spaces with different
usage patterns: office (daytime-dominated) and residential (nighttime-
dominated) configurations. Key results are summarized in Table 3.

For office space, the net effect of PV installation shows a complex
temporal pattern (Fig. 9a). During peak daytime hours, sensible cooling
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Table 3

Summary of monthly cumulative changes in cooling energy (kWh) due to
microclimate and shading impacts of PV installations.

Impact on cooling Sensible

energy

Latent

Total

Office setting

Microclimate impact +1295.1 (+3.1

+2159.8 (+5.3

+3454.9 (+4.2
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energy demonstrates net savings of up to 3.8 kWh (3.0 % reduction) at
12 PM and 3 PV, indicating shading effects outweigh local warming
impacts. However, post-6 PM conditions reveal increased sensible
cooling energy as the PV canopy’s heat retention elevates roof surface
temperatures (Figs. 8a and 8b), enhancing nighttime heat conduction.
This phenomenon is more pronounced in residential setting (Fig. 9b),
where despite minor ambient cooling, the trapped heat beneath PV
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p 8 p 8
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cooling demands is consistently negative.

The analysis reveals significant temporal variations in cooling energy
demands across different space types (Figs. S2 and S3). Office spaces
exhibit particularly dynamic responses (Fig. S2c), with peak total
cooling energy fluctuating between a 14.8 % reduction (July 1, 2 PM)
and a 12.3 % increase (July 22, 1 PM). At night, total cooling energy in
residential spaces can be saved by up to 5.2 % (July 16, 4 AM) or
increased by 5.1 % (July 23, 12 AM) (Fig. S3c). These fluctuations
highlight the dynamic interplay between microclimate modification and
shading effects.

Monthly aggregated results reveal distinct net impacts by space type
(Figs. 9e and 9f). For office configurations, while the 4.5 % sensible
cooling savings from shading offset the 3.1 % climate-related increase,
the dominant 5.3 % rise in latent demands results in a net 1.5 % cooling
energy increase (Fig. 9e). Residential spaces present a different pattern
(Figs. S4 and S5), with nearly neutral sensible changes (0.2 %) but 1.6
% higher latent demands, yielding a 0.6 % net increase (Fig. 9f).

These outcomes demonstrate that rooftop PV systems simultaneously
create: (1) diurnally alternating effects with daytime sensible benefits
versus nighttime penalties, (2) component-specific impacts where sen-
sible loads show net reduction while latent demands exhibit net in-
crease, and (3) building-type-specific performance patterns tied to
operational schedules. The findings particularly emphasize that while
PV shading can effectively regulate sensible loads, the microclimate
changes produce more complex latent effects — increasing daytime de-
mands but occasionally providing nighttime relief in residential settings,
creating a multi-dimensional optimization challenge for PV system
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design that must account for building function, operational patterns, and
local climate conditions.

3.5. PV capacity for peak electricity load reduction

The analysis reveals that while PV installations increase cooling
demand during peak hours, they offer significant electricity generation
benefits. As shown in Fig. S6, PV generation consistently surpasses total
electricity consumption for both office and residential spaces at noon on
sunny days. Fig. 10 presents the monthly averaged diurnal patterns of
these effects.

For office spaces, PV installation substantially reduces net electricity
consumption (total use minus generation). The system achieves 49.7 %
demand reduction starting at 8 AM, with complete demand offset
occurring between 12-1 PM when PV generation fully covers the floor’s
electricity requirements. This peak shaving capability is particularly
valuable for grid management, with excess generation during the 2 PM
office break period becoming available for redistribution to other floors.
After 8 PM, the differences between PV-equipped and bare roofs become
negligible as power generation ceases. Monthly aggregates show dra-
matic contrasts: PV-equipped office spaces consume just 5.59 kWh/m?
compared to 19.25 kWh/m? for conventional roof, representing 71.0 %
net savings (Table 4).

Residential spaces demonstrate even greater generation potential
relative to daytime demand. From 11 AM to 3 PM, PV output exceeds
consumption by over 100 %, creating significant surplus energy that
could be utilized through energy storage systems. The net consumption
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Table 4
Monthly aggregated electricity uses and power generation by scenarios,
expressed in kWh per floor area (Unit: kWh/m?).

Scenario Cooling  Lighting+Equipment  Total Power  Net electricity
Office setting

Bare roof  10.15 9.10 19.25  \ 19.25

PV roof 10.31 9.10 19.41  13.82 5.59
Residential setting

Bare roof  9.73 7.61 17.34  \ 17.34

PV roof 9.79 7.61 17.40  13.82 3.58

of 3.58 kWh/m? for PV-equipped residential spaces versus 17.34 kWh/
m? for conventional roof (Table 4) highlights the transformative po-
tential of PV integration, particularly when combined with storage so-
lutions to address the temporal generation and demand mismatches.

3.6. Passive survivability assessment

Our analysis of the first week of July reveals critical insights into how
rooftop PV systems affect indoor thermal conditions during power

(a) Outdoor air temperature
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outages. As shown in Fig. 11a, PV installations cool outdoor air by
approximately 1 °C at noon on July 1-2 compared to bare roof. How-
ever, starting from July 3, the PV site becomes hotter than the bare roof
site by over 3 °C during peak heat hours.

The thermal impacts on indoor environments show more complex
dynamics. Although PV shading maintains indoor temperature differ-
ences below 0.7 °C (Fig. 11b), it introduces substantial humidity effects
that significantly affect thermal comfort. The warmer air at PV sites,
despite similar outdoor RH values, contains higher absolute moisture
content. This moisture-enriched air, when enters building through
ventilation or infiltration, increases indoor humidity levels by up to
0.0049 kg/kg during afternoon periods (Fig. S7), corresponding to an
11.9 % rise in indoor relative humidity compared to control scenario
(Figs. 11c and S8).

These combined thermal and humidity effects have profound con-
sequences for heat stress indicators. On July 6, the PV-modified micro-
climate pushed the heat index (HI) to 65.5 °C — a dangerous 9.7 °C above
control conditions (Fig. 11d) — and extended "Extreme Danger" exposure
periods from 5 to 9 h (Fig. 11e). This amplification results from the heat
index’s nonlinear formulation (Section 2.3.4): quadratic terms (T2 R?)

(b) Indoor air temperature
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and interaction terms (TR, T?R) magnify combined temperature-
humidity impacts near saturation.

Monthly aggregates demonstrate that PV-equipped top-floor expe-
riences 29.8 % more "Extreme Danger" hours (109 vs 84) while showing
fewer "Danger" hours (223 vs 246) compared to conventional bare roof
(Fig. 11f). This finding suggests that PV installations exacerbate indoor
heat risks for occupants already in the "Danger" conditions, pushing
them into higher risk categories.

Conventional simulation approaches using unmodified meteorolog-
ical data (TMYggre) Systematically underestimate heat stress risks in PV-
equipped floor. As shown in Fig. 12a, these standard methods predict
lower HI values for PV-equipped floor and identify only 64 "Extreme
Danger" hours compared to the observed 109 h — a 41.3 % underesti-
mation (Fig. 12¢). This significant modelling gap primarily arises from
neglecting PV-induced microclimate changes, particularly the increased
absolute humidity in warmer PV-affected air. The discrepancy highlights
that conventional assessment methods may dangerously misrepresent
thermal risks, especially in hot-humid climates where humidity criti-
cally influences heat stress.

To address this challenge, these findings suggest two key mitigation
strategies. First, thermal comfort assessments must incorporate PV-
induced microclimate effects to accurately predict building perfor-
mance during power outages. Second, we should capitalize on PV sys-
tems’ inherent potential — while they may exacerbate passive heat risks
through local climate modification, their electricity generation capacity
could be strategically deployed to mitigate these very risks. Targeted use
of PV-generated power for cooling during peak danger periods could
transform these systems from passive heat amplifiers to active resilience
assets, particularly valuable in climate-vulnerable regions where both
energy security and thermal safety are paramount.

(a) Indoor heat index
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4. Discussions

Our findings reveal the complex interplay between rooftop photo-
voltaic (PV) systems and building performance through two competing
mechanisms: (1) localized ambient warming primarily driven by
convective heat transfer (peak ambient temperature increase of 5.2 °C),
and (2) substantial rooftop cooling through shading effects (maximum
surface temperature reduction of 13.4 °C). These dual effects create
distinct implications for urban energy efficiency and thermal comfort
management.

In humid coastal environments, PV systems demonstrate a net in-
crease in cooling demand despite their shading benefits. While sensible
cooling decreases by 1.4 % monthly due to dominant shading effect over
localized warming, this gain is offset by a 4.5 % increase in latent
cooling demand from higher absolute humidity, resulting in a 1.5 % net
rise in total cooling consumption for office spaces. More critically, PV-
induced warming extends periods of dangerous heat exposure
("Extreme Danger" conditions increased by 29.8 %), a risk under-
estimated by 41.3 % in conventional simulations that neglect PV-
microclimate interactions. These findings highlight the need for inte-
grated modelling approaches that account for dynamic feedback be-
tween PV systems, microclimate, and buildings in coastal environments
[40,41].

Inland environments, by contrast, exhibit different behaviour due to
limited moisture availability. Our supplementary analysis demonstrates
that under constant absolute humidity assumptions at two roof sites, PV
systems reduce midday relative humidity by up to 14.5 % due to higher
air temperatures, while causing modest increases during morning and
nighttime hours (up to 6.9 %) (Fig. $9). This leads to improved cooling
performance, with monthly reductions of 1.4 % in sensible and 0.3 % in
latent cooling demand for office spaces (Fig. 13e). Residential buildings
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show similar but smaller effects (Fig. 13f). Crucially, PV installations in
these regions demonstrate minimal impact on heat stress, with compa-
rable exposure periods to “Danger” (156 vs 169 h) and “Extreme
Caution” (491 vs 480 h) conditions between PV and conventional bare
roofs (Fig. S12f). These results demonstrate that in moisture-limited
environments, rooftop PV systems yield slight cooling energy savings
(0.9 % for offices, 0.2 % for residences) without significantly exacer-
bating thermal discomfort.

These climatic contrasts highlight a critical insight: while PV tem-
perature effects remain consistent across regions, the presence of strong
humidity sources — particularly in coastal environments — dramatically
alters overall system impacts. Our results therefore advocate for climate-
adaptive PV deployment strategies that consider local humidity regimes.
In moisture-rich coastal areas, system designs must prioritize advanced
ventilation controls and enhanced dehumidification capacity to mitigate
moisture-driven cooling penalties. Conversely, inland implementations
can adopt more straightforward temperature-focused approaches. The

(a) Office: ASensible
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excellent news is that these climate-adaptive strategies need not
compromise PV’s core energy benefits — our results confirm that 50 %
roof coverage still delivers 71.0 % and 79.4 % electricity savings for
office and residential top-floor spaces, respectively.

Ultimately, this research establishes that rooftop PV systems
represent not just energy infrastructure, but active participants in
urban microclimate systems. Their successful integration therefore
requires dual optimization: maximizing generation potential while
intelligently managing localized environmental impacts. By adopting
the climate-conscious design principles demonstrated here, cities
worldwide can harness PV technologies to advance both energy sus-
tainability and climate resilience. The path forward lies not in
resisting PV’s microclimate effects, but in strategically leveraging
them to create smarter, more adaptive urban energy systems.

(b) Residential: ASensible
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5. Conclusions

This study demonstrates that rooftop photovoltaic (PV) systems
significantly alter urban microclimates and building energy demand
through two competing effects: local warming and shading. Field ob-
servations in a subtropical humid environment revealed that PV in-
stallations increased peak daytime air temperatures by up to 5.2 °C. In
contrast, Energyplus simulations showed that PV shading reduced un-
derlying roof surface temperatures by 13.4 °C. These dual mechanisms
create complex energy trade-offs: shading reduced hourly sensible
cooling demand by up to 14 %, but PV-induced warming increased peak
sensible and latent cooling loads by 11 % and 29 % respectively during
extreme heat events. At night, monthly averaged data show PV panels
slightly cool ambient air (0.2 °C) but impede rooftop radiative cooling,
resulting in a 2.3 % sensible cooling increase and 0.9 % latent cooling
decrease at midnight. Monthly aggregates revealed a net 1.4 % sensible
cooling reduction but 4.5 % latent cooling increase for office spaces,
with residential spaces showing minimal net changes (0.6 % increase).

Most critically, PV-modified microclimates substantially increased
heat health risks, extending "Extreme Danger" periods by 29.8 % during
power outages. These findings carry important implications for urban
climate adaptation, particularly in heat-vulnerable humid regions where
PV systems interact strongly with nearby moisture sources. While PV
generation provided substantial electricity savings (> 70 % at 50 % PV
coverage), optimal integration requires designs that account for both
energy production and microclimate modification to avoid exacerbating
urban heat challenges.

6. Limitations and future work

While this study provides important insights into rooftop PV systems’
microclimate and energy impacts, several limitations and opportunities
merit discussion. The single-site field measurements should be expanded
to diverse climate zones to validate these findings under different
meteorological conditions, PV panel configurations (e.g., tilt angles,
array spacing), and roof surface properties. Specifically, variations in PV
panel thermal dissipation (affected by layout geometry and local
airflow) may modify heat contribution to ambient air, while different
control roof albedos (e.g., black asphalt vs. reflective membranes)
establish distinct thermal baselines. Additionally, the study did not
assess vertical thermal stratification around PV-equipped buildings - a
gap that could be addressed through scaled experiments or urban
climate modelling.

Four key research directions emerge:

First, advanced multi-scale modelling approaches could better
characterize PV systems’ broader climate and energy impacts. Compu-
tational fluid dynamics (CFD) can address panel-to-neighbourhood
scale effects, where geometric parameters such as separation height
and orientation angle significantly influence PV panel temperature and
thermal dissipation [42,43]. The size and spacing of PV arrays affect
buoyancy-induced plumes and atmospheric flow patterns [44], with
thermal energy requiring 13-18 m to fully dissipate [45,46]. At larger
scales, numerical meteorological models (e.g., WRF [16,47] and
CESM [17,33]) could evaluate PV-induced modifications to urban
boundary layer processes and regional/global atmospheric circulations
[18,48]. Particular attention should be paid to feedback mechanisms
between PV-induced cooling demand, waste heat from air conditioning
systems, and urban heat island intensification (Fig. S13). Integrated
urban climate and building energy models could enhance planning ac-
curacy across entire districts [49-52]. Our high-resolution monitoring
data from a subtropical humid site provides crucial validation bench-
marks for these modelling efforts, especially valuable for coastal urban
environments where observational datasets remain scarce.

Second, comprehensive assessment of human health implications is
urgently needed [53]. Future work should quantify pedestrian-level
thermal comfort impacts from PV-induced warm air advection, with
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special attention to dense urban areas where multiple PV installations
may create cumulative warming effects [9,21,54]. Crucially, these as-
sessments must consider temporal variations in heat exposure, as PV
systems create distinct daytime warming and nighttime cooling patterns
that affect commuters differently based on travel schedules and activity
intensity. A holistic approach combining building energy, microclimate,
and epidemiological methods could better characterize these health
risks and inform targeted heat alert systems.

Third, innovative PV system designs should be developed and tested
to mitigate adverse microclimate effects. Promising solutions include
hybrid PV-green roof systems or agrivoltaics [45,55], PV integrated
thermal system [56,57], reflective PV coatings [58,59], and
phase-change materials [60-62]. These technologies may simulta-
neously reduce panel surface temperatures and improve energy con-
version efficiency, helping to balance the competing priorities of
renewable energy production and urban heat mitigation.

Fourth, PV deployment guidelines and building codes require re-
visions to address the adverse impacts. Four specific recommendations
emerge: (i) Implementation of hybrid PV designs with optimized ge-
ometries to enhance passive cooling and thermal dissipation without
compromising generation capacity. (ii) Establishment of minimum roof
albedo standards for non-PV portions to counteract localized warming
effects. (iii) Implementation of battery-backed priority circuits to ensure
operation of critical cooling systems (e.g., ventilation fans) during grid
outages, transforming PV systems into resilience assets during heat
emergencies. (iv) Building codes in tropical humid cities (e.g.,
Singapore, Bangkok, Rio, and Lagos) should replace conventional dry-
bulb temperature thresholds with heat index-based criteria that prop-
erly account for PV-modified humidity conditions.

Moving forward, addressing these challenges will require enhanced
field measurement techniques and improved modelling approaches to
better characterize PV-microclimate interactions [16,63]. These ad-
vancements will enable more accurate predictions of PV systems’ role in
sustainable urban development and inform effective climate adaptation
strategies for cities worldwide.
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