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On top of their well known positive impact on air quality and CO2 emissions, electric
vehicles generate less exhaust heat compared to traditional vehicles thanks to their high
engine efficiency. As such, electric vehicles have the potential to mitigate the excessive
heat in urban areas—a problem which has been exacerbated due to urbanisation and
climate change. Still, the heat mitigation potential of electric vehicles has not been fully
understood. Here, we combine high-resolution traffic heat emission inventories with an
urban climate model to simulate the impact of the fleet electrification to the near-surface air
temperature in the tropical city of Singapore. We show that a full replacement of traditional
internal combustion engine vehicles with electric vehicles reduces the near-surface air
temperature by up to 0.6°C. The heat mitigation potential is highest during the morning
traffic peak and over areas with the largest traffic density. Interestingly, the reduction in
exhaust heat emissions due to the fleet electrification during the evening traffic peak hardly
leads to a reduction of near-surface air-temperatures, which is attributed to the different
atmospheric conditions during morning and evening. This study presents a new
quantification of the city-wide impact of electric vehicles on the air temperature in a
tropical urban area. The results may support policy-makers toward designing holistic
solutions to address the challenge of climate change adaptation and mitigation in cities.
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1 INTRODUCTION

The combined effect of climate change and the urban heat island challenges the living conditions in
cites, with consequences on human health, the economy and ecosystems (Revi et al., 2014). Cities are
asked to take an active role in mitigating their contribution to global warming and associated climate
change by reducing their CO2 emissions (Hsu et al., 2020). At the same time, they need to implement
local measures to adapt to warmer conditions (hereinafter heat mitigation), which are inevitable even
with the most optimistic CO2 emission pathways (IPCC, 2014).

Heat mitigation in cities involves interventions in one of the following aspects, which are the main
drivers of the urban heat island: urban materials, urban form, vegetation and anthropogenic heat
(Oke et al., 2017). Anthropogenic heat emissions are produced by building heating, ventilation and
cooling (HVAC), vehicular traffic and human metabolism (Sailor, 2011; Sun et al., 2018). Several
studies have been performed on the impact of measures on HVAC on the air temperature in urban
areas (Salamanca et al., 2014; Takane et al., 2019; Jin et al., 2020). By contrast, the urban climate
impact of measures on vehicular traffic is yet mostly unexplored (Zhu et al., 2017).
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The vehicular market is experiencing a radical change, with a
growing number of electric vehicles (EVs). The quickly increasing
share of EVs can be attributed to technological advances and
supportive policies that include financial incentives to buy them
(IEA, 2020). Such policies are motivated by the long-recognised
environmental benefits of EVs (Hardman et al., 2017) which
include their positive impact on air quality (Liang et al., 2019) and
CO2 emissions (Wolfram and Lutsey, 2016). Importantly, EVs are
also expected to reduce the amount of exhaust heat released in the
urban environment. The reduced exhaust heat in EVs compared
to internal combustion engine (ICE) vehicles is due to the higher
energy efficiency of EVs, i.e., the amount of energy which is
transferred to the drive system. The energy efficiency of EVs is
about 80–90%, while those of ICE vehicles is of about 13–20%
(Muneer and García, 2017). Accordingly, a substantial fleet
electrification (i.e., increasing share of EVs) is expected to
reduce the amount of exhaust heat released by vehicles into
the atmosphere. However, it is still unclear to what extent a
reduced amount of exhaust heat from vehicles would translate
into spatio-temporal changes in near-surface air temperature.
Such knowledge is essential when assessing how an increased
share of EVs could reduce the urban heat and its adverse impacts.

A first estimation of the heat mitigation potential of EVs has
been derived by simply scaling the literature data on the
contribution of traffic to the urban heat island intensity (Li
et al., 2015). Using this approach, that study found that a full
conversion to EVs could reduce the average urban heat island
intensity by approx. 1°C (Li et al., 2015). Although the approach is
interesting, the main problem with this estimation is that surface
and canopy-layer urban heat island intensity data have been
mixed. Given that the surface temperature shows much larger
variability than the canopy-layer air temperature (Oke et al.,
2017), these results are likely overestimated. Moreover, the
authors did not investigate on spatial and temporal patterns of
the impact.

Currently, the Cooling Singapore project (Cooling Singapore,
2021) is performing an in-depth investigation on the urban
climate impact of vehicular traffic in the city-state of
Singapore. A preliminary modelling study shows that vehicular
traffic has a small but considerable warming effect in the urban
area of Singapore (Singh et al., 2022). Employing the Weather
Research and Forecasting (WRF) model (Skamarock et al., 2005;
Chen et al., 2011), previous studies found that traffic contributes
up to 1.1°C to near-surface air temperature and a full transition to
EVs could produce a reduction up to 0.9°C. Further studies are
needed to corroborate the results and to understand the
mechanisms which drive the spatial and temporal variability
of these effects.

In order to bridge this knowledge gap, this study investigates
the impact of vehicular traffic on near-surface temperature using
high-resolution urban climate modelling and high-resolution
data on heat emissions from vehicular traffic. The heat
mitigation induced by a full fleet electrification is quantified
and compared to that of replacing individual air conditioning
(AC) units with centralised AC units—another technological
measures to reduce anthropogenic heat emissions in cities.
The study focuses on the city-state island of Singapore.

Located one degree north of the equator, the city-state island
of Singapore experiences a tropical wet climate with abundant
rainfall, high and uniform temperatures, and high humidity all
year round. Singapore has the largest population density in the
world and an abundant share of its territory (45%) is built-up
(Yee et al., 2011; Gaw et al., 2019). It comes as no surprise that the
anthropogenic heat is one of the largest contributor in the surface
energy balance in Singapore. While buildings are responsible for
the largest share (49–83%) of the total anthropogenic heat
emission, exhaust heat from traffic makes up to one third in
residential areas (Quah and Roth, 2012).

2 MATERIALS AND METHODS

2.1 Model Set-Up
The simulations are performed using the regional climate model
COSMO-CLM (Rockel et al., 2008), coupled with a multi-layer
urban canopy model (Schubert et al., 2012). The model also
includes a building energy model (Jin et al., 2021), which
computes the anthropogenic heat generation due to indoor
space cooling. A summary of the model setup is provided in
the Supplementary Table S1. The simulations were performed
for the period 01–30 April 2016 and the first 5 days were
discarded as spin-up time. The model is applied using three
nested domains with horizontal resolution of 0.1° (~10 km), 0.02°

(~2 km) and 0.004° (~400 m) (Supplementary Figure S1). Initial
and boundary conditions are provided by the ERA5 reanalysis
(Copernicus Climate Change Service, 2017), and used to drive the
coarsest model domain. Land use information for the year 2016
are derived from ESA CCI land cover (ESA, 2017). The
information regarding the urban area is derived using a
combination of high-resolution datasets and parameters that
were derived from literature. Specifically, the urban canopy
parameters were generated using a 3D city model including all
buildings in Singapore (courtesy of A*STAR, Singapore) and a
high-resolution urban land cover map (Gaw et al., 2019). The
datasets were transformed into model-ready urban canopy
parameters using the python tool UCPgenerator (Mussetti,
2019; Mussetti et al., 2020). An overview of the most
important urban canopy parameters is given in
Supplementary Figure S2. Thermo-physical properties of
urban materials follow the values proposed by previous studies
(Demuzere et al., 2017), which are representative of a low-rise
residential area in Singapore (Supplementary Table S2). It
should be noted that this is a simplification, since material
properties can vary between districts with different building
functions and types.

The building energy model used a target indoor temperature
of 25°C and a constant operation throughout the day. As a default,
it was assumed that the exhaust heat due to indoor space cooling
is released at the height of the corresponding floor (Jin et al.,
2020). This model option corresponds to the case of individual
(split) AC units for each floor. Further information on the AC set-
up is given in Supplementary Table S3. An additional simulation
has been performed (AC scenario) were it is assumed that 25% of
the indoor space cooling uses centralised units with exhaust heat
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at roof level instead of default split units. The AC scenario is used
in the study to represent an additional measure to reduce the
(near-surface) exhaust heat emissions.

2.2 Traffic Heat Emissions
The sensible heat flux produced by vehicles (Qv) is computed
using the agent-based traffic simulator CityMoS (TUMCREATE,
2020). CityMoS has been calibrated with trip duration data and
validated against speed-band information (Ivanchev and Fonseca,
2020). The travel demand for a typical day is extracted from travel
surveys and scaled up for the whole vehicle population using
person expansion factors. The demand is used to perform traffic
assignment which computes routes for all commuter trips. Based
on those routes, congestion levels on every road are estimated and
used together with road and vehicle parameters to determine the
amount of fuel used by every vehicle on every road segment for
different parts of the day (Ivanchev et al., 2020). Agent-based
traffic simulations have the advantage to estimate congestion
levels, which are hardly captured by traffic counts (Ivanchev et al.,
2020). Congestion levels can significantly influence the fuel
consumption and thus the amount of heat produced. The
amount of heat produced is assumed to be equal to the
amount of fuel used and is aggregated for each grid cell

(approx. 400 m × 400 m) on an hourly basis. Further
information regarding the assumptions on fuel consumption
and how it varies with type of vehicle, type of engine and
speed are provided in Ivanchev et al. (2020). In summary,
CityMoS generates spatial and diurnal temporal distribution of
Qv for a typical day (Figure 1). However, it should be noted that
variations in traffic density between days in the week and between
weekdays and weekend-days are not accounted for.

2.3 Implementation of Traffic Emissions Into
Model
Sensible heat flux emission from traffic (Qv) is released at the
lowest model level and generates an increment to the air
temperature according to Eq. 1:

δT

δt
( )

v

� Qv

ρcpdzVc
furb + Qv

ρcpdz
fnat, (1)

where (δTδt)v is the increment of the air temperature due to traffic
emissions (K s−1), Qv is the sensible heat flux from traffic (W
m−2), ρ is the density of the air (kg m−3), cp is the specific heat
capacity of air (kJ kg−1 K−1), dz is the height of the first model

FIGURE 1 | Sensible heat emissions from vehicles (Qv). (A) shows the spatial distribution of the daily-averaged Qv in the scenarios REF (current vehicles
composition); (B) shows the difference between FE (full fleet electrification) and REF; (C) shows the diurnal evolution of Qv in the two scenarios, where solid lines and
shaded areas show the mean value and the variability between 5th and 95th percentiles, respectively. The grey area in (A) and (B) represents land surfaces.
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level (m), furb is the urban fraction (-), Vc is a volume correction
factor to consider the presence of buildings (-) and fnat is the
natural fraction (-), defined as fnat = 1−furb. Eq. 1 is added as
source term in the equation of energy conservation. Qv is split
between the urban and rural part of the grid cell, which is
important since the volume of air in urban grid cells is
reduced due to the presence of buildings.

2.4 Model Evaluation
The model results are evaluated against observations of near-
surface (2 m) air temperature (T) and 10-m wind speed (u). The
evaluation is designed to support a specific model application,
which quantifies the impact of heat emissions from traffic on air
temperature. As such, this study does not aim to perform a
comprehensive model evaluation, which may require using a
larger variety of observations and atmospheric variables.

Hourly observations of T and u are provided by the
Meteorological Service of Singapore (MSS). From the available
sites, only those placed at ground level are used for the evaluation.
Observations at roof level have been discarded as recommended
by the WMO (Jarraud, 2008). The location of the selected sites is
shown in Supplementary Figure S3. The model performance is
evaluated against the observations using the following metrics:
root-mean-square error (RMSE), mean bias error (MBE) and
coefficient of determination (r2). When comparing model results
with observations, it is important to keep in mind that the

individual sites can be exposed to micro-climatic features.
Thus, a specific site is not always representative of the model
grid cell and caution is required when interpreting the results of
the model evaluation.

The comparison between observed and modelled near-surface
air temperature is shown in Supplementary Figure S4. The
statistical scores are listed in Supplementary Table S4. The
model is able to reproduce the day-to-day and diurnal
variability of T in the majority of the sites. The difference in
the diurnal profile of T between sites close to the coast (S102 and
S108) and those slightly inland is well modelled. Quantitatively,
the comparison indicates a very small MBE, which is found at
most sites. Values of RMSE are moderately larger but still within
the range of what has been reported in other urban climate
modelling studies over Singapore (Mughal et al., 2019; Simón-
Moral et al., 2020; Singh et al., 2022). The moderately large RMSE
may be due to the strong weather variability associated with the
tropical climate (e.g., cloud cover change and precipitation).

The comparison between observed and modelled near-surface
wind speed is shown in Supplementary Figure S5. The statistical
scores are listed in Supplementary Table S4. The model is able to
reproduce very well both the day-to-day and diurnal variability of
u. Importantly, the model simulates well the evolution of the
land-sea breeze, which peaks in the afternoon. Quantitatively, the
comparison indicates a very small mean bias error (average
MBE = −0.16 ± 0.3 m s−1). Strong wind speed events are not

FIGURE 2 | Full electrification of the fleet (FE) mitigates heat, mostly after the morning traffic peak in the central urban area. (A) shows the period-average near-
surface air temperature difference (ΔTFE, °C) between FE and REF, (B) shows the period-average diurnal cycle of ΔTFE, (C) shows the period-average TFE at 9 local time
(LT) and (D) shows the period-average ΔTFE at 19 LT. Only values over the urban area (defined as furb > 0.1) are shown.
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always captured by the model, which results in a moderate RMSE
(average RMSE = 1.19 ± 0.1 m s−1). Still, the agreement with
observations is generally better than what has been reported in
other urban climate modelling studies (Mughal et al., 2019).

3 RESULTS

A full electrification of the fleet (FE) produces a reduction in
near-surface air temperature compared to current fleet
composition (REF) (ΔTFE = TFE − TREF, Figure 2). The
daily-average ΔTFE is moderate and concentrated over the
area with the largest traffic and urban density (max ΔTFE

~−0.2°C). The reduction in the sensible heat emission from
traffic (Qv, Figure 1) results in slight warming over areas with
low traffic density. Secondary warming effects can be due to
slight changes in thermally-driven circulation (e.g., sea-
breeze) as well as changes in the local-scale urban heat
advection (Bassett et al., 2016; Oke et al., 2017).

The impact of FE is strongly dependent on the time of day
(Figure 2B). FE has a large impact mostly during and shortly

after the morning traffic peak. At 9 LT, FE reduces the near-
surface temperature by up to ~0.6°C (Figure 2C). Remarkably,
FE has no significant impact during and shortly after the
evening traffic peak (Figure 2C), even though the reduction in
Qv during that time is comparable to that of the morning
traffic peak (Figure 1).

As shown in Figures 2B,D a relatively heterogeneous model
response was found in the afternoon, which highlights the model
sensitivity to changes in sensible heat flux at the surface. In order
to isolate the impact of FE from the internal model variability,
statistical significance tests have been applied to the results
(Supplementary Figure S6). ΔTFE is statistically-significant (p
≤ 0.05) over the area with highest traffic density during the
morning. It is important to remark that the slight afternoon
warming over areas with low traffic density is not statistically
significant.

It is interesting to explore the conditions that determine the
different response to the traffic heat emissions at the morning and
evening traffic peaks. The contrasting response between morning
and evening traffic peak may be attributed to changes in the
atmospheric conditions (Figure 3). The heat mitigation (ΔTFE)

FIGURE 3 | The contrasting response between morning and evening traffic peak may be attributed to changes in atmospheric conditions. Scatter plots of the heat
mitigation (ΔTFE) of FE at 9 and 19 LT against the (A) reduction in traffic heat emissions (ΔQv), (B) near-surface wind speed (u), (C) boundary layer height (HPBL) and (D)
fraction of building surfaces (fbld). The plot uses period-average hourly values. The solid lines and shaded areas represent the linear regression and the corresponding
confidence intervals (95%), respectively.
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due to a reduction in traffic heat emissions (ΔQv) is threefold in
the morning (9 LT) compared to the evening (19 LT). ΔTFE was
found to be correlated to the local wind speed (u) and the
boundary layer height (HPBL), while urban morphology (fbld)
appears to play a minor role. In other words, the reduction in
traffic heat emissions has a stronger impact during low wind
speed and shallow boundary layer conditions.

The effect of a full fleet electrification (FE) has been compared
with that of converting 25% of individual air conditioning (split)
units to centralised units with exhaust release at the roof level (AC
scenario, Figure 4). The heat mitigation (ΔTFE) from the AC
scenario is much more uniform over the urban area than that of
FE. Both FE and AC result in similar maximum impacts (~0.2°C
as daily mean ΔTFE), but the average impact of AC is 2.5 times
larger. The most remarkable difference between FE and AC
scenarios is their different temporal impact. While FE is only
very effective during and shortly after the morning traffic peak,
AC has a more homogeneous impact, with an almost constant
heat mitigation during the night. The near-constant heat
mitigation of AC during night-time may be partially due to
the specific set-up with target temperature and constant
schedule (see Section 2.1 and Supplementary Table S3).
Nevertheless, FE and AC are both unable to reduce the near-
surface air temperature during the central hours of the day
(12–16 LT).

4 DISCUSSION

4.1 Heat Mitigation Potential of Electric
Vehicles
The results of this study indicate that the full fleet electrification
(FE) produces a reduction in near-surface air temperature, which
is moderate at the daily scale but substantial during the morning
traffic peak (up to 0.6°C). In this work, the estimated heat
mitigation potential of EVs is lower than what found by Li
et al. (2015) but on the same order of what found by Singh
et al. (2022). Beside differences in climatic and traffic conditions,
we argue that the estimation provided by Li et al. (2015) may
overestimate the heat mitigation potential of EVs due to
oversimplification of the complex interactions between exhaust
heat emissions and atmospheric dynamics.

Our study highlights that the fleet electrification, and in
general other measures which reduce the anthropogenic
sensible heat emissions (such as the use of centralised AC
units), are inefficient in reducing the air temperature during
mid-day. The mechanism behind this reduced impact during
daytime can be attributed to the specific atmospheric and surface
energy balance (SEB) conditions. On the one hand, the boundary
layer height (HPBL) determines the vertical column over which
the (reduction in) sensible heat (Q) is distributed. Daytime is
generally associated with large values of HPBL (Stull, 2012), which

FIGURE 4 | The heat mitigation of FE is more localised than measures on AC, both temporally and spatially. (A) shows the period-average near-surface air
temperature difference (ΔTFE, °C) due to a full fleet electrification, (B) shows the period-average ΔTFE due to an increase in 25% in centralised AC (AC), (C) shows the
period-average ΔTFE in the case of no traffic (NO TR) and (D) shows the period-average diurnal cycle of ΔTFE for the different scenarios.
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makes even substantial reductions in Q (e.g., anthropogenic heat
reductions) mostly ineffective. Additionally, daytime SEB is
dominated by the net incoming radiation, which reaches
values that are up to 1 order of magnitude larger than those
obtained by a FE [500Wm−2 at noon, according to Roth et al.
(2017)]. As such, reducing the air temperature during daytime
remains challenging. Interventions on other drivers of the urban
heat island are necessary to efficiently reduce the daytime air
temperature in tropical climates. Of the possible solutions,
increasing the fraction of urban vegetation and applying
highly reflective roofs (cool roofs) were found to perform best
on daytime heat (Li and Norford, 2016; Schwaab et al., 2021;
Wong et al., 2021).

4.2 Limitations and Future Studies
We acknowledge that there are a number of limitations of the
study. The impact of local radiative forcing from gaseous and
aerosols emissions from vehicular traffic has not been considered
here. Previous studies found either small negative (Massoli et al.,
2009) and positive (Balkanski et al., 2010) values of radiative
forcing due to vehicular traffic emissions. It is therefore still
unclear what role traffic-related aerosols play in local thermal
conditions.

The model simulations have been performed in the so-called
turbulence grey zone, a spatial resolution where the assumptions
of some of the physical parameterisation are no longer valid
(Honnert et al., 2020). Nevertheless, the use of meso-scale
numerical models in the grey-zone is a common practice and
may still provide useful results.

Only traffic conditions related to a “typical day” have been
used in this study. This assumption is arguably reasonable for
calculating monthly averaged impact. However, the impact of
variations in traffic density between weekday and weekend, and
between different days in the week, was not estimated.

The heat mitigation potential of a full fleet electrification
(FE) has been investigated here for a specific city (Singapore)—
characterised by its own traffic intensity, (spatio-temporal)
traffic pattern and background climate—during an individual
month within the dry season. The values of heat mitigation
potential of a FE found in this study are directly representative
for cities with similar characteristics (e.g., cities in South-East
Asia). Cities in different climates, even with similar traffic
conditions, may experience slightly different heat mitigation
potential from FE due to different atmospheric conditions
(e.g., local circulation and boundary layer dynamics) (Stull,
2012). Therefore, further studies are required to consolidate
the understanding of the heat mitigation potential of a FE in
different traffic and background-climate conditions.

Finally, futures studies would be required to explore how
the heat mitigation dynamics of reductions in exhaust heat
from traffic (such as FE) correlates with population exposure
and, ultimately, how that would contributes to reducing heat-
related health risks. It is known that population dynamics have
a substantial impact on residents’ exposure to urban heat
(Yang et al., 2019). Given that vehicular traffic peaks
arguably correlate (both spatially and temporally) with

commuting patterns, it is therefore possible that the heat
mitigation potential of a FE is just delivered at the time and
places where most needed.
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