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Anthropogenic heat (AH) from buildings contributes to urban overheating, especially during heat waves, yet
building retrofit studies usually evaluate energy savings without assessing impacts on AH. This study quantifies
how common building retrofit measures affect both building energy use and AH emissions across the City of Los
Angeles. Using a bottom-up urban building energy modeling framework coupled with high-resolution local
weather from the Weather Research and Forecasting model with Building Effect Parameterization (WRF-BEP),
we evaluate eleven retrofit measures and two multi-measure retrofit packages. HVAC and LED lighting retrofits
provide the largest city-wide annual site energy savings, while roof coating is most effective for reducing AH. A
package optimized for energy savings reduces summer site energy use by about 32% (2.3 TWh), while a package
incorporating AH-focused measures reduces the total AH by over 50% (137 PJ) with minimal difference in
energy savings. The AH-aware package produces substantially greater urban cooling, reducing mean near-surface
air temperature by up to 0.62 °C and peak temperature by up to 3.79 °C. These results show that retrofit stra-
tegies selected only for energy savings may overlook major opportunities for urban heat mitigation. The study

provides a framework for integrating AH into building retrofit planning and urban heat resilience policy.

1. Introduction
1.1. Background and context

Energy efficiency is paramount in efforts to reduce building energy
use and peak electric demand. Notably, buildings account for approxi-
mately 37% of primary energy consumption in the U.S. [1]. Enhancing
energy performance of existing buildings is critical to improving energy
resilience and reducing energy bills.

Anthropogenic heat (AH) from the built environment and human
activities significantly raises urban air temperatures, contributing to the
urban heat island (UHI) effect [2]. This urban air temperature increase
contributes to heat stress, reduced outdoor thermal comfort, higher
cooling demand of buildings, greater public health risk, and infra-
structure and grid strain. AH originates primarily from buildings,
transportation, industrial processes, and human metabolism, with
buildings accounting for over half of total urban AH [3,4]; Sun et al.,
2018). Building AH is highly sensitive to weather changes. During heat
waves, higher outdoor temperatures increase building cooling demand,
which in turn rejects more waste heat into the ambient from HVAC
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systems, further escalating ambient temperatures forming a vicious
cycle [5]. Therefore, assessing and reducing building AH, especially
during urban heat waves, is crucial.

1.2. Related work

1.2.1. Differentiating anthropogenic heat from energy use

Understanding the impact of building retrofits requires distinguish-
ing between the energy a building consumes and the heat it releases to
the environment. AH is the waste heat emitted outdoors from energy-
using activities and is a complex sum of multiple heat fluxes driven by
distinct factors. While this study focuses on building-related AH, it is
important to recognize that AH originates from various sources. Liter-
ature generally categorizes AH into four primary contributors (Table 1):
buildings, transportation, industrial processes, and human metabolism
Sailor et al. [6], Sun et al. [7]. Transportation is a major contributor in
urban areas, where vehicle engine heat and exhaust emissions elevate
near-surface temperatures, especially in congested traffic conditions [8],
Sailor et al. [6]. Although industrial activities contribute to AH, quan-
tifying the proportion of energy converted to sensible or latent heat can
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Table 1
Anthropogenic heat flux contribution by sector from the literature.
Sector Contribution Primary Waste Heat Sources Sources
Range
Buildings 45% — 82% HVAC (60% of sector), [3,4,71

Lighting, Electrical
Appliances, Water Heating.

Transportation 15% — 35% Exhaust gas, engine Pigeon et al.
radiation, tire-road friction, [10], Smith
braking systems. etal. [11]

Industry 5% — 20%*! Manufacturing processes, Dong et al.
data centers, cooling [12], Taha
towers, power plants. [9]

Human 2% — 8% Biological heat release [3,13]

Metabolism (sensible and latent) from

residents.

1The contribution of the industrial sector varies greatly by how the city
boundary is drawn. Usually the study areas in literature include only the urban
core. But if the outskirts and regions with power plants are included, the in-
dustrial contribution percentage would be higher.

be challenging [4]. In many dense urban settings, buildings account for
the majority of total AH, sometimes exceeding 70%, due to sustained
operational loads and HVAC heat rejection Sailor et al. [6,9]. This
recognition of AH's multi-sector composition reinforces the need for
building-focused mitigation as part of a larger urban heat management
strategy.

A foundational framework by Hong et al. [14] decomposes building
AH emissions into three primary components: (1) waste heat rejected
from HVAC systems (Q_HVAC), (2) heat released from the building en-
velope via convection (Q_SURF), and (3) heat and moisture emissions
from ventilation and air exfiltration (Q_AIR). Each component exhibits
unique temporal profiles that do not align with a building's energy use.
For instance, Q_SURF, driven by solar radiation, often peaks hours after
the maximum cooling demand, as envelope surfaces release heat
absorbed throughout the day.

These distinct profiles have important consequences for the urban
climate. Luo et al. [15] found that while Q_HVAC is the largest
contributor during heat waves, the delayed release from Q_SURF sus-
tains elevated nighttime temperatures, worsening heat stress when
vulnerable populations are most at risk due to sleep time with limited or
no air-conditioning. Similarly, Xu et al. [16] developed a high-resolu-
tion AH simulation framework for Los Angeles County, demonstrating
its significant role in modifying urban temperature. Crucially, AH is not
merely a passive by-product, it can actively alter the local microclimate
and increase night time temperature by up to 3°C. Vahmani et al. [5]
showed that building AH emissions elevate outdoor air temperatures,
which in turn increase cooling loads, forcing HVAC systems to reject
even more heat. This feedback loop is absent from most standard
building energy models, which assume a static urban microclimate.

Recognizing these complexities underscores the need to move
beyond energy-only metrics when evaluating retrofits of buildings in the
city or neighborhood context. The next subsection examines how retrofit
analysis has (and has not) incorporated AH considerations.

1.2.2. Retrofit Analysis: a disconnect from the urban microclimate

Recent retrofit studies have broadened their scope beyond energy
savings to include occupant comfort, carbon emissions, and other
building performance outcomes [17,18], Ma et al. [19]. However, most
still treat outdoor climate as a static boundary condition and therefore
do not capture how retrofits alter anthropogenic heat emissions or affect
the surrounding urban microclimate.

Emerging research has begun to address this disconnect. Ferrando
et al. [20] quantified direct reductions in AH from envelope improve-
ments such as cool roofs and high-efficiency HVAC systems, reframing
building performance to consider external thermal pollution rather than
energy use alone. Lopez-Guerrero et al. [21] extended this concept to

Energy & Buildings 366 (2026) 117691

urban housing in Latin America, designing interventions that optimize
both thermal performance and AH reduction. While these studies
represent methodological progress, many still overlook the unintended
microclimatic consequences of retrofitting.

A notable example is Maronga et al. [22], who, using high-resolution
Large Eddy Simulation for Berlin, found that while retrofitting reduced
winter heating demand, it unexpectedly elevated the mean daytime
summer temperatures. This highlights how interventions designed to
improve energy efficiency can exacerbate local overheating challenges.

1.3. Research objective & scope

This study aims to bridge the critical gap in the existing literature by
systematically evaluating the effects of common retrofit strategies on
both building energy use and AH emissions. The research is grounded in
three core contributions: quantifying how eleven retrofit measures
impact both energy use and AH components in building stock of the city
of Los Angeles; defining and comparing two distinct retrofit packages,
one optimized for energy savings and the other emphasizing AH re-
ductions; and utilizing the Weather Research and Forecasting model
coupled with the Building Effect Parameterization urban canopy scheme
(WRF-BEP; Skamarock et al. [23], Martilli [24]) to capture
neighborhood-scale microclimate variability—which cannot be
adequately represented by the standard weather station data—and
evaluate how city-wide retrofit modifies AH emissions and near-
surface air temperature during heat waves. Through a coupled simula-
tion framework that captures interactions between buildings and their
microclimates, this study highlights the necessity of an integrated
strategy for energy retrofitting that considers buildings as active par-
ticipants in the urban climate.

1.4. Structure of the paper

The rest of the paper is structured as follows. Section 2 describes the
methodology, including the characterization of the Los Angeles building
stock, development of the prototype EnergyPlus models, selection of
retrofit measures, and configuration of the WRF-BEP framework used to
represent local summer microclimate conditions. Section 3 presents the
results in two stages: Stage 1 evaluates the individual retrofit measures
and defines the retrofit packages using typical weather data, and Stage 2
examines city-wide energy, anthropogenic heat, and air-temperature
impacts under high-resolution local weather conditions. Section 4 dis-
cusses the main findings, with emphasis on trade-offs between energy
savings and AH reduction, spatial and building-type variability, and
implications for retrofit planning and urban heat mitigation policy.
Section 5 concludes with the main contributions, policy relevance, study
limitations, and directions for future research.

2. Methodology

This study integrates bottom-up building energy modeling with
high-resolution urban microclimate simulations to assess the impact of
building retrofit measures on city-wide energy use and anthropogenic
heat (AH) emissions in the city of Los Angeles. The approach combines
detailed building stock characterization, prototype model retrofit sce-
nario development, and numerical weather modeling to evaluate both
annual performance under typical weather conditions and sum-
mer-season behavior under spatially variable, high-resolution climate
data. In Stage 1, individual energy conservation measures (ECMs) are
tested using typical weather data to determine their relative energy
savings potential across the building stock using the EnergyPlus simu-
lation engine. In Stage 2, the most effective measures are combined into
a retrofit package and assessed under fine-scale WRF climate data for
summer conditions, capturing the influence of local microclimates on
retrofit effectiveness.

The following subsections describe the study area, building stock
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data, climate model configuration, selected retrofit measures, and the
calculation procedures for building energy use and AH emissions.

2.1. Research design

Fig. 1 illustrates the overall workflow of the data integration and
simulation. Building stock data includes key parameters such as floor
area, use type, construction vintage, and building height. To represent
the diversity of real buildings without modeling each individually due to
intensive computing needs, the building stock was simplified by
grouping buildings according to major use types and construction vin-
tages. This reduction was based on a categorical cross-tabulation of
these classes, rather than an unsupervised clustering procedure, yielding
54 prototype building models. These models were adapted from the U.S.
Department of Energy (DOE) commercial prototype building models and
residential buildings from the CBES tool [25]. The prototypes cover 18
distinct building types (e.g., Medium Office, Midrise Apartment, Retail)
across three construction vintages representative of the Los Angeles
building stock: Pre-1980, Post-2004, and Post-2013. Each standard
prototype includes detailed, pre-defined assumptions for geometry (e.g.,
floor area, number of stories, window-to-wall ratio), internal loads, oc-
cupancy schedules, and baseline HVAC system types and setpoints
appropriate for the building's function and vintage. These assumptions
are derived from the corresponding building energy efficiency stan-
dards: commercial models follow ASHRAE 90.1 standards, while resi-
dential models follow California Title 24 standards. All models were
configured for ASHRAE Climate Zone 3B, corresponding to Los Angeles.
For full transparency and reproducibility, a summary table detailing the
sources and key characteristics of each of the 54 prototype models is
provided in Appendix 4.

Each prototype is matched to specific building use type and vintage
combinations, ensuring coverage of the major categories in Los Angeles’
building stock. Hourly energy use and AH emissions for each prototype
are simulated using EnergyPlus, a widely used building energy modeling
engine. Eleven retrofit measures were selected based on their potential
building thermal and energy performance improvements—covering

11 retrofit scenarios
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envelope improvements, appliance replacements, HVAC and lighting
upgrades—are applied individually to each prototype (see Section 2.4),
with workflows implemented via Python scripts editing EnergyPlus
input files directly and Ruby script with OpenStudio workflow. Addi-
tional workflow details for the HVAC retrofit implementation are pro-
vided in Appendix Al Weather data from Los Angeles International
Airport is used for ECM-by-ECM comparisons of retrofit effectiveness in
Stage 1.

Retrofit effects are scaled to the city level by weighting based on the
building stock composition, allowing actions to be ranked by the annual
site energy savings. The five highest-impact actions are combined into a
retrofit package, which is then simulated under high-resolution local
WREF climate data in Stage 2 to assess summer-season performance. All
simulations are executed on the U.S. Department of Energy's NERSC
Perlmutter supercomputer.

2.2. Study area

The City of Los Angeles was selected as the case study because it
provides a strong setting for evaluating building retrofit impacts on both
energy use and anthropogenic heat (AH). The city combines a large and
diverse building stock with pronounced spatial variability in summer
climate driven by coastal influence, complex terrain, and inland
warming. Los Angeles also experiences severe urban overheating during
heat waves, making it particularly relevant for studying how retrofit
strategies influence both building performance and the urban micro-
climate. The study covers the City of Los Angeles as of 2018. That
summer included a notable heat wave from July 6-8, with extreme
temperatures (up to 47°C in some neighborhoods, Fig. 2) that provided
an important context for evaluating summer-season retrofit
performance.

Building stock characteristics were derived from LA County’s
Assessor Parcel Data [26] and LARIAC6 building footprints Los Angeles
Region Imagery Acquisition Consortium Pictometry International Corp.
[27] with processing and integration described in [28]. Buildings in the
city of Los Angeles are predominantly residential: single-family and
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Fig. 1. Illustration of the data integration and simulation workflow.
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Fig. 2. Distribution of local weather patterns during the 2018 heat wave in Los Angeles city. Top: hourly outdoor air temperature (degree C); Middle: hourly outdoor
air relative humidity (%); Bottom: hourly wind speed (m/s).

multi-family buildings account for 73.2% of the total building floor area, contribute to higher energy use and AH emissions.
followed by commercial buildings (14.7%), industrial (9.5%), and

institutional facilities (2.5%) (Fig. 3). The age (year of built) distribution

is skewed toward pre-1980 construction, particularly in residential and 2.3. WRF forcing

commercial sectors, where older envelopes and HVAC systems
We simulated the urban climate of the Los Angeles metropolitan

Composition of Building Area (m?)

MultiFamily-pre-1980

1950

usetype

. commercial

industrial

institutional

. residential

Effective YearBuilt

1900

1850

JER \/1ultiFamily-2004

commercial industrial institutional residential
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Fig. 3. Building floor area composition (left) and the built year distribution (right) of the building stock in the city of Los Angeles.
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region with the Advanced Research Weather Research and Forecasting
model (WRF v4.5.2; [23]) coupled to the multi-layer Building Effect
Parameterization (BEP) [29]. The configuration used four nested do-
mains with horizontal grid spacings of 12 km (d01), 4 km (d02), 1.3 km
(d03), and 0.44 km (d04, 444 m). All nests shared 33 vertical levels and
a model top at 50 hPa (p_top_requested = 5,000 Pa). The outermost
domain spans the contiguous United States, the intermediate nests focus
on Southern California, and the innermost nest resolves the Los Angeles
metropolitan area at sub-kilometer scale with a total of 5339 compute
grid cells.

The physics suite included RRTMG for both shortwave and longwave
radiation [30], the Bougeault-Lacarrére planetary boundary layer
scheme (bl_pbl_physics = 8; Bougeault & Lacarrere, 1989), Thompson
microphysics [31], the Monin-Obukhov surface-layer formulation [32],
and the Noah land surface model [33,34]. Urban processes were rep-
resented with the BEP canopy scheme (sf urban_physics = 2). Local
Climate Zones were enabled to allow built form and surface character-
istics to vary among neighborhoods [35]. Initial and lateral boundary
conditions for all simulations were taken from ERA5 reanalysis [36].
The WRF-BEP configuration was extended to ingest spatially and
temporally varying anthropogenic heat (AH) from buildings, derived
from the EnergyPlus simulations of the buildings in each compute grid
cell.

We evaluated the WRF model performance against in situ observa-
tions. Near-surface air temperature (T2) was evaluated using weather
stations; summary spatial metrics and diurnal comparisons are provided
in Appendix A3 (Fig. A3). The T2 comparison yielded a RMSE of 1.58°C
across the station network, indicating good model skill for near-surface
temperature.

Summer mean near-surface ambient temperatures in Los Angeles
range from 17°C along the coast to 26°C inland, with an average of 23°C
(Fig. 4). Inland areas experience much higher extremes, with summer
daily peaks reaching up to 47°C during the heat wave period. Notably, a
large share of single-family and multi-family residential buildings are
located within these hottest inland zones, underscoring the need for
targeted passive and active cooling measures and consideration of AH
mitigation in heat-vulnerable neighborhoods. Fig. 4 illustrates the
spatial pattern of summer average temperatures across Los Angeles,

JJA Mean Air Temperature (Baseline) — City of LA (°C)
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alongside the distribution of building types.
2.4. Retrofit measures and scenarios

Eleven retrofit measures were selected to represent a broad range of
commonly used building improvement strategies. The selection was
guided by several criteria: relevance to the Los Angeles building stock
and climate; inclusion of a spectrum of costs and implementation efforts;
and the ability to compare strategies optimized for energy savings versus
those that directly reduce anthropogenic heat. The chosen measures
therefore cover both passive and active strategies, including low-cost
options such as infiltration reduction, relaxed thermostat setpoints, and
efficient appliances, as well as more substantial envelope and HVAC
interventions like insulation, cool coatings, and high-efficiency heat
pumps (Table 2). The HVAC retrofit in this study primarily represents
replacement of gas-based heating systems and heating coils with heat
pumps, reflecting a practical electrification-oriented retrofit pathway for
the existing building stock. Although the study emphasizes summer AH
and overheating, cooling-load mitigation was represented mainly
through passive and operational retrofit measures such as reflective
coatings, window films, ceiling fans, and thermostat adjustments, which
directly affect summer cooling demand and heat rejection. Broad
replacement of cooling equipment with higher-efficiency air-condi-
tioning systems was not explicitly modeled here and remains an
important area for future study.

2.5. Building energy and anthropogenic heat calculation

For each prototype building, annual site energy use and AH emis-
sions are simulated for both the baseline and retrofit cases using Ener-
gyPlus. Each run employs a building model (idf) describing geometry,
envelope properties, occupancy schedules, appliances, and HVAC sys-
tems, together with a weather file (epw) derived from WRF output
(converted from NetCDF via R and Python scripts). Total site energy use
is the sum of electricity and natural gas use. EnergyPlus does not report
the total building anthropogenic heat (AH) as a single output variable. In
this study, the total AH is derived by summing five EnergyPlus output
variables that capture heat released from the building envelope, HVAC
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r23
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Fig. 4. Map of local ambient air temperature (left), main building type in each grid cell (right).
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Source

Table 2
Building Energy Conversation Measures (ECMs) considered for retrofit modeling and analysis.
Category Retrofit Action Description
Envelope window film Apply a DIY window film to existing windows; change exterior window performance to U-value 4.94 W/m?K, SHGC
0.45, VT 0.66.
wall insulation Change the insulation layer of exterior walls to R-12 (thickness 0.047 m, thermal conductivity 0.023 W/m-K). If the
exterior wall is not insulated, add a R-12 insulation layer to the inside face of the wall.
wall coating Apply cool coating to exterior walls. change exterior layer properties to: solar absorptance 0.4, thermal absorptance/
emissivity 0.9.
roof insulation Change the insulation layer of the roof to R-25 (thickness of 0.101 m, thermal conductivity 0.023 W/m:K). If the roof
is not insulated, add a R-25 insulation layer to the inside face of the roof.
roof coating Apply cool roof coating. change exterior layer properties to: solar absorptance 0.4 (reflectance 0.6) for residential,
0.15 (reflectance 0.85) for commercial; thermal absorptance/emissivity 0.9.
lower infiltration Apply air sealing to reduce infiltration by 30%.
rate
Building relaxed thermostat Increase summer indoor air cooling setpoint to 28°C.
operation setpoint

Ceiling or portable
fan

Use fan for local cooling, equivalent to relaxing summer cooling setpoint to 28°C; fan power 3 W/m2, air velocity 0.8
m/s.
Change lights to LED. Most commercial buildings apply the Comstock measure: set_interior_lighting technology.

Upgrade the following to EnergyStar efficiency: refrigerators (Refrigeration:Case or ElectricEquipment), freezers,

Replacing existing gas boilers, gas heating coils, and gas water heaters to high-efficiency heat pumps. See Table A5

(Hong et al. [25])

Vahmani and
Jones [37]
(Hong et al. [25])

Comstock [38]

This study

Internal loads LED lighting
upgrade
EnergyStar
Appliances washer and dryers.
HVAC HVAC
efficiency for detailed Coefficients of Performance (COPs).

systems, and air exchange with the outdoor environment [14]:

. Environment: Site Total Surface Heat Emission to Air

. SimHVAC: HVAC System Total Heat Rejection Energy

. SimHVAC: Air System Relief Air Total Heat Loss Energy
. Environment: Site Total Zone Exfiltration Heat Loss

. Environment: Site Total Zone Exhaust Air Heat Loss

g bh whN =

These five variables represent the main pathways by which buildings
release heat to the outdoor environment. Environment: Site Total Sur-
face Heat Emission to Air captures convective heat transfer from exterior
building surfaces to the ambient air. SimHVAC: HVAC System Total Heat
Rejection Energy represents heat rejection via cooling towers and/or air-
cooled condensers. SINHVAC: Air System Relief Air Total Heat Loss
Energy accounts for heat carried away by relief air discharged from
mechanical air systems. Environment: Site Total Zone Exfiltration Heat
Loss represents heat lost through uncontrolled air leakage from indoor
spaces to outdoors. Environment: Site Total Zone Exhaust Air Heat Loss
captures heat removed through mechanical exhaust from indoor zones
to the outdoor environment.

2.6. Summary

The methodology follows a sequential framework to quantify retrofit
impacts on both building energy use and anthropogenic heat emissions
across Los Angeles. Detailed parcel and footprint data define the city’s
building stock by type, vintage, and floor area. Retrofit scenarios of
representative prototype building models are developed in EnergyPlus
and OpenStudio to simulate hourly energy use and AH emissions for the
baseline and retrofit conditions. In Stage 1, each ECM is evaluated
individually using typical weather data from Los Angeles International
Airport, and the results are scaled to the city level by weighting of the
building stock composition. The most effective ECMs are selected to
form a retrofit package. In Stage 2, the package is implemented in
prototype models and simulated using summer-season, high-resolution
local climate data generated by WRF-BEP, allowing performance to be
assessed under realistic spatial temperature patterns and meteorological
variability. Retrofit effects are aggregated to produce city-wide metrics
for both site energy savings and AH reduction, enabling targeted rec-
ommendations for energy savings, urban heat mitigation, and public
health resilience.

3. Results

This section presents results from both Stage 1 and Stage 2 of the
modeling and analysis, quantifying the performance of individual ECMs
and selected retrofit packages in terms of city-wide building energy use
reductions and changes in building AH emissions. Stage 1 results, based
on simulations using typical weather data for Los Angeles, provide an
annual baseline comparison across all ECMs and highlight relative
performance patterns. Stage 2 results apply high-resolution local WRF
climate data to simulate summer-only impacts of selected retrofit
packages, capturing the influence of neighborhood-scale variability in
weather conditions. The results are organized to first assess the indi-
vidual ECM impacts on energy and AH, then explore synergies and
trade-offs within retrofit packages, and finally analyze spatial and
building-type variations to identify strategies with the greatest potential
to support both building stock retrofits and urban heat mitigation goals.

3.1. ECM performance Screening with typical weather conditions (Stage
D

3.1.1. City-wide energy savings by ECM

To assess the effectiveness of the eleven ECMs in terms of energy
savings, we simulated both the baseline and retrofitted models for each
ECM, using data from the Los Angeles representative weather station at
the airport. The difference between the retrofitted and baseline models
reflects the retrofit savings, which are then scaled according to the
actual building stock composition in Los Angeles. The percentage of
total city scale site energy savings serves as the metric for comparing the
effectiveness of the ECMs (Table 3).

The HVAC retrofit stands out, achieving the highest annual site en-
ergy savings at 16.11%, followed by LED lighting at 10.41%, relaxed
setpoint at 4.07%, and ceiling fans at 3.97%. Wall and roof insulation
yielded around 3% energy savings, while cool coatings for roofs and
walls, infiltration reduction, and EnergyStar measures resulted in sav-
ings below 1%. Notably, window film incurred a slight energy penalty
annually due to its adverse impact on winter heating, which outweighed
the savings gained in summer cooling. This phenomenon is also
observed with roof and wall coatings, where cooling energy decreases
simultaneously with an increase in heating energy. Such trade-offs are
revisited in the subsequent discussion about the impact of ECMs on
anthropogenic heat. The HVAC retrofit primarily conserves energy by
reducing space heating and domestic hot water energy use, while LEDs
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Table 3
City-wide energy and end-use changes from the 11 ECM retrofits (negative values indicating savings or reductions).

Energy & Buildings 366 (2026) 117691

ECM Annual Site Energy Summer Site Energy Annual Site Energy End-use Change
Cooling Heating Lighting Equipment Water System
HVAC —-16.11% —11.32% —2.08% —67.44% 0.00% 0.00% —75.42%
LED —10.41% —12.20% —13.94% 25.27% —72.16% 0.00% 0.01%
relaxed setpoint —4.07% —8.68% —36.48% —6.74% 0.00% 0.00% —0.01%
ceiling fan —-3.97% —8.50% —35.72% —6.63% 0.00% 0.00% —0.01%
wall insulation —3.37% —0.06% 0.03% —44.44% 0.00% 0.00% 0.00%
roof insulation —2.23% —3.00% —16.43% —11.13% 0.00% 0.00% 0.04%
roof coating —0.76% —3.24% —19.31% 13.35% 0.00% 0.00% 0.01%
lower infiltration —0.70% 0.74% 6.05% ~14.99% 0.00% 0.00% 0.00%
wall coating —0.41% —2.92% —19.38% 16.81% 0.00% 0.00% 0.01%
EnergyStar —0.18% —0.20% —0.15% 0.17% 0.00% —0.07% 0.00%
window film 0.51% ~3.25% —20.49% 28.67% —0.14% 0.00% 0.00%
lower annual energy consumption through enhanced lighting efficiency, Table 4
able

indirectly reducing emitted heat from improved lighting. Relaxed set-
point, ceiling fans, coatings, and window films primarily aid in reducing
cooling loads thus cooling energy. Wall insulation primarily contributes
to cooling savings through its role in minimizing solar heat gains,
although its impact on heating is limited by conduction and air leakage.
In contrast, roof insulation effectively minimizes heat loss in winter and
heat gain in summer due to the roof's significant exposure. While infil-
tration reduction decreases heating consumption by limiting cold out-
door air from entering the building during winter heating season, it can
raise cooling demand due to the potential accumulation of internally
generated heat during the summer season.

Fig. 5 illustrates the city's total energy usage for a typical week in
both summer and winter. The HVAC and LED lighting retrofits signifi-
cantly reduce energy consumption throughout the day in both seasons,
with the relaxed setpoints being particularly effective in summer,
notably in reducing afternoon energy consumption. Wall insulation
demonstrates higher effectiveness in the winter, particularly in
decreasing morning energy use.

3.1.2. City wide building stock AH from the retrofits

As discussed in [16], building anthropogenic heat originates from
three main sources: surface convection, HVAC operation (including heat
rejection and relief air), and zone air exchange through exfiltration and
exhaust.

Table 4 shows the effects of various retrofit strategies on AH, high-
lighting that roof coating is the most effective method, yielding an
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City-wide energy and AH changes due to retrofits (negative values indicating
savings or reductions).

Summer AH percent changes

Retrofit Total AH Surface HVACAH  Zone AH Peak AH
AH

roof coating —52.78% —57.30% —18.62% —26.62% —52.54%

wall coating —8.55% —8.43% —17.47% 0.51% —5.68%

relaxed —1.52% 0.38% —41.01% 18.04% —0.66%
setpoint

ceiling fan —1.49% 0.37% —40.39% 17.97% —0.63%

roof insulation —1.00% 1.88% —17.12% —24.47% —-0.11%

LED lighting —0.89% -0.10% -11.32% —0.01% —0.45%

window film —0.84% 0.48% —19.42% 2.07% —0.57%

lower —0.30% 0.35% 5.01% —16.52% —0.19%
infiltration

wall insulation —0.06% -0.13% 0.17% 0.84% 0.31%

HVAC —0.05% 0.00% —0.55% —0.12% 0.00%

EnergyStar —0.02% 0.00% —0.29% 0.01% —0.01%

overall AH reduction of 52.78%. This strategy significantly decreases
Surface AH by 57.30%, and also leads to notable reductions in HVAC AH
(18.62%) and Zone AH (26.62%). Other strategies, such as wall coating
and relaxed setpoints, show moderate impacts with total AH reductions
of 8.55% and 1.52%, respectively.

In contrast, interventions like LED lighting, window film, and
reduced infiltration yield minimal AH reductions, often less than 1%.
Although some retrofits effectively diminish HVAC AH, others,

scenario
HVAC
B LED
ceiling fan
— lower infiltration
relax setpoint
roof coating
— roof insulation
wall coating
wall insulation
—— window film
EnergyStar

— baseline

Fig. 5. City-wide energy use comparison in a representative week in summer (July 3 to 10) and winter (December 3 to 10).
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including wall insulation and EnergyStar, exhibit negligible effects,
suggesting that the efficacy of these strategies can vary considerably.
This analysis emphasizes the necessity of selecting appropriate in-
terventions to effectively mitigate AH while balancing occupant comfort
and energy efficiency.

Fig. 6 compares the profiles of three AH components during a sum-
mer week, revealing that roof coating is particularly effective in mini-
mizing surface AH compared to other retrofits. The relaxed setpoint
shows the greatest efficacy in reducing mid-day HVAC-induced AH
peaks in summer; however, it inadvertently increases AH from zone air
exchange due to indoor temperatures being lower than outdoor tem-
peratures, leading to greater heat absorption through indoor-outdoor air
exchange. By increasing the setpoint, the indoor-outdoor temperature
difference is reduced, which inadvertently raises AH. Conversely, roof
and wall coatings are effective in decreasing AH from zone air exchange.

3.1.3. Selection of top ECMs for retrofit packages

Our objective is to select two packages that rank within the top five
for energy savings. Notably, both the relaxed setpoint and ceiling fans
exhibit similar energy savings; however, ceiling fans are favored due to
their enhanced comfort over relaxed setpoints. Table 5 summarizes the
performance of these individual ECMs, illustrating their percentage
impact on the annual site energy use and summer total AH alongside the
final composition of the two retrofit packages. If the selection focuses
solely on annual energy savings, the chosen retrofits are HVAC, LED
lighting, ceiling fan, wall insulation, and roof insulation. In contrast, if
the selection prioritizes AH reduction, roof coating, wall coating, ceiling
fan, roof insulation, and LED are selected, with LED lighting, ceiling fan,
and roof insulation appearing in both selection sets.

Comparing the seasonal energy use and AH effects of individual
retrofits (Fig. 7), coatings and window films are effective in saving en-
ergy during spring and summer but increase energy consumption in
winter. Meanwhile, envelope coating retrofits have a more pronounced
effect on AH reduction, particularly roof coatings. A lower infiltration
rate slightly hinders energy consumption, potentially related to the
benefits of free cooling from infiltration, especially in mild dry climates
with cooler summer nights. Reducing infiltration may limit free cooling,
compelling mechanical systems to work harder, thus raising energy
consumption in summer. Most retrofits yield the highest energy savings
in summer, with HVAC (mainly due to no changes to cooling equipment
efficiency for residential buildings) and wall insulation as notable
exceptions.

HVAC
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3.1.4. Performance of packages A and B under typical weather conditions

We selected two packages: Package A (HVAC + LED lighting +
ceiling fan + wall insulation + roof insulation) focuses on the top ECMs
for reducing annual energy use, while Package B (HVAC + LED lighting
+ ceiling fan + wall insulation + roof coating) considers trade-offs be-
tween energy use and AH reduction. As noted in Section 3.1.3, roof
coating is highly effective in reducing AH but less so for energy savings
when assessed on an annual basis. To strike a balance, we included roof
coating in Package B while excluding roof insulation, the least effective
ECM from Package A, thereby forming Package B.

Table 6 presents the energy and AH changes associated with Pack-
ages A and B. Annual site energy savings of about 32% are quite similar
between both packages, with Package A achieving slightly higher
heating savings and Package B excelling in cooling savings. Notably,
both the total and peak AH savings are significantly higher in Package B
with minimal change in energy savings but with much more effective AH
reductions of more than 50%. It is important to note that individual
retrofit effects are not strictly additive. Because building systems
interact, applying multiple measures simultaneously generally yields
total savings slightly lower than the sum of their individual impacts. A
detailed comparison between summed individual effects and the simu-
lated package-level effects is provided in Appendix A2.

Fig. 8 illustrates the hourly energy and AH trends for a typical week
across the baseline (black) and the two retrofit packages (red and green).
As expected, both packages yield substantial energy savings compared
to the baseline in summer and winter. The surface-AH component shows
a marked difference, with Package B reducing daily AH peaks by nearly
half. For the remaining two AH components, both packages exhibit
comparable reductions of similar magnitude.

3.2. Retrofit package definition

The specific compositions and performance metrics of the two
selected retrofit packages are outlined in Table 7, which details the key
effect, driving metric, and individual percentage change for each mea-
sure. As illustrated in the table, packages A and B share four ECMs tar-
geting both energy savings and AH reductions, with the only distinction
being the inclusion of roof insulation in Package A versus roof coating in
Package B. This substitution shifts the package’s performance focus:
insulation enhances energy performance during both winter and sum-
mer, while reflective coating specifically targets summer AH reduction.

In the preceding analysis, we established two distinct retrofit pack-
ages to illustrate the trade-offs between energy-focused and AH-aware

scenario
HVAC
— LED
ceiling fan
— lower infiltration
relax setpoint
roof coating
— roof insulation
wall coating
wall insulation
—— window film
EnergyStar

— baseline

Fig. 6. Comparison of the baseline and retrofit AH components during a summer week.
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Two retrofit packages with different selection criteria of individual ECMs (negative values indicating savings or reductions).

Retrofit Annual Site Energy Percent Change =~ Summer Total AH Percent Change  Prioritize Annual Site Energy Reduction  Prioritize Summer Total AH Reduction
HVAC -16.11% —0.05% X

LED lighting —10.41% —0.89% X X

ceiling fan —3.97% —1.49% X X

wall insulation —3.37% —0.06% X

roof insulation —2.23% —1.00% X X

roof coating —0.76% —52.78% X

wall coating —0.41% —8.55% X

Seasonal Energy Savings by Retrofit Type
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Fig. 7. Comparison of seasonal energy and anthropogenic heat percentage change among the retrofits (negative values indicating savings or reductions).

Table 6
Two retrofit packages with tradeoffs in energy savings and AH changes (negative
values indicating savings or reductions).

Metric Metric Package A Percent Package B Percent
Type Savings Savings
Energy Annual Site Energy -32.41% -32.04%
Summer Site —31.91% —31.82%
Energy
Cooling end-use —53.75% —55.59%
Heating end-use —77.74% —71.02%
Lighting end-use —71.37% —71.37%
Equipment end- 0.00% 0.00%
use
Water System end-  —75.07% —75.08
use
AH Summer Total AH —2.77% —54.55%
Summer Peak AH —0.49% —52.98%

retrofit strategies. Both packages share a core set of ECMs—HVAC up-
grades, LED lighting retrofits, ceiling fans, and wall insulation. However,
they diverge in their final envelope measure to reflect different opti-
mization goals. Package A incorporates roof insulation, representing an
energy-prioritized pathway. This package was designed to reflect
existing municipal policy priorities, providing a critical baseline for how
a traditional, energy-first strategy performs. Conversely, Package B
substitutes roof insulation with roof coatings, serving as an AH-aware
comparison package. Package B is explicitly included in this study to

demonstrate how retrofit design—and the resulting impacts on the
urban microclimate—shifts when anthropogenic heat mitigation is in-
tegrated as a primary objective.

Because fully coupled, high-resolution WRF-BEP city-wide simula-
tions are computationally intensive, it was not feasible to conduct
detailed building-type and spatial sensitivity analyses for multiple
retrofit packages. Therefore, we selected Package A as the primary
subject for the detailed Stage 2 city-wide spatial analysis. This focus was
restricted to the summer period, as elevated AH is most critical during
this season—exacerbating urban temperatures and driving peak cooling
loads—whereas winter AH increases are largely inconsequential for
urban overheating. By centering the detailed spatial evaluation on the
energy-prioritized baseline (Package A), while retaining Package B to
compare macro-level urban cooling effects, this methodological
approach allows us to evaluate current policy trajectories while high-
lighting the distinct value of integrating AH considerations into future
urban planning.

3.3. City-wide retrofit scenario results using local weather conditions

3.3.1. City-wide energy savings and AH reductions

Table 8 shows the comparison of using typical weather vs using local
weather in the computed percent savings across the grid cells of the city.
The energy metric shows very similar percentage savings in site energy
(about 32%), lighting, and water systems savings, while the cooling and
heating energy savings tend to be overestimated using only typical LA
weather. AH metrics also show large differences in the computed
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Fig. 8. Retrofit effects on the total site energy by season (top) and summer AH by component (bottom).
Table 7
Definition of the two retrofit packages (negative values indicating savings or reductions).
Retrofit Key Effect Driving Metric Percentage Change (%) Package A Package B
HVAC Reduce heating and cooling energy consumption Energy -16.1% X X
LED lighting Reduce lighting electricity consumption Energy —10.4% X X
Ceiling fan Improves airflow, reducing cooling energy and HVAC-induced AH Energy/AH —4.0%/-1.5% X X
Wall insulation Reduces heating and cooling loads Energy —3.4% X X
Roof insulation Reduces heating and cooling loads Energy —2.2% X
Roof coating Reflective layer reduces rooftop heat gain, and surface AH AH —52.8% X

savings, where the simulation result of summer time total AH saving is
twice using local weather compared with using the typical weather file.
The difference in the estimated peak AH reduction is more substantial,
changing from 0.5% to close to 4% reduction. These results highlight the
importance of incorporating local weather into the modeling and anal-
ysis. Fig. 9 compares the daily profiles of site energy use and AH for both
the baseline and Package A during a typical summer week. For both
metrics, the absolute values peak during the daytime, which is also when
Package A delivers the greatest reductions.

10

3.3.2. Neighborhood patterns — GIS heat maps

Fig. 10 shows the energy and AH percentage changes from the
retrofit Package A. Energy savings tend to correlate with the dominant
building type. Neighborhoods with high energy savings tend to collocate
with single-family dominated neighborhoods. The industrial regions
along major highways tend to have lower energy savings due to their
dominant process loads not changed by the ECMs. AH reduction seems
to correlate with both local weather (Fig. 4 left panel) and building types
(Fig. 4 right panel). Regions with higher percent AH reductions can be
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Table 8
City-wide energy and AH changes from Retrofit Package A (negative values
indicating savings or reductions).

Metric Metric Package A (%) changes

Type Using Typical Using Local Weather,

Weather, annual summer
Energy Site Energy —31.78% -32.21%
Use Cooling end-use —64.43% —53.71%
Heating end-use —61.05% —48.24%
Lighting end-use —71.38% —72.21%
Equipment end- 0.00% 0.00%
use
Water System —75.60% —75.62%
end-use
AH Summer Total AH —2.77% -4.58%
Summer Peak AH —0.49% —3.89%

found in the northern and central part of the city, with higher average
temperature and larger concentration of commercial, industrial, and
multi-family buildings.

Fig. 11 compares the effects on ambient temperature due to Package
A and Package B. We can see the reductions in the mean near-surface air
temperature is much greater with Package B which includes roof coat-
ings. In the areas where Package A and Package B have the greatest
impact, they respectively reduce the mean air temperature by 0.37°C
and 0.62°C, as well as the maximum air temperature by 1.41°C and
3.79°C. When averaged across the entire city, Package A and Package B
lead to reductions in mean air temperature of 0.13°C and 0.36°C,
respectively, and reductions in maximum air temperature of 0.06°C and
0.75°C. The regions with larger AH reduction (panel b of Fig. 10) also
have larger cooling effects (Fig. 11).

3.4. Influence of building type and local climate on retrofit performance

Fig. 12 presents the distribution of retrofit impacts on the mean site
energy use (left panels) and peak building AH emissions (right panels)
across all building types, using Stage 2 results with local WRF weather
data. Most building types show clear reductions in site energy up to
69%. The highest percent reductions are achieved in retail stores, single-
family homes, small hotels, and mid-rise apartments with around 50%
savings. Hospitals and manufacturing facilities are among the lowest
energy savers with below 10% savings due to these building types being
dominated by process loads that are not changed by the ECMs. Vari-
ability in energy savings within each building type is generally modest,
though some types exhibit wider ranges due to differences in local
weather conditions and microclimate effects captured in the
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high-resolution simulations.

In contrast, peak AH impacts vary more widely. For most building
types, the effect on peak AH clusters near zero, indicating limited shift in
average summer heat rejection to the atmosphere. They also show much
greater spread for certain building types like super markets. These var-
iations highlight the influence of both local weather and building
operational characteristics on retrofit performance, and underscore that
peak AH effects can diverge markedly from mean energy trends, even
within the same building type.

To formally assess the relationship between retrofit performance and
local climate conditions, Fig. 13 presents scatter plots of the mean en-
ergy reduction and peak AH reduction against mean summer dry bulb
temperature across all building-weather combinations. The Spearman
correlation between mean energy reduction and mean summer tem-
perature is negligible (p = 0.01, p = 0.068), confirming that energy
savings are largely independent of local climate and are instead driven
primarily by building type, consistent with the distinct horizontal
banding observed in the figure where each building category maintains
a relatively consistent reduction level regardless of the outdoor tem-
perature. In contrast, peak AH reduction shows a statistically significant
but weak positive correlation with mean summer temperature (p = 0.03,
p < 0.001), suggesting that retrofit impacts on peak AH become slightly
more variable and unpredictable in hotter climates, with the spread of
outcomes widening noticeably beyond 21°C.

Notably, while energy reductions are consistently negative across all
building types, peak AH reductions exhibit both positive and negative
values, indicating that some building types such as hospitals and large
hotels may experience an increase in peak AH emissions under the
retrofit package. This divergence between energy and AH trends un-
derscores that reducing building energy consumption does not neces-
sarily translate to a reduction in peak heat rejection to the atmosphere,
and that the two objectives may require different retrofit strategies
depending on the building type and local climate context.

4. Discussion

We synthesized the findings from Stage 1 and Stage 2 simulations,
highlighting how individual energy conservation measure and aggre-
gated retrofit packages perform in reducing city-wide building energy
use and building anthropogenic heat emissions. By comparing results
from typical weather data (Stage 1) and high-resolution local summer
climate modeling (Stage 2), the analysis reveals how ECM effectiveness
varies by season, building type, and microclimate. The sub-sections
below review the most impactful strategies for energy and AH reduc-
tion, examine synergies and trade-offs in multi-measure retrofit

scenario
— baseline

— Package A

Jul 08 Jul10

Fig. 9. Peak AH differences between the baseline and retrofit Package A during a typical summer week.



Y. Xu et al.

Energy & Buildings 366 (2026) 117691

343N 343N
‘I_n
34.2°N 34.2°N
34.1°N i 34.1°N
percent.diff percent.diff
55
LY
QUi v el
" -44
34.0°N -40 34.0°N -5.5
7.0
i
-60 25.4
-25.4
§ , _Havahorne {
33.9°N Manhatianty. 33.9°N Manhattarty, Compton |
Beach Beach \ AL f Bl
Lak
Torran
33.8°N 33.8°N Lo , Signal Hill
Rancho Pal » l,pm’; oeach R ng Beach
ancho Palos ancho Palos ;
< \Verdes o X S < Verdes S S
33.7°N 33.7°N
118.6°W 118.5°W 118.4°W 118.3°W 118.2°W 118.6°W 118.5°W 118.4°W 118.3°W 118.2°W
(a) (b)
Distribution of packabe A retrofit effect on Energy and AH percentage reduction
0.20 - /\
0.15- ! \\
' variable
z l\u
1
2 0.10- 1N L
D
© . Site Energy
0.05-
0.00-
S 50 S b 2
percent.diff

(©)

Fig. 10. Comparison of the city-wide percentage changes of the retrofit Package A on energy use and AH: (a) Map of % energy change. (b) Map of % AH change. (c)

Distribution of % energy and AH changes.

packages, assess alignment with local policy goals, and conclude with
recommendations for short-term and long-term policy design. Limita-
tions of the current study are discussed alongside opportunities for
future research, providing a roadmap for integrating AH considerations
into urban energy planning.

4.1. Divergent drivers of energy savings and AH reductions

Across all 11 ECMs, HVAC retrofits and LED lighting emerged as the
most effective strategies for reducing annual city-wide energy use. In
contrast, roof coatings were by far the most effective for mitigating
anthropogenic heat, cutting total summer AH emissions by more than
half. These contrasting performance profiles underscore a fundamental
physical difference in how ECMs interact with the urban environment:

12

energy-optimal ECMs and AH-optimal ECMs operate via different
mechanisms and target different components of a building's thermal
balance.

As demonstrated by the statistical and spatial analyses in Section 3,
the magnitude of energy savings is strongly dictated by a building’s
baseline energy end-use profile rather than its local climate. Because the
most effective ECMs target specific operational systems (HVAC and
lighting), their impact is bounded by what fraction of the building's total
energy those systems consume. For instance, retail stores, single-family
homes, and mid-rise apartments achieve high percentage savings,
whereas hospitals and manufacturing facilities show limited gains
(<10%) because their energy consumption is dominated by heavy pro-
cess loads that remain unaffected by these retrofits. Consequently, en-
ergy savings correlate heavily with building typologies.
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Fig. 12. City-wide distributions of retrofit impact on summer mean site energy and peak anthropogenic heat (right) for all building types under local weather
conditions. Negative values indicate percentage reductions relative to the baseline.

Conversely, total AH includes not just building exhaust, but also the
convective and radiative heat release from exterior surfaces. Because
surface heat release is fundamentally tied to the wurban
microclimate—dictated by solar incidence, local wind speeds, and

13

ambient temperatures—ECMs targeting the exterior envelope (like roof
coatings) yield massive AH reductions. This physical distinction explains
why AH reductions exhibit strong spatial heterogeneity and are highly
sensitive to local meteorological variations.
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Fig. 13. Retrofit Impact on the Mean Energy Use and Peak AH Reduction versus the Mean Summer Temperature.

This sensitivity is further highlighted when comparing Stage 1
(typical weather) and Stage 2 (local WRF weather) simulations. While
percentage energy savings remained consistent across both weather
treatments, the summer total AH savings under local weather conditions
were nearly double those computed with typical weather data for
Package A. Ultimately, these findings indicate that AH is a highly
localized phenomenon, and that high-impact urban heat mitigation
strategies cannot rely on generalized weather assumptions or energy-
centric performance metrics.

4.2. Synergies and Trade-offs between energy savings and AH reductions

The formulation of Package A (optimized for energy) and Package B
(optimized for AH reduction) highlights a critical tension in urban
planning: energy-only optimization can inadvertently sideline substan-
tial urban-cooling benefits. Package A relies heavily on equipment ef-
ficiency and insulation (HVAC, LED, ceiling fans, wall/roof insulation).
While highly effective for year-round energy efficiency, this combina-
tion misses the opportunity to alter the urban radiation balance. Package
B, which replaces roof insulation with reflective roof coating, introduces
a strong seasonal trade-off, reducing energy use in summer but
increasing it in winter, yet it unlocks an order-of-magnitude increase in
AH reduction (jumping from under 5% to over 54%).

This dramatic reduction is driven by a dual mechanism: roof coatings
reduce not only direct surface AH but also HVAC heat rejection. Physi-
cally, this occurs because a more reflective roof reduces solar heat gain
into the building, which lowers indoor cooling demand and therefore
decreases the amount of waste heat rejected outdoors by the cooling
equipment. This mechanism is expected to be strongest in buildings with
large roof-area-to-floor-area ratios, such as low-rise commercial and
residential buildings, and weaker in taller buildings where roof heat
gains account for a smaller fraction of the total cooling load. As a result,
the city-wide importance of this effect is heavily influenced by the
morphology and building-stock composition of Los Angeles, where
many neighborhoods are dominated by roof-exposed low- to mid-rise
buildings.

The implications of these physical and morphological dynamics are
spatially visualized in the ambient temperature impacts from Section 3.
While Package B sacrifices a marginal fraction of annual energy per-
formance compared to Package A, it achieves significantly larger
ambient cooling effects across the city (up to 3.79°C reduction in peak
temperatures, compared to just 1.41°C for Package A). Furthermore, as
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mapped in Section 3.3, the regions of the city that experience the
greatest ambient cooling align precisely with areas possessing higher
concentrations of commercial and industrial buildings.

For policymakers and urban planners, these results suggest that
retrofit programs should move beyond single-metric optimizations. A
purely energy-driven approach may lead to missed opportunities for
mitigating the urban heat island effect, particularly in dense, hotter
neighborhoods where thermal stress is highest. By integrating both en-
ergy and ambient cooling metrics, city-wide retrofit packages can be
tailored to leverage spatial heterogeneity, deploying reflective coatings
in heat-vulnerable zones while prioritizing insulation in areas where
winter heating penalties outweigh summer cooling benefits.

4.3. Policy implications

The city-wide summer simulation results for Package A align closely
with the energy efficiency and affordability pathways envisioned in the
LA100 Study and the Los Angeles Climate Action and Adaptation Plan
(CAP), both of which prioritize reductions in total and peak electricity
demand as part of the transition to a 100% renewable grid. Building
energy savings from retrofit packages reduce stress on grid operations,
directly supporting CAP targets for load flexibility.

However, current CAP metrics focus primarily on carbon and energy,
without explicitly accounting for AH emissions. Stage 2 results show
that while the mean energy use declines for most building types, peak
AH responses vary widely, with some increasing substantially. Elevated
AH during peak summer has direct implications for urban heat mitiga-
tion: it can raise local ambient temperatures, drive up cooling demand,
and increase summer peak loads — potentially counteracting some en-
ergy savings. These temperature rises also heighten public health risks
during extreme heat events, particularly for vulnerable populations
during power outages.

Integrating AH reduction as a performance metric would strengthen
the LA100 and CAP pathways by ensuring retrofit strategies advance
energy efficiency, mitigate local overheating, and support heat resil-
ience objectives. Policy mechanisms such as targeted incentives,
enhanced building performance codes, and rebate programs could
accelerate adoption of high-impact retrofit measures. Including AH re-
ductions in incentive criteria would promote urban heat mitigation and
associated public health co-benefits.

This analysis equips urban planners with actionable data to select
retrofit strategies that simultaneously advance energy reduction goals,
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lower summer peak demand, mitigate the urban heat island, and
improve public health resilience. Policymakers aiming to meet CAP
energy targets could prioritize incentive programs for building types and
regions with high energy savings potential. To address urban heat,
planners could assess local heat vulnerability and prioritize AH reduc-
tion measures in high-risk neighborhoods, thereby lowering ambient
temperatures and breaking the feedback loop of HVAC reject heat
fueling more cooling demand.

The findings support both short-term and long-term planning. In the
short term, targeted ECM and retrofit deployment could quickly cut
summer energy use, reduce peak loads, and limit local heat exposure,
helping prevent grid stress and health impacts during hot weather. In the
long term, embedding AH considerations in building codes, incentive
frameworks, and energy policies would ensure sustained reductions in
cooling demand growth, reinforce the LA100 energy transition, and
integrate urban heat resilience into the evolving building stock. By
quantifying spatial and seasonal variability, this study enables planners
to bridge near-term objectives with long-term energy and climate
adaptation goals.

4.4. Limitations and future work

Several limitations influence the scope and interpretation of this
study, many of which stem from the intensive computational re-
quirements of physics-based energy and climate simulations. In Stage 1,
retrofit impacts were assessed using typical weather data from the LAX
airport, which does not capture the variability introduced by local
climate conditions. Action-by-action breakdowns under local weather
were therefore not available for comparison. Stage 2 simulations, in
contrast, applied high-resolution local weather but were restricted to
the summer period, leaving full annual and seasonal patterns unex-
plored. In forming retrofit packages, single-action effects were
compared individually, although combined impacts may not be addi-
tive. Exploring all possible retrofit combinations at city scale was
computationally intractable. Additionally, this study did not assess
implementation costs, return on investment (ROI), or other economic
metrics, which are essential for practical prioritization.

Future work should address these limitations by developing faster
simulation approaches, such as surrogate or reduced-order modeling, to
make detailed, city-wide, physics-based analysis more tractable. These
methods could enable Stage 2-style local-climate simulations to be
extended year-round, permit evaluation of additional ECM combina-
tions, and support staged retrofit pathway analysis. Incorporating eco-
nomic feasibility metrics, such as cost and ROI, would strengthen
decision-making relevance for planners and policymakers. Finally,
expanding the scope to integrate building-level retrofit effects with
other urban systems such as projected electric vehicle adoption and its
associated grid impacts would provide a more comprehensive picture of
energy use, anthropogenic heat emissions, and resilience under future
urban scenarios.

5. Conclusion

This study quantified the city-wide summer and annual impacts of a
range of common adopted energy conservation measures on both
building energy use and anthropogenic heat emissions across Los
Angeles. The results reveal that ECMs optimized for energy savings are
not necessarily the most effective for AH reductions. HVAC and LED
lighting retrofits delivered the largest annual site energy savings
city-wide, while roof coating achieved the greatest AH reduction,
lowering total AH emissions by over 50%. Seasonal trade-offs were
evident: measures such as cool coatings and window films reduced
cooling loads during summer but increased heating energy use in winter.
High-resolution Stage 2 simulations using local WRF climate data
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showed that AH reduction is more sensitive to microclimate variability
than energy savings, with energy impacts tied mainly to building type
and AH reductions influenced by both building type and local weather
patterns.

Comparison of energy-optimized (Package A) and energy-AH-
balanced (Package B) retrofit bundles highlights the potential to
significantly enhance urban cooling benefits by adjusting retrofit
composition. Package B’s substitution of roof coating for roof insulation
yielded a modest decrease in energy savings but a substantial rise in AH
reduction and city-wide ambient cooling, tripling the peak temperature
reduction relative to Package A. These findings underscore the impor-
tance of multi-metric optimization: strategies selected solely for energy
savings may overlook opportunities to mitigate urban heat and its
associated public health risks.

From a planning perspective, integrating AH metrics into the Los
Angeles Climate Action Plan and LA100 renewable transition framework
would enable policymakers to identify retrofit strategies that simulta-
neously advance energy targets, limit local overheating, reduce peak
cooling demand, and support public health resilience. In the short term,
targeting priority ECMs and building types in high-risk neighborhoods
can deliver rapid reductions in summer peak loads and local heat
exposure. In the long term, embedding AH-aware criteria into building
codes, incentives, and energy policies will ensure sustained reductions in
cooling demand growth and improve urban climate resilience.

Future work can extend high-resolution analyses beyond the summer
period to capture annual patterns, explore compound ECM effects
through faster surrogate modeling and simulations, and assess economic
feasibility to better inform practical deployment strategies. Although
this study focuses on the city of Los Angeles, the methodology, devel-
oped using public data, open-source simulation engines, and the avail-
able scripts, can be adopted to study building energy use and
anthropogenic heat and their interactions and impacts on urban over-
heating for other cities in the U.S. or internationally.
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Appendix

Al. Workflow of HVAC retrofits

In this study, the HVAC retrofit involves replacing existing gas heating systems, including gas heating coils, boilers, and water heaters, with more
efficient heat pumps and heat pump water heaters. For most commercial buildings, an OpenStudio model osm) is created with the installation of heat
pumps. The generated osm model then applies the “upgrade_hvac_replace_boiler_by_heatpump” measure to substitute gas boilers with heat pump
water heaters. After this modification, the osm models are exported into the EnergyPlus input format for subsequent simulations. For building types
such as single-family homes, multi-family residences, religious facilities, and nursing homes, those not generated directly from the OpenStudio
standard gem, Python scripts are utilized to make direct modifications to the HVAC systems in the EnergyPlus input files. The workflow for the HVAC

system upgrade is illustrated in Fig. Al.
Modify HVAC-
i Zone mapping
spec

e.g. Retail
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model add_howh
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L FCU with
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Fig. Al. HVAC retrofit flow diagram

8

A2. Retrofit effect between individual and package

Fig. A2 compares aggregate savings achieved by summing the savings from individual retrofit actions against the savings realized when these
actions are applied collectively as a package. The top row illustrates the cumulative effects of individual actions, while the bottom row shows the
outcomes of the retrofit packages. The left column represents annual energy savings, and the right column displays summer anthropogenic heat
reductions. Given that anthropogenic heat significantly contributes to outdoor temperature increases, particularly during summer, the analysis of AH
is concentrated in this season.

The retrofit effects are not additive for energy savings and anthropogenic heat reductions; in many cases, the retrofit package delivers smaller
savings, particularly in buildings like hospitals and large hotels. For instance, added insulation may reduce heating and cooling demands, allowing
HVAC systems to operate less intensively to maintain comfort levels. Consequently, in buildings that are already highly energy-efficient, achieving
further savings through additional retrofits becomes more challenging. While both packages yield similar energy savings, they can have notably
different impacts on anthropogenic heat; Package B, which includes roof coatings, results in significantly higher reductions in summer AH. This
underscores the importance of incorporating anthropogenic heat considerations into retrofit decision-making for a more comprehensive under-
standing of overall.
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Fig. A2. Individual (top) vs package (bottom) retrofit effect on annual site energy (left) and summer AH (right).

A3. WRF model performance analysis

In this Appendix, we present Fig. A3, which illustrates the spatial distribution of model performance metrics for 2-meter-height air temperature.
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The metrics shown include root mean square error (RMSE), Pearson correlation, and overall agreement between ground observations and model
predictions. Ground observations were obtained from traditional weather stations in the ASOS/AWOS network. Fig. A3 summarizes how well the
model reproduces observed near-surface air temperature over the study area.
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A4. Prototype Building Model Characteristics

Table A4
Prototype building characteristics.
Building Type Number of HVAC Heating ~ HVAC Cooling Primary Baseline HVAC Setpoints  Source
Floors System (Cooling / Heating)
Single-Family 1 Gas furnace Unitary DX Cooling 25.6C / Heating CBES, generated based on California Title 24
20.0C building energy efficiency standards.
Multi-Family 2 Gas furnace Unitary DX Cooling 25.6C / Heating
20.0C
College 4 Boiler Chiller, cooling tower VAV Cooling 23.9C / Heating OpenStudio Standard Gem, generated based on
21.1C ASHRAE 90.1 building energy efficiency
Full-service 1 Gas furnace Unitary DX CAV Cooling 24.0C / Heating standards.
Restaurant 21.0C
Hospital 5 Boiler Chiller, cooling tower ~ VAV w/ Cooling 24.0C / Heating
reheat 21.0C
Large Hotel 6 Boiler Air cooled chiller Fan-coil units Cooling 24.0C / Heating
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Table A4 (continued)
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Building Type Number of HVAC Heating ~ HVAC Cooling Primary Baseline HVAC Setpoints  Source
Floors System (Cooling / Heating)
Large Office 12 Boiler Chiller, cooling tower VAV w/ Cooling 24.0C / Heating
reheat 21.0C
Medium Office 3 Gas furnace Unitary DX VAV w/ elect.  Cooling 24.0C / Heating
reheat 21.0C
Midrise 2 Gas Split DX CAV Cooling 24.4C / Heating
Apartment 21.7C
Primary School 3 Boiler / Gas Unitary DX VAV w/ Cooling 24.0C / Heating
furnace reheat 21.0C
Standalone Retail 1 Gas furnace Unitary DX CAV Cooling 23.9C / Heating
21.1C
Small Hotel 4 Electricity DX PTAC Cooling 23.9C / Heating
21.1C
Small Office 1 Heat Pump Unitary DX CAV Cooling 23.9C / Heating
21.1C
Supermarket 1 Gas furnace Unitary DX RTU Cooling 24.0C / Heating
15.6C
Warehouse 1 Gas furnace Unitary DX Unit heater Cooling 23.9C / Heating
21.0C
Religious 2 PTAC PTAC Cooling 23.9C / Heating Prototype models were developed based on CBECS
20.9C data Ye et al. [39].
Nursing Home 2 Boiler Chiller, cooling VAV Cooling N/A C / Heating ~ Adapted from
towerSun et al. [40] N/AC
Light 1 Gas furnace Unitary DX Unit heater Cooling 23.9C / Heating Adapted from the warehouse models generated by
Manufacturing 21.0C the OpenStudio Standard Gem.
Heavy 1 Gas furnace Unitary DX Unit heater Cooling 23.9C / Heating
Manufacturing 21.0C
A5. Heating and cooling system COP before and after HVAC upgrades
Table A5
Heating and Cooling system COP before and after upgrades.
Building Type Baseline HVAC replacement
Heating COP Cooling COP Heating COP Cooling COP
College 0.8 5.1 1.8 5.1
Full-Service Restaurant 0.9 3.4 2.6 3.4
Heavy Manufacturing 0.9 3.5 0.9 3.5
Hospital 0.8 5.8 1.6 5.8
Large Hotel 0.8 2.8 1.8 2.8
Large Office 1.6 5.0 2.1 5.0
Light Manufacturing 0.9 3.5 0.9 3.5
Medium Office 0.9 3.3 1.7 3.3
Midrise Apartment 0.8 3.6 2.0 3.5
Multi-Family 0.8 2.6 2.8 2.6
Nursing Home 0.9 4.1 3.0 4.1
Primary School 0.9 3.4 2.9 3.4
Religious 0.8 3.1 2.8 3.1
Retail Standalone 0.9 3.4 3.0 3.4
Single-Family 0.8 2.6 2.8 2.6
Small Hotel 0.9 3.3 1.8 3.3
Small Office 1.6 3.6 2.2 3.6
Super Market 0.9 3.4 3.1 3.4
Warehouse 0.9 3.5 2.7 3.4
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