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Delhi (India), host city for the 2010 Commonwealth Games, covers an area of ~2,500 square kilometers
including parts of the neighboring states of Haryana, Uttar Pradesh, and Rajasthan. The area is
collectively referred as the National Capital Region of Delhi (NCR). The region has grown rapidly over the
past 20 years -- in 1990, the total population of NCR stood at ~8.6 million and in 2011 at ~22 million
(Census-India, 2012). As India’s capital, Delhi has grown across all sectors - industry, transport, and
housing — that have contributed to an increase in air pollution (Bose, 1996; Gurjar et al., 2004, Narain
and Bell, 2006; Kandlikar, 2007, Mohan et al., 2007; Guttikunda, 2009; Firdaus and Ahmad, 2011,
Guttikunda and Gurjar, 2011). This, in turn, has increased health risks, reflected by an increase in

respiratory ailments (Chhabra, et al., 2001; Pande et al., 2002;
Khaturia and Khan, 2007).

Over the past decade, a number of green initiatives have been

introduced to address city’s pollution problem, including DE I Hl l
The largest ever compressed natural gas (CNG) switch

Fig.01: Mail Today, March 3", 2009

Capital has more toxic particles in its
air than other major Indian metros

for more than 100,000 public transport vehicles (buses, 9

three wheelers, and taxis) (DTC, 2010). In the early lNDlA S
2000’s this resulted in significant decrease in PM

pollution, with the largest improvement coming from ASTHMA
retrofitting approximately 3,000 diesel buses (DTE,

2002; Kathuria, 2005; Kumar and Foster, 2007; Chelani

and Devotta, 2007).

Before the 2010 Commonwealth Games, a large part
of the retrofitted fleet was replaced with newer CNG
buses and the fleet size increased to around 5,000;
along with implementation of special transport corridors during the Games, which succeeded as
a pilot for future bus rapid transport application.

The city also benefitted from the completion of the Metro Phase-ll, increasing the coverage
from 65 km in Phase | to 180 km, including an express line from the city center to the
International Airport. This resulted in a drop in on-road vehicle density towards the satellite
cities of Gurgaon and Noida.

Conversion of coal based thermal power plants within Delhi to gas based power plants (SoE-
Delhi, 2010) and relocation of the coal and fuel oil based industries, including brick kilns, to the
city outskirts, following the Supreme Court orders, (Narain and Bell, 2006).

While these initiatives helped improve the quality of air in the city and thus the respiratory
health for the citizens of Delhi, they have nevertheless fallen short in keeping up with the
daunting challenges posed by the growing sources of air pollution. The benefits of leapfrogging
to alternative fuels like CNG is outdone by the increasing number of passenger vehicles on road,
lack of enough public transport buses, growing demand for electricity leading to use of in-situ
generator sets, and industrial growth.
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Fig.02: Old Bus Fig.03: New Bus Fig.04: Metro System
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For the period of 2008 and 2011, at the seven monitoring stations in the city PM2.5 averaged 123 + 87
ug/m® and PM10 averaged 208 + 137 pg/m’. PM10 refers to particulate matter with aerodynamic
diameter < 10um and PM2.5 refers to particulate matter with aerodynamic diameter < 2.5um, and the
annual ambient air standards for PM10 and PM2.5 are 60 pg/m3 and 40 ug/m3 respectively. The
pollution levels are worse in the winter months with concentrations at least double the annual averages,
due to increased emissions from heating, and meteorological conditions (Guttikunda and Gurjar, 2011).
In December 2011, the daily average PM2.5 was 267 + 105 ug/m® and PM10 was 368 + 116 pg/m® at
four stations in Delhi.

Fig.05: PM, s Measurements in December 2011 Fig.06: PM;, Measurements in December 2011
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Apte et al., (2011) highlighted the risks of exposure to air pollutants on the roads of Delhi, which can be
~1.5 times the ambient levels for PM2.5. Enriched trace elements are also reported in urban and rural
environments (Chowdhury et al., 2007; Shridhar et al., 2010). While the health impacts of air pollution
are known (Chhabra, et al., 2001; Pande et al., 2002; HEI (2004 and 2010)), relatively few studies have
developed a comprehensive emissions inventory for the criteria pollutants and investigated the source
contribution for the city as a whole. The Central Pollution Control Board (CPCB) of India published sector
contributions based on established PM pollution source apportionment methodologies, highlighting the
role of vehicle exhaust emissions, re-suspension of road dust, diesel generator sets, domestic fuel
burning, and industrial emissions and discussed an emissions inventory for areas surrounding the
monitoring sites, where the source apportionment sampling was conducted (CPCB, 2010). However,
these are not for the city as a whole. Knowledge about the spatial spread of emissions across the city is
necessary to assess their impacts on the ambient pollution levels and health (Johnson et al., 2011).
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Sources of Air Pollution in Delhi

In this paper, we present results of a bottom-up emissions inventory, an analysis of source-receptor
relationships for PM10 and PM2.5 for residential and industrial areas in the region, and implications of
sector based interventions on the air pollution control policy, for the city of Delhi.

The study domain, presented in Fig.07 covers Delhi Fig.07: Study domain over the NCR Delhi
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Shrestha, 2009; Zhang et al., 2008, Kan et al., 2004; Tung et al., 2011; EEA, 2002 and 2010;
Ramachandra and Shwetmala, 2009; Reddy and Venkataram, 2002; Garg et al., 2006; Singh et al., 2008;
Baidya and Borken-Kleefeld, 2009, Majumdar and Gajghate, 2011). Recently, similar methodology was
utilized in India for the cities of Delhi, Mumbai, Pune, Bangalore, Kanpur, and Chennai for the base year
2006-07 (CPCB, 2010). We acknowledge the uncertainties involved in the use of available emission
factors instead of us calculating emission factors for every activity which is an expensive and time
consuming process. Our method allows us to better understand the pollution sources in the city and the
accordingly formulate policy to improve air quality (Schwela et al., 2006; Johnson et al., 2011).

Vehicle Exhaust

We used the ASIF methodology by Schipper et al., (2000) to calculate vehicular emissions. In this method
total travel activity (A) and modal shares (S) describe how much people travel by mode (in vehicle-km
traveled per day), modal energy intensity (I) represents energy use per kilometer, and the emission
factor (F) is the emitted mass per vehicle-km travelled. Table 1 lists a summary of registered vehicles in
the NCR. The types of vehicles included are passenger cars (30%), taxis (<1%), 2-wheelers (motorcycles
and scooters, 61%), 3-wheelers (<1%), buses (urban and inter-state, ~2%), and multi-utility and
commercial vehicles (~4%). We obtained passenger travel statistics from MoUD (2008). The Ministry of
Urban Development (MoUD, Government of India) studied these patterns in 30 big, medium, and small
scale cities in India. The age mix of on-road vehicles is calculated using data from the “pollution under
check” program, under which all passenger and para-transit vehicles are required to undergo emission
tests and receive an inspection and maintenance certificate. We did not utilize the emission rate results
from these tests, as they are based free-acceleration tests conducted along the road-side for compliance
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and do not include a full driving cycle. We used emission factors for the Indian vehicle fleet by ARA/
(2007) and CPCB (2010). In this work, we mostly refer to the latest studies of Reynolds et al. (2011)
which measured emissions factors between CNG, petrol, and diesel based 3-wheelers on Delhi roads,
integrated with DIESEL (2008) and GAINS (2010).

capital region of Delhi, India

Table 1: Number of registered vehicles in 2007, 2008, 2009, and 2010 in the national

March, 2007 | March, 2008 March, 2009 March, 2010
Cars 1,536,900 1,668,900 1,802,300 1,946,450
MUV (Passenger) ° 77,850 78,750 78,900 81,300
Two Wheelers ° 3,377,100 3,616,450 3,846,750 4,126,500
LMV (Passenger) 193,300 212,000 230,050 244,750
Buses ° 127,850 129,000 130,550 134,850
HDV (Goods) 87,800 89,100 89,650 92,250
LMV (Goods) 91,700 105,350 124,200 141,600
Total 5,493,000 5,900,000 6,303,000 6,768,000

Source: Ministry of Road Transport and Highways, Government of India (MoRTH, 2011)

MUV = multiple utility vehicles; LMV = light motor vehicle; HDV = heavy duty vehicle;

(a) includes jeeps, vans, and sport utility vehicles; (b) includes mopeds, scooters, and motorcycles;
(c) includes three and four wheeler passenger vehicles, which can carry three to seven passengers
per trip, and local and radio taxis; (d) includes public transport, contract, school, and private stage
carriers; (e) includes trucks, lorries, ambulances, and police and other state owned vehicles; (f)
includes three and four wheeler goods vehicles.

Road Dust

Fig.08: Dust on roads

Re-suspension of road dust is a significant source of air pollution in
most Asian cities (Johnson et al., 2011) and contributes as much as
30% to the ambient PM10 concentrations in Delhi, particularly along
the transport corridors and residential areas (Balachandran et al.,
2004; Srivastava et al., 2009; Shridhar et al., 2010; CPCB, 2010). A
few monitoring and source apportionment studies established
empirical functions that estimate re-suspension rates in the United
States, Europe, and China (Abu-Allaban et al., 2003; Etymezian et al.,
2003; Gillies et al, 2005; USEPA, 2006; EEA, 2009; Amato et al.,
2011; Berger and Denby, 2011). We estimated re-suspension of dust
on roads using the USEPA AP-42 methodology (USEPA, 2006), which
suggests its application for average road speeds less than 55 mph
(this is however 2 times more than the observed speeds in Delhi
(Apte et al., 2011)). The average road dust re-suspension rates of 4.8
grams per vehicle km traveled for feeder roads, 5.8 for arterial roads,
and 10.5 for main roads, are calculated based on the vehicle density
and mix of vehicles, silt loading, and vehicle speeds, on each of these
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road types. We used vehicle density figures from studies by the Central Road Research Institute (CRRI,
New Delhi, India). The density figures account for type of vehicle, for instance heavy duty trucks
primarily travel on the highways and ring roads and the light duty commercial vehicles, buses, and
passenger cars plying on a mix of roads.

Industrial and Construction Activities

NCR has several commercial areas where smelters, tanning, textiles, manufacturing, chemicals, paper,
and pharmaceuticals operate. These clusters (Fig.07) are located in Faridabad (in the south), Ghaziabad
(in the east), Janakpuri (in the west), and Gurgaon (in the south). SoE (2010) lists ~6,000 individual units
located in these clusters and the location information is gathered from the EICHER mapping division in
New Delhi, India. The total energy consumption is approximately ~43 PJ, fueled by coal and coke (25%),
fuel oil (35%), gas (7%), and diesel (33%) (GAINS, 2010; CPCB, 2010). We used emission factors from
previous studies (Reddy et al., 2002; Gurjar et al., 2004; GAINS, 2010; CPCB, 2010).

The construction sector is rapidly growing in India. This includes brick and cement manufacturing. In
case of NCR, the brick kilns are located just outside the Delhi city limits, mostly along the border. The
black dots in Fig.07 show the location of ~1,000 kilns in the study domain, with a production capacity of
~25,000 bricks per day, using a mix of coal and biomass. The area covered by the black boxes drawn
north of the outer ring road contains most of the kilns (~*60%). Brick manufacturing in northern India is
dominated by small individual operators, each consisting of 200 to 300 daily wage workers per kiln,
employed on a seasonal basis (Gupta, 2003). Most of the installations are conventional fixed chimney
bull trench kilns that are more polluting and energy-inefficient as compared to the newer, cleaner
technologies, as Hoffmann, high draught or vertical shaft brick kilns (CAl-Asia, 2008; World Bank, 2010).
Similar kilns are found in most of Northern India, along the Indo-Gangetic plain, and around the cities of
Bangalore, Chennai, and Hyderabad (in South India) (/sebelle et al., 2007). We calculated emissions of
this sector based on brick production rates for the manufacturing season (non-monsoonal months) and
used the following emission factors (in grams per brick produced) of 3.4 for PM,; 4.6 for PM,g; 1.5 for
S0O,; 2.5 for NOy; 64.0 for CO; and 420 for CO, (Maithel et al., 2012). These rates are lower than those
observed at the brick kilns in Dhaka, operating under similar conditions and utilizing similar technology,
primarily due to differences in fuel mix (World Bank, 2007; Guttikunda et al., 2012). We also included
construction activities to estimate re-suspension of dust that has an impact on PM emissions.

Fig.09 Brick kilns around NCR Delhi
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Electricity Generation

Six major power plants are located within the modeling domain of this study (Fig.07). A summary of
their location, fuel consumption, and flue gas characteristics is presented in SoE-Delhi (2010). The power
plants located in the city (Indraprastha, Rajghat, and Pragati) are natural gas based and while those
outside (Faridabad, Badapur, and Dadri) are coal based. Their combined generation capacity is 2,700
MW, with an average fuel consumption rate of 800 kg of coal and 250 m? of natural gas per MW-hour
(Kansal et al., 2009).

Fig.10 Power Plants in the modeling domain of NCR Delhi
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While most of the electricity needs are met by the power plants, areas such as Gurgaon, Noida,
Faridabad, and Ghaziabad, supplement their power needs using in-situ diesel generator sets. Large
capacity generators in hotels, hospitals, malls, markets, large institutions, apartment complexes,
cinemas, and farm houses are a source of emissions. These are estimated using on-site surveys for fuel
consumption. For example, a five-star hotel or a big hospital is estimated to consume ~30,000 liters of
diesel per month and a campus like the Indian Institute of Technology consumes ~80,000 liters per
month. The total diesel consumption in the in-situ generator sets is estimated at ~60 PJ.

Fig.11 Diesel generators in use
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Emissions factors for power plants and diesel generators are from GAINS (2010).
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Domestic Sector

We estimate domestic emissions from the distribution of population in the city. The 2001 Census data
has information on mix of fuels and daily use at the sub-district level (IFMR, 2011). We segregated
emissions from cooking activities into urban and rural areas based on the population density, per grid -
with high density areas utilizing mostly liquefied petroleum gas (LPG) and low density areas utilizing a
mix of fuels including coal, biomass, cow dung, wood, kerosene, and LPG. During the winter months
(November to February) the domestic sector also includes emissions from heating that uses biofuels,
coal, and wood. We obtain activity based emissions factors for various fuels used for cooking and
heating from Zhang et al. (1999), Bhattacharya et al. (2000), Zhang et al. (2000), and GAINS (2010).

Fig.12 Winter heating and waste burning

Waste Management Sector

There are three active landfills in Delhi at Okhla Phase |, Jhangir puri, and Ghazipur, with a combined
processing capacity of ~5,000 tons per day. However, the total garbage generation for NCR is estimated
at ~9,000 tons per day (SoE-Delhi, 2010). A portion of the collected garbage is regularly burnt in the
residential areas, collection sites, roadside sites, and in some cases, at the landfill site. Garbage burning
emissions are estimated for varying collection efficiencies based on the population density at the sub-
district level. The sectors with the highest population density often experience the highest waste
collection rates (World Bank, 2006; CPCB, 2010).

Fig.13 Landfills in Delhi
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Air Traffic

The domestic and international airports in Delhi operate ~650 flights daily. The landing and take-off data
for a week was collected from the flight status information available in the public domain. The inventory
also includes emissions from bus operations for shuttling passengers to and from the aircrafts at the
domestic terminal and a fraction of idling emissions at the arrival and departure sections from the
passenger cars.

Fig.14 Flight statistics for Delhi
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Emissions Inventory and Sector Contributions

A summary of the total emissions resulting for year 2010 for the National Capital Region is presented in
Table 2, along with sector contributions. Total emissions are estimated as 69,050 tons of PM2.5,
133,900 tons of PM10, 37,000 tons of SO2, 492,250 tons of NOx, 1.52 million tons of Carbon Monoxide
(CO), and 332,700 tons of volatile organic compounds (VOCs).

Table 2: An activity based emissions inventory (tons/year) by sector for the national capital region of
Delhi, India, in 2010

PM,; PMy, SO, NO, co VvOC
Transport (TR) 17,750 (26%) | 23,800 (18%) | 950 (3%) 329,750 (67%) | 421,450 (28%) | 208,900 (63%)
Domestic (DOM) 7,300 (11%) 8,800 (7%) 2,050 (6%) 2,350 (1%) 161,200 (11%) | 18,300 (6%)
Diesel Gen Sets (DG) | 3,200 (5%) 4,300 (3%) 1,050 (3%) 81,300 (17%) | 85,100 (6%) 31,600 (9%)
Brick Kilns (BK) 9,250 (13%) 12,400 (9%) | 4,000 (11%) 6,750 (1%) 171,850 (11%) | 24,200 (7%)
Industries (IND) 9,000 (13%) 12,650 (9%) | 8,500 (23%) 41,500 (8%) 219,600 (14%) | 13,250 (4%)
Construction (CON) 2,450 (4%) 8,050 (6%) 100 (1%) 2,150 (1%) 2,700 (1%) 50 (1%)
Waste Burning (WB) | 3,850 (6%) 5,450 (4%) 250 (1%) 1,450 (1%) 20,050 (1%) 1,600 (%)
Road Dust (RD) 6,300 (9%) 41,750 (31%)
Power Plant (PP) 10,150 (15%) | 16,850 (13%) | 20,250 (55%) | 27,200 (6%) 442,150 (29%) | 34,900 (10%)
Total 69,050 133,900 37,000 492,250 1,524,050 332,700
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Overall, road transport sector remains one of the major sources of all the emissions, either directly from
the vehicle exhaust or indirectly from the re-suspension of dust on the roads. For PM;o emissions, road
dust (31%) and vehicle exhaust (18%) remain the major source, followed by the power plant (13%),
industries (9%), and brick kilns (9%). For PM, s and CO emissions, diesel and biomass based sectors are
the dominant sources, with substantial contributions from vehicle exhaust (26% and 28%), power plants
(15% and 29%), brick kilns (13% and 11%), industries (13% and 14%), and the domestic sector (11% and
11%) respectively. For NO, emissions, vehicle exhaust (67%) remains the dominant source. For SO,,
power plants (55%) and industries (23%), the largest coal users in the region, are the dominant sources.

In the transport sector, freight movement via heavy duty
and light duty trucks is the largest contributor. Most of these,
except for some light duty vehicles, operate on diesel.
During the CNG shift in the early 2000’s, some of the light
duty vehicles were retrofitted to operate on CNG. However,
the benefits of converting the buses, taxis, and 3-wheelers
to CNG based vehicles are now lost, due to an increase in the
sales of diesel based passenger vehicles. An increase in the
diesel based passenger vehicle sales is primarily driven by
the diesel subsidy program (SIAM, 2012).

Fig.15: Sector Contributions
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The six power plants in the modeling domain, dominate the
total SO, (54%) and CO (29%) emissions. Diesel consumption
for in-situ power generation from diesel generator sets in
the hotels, hospitals, large institutions, markets, malls, and
apartment complexes, is estimated to contribute about 5%
of PM,s. Although, the overall percentage of these
emissions is small, when spatially segregated, these low lying
emissions are substantial, especially in the densely
populated areas.

The brick kilns operate only between November and May.
Due to the recent boom in the construction industry, the
production rates and the number of kilns have increased in
the vicinity of the city and estimated to account for 13% of \ y.
annual PM,s, 11% of CO and 11% of SO, emissions. ("
Following an ordinance by the Supreme Court, kilns are not
allowed to operate within the city limits. However, it is
evident from Fig.07 that these kilns are located close to the
border and a major contributor to the air pollution levels in
Delhi.

The emission inventory also includes sector-specific profiles
for dispersion model-ready input preparation; such as
diurnal cycles for the transport sector to distinguish between
the rush and non-rush hours for all modes, operational
hours for the industrial sector, and cooking and heating
hours for the domestic sector.
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Previous studies

An earlier emissions inventory for Delhi, prepared by Gurjar et al. (2004) and updated by Mohan et al.
(2007) for the time period of 1990 to 2000, concluded that power plants are the primary sources for SO,
(68%) and total suspended particles (80%), while NOx, CO and VOC emissions came from the transport
sector. Additionally, agriculture was the major contributor for ammonia (70%) and nitrous oxide (50%),
and solid waste disposal the main source of methane CH4 (80%). The modeling domain in Gurjar et al.,
(2004) was much smaller than the one used in the current study; another change is that since 2000-05,
the power plants located in Delhi have been converted from coal to CNG, and the vehicle fleet for
passenger and commercial activities has at least doubled (SoE-Delhi, 2010).

The Ministry of Environment and Forests (MoEF) of India and CPCB, carried out particulate pollution
source apportionment study in six cities: Delhi, Kanpur, Chennai, Mumbai, Pune, and Bangalore (CPCB,
2010). This study for Delhi estimated ~147 tons PM10 per day, ~460 tons per day of NOx, and ~268 tons
per day of SO2. Since, these figures are below the estimates from our study, it is important to note the
differences in the methodologies. CPCB (2010) is for the base year of 2006-07 and represents only the
main city, covering an area of 32 km x 32 km; which is ~25% of the area covered in our study. The
inventories were primarily estimated for an area of 2 km x 2 km around the monitoring site selected for
the source apportionment study and then extrapolated to the city district area. This does not include the
areas surrounding the main district where the industrial activity is generally larger than the in-district
activities. In case of Delhi, the largest missed contribution seems to arise from brick kiln emissions, with
clusters located ~20 km away from the city district boundaries (Fig.07), yet they make a definite
contribution to air pollution concentrations over the whole NCR. Sahu et al. (2011) published a gridded
inventory for the region at 1.67km x 1.67km grid resolution, also fails to distinguish the brick kiln sector.

A number of receptor modeling studies have been

) A Fig.16: Receptor modeling schematics
conducted in Delhi (Balachandran et al., 2000;

Khillare et al., 2004; Chowdhury et al., 2007; PN e ( <> g o=
Srivastava and Jain, 2007a; Srivastava and Jain, M:E'
2007b; Srivastava et al., 2009; Tiwari et al., 2009; Receptor L Contributions Evaluation

Modeling

Chelani et al., 2010; CPCB, 2010; Ménkdénnen et al.,
2004; Shridhar et al., 2010). Key contributors to

PM pollution in Delhi have been identified as road ﬁﬁﬁﬁ Receptor
dust, vehicle exhaust, coal and biomass

combustion, open refuse burning, secondary Momtornjg MOdE|mg
. - . Concentrations
aerosols, and construction activities. Interestingly,
among other sources, LPG gas was identified as a c !&'
5
key contributor to PM,s in residential areas by Pollution Edoncante a:nerts
CPCB (2010), which no other studies have reported ':°“"°' ﬁ Weknlesl |
. . P
in the past (Pant and Harrison, 2012). Although the i
Decisions J

contributions estimated from the receptor models

varied from study to study, depending on the season and location of monitoring site, these studies
provide a scientific background and a method to validate the source-receptor relationships at the
monitoring sites. However, the rigorous methodology is financially and technically demanding to repeat
the experiment for many locations, in which case the source modeling studies such as this study can be
complimentary (Johnson et al., 2011).
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Spatial Distribution of Emissions

We developed the emissions inventory on a GIS based platform to spatially segregate emissions for
further use in atmospheric modeling. Hence we subdivided the domain under study (Fig.07) into 80 cells
in each direction at 0.01° resolution, corresponding to 1 km. We used spatial proxies to allocate the
emissions for each sector on the grid - summarized below.

Fig.17: Schematics utilized for spatial segregation of total emissions over NCR Delhi
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For the population density maps, we used data from GRUMP (2010) at 30" spatial resolution. The
average population density is more than 5,000 per km?” in the main districts.

We used GIS data from EICHER (New Delhi, India) to map roads (including information on bus stops, bus
depots, traffic signals, and landmarks), industries, brick kilns, hotels, hospitals, markets, malls, cinemas,
apartment complexes, large institutions, and farm houses. In case of the transport sector, we used grid
based population density and vehicle density surveys conducted by CRRI (New Delhi) to distribute
emissions on feeder, arterial and main roads.

Emissions from power plants were directly assigned to their respective locations, while emissions from
industries, brick kilns, and generator sets were spatially allocated according to their location. The
scattered garbage burning emissions were distributed using the population density and land-use data.

Four panels for gridded PM,, emissions (in tons/year/grid) for vehicles, industries (including the brick

kilns), domestic (including heating, waste burning, and winter heating), and dust (including road dust
and construction activities) are presented below. In case of vehicle exhaust, the highest density of
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emissions is observed along the major road intersections, which is linked to the density of the feeder
roads in the grid. A combination of vehicle, road, industrial, and population density is used to assign
weights for congestion emissions. For convenience, only PMy, emissions are presented below. However,
gridded fields were also developed for PM, s, SO,, NO,, CO and VOC.

Fig.18: Schematics utilized for spatial segregation of total emissions over NCR Delhi
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While it is important to know the footprint of total emissions for a city, it is also important to
understand the hotspots and their pollution loads in residential and industrial regions. Table 3 presents
the percentage contributions by sector to total annual PM, 5 emissions for six select regions evidenced in
Figure 3. Note that the other pollutants are not presented in this graph. The regions are selected with
equal areas, so that we can compare the mix of activities in the main district and in the satellite cities.
Gurgaon (GURG) and West Delhi (WDEL) experience the most in terms of the total emissions, due to the
large contribution of industries (>40%). Industries account for (35%) in nearby Faridabad (FARD). In the
industrial regions, vehicular emissions are attributed to movement of heavy duty and light duty trucks.
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Table 3: Contributions to total PM, s emissions in select residential and industrial regions for year
2010 in Delhi, India

SDEL FARD GNOD NEBK WDEL GURG
Total PM, 5 (tons/year) | 2,080 3,700 1,680 2,700 5,360 4,700
Transport 48% 35% 40% 10% 31% 27%
Domestic 7% 5% 16% 12% 5% 5%
Diesel Gen Sets 13% 6% 2% 6% 6%
Brick Kilns 8% 68% 1%
Industries 10% 35% 45% 43%
Construction 2% 3% 10% 1% 6%
Waste Burning 5% 4% 6% 4% 4% 3%
Road Dust 14% 13% 17% 5% 9% 10%

In South Delhi (SDEL), an area with high population density, vehicle exhaust emissions are the largest
contributors (48%), while in less dense parts of the city like Northeast Delhi (NEBK), brick kilns
contribute about 68% of the emissions. In addition, most of the vehicle exhaust emissions are related to
freight movement, originating or ending either at the brick kilns or at the industries. Among satellite
cities, Gurgaon and Greater Noida (GNOD) experience the most significant contribution from
construction activities (6% and 10% respectively), also linked to the lack of paved roads in the area. Road
dust re-suspension and waste burning are uniformly present in all the regions. It is important to note
that the road dust particles are predominantly in the coarse size range (particle diameter between 2.5
and 10 um), so the percent contribution to total PM10 emissions is much larger than those estimated
for total PM, s emissions. The use of diesel generator sets is the highest in the densely populated areas
(>6% in SDEL, WDEL, FARD, and GURG), due to the high number of hotels, hospitals, malls, and
institutions. The industrialized areas (WDEL, FARD, and GURG) cannot meet all the demand for
electricity and there are instances when large institutions operate on diesel generators for more than 12
hours a day.
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Particulate Matter Concentrations

We used the Atmospheric Transport Modeling System (ATMoS) dispersion model - a meso-scale three-
layer forward trajectory Lagrangian Puff-transport model (Calori and Carmichael, 1999) to model PM
concentrations for the base year 2010. This model was previously utilized in pollution management
studies in Asia at a regional scale (Arndt et al., 1998; Streets et al., 2000; Guttikunda et al., 2001;
Holloway et al., 2002; Carmichael et al., 2008) and urban scale (Kan et al., 2004, Guttikunda et al., 2003;
Guttikunda and Gurjar, 2011). The ATMoS model is a modified version of the USA National Oceanic
Atmospheric Administration, Branch Atmospheric Trajectory (BAT) model (Heffter, 1983). The layers
include a surface layer, boundary layer (designated as the mixing layer height) and a top reservoir layer.
The multiple layers allow the model to differentiate the contributions of near-ground diffused area
sources, like transport and domestic combustion emissions and of elevated sources like industrial, brick
kilns, and power plant stacks. The model also includes first order chemical reactions for SO, and NO,
emissions to estimate the secondary contributions in the form of sulfates and nitrates, added to the
total PM, s concentrations. The model has flexible temporal and spatial resolution and can run for
periods ranging from one month to a year and from regional to urban scales.

Input meteorological data for Delhi analysis (3D wind, temperature, and pressure, as well as surface
heat flux and precipitation fields) is derived from the National Center for Environmental Prediction
(NCEP) global reanalysis (Kalnay et al. 1996), interpolated on the model grid. The summer time mixing
heights are estimated to be as high as 2,500 meters during the daytime compared to the lows of less
than 100 meters in the winter months (Guttikunda and Gurjar, 2011).

Fig.19 Mixing layer height in 2008 over NCR Delhi, estimated from NCEP Reanalysis data (thick line
indicates a 15 day moving average)
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Fig. 20: Wind speed and wind direction for the Delhi domain @ 6 hour interval, estimated from
NCEP reanalysis data for year 2008
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We present below the modeled annual average concentrations for PM,s and PM;,. We ran the
dispersion model by sector and then aggregated the total PM,s and PM, bins. These totals include
primary PM and contributions from chemical transformation of SO, and NO, emissions in the form of
sulfates and nitrates (Guttikunda et al., 2001; Holloway et al., 2002) and do not include any effects of
long-range transport from the regions outside modeling domain.
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Fig.21 Modeled annual average (a) PMy, and (b) PM, 5 concentrations over the NCR of Delhi
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For most of NCR the estimated concentrations exceeded the national ambient standards for yearly
averages, 60 ug/m3 for PMyg and 40 ug/m3 for PM,s. The resulting modeled annual average
concentration for the main Delhi district (the area inside outer ring road) is ~120 pg/m3 for PM,5 and
~160 ;,Lg/m3 for PMyq. For the regional boxes designated in Figure 3, the estimated annual average PM, s
concentrations are - 131 ug/m? for SDEL, 88 pg/m?’ for GURG, 50 pg/m?® for GNOD, 89 ug/m? for FARD,
102 pg/m3 for WDEL, 46 pg/m3 around the brick kiln clusters in the Northeast (NEBK).

Comparison with Monitoring Data

We also compare the modeled concentrations against monitoring data from six continuous monitoring
stations (presented below). The monitoring data analyzed in this paper is from the continuous air
monitoring stations operated by CPCB and the Delhi Pollution Control Committee. This data is from (1)
Delhi College of Engineering (DCE, university campus) (2) Netaji Subhas Institute of Technology in
Dwarka (NSIT, university campus) (3) Income Tax Office (ITO, traffic junction) (4) Shadipur (mixed
residential, industrial, and traffic) (5) Institute of Human Behaviour & Allied Sciences (IHBAS, mixed
residential and traffic) (6) Mandir Marg (mixed traffic and industrial) (7) RK Puram (mixed traffic and
residential) and is available in the public domain. These stations measure SO,, NO,, and CO, not all
stations measure both PM, s and PM,,. Ozone and PM,; were added to the list of criteria pollutants in
November, 2009.

The uncertainties in measured and in modeled data are not undermined and these results are presented
to ensure that the emission estimates and the dispersion model schematics are representative of the
geographical and meteorological conditions prevalent in the region. All the stations measure only one
fraction of PM (either PM, s or PMy,) and the data collection efficiencies are lower than 40% in a year. So,
the measurements are an average of all the data available during the period of 2009 to 2011. The
stations at Mandir Marg (MM) and RK Puram (RK) both measuring PM, s are new and operational since
April, 2011; while the station at the income tax office (ITO) is operational since 2006. However, for PM10,
stations at IHBAS, Shadipur (SHAD), and in Dwarka (NSIT) are operational since 2009. The annual
average measured concentrations ranged 130 £ 92 ug/m3 for PM, s at ITO; 89 + 50 ug/m3 for PM, 5 at
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MM; 91 + 51 pg/m’ for PM, 5 at RK; 162 + 97 pg/m?> for PMyo NSIT; 240 + 155 pg/m? for PM;, at IHBAS;
and 205 + 171 ug/m3 for PM;, at SHAD.

Fig.22 Comparison of PM;o and PM, 5 measurements from six stations in Delhi with the modeled
monthly average concentrations over a 3km x 3km area covering the monitoring station
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The graph, also presents the variations in the measured and the modeled concentrations: the variation
of the daily averages over each month for the measurements and the variation over 9 cells surrounding
the monitoring station for the modeled results. It is in fact to be considered that the station
measurements are mostly representative of the monitoring location and the surrounding sources; while
the modeled concentrations are inherently grid averages. From the comparison it seems that the levels
observed at the different sites are reasonably captured, as well the main features in their monthly
behaviors, with maxima in the cold season as a combined result of the increased emissions and the
unfavorable dispersion conditions during these months (Guttikunda and Gurjar, 2011). The differences
between the measured and the modeled numbers can be explained further by (a) uncertainty in the
emissions inventory estimation (b) uncertainty in the spatial disaggregation of the emissions inventory
into grids, and (c) uncertainty in the dispersion modeling results.
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Source-Receptor Relationships by Region

Due to prevalent meteorological conditions determining the role of emissions from surrounding areas,
the source contributions to ambient concentrations are not necessarily the same as those estimated for
emissions at the same location. As presented in Table 3 with total emissions by region, Figure below
shows the sector contributions to the modeled ambient concentrations over the same regions. Similar
information is presented for six monitoring stations used for comparisons, using the modeled data from
3x3 grid cells, centered on the location of the station. For convenience and because of the higher health
impact factor (HEI, 2010), percent shares for only PM, 5 concentrations are presented here.

Fig.23: Contributions to total PM, s and PM;, concentrations over select regions in Delhi, India
because of emissions from power plants (PP), construction activities (CON), industries (IND),
brick kilns (BK), diesel generator sets (DG), waste burning (WB), domestic (DOM, including
winter burning), road dust (RD), vehicle exhaust (VEH) for (a) six select residential and industrials
(b) around the monitoring stations
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Area and diffused sources contribute the most to the PM,s concentrations, dominated by vehicle
exhaust (up to 50%) and followed by road dust, diesel generator sets, and domestic emissions, including
open waste burning. While the brick kilns are limited to certain pockets of the city, due to their stack
height and intensity of emissions, the effects are felt farther from their locations. For example, SDEL,
with a population density of ~10,000 people per km?, is approximately 30km away from any of the
clusters presented in Figure 1 and yet experiences 10% of fine PM, s pollution originating from these
kilns. The monitoring stations are often located closer to the traffic junctions and thus capturing a higher
proportion of vehicle exhaust.
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Implications to Air Pollution Control in Delhi

For the national capital region, the total emissions for 2010 are estimated as 69,050 tons of PM,,
133,900 tons of PM;,, 37,000 tons of SO,, 492,250 tons of NO,, 1.52 million tons CO, and 332,700 tons of
VOCs; and further spatially segregated into 80x80 grids at 0.01° resolution for each of the contributing
sectors. The monitoring data from the stations and the dispersion modeling results further emphasize
the deteriorating PM pollution levels in the region, from a mix of sources.

From this study (and previously published studies), we know the areas that need action, but at the end
of the day — pollution is an externality (a public bad) that cannot be addressed without concerted action
from the city and national authorities — such as setting emission and ambient standards, monitoring the
emissions and pollution, implementation of necessary interventions and enforcement of inspection and
maintenance. This applies to all sectors - industry, public transport, personal transport, freight transport,
traffic management, waste management, road maintenance, and domestic.

Our study highlights the low hanging fruit in terms of policy changes that can be made to improve air
quality and better public health. The urban clusters of small-scale manufacturers, such as leather
tanneries, brick kilns, smelters, and metalworking shops account for a large portion of pollution in Delhi.
Moreover, it is easier to inspect and maintain 1,000 brick kilns or 6,000 other industries, compared to
the 6 million vehicles plying on the roads. While relocation of industries proved beneficial in the past,
with the growing population and city size, a more promising approach would be to introduce emerging
technologies that reduce the emission rates at the brick kilns and the industrial boilers, followed by the
enforcement of an inspection and maintenance program.

The passenger and commercial vehicles are responsible for an increasing portion of the energy
consumption, emissions, and harmful exposure. In dense traffic zones of Delhi, large populations are
exposed to the vehicle exhaust and the road dust pollution, sometimes double the ambient pollution
(Apte et al., 2011). A number of interventions are in place or being promoted for the passenger
transport. After only a 6 km pilot for bus rapid transport (BRT) corridor in 2008, the implementation of
special bus corridors for the CWG covering 80 km between venues, Games village, and major residential
areas, succeeded as a good pilot for future BRT application. The interventions introduced during the
2010 CWG in Delhi were not as stringent as those observed in Beijing during the 2008 Olympic Games
(UNEP, 2009), but served as an example for public awareness on air quality issues in the city. The public
transport sector got a boost from doubling of fleet, along with the introduction of air conditioned buses
and an extension of the metro lines.

Fig.24 Special lanes during the 2010 Commonwealth Games and BRT in 2008
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The para-transit sector, 3-wheelers and taxis have also benefitted from the expansion of their fleets and
from the expansion of metro by linking the feeding lanes to the residential points. The commercial
heavy duty trucks are banned from entering the city limits between 6AM and 9PM, to reduce the
emission loads and exposure levels during the day time. However, the density of these vehicles carrying
raw and finished products, construction debris, sand, and bricks, has increased, resulting in more
emissions, and this pollution tend to linger even after the trucks have stopped operating at 6AM. The
debris and sand, which is often carried without any covers, tend to add to the silt loading on these roads.

Another major source of pollution in most Indian cities is road dust (CPCB, 2010), including that from the
construction activities. This source, a large part of the coarse PMy, pollution, is often difficult to quantify
as it depends on the vehicle movement on the roads, road types, silt loading on roads and at
construction sites, and meteorological conditions. However, this source can be managed with measures
like wet sweeping of street roads, promoting
vegetation in dry areas, paving roads and completing
road work that often time results in ditches and
pavements that are left as is after the concerned
department (telephone, sewer, electricity, and gas)
has finished their work.

Fig.25: Sweeping on roads

A source which needs further attention is waste
management and garbage burning. Considerable
knowledge of best practices to improve the waste
collection and management exists. The basic problem
has been in adapting these practices to specific local =
conditions. In Delhi and other cities, waste &5

management is highly labor intensive, and promises basic employment opportunities for large numbers
of people, which means we need a consolidated effort between the communities and management, to
reduce the garbage burning emissions.

The electricity demand in the domestic, commercial, and industrial sectors is fueling the need for in-situ
diesel generator sets and related emissions. This is a sector which cannot be addressed by simply setting
up new power plants in the region and requires a consented dialogue between power, petroleum,
energy, and environment ministries.

It is often observed that emission inventories are never complete and require refinements and updates
that can be made by building monitoring capacity, continued identification of pollution sources, and use
of source and receptor modeling studies. The emissions inventory presented in this paper is in-use for
an operational air quality forecasting system for NCR, launched before the 2010 Commonwealth Games
(CWG), now maintained, updated, and validated by CPCB (Guttikunda et al., 2011). These modeling
systems while advantageous for mega events like CWG, which benefited from 48-hour short term health
alert notices, also provided better understanding of the influencing sources for long term planning to
control air pollution.

In an effort to continuously improve the quality of the data, the emission inventory and activity datasets
presented in this paper will be made available via the internet as an Excel file. The remaining
inconsistencies in the procedures, such as emission factors and spatial weights for gridding, may be
corrected or supplemented with additional data as they become available.
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