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Abstract: Sporadic efforts have been introduced to control emissions in Delhi, but the air quality has
declined further due to the rapid development of different sectors. In this study, the impact of various
mitigation scenarios on air quality for PM;, ozone, and its precursors are studied using a chemical
transport model, namely WRF-Chem. The Emission Database for Global Atmospheric Research
emission inventory was modified and introduced into the WRF-Chem model to assess the impact
of selected emission control scenarios on different sectors. The simulations were conducted with
reduced emissions for these sectors over the study domain: (a) implementation of Bharat Stage—V]I
norms in the transport sector, (b) conversion of fuel from coal to natural gas in the energy sector,
and (c) fuel shift to LPG in the residential sector. The transport sector noted a decrease of 4.9% in
PMj, 44.1% in ozone, and 18.9% in NOx concentrations with emission reduction measures. In the
energy sector, a marginal reduction of 3.9% in NOx concentrations was noted, and no change was
observed in PMy and ozone concentrations. In the residential sector, a decrease of 8% in PM-10,
47.7% in ozone, and 49.8% in NOx concentrations were noted. The VOC-to-NOx ratios were also
studied, revealing the ozone production over the study domain was mostly VOC-limited. As the
inclusion of control measures resulted in varying levels of reduction in pollutant concentrations, it
was also studied in the context of improving the air quality index. The WRF-Chem model can be
successfully implemented to study the effectiveness of any regulated control measures.

Keywords: WRF-Chem; pollution mitigation; EDGAR emissions; VOC/NOX; air quality index;
megacity Delhi

1. Introduction

The cost of the increasing urbanisation of Delhi city has manifested in the rise of
ambient levels of particulate matter and gaseous pollutants due to the unending increase in
motor vehicle emissions, along with other anthropogenic sources [1]. Sporadically, efforts
have been introduced to improve air quality by adopting measures to control emissions
in Delhi. However, the impact of these interventions has been negated by the rapid
development of different sectors, which has further deteriorated the air quality [2]. Air
pollutants emitted from diverse sources have detrimental impacts, which are of serious
concern in urban cities in India.

The emission inventories are compiled for different pollutants from different sectors,
such as energy sources—transport, power, industries, residential, etc.—and nonenergy
sources, such as fugitive emissions from construction, storage, and handling of fuels,
road dust, etc. [3]. An emission inventory generally comprises criteria pollutants, such as
nitrogen oxides (NOx), sulphur dioxide (SO;), carbon monoxide (CO), PM;g, and PM;,
along with ammonia (NH3) and volatile organic compounds (VOCs), which serve as
precursors to secondary particulate matter (PM) and ozone [4]. Besides these pollutants,
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other greenhouse gases and climate forcers, such as black carbon and brown carbon, are
also included in the emission inventories on regional, continental and global scales [5-7].

In India, past literature shows efforts to estimate emissions for different sources and
pollutants [3,4,8-21]. Most of these studies focussed on the development of emission
inventories for Delhi. Gargava et al. [4] derived a speciated PM;( emission inventory for
primary species, including elemental carbon, organic carbon, nitrates, sulphates, and metals,
for 2007 over the metropolitan area of Delhi. Sahu et al. [22] developed a high-resolution
emission inventory of PM; 5 and PMj, for 2010 over Delhi, which was developed for
forecasting air quality during the Commonwealth Games 2010 as part of the System of Air
Quality Forecasting and Research (SAFAR) project. Goel and Guttikunda [14] performed a
retrospective and prospective analysis of 40 years (1990-2030) of on-road vehicle exhaust
emissions and updated dynamic emissions factors for the fleet. Gurjar et al. [16] constructed
an emission inventory, employing an emission factor-based approach for source categories
over a decade (1990-2000) for Delhi.

The gridded emission inventory is a crucial input to atmospheric models for simulating
atmospheric pollutants and an essential component of an air quality management plan that
enables assessment of the progress in achieving the cleaner air goal over time [3]. Mohan
etal. [17] prepared a gridded emission inventory for Delhi from annual emission data taken
over a decade (1990-2000) using a top-down approach. The annual emission inventories
compiled over defined regions can be apportioned in time and space to assist air quality
modelling, relating emissions to ambient pollutant concentrations [4,23]. Such atmospheric
chemical modelling facilitates the appropriate selection of emission reduction measures
and evaluation of the adverse effects on human health, climate, visibility, cultural heritage,
etc. [4]. An essential component of an air quality management strategy is the effective
inclusion of emission reduction scenarios using the atmospheric chemical models. With this
background, we aim to assess the improvement in air quality for specific emission reduction
scenarios in the megacity Delhi in the National Capital Region (NCR) of India. The study
employs a chemical transport model, namely WRF-Chem into which a user-modified global
emission inventory, EDGAR, has been incorporated. The study also examines the role of
atmospheric chemistry in influencing ambient levels of key secondary pollutants, such as
ozone and particulate matter, in Delhi for the different control options, to understand the
implications for regulatory purposes.

2. Emission Inventory

EDGAR (Emission Database for Global Atmospheric Research) provides global an-
thropogenic emissions of greenhouse gases and air pollutants by country and on spatial
grid. The EDGAR emission dataset used in the present study is Hemispheric Transport of
Air Pollution (HTAP). EDGAR compiled the HTAP inventory, which is based on the Model
Intercomparison Study for Asia (MICS-Asia), Environmental Protection Agency (EPA) for
USA, EPA and Environment Canada (EPA-US/Canada), and Netherlands Organisation for
Applied Scientific Research (TNO) for Europe, at a spatial resolution of 0.1° x 0.1°. The
dataset includes emissions for CO, SO,, NOx, NMVOC, PM;o, PM, 5, NH3, BC, and OC
using regional emission grid maps for the years 2008 and 2010, at annual and monthly
temporal resolutions [24]. The dataset consists of emissions from seven sectors of human
activities, which are residential, power, industry, ground transport, agriculture, aviation,
and shipping, to yield global, sector-specific grid maps for each year and substance. For
Asia, all emissions from all sectors are included except international aviation, international
shipping, and agricultural waste burning [24]. The EDGAR inventory was selected as it
is readily available on the global domain, compared to the site-specific inventory for the
regional domain. Although the selected inventory is relatively coarse, it incorporates all
major sector contributions to each pollutant, similar to any site-specific inventory.
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3. Methodology
3.1. Contribution of Different Emission Sectors

The primary step in air quality control planning is identifying significant sources of
pollutants” emissions. Hence, the contribution of different emissions sectors was quantified
to effectively assess mitigation measures. Figure 1 represents the contribution of differ-
ent sectors to PMjg and NOx emissions based on the EDGAR emission inventory over
India’s NCR for June 2010 and December 2010. It was noted that the total PM;5 and NOx
emissions in December 2010 were higher than those in June 2010, but the relative sectoral
contribution was similar in both months. The relative reduction being the same led to a
similar conclusion. Further, the secondary reaction rates were higher in the summer season
(June). Thus, considering conservative emission estimates, simulations were performed for
the entire month of June 2010 for implementation of the emission reduction measures. The
simulation period was representative of the entire year, based on the month experiencing
high pollution levels due to episodes of dust storms along with sector contribution to
the pollutants.
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Figure 1. Contribution of different sectors to PMjj (a,c) and NOx (b,d) EDGAR emissions over NCR
in June 2010 (upper panel) and December 2010 (lower panel) at 0.1° x 0.1° resolution (EDGAR
emission inventory).

3.2. Selection of Air Pollution Control Scenarios

This section discusses the control scenarios adopted for this study. The emissions were
reduced in the EDGAR emission inventory for the Delhi NCR domain to assess the air
pollution control scenarios.

As Delhi has multiple sources, such as vehicles, industries, residential, etc., it is critical
to examine the constraints, such as technical, fiscal, administrative, and others, for propos-
ing emission scenarios, with a view to understand their applicability to the city. Under the
aegis of the Central Pollution Control Board, Government of India, a detailed study was
conducted by the National Environmental Engineering Research Institute (NEERI) to assess
air pollutant levels in different parts of Delhi [1]. The study listed numerous emission
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control options for Delhi after projection analysis. The emission reduction scenarios that
were adopted in the present study are based on the NEERI report [1]. The three emission
control options considered for this study are presented in Table 1. These three different
mitigation scenarios were accomplished with a reduction in the (a) transport sector, with the
implementation of Bharat Stage VI (BS-VI) norms, which are emission standards placed by
the government to regulate the output of air pollutants from internal combustion engines
and spark-ignition engine equipment including motor vehicles [25], similar to Euro-6 stan-
dards in the European Union; (b) energy sector, by converting coal-based power plants and
industries to natural gas; and (c) residential sector, with a fuel shift to liquefied petroleum
gas (LPG). Improvement in the air quality was assessed based on reduction in PM and NOx
emissions for each of the three control scenarios. The control scenario for the transport
sector involved the implementation of Bharat Stage VI (BS-VI) emission norms for the new
vehicles, with an expected reduction of 29.1% in PM emissions and 23.6% in NOx emissions.
For the energy sector, the conversion of coal-based power plants and industries to natural
gas (NG) led to a reduction in PM emissions of 0.06% and in NOx emissions of 36.69%. In
power plants and industries, natural gas is considered a cleaner and better fuel option than
coal [1]. In the residential sector, the control measure introduced a shift to LPG, resulting
in a 68.4% reduction in PM emissions and a 69.47% reduction in NOx emissions. LPG is
considered a cleaner fuel, compared to kerosene, wood, and coal, for domestic cooking as
well as commercial units such as restaurants, hotels, and bakeries [1].

Table 1. Proposed emission scenarios for the different sectors for PM and NOx emissions (Source:
NEERI, 2008).

Sector Scenario PM NOx
Transport Implementation of BS-VI —29.1% —23.6%
Energy Coal to NG —0.06% —36.69%
Residential Fuel shift to LPG —68.4% —69.47%

3.3. Incorporation of Mitigation Scenarios in WRF-Chem

The WRF-Chem model version 3.5 was employed to assess the changes in simulated
pollutant concentrations after adopting the aforementioned mitigation measures. The
physical parameterisation and chemistry schemes were selected based on the various
sensitivity analysis studies performed for the same region [26-28]. These were the Lin
et al. [29] microphysics parameterisation; the Noah land surface model [30]; the ACM2
PBL scheme [31]; the Kain—Fritsch cumulus parameterisation scheme [32]; the Goddard
scheme for atmospheric shortwave radiation; the rapid radiative transfer model (RRTM)
for longwave radiation; the MOSAIC aerosol scheme, coupled with the CBMZ gas-phase
mechanism [33]; and the Madronich [34] photolysis scheme.

The WRF-Chem model requires terrestrial and meteorological data inputs. USGS 24
classification category land-use data was used to interpolate topography and land use with
a spatial resolution of 30”. Meteorological initial and boundary conditions were obtained
from the National Centre for Environmental Prediction (NCEP), with final analysis data
(FNL) of 1° resolution. These datasets can be downloaded from the WRF model website [35].
As described in the previous section, the model’s chemical module requires emission input
obtained from EDGAR. Chemical initial and boundary conditions were extracted from
the model for ozone and related chemical tracers, version 4 (MOZART-4) global chemical
transport model. The simulation domain is shown in Figure 2. The parent domain covers
part of Asia at a resolution of 54 km x 54 km, the first nested domain surrounds India at
18 km x 18 km, the second nested domain at a resolution of 6 km x 6 km and the third
nested domain encapsulates the National Capital Region (NCR). The fourth domain encom-
passing the NCR includes the National Capital Territory (NCT) of Delhi and surrounding
areas (i.e., 22 districts) of Haryana (13 districts), Uttar Pradesh (7 districts), and Rajasthan
(2 districts), representing the land-use land-cover of the region, as designated by the U.S.
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Geological Survey (USGS) 24 category dataset. The dominant land-use land-cover across
the entire region is dry cropland, with some parts of Delhi under the urban and built-up
land category. The changes in emissions were implemented for the Delhi region in the third
nested domain.
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Figure 2. Simulation domains covering Asia (54 km x 54 km resolution) as domain 1, India
(18 km x 18 km resolution) as domain 2, parts of north India (6 km x 6 km resolution) as domain 3,
and domain 4 enveloping the National Capital Region of India (2 km x 2 km resolution).

The emission control scenarios adopted from NEERI [1] were implemented by mod-
ifying the monthly EDGAR-HTAP emission inventory for PM;g and NOx emissions for
each of the three scenarios mentioned in Table 1. The emissions were modified using the
HDFView version 3 tool. HDFView is a Java-based tool that allows browsing and editing
of HDF4- and HDF5-format files. The editing features of the tool allow the user to modify,
create, and delete the value of the HDF objects and attributes. HDFView enables the user
to view the data content as an image, plain text, or a table [36]. The original and modified
EDGAR-HTAP emissions for NOx and PMj for the three control scenarios over Delhi are
shown as a grid in Tables S1 to 56 in the supplementary material.

The original and modified emissions were introduced in the WRF-Chem model, and
the impact of the reduction in emissions was studied using the simulated pollutant con-
centrations. Daily average values of PMjy and NOx and 8-h average values of ozone were
analysed to study the impact of the sector-wise implementation of emission reduction.
These averaging intervals for PMj9, NOx and ozone were selected based on the air quality
standards in India [37]. These ambient concentrations were averaged for the air quality
monitoring stations in Delhi.

4. Results & Discussion

This section evaluates the impact of the selected emission reduction scenarios on
ambient concentrations over Delhi using the WRF-Chem model. The EDGAR emission
inventory was edited to indicate the reductions, and then the modelling system was used
to investigate the differences between the various control scenarios and the nonreduction
simulation. The following subsections discuss the same for pollutants PM;y and ozone. In
a previous study [26], the authors discussed the model validation of these two pollutants
using the WRF-Chem model and EDGAR emission inventory for the same period and
domain. It was noted that the fractional bias for PM;y and ozone was 0.01 and —0.55, respec-
tively. The value of the index of agreement was 0.71 for PM;g and 0.56 for ozone [26]. The
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mentioned validation provided the confidence to perform the assessment study discussed
in the following section.

4.1. PMyo

Primary particulate matter is directly emitted to the atmosphere, which can be con-
trolled at the emission source. The NOx emissions are partly transformed into particles by
photochemical reactions in the atmosphere, thereby forming secondary particulate matter.
The nitrogen dioxide (NO;) is oxidised to nitric acid (HNO3), which in turn reacts with
ammonia (NHs3) to form ammonium nitrate (NH4NO3) particles [38].

NH; @t HNO; (8 — NH4NO;3 (s,aq) (1)

Therefore, reductions in both PM;y and NOx are studied to understand the impact
on pollutant concentrations. Figure 3 shows the reduction observed for simulated PMj
concentrations for the three emission control scenarios. In the residential sector, with
a decrease of 68.4% in PM;y emissions, the simulated PM;jy concentrations showed a
decrease that varied from 5.5 pg m 3 to 38 ug m 3. A decrease of approximately 29.1%
in PM;g emissions in the transport sector resulted in a decrease of 1.5-31 ug m~3 in PMy,
concentrations. For a 68.4% reduction in PM;y emissions in the residential sector, an average
8% decrease was observed in PM;g concentration. In the transport sector, a decrease of
approximately 5% was noted in PMj( concentration as a 29.1% reduction in PM;( emissions.
It was noted that, for the energy sector, because the change in emissions for PM;y was
negligible, no change was observed for the simulated PM;( concentrations.
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Figure 3. Reduction plots of simulated PM;( concentrations (ug m3) representing the difference
between original and proposed emission scenarios for transport (pink), residential (blue), and energy
(green) sectors, averaged for the entire simulation period over the Delhi domain. Note: No change in
concentration was noted in the energy sector.

Figure 4 shows the reduction observed for simulated NOx concentrations for the three
emission control scenarios. A slight decrease of 0.1 ug m~3 to 2 ug m~2 was observed
with energy emission reduction scenario for NOx simulated concentrations with a 36.69%
decrease in NOx emissions. A decrease of 69.47% in NOx emissions in the residential sector
led to a significant decrease, ranging between 30 png m~3 and 56 pug m~3, in simulated
NOx concentrations. Similarly, a decrease of approximately 23.6% in NOx emissions in
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the transport sector resulted in a reduction of 5-26 pg m~3 in NOx concentrations. A
reduction of 69.47% in NOx emissions in the residential sector led to an average decrease
of 49.8% in NOXx concentration. In the transport sector, a decrease of approximately 18.9%
is noted in NOx concentration with a 23.6% reduction in NOx emissions. NOx concentra-
tions decreased by approximately 3.9% with a 36.69% reduction in NOx emissions in the
energy sector.
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Figure 4. Reduction plots of simulated NOx concentrations (i1g m~2) representing the difference
between original and proposed emission scenarios for transport (pink), residential (blue), and energy
(green) sectors, averaged for the entire simulation period over the Delhi domain.

4.2. Ozone

As ozone is a secondary pollutant formed by photochemical reactions of NOx and
VOCs, the reduction in simulated ozone concentrations is studied with respect to reduction
in NOx emissions. The important chemical reactions resulting in ozone formation are
shown below [27].

HO; + NO — OH +NO, 2)
CH30; + NO — CH30 + NO, (3)
NO; +hv 2 NO +0; @)

Figure 5 shows the reduction observed for simulated ozone concentrations for the
three emission control scenarios. For the residential sector, with a decrease of 69.47% in
NOx emissions, the simulated ozone concentrations showed a decrease ranging between
4 ug m~3 and 38.5 g m 3. With a decrease of approximately 23.6% in NOx emissions in the
transport sector, the decrease noted for ozone concentrations was between 3 ug m > and
37 ug m~3. For a 69.47% reduction in NOx emissions in the residential sector, a decrease
of approximately 47.7% was observed in ozone concentration. In the transport sector, a
decrease of about 44.1% was noted in ozone concentration with a 23.6% reduction in NOx
emissions. While a slight reduction in NOx concentrations was observed for the NOx
emission reduction in the energy sector, no change was noticed in ozone concentrations.
Thus, change in the energy sector did not contribute to ozone production, unlike the other
sectors, such as transport and residential.
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Figure 5. Reduction plots of simulated ozone concentrations (ug m3) representing the difference
between original and proposed emission scenarios for transport (pink), residential (blue), and energy
(green) sectors, averaged for the entire simulation period over the Delhi domain. Note: No change in
concentration was noted in the energy sector.

The above-discussed sector-wise percentage reduction in emissions and the corre-
sponding reduction in ambient concentrations are consolidated in Table 2.

Table 2. Sector-wise percentage reduction in emissions and the corresponding reduction in
ambient concentrations.

Emission Reduction (%)

Original Concentration (ug m—3) Concentration Reduction (ug m—3)

Sector
PMyg NOx PMyq NOx Ozone PMyg NOx Ozone
Transport —29.1% —23.6% 52-445 62-104 6-73 1.5 to 31 (5%) 5 to 26 (18.9%) 3 to 37 (44.1%)
Energy —0.06% —36.69% 52-445 62-104 6-73 - 0.1to 2 (3.9%) -
Residential —68.4% —69.47% 52-445 62-104 6-73 5.5 to 38 (8%) 30 to 56 (49.8%) 4 to0 38.5 (47.7%)

Ozone is produced by a cycle of reactions involving two basic pollutants: NOx and
VOCs. Thus, it is vital to understand the role of both VOCs and NOx emissions in ozone
formation. For this purpose, VOCs-to-NOx ratios were studied. Figure 6 represents scatter
plots of NMVOCs to NOx ratio. An area is considered VOC-limited at low VOCs-to-NOx
ratio, i.e., less than approximately 4 to 1. For a high ratio, greater than approximately
15 to 1, the region is classified as NOx-limited. In a NOx-limited regime, O3 concentrations
increase with increasing NOx and are insensitive to hydrocarbons, while in a VOC-limited
regime, O3 concentrations increase with increasing hydrocarbons (VOCs). Therefore, the
formulation of a successful strategy against O3 pollution requires knowledge of the chemi-
cal regime for O3 production. In a VOC-limited regime, VOC emission controls cause a
decrease in O3 levels. However, in the NOx-limited regime, VOC emission controls are
of no benefit in decreasing O3 [39]. Scatter plots of NMVOCs to NOx ratio show whether
the ozone concentration production is VOCs limited or NOx limited. In Figure 6, it can be
inferred that for all simulations performed, ozone production was NMVOC limited. Vari-
ous sources contribute to VOCs emissions, such as vehicular exhaust, refuelling stations,
industrial hubs, diesel generator sets, etc. Srivastava et al. [40] reported source contribu-
tion to total VOCs for a traffic junction in Delhi as 43% from diesel exhaust, 24% from
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gasoline, 19% from evaporative, and 14% from other sources. Overall, in Delhi, approxi-
mately 26% to 54% of VOCs are emissions from diesel internal combustion engines [40].
As ozone production is VOC-limited, reducing VOC emissions can further help reduce
ozone concentrations.

160
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Figure 6. Scatter plots of NMVOC to NOx ratio over Delhi.

4.3. Air Quality Index Assessment

The wind speed and direction simulated by the model were validated along with the
assessment of the air quality of Delhi for PMj( and ozone. Wind roses for both observed and
simulated data (averaged over the simulation period) are plotted in Figure 7. In the present
study, the meteorology was kept uniform in all simulation cases in order to effectively
understand the changes in concentration from emissions only. Hence, the validation of
the wind was undertaken for the simulated wind from the case with no control measures.
Figure 7a shows the observed winds flowing dominantly from the west, ranging from 3.6
to 8.8 ms~1. While the simulated winds (Figure 7b) showed a similar directional pattern,
the model slightly overestimated wind speed. Although the focus of this study was on
assessing the changes in modelled pollutant concentrations due to changes in emission
inputs, the validation of wind was performed to examine the model performance for meteo-
rological variables. It was noted that the wind was well simulated by the WRF-Chem model
for the study period. Extensive temperature and wind speed validation is not included in
this manuscript. A previous study by Mohan and Gupta [26] examined and inferred that
the model performs extremely well for both parameters with low RMSEs of approximately
2.45 °C for temperature and 2.08 ms~! for wind speed, with slight overestimation. It
is assumed that model performance based on the uniform meteorological conditions
in all emission scenarios will influence the concentrations to a similar extent for all
practical purposes.



Urban Sci. 2022, 6, 27 10 of 14

NORTH NORTH
50% 50% WIND SPEED
40% 40% (m/s)
30% 30%
20% 20% [:] 2 111
10% » 1o B ss-111
EAST WEST| EAST - 5.7 - 8.8
- 3.6-5.7
|:] 2.1-3.6
[] 05-21
SOUTH SOUTH
(a) Observed (b) Simulated

Figure 7. Wind rose plots displaying the wind direction and wind speed for simulated period over
Delhi. (a) Observed, (b) simulated.

Further, air quality was assessed with and without control scenarios, based on Air
Quality Index (AQI). The AQI assessment is an effective tool for validating model perfor-
mance, as it helps quantify air quality in terms of adverse health effects on humans. The
AQI is a system for transforming air pollution levels into a single number that aims to
provide information about air quality in simple terms to the general public [41]. The AQI
varies from 0 to 500; the higher the AQI value, the greater the level of air pollution and the
greater the health concern given in Table 3. The general equation for subindex (I;) for a
given pollutant concentration Cp, is calculated as follows:

Ii = [{(In1 — Io)/(Bur — Bro) } * (Cp — Bro)] + I1o0

where
Byy = Breakpoint concentration greater than or equal to given concentration
B0 = Breakpoint concentration less than or equal to given concentration
Iy = AQI value corresponding to By
I10 = AQI value corresponding to Bro

Table 3. Concentration ranges corresponding to AQI categories and their associated health effects for
PM;( and ozone (Source: CPCB [41]).

AQI PM;jy (24-h) O3 (8-h) Associated Health Effects
Minimal Impact
Satisfactory (51-100) 51-100 51-100 May cause minor breathing discomfort to sensitive people
May cause breathing discomfort to people with lung disease
Moderately Polluted (101-200) 101-250 101-168 such as asthma and discomfort to people with heart disease,

children, and older adults
May cause breathing discomfort to people with prolonged
exposure and discomfort to people with heart disease
May cause respiratory illness to people with prolonged
exposure. Effects may be more pronounced in people with lung
and heart diseases
May cause respiratory effects even in healthy people and
serious health effects in people with lung and heart diseases.
The health effects may be experienced even during light
physical activity

Poor (201-300) 251-350 169-208
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Figures 8 and 9 display the AQI over Delhi for PM;jg and ozone, respectively. For
PM;y with original emissions, air quality was 30% ‘satisfactory’, 10% ‘poor’, 45% ‘very
poor” and 15% ‘severe’. With a reduction in transport and residential sector emissions, the
days with ‘severe” air quality were upgraded to ‘very poor’ air quality and 15% of days
with ‘good” air quality was also observed. For ozone with original emissions, the quality of
air was 60% ‘good” and 40% ‘satisfactory’. After implementing transport and residential
sector emission reduction, the air quality for ozone further improved to 90% of days with
‘good” air quality. As discussed above, reducing energy sector emissions did not result
in any change in air quality for either of the pollutants. However, with the inclusion of
control measures, pollutant concentration levels reduced, resulting in an improvement in
air quality. Further, the emission reduction scenarios showed a lesser reduction in PMyq
in comparison to ozone. One of the reasons for this may be that PMy levels are affected
by local emissions as well as long-range transport. In con-trast, ozone photochemistry is
influenced mainly by local emissions. In this case, the reduction was applied only to NCR
emissions. Consequently, there was less reduction in PMjy concentration compared to
ozone. A mix of sources contributes to the produc-tion of ambient pollutant concentration
in Delhi. The assessment of proposed control measures aids in better understanding the
effectiveness of the proposed air quality management plan.

PM,, AQI from Emission Reduction Scenarios
B Good O Satisfactory @ Moderate @ Poor BVery Poor B Severe

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Original Transport Residential Energy
Pollutant AQI

Percentage

Figure 8. Air quality index of PMj for original and proposed emission scenarios.

Ozone AQI from Emission Reduction Scenarios
B Good OSatisfactory @Moderate OPoor BVery Poor HSevere

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Original Transport Residential Energy
Pollutant AQI

Percentage

Figure 9. Air quality index of ozone for original and proposed emission scenarios.
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5. Conclusions and Future Work

The present study assesses the impact of emission control options for transport, resi-
dential, and energy sectors on improving air quality in Delhi in the National Capital Region
of India. The WRF-Chem model and modified EDGAR-HTAP emissions have been used to
estimate the reduction in PM;, ozone, and NOx pollution in the city for emission reduction
strategies in the three sectors. The main conclusions of the study are as follows:

e A decrease of about 8% (5.5 to 38 ug m~3) was noted in PMy concentrations for a
complete shift to LPG as fuel in the residential sector. A lesser reduction of about 4.9%
(1.5 to 31 ug m~3) was achieved in PMjg concentrations by adopting BS-VI emission
standards in the transport sector.

e  Areduction in residential and transport emissions led to a significant decrease of 47.7%
(4 to 38.5 ug m~3) and 44.1% (3 to 37 ug m~3), respectively, in ozone concentrations.

e Asignificant decrease of about 49.8% (30 to 56 pg m %) was noted in NOx concentra-
tions in the residential sector, in addition to an 18.9% (5 to 26 pg m~3) decrease in the
transport sector.

o  The strategy of shifting from coal to natural gas in the energy sector showed a marginal
decrease of 3.9% (0.1 to 2 pug m~3) in NOx concentrations, but negligible change in
PM;( and ozone levels.

e Ozone production in Delhi was found to be VOC-limited, indicating the importance
of reducing VOC emissions for controlling ozone levels in the city.

e  Evaluation of the air quality index revealed that ‘good” AQI, which was initially non-
existent, was observed with a 15% frequency with the implementation of emission
reduction scenarios. Days reporting ‘severe” AQI shifted to ‘very poor” AQI. Similarly,
for ozone, the air quality improved, with 90% of days with ‘good” air quality after
implementing control scenarios.

e  Lesser reduction in PM;g concentrations compared to ozone is attributed to the differ-
ence in the role of long-range transport and local emissions in influencing the ambient
levels of these pollutants.

The present study incorporates monthly anthropogenic emission input at 0.1° spatial
resolution. As analysed in the study, the contribution of both local and remote sources to
pollutant concentrations over Delhi are significant. Thereby, a finer temporal and spatial
resolution emission inventory would better capture the region’s daily highs and lows of
pollutant concentration. The model could be improved further by incorporating revised
rate constants for the given chemical reactions in the mechanism adopted in the model. An
updated and more accurate representation of the land-use land-cover (LULC) dataset of
the study region as input to the model can also improve simulated PBL height, ventilation
coefficient, and ozone and PM; simulations, which can be further studied in the future.

As Delhi experiences a mix of sources that contribute to the production of ambient
pollutant concentration and formation of secondary pollutants, the assessment of proposed
control measures via atmospheric chemical modelling could aid in a better understanding
of the effectiveness of the proposed air quality management plan. As a part of the National
Clean Air Programme (NCAP), India is moving towards the target to reduce PM;y and
PMj, 5 pollution in 102 nonattainment cities by 20-30% compared to 2019 levels. Further,
in COP26, India committed to Net-Zero Emissions by 2070. Analysis of different control
options on air quality is crucial for practical and feasible implementation. This study builds
confidence in applying the WRF-Chem model for analysing the impact of future control
options in the study area.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/urbansci6020027/s1, Table S1: Original NOx EDGAR emissions and modified NOx emissions
based on energy sector control scenario over Delhi. Table S2: Original PMjyp EDGAR emissions and
modified PM;y emissions based on energy sector control scenario over Delhi. Table S3: Original NOx
EDGAR emissions and modified NOx emissions based on residential sector control scenario over
Delhi. Table S4: Original PM;y EDGAR emissions and modified PM;( emissions based on residential
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sector control scenario over Delhi. Table S5: Original NOx EDGAR emissions and modified NOx
emissions based on transport sector control scenario over Delhi. Table S6: Original PM;yp EDGAR
emissions and modified PM;y emissions based on transport sector control scenario over Delhi.
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