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Abstract

Buildings account for a substantial proportion of urban energy demand, making it essential to understand the interrelationships between
the built environment, urban heat island (UHI) effects, and energy demand. This study investigates the impacts of UHI on urban building
energy demand in Mumbai, India, using a multi-scale framework. First, UHI intensity is assessed by generating and analyzing Land Surface
Temperature maps and calculating the Urban Thermal Comfort and Vulnerability Index. This assessment identifies UHI hotspots and regions
with potential thermal discomfort. Subsequently, energy demand modelling is conducted across two locations with distinct thermal comfort
conditions, spanning from the individual building to the urban scale. Detailed building information and site-specific climate data from the
two contrasting locations are collected to support urban building energy modelling (UBEM). Results reveal that UHI increases cooling energy
demand by 7.31% at the individual building level; however, its impact on urban-scale energy demand is significantly mitigated by building
geometry and surrounding structures. Specifically, variations in building height and inter-building shading outweigh the influence of UHI,
leading to a substantial 15.9% reduction in the mean cooling energy demand intensity. These findings highlight the critical role of urban
morphology and density in shaping cooling energy demand under UHI conditions. By extending beyond individual building-level
assessments to UBEM, the study contributes new evidence regarding UHI-energy interactions in a year-round warm tropical context such as
Mumbai. Furthermore, the results position urban-scale cooling energy demand assessments as a transferable framework to integrate UHI
research with energy policy, ultimately supporting climate-responsive planning.
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1. Introduction

The United Nation states that cities account for more than 70% of global energy consumption!'l. As cities undergo transformation,
expanding both horizontally and vertically, the construction and operation of buildings become central to urban development,
driving a substantial increase in urban building energy demand!>’l. The proliferation of buildings, ranging from residential to
commercial and industrial structures, indicates a shift in urban energy consumption patterns. Meanwhile, buildings emerge as
primary electricity consumers for cooling, heating, lighting, and other functions!*. The evolution of urban environment also shapes
the quality and scale of buildings. Improved urban lifestyles often involve more energy-demanding housing units equipped with a
diverse range of amenities. To meet the demand for better work, entertainment, and recreational experiences, energy consumption
associated with offices and commercial establishments like restaurants, theatres, and shopping malls increases concurrentlyll.
Furthermore, the high density and clustering of buildings in urban areas exacerbate the dynamics of energy demand, amplifying the
challenges related to energy consumption management(°l,

The urban expansion gives rise to profound environmental transformations, which in turn alter local and regional climates. For
instance, land surfaces change and natural vegetation is replaced by impermeable materials, leading to the formation of urban heat
islands (UHI) effect. Under such circumstances, the temperature in urban areas is higher than that in surrounding rural areas. These
UHIs exacerbate heat stress and adversely affect the thermal comfort of urban dwellers. The intensity of UHI is primarily determined
by the thermal characteristics of urban materials, resulting in temperature differences of up to several degrees!’-*l. This effect tends to
be more distinctive at night, as urban infrastructure, such as buildings and roads, absorbs and stores heat during the day and
gradually releases it after sunset. UHI is particularly prevalent in megacities and rapidly developing urban areas!>'%-!11, As cities
continue to expand and new urban centers emerge, urban population growth, climate change and UHI effects will lead to a surge in
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building energy demand, especially for cooling, ventilation and lighting systemst'>13,

UHIs have garnered considerable attention in urban studies due to their significant implications for environmental sustainability and
human well-being. The most common approach to study UHI involves the use of land surface temperature (LST) from satellite sources
such as Landsat and Moderate-resolution Imaging Spectroradiometer!!*!°l. These datasets prove invaluable for analyzing daily,
monthly or seasonal LST across diverse terrains!'®!7l. Studies focusing on the relation between LST and land use have shown that at
the city scale, a lower proportion of water bodies and vegetation, coupled with higher built-up spaces, constitutes the primary
drivers of UHI!'$7201, Thus, the spatial distribution of LST is shaped by urban features and varies across ecological zones due to
differences in climate, construction practices, and other factors!>1:??, At a finer level, UHI will also vary with settlement types and
construction materials in practice.

In response to UHI and its implications for urban livability, increasing attention has been directed toward the relation between urban
landscapes and thermal dynamics[?3!. Numerous thermal comfort indices have been developed to examine the impacts of thermal
environments on urban residents’ well-being. While some indices such as Physiological Equivalent Temperature and Temperature
Humidity Index involve multiple climatic variables, others such as urban heat island intensity (UHII) and urban thermal field variance
index (UTFVD) rely on air temperature and LST[?>?°l. Urban thermal environment is also indirectly influenced by factors including
spatial form, building typology, and policy intervention. For example, evidence suggests a positive correlation between polycentric
urban development in morphology and the deterioration of thermal environment*%l. Similarly, UHI intensity is influenced by the size
and compactness of urban areas>'l.

It is crucial to recognize that the concept of thermal comfort extends beyond LST and air temperature of a region. Within the built
environment, thermal comfort is additionally influenced by a complex interaction of factors such as humidity, wind speed, shading,
and building design. These factors, together with indoor air quality, visual and acoustic comfort, collectively impact the indoor
environmental quality for urban residents, shaping their appliance usage patterns and consequently influencing overall energy
demand®?l.

Several studies have highlighted the influence of the spatiotemporal variations in weather and UHI on building energy
consumptionl**%°1, To be specific, UHI effects can trigger a notable rise in cooling energy consumption of buildings, with values
ranging from a median of 19% to a maximum of 120%[°°l. A separate study reported that every 0.5 K increase in UHII can lead to an
increase of up to 1.84 kWh/m? in cooling energy consumptionl®’l. Significant disparities in energy demand have also been identified
within and across cities, indicating an inherent relationship between urban morphology, LST and energy demand[**]. Despite
extensive findings on how UHI and climate changes impact building energy demand, building typologies exhibit diverse
characteristics in terms of usage and design in most urban settings, underscoring the necessity for comprehensive urban-scale
energy assessments. Moreover, climatic variations at the urban scale have potential implications, enabling more informed decisions
regarding adaptation and mitigation measures!>*4°l,

The increasing prevalence of UHIs is poised to escalate energy demand at a broader scalel***!l, However, a major challenge in
conducting assessment at the urban scale lies in acquiring high-resolution and reliable data such as weather variables, building
characteristics and appliances. Additionally, robust analytical frameworks capable of handling such complex data are crucial. Urban
building energy modelling (UBEM) is an emerging field that can analyze and forecast urban energy demand through precise
simulations of hundreds or even thousands of buildings by incorporating critical inputs!*>*4l, In UBEM, the physical properties and
typologies of buildings encompass variables such as geometry, construction materials, window-to-wall ratios, usage and so forth.
Weather-related inputs typically include temperature, humidity, solar radiation, wind speed. UBEM also accounts for human-related
factors such as occupancy schedules and appliance usage behaviors. To support the planning and optimization of energy-efficient
and sustainable urban environments, several UBEM tools have been developed in the last decadel*>0],

Most UBEM tools are robust and offer extensive capabilities and outputs, despite certain inherent limitations. Notably, the majority of
contemporary UBEM tools rely on a single climate dataset to simulate energy demand across the entire city. The integration of
finer-scale microclimate data into urban building datasets has proven effective in assessing variations in cooling energy demand
across urban environments!*’-*8l, Furthermore, the access to detailed building data primarily depends on existing databases, widely
available in developed countries but remain challenging to obtain in developing regions. Since large-scale in-situ data collection for
buildings is a tedious task, the use of remote sensing data and geospatial tools becomes indispensablel*%->l, UBEM also provides a
more holistic understanding of energy demand across entire neighborhoods and cities.

While UHI significantly elevates temperatures in cities before increasing the cooling energy demand of individual buildings, its
influence on large-scale energy demand is further modulated by building-specific characteristics and broader urban morphology.
Factors such as building height, footprint area, shape, and density of surrounding structures critically determine a building’s
exposure to UHI-induced thermal stress and, consequently, its cooling demand. For instance, taller buildings often exhibit stratified
thermal conditions with cooling loads varying between lower and upper floors>-2l, Similarly, variations in building shapes and
adjacent densities affect shading, resulting in differences in cooling energy demand!>3->1,


https://doi.org/10.70401/jbde.2025.0016

J Build Des Environ. 2025;3:202561 | https://doi.org/10.70401/jbde.2025.0016 Page 3 of 21

1.1 Need and novelty of the study

The intensification of UHIs in megacities may markedly rise urban energy demand. Although numerous studies have examined the
cooling energy demand of individual buildings in response to spatial and temporal temperature variations from the perspective of
UHI, there is a notable research gap regarding fluctuations at a larger scale. The spatial diversity of urban climate, especially within
mixed-use built environments, plays a crucial role in energy dynamics that cannot be captured at the individual building level.
Despite the evident importance of UHI for cooling energy demand, research on the combined interaction among UHI, building
geometry, and urban density remains limited. Moreover, a comprehensive analysis of thermal anomalies in year-round warm tropical
cities with regard to the residents’ wellbeing and consequent impacts on urban-scale energy demand, has been largely absent.

An urban-scale modelling is vital for developing effective UHI mitigation policies, as studies focused solely on the building level may
overlook the cumulative impacts of elevated temperatures and surrounding built-environment characteristics on cooling energy
demand. Furthermore, urban-scale energy variations are more complex as diverse building geometries and typologies may alter
localized UHI effects, climates and their subsequent impacts on indoor thermal conditions and cooling energy demand. This
perspective offers a more holistic understanding of a city’s energy landscape, crucial for forming effective energy policies and urban
planning strategies.

The novelty of this study lies in explicitly bridging this gap by adopting a multi-scale framework that links building-level UHI impacts
with neighborhood- and city-scale energy dynamics. Unlike most previous studies that emphasize either UHI mapping or
single-building simulations, this research integrates remote sensing based on UHI assessment with detailed UBEM. The approach
demonstrates how UHI effects interact with urban-scale building morphology, density, and typologies to shape cooling demand in
the context of a tropical megacity—a setting largely underrepresented in the literature despite its high vulnerability to rising cooling
loads.

Against this background, this study proposes a multi-stage approach to evaluate UHI effects on urban building energy demand in the
tropical megacity of Mumbai. Regions characterized by different thermal comfort zones are first identified by using remote sensing
data. Then detailed building databases are developed for two locations representing distinct thermal zones. UBEM is finally employed
to assess variations in cooling energy demand at building and urban scale across these two contrasting zones. By embedding UHI
assessment within an urban-scale energy modelling framework, the study advances a replicable methodological contribution for
future research in other data-scarce, rapidly growing tropical cities. The study covers assessments from the individual building level
to the urban scale, incorporating local climate and urban morphological parameters unique to each location. Through this integrated
framework, this study addresses the urgent need for urban-scale assessments of rising cooling energy demand to promote the
sustainability and livability of urban areas amid environmental challenges.

2. Methodology

2.1 Study area and data sources

The study was conducted in Mumbai, the second most populous city in India. From an administrative perspective, the city spans
about 900 km? across two districts Mumbai and Mumbai Suburban. Mumbai has a tropical climate characterized by high
temperatures and humidity throughout the year, and has undergone significant expansion of built-up areas over the past few
decadesl™). For the built environment, the city hosts a diverse range of buildings from historic landmarks to modern skyscrapers. The
city’s dense urban fabric, extensive paved surfaces, and concentration of high-rise buildings intensify the UHI effects in Mumbail>°l,
These characteristics, combined with heterogeneous land-use patterns and prevalent building typologies suggest considerable
variations in energy demand throughout the city.

To assess urban energy demand variations related to UHI effects, two locations were selected: the Indian Institute of Technology
Bombay (IIT Bombay or IITB) campus in the Powai region of Mumbai, and a section of the Sion region in Central Mumbai. These sites
represent two distinct thermal zones within the city, identified through LST and UTFVI analysis, as detailed in subsequent sections.
IITB, situated near the Powai Lake and characterized by substantial vegetation cover, consistently exhibits lower LSTs. In contrast,
Sion is a densely residential-commercial area with limited vegetation and a high impervious surface fraction, contributing to elevated
daytime temperatures and greater nighttime heat retention. This thermal contrast provides a clear basis for evaluating the influence
of UHI-driven thermal heterogeneity on cooling energy demand. Spanning over 2.5 km?, the I[ITB campus accommodates over 300
buildings with diverse functions, including residences, hostels, lecture halls, laboratories, and offices. The selection of this campus as
a focal point for the study is based on its assorted building types and occupancy schedules. Similarly, the selected area in Sion covers
over 100 buildings with varied functions. To compare cooling energy demand between the two areas, buildings with analogous
construction materials and functional types are selected.

Multiple datasets were integrated for this analysis. Landsat-8 level-1 images serve as the primary dataset for deriving LST and
assessing the spatial variability of UHI effects. Specifically, two cloud-free images, representing summer (April) and winter (January),
were utilized to capture seasonal variations in LST. These images, covering a geographical area larger than Mumbai, were clipped to
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match the boundaries of the study area. To evaluate the spatial and temporal variations in air temperatures, hourly data were
obtained from Central Pollution Control Board (CPCB) monitoring sites in Mumbai (Figure 1). For UBEM, the standard EnergyPlus
weather (EPW) file for Mumbai, developed by the Indian Society of Heating, Refrigerating, and Air Conditioning Engineers (ISHRAE),
was used as the reference dataset. This file contains the full set of meteorological parameters required for UBEM, including
temperature, humidity, solar radiation, wind speed, and other atmospheric variables. To ensure localized climatic representation,
hourly air temperature and relative humidity data from CPCB sensors were integrated into the EPW file, producing site-specific
weather files for IITB and Sion. These revised files were then employed in all UBEM simulations. The use of in-situ CPCB data is
indispensable, as it captures local climatic variations that cannot be resolved by standardized or coarse datasets, and simultaneously
maintains the complete meteorological inputs essential for robust energy modeling.
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Figure 1. Study area covering the megacity of Mumbai for UHI analysis and the locations of IIT Bombay and Sion used for UBEM (Maps data: © 2025 Google). UHIL: urban

heat islands; IIT: Indian Institute of Technology; UBEM: urban building energy modelling.

Data acquisition for buildings and occupants required a multifaceted approach integrating multiple data sources. Building footprints
and geometries stemmed from OpenStreetMap and were supplemented by processed high-resolution images and collected data
during site visits. Building typologies and occupancy patterns were also gathered from site visits and secondary institutional sources
such as IITB campus map, ensuring that diverse building types including residential houses, hostels, offices, classrooms, and
laboratories, were adequately represented. For both sites, buildings with analogous materials were selected to directly compare
cooling energy demands under distinct climate conditions.

The overall quality of the datasets was rigorously evaluated. Landsat-8 images underwent standard atmospheric and radiometric
corrections; CPCB station data were checked for continuity and completeness; and building data from multiple sources were
cross-validated to ensure consistency. This multi-source approach guaranteed that the study combined both spatially detailed and
temporally resolved data with sufficient accuracy to underpin the subsequent UHI analysis and UBEM simulations.

The study employs multi-stage processes, first identifying two urbanized areas in Mumbai with potentially distinct thermal zones. For
these areas, air temperature variations were analyzed, both spatially and temporally. Subsequently, these variations’ impacts on
urban energy demands were assessed by utilizing the nearest weather data alongside similar building types in both areas.

2.2 UHI analysis and identification of regions with distinct UTFVI

To investigate the UHI effects in the regions, Landsat-8 images were processed in Google Earth Engine. Mumbai typically experiences
cloud-free conditions during January and April, although temperatures in April are notably higher than those in January. Thermal
bands from the dataset were used to retrieve brightness temperature, while optical bands were utilized to calculate the Normalized
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Differential Vegetation Index (NDVI). Both of these data were eventually employed to generate LST. Sanjay Gandhi National Park
(SGNP), a well vegetated region located on the outer periphery of Mumbai sub-urban district, was chosen as the UHI reference site
and afterwards variations across the entire region were analyzed.

Urban Thermal Field Vulnerability Index (UTFVI) has been employed as a robust metric to assess the thermal zones within the city
based on LSTs. This index evaluates the thermal impact of each pixel within the urban domain relative to the overall urban
environment?’l. The UTFVI is defined by the following equationl>®!:

LST; — LSTean

TFVI = 1
vrev LSTnean @

where, LST is the LST of a certain pixel and LST,.., is the average LST for the whole area of interest.

The UTFVI values are classified into six distinct classes corresponding to specific ecological evaluation indices related to thermal
dynamics and human well-being (Table 1). Each class reflects different levels of UHI intensity and its consequent influence on the
thermal comfort®’]. These indices, ranging from excellent to poor, serve as benchmarks for assessing the severity of UHI effects. UTFVI
values below zero denote the absence of a discernible UHI effect in the pixel, indicative of maximum thermal comfort or excellent
ecological quality within the area. Conversely, as UTFVI value increases, thermal comfort and ecological quality gradually decline

from excellent to the least favorable condition!®l,

Table 1. UTFVI classes and ecological evaluation index>>°11,

CLASS UTFVI UHI Presence Ecological Evaluation Index
1 <0 None Excellent

2 0-0.005 Weak Good

3 0.005-0.010 Middle Normal

4 0.010-0.015 Strong Bad

5 0.015-0.020 Stronger Worse

6 >0.020 Strongest Worst

UTFVI: urban thermal field variance index; UHI: urban heat islands.

Landsat data were utilized to generate daytime LST and UTFVI maps. UTFVI classes and proximity to CPCB weather stations were
considered when selecting regions suitable for UBEM. Then the boundary of selected sites was defined to ensure that the majority of
the region falls within 1 km buffers around CPCB stations (Figure 2). Prior to conducting UBEM, air temperature data from CPCB
stations at each location were analyzed with respect to both summer and winter day LSTs. Further, daily and hourly differences in air
temperature across different months and seasons were studied. Finally, weather data from two stations, IITB and Sion, integrated
with an EPW file from ISHRAE, were utilized to compare cooling energy demand at building and urban scales.

_NT Bombay

Figure 2. Buffers of 1 km around CPCB sites at IIT Bombay (top) and Sion (bottom). The stations’ buffers cover most part inside the boundaries of two regions (Maps data: ©

2025 Google). CPCB: Central Pollution Control Board.
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2.3 Urban building energy demand modelling

UBEM requires an extensive input database encompassing multiple buildings, rather than a single building energy modelling whose
database pertains to an individual structure. In this study, simulations were organized into four progressive scenarios to
systematically assess the influence of temperature, building geometry, urban morphology and functional diversity on cooling energy
demand. All UBEM simulations were conducted in City Energy Analyst (CEA), a robust open-source tool. The first scenario examined a
single residential building in IITB and Sion, with identical geometry and schedules, providing a controlled baseline to assess the
impacts of localized climate on cooling energy demand. Within this scenario, additional simulations were conducted by changing the
building heights. The second scenario extended the analysis to the urban scale by replicating residential buildings of uniform height,
thereby isolating the effect of density. The third scenario introduced the actual variations in building heights within each location,
enabling the model to compute energy demand with realistic shading and morphological effects. The fourth and final scenario
represented a comprehensive urban condition by combining actual building heights with diverse functions such as residential, office,
hostel, and laboratory spaces, thus integrating distinct schedules and operational patterns. This stepwise approach allowed that each
parameter could be examined in isolation before arriving at an integrated UBEM framework.

Beyond weather data, the framework incorporated several key inputs and assumptions. Building geometry and morphology were
derived from multiple sources as explained in Section 2.1. Envelope properties such as U-values for walls, roofs, and windows were
standardized across both locations, consistent with ISHRAE guidelines for typical urban buildings in India. Internal gains from
occupants, equipment, and lighting were included through CEA’s usage-type archetypes. The standardized residential profiles were
applied in the first three scenarios, while function-specific schedules (residential, office, laboratory, etc.) incorporated in the fourth.
Cooling systems were represented by standard split air-conditioners. Air infiltration rates were modelled according to ISHRAE,
considering naturally ventilated residential spaces and mechanically ventilated offices and laboratories. Although several parameters
were necessarily standardized, the scenario-based structure provided a clear progression from single-building analyses to realistic
urban-scale conditions, with all scenarios modeled using hourly site-specific weather datasets (Figure 3). The methodology thus
provides a controlled yet realistic framework, offering a clear basis for comparison across scenarios (Figure 4).
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Figure 3. Building footprints and their corresponding 3D models for IIT Bombay (left) and Sion (right), with input databases pertaining to each building generated in CEA. IIT:
Indian Institute of Technology; CEA: City Energy Analyst.
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Figure 4. UBEM methodology flowchart for IIT Bombay and Sion: Four scenarios based on scale of model and input data. UBEM: Urban Building Energy Modelling; IIT: Indian

Institute of Technology.

3. Results and Discussion

3.1 LST in Mumbai: UHI, UTFVI and air temperature variations

The LST extracted from Landsat data revealed notable variations across the study area during both summer and winter, ranging from
25.69 °C to 42.35 °C and 21.14 °C to 32.63 °C, respectively (Figure 5). The mean LST was 33.75 °C in summer and 25.16 °C in winter.
Densely populated built-up areas, bare lands and open spaces consistently recorded the highest LST values, while water bodies and
vegetated regions demonstrated the lowest. The pattern was further supported by the inverse relationship between NDVI values and
LSTs, where areas with higher vegetation cover exhibit lower temperatures. This finding aligns with previous studies examining the
connections between UHIs and vegetative indicesl°?°4, Of particular interest, areas characterized by extensive built-up features such
as roads and high-density settlements exhibit markedly higher LSTs compared to medium- and low-density settlement ones. Given
the 30 m x 30 m resolution of Landsat data, urban pixels are heterogeneous and elevated LSTs are generally associated with a high
proportion of impervious surfaces within a pixell®>l. Peripheral areas of Mumbai, featuring creeks and mangroves, showcased lower
LST values compared to the central urban core. It is also noteworthy that certain core parts of southern and central Mumbai exhibit
lower LST due to substantial vegetation within the built environment, thereby blurring the distinction between urban and rural
zones.

LST Winter 2023 LST Summer 2023

W 3263 W 235 5
4 ¥
2114 4 ,,/ L 2569 & f
P  a q
b 4 S
z ' 7
0 5 10 km - \ 0 5 10 km ‘af
—_— ) Y, [ >

Figure 5. LST of Mumbai in January 2023 (a) and April 2023 (b). The summertime LST values are significantly higher than those of a winter month. LST: land surface

temperature.

In this study, the SGNP, a densely vegetated and protected area, was used as the rural reference typically utilized in UHI analyses. The
mean LST of SGNP was estimated at 31.5 °C in summer and 23.43 °C in winter. Only a few major lakes and gardens within the city
exhibited lower LSTs compared to SGNP, while those with significantly higher LSTs included slums and continuously built-up spaces,
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particularly near the airport. Although the overall mean LST of the study area is not markedly higher than that of SGNP, several
localized zones recorded temperatures more than 10°C above SGNP levels. To identify such UHI hotspots, the LST raster map was
reclassified. All pixels with a value greater than p + 30 were assigned a value of 1, others assigned a value of 0 (Figure 6). The
reclassification results revealed that 15.3% of Mumbai falls within UHI hotspot category.

UHI Hotspots

Figure 6. UHI hotspots in Mumbai as determined using SGNP as reference rural/vegetated area with lower LST (Maps data: © 2024 Google). UHL: urban heat islands; SGNP:

Sanjay Gandhi National Park; LST: land surface temperature.

UTFVI quantitatively explained the overall urban environment of Mumbai related to thermal comfort and well-being associated with
UHI presence. Examination of the UTFVI map reveals two predominant thermal comfort conditions within the city (Figure 7). Coastal
regions and areas adjacent to mangroves exhibit favorable conditions owing to their cooling effects. Similar conditions are also
observed near major lakes such as Vihar Lake and Powai Lake. Likewise, SGNP and the Aarey forest contributes to enhanced thermal
comfort in neighboring areas, and smaller urban green spaces also offer additional localized benefits. For instance, the vicinity of
IITB, adjacent to two lakes, falls within the excellent UTFVI class due to the cooling influence of nearby water bodies and abundant
on-campus vegetation. In contrast, areas such as Sion and Andheri, near a CPCB site, exhibit the poorest UTFVI, indicating reduced
thermal comfort. Buildings in these areas are likely to experience substantially higher cooling energy demands. However, accurate
prediction requires high-resolution weather data capturing fine-scale variations across the urban areas!®l,

UTFVI Class

2
=3

s
| 3

Figure 7. UTFVI map for Mumbai and Mumbai sub-urban representing the 6 classes. Most part of IIT Bombay (top right) falls in class 1 (Excellent), whereas most of the part

in Sion (lower right) falls under class 6 (Worst). UTFVI: Urban Thermal Field Variance Index.

The LST variations were able to identify the urban hotspots in Mumbai. Spatial and temporal variations in air temperature data from
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CPCB monitoring sites, such as IITB, Sion, Kurla, and Terminal-2, further support the UHI effects. For instance, diurnal observations
reveal that daytime temperatures at [ITB and Terminal-2 are consistently higher than those at Sion, largely due to open spaces.
However, nighttime temperatures at IITB drop sharply compared to the other three sites. The comparison of air temperature profiles
between IITB and Sion sites underlines that the most pronounced UHI effects occur during the nighttime hours (from 7:00 PM to 6:00
AM). In May, the day-time air temperature at IITB peaks at 36.1 °C while for Sion, Kurla and Terminal-2, the maximum air
temperatures are 32.97 °C, 35.24 °C and 35.26 °C, respectively. Additionally, IITB experiences the lowest temperature of 25.2 °C during
May, compared to 27.3 °C at Sion. The hourly air temperature difference between the two locations ranges from -3.87 °C to 3.21 °C,
indicating potential disparities in space-cooling energy demand across these regions.

The IITB-Sion comparison also indicates that, on average, IITB is over 2.0 °C cooler at night. Relative humidity levels differ between
the two sites, with daytime levels at IITB about 1.8% higher than those at Sion, and nighttime levels exceeding Sion by over 7%. The
temperature profile also shows that Sion records 22.1% more hours with temperatures above 25 °C compared to IITB. A seasonal
analysis further displays that the UHI effect is the strongest during the post-monsoon season, when IITB is more than 3.5 °C cooler
than Sion. This underlines distinct climatic conditions that may drive disparities in cooling energy demand. Significant daily
variations also suggest substantial fluctuations in cooling energy demand throughout the year. These results indicate that Sion
experiences a stronger UHI effect, particularly at night, while IITB’s cooler but moister microclimate may increase latent cooling
loads. Together, these factors produce a dual effect that affects building cooling energy demand.

3.2 Scenario I: Energy demand at single building scale

In this scenario, end-use energy demand was simulated for a single residential building with the same number of floors in IITB and
Sion, using identical building envelopes, occupancy schedules and appliance usage patterns. Temperature differences between the
two locations resulted in discernible changes in energy demand, particularly in cooling Energy Use Intensity (EUI). To minimize the
effects of building height on EUI, the number of floors was uniformly varied from 1 to 10 stories, reflecting the typical building height
range at the two locations. The rationale behind considering a single residential building of similar construction type is the fact that
the inter-building effect remains absent, ensuring that cooling energy demand is primarily influenced by temperature variations.

Simulation results revealed that the cooling EUI decreased with an increasing number of floors at each location, aligning with
previous studies emphasizing the effects of building size on cooling demand!®’-°*]. However, the rate of this decrease diminished as the
number of floors increased (Figure 8). When comparing Sion’s buildings to those at IITB, the EUI was found to be higher at Sion across
all floor counts, with an increase ranging from 6.94% to 7.86% and an average increase of 7.22% (Table 2). The increase is consistent
with prior studies reporting energy demand increases over 4%, and in some cases, exceeding 30%>*0%7%, The primary reason for the
higher cooling EUI at Sion is the elevated nighttime temperatures relative to those at IITB throughout the year.
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Table 2. Building energy demand intensity for the two locations.

Cooling EUI in kWh/yr/m?

Floors IIT Bombay Sion % rise in EUI (Sion vs IIT Bombay)
1 118.9 128.25 7.86%
2 95.24 102.03 7.13%
3 85.36 91.47 7.16%
4 80.05 85.67 7.02%
5 76.19 81.76 7.31%
6 73.62 78.96 7.25%
7 71.85 77.23 7.49%
8 70.21 753 7.25%
9 70.01 74.94 7.04%
10 69.04 73.88 7.01%
20 67.1 71.76 6.94%

EUL Energy Use Intensity; IIT: Indian Institute of Technology.

Under simulated conditions representative of summer month (May), the building at Sion exhibited a notable increase of over 9.12% in
cooling EUI compared to that at IITB. Conversely, during daytime periods, the IITB buildings displayed a 4.75% higher cooling EUI
relative to Sion. This discrepancy can be attributed to higher daytime air temperatures of IITB. However, during nighttime, Sion’s
elevated LST contributes to slower heat dissipation, resulting in higher nocturnal air temperatures and increased energy demand
compared to IITB. These simulation outcomes outline the discernible influence of nighttime UHI phenomena on building-level
cooling energy demand.

3.3 Scenario II: Residential buildings with identical heights and their inter-building effects on cooling energy
demand

The evaluation of urban-scale energy demand at IITB and Sion was conducted in multiple stages. Initially, buildings in both regions
were assumed to possess identical heights and to be of residential functions. Subsequently, the analysis incorporated actual building
heights and functional types. In this scenario, 47 residential buildings at IITB and 56 at Sion were selected for comparison. All
buildings were assigned a uniform height of 5 stories with consistent envelope characteristics and occupancy schedules. This
standardization ensured the consistency by controlling building-specific factors such as appliance usage patterns, construction
materials and window-to-wall ratios, allowing for a more focused assessment of the impact of local climate and urban morphology
on energy use. The results indicated that cooling EUIs for IITB buildings ranged from 64.88 kWh/yr/m? to 80.6 kWh/yr/m?, with a
mean of 75.73 kWh/yr/m?. However, cooling EUIs at Sion varied from 67.8 kWh/yr/m? to 94.38 kWh/yr/m?, with a mean of
78.39 kWh/yr/m? (Figure 9). This diversity in cooling EUIs can be attributed to variations in surroundings, orientation and
geometryl#8.71.72],

Remarkably, in this scenario, the difference in mean cooling EUIs between the two locations was only 3.5%, representing a reduction
by half relative to those at the individual building level. When compared with the single-building scenario with 5 floors, IITB buildings
exhibited a reduction of only around 1% in cooling EUI, possibly due to substantial inter-building distances. In contrast, buildings at
Sion, more closely spaced, showed a 4.4% decline in cooling EUI This underscores the influence of inter-building shading effects
during the daytime in densely built environments, where the close proximity of structures can reduce solar heat gains, and
consequently lower energy consumption for cooling as supported by recent studies!’>74l,

To assess the influence of surrounding buildings on EUI, pairwise edge-to-edge inter-building distances were calculated for all
buildings, alongside two key morphological indicators: building density (Number of buildings per unit area) and building coverage
ratio (Percentage of total building footprint area). Additionally, a Kolmogorov-Smirnov test was performed to statistically confirm that
the two datasets represent distinct spatial configurations. Figure 10 illustrates the contrasting distributions of inter-building
distances between the two locations, while Table 3 summarizes the key morphological indicators underlying their differing cooling
energy demands.
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Table 3. Key morphological indicators for IITB and Sion.

Metric IITB Sion
Buildings (N) 56 46
Convex-hull area (m?) 1,34,428 1,04,874
Building density (buildings km?) 342.19 533.98
Building coverage ratio (%) 8.62% 33.59%
Mean inter-building distance (m) 226.26 150.13
Median inter-building distance (m) 199.99 140.40
Inter-quartile range (m) 91.17-334.47 71.85-219.28
KS Statistic/p-value 0.237/5.467 x 10-31

IITB: Indian Institute of Technology Bombay; KS: Kolmogorov-Smirnov.

The higher building density and fourfold increase in ground coverage at Sion suggest that more buildings are concentrated within a
similar plan area. This compactness narrows urban canyons and enhances the potential for mutual shading, two conditions critically
linked to reduced cooling loads. Studies from Central Europe and China investigating the influence of urban form on building energy
demand report that the shading from surrounding buildings can reduce space cooling requirements by up to 50% compared to
isolated buildings!’>7°l,

Building coverage also stands for a critical factor. Sion’s BCR of 30% sits within a range where shading may partially offset heat
accumulation, whereas IITB’s 9% BCR leaves most ground and facade area exposed to direct radiation. Several recent studies support
this trade-off: when surrounding blocks are considered around a reference building, cooling energy tends to decrease despite a slight
penalty in winter heating!”’"7l. The similarity between this controlled scenario and the realOworld contrast examined here
strengthens the inference that neighbour shadows, rather than air temperature alone, dominate summertime performance.

The pairwise inter-building distance statistics provide deeper insights into the spatial configuration. Sion exhibits a lower mean
pairwise distance compared to IITB, primarily due to its elongated slab-building typology. The upper quartile at Sion is 115 m less
than at IITB, indicating far fewer extensive separations. Recent studies emphasize that long tails of wide gaps can diminish shading
effects, even when mean values appear favourable. Buildings at Sion facilitates more consistent shading across most facades. The
Kolmogorov-Smirnov test indicates that the two spacing datasets follow distinct distributions, reinforcing results from inter-building
effect studies that neglecting such spatial differences can lead to significant misestimations of energy demand®%-81,

Taken together, recent studies and our results converge on a similar pattern. To be specific, higher building density increases mutual
shading; greater coverage reduces sky exposure; a left-shifted spacing distribution ensures that most building walls benefits from
these shading. This pattern highlights that elevated LST or air temperature due to an UHI effect does not necessarily translate into
higher cooling energy demand. It also suggests that adjusting variables such as density, coverage, and spacing, offers urban planners
considerable leverage to reduce cooling energy use, particularly in fast-growing cities where passive strategies must precede costly
retrofits.

It is important to note, however, that the inter-building effect is significant only during the daytime and have negligible influence on
nighttime energy demand, when the UHI effect is more pronounced**#2l. Nighttime cooling demand remains largely driven by
elevated temperatures in UHI-affected areas. Overall, while inter-building shading reduces cooling energy demand to some extent,
elevated temperatures in UHI-affected areas remain the primary driver of increased cooling demand in this scenario.

3.4 Scenario III: Residential buildings with actual heights - Influence of building height variations on cooling energy
demand

In this scenario, the actual heights and number of floors of residential buildings at IITB and Sion were incorporated. The selected
residential regions are identical to those in scenario I, comprising the same set of buildings. In the IITB region, building heights range
from 2 to 4 floors, with a notable exception of a 20-storey structure. Conversely, buildings at Sion are relatively taller, spanning from
5 to 8 floors. Variables such as occupancy, operational schedules, and construction materials were kept consistent across both
locations, based on ground-truth for residential buildings. The estimated cooling EUls for IITB buildings ranged from
76.99 kWh/yr/m? to 99.77 kWh/yr/m? with a mean of 92.56 kWh/yr/m?2. Nevertheless, the cooling EUIs at Sion range from 67.45
kWh/yr/m? to 98.18 kWh/yr/m? with a mean of 77.8 kWh/yr/m? (Figure 11).


https://doi.org/10.70401/jbde.2025.0016

J Build Des Environ. 2025;3:202561 | https://doi.org/10.70401/jbde.2025.0016 Page 13 of 21

by
oy B 2
&
Mgy odipe o= S o * *
s gy s “aﬂfgsﬁli
o 1
A :aagmgzw@ T i -
i E 3 Ry
. 5-49‘;&5‘251 & =5 g £
v
A O o B
ot 75 150m
—
3 g 3
& o8
(b)
78633
'z
’ 76.862
a3021
74917
2 74403
coo"ng EUI e sagqy | 7434577.499
502 az /3 W 78,685
S 74522 " rueos 72771 77425
73.267 78314, 00
70-75 71927 | 7399 Zor e ;:;gg 79303 &
pr: = !
73,094 14 2
e . S
s |, gsq' e« 8 o518
80-85 Bl

69.59567.924

73.05
B 85-90
- > 90 7 ‘ 0 50 100 m

Figure 11. Spatial variation in cooling EUI with actual building height and floor parameters:(a) IIT Bombay; (b) Sion. The heights of the surrounding buildings have significant

influence on cooling EUI at both locations. EUL: Energy Use Intensity; IIT: Indian Institute of Technology.

This scenario illustrates the combined effects of varying building heights, inter-building effects and temperature fluctuations at the
two locations on cooling EUIs. Notably, the relatively lower building heights at IITB resulted in a substantial 22% increase in cooling
EUIs, compared to scenario III with identical heights. Since over 80% of the residential buildings at IITB are only 2 or 3 floors tall, this
trend significantly impacts the overall mean cooling EUL In contrast, cooling EUIs at Sion remained comparatively stable, as building
heights in this area showed minimal variation from previous scenarios. Similar profound impacts of building geometry on energy
demand, particularly in the context of UHIs have been well documented in prior studies?>¢7.71:831,

A comparison of cooling EUIs between the two locations revealed a noteworthy disparity: the mean cooling EUI for IITB buildings was
18.9% higher than that of Sion. This finding contrasts with the common assumption that buildings in urban regions with higher UHI
intensity or UTFVI generally exhibit greater energy demand®*$234], This highlights two key points: first, that the buildings’ physical
characteristics have a more dominant impact on cooling energy demand than meteorological factors; and second, that the shading
effects from surrounding buildings impact on energy use more strongly than the UHI effect itself.

When scrutinizing the diurnal variations, it becomes evident that Sion’s nighttime cooling EUI consistently exceeds that of IITB
throughout the year, highlighting the impact of elevated temperatures due to UHI on nighttime energy demand. This scenario
suggests that while LST and UTFVI are reliable indicators of localized thermal conditions, cooling energy demand is ultimately shaped
by a more intricate relationship of factors. Although UHI corresponds to higher temperatures, its direct translation into increased
energy consumption is moderated by the built environment. The urban morphological parameters not only regulate solar heat gains
but also influence the spatial distribution of LST. These findings emphasize the importance of integrating high-resolution urban form
data with thermal indices to more accurately capture the dynamics of energy demand. By integrating 3D building morphology
indicators with urban energy predictions at the finest temporal scales under varying climate conditions, the findings can provide
valuable policy insights, and reveal substantial potential for energy savings/®*3.,

3.5 Scenario IV: UBEM for all types of buildings in IIT Bombay and Sion, integrating the effects of building typology

The campus of IITB features diverse buildings, including residential, university, laboratory facilities and so forth. The selected area at
Sion hosts mostly residential buildings, with a limited number of other functions such as hospitals and universities (Figure 12). In this
scenario, schedules and appliance patterns were adjusted according to building functions, while the construction type remained
consistent across the two locations, as confirmed by ground-truth observations. Therefore, the total annual energy demand of
buildings at both locations is predominantly determined by building typology, geometry, occupancy schedule and local climate


https://doi.org/10.70401/jbde.2025.0016

J Build Des Environ. 2025;3:202561 | https://doi.org/10.70401/jbde.2025.0016 Page 14 of 21

(Figure 13). The Kernel density estimate plot of total and cooling energy demands indicates a greater proportion of residential
buildings with lower energy demands compared to those with higher demands at both locations (Figure 14). The academic zone at
IITB, including laboratories, lecture halls and offices, exhibits the highest annual energy demand, followed by large, high-occupancy
student hostels. Conversely, single-family residences and small multi-residential buildings demonstrate low energy demand. This
trend is common across nearly all typologies because the number of occupants is a key determinant of a building’s overall energy
demand®®8l. Similarly, the energy demand proportion in academic areas differs significantly from that of residential buildings.
Specifically, the use of computer systems and machinery accounts for the highest energy demand in academic areas, followed by
space cooling and lighting. In residential areas, however, the dominant energy demand stems from space cooling and lighting, driven
by Mumbai’s year-round warm and humid climate.

Figure 12. Building typologies: (a) IIT Bombay; (b) Sion. IIT Bombay campus hosts a mix of residential and academic buildings while the Sion region majorly has residential

buildings. IIT: Indian Institute of Technology.
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Figure 13. Total energy demand for IIT Bombay (Top) and Sion (Bottom). The total energy demand is highly influenced by building geometry, typology and schedule. IIT:

Indian Institute of Technology.
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To validate the findings from UBEM simulations, the estimates were cross-referenced against annual electricity consumption data
from 45 buildings on the IITB campus, comprising both academic and residential structures. Since energy demand was predicted
based on fixed cooling schedules which are determined by the building usage instead of considering actual occupant behaviors, the
estimates significantly exceed the actual energy consumption. However, the correlation coefficient computed between the predicted
energy demand and the actual consumption stood at 0.48, indicating a moderate level of agreement between the two datasets.
Further examination involved adjusting the cooling energy demand for certain buildings, specifically those in hostel areas where
most buildings are not equipped with air conditioning units. Following this adjustment, the correlation coefficient notably increased
to 0.59, suggesting a more pronounced alignment between the simulated energy demands and the observed consumption patterns.

The cooling EUI highlights substantial differences among different building typologies. It ranges from 0 kWh/yr/m? to
141.05 kWh/yr/m? at IITB. Most hostel buildings exhibit relatively lower EUIs despite recording a higher total annual energy demand
than several academic buildings. This disparity can be ascribed to the restricted utilization of electrical appliances in hostels. At Sion,
the cooling EUI varies from 0 kWh/yr/m? to 86.28 kWh/yr/m?. The highest EUI in the region is exhibited by a university building.
Additionally, it is crucial to highlight that both locations host buildings with minimal cooling energy demand, such as parking spaces.
Nevertheless, these buildings constitute a negligible proportion of the total building stock. On the whole, the mean cooling EUI of
Sion is 22.97% lower than that of IITB. The EUIs are largely influenced by the existence of non-residential buildings on the IITB campus
(Figure 15). This underscores that, in addition to climatic variations and inter-building effects, building usage plays a pivotal role in
influencing energy demand within a diverse building mix, as noted in several previous studiesl’*3%%],
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Figure 15. Total and cooling EUIs for IIT Bombay and Sion. With the integration of actual building usage, the cooling EUIs are significantly affected for both the locations.
While I1ITB's EUI show considerable variability due to a diverse range of building usage, Sion exhibits a more concentrated profile across its buildings. EUL: Energy Use

Intensity; IIT: Indian Institute of Technology; IITB: Indian Institute of Technology Bombay.

The results of this scenario also suggest that while UHI significantly impacts building energy demand is crucial, any UBEM studies
accounting for climate variations must be supported by a typology specific comprehensive 3D urban building database. In this way,
energy-efficiency measures can be tailored and implemented based on key variables such as urban forms, microclimates, and
building usage types, thereby optimizing their effectiveness at the urban scalel’’-"?l. The UHI in Mumbai exert a greater impact on the
energy demand of residential buildings compared to academic or other typologies. The main reason for this phenomenon is the
increased use of nighttime air conditioning in residential buildings, particularly sensitive to UHI intensity. This finding holds
particular significance for warm and humid climates, adding valuable insights to the existing body of research from similar
studiesl>*$2.93.91, In essence, this scenario effectively illustrates the combined effects of building typology, occupancy, geometry and
climate on urban energy demand in a tropical city.

To better interpret the four scenarios in relation to one another, it is essential to analyze their outcomes. Scenario I, focusing on an
isolated single building, clearly demonstrated the profound influence of local climate variations, with the consistently higher cooling
EUls at Sion than IITB. However, as soon as inter-building interactions were introduced in Scenario II, the disparity between the two
sites reduced greatly, revealing the critical role of mutual shading in shaping daytime cooling loads. Scenario III enhanced realism by
incorporating actual building heights and revealed a striking reversal of expectations: despite Sion’s higher UHI intensity, IITB’s
shorter and more exposed buildings produced higher cooling EUIs. This highlighted the dominant role of building morphology over
temperature alone. Finally, Scenario IV integrated mixed typologies and occupancy schedules, where high-intensity academic and
laboratory spaces at IITB further increased its energy demand relative to Sion. The results collectively show that the apparent climate
penalty of UHI can be moderated or even offset by shading and building use patterns.
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Taken together, the four scenarios illustrate a clear progression from controlled to realistic urban-scale conditions. Though Scenario
I elucidates the fundamental influence of UHI on cooling building energy demand, Scenarios Il and III underscore that urban
morphology and building height distributions strongly mediate this effect. Scenario IV further shows that building typology and
occupancy schedules compound these dynamics, producing energy demand outcomes that cannot be explained by climate alone.
Consequently, the comparative framework clarifies how the balance between climate-driven effects and built-form-driven effects,
such as building density or coverage ratio, shapes the overall cooling energy demand. The summary of all the energy demand
modelling scenarios incorporated in this study is shown in Figure 16.

. . . L e i q
i Number of Building Cooling EUl in qulmg EUI % rise in cooling
Scenario buildings typolo IITB in Sion EUI (Sion vs. lIT
9 Yy (KWhiyrim?)  (KWhlyr/m2) Bombay)
Single building — 5 storey IIT Bombay: 1 Residential Mean: 76.19 7.31%
Sion: 1 Max: 76.19
. . Min: 76.19
Multiple buildings — Fixed heights IIT Bombay: 47 Residential Mean: 75.73 35%
(5 storeys) Sion: 56 Max: 80.60
2 Min: 64.88
< Y
\ -‘r"}e’-" ’ <
Multiple buildings — Actual heights IIT Bombay: 47 Residential Mean: 77.8 -18.9 %
" Sion: 56 Max: 98.18
/ !“’ Min: 67.45
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Figure 16. Summary of building energy demand simulations for the two locations and the relative variation in cooling EUL The light red shading indicates higher mean
cooling EUI and the green shading indicates lower mean cooling EUL EUL Energy Use Intensity; IITB: Indian Institute of Technology Bombay; IIT: Indian Institute of

Technology.

The processes adopted in this study entailed exhaustive database generation for UBEM input variables for all the buildings, the impact
of which is clearly reflected in the simulation outputs. For example, academic buildings exhibit a higher energy demand during the
daytime because of high occupancy. Similarly, the space-cooling demand for residential buildings increases from the evening. The
importance of input variables highlights the challenges to the reproducibility of UBEM in most urban areas of developing countries,
owing to the lack of accurate building data such as footprints, heights, typologies, materials, ages, etc.l?>°¢l, Likewise, the
simplification of schedules might fail to capture the complexity and variability inherent in real-world conditions, necessitating the
development of innovative techniques for accurately determining occupant-related information!°7-¢l. Other critical factors include
the built environment and micro-climate, both of which can demonstrate variations in energy demand patterns when examined at a
finer temporal scale.

4. Conclusion

This study examined the influence of UHI intensity on urban building energy demand in Mumbai using a scenario-based UBEM
approach. The analysis begins by mapping LST of the city, calculating UTFVI, and identifying UHI hotspots. It was observed that LST
reasonably explains the UHI hotspots in the city, where densely built-up regions show much higher LST than the vegetated areas,
water bodies and mangroves. Although LST alone does not directly determine cooling energy demand, the hourly profile of air
temperature is the primary driving factor. UHI patterns, however, provide a reliable basis for identifying zones of thermal discomfort
and areas where cooling energy demand is likely to elevate.

Two sites in Mumbai, IITB and Sion, were selected for multi-scale UBEM, from single-building to urban scale, based on their distinct
UTFVI characteristics and proximity (within 1 km) to CPCB weather monitoring stations. Energy demand simulations for a single
residential building with similar geometry at two locations reveals that the annual mean cooling EUI is 7.31% higher in Sion owing to
its high nighttime temperatures, reflecting the effects of UHI. Variations in building height further highlighted that taller buildings,
despite higher absolute energy usage, can exhibit lower EUI than shorter, more exposed structures. When multiple residential
buildings of equivalent heights are considered, the difference in mean cooling EUI between the two sites reduced to 3.5%, illustrating
the mitigating effect of inter-building shading.
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The incorporation of actual building heights and typologies unveiled the complex interactions among building geometry,
inter-building shading, usage-based schedules, and local climate. When only residential buildings with actual heights in the two
locations were considered, the simulations showed an 18.9% reduction in mean cooling EUI at Sion compared to IITB. This is
attributed to the high-rise buildings with high building coverage ratio and building density at Sion, in contrast to low-rise exposed
residential buildings at IITB. When incorporating actual building typologies from the two locations, Sion exhibits a 22% decrease in
mean cooling EUI. This clearly represents how building functions matter more than other inputs, since II'TB hosts abundant
laboratories, offices and academic buildings with high cooling energy usage.

These findings underscore three key contributions of the study. The first is that while UHI effects are clearly visible in isolated
building scenarios, urban-scale energy outcomes are shaped more strongly by building form, function, and inter-building
interactions. The second is that UBEM is established as a robust framework for transcending building-level assessments and
capturing the complex interaction between urban form and local climate. The third is the methodological value of integrating in-situ
weather data into UBEM workflows to improve model accuracy in cities.

In addition, this study highlights the pressing necessity to develop comprehensive urban datasets at the building level, with
geotagged footprints, geometry, number of floors, occupancy, building usage, and household characteristics. At the same time, the
study acknowledges several limitations. The analysis was confined to two sites, and although they reflect distinct UHI conditions,
expanding to more diverse urban contexts would enhance the applicability of the findings. Limitations in weather data resolution,
both spatial and temporal, constrained the analysis. Future research could leverage high-resolution microclimate datasets or
integrated urban climate models to address these gaps. Furthermore, the study primarily focused on building cooling energy
demand, and future research could extend to heating, lighting, and urban infrastructure energy systems for a more holistic
perspective. Finally, while the study illustrates the value of a multi-scale UBEM approach, future research could advance
methodological innovation by integrating UBEM with socio-economic datasets to capture behavioral dimensions of energy demand.
Such efforts would facilitate a comprehensive analysis of urban energy systems, including identifying energy efficiency opportunities,
assessing the potential for renewable energy integration, and formulating targeted policy interventions to promote sustainable urban
development.
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