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Abstract: Under global warming and rapid urbanization, anthropogenic heat emission from buildings (AHEb) has
become a key driver of urban thermal environments. However, most studies approximate AHEb using building
energy consumption, which limits the accurate representation of block-scale heat release and its variability across
urban forms. This study examines typical urban blocks representing different Local Climate Zone (LCZ) types in
Xi’an, China. Using building energy simulations, we quantify the spatiotemporal characteristics of AHEb and their
component mechanisms across LCZs. Results show that in summer, compact high-density blocks (LCZ 1-2)
exhibit daily mean heat emission intensities of 134.2-230.0 W/m?, significantly higher than those of open blocks
(LCZ 4-6-11; 72.7-202.7 W/m?). Peak heat emissions lag solar radiation by approximately 3 h and are 1.7-4.5
times higher than building energy use intensity. In winter, overall heat emissions decrease markedly, with peak
values of 101.5-243.9 W/m? in compact blocks and 39.4-98.3 W/m? in open blocks, while inter-block differences
are more strongly influenced by dominant building functions. Component analysis indicates that in summer, HVAC
systems and building envelopes contribute 43—68% and 17—53% of total heat emissions, respectively. In winter, relief
air dominates heat emissions in commercial and office blocks (29-80%), whereas residential blocks are mainly
governed by envelope heat release and air infiltration. These findings demonstrate that equating building energy
consumption with heat emissions substantially underestimates actual urban heat release. Integrating the LCZ
framework enables more refined and function-sensitive assessments of urban thermal environments.
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1. Introduction

More than 50% of the world’s population currently resides in urban areas, a proportion projected to increase
to 68% by 2050 [1]. To accommodate rapid population concentration, urban development has increasingly adopted
high-density and vertically intensive forms, which have profoundly altered urban canopy structures, land-cover
patterns, surface thermal properties, and levels of anthropogenic heat release. These changes reshape near-surface
wind fields, radiative processes, and surface energy balances, thereby giving rise to a range of urban climate and
environmental problems [2,3]. Among them, the deterioration of the urban thermal environment is particularly
prominent and is typically manifested as the urban heat island effect, whereby air temperatures in urban areas can
exceed those in surrounding rural regions by up to 10 °C [4]. The persistent intensification of urban heat further
exacerbates human heat exposure and health risks [1] and poses growing challenges to energy supply and demand
security [5]. Under future climate change scenarios, the extent and severity of these impacts are expected to
increase further.

Urban climate is strongly regulated by the built environment. Previous studies have shown that urban climate
formation is a complex process jointly driven by multiple built-environment factors, including urban morphology,
land cover, surface materials, and anthropogenic activities [6]. In comparison with other factors, however, the role
of anthropogenic heat has received relatively limited systematic investigation.

Anthropogenic heat plays a critical role in the urban surface energy balance and urban climate dynamics [7].
Observational and modeling studies have shown that anthropogenic heat increases daytime urban heat island
intensity by approximately 1.3 °C in Tokyo and 0.9 °C in Osaka [8], while in Beijing and Shanghai, the correlation
coefficients between anthropogenic heat and air temperature exceed 0.7 [9]. Anthropogenic heat emissions are
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generally categorized into three major sources: buildings (residential, commercial, and industrial), transportation,
and human metabolism [10]. Among these, anthropogenic heat emissions from buildings (AHEbs)—defined as
the heat released to the urban atmosphere from building operations, including space conditioning, equipment use,
and associated energy dissipation—contribute the largest share, accounting for 50-60% of total anthropogenic
heat [11], and up to 83% in commercial districts [12].

Three main approaches are commonly used to estimate AHEbs: inventory-based methods, energy-balance
methods, and building energy simulations. Inventory-based methods rely on statistical data such as population
density and electricity or gas consumption and are primarily applied at global or regional scales [13], especially in
early large-scale assessments. Energy-balance methods estimate AHEbs based on surface energy balance
equations across different spatial scales [14]. However, conventional building energy models typically focus on
internal heat sources such as heating, ventilation, and air-conditioning (HVAC) systems, while convective and
radiative heat release from building envelopes is often insufficiently represented or neglected.

To assess AHEDbs at finer spatial scales, physics-based numerical modeling approaches have been widely
adopted, including urban canopy meteorological models and building energy models. Urban canopy models
generally simplify building energy representations and are mainly applied at the mesoscale and city scales [15]. In
contrast, building energy models provide more detailed descriptions of building envelopes, operational schedules,
HVAC systems, and occupant activities. Commonly used tools include ANSYS Fluent, DOE-2, and EnergyPlus [16].
Nevertheless, most of these tools primarily account for internal heat sources (e.g., HVAC systems) and typically
neglect radiative heat release from building envelopes, as this component does not directly affect conventional
building energy performance metrics.

In recent years, EnergyPlus version 9.2 has incorporated a physics-based heat balance radiation model [17],
enabling the simulation of multiple building heat emission pathways, including building envelopes, air infiltration,
and HVAC systems. Using this approach, several studies have provided more comprehensive assessments of
building heat emissions. Ferrando [18] reported significant discrepancies between AHEbs and building energy
use. Alhazmi [19] showed that under peak solar irradiance of 972 W/m?, heat emissions from a six-story office
building reached 855 W/m?, approximately 2—4 times higher than its energy use intensity. Further, Chen et al. [20]
demonstrated that HVAC systems and building envelopes accounted for 56% and 24% of total AHEbs,
respectively. These findings indicate that estimating AHEbs solely based on heating and cooling energy
consumption may lead to substantial underestimation.

To characterize the spatiotemporal variability of urban climate within cities, Stewart and Oke proposed the
Local Climate Zone (LCZ) framework [6]. Based on climate-relevant built-environment attributes such as building
height, density, and vegetation cover, LCZs classify urban space into 17 types, including 10 built-up and 7 natural
land-cover classes. Areas belonging to the same LCZ type typically exhibit similar thermal characteristics, such
as land surface temperature and near-surface air temperature. Over the past decade, the LCZ framework has been
validated in more than 280 cities worldwide and has been gradually applied in urban planning practices in cities
such as Colombo, Toulouse, and Szeged [21]. However, existing studies have mainly focused on morphological
and thermal differences among LCZ types, while quantitative comparisons of building heat emission fluxes at the
block scale across different LCZs remain limited.

In summary, under the background of global climate warming, accurately quantifying the spatiotemporal
characteristics of urban AHEDs is essential for understanding their role in shaping urban climate. Nevertheless,
previous studies have largely focused on individual buildings or isolated cases, lacking systematic comparisons of
AHEDbs at the block scale across different LCZ types. To address this gap, the present study disaggregates AHEbs
into three pathways—radiative and convective release from building envelopes, HVAC system heat emissions,
and active/passive air infiltration—and integrates them within the LCZ framework to quantitatively evaluate
AHEDbs across different LCZ-based urban blocks and compare them with building energy use intensity. Taking
representative blocks of different LCZ types in Xi’an, China, as case studies, this work systematically analyzes
the composition and relative contributions of AHEDbs, providing scientific support for climate-adaptive urban
planning and building energy-efficiency strategies.

2. Method

2.1. Research Area and Selection of Sample Blocks

Xi’an is one of China’s major metropolitan cities and serves as a regional hub that attracts a large population
from northwestern provinces, resulting in characteristically high urban development intensity. As shown in Figure 1,
Xi’an is located in the Guanzhong Plain near the geographical center of China (34.3416° N, 108.9398° E). The
city lies in a climatic transition zone between a temperate semi-humid monsoon climate and a semi-arid climate.
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According to the Kdppen—Geiger climate classification, Xi’an is categorized as Cwa (humid subtropical climate
with dry winters). With rapid urban expansion, the urban heat island effect in Xi’an has intensified in recent
decades, with the heat island area increasing by a factor of approximately 2.4 between 2000 and 2020 and the
maximum UHI intensity reaching 7.3 °C [22].

The central urban area of Xi’an, defined as the area within the Third Ring Road, was selected as the study
area, covering approximately 350 km?. This area represents the city’s most densely populated and highly built-up
zone. As illustrated in Figure 1, its spatial structure follows a monocentric concentric-ring pattern, consisting of
the inner city within the First Ring Road (city wall), the Second Ring Road zone, and the Third Ring Road zone.
The central area exhibits highly diverse urban morphologies, including both historical conservation districts and
high-intensity development zones. Except for large industrial parks, it encompasses nearly all major urban land-
cover and surface types.
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Figure 1. Location and spatial structure of the central urban area of Xi’an.

Within the First Ring Road, the historic inner city is subject to strict heritage conservation regulations,
resulting in a distinctive urban form characterized by high building density and medium building height, and
exhibiting the poorest thermal environmental conditions [23]. Previous studies have shown that compact urban
blocks are typically priority targets for evaluation and optimization in urban renewal initiatives [24-28]. As shown
in Figure 2, five representative compact blocks were selected from within the First Ring Road, including three
LCZ 2 blocks and two LCZ 1 blocks. These two LCZ types are widely distributed in the historic inner city, where
LCZ 1 represents the highest development intensity, and LCZ 2 corresponds to the most prevalent high-density
urban form.

In addition, other LCZ types with relatively large areal proportions were selected from outside the First Ring
Road. Representative blocks were chosen from the southern inner area of the Third Ring Road, where urban functions
and surface types are highly diverse, and multiple dominant LCZ types coexist. Ultimately, five representative blocks
corresponding to LCZ 4, LCZ 4-I1, and LCZ 5-II—three of the most prevalent LCZ types in Xi’an—were selected.
In contrast to LCZ 1 and LCZ 2, these LCZs represent more open urban block configurations. The three-dimensional
built-environment characteristics of the selected blocks are illustrated in Figure 2.

In summary, the ten selected blocks cover the most prevalent LCZ types in Xi’an and include major mixed
urban functions such as residential, commercial, office, educational, and hotel uses. These blocks not only capture
the distinctive characteristics of historical conservation areas, but also represent typical high-intensity development
patterns of a megacity. Together, they provide a realistic representation of Xi’an’s urban built environment under
the combined influences of heritage preservation and rapid urbanization.
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Figure 2. Rhino vector spatial model of typical blocks.

2.2. AHED Simulation

AHED fluxes were calculated using a physics-based building energy modeling approach. First, the conceptual
components of AHEbs are described, followed by a presentation of the model setup, boundary conditions,
thermophysical properties of building envelope materials, and operational settings.

2.2.1. Framework of AHEb

Based on the AHEbs framework implemented in EnergyPlus version 9.2 and later, this study defines AHEDbs
as the combined heat released to the outdoor environment, air infiltration and exhaust, and HVAC systems, as
expressed in Equations (1) and (2).

AHEDb = AHEbSurface + AHEbZone + AHEbHVACSyStem (1)

AHEbyycsystem = AHEbyyac + AHEbg jictair )

Specifically, AHEbg . (W/m?) represents the areal heat emission intensity from building envelope
surfaces, including convective heat transfer to the ambient air caused by the temperature difference between
exterior surface temperature and outdoor dry-bulb air temperature, as well as longwave radiation absorbed by
atmospheric water vapor and particulate matter. Radiative heat exchange emitted toward surrounding surfaces
(e.g., adjacent buildings, trees, the sky, and ground surfaces) is not included, as this portion does not directly heat
the surrounding air. AHEb,,,,. (W/m?) denotes the heat emission intensity associated with active and passive air
exchange between indoor and outdoor environments, including air leakage through openings (e.g., windows and
doors), uncontrolled exfiltration through envelope cracks, and mechanically exhausted air from kitchens or
bathrooms. AHEDbyyacsystem (W/m?) refers to the total heat rejection from HVAC systems per unit area, which
consists of two components: AHEbyyac (W/m?), representing waste heat released by condensers, and
AHEbggierair (W/m?), representing heat exchange associated with relief air discharged from air handling units.

2.2.2. Simulation Setup

Building energy models for the ten representative urban blocks were developed on the Grasshopper platform
using Ladybug Tools version, including Honeybee and Dragonfly. During model construction, the influence of
adjacent blocks—particularly buildings along road-facing boundaries—was explicitly considered and incorporated
into the simulation domain. AHEbg+,.. Was obtained from the EnergyPlus output variable Surface Outside Face
Heat Emission to Air Rate. AHEbz,,. was calculated as the sum of Site Total Zone Exfiltration Heat Loss and
Site Total Zone Exhaust Air Heat Loss. AHEbyyacsysiem Was derived from the combined outputs of HVAC
System Total Heat Rejection Energy and Air System Relief Air Total Heat Loss Energy. To enable comparison
between AHEbs and building energy consumption, the block-level building energy use intensity (EUI b, W/m?),
representing the intensity of a building’s energy demand, was simultaneously extracted from the simulations.

2.2.3. Outdoor Meteorological Boundary Conditions

To more accurately represent building heat emissions under block-specific microclimatic conditions, this
study did not adopt air temperature and relative humidity data from suburban reference meteorological stations or
typical meteorological year datasets as boundary conditions. Instead, the average air temperature and relative
humidity measured at outdoor monitoring points within each block during the observation period were used. In
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this study, the summer and winter analyses correspond to two typical days in July and December 2022,
respectively. Global solar radiation was obtained from observations at the Xianyang Jinghe National Reference
Meteorological Station.

2.2.4. Building Envelope Construction and Thermal Properties

From the late 19th century to the early 21st century, large-scale urban construction in Xi’an predominantly
employed reinforced concrete structural systems with masonry infill envelopes. The selected representative blocks
were developed within this period. To reduce excessive variability in numerical simulations and to focus on the core
research objectives, uniform opaque envelope materials and construction assemblies were applied to all buildings
across the study blocks. Envelope thermal properties were determined based on Xi’an’s climatic zoning and relevant
engineering standards. Specifically, building envelope characteristics were defined according to [29] and [30], while
construction details were specified following [31]. Detailed parameters are summarized in Tables 1-4.

Table 1. Building window-to-wall ratio and HVAC parameters of the blocks.

Function Window-to-Wall Ratio HVAC System Performance Coefficient
Residential North: 0.3; South: 0.5 Split AC: VRF 2.8 [32]
Commercial 0.4 VAV Air-Cooled chiller with central air

Office 0.4 source heat pump reheat 3.0
Hotel 0.4 " pump

Table 2. Thermal properties and construction parameters of opaque envelope materials.

Thermal Conductivity (W/m-K) Density (kg/m%) Specific Heat Capacity

J/kg'K)
Porous brick (PB) 0.44 1180 1050
Reinforce concrete (RC) 1.74 2500 920
Reinforce concrete (EPS) 0.047 100 1380
Gravel concrete (GC) 1.28 2100 920
Lime mortar (LM) 0.81 1600 1050
Plywood slab (PS) 0.17 600 2510

Table 3. Thermal properties and construction parameters of opaque envelope materials.

Opaque Envelope Construction

Exterior wall 40 mm EPS + 240 mm PB + 14 mm LM
Ceiling 15 mm PS + 100 mm RC
Roof 40 mm GC + 90 mm EPS + 100 mm RC

Table 4. Thermal properties of transparent envelope materials.

Heat Transfer Coefficient SHGC Solar Radiation Reflectance Long Wavelength
/W/m*K Absorbed Factor Factor Radiation Factor
2.3 0.34 0.7 0.3 0.95

2.2.5. Building Operational Settings

Significant differences in operational characteristics among buildings with different functions lead to
pronounced variability in building anthropogenic heat emissions. Operational parameters related to occupants,
lighting, and equipment were defined according to [31]. Figures 3 and 4, together with Table 5, summarize key
operational parameters for the representative cases, including occupant density, lighting power density, equipment
usage rates, ventilation rates, and HVAC set-point temperatures for different building functions.

Table 5. Operation program settings for different functional buildings.

Commercial Residential Official Hotel
Personnel density (m?/person) 4 36 8 30
Personnel activity (W/ person) 181 120 134 108
Lighting intensity (W/m?) 10 5 9 7
Equipment intensity (W/m?) 13 4 15 15
Ventilation intensity (ACH) 1.1 0.5 1 0.5
Flow per person (m*/s-person) 0.005 0.033 0.0083 0.0083
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Figure 3. Operational parameters of different building types.
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Figure 4. HVAC temperature and ventilation settings.

3. Results and Discussion
3.1. AHEDs across Different LCZ Blocks
3.1.1. Summer

Figure 5 illustrates the spatial distribution of daily mean AHED intensity across the representative blocks
during summer. Pronounced inter-block differences in building heat fluxes are observed among different Local
Climate Zone (LCZ) types. Compact blocks classified as LCZ 1-2 exhibit AHEDbs values ranging from 134.2 to
230.0 W/m?, which are generally higher than those of open blocks (LCZ 4—6-1I), whose AHEbs range from 72.7
to 202.7 W/m?. Exceptions are observed for blocks XED and JH, primarily attributable to differences in dominant
building functions. Although XED belongs to the most compact LCZ type (LCZ 1), its dominant hotel function
results in substantially lower heat emissions than those of commercial and office blocks. Conversely, JH is
classified as an open-type block (LCZ 4-1II), yet its nearly 90 m building height and office-dominated function lead
to significantly higher AHEbs than those of the other four open residential blocks. These results indicate that even
within the same LCZ type, variations in dominant building function can lead to substantial differences in block-
scale building heat emissions.
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Figure 5. Daily mean AHED flux of typical blocks in summer.
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At a finer temporal scale, the diurnal dynamics of summer building heat emissions were further examined.
Figure 6 presents the hourly variations in AHEb, EUI b, and background global solar radiation for all blocks.
Global solar radiation peaks at approximately 13:00, reaching up to 979 W/m?2. The AHEb peak lags behind the
solar radiation peak by approximately 3 h. For compact blocks (LCZ 1-2), peak AHEb ranges from 284 to 513 W/m?,
whereas open blocks (LCZ 4-6-11) exhibit significantly lower peaks of 178 to 315 W/m?. The EUI_b peak occurs
approximately 5 h after the solar radiation peak, with values ranging from 113 to 145 W/m?2. Notably, AHEb
substantially exceeds EUI b across all blocks, by approximately 1.7 to 4.5 times. This finding is consistent with
results from regions of the United States with similar KSppen climate classifications (Cfa), such as a case study of
a six-story office building in which the actual peak building heat emission was four times greater than the energy
consumption [19]. These results demonstrate that equating building energy consumption with building heat
emissions leads to a severe underestimation of actual anthropogenic heat release.
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Figure 6. Hourly variations of AHED flux in summer blocks.

3.1.2. Winter

Figure 7 shows the wintertime AHED levels for the representative blocks. Overall, winter AHED values are
significantly lower than those in summer. For compact blocks (LCZ 1-2), AHEb ranges from 9.4 to 85.0 W/m?,
with block WD exhibiting substantially higher values than the others. Open blocks (LCZ 4-6-1I) generally show
lower AHED levels than compact blocks, although JH again stands out with significantly higher emissions than
the other open blocks. Importantly, notable differences in AHEDbs are observed within the same LCZ type,
primarily attributable to commercial- and office-dominated functions. Compared with summer, winter AHED is
more strongly influenced by dominant building function. The four open blocks dominated by residential use exhibit
the lowest building heat emissions, with AHED values for GD, CX, and NY approaching zero.
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Figure 7. Block-scale mean AHED flux in winter.

Figure 8 presents the diurnal variations in winter AHEb, EUI b, and global solar radiation. The peak global
solar radiation reaches 509.3 W/m?, approximately half of the summer peak value. The AHEb peak lags behind
the solar radiation peak by about 2 h. Peak AHEDb values for compact blocks range from 101.5 to 243.9 W/m?,
while open blocks exhibit much lower peaks of 39.4 to 98.3 W/m?, consistent with summer patterns. Peak EUI b
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values range from 25.1 to 133.9 W/m?. Unlike summer, EUI_b exceeds AHED during the daytime period between
08:00 and 13:00 (from sunrise to peak solar radiation). This indicates that wintertime building heat emissions
depend strongly on solar radiation, with shortwave solar gains absorbed by building envelopes and subsequently
released to the outdoor environment.
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Figure 8. Hourly variations of AHED flux in winter blocks.

3.2. Composition of AHEbs across LCZ Blocks
3.2.1. Summer

Figure 9a presents the heat fluxes of different building heat emission components. AHEbgvyac is the dominant
contributor across all block types, particularly in the commercial and office blocks WD and JH, where values reach
229.9 and 231.0 W/m?, respectively. Despite belonging to different LCZ types, these two blocks exhibit similar
HVAC-related heat emissions, indicating that functional type and development intensity can result in comparable
AHEbpuvac levels across different LCZs. The second largest component is AHEbgyface, With daily mean values
ranging from 23.1-88.4 W/m?. In compact blocks (LCZ 1-2), AHEbyyac is substantially higher than AHEbsyface.
In contrast, in open blocks (LCZ 4—6-11), the two components are comparable, and in the low-rise LCZ 6-II blocks,
AHEDbsuface €ven exceeds AHEbsurace- This indicates that envelope-related heat emissions play a role nearly as
important as HVAC emissions in open blocks. Consequently, equating HVAC heat rejection with total building
heat emissions leads to significant underestimation, particularly for LCZ 4—6 blocks.
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Figure 9. Four components of AHEb in summer: (a) fluxes and (b) proportions.

Figure 9b further illustrates the proportional contributions of the four components. AHEbuyac dominates,
accounting for 54-68% in nine medium- and high-rise blocks, except for the low-rise LCZ 6-1I block, where it
contributes only 43%. AHEbsursuce accounts for 17-53% and consistently represents a positive heat source to the
surrounding air. In contrast, AHEbgreiictair and AHEbzone contribute minimally and negatively. Relief air
contributions are highest in the commercial complex WD and the high-rise office block JH, at 17% and 20%,
respectively. Notably, GG (LCZ 6-1II) is the only block where AHEDbgyface (53%) exceeds AHEbuvac (43%), owing
to its high building density, large envelope surface area, and relatively low HVAC intensity.

Overall, in summer, HVAC systems dominate building heat emissions in high-rise and high-density blocks,
whereas envelope-related heat emissions play a leading role in open blocks. These findings demonstrate that the
dominant building heat emission pathways vary with block density, height, and function.
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3.2.2. Winter

Figure 10a shows the wintertime heat fluxes of different AHEb components, all of which are substantially
lower than their summer counterparts. Unlike summer, AHEbuvac is no longer the dominant component. In the
six blocks containing significant commercial functions (TRJ-JH), AHERgeiictair contributes the most, with WD and
JH reaching 58.2 and 43.1 W/m?, respectively. For the four residential blocks (GD, CX, NY, and GG), AHEbzoe
dominates. Among them, GG exhibits significantly higher AHEb than the other three residential blocks because
its low-rise buildings have limited HVAC heat losses, allowing envelope and infiltration-related heat emissions to
dominate and remain positive. In contrast, for the other three residential blocks, heat gains and losses from different
components largely offset each other, consistent with findings from similar climatic regions [17].
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Figure 10. Four components of AHEb in winter: (a) fluxes and (b) proportions.

Figure 10b presents the proportional contributions of winter building heat emission components. In contrast
to the summer dominance of AHEbpyac, winter emissions are mainly governed by AHEggiiefair and AHEbzone. In
commercial and office-dominated blocks, AHERgiictair accounts for 29-80% of total emissions. In residential
blocks, different components nearly cancel each other, except for GG (LCZ 6-1I), where winter building heat
emissions are dominated by AHEbzen. and AHEDbsgurface, resulting in net heat release to the ambient air.

Overall, in winter, the contributions of different building heat emission components vary substantially with
dominant building function. Public-service-dominated blocks should primarily focus on relief air emissions,
whereas residential blocks require attention to envelope- and infiltration-related heat emissions. This further
indicates that the key building heat emission pathways differ across LCZ types and seasons.

4. Conclusions

This study systematically quantitatively analyzed the spatial variability, diurnal dynamics, and compositional
mechanisms of AHED across representative blocks of different LCZ types in Xi’an, China. The results demonstrate
clear and systematic differences in AHED across LCZ types, seasons, and dominant building functions, with actual
heat emissions substantially exceeding traditional estimates based on building energy consumption alone.

In summer, compact high-density blocks (LCZ 1-2) consistently exhibit significantly higher AHEDb than open
blocks (LCZ 4-6-11). However, even within the same LCZ type, variations in dominant building function can cause
substantial variability, indicating that LCZ morphological characteristics alone are insufficient to fully capture
block-scale AHEDb. At the diurnal scale, AHEb peaks systematically lag behind solar radiation peaks and are
typically several times higher than EUI b, highlighting the risk of substantial underestimation when energy
consumption is used as a proxy for heat emissions.

In winter, overall heat emissions are markedly lower than in summer, and inter-block differences are more
strongly controlled by dominant building function rather than LCZ morphology. Commercial and office blocks
maintain relatively high heat emissions, whereas residential blocks exhibit much lower levels, with heat gains and
losses partially or nearly offsetting each other in some cases. During daytime hours, wintertime heat emissions
show a stronger dependence on solar radiation, with envelope-mediated heat release becoming a key mechanism,
leading to periods when EUI b temporarily exceeds AHED.

From a mechanistic perspective, the dominant pathways of AHEDb vary substantially across LCZ types and
seasons. HVAC systems dominate summer heat emissions in high-rise and high-density blocks, whereas envelope-
related emissions are equally important or dominant in open, low-rise blocks. In winter, relief air emissions govern
AHEDb in commercial and office blocks, while envelope and infiltration processes dominate in residential blocks.
These findings indicate that different LCZ types require function- and season-specific attention to distinct heat
emission components.
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This study reveals pronounced block-scale heterogeneity and strong seasonal modulation of building
anthropogenic heat emissions, underscoring the necessity of explicitly distinguishing building heat emissions from
building energy consumption. Integrating the LCZ framework with a detailed decomposition of building heat
emission pathways enhances the realism of urban climate simulations and provides a scientific basis for developing
targeted, LCZ-specific, and seasonally adaptive strategies for urban heat mitigation and building energy efficiency.
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