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ABSTRACT

Emission inventories can serve as a basis for air quality management programs. The focus has been mainly on building
inventories for criteria pollutants including particulate matter (PM). Control efforts in developing countries are mostly
limited to total suspended particles (TSP) and/or PM,,. Since the adverse effects of PM;, depend on its chemical
composition, it is important to control emissions of toxic species. The first step is to identify key pollution sources and
estimate quantities of various chemical species in emissions. This paper presents a speciated PM,y emission inventory for
Delhi, the capital and one of the most polluted cities in India. An established PM;, inventory for Delhi in conjunction with
source profiles was used to estimate emissions of major PM;, components including organic and elemental carbon (OC
and EC, respectively), sulphates (SO42’), and nitrates (NO; "), as well as selected toxic trace metals (i.e., Pb, Ni, V, As, and
Hg), some of which are subject to India’s National Ambient Air Quality Standards (NAAQS). For the base year of 2007,
emission estimates for PM;, mass, OC, EC, SO,*, and NO; are 140, 22, 6.4, 2.8, and 2.1 tonnes/day (TPD; 1 tonne =
1000 kg), respectively. Emissions of Pb, Ni, V, As, and Hg are estimated to be 203, 43, 37, 26, and 9.4 kg/day,
respectively. This inventory underestimated Pb and Hg emissions because sources of PM,y from unorganized secondary

lead smelters are not specifically identified and gas-to-particle conversion of Hg is not accounted for.
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INTRODUCTION

Emission inventories (EIs) provide a basis for
understanding primary pollutant sources and for prioritizing
pollution control measures (Mobley et al., 2005; Miller et
al., 2006). While compiled over defined urban- to regional-
scales to track long-term emission trends (U.S.EPA, 2010),
annualized Els can be apportioned in space and time to
support air quality modeling that relates emissions to ambient
concentrations (Hogrefe et al., 2003). Such modeling
facilitates the selection of emission reduction strategies and
evaluation of adverse effects on human health, visibility,
climate, ecosystems, and cultural heritage (Watson, 2002;
Pope, Il and Dockery, 2006; MacCracken, 2008; Mauderly
and Chow, 2008; Chow and Watson, 2011; Hu et al., 2011).
Most Els are developed for criteria pollutants such as carbon
monoxide (CO), sulphur dioxide (SO,), oxides of nitrogen
(NOy), total suspended particles (TSP) and/or PM,, and
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PM, 5 (particles with aerodynamic diameters, d,,, < 10 and 2.5
micrometers [um], respectively). Precursors to the formation
of ozone (0O3) and secondary PM, such as volatile organic
compounds (VOCs) and ammonia (NH3), are sometimes
included in the Els. Long-lived greenhouse gases and short-
lived climate forcers such as black and brown carbon are
also being compiled on regional, continental, and global
scales (Bond et al., 2004; Junker and Liousse, 2008; Chow
et al., 2010; Lamarque et al., 2010; Chow et al., 2011;
Watson et al., 2011; Wang et al., 2012).

Most inventory efforts in India (Gargava and Aggarwal,
1999; Garg et al., 2002; Reddy and Venkataraman, 2002a,
b; Gurjar et al., 2004; Dalvi et al., 2006; Mohan et al.,
2007; Gurjar et al., 2008; Behera et al., 2011; Lu et al.,
2011; Sahu et al., 2011) have focused on primary pollutants
related to India’s National Ambient Air Quality Standards
(NAAQS) (Central Pollution Control Board [CPCB], 2009).
The Indian NAAQS include: 1) annual average PM,, of 60
ug/m’ and PM, 5 of 40 ug/m’; 2) 24-hour average PM;, of
100 pg/m’® and PM, 5 of 60 pg/m’, 98™ percentile for one
year, with no exceedance on two consecutive days; 3) annual
average PM lead (Pb) of 0.5 pg/m’, nickel (Ni) of 0.02
pg/m’, arsenic (As) of 0.006 pg/m’, and benzo(a)pyrene
(BaP) of 0.001 pg/m’; and 4) 24-hour average PM Pb of
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1.0 ng/m’, 98™ percentile for one year, with no exceedance
on two consecutive days (CPCB, 2009).

Speciated PM and VOC Els are needed to estimate Os
and secondary aerosol formation from primary emissions,
evaluate exposure to toxic pollutants, estimate adverse
environmental effects, and compare emission estimates with
ambient concentrations. Bhanarkar et al. (2005) reported
2001-2002 industrial PM emissions for toxic metals in
Greater Mumbai, India, finding that vanadium (V)
constituted ~57% of all toxic metals in PM, mostly derived
from residual oil combustion. More up-to-date speciated
inventories that address additional sources and chemical
species are needed for India’s major population centers.
This study derives a speciated PM, inventory for primary
species, including organic and elemental carbon (OC and
EC, respectively), sulphates (SO4>), nitrates (NO;"), and
metals (i.e., Pb, Ni, V, As, and mercury [Hg]) in the Delhi
metropolitan area for 2007.

STUDY AREA

Delhi, the Capital and economic center of India, is one
of the world’s most polluted megacities (Chow et al., 2004;
Molina and Molina, 2004). Despite remediation actions
including implementation of the world’s largest compressed
natural gas (CNG)-fueled public transportation system, air
pollution remains a critical issue (Goyal and Sidhartha, 2003;
Ravindra et al., 2006; Chelani and Devotta, 2007; Khillare et
al., 2008; Saxena and Ghosh, 2010). Measurements from
2001 to 2010 indicate increasing PM;, trends with annual
averages at nine sites almost four times the NAAQS of 60
pg/m’. Annual average PM, 5 concentrations ranged from 72
to 107 ug/m’ at six sites in 2010, far exceeding the 40 pg/m’
NAAQS (CPCB, 2009).

The Delhi emissions domain (i.c., latitudes 28°24' 17"
and 28°53'00 N and longitudes 76°50'24" and 77°20'37"
E), encompasses an area of approximately 1500 km?’. Its
population increased from ~13.8 million in 2001 to ~17
million in 2010 (Census of India, 2012); the number of
motor vehicles rose from ~3.6 million in 2002, ~5.2 million
in 2007, and to ~6.5 million in 2011. The vehicle fleet
consists of 63.6% two-wheelers and 30.7% gasoline-fueled
passenger vehicles, as well as minor amounts of light
commercial vehicles (1.6%), three-wheelers (1.4%), trucks
(1.1%), buses (0.8%), and diesel-fueled vehicles (0.5%)
(NEERI, 2010). Energy demand increased from ~3100
megawatts (MW) in 2007 to ~5900 MW in 2012 (National
Capital Region [NCR] Planning Board. 2001). This growth
has the potential to offset many of the emission reduction
measures applied to individual sources.

METHODS

A study was conducted in Delhi during 2007 to: 1)
characterize PM;, mass and its chemical constituents at 10
monitoring sites, 2) develop micro- and city-wide PM;,
emission inventories, and 3) conduct dispersion and receptor
modeling to estimate the source contribution to PM;, and
other criteria pollutants (NEERI, 2010). Samples were

collected in summer (May—June), post-monsoon (October—
November), and winter (December—January) periods on 20
days during each season. PM;, samples were analyzed for
mass, carbon (i.e., OC and EC), ions (i.e., SO,*, and NO;),
and trace metal (i.e., Pb, Ni, V, As, and Hg) concentrations.

Emission inventories were constructed in the NEERI
(2010) study for PM;y mass and other criteria pollutants in
2x2 km® zones of influence (Chow et al, 2002)
surrounding each monitoring site. These “micro-inventories”
were input to the U.S. EPA Industrial Source Complex-
Short Term (ISCST3) dispersion model (U.S. EPA, 1995a,
b) to estimate emissions and to compare with measured
ambient concentrations. Monitoring sites were located in
representative neighborhoods so that area-source activities
could be extrapolated to similar neighborhoods throughout
the metropolis. These monitoring sites represented various
land-use (e.g., industrial, residential, and commercial areas)
and activity profiles (e.g., traffic). PM;, emission rates were
estimated by multiplying emission factors for different source
types by their corresponding activities. Table 1 summarizes
30 stationary, area, and vehicular source categories that were
included in the 2007 emission inventory.

The methodologies used to estimate emission factors
and activity levels for the various sources are described in
NEERI (2010). Identification of stationary and area sources,
fuel use, and population were collected from surveys of
government and non-government departments and agencies
and from direct observation, as in the case of open burning.
For motor vehicles, traffic volumes were counted for different
categories of roads (i.e., arterial, main, and feeder roads).
Vehicle kilometers traveled (VKT) were estimated by
multiplying traffic volume (number of vehicles) by the
effective road length for various road categories. Data on
fuel use and vehicle age were assembled through surveys
at parking lots and fueling stations (NEERI, 2010). Delhi
contains many gasoline-fueled two- and CNG-fueled three-
wheeled vehicles that emit carbon in the ultrafine (d, <0.1
pum) and fine (d, < 2.5 um) particle size range (Apte et al.,
2011). These representative activity data were associated
with city land use and roadway plans. Re-suspended dust
from paved roads was estimated from silt loading, average
weight of vehicles (tonnes/day), road length, and rainfall
frequency. Average silt loading has been estimated to be in
the range of 0.21 to 7.0 g/m* depending on the road condition.
Re-suspended road dust was estimated for each of the road
categories.

A city-wide inventory for stationary, area, and vehicular
sources was developed incorporating the 30 fuel usage
source categories identified in Table 1, population, and
activity levels. Vehicle emissions were extrapolated from
the micro-inventories at the 10 monitoring sites by re-scaling
road lengths in each road category and estimating emissions
per unit length of road for the entire city. Emission factors
for stationary and area sources were derived from U.S. AP-
42 (U.S. EPA, 2006) and Reddy and Venkataraman (2002a,
b). Emission factors for motor vehicles were taken from the
Automotive Research Association of India (ARAI; 2007)
and CPCB (2011). These emission factors are presented in
Appendix 3 of NEERI (2010).
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Table 1. Source categories in the Delhi PM;, emission inventory (NEERI, 2010).
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Source No.

Source ID

Source Description

Stationary and Area Sources

Fuel Oil (Diesel)-fueled industrial boiler

Open solid waste (e.g., refuse and biomass) burning

Generator set using kerosene-fueled engine
Generator set using diesel-fueled engine

1 PP_Coal Coal-fired power plant

2 PP _NG Natural Gas-fired power plant

3 Ind NG Natural Gas-fueled industrial boiler
4 Ind FO

5 LPG Dom Domestic cooking with LPG”

6 Kero Dom Domestic cooking with kerosene

7 Wood Dom Domestic cooking with wood

8 Coal Dom Domestic cooking with coal

9 LPG_Hotel” Commercial cooking with LPG

10 Kero_Hotel” Commercial cooking with kerosene
11 Wood_Hotel” Commercial cooking with wood

12 Coal_Hotel” Commercial cooking with coal

13 Wood Bak” Commercial bakeries with wood

14 Crmt_wood Crematoria with wood

15 Waste Inc Waste incinerator

16 SW_burning

17 Construction Construction activities

18 Genset K

19 Genset D

20 PvdRd Paved road dust

Vehicular Sources

Two wheeler (2W) with gasoline-fueled two stroke (2S) engine
Two wheeler with gasoline fueled four stroke (4S) engine

Two wheeler including both 2W-2S and 2W-4S

Compressed natural gas (CNG)-fueled three wheeler
Diesel-fueled light commercial vehicles

Gasoline-fueled passenger vehicles

21 2W-28

22 2W-4S

23 2w

24 3W_CNG

25 LCV

26 4W P

27 4W D Diesel-fueled passenger vehicles
28 Truck D Diesel-fueled trucks

29 Bus D Diesel-fueled bus

30 Bus CNG CNG-fueled bus

* Liquefied petroleum gas.
® Hotels, restaurants, and small dining outlets.

Chemically-speciated PM,, emission rates were estimated
by multiplying PM;, mass emission rates from the specific
source sub-categories in Table 1 by the corresponding source
profiles. Source profiles are the fractional abundances of
chemical species with respect to emitted PM;, mass (Reff
et al., 2009; Chow et al., 2010; 2011; Watson et al., 2012).
PM;, source profiles specific to India, presented in Table 2,
were measured by Sethi and Patil (2008a, b) for stationary
and area sources, and by ARAI (2009) for vehicular sources.
Emission rates for chemical species were calculated using
the following equation:

EiJ:PMj X Fi,j, (1)

where E;; is the emission rate in kg/day of species i from
source j; PM; is the emission rate in kg/day of PM;, from
source j; and Fj; is the mass fraction of species i from
source j.

Table 3 summarizes the chemically-speciated PM,
emission inventory. Apart from power plants, industrial
boilers (Source Nos. 3 and 4) are classified as small-scale

industries (SSI; NEERI, 2010), which account for ~1.6%
of the total PM,, emissions in Delhi. These industries use
mostly fuel oil (diesel) and natural gas. In the absence of
specific data on fuel usage, 80 and 20% of SSI combustion
was apportioned to fuel oil and natural gas, respectively.
For the generator sets (Source Nos. 18 and 19) used during
sporadic power outages, emissions were equally distributed
between diesel- and kerosene-fueled engines. In December
2007, one coal-fired power plant (Indraprastha Power Station)
was permanently shut down. Emissions (~5 tonnes per day
[TPD]; 1 tonne = 1000 kg) from this power plant and from
a few smaller sources (e.g., locomotives, dung cakes, etc.)
were excluded due to non-availability of indigenous source
profiles. However, 95% of the PM;, emission load was
accounted for and used to determine the speciated emission
inventory.

To better understand the sectoral emission distributions,
the 30 source sub-categories in Table 3 are grouped into 12
primary source categories based on their similarities in
source type and/or fuel usage. These include: power plants;
small-scale industries; domestic cooking and heating (i.e.,
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Table 3. Speciated PM;, emission rates (kg/day) for Delhi in 2007.

Source No.*  Source ID PM,, 0oC EC TC SO, NO; Pb Ni V As Hg
I. Stationary and Area Sources’
Power Plant Sources”

1 PP_Coal 25,290 2201.5 4747 2676.2 3627 17379 253 227 132 6.5 1.8

2 PP_NG 6 1.6 0.4 2.0 0.4 2.4 00 00 00 0.0 0.0

Sum of Power Plant’ 25,296 2203.1 475.2 26783 363.1 17403 253 228 132 65 1.8
Industrial Boiler Sources

3 Ind NG 447 118.5 334 151.9 26.8 1785 04 04 02 00 00

4 Ind_FO 1786 66.7 2934 360.1 537.1 0.7 02 53 11.7 04 0.0

Sum of Industrial Boilers® 2233 1852 326.8 5120 5639 1792 0.6 5.7 119 04 0.1
Domestic Cooking Sources®

5 LPG_Dom 660 1532 186 171.8  51.1 1.7 29 04 03 22 02
6 Kero Dom 100 96.9 52.7  149.6 12.4 0.3 02 03 03 02 0.0
7 Wood_Dom 10,610 5140.0 848.7 5988.7 8.0 257 500 24 06 11.2 038
8 Coal_Dom 230 119.0 18.0  136.9 13.6 0.7 36 01 00 01 0.0

Sum of Domestic Cooking® 11,600 5509.1 9379 6447.0 1651 284 568 31 12 13.6 1.0
Commercial Cooking Sources’

9 LPG_Hotel 130 30.2 3.7 33.8 10.1 0.3 06 01 01 04 00
10 Kero Hotel 1 14 0.7 2.1 0.2 0.0 00 00 00 00 0.0
11 Wood Hotel 20 9.7 1.6 11.3 0.2 0.0 0.1 00 00 00 00
12 Coal Hotel 0 0.1 0.0 0.2 0.0 0.0 00 00 00 00 0.0

Sum of Commercial Cooking® 152 414 6.0 474 10.4 0.4 07 01 01 05 0.0
Individual Sources®

13 Wood_Bak* 120 58.1 9.6 67.7 1.0 0.3 0.6 00 00 01 0.0
14 Crmt_wood* 1300 629.8 1040 7338 10.8 3.2 61 03 01 14 0.1
15 Waste_Inc’ 17 12.9 0.3 13.2 0.1 0.6 05 00 0.0 00 0.
16 SW_burning* 1 0.7 0.0 0.7 0.0 0.0 0.0 00 00 0.0 0.0

17 Construction® 12,290 1080.7 1749 1255.6 3940 989 53 09 04 0.7 0.2
Generator Sources®

18 Genset K 267 169.3 2.0 171.3 0.5 0.7 02 0.0 0.0 00 0.0
19 Genset D 267 44.0 86.9 130.9 7.1 226 04 03 13 04 0.1
Sum of Generators® 534 213.3 889 302.2 7.6 233 06 03 13 04 0.1
Paved Road Source”
20 PvdRd® 77,275 7094.5 2173.1 9267.6 1016.8 6.9 1046 99 12 25 6.1
I1. Vehicular Sources”
21 2W-2S 427 2449 133 258.1 18.1 3.7 02 00 08 0.0 0.0
22 2W-4S 650 280.9 21.8  302.8 17.4 7.5 07 00 57 00 0.0
23 2W 1077 541.5 34.8 576.4 37.2 108 0.8 0.0 57 00 0.0
24 3W_CNG 582 2545 22,6 2772 12.5 0.5 0.1 00 03 00 0.0
25 LCV 2677 1287.3 6413 1928.6 249 6.4 0.1 00 03 00 0.0
26 4W P 165 81.9 20.6 102.4 8.7 2.6 0.1 0.0 07 00 00
27 4W D 145 77.4 26.8 104.2 1.2 0.2 0.0 0.0 0.0 00 0.0
28 Truck D 4443 2240.1 11943 34345 1295 13.0 05 00 00 0.0 0.0
29 Bus D 601 303.0 161.6 464.6 17.5 1.8 0.1 00 00 00 00
30 Bus_ CNG 10 3.0 2.0 5.0 0.8 0.3 0.0 0.0 0.0 00 00
Sum of Vehicles® 9700 4788.8 2104.0 68928 2323 356 17 01 7.1 01 0.0
Total 140,518% 21,817.7 6400.7 28,218.4 2765.1 2117.0 202.6 432 36.6 262 9.4

*See Table 1 for source category descriptions.

® Italicized headers under Stationary and Area Sources indicate source sub-categories.

¢ Bold indicates the 12 primary source categories including sub-category summation and individual source categories.

4 The difference between this (140 TPD) and the 147 TPD listed in Table E.1 of http://www.cpcb.nic.in/Delhi.pdf is due to
the closure of the Indraprastha Power Plant in December 2007 and the exclusion of a few smaller sources (e.g., locomotive,
dung cake, etc.).

liquified petroleum gas [LPG], kerosene, wood, and coal); activities (i.e., building and road construction); generators
commercial cooking; wood burning; crematoria (wood); (i.e., diesel- and kerosene-fueled); paved road dust; and
waste incineration; open solid waste burning; construction motor vehicles (i.e., two- to four-stroke engines for two-
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wheelers, gasoline- and diesel-fueled passenger vehicles,
commercial vehicles, and diesel- and CNG-fueled buses).

RESULTS AND DISCUSSION

Emissions

As shown in Table 3, out of 140 TPD of PM,, emissions,
carbon emissions (OC =21.8 TPD, EC = 6.4 TPD) accounted
for 20% of total PM,,, followed by primary (emitted directly
as particles) SO4* (2.8 TPD) and NO; (2.1 TPD). Toxic
metals accounted for a small fraction, which was dominated
by Pb (203 kg/day), followed by Ni (43 kg/day), V (37
kg/day), As (26 kg/day), and Hg (9.4 kg/day).

Source attributions to daily PM;, mass and chemical
species among the 12 primary source categories are presented
in Table 4. Paved road dust was the principal source of
PM, (55%), OC (33%), EC (34%), SO,* (37%), Pb (52%)
and Hg (65%). Power plants, including both coal- and natural
gas-fired, were the largest source of primary NO;™ (82%),
Ni (53%), and V (36%), the second largest contributors to
Hg (19%) and As (25%), and the third largest source of Pb
(13%). Industrial boilers, mainly burning heavy-duty diesel
fuel oil, were the second largest source of SO4* (20%) and
V (33%), and the third largest source of Ni (13%). Lead
was phased out as a gasoline additive starting in 1992
(CPCB, 2010) and vehicles were a minor source of Pb
emissions (< 1%). Paved road dust was the major contributor
to Hg (65%) and Pb (52%) only because it was the major
contributor to PMj, (55%). This is also the case for OC,
EC, and SO,>". Table 2 shows that Pb only accounts for
0.135% of PM; in the paved road dust profile; two orders
of magnitude lower than the Pb abundance (17.5%) found in
secondary Pb smelter emissions (ARAI, 2009). The NEERI
(2010) PM,, inventory does not specifically identify
emissions from unregistered secondary Pb smelting or re-
processing of lead-acid batteries, a known source of Pb
emissions in Delhi (Gupt, 2012).

Domestic cooking, mainly using wood fuel, was the

largest emitter of As (52%) and the second largest emitter
of Pb (28%), with abundant Hg (11%) emissions. Vehicle
exhaust was also a major emitter of OC (22%), EC (33%),
V (20%), and to a lesser extent, SO4* (8%) and PM;q (7%).
Aside from the missing sources in the inventory (Table 1)
that inflate the percent species contribution (Table 4),
uncertainties in the source sampling and chemical analyses
also contribute to the deviations among distributions.

The ratio of ambient concentrations to source emissions
(R) may be interpreted as a first-order comparative index to
verify how well the inventory accounts for chemical species
concentration (Fujita ef al., 1992; Brown, 2010). For primary
sources, an R greater than unity suggests underestimation
of source emissions in the inventory. Table 5 compares the
annual average PM,, and chemical concentrations at the 10
monitoring sites with daily source emission rates in 2007.
India’s annual NAAQS levels are also listed for comparison.
The network-wide annual average PM;, mass and chemical
species concentrations exceeded the NAAQS by three- to
twelve-fold.

Table 5 shows R = 2.9 for PM;, mass, suggesting
underestimation of emission rates in the inventory, which
might be partially due to the uninventoried wind-blown dust
emissions. By contrast, R for OC and EC are 1.0 and 0.6,
respectively. High ratios for SO, (9.8) and NO;™ (8.5) are
expected, since these species are mostly secondary aerosol
and may be formed during long-range pollution transport.
R for trace elements is high, in the range of 2 to 9. In
addition to missing sources for Pb (R = 9.2), the inventory
is mainly based on fuel use rather than industrial processes,
which can cause large uncertainties for trace element
emission estimates. This can also explain moderately high
ratios for Ni (2.1), V (1.9), and As (2.7). The elevated R
for Hg (8.6) is anomalous. Mercury is present mainly as
gaseous elemental Hg, while reactive gaseous Hg in coal
combustion and other industrial emissions can enter the
particle phase through atmospheric oxidation processes
(Galbreath et al., 1996; Amos et al., 2012). Gas-to-particle

Table 4. Source contributions to daily PM;, mass and chemical species in Delhi, India.

Primary Source Source Percent of Total PM;q Mass and Chemical Species Emissions
Category” No® PM,, OC EC SO NO; Pb Ni Vv As Hg
Power Plants 1-2 18.0 10.1 7.4 13.1 82.2 12.5 52.7 362 2491 189
Industrial Boilers 34 1.6 0.8 5.1 20.4 8.5 0.3 13.3 32.7 1.64 0.6

Domestic Cooking 5-8 8.3 253 14.7
Commercial Cooking 9-12 0.1 0.2 0.1

Wood Bak 13 0.1 0.3 0.1
Crmt wood 14 0.9 2.9 1.6
Waste Inc 15 0.0 0.1 0.0
SW_burning 16 0.0 0.0 0.0
Construction 17 8.7 5.0 2.7
Generators 18-19 0.4 1.0 1.4
PvdRd 20 55.0 32.5 34.0
Vehicles 21-30 6.9 21.9 32.9

6.0 1.3 28.0 7.1 34 5189 10.6
0.4 0.0 0.3 0.2 0.2 1.72 0.4
0.0 0.0 0.3 0.1 0.0 0.48 0.1
0.4 0.1 3.0 0.7 0.2 5.22 1.0
0.0 0.0 0.2 0.0 0.0 0.01 0.0
0.0 0.0 0.0 0.0 0.0 0.00 0.0
14.2 4.7 2.6 2.1 1.0 2.75 2.1
0.3 1.1 0.3 0.7 3.5 1.51 1.0
36.8 0.3 51.6 229 3.3 957 654
8.4 1.7 0.8 0.3 19.5 031 0.0

* See Table 3 for the 12 primary source categories. Emission rates from source sub-category summations and individual
source categories were normalized to the total emissions for PM;, and chemical speciation to derive percent source

contribution.
" See Table 1 for Source Number and description.
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Table 5. Comparison between annual average ambient concentrations for the 10 monitoring sites and daily source emission

rates for Delhi in 2007.
India Annual Annual Average Daily Source Ratio of Ambient
Observable  Average NAAQS® Ambient Concentration® Emissions Concentration/Source Emissions
(ug/m) (ug/m’) (tonnes/day [TPD]) (R)
PM; 60 412 140 29
oC NA® 22.6 21.8 1.0
EC NA 4.0 6.4 0.6
SO, NA 274 2.8 9.8
NO;~ NA 17.8 2.1 8.5
Pb 0.5 1.84 0.20 9.2
Ni 0.02 0.091 0.043 2.1
A% NA 0.071 0.037 1.9
As 0.006 0.071 0.026 2.7
Hg NA 0.081 0.0094 8.6

? National Ambient Air Quality Standards.

b Averages over three seasons, 20 days per season at the 10 PM,, monitoring sites. Seasons are defined as: summer (May—
June), post-monsoon (October—November), and winter (December—January).

¢ Information not available.

transformation of Hg is not accounted for in the PM,
inventory.

Emission rates for vehicular sources in Table 3 were
estimated for vehicle types/fuel types (e.g., diesel-fueled
buses, trucks, and vehicles; CNG-fueled three-wheelers
and buses; and gasoline-fueled two-wheelers and vehicles).
Fig. 1 presents the contributions of diesel-, CNG-, and
gasoline-fueled vehicles to PM;, mass and chemical
species within the vehicular source category. Diesel-fueled
vehicles contributed nearly all of the vehicular EC (96%)
and most of the PM,y mass (81%), OC (82%), primary SO>
(75%), and Ni (71%). Heavy-duty diesel vehicles (i.e.,
mostly trucks, Source No. 28 in Table 3) were the largest
emitters among on-road vehicles, contributing 47% of OC,
57% of EC, 56% of primary SO4*, 37% of primary NO5,
30% of Pb, and 35% of Ni emissions. Light commercial
diesel vehicles (LCV, Source No. 25) contributed in the
range of 10-30% of vehicular emissions.

Fig. 1 shows that gasoline-fueled vehicles contributed
nearly all of the V (92%) and the majority of the Pb (54%).
Within the vehicular source category, gasoline-fueled two-
wheelers (about 65% of total vehicles) contributed ~80%
to V and 48% to Pb emissions. None of the vehicular source
profiles contain Hg (Table 2), thus, this source category
does not contribute to Hg. The large contribution of two-
wheeled four-stroke vehicles (2W-4S, Source No. 22) to V
(~80%) seems incongruous. PM;, V is typically enriched
in emissions from residual or heavy-duty fuel oil (Olmez
and Gordon, 1985). Yet, Table 2 indicates that the V content
in the 2W-4S source profile is 0.87% of PM,,, the highest
in any of the available source profiles for India.

Table 6 presents PM,, source attributions for seven
emission sources by fuel types (i.e., including vehicular
categories but excluding road dust, construction, and non-
fuel specific sources [i.e., open burning and waste
incineration]) in the city-wide inventory. PM;, mass
emissions originated mainly from coal (53%) and wood
(25%) combustion; OC from wood (43%) and diesel-fuel

(29%) combustion; and EC from diesel fuel (56%) and
wood (26%) combustion. While wood and coal combustion
account for 62 and 31%, respectively, of Pb in the inventory,
coal combustion dominates primary SO,* (46%), NO;
(86%), V (38%), Ni (70%), and Hg (59%) emissions, despite
the large apparent under-estimation of Hg emissions in the
inventory. PM;, As was emitted mainly by wood (55%)
and coal (29%) combustion. Similar to the non-inventoried
sources discussed above, specific sources of trace metals
are not adequately accounted for.

Comparison with Previous Work

Large variations in PM emission estimates were found
in past studies for Delhi (e.g., WHO-UNEP 1992; Bose,
1996; Garg et al., 2001; Gurjar et al., 2004; 2008; Sahu et
al., 2011). TSP emissions were estimated to be 58 TPD in
1990 (Sharma et al., 2002), 317 TPD in 1990 (Bose, 1996),
and 386 TPD in 1995 (Gurjar et al., 2004). The two high
estimates for TSP (i.e., Bose, 1996 and Gurjar ef al., 2004,
respectively) are more than twice as large as the current
estimate of 140 TPD for 2007 PM,,. This is reasonable
considering that fugitive dust emissions are found in the
largest particle size fractions. The vehicular emission factors
in NEERI (2010) vary by vehicle age, but they are one to
two orders of magnitude lower than those of Gurjar ef al.
(2004): 0.01-0.07 versus 0.5 g/km for motorcycles and
0.002-0.008 versus 0.5 g per kilometer (km) for gasoline-
fueled vehicles. Emission factors for diesel-fueled buses
are similar: 0.3-2 g/km from NEERI (2010) and 1.15 g/km
from Gurjar ef al. (2004).

The most recent PM, s and PM,, inventories for Delhi
by Sahu ef al. (2011) are compared with the 2007 PM,,
emission inventory (NEERI, 2010) in Table 7. PM,, emission
rates by Sahu et al. (2011) are higher (645 TPD) than the
140 TPD estimate in the NEERI (2010) inventory. One
contributing factor is the size of the study area: 4550 km?
(covering Delhi and surrounding sub-region) in Sahu ef al.
(2011) versus 1500 km® in NEERI (2010), which was
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Fig. 1. Percent contributions of diesel-, compressed natural gas (CNG)-, and gasoline-fueled vehicles to PM;y mass and
chemical species within the vehicular source category (NEERI, 2010).

Table 6. Source contribution of various fuels to daily PM;, mass and chemical species in the 2007 city-wide inventory for
Delhi, India.

Emission Source Percent of Total PM;, Mass and Chemical Species Emissions

by Fuel Type® PM,, OC EC SO/ NO; Pb Ni \ As Hg
LPG® 1.65 1.35 0.59 7.5 0.10 3.8 1.36 1.09 11.2 6.7
CNG* 2.2 2.8 1.56 5.0 9.0 0.58 1.31 1.62 0.12 1.10
Gasoline 2.6 4.5 1.48 54 0.68 1.0 0.10 20 0.12 0.00
Diesel 15.1 29 56 22 2.2 1.23 17.5 37 3.8 3.7
Kerosene 0.21 1.98 1.47 1.61 0.05 0.48 0.95 0.94 0.91 1.72
Coal 53 17.1 13.1 46 86 31 70 38 29 59
Wood 25 43 26 12.2 1.45 62 8.3 1.79 55 28.

* Excluding paved road dust, construction, and non-fuel-specific sources (i.e., waste incineration, open solid waste burning).
See Table 3 for different fuel types used in each of the Source Numbers.

®Liquefied petroleum gas.

¢ Compressed natural gas.

Table 7. Comparison of PM emission rates between 2007 NEERI* (NEERI, 2010) and 2010 Sahu et al. (2011) emission
inventories.

Inventory Year

Base Year 2010 2010 2007

Sahu et al. (2011) PM, 5 Sahu et al. (2011) PM,, NEERI (2010) PM,,

Source Categoryb Tonnes/day Per]geqt o.f Total Tonnes/day Perceqt o.f Total Tonnes/day Perceqt O.f Total

missions Emissions Emissions
Power Plant 7.9 1.4% 30 4.6% 25 18%
Industrial Boilers 45 8.2% 74 11.5% 2.2 1.2%
Residential 51 0.9% 99 15.3% 11.6 8.3%
Paved Road Dust 360 66% 360 56% 77 55%
Vehicle 83 15.2% 82 12.7% 9.7 6.9%
Total Emissions 546 645 140

* National Environmental Engineering Research Institute.

® For NEERI (2010) see Table 3 for details on Power Plants (Source Numbers 1 and 2), Industrial Boilers (Source Numbers 3
and 4), Paved Road Dust (Source Number 20), and Vehicle (Source Numbers 21-30) emission rates. Residential includes
domestic cooking and heating sources (Source Numbers 5-8).

focused more on the city center. Nonetheless, Sahu et al. Speciated Emission Inventory Uncertainties

(2011) estimate PM;, emissions over 8 times higher for It is clear that PM emission inventories vary widely from
vehicular and residential sources and over 30 times higher  study to study. Annual emission estimates depend on the
for industrial sources. representativeness of specified emission factors and activity
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levels. There are no standards for estimating activity levels,
and consistency must be established among independent
studies and comparisons need to be made between measured
ambient concentrations and those estimated from models
in the inventories. Speciated PM emissions also depend on
the representativeness of the chemical source profiles. Even
in the most advanced air quality and source apportionment
studies, source profiles are often non-representative or
inaccurate (Watson et al., 2008). This is evident for vehicular
sources, emissions from which can represent a mixture
from thousands if not millions of different vehicles. In the
2007 study, local source profiles were developed based on
a limited number of tests (e.g., four post-2000 vintage diesel-
fueled heavy-duty commercial vehicles [ARAI, 2009] and
two coal-fired power plants [Sethi and Patil, 2008a]). Source
profiles should be continuously improved upon with more
vehicle tests under different driving conditions covering a
broad range of fuels and engine types and ages (e.g., Wang
etal.,2012).

Although several area and vehicular source emission
factors were specifically measured in India, with some in
Delhi, the 2007 inventories (NEERI, 2010) rely heavily on
U.S. AP-42 emission factors (U.S.EPA, 2006). Most of these
emission factors result from laboratory testing of only a
few individual emitters, whereas more real-world emission
factors require measurements for the actual hardware,
fuels, and operating conditions specific to the study region
(Watson et al., 2012). Domestic cooking activities in Delhi
constitute another major uncertainty, as LPG is the dominant
fuel near the city center, while greater amounts of wood
and kerosene are used in the lower-income areas at the
periphery of the city. Fugitive dust emissions are based on
silt loadings, and this activity indicator is not considered
accurate in North America for PM,, or PM, 5 size fractions
(Watson et al., 2000). As noted, uncertainties of emission
inventories and source characterization should be evaluated.
A weight-of-evidence approach (U.S. EPA, 2007) should
be used to reconcile differences between source modeling
and ambient measurements in future studies.

CONCLUSIONS

Paved road dust, construction activities, power plants,
domestic cooking and vehicles are the main sources of
PM;, in Delhi. Ground-level emissions of toxic species are
the most significant sources in terms of exposure and impacts
on human health. For the selected toxic metals, paved road
dust and domestic cooking are the principal ground-level
sources of PM,, Pb, Ni, and Hg while vehicle exhaust is
the main source of V. Residential wood combustion for
cooking and heating is the dominant source of As.

Paved road dust dominates PM, emissions (55%) and is
the main source of OC (33%) and EC (34%). Dust
suppression should be an important component of air
quality remediation efforts in Delhi. Vehicles are the next
most important source of EC (33%). While conversion to
cleaner fuels like CNG and movement towards a newer
fleet will lower vehicle emissions, an efficient public transport
system that minimizes the use of personal vehicles, especially

two-wheelers, is the key to improving air quality in Delhi.
This would also reduce traffic volume and, in turn, decrease
re-suspension of road dust.

Efforts should be made to use natural gas for domestic
cooking and to eliminate other cooking fuels (e.g., coal,
kerosene, and wood). Estimated speciated PM,, emissions
need to be further refined by determining more representative
source profiles for PM;, from specific sources that emit toxic
chemical species. It is also necessary to continue ambient
measurements of PM,s, PMy,, and their major chemical
components in order to establish a long-term database for
evaluating the effectiveness of pollution control measures.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the source
apportionment study carried out for Delhi by the National
Environmental Engineering Research Institute (NEERI),
which provided the base data for this work. The authors are
also thankful to the United States-India Education Foundation
(USIEF) for providing a grant under the Fulbright-Nehru
Environment Leadership Fellowship Program.

REFERENCES

Amos, HM., Jacob, D.J., Holmes, C.D., Fisher, J.A., Wang,
Q., Yantosca, R.M., Corbitt, E.S., Galarneau, E., Rutter,
A.P., Gustin, M.S., Steffen, A., Schauer, J.J., Graydon,
J.A., St. Louis, V.L., Talbot, R.W., Edgerton, E.S., Zhang,
Y. and Sunderland, E.M. (2012) Gas-Particle Partitioning
of Atmospheric Hg(Il) and Its Effect on Global Mercury
Deposition. Atmos. Chem. Phys. 12: 591-603.

Apte, J.S., Kirchstetter, T.W., Reich, A.H., Deshpande, S.J.,
Kaushik, G., Chel, A., Marshall, J.D. and Nazaroff,
W.W. (2011). Concentrations of Fine, Ultrafine, and
Black Carbon Particles in Auto-rickshaws in New Delhi,
India. Atmos. Environ. 45: 4470-4480.

ARAI (2007). Emission Factor Development for Indian
Vehicles. Project Rep No.: AFL/2006-07/I0CL/Emission
Factor Project/Final Rep; prepared by Automotive
Research Association of India, Pune, India, http://www.
cpeb.nic.in/Emission_Factors Vehicles.pdf.

ARALI (2009). Source Profiling for Vehicular Emissions.
Report Number ARAI/VSP-III/SP/RD/08-09/60; Prepared
by Automotive Research Association of India, Pune,
India. http://www.cpcb.nic.in/Source Profile Vehicles.
pdf.

Behera, S.N., Sharma, M., Dikshit, O. and Shukla, S.P.
(2011). GIS-based Emission Inventory, Dispersion
Modeling, and Assessment for Source Contributions of
Particulate Matter in an Urban Environment. Water Air
Soil Pollut. 218: 423-436.

Bhanarkar, A.D., Rao, P.S., Gajghate, D.G. and Nema, P.
(2005). Inventory of SO,, PM and Toxic Metals Emissions
from Industrial Sources in Greater Mumbai, India.
Atmos. Environ. 39: 3851-3864.

Bond, T.C,, Streets, D.G., Yarber, K.F., Nelson, S.M., Woo,
J.H. and Klimont, Z. (2004). A Technology-based Global
Inventory of Black and Organic Carbon Emissions from



1524 Gargava et al., Aerosol and Air Quality Research, 14: 1515-1526, 2014

Combustion. J. Geophys. Res.
10.1029/2003JD003697.

Bose, R.K. (1996). Energy Demand and Environmental
Implications in Urban Transport - Case of Delhi. Atmos.
Environ. 30: 403—412.

Brown, R.J.C. (2010). Comparison of Estimated Annual
Emissions and Measured Annual Ambient Concentrations
of Metals in the UK 1980-2007. J. Environ. Monit. 12:
665-671.

Census of India (2012). Delhi Population Census Data
2011. Prepared by Census of India, Delhi, India.
http://www.census2011.co.in/census/state/delhi.html.

Chelani, A.B. and Devotta, S. (2007). Air Quality Assessment
in Delhi: Before and After CNG as Fuel. Environ. Model.
Assess. 125: 257-263.

Chow, J.C., Engelbrecht, J.P., Watson, J.G., Wilson, W.E.,
Frank, N.H. and Zhu, T. (2002). Designing Monitoring
Networks to Represent Outdoor Human Exposure.
Chemosphere 49: 961-978.

Chow, J.C., Watson, J.G., Shah, J.J., Kiang, C.S., Loh, C.,
Lev-On, M., Lents, J.M., Molina, M.J. and Molina, L.T.
(2004). 2004 Critical Review Discussion: Megacities
and Atmospheric Pollution. J. Air Waste Manage. Assoc.
54:1226-1235.

Chow, J.C., Watson, J.G., Lowenthal, D.H., Chen, L.W.A.
and Motallebi, N. (2010). Black and Organic Carbon
Emission Inventories: Review and Application to
California. J. Air Waste Manage. Assoc. 60: 497-507.
Chow, J.C. and Watson, J.G. (2011). Air Quality
Management of Multiple Pollutants and Multiple Effects.
Air Qual. Clim. Change 45: 26-32.

Chow, J.C., Watson, J.G., Chen, L. W.A., Lowenthal, D.H.
and Motallebi, N. (2011). PM,5 Source Profiles for
Black and Organic Carbon Emission Inventories. Atmos.
Environ. 45: 5407-5414.

CPCB (2009). National Ambient Air Quality Standards.
Notified by Central Pollution Control Board, Delhi,
India. http://cpcb.nic.in/National Ambient Air Quality
_ Standards.php.

CPCB (2011). Vehicular Source Emission Profiles.
Microsoft Excel Spreadsheet. http://www.cpcb.nic.in/V
ehicular_Sources_Emission_Profiles.xls.

CPCB (2012). National Ambient Air Quality Status and
Trends in India: 2010. Report NAAQMS/35/2011-2012
by Central Pollution Control Board, New Delhi, India,
http://cpcb.nic.in/upload/Newltems/Newltem 192 NA
AQSTI.pdf.

Dalvi, W., Beig, G., Patil, U., Kaginalkar, A., Sharma, C.
and Mitra, A.P. (2006). A GIS Based Methodology for
Gridding of Large-scale Emission Inventories: Application
to Carbon-monoxide Emissions over Indian Region.
Atmos. Environ. 40: 2995-3007.

Fujita, E.M., Croes, B.E., Bennett, C.L., Lawson, D.R.,
Lurmann, F.W. and Main, H.H. (1992). Comparison of
Emission Inventory and Ambient Concentration Ratios
of CO, NMOG, and NOj in California's South Coast Air
Basin. J. Air Waste Manage. Assoc. 42: 264-276.

Galbreath, K., Zygarlicke, C., Casuccio, G.S., Moore, T.,
Gottlieb, P., AgronOlshina, N., Huffman, G., Shah, A.,

109: D14203, doi:

Yang, N., Vleeskens, J. and Hamburg, G. (1996).
Collaborative Study of Quantitative Coal Mineral
Analysis Using Computer-controlled Scanning Electron
Microscopy. Fuel 75: 424-430.

Garg, A., Bhattacharya, S., Shukla, P.R. and Dadhwal, W.K.
(2001). Regional and Sectoral Assessment of Greenhouse
Gas Emissions in India. Atmos. Environ. 35: 2679-2695.

Garg, A., Kapshe, M., Shukla, P.R. and Ghosh, D. (2002).
Large Point Source (LPS) Emissions from India: Regional
and Sectoral Analysis. Atmos. Environ. 36: 213-224.

Gargava, P. and Aggarwal, A.L. (1999). Emission Inventory
for an Industrial Area of India. Environ. Model. Assess.
55:2 99-304.

Goyal, P. and Sidhartha (2003). Present Scenario of Air
Quality in Delhi: A Case Study of CNG Implementation.
Atmos. Environ. 37: 5423-5431.

Gupt, Y. (2012). Is the Deposit Refund System for Lead
Batteries in Delhi and the National Capital Region
Effective? SANDEE Working Paper No. 68—12, South
Asian Network for Development and Environmental
Economics (SANDEE) PO Box 8975, EPC 1056,
Kathmandu, Nepal, April, 2012.

Gurjar, B.R., van Aardenne, J.A., Lelieveld, J. and Mohan,
M. (2004). Emission Estimates and Trends (1990-2000)
for Megacity Delhi and Implications. Atmos. Environ.
38: 5663-5681.

Gurjar, B.R., Butler, T.M., Lawrence, M.G. and Lelieveld,
J. (2008). Evaluation of Emissions and Air Quality in
Megacities. Atmos. Environ. 42: 1593—1606.

Hogrefe, C., Sistla, G., Zalewsky, E., Hao, W. and Ku,
J.Y. (2003). An Assessment of the Emissions Inventory
Processing Systems EMS-2001 and SMOKE in Grid-
based Air Quality Models. J. Air Waste Manage. Assoc.
53:1121-1129.

Hu, T.F., Cao, J.J., Ho, K.F., An, Z.S., Lee, S., Chow, J.C.,
Watson, J.G. and Li, H. (2011). Winter and Summer
Characteristics of Airborne Particles Inside Emperor
Qin's Terra-Cotta Museum, China: A Study by Scanning
Electron =~ Microscopy-energy  Dispersive  x-ray
Spectrometry. J. Air Waste Manage. Assoc. 61: 914-922.

Junker, C. and Liousse, C. (2008). A Global Emission
Inventory of Carbonaceous Aerosol from Historic Records
of Fossil Fuel and Biofuel Consumption for the Period
1860-1997. Atmos. Chem. Phys. 8: 1195-1207.

Khillare, P.S., Hoque, R.R., Shridhar, V., Agarwal, T. and
Balachandran, S. (2008). Temporal Variability of
Benzene Concentration in the Ambient Air of Delhi: A
Comparative Assessment of pre- and post-CNG Periods.
J. Hazard. Mater. 154: 1013—-1018.

Lamarque, J.F., Bond, T.C., Eyring, V., Granier, C., Heil,
A., Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen,
B., Schultz, M.G., Shindell, D., Smith, S.J., Stehfest, E.,
van Aardenne, J., Cooper, O.R., Kainuma, M., Mahowald,
N., McConnell, J.R., Naik, V., Riahi, K. and van Vuuren,
D.P. (2010). Historical (1850-2000) Gridded Anthropogenic
and Biomass Burning Emissions of Reactive Gases and
Aerosols: Methodology and Application. Atmos. Chem.
Phys. 10: 7017-7039.

Lu, Z., Zhang, Q. and Streets, D.G. (2011). Sulfur Dioxide



Gargava et al., Aerosol and Air Quality Research, 14: 1515-1526, 2014 1525

and Primary Carbonaceous Aerosol Emissions in China
and India, 1996-2010. Atmos. Chem. Phys. 11: 9839-9864.

MacCracken, M.C. (2008). Critical Review: Prospects for
Future Climate Change and The reasons for Early
Action. J. Air Waste Manage. Assoc. 58: 735-786.

Mauderly, J.L. and Chow, J.C. (2008). Health Effects of
Organic Aerosols. Inhalation Toxicol. 20: 257-288. doi:
10.1080/08958370701866008.

Miller, C.A., Hidy, G.M., Hales, J., Kolb, C.E., Werner,
A.S., Haneke, B., Parrish, D., Frey, H.C., Rojas-Bracho,
L., Deslauriers, M., Pennell, W.R. and Mobley, J.D.
(2006). Air Emission Inventories in North America: A
Critical Assessment. J. Air Waste Manage. Assoc. 56:
1115-1129.

Mobley, J.D., Deslauriers, M. and Rojas-Brachos, L. (2005).
Improving Emission Inventories for Effective Air-
quality management across North America - A NARSTO
Assessment. Report Number NARSTO-05-001; Prepared
by NARSTO, Pasco, WA.

Mohan, M., Dagar, L. and Gurjar, B.R. (2007). Preparation
and Validation of Gridded Emission Inventory of
Criteria Air Pollutants and Identification of Emission
Hotspots for Megacity Delhi. Environ. Model. Assess.
130: 323-339.

Molina, M.J. and Molina, L.T. (2004). Critical Review:
Megacities and Atmospheric Pollution. J. Air Waste
Manage. Assoc. 54: 644-680.

National Capital Region Planning Board (2001). Regional
Plan Document on Power Sector. http://ncrpb.nic.in/po
wer.php

NEERI (2010). Air Quality Monitoring, Emission Inventory
& Source Apportionment Studies for Delhi. Prepared by
National Environmental Engineering Research Institute,
Nagpur, India, http://www.cpcb.nic.in/Delhi.pdf.

Olmez, I. and Gordon, G.E. (1985). Rare Earths; Atmospheric
Signatures for Oil-fired Power Plants and Refineries.
Science 229: 966-968.

Pope, C.A., Il and Dockery, D.W. (2006). Critical Review:
Health Effects of Fine Particulate Air Pollution: Lines
That Connect. J. Air Waste Manage. Assoc. 56: 709—742.

Ravindra, K., Wauters, E., Tyagi, S.K., Mor, S. and van
Grieken, R. (2006). Assessment of Air Quality after the
Implementation of Compressed Natural Gas as Fuel in
Public Transport in Delhi, India. Environ. Model. Assess.
115: 405-417.

Reddy, M.S. and Venkataraman, C. (2002a). Inventory of
Aerosol and Sulphur Dioxide Emissions from India Part
1. Fossil Fuel Combustion. Atmos. Environ. 36: 677-697.

Reddy, M.S. and Venkataraman, C. (2002b). Inventory of
Aerosol and Sulphur Dioxide Emissions from India Part
2. Biomass Combustion. Atmos. Environ. 36: 699-712.

Reff, A., Bhave, P.V., Simon, H., Pace, T.G., Pouliot,
G.A., Mobley, J.D. and Houyoux, M. (2009). Emissions
Inventory of PM,; Trace Elements across the United
States. Environ. Sci. Technol. 43: 5790-5796.

Sahu, S.K., Beig, G. and Parkhi, N.S. (2011). Emissions
Inventory of Anthropogenic PM,s and PM;, in Delhi
during Commonwealth Games 2010. Atmos. Environ.
45: 6180-6190.

Saxena, P. and Ghosh, C. (2010). Status of Tropospheric
Ozone and Other Primary Air Pollutants after the
Implementation of CNG in Delhi. Asian J. Chem. 22:
7498-7506.

Sethi, V. and Patil, R.S. (2008a). Development of Air
Pollution Source Profiles - Stationary Sources Volume
1. Prepared by Indian Institute of Technology, Mumbai,
India,
http://www.cpcb.nic.in/Source_Emission %20Profiles_
NVS_Volume%200ne.pdf.

Sethi, V., Patil, R.S. (2008b). Development of Air
Pollution Source Profiles - Stationary Sources Volume
2. prepared by Indian Institute of Technology, Mumbai,
India, http://www.cpcb.nic.in/Source Emission Profile
s NVS_ Volume%20Two.pdf.

Sharma, C., Dasgupta, A. and Mitra, A.P. (2002). Future
Scenarios of Inventories of GHGs and Urban Pollutants
from Delhi and Calcutta. In: Proceedings of Workshops
of IGES/APN Mega-city Project, 23-25 January 2002,
Kitakyushu, Japan.

U.S. EPA (1995a) User’s Guide for Industrial Source
Complex (ISC 3) Dispersion Models. User’s Instructions,
Vol. 1. EPA-454/B-95-003a, USEPA. Research Triangle
Park, NC.

U.S. EPA (1995b) User’s Guide for Industrial Source
Complex (ISC 3) Dispersion Models. Description of
Model Algorithms, Vol. 2. EPA-454/B-95-003a, USEPA,;
Research Triangle Park, NC.

U.S. EPA (2006). AP-42, Volume I: Compilation of Air
Pollution Emission Factors. Report Number Fifth Edition;
Prepared by U.S. Environmental Protection Agency,
Washington, D.C.

U.S. EPA (2010). Our Nation's Air: Status and Trends
through 2008. Report Number EPA 454/R-09-002;
Prepared by U.S. Environmental Protection Agency,
Research Triangle Park, NC, http://www.epa.gov/airtre
nds/2010/report/fullreport.pdf.

Wang, R., Tao, S., Shen, H.Z., Wang, X.L., Li, B.G., Shen,
G.F., Wang, B., Li, W, Liu, X.P., Huang, Y., Zhang,
Y.Y., Lu, Y. and Ouyang, H.L. (2012). Global Emission
of Black Carbon from Motor Vehicles from 1960 to
2006. Environ. Sci. Technol. 46: 1278—1284.

Wang, X.L., Watson, J.G., Chow, J.C., Kohl, S.D., Chen,
L.W.A., Sodeman, D.A., Legge, A.H. and Percy, K.E.
(2012). Measurement of Real-world Stack Emissions
with a Dilution Sampling System, In Alberta Oil Sands:
Energy, Industry, and the Environment, Percy, K.E.,
(Ed.), Elsevier Press, Amsterdam, The Netherlands, p.
171-192.

Watson, J.G., Chow, J.C. and Pace, T.G. (2000). Fugitive
Dust Emissions. In Air Pollution Engineering Manual,
Second Edition, 2nd; Davis, W.T. (Ed.), John Wiley &
Sons, Inc., New York, p. 117-135.

Watson, J.G. (2002). Visibility: Science and Regulation -
2002 Critical Review. J. Air Waste Manage. Assoc. 52:
628-713.

Watson, J.G., Chow, J.C., Chen, L.W.A., Lowenthal, D.H.,
Fujita, E.M., Kuhns, H.D., Sodeman, D.A., Campbell,
D.E., Moosmiiller, H. and Zhu, D.Z. (2011). Particulate



1526 Gargava et al., Aerosol and Air Quality Research, 14: 1515-1526, 2014

Emission Factors for Mobile Fossil Fuel and Biomass WHO/UNEP (1992). Urban Air Pollution in Megacities of
Combustion Sources. Sci. Total Environ. 409: 2384-2396. the World. Oxford: Basil Blackwell, World Health
Watson, J.G., Chow, J.C., Wang, X.L., Kohl, S.D., Chen, Organisation/United Nations Environment Programme.

L.W.A. and Etyemezian, V. (2012). Overview of Real-

world Emission Characterization Methods, In Alberta

Oil Sands: Energy, Industry, and the Environment, Percy, Received for review, February 15, 2013
K.E. (Ed.), Elsevier Press, Amsterdam, The Netherlands, Accepted, December 23, 2013
p. 145-170.



