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Abstract

A regional meteorology—chemistry model was used to assess the effects of passenger car conversion to battery electric vehicles
(BEV) on summer O3 concentrations in Kanto (Japan’s most populous region). Four sensitivity experiments were conducted
on different on-road and upstream (power plant and gas station) emission conditions. Daytime 8-h maximum O3 decreased by
3 ppb (5%) and 4 ppb (5%) in urban and inland suburbs, respectively. O3 levels decreased even in urban (VOC-limited regions)
because exhaust and evaporative VOC emissions from vehicle and gas stations were reduced effectively (especially alkenes from
gasoline evaporation; highly reactive in O3 formation). In the suburbs (NOx-limited regions), reduction of exhaust NOx by
BEV shifting was significant, but in urban, even only evaporation measures induced almost the same O3 reduction effect as BEV
shifting. The additional emissions from thermal power plants due to BEV night charging contributed little to the next day’s
daytime O3 on a monthly average basis. However, on some days, pollutants were stored in the upper part of the stable nighttime
boundary layer and could affect the surface O3 as the next day’s mixed layer development. Depending on the O3 sensitivity
regime (NOx- or VOC-limited), additional NOx plumes from rural (urban) power plants tended to increase (decrease) the next
day’s O3. However, the distribution of the regime changes temporally and spatially. The H202/HNO3 ratio was discovered to
be a clear indicator for distinguishing regime boundaries and was effective in predicting positive or negative O3 sensitivity to
the additional emissions from power plants.
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Key Points:

e The impact of BEV penetration on summer O3 concentrations in the Kanto region of

Japan was evaluated
e Daytime O3 decreased in both urban and inland suburban areas

e Additional NOy emission from power plants due to night charging for BEV affected next

day daytime O3 depending on meteorological conditions
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Abstract

A regional meteorology—chemistry model was used to assess the effects of passenger car
conversion to battery electric vehicles (BEV) on summer O3 concentrations in Kanto (Japan’s
most populous region). Four sensitivity experiments were conducted on different on-road and
upstream (power plant and gas station) emission conditions. Daytime 8-h maximum O3
decreased by 3 ppb (5%) and 4 ppb (5%) in urban and inland suburbs, respectively. O3 levels
decreased even in urban (VOC-limited regions) because exhaust and evaporative VOC emissions
from vehicle and gas stations were reduced effectively (especially alkenes from gasoline
evaporation; highly reactive in O3 formation). In the suburbs (NOx-limited regions), reduction of
exhaust NOx by BEV shifting was significant, but in urban, even only evaporation measures
induced almost the same O3 reduction effect as BEV shifting. The additional emissions from
thermal power plants due to BEV night charging contributed little to the next day’s daytime O3
on a monthly average basis. However, on some days, pollutants were stored in the upper part of
the stable nighttime boundary layer and could affect the surface O3 as the next day’s mixed layer
development. Depending on the O3 sensitivity regime (NOx- or VOC-limited), additional NOy
plumes from rural (urban) power plants tended to increase (decrease) the next day’s Os. However,
the distribution of the regime changes temporally and spatially. The H>O>/HNOs3 ratio was
discovered to be a clear indicator for distinguishing regime boundaries and was effective in

predicting positive or negative O3 sensitivity to the additional emissions from power plants.
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1 Introduction

Ozone (O3) in surface air has adverse effects on human health, particularly in the
respiratory system (e.g., Tager et al., 2005; Zhang et al., 2019). O3 is not only an oxidizing agent
by itself, but it also generates strong secondary oxidants such as ascorbic acid ozonide (AOZ)
when degraded by antioxidants in the body (7ang et al., 2007; Enami et al., 2008). Furthermore,
water-soluble gaseous pollutants such as SO, influence only the upper respiratory tract, whereas
O3 reaches deep into the lungs because of its hydrophobic nature (Schraufnagel et al., 2019).

Os concentration increases with the coexistence of its precursors, NOx (NO + NO2), and
volatile organic compounds (VOCs). VOCs are often referred to as nonmethane VOCs
(NMVOCs) because the reactivity of methane to produce O3 is much lower compared to that of
other VOCs in urban atmospheres. In Japan, NOx and VOC emissions and atmospheric
concentrations continue to plummet and the trend of O3 concentration has been flat recently after
a period of reduction (/7o et al., 2021). A factor is the reduction ratio of NOx to VOCs. For
example, if the rate of VOC reduction is lower than that of NOy in a VOC-limited region, such as
an urban area, O3 may not reduce or could increase.

Vehicle transport is one of the major sources of Oz precursors, but exhaust emission
levels have been reduced to approximately 1/100 of those in the 1960s, before the introduction of
exhaust gas regulations in Japan (CEC, 2022). This has been achieved by technological
innovations such as three-way catalysts and diesel particulate filters and by the efforts of
manufacturers. Alternatively, the regulations for fuel evaporation VOCs are less stringent in
Japan than in the United States and European countries (Uchida, 2016, Tonokura and Hata,
2020). Evaporative VOCs from the automotive-related sectors come from four sources: running
loss (RL), hot soak loss (HSL; caused by leakage from pipes within an hour after stopping),
diurnal breathing loss (DBL; caused by the pressure difference in the tank due to changes in
outside temperature during long periods of parking), and fuel evaporation during refueling.
These evaporative emissions are not associated with diesel but are remarkable for highly volatile
gasoline fuel. In Japan, there are no regulations for RL, whereas in the United States, there are
regulations for RL. HSL and DBL regulations have been introduced, but the time of testing

differs among countries. For example, in the United States, Europe, and China, the DBL emitted
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during 48 h is measured, whereas in Japan, it is measured during 24 h (Uchida, 2016). Onboard
Refueling Vapor Recovery (ORVR) on the vehicle side and Stage 1 (unloading tanks) and Stage
2 (supplying fuel) on the service station side are two measures to prevent fuel evaporation during
refueling. In Japan, no regulation has been introduced for either the vehicle side or the service
station side (Stage 1 is widely used in some prefectures). Although VOC emissions from
stationary sources have been decreasing, emission reductions from service stations have not
progressed as much as those from other sources and their relative contribution is increasing
(CEC, 2017).

Battery electric vehicles (BEVs) are expected to become more prominent in the future.
This will lead to changes in emissions not only from vehicle exhaust but also from fuel
evaporation and upstream processes. BEVs have zero emissions of exhaust and fuel evaporation
VOC:s on-road, but they increase NOx emissions from thermal power plants if not charged with
renewable energy. Alternatively, VOC evaporation from gas stations will be reduced because of
reduced fueling opportunities. The impact of vehicle electrification on O3 concentrations has
been evaluated in the United States (7/hompson, 2009, Nopmongcol et al., 2017; Pan et al.,
2019, Schnell et al., 2019), Spain (Soret et al., 2014), China (Ke et al., 2016), Taiwan (Li et al.,
2016), and Japan (Hata and Tonokura, 2019). Most of them reported a similar result that the
BEYV penetration decreased O3 concentrations in suburban areas (generally NOx-limited regions)
while increasing them in some urban areas and along roadsides (generally VOC-limited regions).
Nopmongcol et al. (2017) demonstrated the results of O3 reduction in Los Angeles, an urban area,
but this assumed that off-road vehicles are also electrified, which contributed to VOC emission
reduction. Hata and Tonokura (2019) evaluated the impact of hybrid electric vehicle or zero-
emission vehicle (ZEV) penetration in Japan on summer O3 concentrations. They reported that
converting all vehicles (including trucks and buses) to ZEVs increased O3 levels in urban centers.
However, if only passenger cars were converted to ZEVs, daytime O; levels in urban centers
decreased.

The results of these previous studies indicate that the O3 sensitivity of BEV penetration
depends on the following: “baseline emission of NOx and VOC:s in the target area (which are
affected by other sources and emission controls),” “reduction ratio of NOx and VOCs,” and “O3
sensitivity regime (NOx- or VOC-limited) in the target area.” Only a few of the previous studies

have examined emission changes in upstream processes. Hata and Tonokura (2019) considered
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emission changes from fueling stations but did not consider emission changes from power plants.
In this study, we evaluated the impact of passenger car BEV shift on summer O3 concentrations
in Japan using a regional meteorology—chemistry model while accounting for upstream (power
plant and gas station) emission changes.

Section 2 describes the methodology, including an overview of the CTM, observation
data for model evaluation, and the sensitivity experiment assumptions. Section 3 contains the
results and discussion of the model evaluation, the impact of BEV penetration on O3
concentrations, and the impact of additional power plant emissions for BEV charging on O3

concentrations. Section 4 finally discusses the conclusions and future works.
2 Materials and Methods

2.1 Regional meteorology—chemistry model

A regional-scale nonhydrostatic meteorology—chemistry model (NHM-Chem) (Kajino et
al., 2019; Kajino et al., 2021) was used in this study. Detail descriptions are summarized in
Table S1.

Figure 1 shows the model calculation domain in this study. The mother domain (domain
01) covered the Northeast Asian region and was calculated with dx = 30 km. The nested domain
(domain 02) covered the Japanese region from Kyushu to Tohoku and was calculated with dx =6
km. The vertical layer was 40 layers up to an altitude of approximately 20 km in both domains.
Subsequently, model results refer to mixing ratios at the lowest level (approximately 15 m above
ground level) unless altitude is specifically mentioned. The target period of this study was from
July 1 to 31, 2015, and the simulations were integrated from June 26, with a spin-up period of
five days. Summer is a season with the highest O3 concentrations observed in Japan due to high
solar radiation. Furthermore, the contribution of transboundary transport from East Asia is
relatively low in summer compared to spring, so the contribution of domestic sources is high.
Therefore, July was chosen as the target period because the Oz concentration is considered the
most sensitive to BEV penetration in Japan.

We used REASv3.2.1 (minor revision in December 2021 from v3.2 (Kurokawa and
Ohara, 2020), 0.25° x 0.25°, base year = 2015) for anthropogenic emission for Northeast Asia
and PM2.5EI (Morikawa, 2017, 1 km % 1 km, base year = 2012) for Japan. The NOx emissions
were allocated 9:1 to NO and NO> for both REASv3.2.1 and PM2.5EI. The VOC speciation of
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REASv3.2.1 was recategorized to those of the chemical reaction mechanism (SAPRC99; Carter,
2000) for both REASv3.2.1 and PM2.5EI. PM2.5E1 is excellent in its detailed categorization and
estimation of vehicle emissions. Emissions were estimated using statistical data of traffic volume
and average vehicle speed by the time of day and weekday/weekend. Furthermore, emissions
were estimated for 120 categories, combining eight vehicle types (mini passenger car, passenger
car, bus, light-duty truck, heavy-duty truck, special use truck, and motorcycle), five emission
processes (running, start, RL, HSL and DBL), and three fuel types (gasoline, diesel, and LPG).
At the smokestack altitude, power plants release pollutants. Taking chimney elevation into
account, emissions from industries and power plants were distributed in this study from 0 to 300
m above the ground level. For domain 1 with Japan and domain 2 without Japan, REASv3.2.1
was used (i.e., Korea). For domain 2 over Japan, PM2.5EI was used. EAGrid (Fukui et al., 2014;
Kannari et al., 2007) was used instead because ship emissions are not available in PM2.5EI.
GFED v4 (Giglio et al., 2013) was used for biomass burning emissions, and JMA observation
data were used for volcanic SO, emissions. Biogenic VOC emissions were inline calculated
based on MEGAN v2 (Guenther et al., 2006) as a function of temperature and solar radiation.
For the initial and boundary conditions for the NHM (meteorological model part of
NHM-Chem), we used a 6-hourly JRA-55 global reanalysis dataset (Kobayashi et al., 2015) for
domain 01 and 3-hourly JMA’s Meso-Regional Objective Analysis (MA) for domain 02
(https://www.jma.go.jp/jma/jma-eng/jma-center/nwp/nwp-top.htm, last accessed: 30 July 2022).
Spectral nudging above a height of 7 km was applied for the large-scale wave components of
horizontal momentum and potential temperature (wavelength > 1,000 km), with a weighting
factor of 0.06. For the chemical transport model (CTM) part of NHM-Chem, monthly
climatological values were used for the initial and boundary concentrations of domain 01 and the

results of domain 01 were used for domain 02. The input/output time interval of CTM was 1 h.

2.2 Model experimental cases and parameter settings

2.2.1 Emission scenarios

As shown in Table 1, four model experiments (or emission scenarios) were conducted in
this study. Heavy-duty vehicles and motorcycles were assumed to be nonelectric. The
assumptions of total vehicle ownership and activity were not changed in the sensitivity

experiment to evaluate the sensitivity to changes in emission factors.
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(1) “BASE” experiment

This is a replicated experiment of the current situation based on the meteorological field in 2015.
Emissions are based on each inventory (Table S1).

(2) “All BEV” experiment

All passenger cars are shifted to BEVs. All BEV charging is conducted at night (23:00-8:00) to
level out demand. During this period, additional emissions from thermal power plants are
produced.

(3) “All BEV (PP unchanged)” experiment

All passenger cars are shifted to BEVs, with power plant (PP) emissions unchanged (assumed
100% supplied by renewable energies). The difference between (2) and (3) indicates the
sensitivity of additional power plant emissions.

(4) “Evapo reduce” experiment

Only evaporative NMVOCs emitted by passenger vehicles and gas stations are reduced
(passenger car exhaust remains unchanged). This is the situation when only evaporation

measures are conducted without BEV penetration.

2.2.2  Changes in upstream emissions due to BEV penetration

Figure S1 demonstrates the diurnal additional electricity demand for BEV charging. We
assumed normal nighttime charging for all BEVs because a large percentage of BEV users
currently charge late-night electricity at home (MLIT urban bureau, 2012). The load due to
increased demand is assumed to be charge-controlled to level out. Thermal power plant
emissions increase during the 9 h period (from 23:00 to 8:00). The increased electricity demand
for BEV charging is derived to be 71.4 billion kWh/year, assuming an average electricity
consumption of 0.17 kWh/km for BEVs and a total annual passenger car travel volume of 420
billion km/year (MLIT, 2010). This increased demand corresponds to approximately 7% of total
electricity demand (1077.8 billion kWh/year), which will be met by nighttime baseload and
middle power (90% thermal and 10% hydro in 2012, the base year for the PM2.5EI). The
emissions from the thermal power plant for this 9 h period would increase by approximately
25%—-30%, assuming that plant emissions are proportional to the amount of electricity generated.

In reality, emissions will not increase proportionately with the increased generation because
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generation efficiency will increase. However, in the same manner, as in previous studies
(Thompson et al., 2011; Soret et al., 2014; Ke et al., 2016; Li et al., 2016; Schnell et al., 2019),
we assumed proportional to this study because no information regarding the relationship among
power generation, generation efficiency, and emissions was available. The power grid in Japan is
assumed to be uniform. In reality, LNG-fired power would be applied as the marginal power, but
coal, oil, and LNG-fired power were assumed to increase uniformly.

The evaporation NMVOC:s is assumed to be reduced by 80% because BEV penetration
will reduce refueling frequency. Here 80% is the share of gasoline consumption by passenger
cars to that of total (MLIT, 2012). Although emission changes at refineries should be considered
as well as power plants and gas stations, it was assumed to be unchanged in this study. Because
estimating the change in crude oil refining volume is difficult (not only gasoline demand but also

other petroleum products will be involved).

2.3 Observation data for model validation

The Ministry of the Environment, Japan (MOEJ)’s wide area monitoring data for air
pollutants (Atmospheric Environmental Regional Observation System: AEROS) were used to
validate the simulation results of O3 concentrations. The concentrations of SOz, NO, NO», Ox,
CO, NMHC, CH4, THHC, SPM, and PM 5 are monitored hourly every day at approximately
1900 measuring stations throughout Japan (some substances are not measured at some stations).
The National Institute for Environmental Studies screens out anomalous data from those
preliminary values and publishes confirmed data. Confirmed data were used in this study. We
generated super observation data by simply averaging the hourly observation data of observation
sites in each model grid (dx = 6 km) to compare against the simulation results. In the Kanto

region, there are 234 super observation grids.
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3 Results and Discussion

3.1 Model evaluation

Comparative statistics between the model BASE experiment and observations with daily
average O3 and MDAS8h O3 (daily maximum 8 h average O3) are shown in Table 2. The top two
rows are the Kanto area (Figure 1) averaged data for 31 days. The correlation coefficients of
these data indicate day-by-day temporal correlations because the diurnal variation of O3 is
smoothed out. The correlation coefficients are higher for both daily average Oz and MDA8&h O3
(R=0.66 and 0.79, respectively), indicating that the model accurately reproduced the temporal
variability of daily high concentration events affected by weather conditions. The bottom two
rows are July monthly averaged data for the nationwide 864 super observation grids (all of
domain 2, Figure 1). The correlation coefficients of these data indicate the spatial correlations.
They show a moderate correlation (R = 0.32 and 0.56 for daily average O3 and MDAS8h O3,
respectively). This is because the highest O3 concentration was distributed in Kanto inland in the
model’s result, whereas in the observation data, it was distributed in Kyushu and Chugoku.
However, within only Kanto (N = 234), the correlation coefficient was higher (R = 0.6). The
model reproduced the distribution of the O3 concentration gradient from the coastal to the inland
areas of the Kanto region relatively well.

The simulated MDAS8h O3 over Kanto was slightly overestimated (NMB = 3.6%)
probably because of the overestimation of photochemical production. Alternatively, the
simulated daily average O3z concentration is slightly underestimated (NMB = —9.7%) probably

because of a slight overestimation of the nighttime NO titration (Figure S2).

3.2 Impact of passenger cars shifting to BEVs on daytime O3 concentration

3.2.1 Results of passenger car “all BEV” experiments

Figure 2 shows NOx and NMVOC emissions in the BASE experiment (Figure 2a, d) and
their change with the shift of all passenger cars to BEVs (i.e., (2) All BEV experiment — (1)

BASE experiment). Figure 3 shows the diurnal variation of these emissions in major sources
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(Figure 2 area (A)). The industry sector is the largest NOx emission source, followed by heavy-
duty vehicles during the daytime. The contribution of passenger car emissions was low (Figure
3a). NOy emission was reduced by up to 10%—15% by BEV shifting during urban commuting
hours (Figure 2b), that is, approximately —5% during daytime area (A) average (Figure 3b). It
increases approximately 5% net for the nighttime area (A) average (Figure 3b). At night,
emissions increase from thermal power plants, and they decrease from passenger cars, but the
effect is small because of low traffic volumes (Figure 2c).

Although higher biogenic NMVOC emissions in July, anthropogenic NMVOC emissions
accounted for approximately 90% of total NMVOC emissions in urban areas (Figure 2e). It is
mainly from stationary sources such as the painting industry (Figure 3c). The NMVOC emission
was reduced by approximately 10% by BEV shifting for the area (A) average (Figure 3d), owing
to a reduction in three sources: passenger car exhaust, passenger car evaporation, and gas station
evaporation.

Figure 4a shows the July average of MDAS8h O3 concentrations in the BASE experiment.
High O3 concentration is distributed inland along the topography is because precursors emitted in
the urban coastal areas are transported by sea breezes (e.g., Ooka et al., 2011). The MDAS8h O3
sensitivity by BEV shifting was also large inland, with a maximum of approximately —5 ppb
(—5%) (Figure 4b).

Figure 4c shows the MDAS8h Os sensitivity when only fuel evaporation measures for
passenger cars and gas stations are taken (i.e., (4) Evapo reduce experiment — (1) BASE
experiment). The reduction rate is almost the same as that in Figure 4b even without reducing
vehicle exhaust in Tokyo and the southern part of Saitama because these areas are VOC-limited
regions. Because there is a time lag before BEVs are widely spread in the real world, it is
effective to implement ahead with fuel evaporation measures to reduce urban Os. Specifically,
Stage 2 (add a gas recovery system to the refueling pump and return it to an underground tank)
and ORVR (add a gas adsorption system with activated carbon sealed to the vehicle) are the
main measures during refueling. Changing the rubber material of the vehicle pipe to one that is
less permeable and increasing the capacity of the gas adsorption system are the main parking
measures. Among these, Stage 2 is estimated to be cost-effective (CEC, 2017). Furthermore, the
effect of Stage 2 in reducing summer O3 concentration in Kanto was demonstrated using an

atmospheric model (Nakagawa et al., 2019). Therefore, it is considered an effective measure.
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Conversely, it was also suggested that reducing NOx emissions in urban areas is
important to reduce high concentrations of O3 inland (NOx-limited region) and that BEV

penetration can benefit from this (Figure 4b, c).

3.2.2 O3 formation potential of NMVOCs

The reactivity of NMVOCs for O3 formation varies according to species. In this section,
we quantify the relative contributions of species and sources to the reduction of O3, as presented
in Section 3.2.1.

Figure 5a depicts the emissions of NMVOCs in Area (A) (Figure 2) as well as the amount
of reduction due to BEV shift. Figure 5b depicts the breakdown of the contribution of each
species and source to the reduction. The NMVOC composition of exhaust and gasoline fuel
evaporation is shown in Figure S3. The composition of gasoline and diesel exhaust gas
components is based on data from a tunnel survey conducted in Tokyo in 2010 (Uchida et al.,
2013). The gasoline vehicle exhaust was dominated by alkanes (approximately 50%), followed
by aromatics (approximately 40%) and alkenes (approximately 9%) (Figure S3a). The NMVOC
composition of gasoline fuel evaporation is based on data from the DBL test (Yamada et al.,
2015a). The species from permeation (leak gas from the rubber pipe of the vehicle) are alkanes
(55%), aromatics (25%), and alkenes (20%) (Figure S3c). Alternatively, the species from
breakthrough (leak evaporative gas in the fuel tank when over the capacity of the canister) are
alkanes (68%) and alkenes (32%) and do not include aromatics (Yamada et al., 2015a) (Figure
S3d). This is because species with low molecular weight and high volatility dominate in
evaporative gas in the tank (Hagino et al., 2015). Permeation species predominate in RL, HSL,
and the first day of DBL, whereas breakthrough species predominate after the second day of
DBL (Yamada et al., 2015a; Hagino et al., 2015). Therefore, in this study, permeation data from
the DBL test are adopted for RL and HSL and breakthrough data are adopted for DBL.

The composition of refueling evaporation is also composed of alkanes (75%) and alkenes
(23%), as shown in Figure S3e (Yamada et al., 2015b). It lacks aromatics for the same reason
that a breakthrough does. Additionally, the test by Yamada et al. (2015a and 2015b) was
conducted under 20°C conditions. However, it has been reported that the NMVOC composition
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of refueling evaporative gas remained unchanged when the temperature was increased from 10°C,
25°C, to 30°C (Hagino et al., 2015).

The emissions of NMVOC mass were reduced by approximately 10% in Area (A) by
BEV shifting (Figure 5a). The most reduced of these was alkane (65% contribution). By the
source, passenger car exhaust gas, passenger car fuel evaporation, and gas station fuel
evaporation contributed roughly 4:3:3 to the mass reduction of NMVOCs (Figure 5b).

Figures 5c and 5d are the same as Figures 5a and 5b but for ozone formation potential
(OFP), which considers the reactivity of each NMVOC species. OFP is derived by Equation (1),
which is calculated by weighting NMVOC emissions by MIR, the reactivity index of O3

production.

OFPl =E1XMIRU (1)

where OFP; is the O3 formation potential of NMVOC species i (g-O3 h™!), E; is the emission of
NMVOC species i (g-NMVOC h™"), and MIR; is the maximum incremental reactivity of
NMVOC species 1 (g-O3/g~-NMVOC). The MIR values are displayed in Table S2, which are
based on Carter (2000). Carter (2000) derived these MIR values by conducting sensitivity
experiments using the box model of the SAPRC-99 chemical module.

The OH reaction rate constant (kOH) (Atkinson, 1994; Atkinson, 1997; Atkinson, 2000) is
an index for comparing the reactivity of NMVOC species. Although MIR was employed in this
study because MIR is superior in that it can consider the effects of secondary reactions, which
kOH cannot. More specifically, kOH represents only the initial OH reactivity in the ROy cycle
and cannot account for differences in reactivity between RO> and NO produced after that. As a
result, there is a concern that it overestimates the impact of NMVOC species that react quickly
with OH but do not produce a significant amount of O3 in subsequent reactions (or vice versa)
(Carter, 1994; Tajima et al., 2010).

The OFP decreased approximately 5.5% in Area (A) by BEV shifting, slightly less than
the mass-based reduction (Figure 5c). This is due to the lower MIR of alkanes, which contributed
the most to the mass-based reduction. Instead, the reduction of alkene contributed the most to
OFP reduction (47% contribution) (Figure 5d). The contribution of the three sources was 4:3:3,

which is consequently the same as mass-based results (Figure 5d). Overall, it was estimated that
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the alkenes from passenger car and gas station fuel evaporation, as well as the aromatics from
passenger car exhaust gases, contributed significantly to the Oz reduction achieved through BEV

shifting (Figure 5d). They contributed 19%, 18%, and 13% to OFP reduction, respectively.

33 Impact of additional emissions from a thermal power plant due to nighttime BEV

charging on the next day’s daytime O;

Thermal power plants are typically located in coastal areas. A previous study based on BEV
penetration in Spain ascertained that even if BEV charging increased pollutant emissions from
gas-fired power generation at night, nighttime onshore winds would wash the pollutant plume
seaward with no problem (Soret et al., 2014). As such, the impact of additional power plant
emissions may not affect residential areas. However, there could be a case that the impact is
significant depending on the meteorological field and emission conditions, so we discuss it in
this section. That is, evaluating the impact of additional NOx, given that the power plant emits
almost no NMVOC:s (Figure 3c, d).

Figure 6a depicts the sensitivity of July mean MDAS8h O3 concentration due to additional
power plant emissions (i.e., (2) All BEV experiment — (3) All BEV (PP unchanged)
experiment). The areal maximum sensitivity was very low at approximately —0.5% (—0.2 ppbv)
monthly. This is because the advection path of the plume and the daytime photochemical
reaction rate vary depending on the daily wind pattern and solar radiation (as confirmed by the
hourly O3 sensitivity map).

However, there were some cases of relatively high sensitivity. Figure 6b depicts the case
at 13:00 on July 26. Around Tokyo Bay and Lake Kasumigaura, the O3 sensitivities are
approximately —5% (—4 ppb) and +5% (+5 ppb) (area enclosed with a solid line). They were
carried by additional plumes from thermal power plants in Tokyo Bay and Kashima city,
respectively. Similar cases of relatively high O3 sensitivity were discovered over several days in
late July. This may be due to the high solar radiation and temperatures in late July 2015 caused
by the predominance of the Pacific High, which accelerated the photochemical O3 formation.

The positive or negative sensitivity of O3 to such additional NOx depends on whether the
region is NOx- or VOC-limited. Generally, the O3 sensitivity regime is VOC-limited in urban

areas and NOx-limited in a suburb (e.g., Si//man, 1999). This is also the case in the Kanto region
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of Japan, where the rate changes from VOC-limited to NOy-limited as one moves from the urban
center around Tokyo Bay to the inland suburbs (/noue et al., 2010a). As a result, the positive and
negative O3 sensitivities enclosed with solid lines are consistent with this trend. However, there
are cases where O3 has negative sensitivity (i.e., VOC-limited) despite living in a suburban area
(area enclosed with a dashed line).

In this section, we first analyze the distribution of NOx or VOC sensitivity regimes in
such high O3 sensitivity cases (Sec. 3.3.1). Then, the mechanism by which additional NOy is
emitted from the power plant stack to result in next day sensitivity was analyzed, focusing on the

effect of atmospheric stability (Sec. 3.3.2).

3.3.1 Os sensitivity regime and HoO»/HNO3 indicators

3.3.1.1 Radical cycle and termination process

This section provides a brief description of the O3 formation mechanism and sensitivity
regime, which will be required for the subsequent discussion. The increase in tropospheric O3 is
caused by the ROy cycle, which is initiated by the oxidation of VOCs by OH. The RO cycle
causes an imbalance of the NOx cycle equilibrium (NO2 + O2 & NO + O3) and contributes to
NO:; formation (RO2 + NO — RO + NO2, HO; + NO — OH + NO2). Under high NOx conditions,

the terminal reactions are as follows, producing HNO3 and PAN.

NO, + OH —  HNO;s (R1)
NO; + RO, —  RO;NO; (R2)

The additional NOx in this situation reduces O3 because it deprives OH available for VOC
oxidation and inhibits the ROx cycle. As a result, the O3 concentration rises with increasing

VOC:s and falls with increasing NOx, indicating that the region is a VOC-limited region.

Alternatively, under low NOx conditions, these self-reactions among HO> and between

HO; and RO are the termination reactions, producing H>O, and ROOH.
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HO, + HO» — H>O02 + Oz (R3)
HO; + RO, —» ROOH + 0, (R4)

Therefore, the O3 concentration is not affected by VOCs but by the NOx concentration,
indicating that the region is NOx-limited.

On the basis of the above mechanism, the O; sensitivity in Figure 6b can be explained by the
NOx, NOy (all oxidized nitrogen compounds), NO, (NOy minus NOx), nonmethane hydrocarbons
(NMHC), and NO2/NOx sensitivity as shown in Figure 7. Around Tokyo Bay, the positive NOx
sensitivity brought by the power plant during the night remained until the next daytime (Figure
7a). NMHC sensitivity was positive because the additional NOy inhibited the ROx cycle (=
suppressed VOC consumption) (Figure 7d). The NO> formation was suppressed, NO2/NOy ratio
decreased (Figure 7¢), and O3 also decreased (Figure 6b). Alternatively, no NOx sensitivity was
found around Lake Kasumigaura (Figure 7a). This is because all NOx was converted to NO,
(Figure 7c). NMHC sensitivity was negative (Figure 7d) because the additional NOx further
accelerates the ROx cycle (= accelerated VOC consumption). NO> production was promoted,

NO2/NOx ratio increased (Figure 7¢), and O3 also increased (Figure 6b).

3.3.1.2 H202/HNO:3 indicator for identifying the O3 sensitivity regime

The grayscale in Figure 8 shows the HoO2/HNOjs ratio. Sillman (1995) first proposed the
H>02/HNO:s indicator that can identify the O3 sensitivity regime. This value is lower in the VOC-
limited region and higher in the NOx-limited region. This is because, as mentioned above, the
main terminate products of the ROx cycle are H2O2 or HNOj3 in NOx-limited or VOC-limited
regions, respectively (Sillman, 1995; Sillman, 1999; Sillman and He, 2002).

The distribution of monthly mean H,O2/HNO3 showed a trend of regime change from
urban to suburban areas (Figure 8a). However, it has been reported that the distribution of regime
boundary changes temporally and spatially (e.g., Si/lman, 1999; Martill et al., 2002; Song et al.,
2010; Lei et al., 2007; Kannari and Ohara, 2010). This is because the regime is determined by
multiple factors, not only the NOx/VOCs emission ratio but also photochemical aging (Si//man,

1999). Any polluted plumes immediately after being emitted are NOx-rich and VOC-limited, but
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over time, NOy is removed by the process (R1, R2) and changes to NOx-limited (Milford et al.,

1989). However, if atmospheric mixing is weak and photochemical aging is slow, the transition
from VOC-limited to NOx-limited is delayed so that the VOC-limited region is expanded in the
downwind suburbs (e.g., Kleinman, 1994; Martilli et al., 2002; Spirig et al, 2002).

This is the reason why negative O3 sensitivity (VOC-limited) occurs in the suburban area
circled by the dashed line in Figure 6b.

In the July 26 13:00 case, the distribution of low H>O2/HNO3 corresponded to negative
O3 sensitivity (=VOC-limited), and high H,O»/HNO3 distribution corresponded to positive O3
sensitivity (=NOx-limited) (Figure 8b). Furthermore, regime discrimination by the H,O2/HNO3
index was successful not only in this one-hour value case but also when the region and period
were expanded to include the nationwide and through July. Details for an evaluation of the
versatility of the H2O2/HNO3 index and its best threshold are presented in Appendix A. In
summary, depending on factors such as the rate of photochemical aging, the regime distribution
may not conform to the general trend of VOC-limited in urban and NOx-limited in suburbs (even
suburbs can be VOC-limited). H,O»/HNO3 worked as a clear indicator that could discriminate
such hourly changing regime boundaries and the best threshold was found as 0.5. H>O2/HNO;
index is useful for predicting positive (where HoO2/HNO3 > 0.5) or negative (where HoO2/HNO3

< 0.5) O3 sensitivity to emission changes in power plants.

3.3.2 Nighttime meteorology and atmospheric chemistry (atmospheric stability, effect
of NO titration)

Figures 9 and 10 are longitude—altitude cross-sections at 35.9°N and 35.5°N on July 26,
2015, respectively (cut over the point of greater sensitivity in Figure 6b). Three-hourly snapshots
are shown from 2:00 to 14:00 for (a) NOx sensitivity, (b) O3 sensitivity and H,O»/HNOs ratio,
and (c) POs sensitivity, respectively, induced by additional power plant emissions. The
sensitivity of PO3 (potential O3) (APO3) is defined by the following equation, which indicates the

sensitivity of O3 concentration due to factors other than NO titration (i.e., chemical reaction
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generation and advection). This indicator is based on the fact that O3 + NO, remains unchanged

even when O3 is decomposed in NO titration.

A[POs] = A([05] + [NO,] — 0.1 X [NO,]),

where [P0Os], [05], [NO,], and [NO, ] are their respective concentrations (ppb). 0.1, the
coefficient on NOy, is the NO; ratio in primary NOx emissions, and the effect of primary NO>
emissions is removed in this term.

First, we focus on the area around Lake Kasumigaura, shown in cross-section (A). From
2:00 to 10:00 local time, additional NOy from the thermal power plant in Kashima city titrated
O3, resulting in negative sensitivity (Figures 9a and 9b). During the night, the pollutants are
situated aloft in the upper part of the stable nighttime boundary layer. As the sun rose, the mixed
layer developed in the lower atmosphere, which resulted in positive O3 sensitivity in the NOx-
limited region (Figure 9b). At 14:00, NOx has been completely converted to HNO3, the
terminated product of the ROx cycle, so there is no sensitivity (Figure 9a). Approximately
140.8°E is the shoreline. The positive O3 sensitivity was lifted by the upwelling generated by the
land surface with higher surface temperatures and diffused significantly vertically within the
mixed layer (Figure 9b).

Next, we focus on the Tokyo Bay area shown in cross-section (B). As mentioned above,
additional NOx from the power plants around Tokyo Bay titrated O3 during the night (Figures
10a and 10b). The plume was transported westward over the top of the stable nighttime boundary
layer, maintaining an emission altitude of 200—300 m, and thus, remained stagnant along the
terrain. As the sun rose, it diffused within the mixed layer with negative Os sensitivity. The
negative O3 sensitivity at 14:00 can be mostly explained by VOC-limited chemistry (Figures 10b
and 10c) because APO; =~ AOQ;, although there is still some contribution from the nighttime
titration. The distributions of negative O3 sensitivity and low H>O»/HNOj3 values corresponded to
each (Figure 10b). This indicates that the H>O2/HNOs3 indicator worked not only horizontally but
also vertically.

Conversely, focusing on the negative O3 sensitivity from the NO titration at night, the
H>02/HNO:s values are not lower (Figures 9b and 10b). This is because the NO titration process
contributes little to the terminated products of the RO« cycle (HNO3z and H>O). This means that
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negative O3 sensitivity could occur if the NO titration process is dominant, even in areas
identified as NOx-limited regions by the H>O»/HNOj ratio.

This is consistent with what is described in Sillman and He (2002). To distinguish the effect of
NO titration, it is necessary to use a different index than H>O2/HNOs3, such as O3/NOy (Si//man
and He, 2002).
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4 Conclusions

The impact of all passenger cars shifting to BEV in Japan on O3 concentrations in Kanto
during summer was evaluated by sensitivity experiments using the regional meteorology—
chemistry model NHM-Chem. The four sensitivity experiments were conducted under different
conditions for on-road and upstream (thermal power plants and gas stations) emission changes.

The sensitivity of passenger cars in all BEV experiments indicated that daytime O3
concentrations decreased over a wide area of the Kanto, resulting in a sensitivity of up to =5%
(—4 ppbv) in the inland suburb following typical sea breeze transport patterns. Several previous
studies that evaluated the impact of BEV penetration on air quality in other countries found that
reduced NOyx from vehicle exhaust reduces O3 in suburbs but increases O3 locally in urban,
VOC-limited regions. In this study, however, daytime O3 levels were reduced even in urban
areas. That is because BEV shifting effectively reduced NMVOCs from the three evaporation
sources: vehicle exhaust, vehicle evaporation, and gas station evaporation, and it is likely related
to the Japanese context, where most passenger cars are gasoline-powered and fuel evaporative
VOC emission regulations are relatively lax. These three sources contributed approximately
4:3:3 to the reduction of NMVOC emissions on a mass basis, with alkanes from all sources
contributing the most to the reduction. However, alkanes have a relatively low reactivity for O3
formation. Therefore, on the basis of the ozone formation potential (OFP), which considers the
reactivity of NMVOC species, it was estimated that the reduction of alkenes from fuel
evaporation from passenger cars and gas stations, as well as aromatics from passenger car
exhaust, contributed significantly to the reduction of O3. The contribution of the three NMVOC
sources to OFP reduction was similar to that of the mass basis, with gasoline fuel evaporation
contributing 60%, indicating its importance. Furthermore, it was found that only evaporation
measures (without reducing passenger car exhaust) induced almost the same O3 reduction effect
in urban areas. Because a time lag in the real world before BEVs is widely adopted, it is
presumed that introducing fuel evaporation measures (such as Stage 2) ahead of time will be
effective for the early improvement of urban air quality. It was also suggested that NOy reduction
is still important for reducing high O3 concentrations over inland suburbs (NOx-limited region):

BEV shifting is beneficial over the area.



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551

Confidential manuscript submitted to Journal of Geophysical Research —Atmosphere

The additional NOx emission from the thermal power plant due to BEV’s nighttime
charging contributed little to the monthly average of next daytime O3z (—0.5% at most). This is
because the plume emitted from point sources has different advection paths and chemical
reaction rates depending on the daily meteorological field, and O3 sensitivity becomes random.
However, on some days, O3 sensitivity can be higher, topically + 5%. In these cases, additional
pollutants from the thermal power plant during the night were stored in the upper part of the
stable nighttime boundary layer and advected while maintaining an emission altitude of 200-300
m, affecting the surface O3 concentration at the arrival area as the mixed layer developed.

The concentration of O3 tended to decrease (increase) in the plumes downwind of the
power plant in urban (suburb) locations, which is consistent with the general distribution of O3
sensitivity regime (VOC or NOx) change trend from urban to suburb. However, locations of
regime boundaries change temporally and spatially, depending on factors such as the
photochemical aging rate of the pollution plume. There were some cases of negative O;
sensitivity (i.e., VOC-limited) in the suburbs in this study. We discovered that an H>O2/HNO3
index with a threshold of 0.5 worked as a clear indicator to distinguish the spatial distributions of
regime boundaries and was effective in predicting positive or negative O3 sensitivity to
additional NOy emissions from power plants. However, even in these regions determined to be
NOx-limited by the H,O»/HNOs3 index, the O3 sensitivity was negative if the NO titration process
was dominant. To distinguish negative O sensitivity due to the effect of NO titration, it is
necessary to use a different index than HO2/HNOs3, such as O3/NOy.

The results in this study are similar to some of Hata and Tonokura (2019), a previous
study that evaluated the air quality impacts of ZEV deployment in Japan for the first time. This
study additionally considers changes in the power plant emissions, which they did not consider,
but the impacts are not very significant every month. It was discovered, however, that it could
affect diurnal O3 concentrations topically in space and time.

In this study, sensitivity experiments were conducted to evaluate the impact of a
passenger car’s BEV shifting. To predict a realistic future society, scenarios must be constructed
based on more realistic assumptions, such as powertrain mix, including heavy-duty vehicles,
charging patterns, power source mix, and power generation efficiency, and then evaluated in a
model simulation. At that time, information on future powertrain mix for heavy-duty vehicles

and future emission regulation for power plants is scarce, which will lead to uncertainties.
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Furthermore, although we focused solely on O3 in this study, it would be desirable to conduct an
integrated assessment of other gaseous and particulate pollutants that have similar health effects,

1.e., oxidative stress on the respiratory system.

Appendix A: Evaluation of H2O2/HNOQj3 ratio as an indicator of O3 sensitivity regime

We discuss the versatility and best thresholds for the HoO>/HNO3 indicator here.

The threshold values of the indicator have been reported in several previous studies.
Sillman and He (2002) reported that HoO2/HNO3 < 0.2 ~ 0.4 at the 95th percentile value is the
threshold for VOC-limited and H,O»/HNO3 > 0.7 ~ 3.1 for NOx-limited, based on model
sensitivity experiments the United States. /noue et al. (2010b) conducted a similar analysis to
Sillman and He (2002) for five summer days in Japan and reported that the VOC-limited
threshold is H2O2/HNO3 < 0.3. Multiple sensitivity experiments using chemical transport models
are used to derive the threshold in these studies; NOx and VOC emissions are varied and O3
sensitivity and corresponding H>O»/HNOs are statistically analyzed for all periods/grids. This
study, however, did not conduct such multiple sensitivity experiments with finely tuned NOx and
VOC parameters. As a result, the following methods were used to examine the versatility of the
H>02/HNOs indicator and to derive the best threshold value.

Figure Ala shows the correct judgment rate for the O3 sensitivity regime when the
H>0,/HNOj threshold is varied. The target is the grid data with Oz = 70 ppb and | AO;
(difference of O3, all BEV minus all BEV (PP unchanged)) (difference of O3, (2) All BEV
experiment — (3) All BEV (PP unchanged) experiment) | = 0.5 ppb, from 10:00 to 15:00 on
July 1 to 31 in the national area shown in Figure A1b. In other words, develop a threshold that
can accurately judge positive or negative O3 sensitivity induced by additional NOx emissions
from nationwide thermal power plants.

The light blue graph in Figure Ala shows the percentage of negative Os sensitivity in the
data with HoO2/HNO3 below the threshold (i.e., the percentage of the correct judgment of the
VOC-limited). The lower (tougher) the threshold value is, the higher is the correct judgment rate.
Furthermore, the higher the threshold value, the lower the correct judgment rate, converging to a

probability of 1/2 (i.e., threshold meaningless state). The light-yellow graph in Figure Ala
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582 depicts the percentage of positive O3 sensitivity in the data with H2O2/HNO3 above the threshold
583  (i.e., the percentage of the correct judgment of the NOy-limited). For thresholds that are too small,
584  this correct judgment rate will drop. For example, assume that we reduce HoO2/HNO3 = 0.1 in
585  Figure 8b. You can image that the VOC-limited (negative O3 sensitivity) can be filtered

586  completely but the percentage of negative O3 sensitivity would also be higher in the data above
587  the threshold value (more miss judgment). Considering both (light blue and yellow), the best
588  threshold value was derived as HoO2/HNO3 = 0.5 for the target data in this study. Here, both
589  NOx- and VOC-limited could be judged with a correct response rate of approximately 90%. It
590  was determined to be adaptable even when the target area and period were expanded (Figure
591 Ala).

592 We have discussed H>O»/HNOs indicator, but various other indicators have been

593 proposed (e.g., O3/NOy, O3/NO,, O3/HNO3, (H202 + ROOH)/HNO3, H,02/NO,, (H202 +

594  ROOH)/NO, H202/NOy, and (H202 + ROOH)/NOy) (Sillman and He, 2002). It has been noted
595  that in areas with high biogenic VOCs, the numerator should include organic peroxy radicals
596  (ROOH) in addition to H2O> because the contribution of (R4) is larger in (R3, R4) (Vermeuel et
597  al, 2019). It has also been pointed out that the denominator should be NO, or NOy because of
598  the NOs ions in the HNOj3 transition between the gas and aerosol phases (Martilli et al., 2002).
599  Considering these notes, we analyzed the same for (H2O2 + ROOH)/NO,. As a result, the trend
600  of (H2O2> + ROOH)/NOQO, distribution was generally like that of H,O2/HNOs3, which was also

601  confirmed to work as a judgment index for the O3 sensitivity regime (Figure S4). The best

602  threshold value was estimated to be (H202 + ROOH)/NO, = 0.35 (Figure S5).

603
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(a) Domain 01 : N. E. Asia (dx = 30 km) (b) Domain 02 : Japan (dx = 6 km)
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Figure 1. Model domains in this study. (a) Terrestrial elevations of domain 01 (North East Asia,
dx =30 km). (b) Same as (a) but for domain 02 (Japan, dx = 6 km).
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(b) NO, emission change due to BEV shift (c) NO, emission change due to BEV shift
(@) NO, emission (kg/km?/h) at 8:00 (kg/kmz2/h) at 0:00 (kg/kmz2/h)
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847  Figure 2. Monthly mean NOx and NMVOC emissions in the BASE experiment and their

848  changes in all BEV experiments in Kanto in July 2015: (a) NOx emission flux in the BASE

849  experiment, (b) changes in NOx flux at 8:00 a.m. local time, (c) changes in NOy flux at 0:00 a.m.
850  local time, (d) NMVOC emission flux in the BASE experiment, (e) anthropogenic ratio to the
851  total NMVOC emission flux in the BASE experiment, and (f) changes in NMVOC flux due to

852 BEV shift. The major emission source area is framed (A).
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. (a) NOx emission in Area (A) ; (b) NOx emission change due to BEV shift
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Figure 3. Diurnal variation of the monthly and areal mean (a) NOx and (b) NMVOC emissions
and (c, d) their emission changes in all BEV experiments in the area (A) (Figure 2). Weekdays
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Figure 4. Monthly mean concentrations of MDAS8h O3 in July 2015: (a) BASE experimental

result, (b) sensitivity of all BEV experiment, and (c) sensitivity of Evapo reduction experiment

(c), respectively. Numbers in the title of each panel correspond to the sensitivity experiment, as

listed in Table 1. The thin black or gray contours indicate terrestrial elevation (m). The pink

contours of (b) and (c) indicate the change ratio of O3 concentration (%).



Confidential manuscript submitted to Journal of Geophysical Research —Atmosphere

(b) Contribution to emission mass reduction
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868  Figure 5. Monthly and areal total emissions of NMVOC (a) mass and (c) ozone formation

869  potential (OFP) with the contributions of VOC speciation in the BASE experiment and their
870  changes in all BEV experiments in the area (A) (Figure 2). 5b and 5d show the contribution of
871  each VOC specie and emission source to the reductions of 5a and 5c, respectively. OFP is

872 NMVOC emissions weighted by maximum incremental reactivity (MIR). The values of MIR
873  based on the SAPRC-99 speciation (Carter, 2000) are shown in Table S2.

874



875

876
877
878
879
880
881
882
883

Confidential manuscript submitted to Journal of Geophysical Research —Atmosphere

(a) MDA8h O4 sensitivity (ppb) (experiment (2)—(3)) (b) O3 sensitivity (ppb) (experiment (2) —(3))
monthly mean of Jul 2015 13:00 JST 26 Jul 2015
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Figure 6. The sensitivity of the next daytime O3 concentration is due to additional thermal power
plant emission for BEV night charging. MDA8h O3 of July average (a) and the case of 14:00 JST
26 July (b). Numbers in the title of each panel correspond to the sensitivity experiment, as listed
in Table 1. Thermal power plant locations are indicated by red dots. (A) and (B) each passes
through a point of high sensitivity. In the region enclosed with the solid line (b), the positive and
negative sensitivity of O3 is consistent with the general O3 sensitivity regime (VOC-limited in
urban and NOx-limited in the suburb). In the region enclosed with the dashed line (b), O3

sensitivity is not consistent with the general sensitivity regime.
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Sensitivity (13:00 JST 26 Jul 2015)
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Figure 7. The sensitivity of next daytime NOx, NOy, NO,, NMHC concentration, and NO2/NOx

ratio due to the additional thermal power plant emission for BEV night charging (the case of

14:00 JST 26 July).
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(a) HoOo/HNO3 (monthly mean of Jul 2015) (b) HyO./HNO3 (13:00 JST 26 Jul 2015)
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Figure 8. The distribution of H,O»/HNOs. July average (a) and the case of 14:00 JST 26 July (b).

The contour of (b) indicates O3 sensitivity, as shown in Figure 6b.
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Lon-alt cross section at 35.9° N in 26 Jul 2015
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Figure 9. Longitude—altitude cross-section at 35.9°N shown in Figure 6b-line (A): (a) NOx
sensitivity, (b) POs3 sensitivity, and (¢) O3 sensitivity and H>O2/HNOs3, respectively. The Y-axis
indicates the height above sea level (m). The gray contours indicate the potential temperature.
The purple line indicates mixed layer altitude. The mixed layer altitude here is the lowest altitude
in the vertical profile of the virtual potential temperature of each layer of the model that exceeds
the virtual potential temperature of the lowest layer of the atmosphere. The H,O>/HNOj ratio has

an error value (infinity; white blank) when HNO3 is extremely low in Figure 9b.
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Lon-alt cross section at 35.5° N in 26 Jul 2015
(a) NO, sensitivity (b) Og sensitivity and H,O, / HNO; (c) POj4 sensitivity
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906  Figure 10. Same as Figure 9 but at 35.5°N shown in Figure 6b-line (B).
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Figure A1. The correct judgment ratio of the O3 sensitivity regime (NOx- or VOC-limited) when
the H,O2/HNOjs threshold is varied. The target is the grid data with Oz = 70 ppb and [403| = 0.5
ppb from 10:00 to 15:00 on July 1 to 31 in the national area shown in (b). The histogram of
H>O2/HNO:s corresponding to them is the right vertical axis in (a). In (a), the light blue graph
shows the percentage of negative O; sensitivity in the data with HoO2/HNO; below the threshold
(i.e., the percentage of the correct judgment of the VOC-limited). The light-yellow graph shows
the percentage of positive O3 sensitivity in the data with HO2/HNOs3 above the threshold (i.e.,
the percentage of the correct judgment of the NOx-limited). The red graph is the product of light
blue and light-yellow.
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920  Table 1. Simulation experimental cases in this study. Emission factors for the sensitivity

921  experiments (2, 3, and 4) to base experiment (1) for each emission source of O3 precursors.

Emission source | O3 prediction (D) (2) 3) 4)
BASE all BEV all BEV Evapo reduce
(PP®
unchanged)
Passenger car NOx, NMVOC, 1 0 0 1
exhaust CO
Passenger car NMVOC 1 0 0 0
evaporation
(RL, HSL,
DBL)
Gas station NMVOC 1 0.2 0.2 0.2
evaporation
PPP mainly NOx 1 approximately 1 1
1.25°
at 23:00~8:00

922 a. Reference Figure S1.

923  b. Thermal power plant.

924
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Table 2. Statistical comparison of the model BASE experimental result and observation data for

O3 and MDAS8h O3 in July 2015.

Region Period N Obs. | Sim. R MB | NMB

mean | mean (%)

Os (ppb) Kanto July 2015 31 282 | 254 ¢ 0.66 | —2.7 { —9.7
MDAS&h O3 (ppb) | (1 region) (31 days) 31 448 | 46.4 | 0.79 1.6 3.6
Os (ppb) Japan all July 2015 869 | 246 | 255 { 032 | 09 3.8
MDASh Os (ppb) | (869 grid) | (monthly mean)| 869 | 37.2 | 403 | 0.56 | 3.1 8.4
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e Base and additional electricity demands for BEV charging (Fig. S1)

e Comparison of observation data and model simulation results with time series of
hourly O3 concentrations in Kanto in July 2015 (Fig. S2)

e VOC profiles of the exhaust (gasoline- and diesel-powered) and evaporation (HSR
& RL, DBL, and gas station refueling) (Fig. S3)

e (H202 + ROOH)/NO; distributions (Fig. S4)

e The correct judgment ratio of the O3 sensitivity regime (NOx- or VOC-limited)
when (H.0, + ROOH)/NO; threshold is varied (Fig. S5)

e Details of the simulation setting in this study (Table. S1)

e List of MIR for the SUPRC-99 VOC group (Table. S2)
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Figure S1. Additional electricity demand for BEV charging. The baseline demand is the
demand pattern of July 27, 2012, which was used because the data were publicly available
as electricity demand on the day of maximum electricity demand (according to the Power
Companies of Japan: https://www.ene100.jp/zumen/1-2-10, last accessed: July 1, 2022).
The additional demand was derived by the method in Section 2.2.2 of the main text.
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Figure S2. Time series of Oz concentrations in Kanto in July 2015. Comparison of
observation data (black line) and model simulation results (orange line).
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(a) Gasoline vehicle exhaust (b) Diesel vehicle exhaust

\
b

Other = Aldehyde - Ketone Other = Aldehyde - Ketone
= Alkane Alkene = Aromatic = Alkane Alkene = Aromatic
(c) Permiation (HSL&RL) (d) Breakthrough (DBL) (e) Gas station Refueling

1

Other = Aldehyde - Ketone

Other = Aldehyde - Ketone Other = Aldehyde - Ketone
= Alkane Alkene = Aromatic

= Alkane Alkene = Aromatic = Alkane Alkene = Aromatic

Figure S3. VOC profiles for each source. The components of exhaust gas in gasoline and
diesel vehicles are the results of the tunnel survey by Uchida et al. (2013). The component
of DBL is the result of the DBL test by Yamada et al. (2015a) after day 2 (caused by
breakthrough). The component of HSL & RL is the result of the DBL test by Yamada et al.
(2015a) on day 1 (caused by permeation). We determined that these data could be used
because HSL & RL is mainly caused by the transmission. The component of refueling is
the results of the test by Yamada et al. (2015b).



(a) (H,O, + ROOH) /NOz (monthly mean of Jul 2015)
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Figure S4. Same as Figure 8 but for (H,O, + ROOH)/NOz.
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Table S1. Simulation setting in this study

Model Offline NHM-Chem? (Kajino et al., 2019; Kajino et al., 2021)
Region Domain 1: East Asia (dx = 30 km)

Domain 2: Japan from Kyusyu to Tohoku (dx = 6 km)
Period From July 1 to 31, 2015
Boundary Reanalysis data

conditions of
NHM

Domain 1: JRA-55, 6 hourly (Kobayashi et al., 2015)

Domain 2: JMA’s Meso-Regional Objective Analysis (MA), 3 hourly
(https://lwww.jma.go.jp/imal/jma-eng/jma-center/nwp/nwp-top.htm, last accessed:
30 July 2022).

Boundary
conditions of
CTMP

Domain 1: monthly climatological data simulated by a global model
Gases : MRI-CCM2 (Deushi and Shibata, 2011)
Aerosols: MASINGAR-mk2 (Tanaka et al., 2003; Tanaka and Ogj,
2017; Yumimoto et al., 2017;)

Domain 2: Domain 1

Time intervals

1 h (output of NHM and input/output of CTM)

Emission

Anthropogenic East Asia: REASv3.2.1 (2015 base)

(Kurokawa and Ohara, 2020)

*REASV3.2.1 was updated from v3.2 in Dec 2021.
Japan: PM2.5El (2012 base) (Morikawa, 2017)

+ EAGrid for navigation (2010 base)

(Fukui et al., 2014; Kannari et al., 2007)

Biomass burning | GFED v4 (Giglio et al., 2013)

Biogenic VOC MEGAN v2 (Guenther et al., 2006)

Volcano SO, Observation data of JMA

Mineral dust Inline calculation based on the method of Han et al. (2004)
Sea salt Inline calculation based on the method of Clark et al. (2006)

a. NHM-Chem is coupled with the meteorological model NHM offline or online. In the
case of offline coupling, drive NHM first and then the chemical transport model using
the results of the meteorological simulation.

b. Chemical transport model (CTM) part of NHM-Chem




Table S2. List of MIR for the SUPRC-99 VOC group (derived regarding Carter, 2000)

Name name description in weighted MIR  |weighted MIR [species Weight [MIR MWT
NHM-Chem (g-Oa/ (mol-Os/ % (9-Os/g- |(g-NMVO
g-NMVOC) mol-NMVOC) NMVOC)|C/mol-NM
VOC)
hcho formaldehyde 9.27 5.80 formaldehyde 100.0 [9.27 30.03
meoh methanol 0.77 0.51 methanol 100.0 |0.77 32.04
mek ketones and other 1.70 3.05 Cyclobutanone 12.5 0.77 70.09
non-aldehyde Methyl Ethyl Ketone  |12.5 1.59 72.11
oxygenated products Cyclopentanone 12.5 1.51 84.12
(slower with OH) 3-Pentanone 125 [1.55 86.13
2-Pentanone 12.5 3.34 86.13
Methyl t-Butyl Ketone |12.5 0.86 100.16
Hydroxy Acetone 12.5 3.22 74.08
Diacetone Alcohol 12.5 0.76 116.16
prod2 ketones and other 2.45 6.02 Cyclohexanone 9.1 1.76 98.15
non-aldehyde 4-Methyl-2-Pentanone [9.1 4.62 100.16
oxygenated products Methyl n-Butyl Ketone [9.1 3.82 100.16
(faster with OH than Di-Isopropyl Ketone  [9.1 1.80 114.19
5e-12 cm3/molec2/sec) 2-Methyl-3-Hexanone [9.1 1.98 114.19
2-Heptanone 9.1 3.05 114.19
2-Octanone 9.1 1.81 128.22
2-Nonanone 9.1 1.42 142.24
Di-isobutyl ketone 9.1 3.22 142.24
(2,6-dimethyl-4-heptan
one)
2-Decanone 9.1 1.14 156.27
Methoxy Acetone 9.1 2.33 88.11
cco_oh |acetic acid 0.83 1.05 Acetic Acid 100.0 |0.83 60.5
ccho acetaldehyde 7.25 6.65 acetaldehyde 100.0 |7.25 44.05
acet acetone 0.45 0.54 Acetone 100.0 |0.45 58.08
phen phenol 1.89 3.71 Phenol 100.0 [1.89 94.11
hcooh  [formic acid 0.09 0.05 Formic Acid 100.0 |0.09 30.03
rcho lumped c3 + aldehydes [5.65 11.03 Propionaldehyde 6.7 8.43 58.08
2-Methylpropanal 6.7 6.30 72.11
Butanal 6.7 7.15 7211
Pentanal 6.7 6.10 86.13
2,2-Dimethylpropanal [6.7 5.78 86.13
3-Methylbutanal 6.7 5.91 86.13
Glutaraldehyde 6.7 5.18 100.12
Hexanal 6.7 5.17 100.16
Heptanal 6.7 4.40 114.19
Octanal 6.7 3.79 128.22
C4 aldehydes 6.7 7.15 72.11
C5 aldehydes 6.7 6.10 86.14
C6 aldehydes 6.7 5.17 100.16
C7 aldehydes 6.7 4.40 114.19
C8 aldehydes 6.7 3.79 128.22
gly glyoxal 14.81 17.91 Glyoxal 100.0 [14.81 58.04
mgly methyl glyoxal 16.99 25.51 Methyl Glyoxal 100.0 [16.99 72.07
bacl biacetyl 21.75 39.01 Biacetyl 100.0 |21.75 86.09
cres cresols 2.41 5.43 m-cresol 33.3 2.41 108.14
p-cresol 33.3 2.41 108.14
o-cresol 33.3 2.41 108.14
bald aromatic aldehydes (e.g. |-0.51 -1.13 Benzaldehyde 100.0 |-0.51 106.13
benzaldehyde)
methacr |methacrolein 6.67 9.74 Methacrolein 100.0 |6.67 70.09
o)
mvk methyl vinyl ketone 10.05 15.10 Methylvinyl ketone 100.0 [10.05 72.11
isoprod [lumped isoprene product |8.53 13.87 Crotonaldehyde 50.0 10.34 70.09
species Hydroxy Methacrolein |50.0 6.71 86.09
ethene |ethene 9.53 5.57 ethene 100.0 [9.53 28.05
isoprene |isoprene 11.48 16.29 isoprene 100.0 [11.48 68.12
trp1 terpens 4.05 11.61 a-Pinene 38.0 [4.51 136.24




b-Pinene 27.0 3.58 136.24
3-Carene 17.0 |3.47 136.24
Sabinene 10.0 [3.96 136.24
d-Limonene 9.0 4.25 136.24
ALK1 alkanes and other 0.35 0.22 ethane 100.0 |0.35 30.07
non-aromatic comp.,
react only with OH, kOH
< 5.e2 /ppm/min) ::
almost ethane
ALK2 alkanes and other 0.91 0.70 propane 59.0 0.64 441
non-aromatic comp.,
react only with OH, kOH acetylene 410 [1.31 26.04
<2.5e3
ALK3 alkanes and other 1.48 1.81 n-butane 68.0 1.48 58.12
non-aromatic comp., -
react only with OH, kOH isobutane 30.0 1.48 58.12
<5.e3 2,2-dimethylbutane 2.0 1.45 86.18
ALK4 alkanes and other 1.95 3.18 isopentane 45.0 1.87 72.15
non-aromatic comp., n-pentane 18.0 1.77 72.15
react only with OH, kOH 2-methylpentane 11.0  ]2.02 86.18
<1.e4 3-methyl pentane 8.0 2.33 86.18
2,4-dimethylpentane (5.0 1.90 100.21
methylcyclopentane  |5.0 2.46 84.16
n-hexane 4.0 1.71 86.18
2,3-dimethyl butane  [3.0 1.28 86.18
cyclopentane 2.0 2.65 70.14
ALK5 alkanes and other 1.53 3.65 2,4-Dimethyl Hexane [11.0 2.13 114.23
non-aromatic comp., n-Decane 10.0 0.97 142.29
react only with OH, kOH 3-Methyl Hexane 100 [1.66 100.21
>1.e4 n-Heptane 7.0 1.48 100.21
2,3-Dimethyl Pentane [6.0 1.75 100.21
2-Methyl Heptane 6.0 2.02 114.23
4-Methyl Heptane 6.0 1.67 114.23
2,4-Dimethyl Heptane [5.0 1.75 128.26
Methylcyclohexane 4.0 2.09 98.19
2,6-Dimethyl Octane 4.0 1.44 142.29
n-Nonane 4.0 1.10 128.26
n-Octane 4.0 1.28 114.23
Cyclohexane 4.0 2.02 84.16
2-Methyl Hexane 3.0 1.74 100.21
4-Methyl Octane 2.0 1.31 128.26
2-Methyl Octane 2.0 1.15 128.26
4-Methyl Nonane 2.0 1.18 142.29
2-Methyl Nonane 2.0 1.02 142.29
n-Dodecane 2.0 0.81 170.34
Ethylcyclohexane 1.0 1.95 112.22
n-Undecane 1.0 0.88 156.31
3,6-Dimethyl Decane |1.0 1.03 170.34
ARO1 aromatics with kKOH < 3.64 7.00 Toluene 70.0 4.24 92.14
2.e4 /ppm/min n-Propyl Benzene 10.0  |2.40 78.11
Ethyl Benzene 10.0 3.03 106.17
Benzene [a] 7.0 0.91 78.11
s-Butyl Benzene 2.0 2.15 134.22
Isopropyl Benzene 1.0 2.53 120.2
(cumene)
ARO2 aromatics with kOH > 9.06 21.21 m-Xylene 22.0 11.40 106.17
2.e4 /ppm/min p-Xylene 22.0 |4.56 106.17
o-Xylene 20.0 7.87 106.17
1,3,5-Trimethyl 14.0 11.76 120.2
Benzene
1,2,3-Trimethyl 14.0 11.74 120.2
Benzene
1,2,4-Trimethyl 9.0 7.57 120.2
Benzene
ORE1 alkenes with kOH < 7.e4 (8.19 12.42 Propene 29.0 12.19 42.08
/ppm/min 1-Hexene 24.0 6.09 84.16




(other than ethene) 1-Butene 12.0 10.91 56.11
1-Pentene 11.0 8.00 70.14
1-Heptene 11.0 4.49 98.19
1-Nonene 5.0 2.82 126.24
3-Methyl-1-Butene 3.0 7.72 70.14
1-Octene 2.0 3.42 112.22
1-Undecene 2.0 2.09 154.3
1-Decene 1.0 2.39 140.27
ORE2 alkenes with kOH > 7.e4 (9.49 14.74 trans-2-Pentene 13.0 10.86 70.14
/ppm/min cis-2-Pentene 13.0 10.86 70.14
trans-2-Butene 10.0 14.51 56.11
Isobutene 10.0 6.59 56.11
cis-2-Butene 8.0 13.81 56.11
2-Methyl-1-Butene 8.0 6.78 70.14
Styrene 7.0 217 104.15
1,3-Butadiene 5.0 12.88 54.09
2-Methyl-2-Butene 4.0 14.97 70.14
Trans-2-Hexene 4.0 8.69 84.16
Cis-2-Hexene 4.0 8.69 84.16
Trans-3-Heptene 4.0 7.26 84.16
Trans-4-Nonene 2.0 4.96 128.26
Trans-4-Octene 2.0 6.02 112.22
Trans-2-Heptene 2.0 7.10 98.19
Trans-5-Undecene 2.0 3.73 154.3
Cyclohexene 1.0 5.47 82.15
Trans-4-Decene 1.0 4.27 140.27




