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Executive Summary

The vehicle emission profile generated, for Indian vehicles, by PM characterization
together with the ambient particulate matter speciation data could be a realistic input to
the Chemical Mass Balance (CMB) receptor model for source apportionment study for
identification of sources of air pollution.

Increasing number of vehicles plying on the road and its impact on ambient air quality
and human health is a matter of concern. Chemical speciation of vehicle exhaust
particulate matter (source profiles) is required for assessment of contribution from
vehicle sources using receptor model. The available international database
SPECIATE-4.00is the U.S. Environmenta | Protection Agencyods (EPA
organic compound (TOC) and particulate matter (PM) speciation profiles of air pollution
sources(Vehicular as well as non-vehicular sources).The vehicle categories available
under Speciate for CMB application mostly fall under LCVand HCV category. In view of
this and looking at the Indian scenario where traffic composition include 2Wheeler
(2Stroke and 4Stroke), 3Wheeler (Diesel, Gasoline, LPG and CNG) alongwith LCV and
HCV. As no data is available on Vehicle profiles for vehicles plying in Indian cities, the
need was felt to develop the Vehicle profiles and estimate contribution of mobile
sources (especially vehicles) in urban environment. This project was therefore aimed at
development of Vehicle Source profiles for Indian vehicles to use in receptor model for
Source Apportionment Study.
To carry out detailed chemical characterization of Particulate Matter two mass emission
tests were carried out on each vehicle -one with Teflon for mass, ions and element
analysis and another on Quartz for carbon fractions and molecular markers analysis, as
per the applicable test procedure, in the given vehicle test matrix for collection of
particulate matter on respective filter papers.
A comprehensive data base on source profiles generated on Indian vehicles including-
I Total 192 mass emission tests on 96 vehicles (2 tests on each vehicle).
T Vehicle selected/ tested w.r.t. fuel type category and vintage as below-
A Gasoline, Diesel, LPG (OE/Retrofit) and CNG (OE/Retrofit)
A 2S-2w, 4S-2W, 2S-3W, 4S-3W, Cars, LCV, HCV
A 1991-96, 1996-2000, 2000-2005+ vintage
i The mass emission results of 96 vehicles are made available as a
supplement to emission factors generated for Indian vehicles
i Detailed chemical speciation of vehicle exhaust particulate matter for ions,
elements, carbon fractions, molecular markers
T Total of 96 no Individual profile and 44 nos of Composite profiles prepared
for different category and fuel
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The list of constituents under each above said group were identified by CPCB as
defined in project ASource Apportionment St
selected citieso, which includes chemic.al spe

Constituents of chemical characterization of the PM for source
profiling of vehicle emissions

Group Constituents

Na, Mg, Al, Si, P, S, Cl, Br, V, Mn, Fe, Co, Ni, Cu, Zn, As, Ti, Ca,

Elements Ga, Rb, Y, Zr, Pd, Ag, In, Sn, La, Se, Sr, Mo, Cr, Cd, Sb, Ba, Hg,
and Pb

lons F, CI, Br, NO,, NOs, SO472, K*, NH.", Na*, ca™, Mg**

Carbon Elemental Carbon, Organic Carbon and Total Carbon
Alkanes n- Hentriacontane

n-Tritriacontane

n- Pentatriacontane

22,29, 301 Trisnorneohopane

Hopanes 17U0( H) , -292Nbrhopde
17U(H),21b(H) Norhopan
Hexadecanamide

Octadecanamide

Benzo[b]fluoranthene
Benzolk]fluoranthene

Benzo[e]pyrene

PAHs Indeno[1,2,3-cd]fluoranthene
Indeno[1,2,3-cd]pyrene Phenylenepyrene
Picene

Coronene

Stigmasterol

Levoglucosan

Alkanoic acid
Molecular markers

Others
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Observations:

Diesel and gasoline composite:

Composite profiles for all gasoline and diesel vehicles including different categories and
vintages were generated as it was decided to use composite profiles, which are
representative of vehicle fleet including all categories and vintages in gasoline and
diesel vehicles.

Distribution of exhaust particulate matter in composite profiles for all gasoline and all
diesel vehicles in different chemical groups like organic carbon, elemental carbon, ions,
elements and other is presented in Figures below. In both, all gasoline and all diesel
composite, organic carbon was found to dominate with 54% and 50% respectively.
Elemental carbon fraction was found to be higher in all diesel composite (22%) than in
all gasoline composite (7%), which is a major distinguishing factor between gasoline
and diesel composite. lons percentage was found to be higher in gasoline composite
(19%) as compared to diesel composite (4%). Higher fraction of ions in gasoline
exhaust can be attributed to the higher sulphate, chloride, calcium and sodium ions in
exhaust due to use of lube oil. Elements, mainly wear metal (Fe, Pb & Cu) are found to
be higher in percent in gasoline exhaust than diesel exhaust. Although, the absolute
guantity of these metals was found to be similar from both the vehicle exhaust,
percentage contribution in gasoline vehicles is higher due to less overall mass of PM in
gasoline exhaust.

Organic molecular markers were found to be higher in percentage in gasoline exhaust
composite (~4%) than in diesel exhaust composite (~1.3%). 17 alpha (H), 21 beta (H)-
Hopane was found to be marginally higher (2.1%) in gasoline than in diesel exhaust
(1.6%). Hopanes are present in lubricating oil used by gasoline and diesel powered
engines and hence, are emitted in particle phase from both the engine types.

Overall mass concentration of all the 16 PAHSs is higher in diesel than gasoline exhaust
due to higher PM mass in Diesel vehicles. Qualitative interpretation (2, 3, 4 ,5 rings
PAH) reveals that mass concentration of 2,3 and 4 ring lighter PAH compounds e.g.
Fluorene +Acenaphthene, (3-ring) Fluoranthene and (4-ring) Pyrene is higher in Diesel
Vehicles as compared to Gasoline vehicles. Whereas, mass Concentration of 5-ring
heavier PAH compounds e.g. Benzo(a)Pyrene, Dibenz(a,h)anthracene, Indeno(1,2,3
cd)pyrene and Benzo(ghi)perylene is higher in diesel vehicles as compared to gasoline
vehicles. Overall mass of 2,3 and 4 ring lighter PAH compounds is high as compared to
5-ring heavier PAH compounds in Diesel as well as Gasoline vehicles.

Co-linearity in data
Colineraity checks.are performed to assess the gasoline and diesel composite profiles
for their distinctness.
OC % found to be close in gasoline (54%) and diesel (50%). However, diesel and
gasoline exhaust EC content was 22% and 7% respectively. Diesel exhaust particles
are known to have contained much higher fraction of elemental carbon than gasoline

4



Report No. ARAI/VSP-11I/SP/RD/08-09/60
exhaust particles and based on this elemental to organic carbon ratio in gasoline and
diesel exhaust, contribution from both engine types can be differentiated. For certain

elements % share was found to be very less and similar. PAHs and ions data was not
found to be collinear and shows higher % in gasoline exhaust.

Vehicle Emission Profile

Benzo(e)pyrene 17 alpha(H),21beta(H)-
. . Indenol(1,2,3)P 0.74% Hopan
All Gasoline Composite R P

Benzo(ghi)Pyrene

Benzo(a)Pyrene
6.39%

Benzo(k)Fluoroanthene

1.57% 3.96 %
Benzo(b)Fluoroanthene of total
4.68% PM

Chrysene

0.53%
Benzo(a)Anthracene
3.69%

Phenanthrene
1.16%

Anthracene
Fluoroanthene 0.84%
5.07% e

PAHs and Hopane- Gasoline Composite
Elemental Carbon -

7%

Distribution of all gasoline composite vehicle exhaust PM in different chemical

groups
Vehicle Emission Profile Indenol(1,2,3)Pyrene _ Benzo(elpyrene 17 alpha(H),21beta(H)-
4.45% 0.78% Hopane
All Diesel Composite

L 1.57%
Benzo(ghi)Pyrene i

3.55%
Dibenz(a,h)anthracene
5.99%

Benzo(a)Pyrene
6.93%

Benzo(k)Fluoroanthene
1.56%
lons

Benzo(b)Fluoroanthene
4% 2.27% Chrysene
1.71%
Benzo(a)Anthracene
Elements

1.42%
2.17%

Phenanthrene
Anthracene 1.90%

. . 1.96%

PAHs and Hopane- Diesel Composite

Distribution of all diesel composite vehicle exhaust PM in different chemical
groups
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Category wise chart for distribution of species

Chemical speciation data of vehicle exhaust PM is analysed and grouped under
different categories based on engine technology and fuel types. Category wise
distribution of chemical species in various groups like carbon fractions, ions, elements
and PAHs is given in Table below.

Organic carbon was found to vary from 48 to 57 % amongst the composite of different
category gasoline vehicles. Similarly, elemental carbon was varied from 3% to 13%. OC
and EC in composite of all gasoline vehicles was 52% and 6.6% respectively. Category
wise composites for diesel vehicles show variation in organic carbon from 46 % to 52%
and variation in EC from 16% to 25%. All diesel vehicles composite shows OC and EC
% as 49% and 22% respectively. OC % in CNG vehicles composite varied from 29% to
58% and EC % variation was from 6% to 22%. In case of LPG category wise composite
OC % variation was 26% to 49% and EC % variation was from 7% to 14%. All CNG
vehicle composite OC and EC % are found to be 43% and 16% respectively, whereas
all LPG composite OC and EC % are 38%and 11% respectively.

Amongst the ions sulphate, nitrate, chloride and ammonium ions were found to have
major share. Gasoline vehicle exhaust was found to have higher % of ions then diesel
exhaust, which may be due to lower overall PM mass in gasoline exhaust.

Elements % were found to be very less in exhaust PM of all vehicle types. Elements
from lube oil (Ba, Ca, S, Mg, Zn, P & Mo) and engine wear metals (Fe, Cu & Pb) were
found to be comparatively in higher proportion. In terms of % mass gasoline exhaust is
found to contain higher % of these metals as compared to diesel exhaust.

PAHs % distribution shows higher fraction of Pyrene, Fluorine+ Acenaphthene and
Acenaphthalene in all vehicle categories. Total PAHs were observed to higher in
gasoline vehicle composite (3.96%) than in diesel vehicle composite (1.26%).
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Percentage distribution of major chemical species (carbon fraction, ions, elements) in different categories of

vehicles
Carbon
Fraction (%) lons (%) Elements (%)
2 5| 2
Vehicle Categor 2 S = = E =
| = —_ < — ~ —~
gory O 8 8 = © 8 S c = g ® &
o Z kot 2 = ~ = = = T = o i) bt =
8| S| | §| | | 5| & %8| 2| | 2| &€| 5| &
o IS} < 5| E 2 S g | 9| = = 8 kS S| o
= = © (=} = c
o) e o = 3 < 5 S S 2 > =~ 3 o g @ N
2-stroke, 2-wheeler
(Gasoline) 57.34 | 3.10| 437 | 086 | 4.24| 056 | 0.813 | 3.163 | 0.006 | 0.056 | 0.000 | 0.008 | 1.295 | 0.000 | 0.037 | 0.035 | 0.292
4-stroke, 2-wheeler
(Gasoline) 4863 | 5.08| 5.07| 0.39 | 594 | 0.00 | 3.263 | 1.792 | 0.036 | 0.082 | 0.000 | 0.000 | 0.398 | 0.031 | 0.319 | 0.000 | 1.229
3-Wheeler(Gasoline) 5424 | 470| 2.62| 0.76 | 4.80| 0.01 | 2.057 | 0.739 | 0.003 | 0.114 | 0.000 | 0.011 | 0.000 | 0.005 | 0.010 | 0.072 | 1.201
Passenger
Car(Gasoline) 4798 | 1342 | 244 | 140 | 3.20| 0.50 | 0.000 | 2.373 | 0.018 | 0.347 | 0.081 | 0.004 | 0.461 | 0.066 | 0.082 | 0.414 | 0.000
3-Wheeler(Diesel) 48.73 | 16.20 | 0.95| 0.04 | 0.56 | 0.00 | 0.539 | 0.148 | 0.006 | 0.003 | 0.000 | 0.000 | 0.389 | 0.008 | 0.010 | 0.021 | 0.120
Passenger Car(Diesel) | 50.26 | 18.59 | 0.10 | 0.17 | 0.74 | 0.01 | 0.573 | 0.507 | 0.014 | 0.026 | 0.000 | 0.000 | 0.000 | 0.016 | 0.021 | 0.324 | 0.303
LCV(Diesel) 46.16 | 26.86 | 0.12 | 0.23 | 0.98 | 0.08 | 0.782 | 0.210 | 0.008 | 0.008 | 0.000 | 0.001 | 0.000 | 0.000 | 0.014 | 0.415 | 0.532
HCV(Diesel) 5193 | 2462 | 020 | 028 | 1.06 | 0.00| 0.782 | 0.210 | 0.008 | 0.008 | 0.000 | 0.001 | 0.000 | 0.000 | 0.014 | 0.415 | 0.532
3 Wheeler (CNG) 5838 | 6.46| 3.27| 0.08| 2.34| 0.00| 0.000 | 2.147 | 0.000 | 0.242 | 0.000 | 0.003 | 2.941 | 0.015 | 0.152 | 0.000 | 0.000
4 Wheeler (CNG) 28.71 | 1856 | 3.42 | 2.02 | 3.77 | 0.96 | 0.490 | 1.083 | 0.035 | 0.301 | 0.607 | 0.000 | 0.228 | 0.069 | 0.035 | 0.282 | 0.156
HCV (CNG) 4197 | 22.01| 2.19| 0.00| 0.67 | 1.21 | 0.000 | 0.000 | 0.059 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
3 Wheeler (LPG) 4904 | 717 | 274 | 0.06 | 1.68 | 0.00 | 0.245 | 1.383 | 0.029 | 0.072 | 0.000 | 0.000 | 0.937 | 0.002 | 0.201 | 0.000 | 0.026
4 Wheeler (LPG) 26.41 | 1436 | 284 | 118 | 497 | 1.14 | 0.134 | 2.736 | 0.009 | 1.246 | 0.737 | 0.003 | 2.396 | 0.060 | 0.035 | 0.325 | 0.000
All Gasoline
Composite 52.05| 658 363 | 085 | 454 | 027| 153 | 2.02| 0.02| 0.15| 0.02| 001| 054 | 0.03| 0.11 | 0.13| 0.68
All Diesel Composite 4927 | 2157 | 0.34| 0.18| 0.83| 0.02| 058 | 0.27| 0.01| 0.02| 0.00| 0.00| 0.10| 0.01| 0.01| 0.23| 0.25
CNG Composite 43.02 | 1568 | 296 | 0.70| 226 | 0.72| 016 | 1.08| 0.03| 0.18| 0.20| 0.00| 1.06 | 0.03| 0.06 | 0.09| 0.05
LPG Composite 37.72 | 10.77 | 279 | 062 | 3.32| 057 019 | 206 | 0.02| 066 | 037| 000| 167 | 0.03| 0.12| 0.16 | 0.01
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Percentage distribution of PAHs in different categories of vehicles

PAHSs (%)
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2-stroke, 2-wheeler (Gasoline) 0.683 | 0.652 | 0.101 | 0.066 | 0.002 | 0.001 | 0.165 | 0.000 | 0.000 | 0.000 | 1.900
4-stroke, 2-wheeler (Gasoline) 0.382 | 1.637 | 0.532 | 1.933 | 0.045 | 0.041 | 0.111 | 0.125 | 0.427 | 0.751 | 8.572
3-Wheeler(Gasoline) 0.331 | 0.252 | 0.147 | 0.878 | 0.056 | 0.011 | 0.024 | 0.046 | 0.349 | 0.017 | 2.910
Passenger Car(Gasoline) 0.078 | 0.251 | 0.062 | 0.503 | 0.510 | 0.034 | 0.478 | 0.006 | 0.048 | 0.009 | 2.414
3-Wheeler(Diesel) 0.080 | 0.122 | 0.028 | 0.079 | 0.004 | 0.006 | 0.011 | 0.012 | 0.010 | 0.006 | 0.511
Passenger Car(Diesel) 0.024 | 0.036 | 0.007 | 0.037 | 0.000 | 0.001 | 0.005 | 0.005 | 0.001 | 0.001 | 0.130
LCV(Diesel) 0.020 | 0.056 | 0.013 | 0.056 | 0.004 | 0.000 | 0.002 | 0.006 | 0.002 | 0.001 | 0.181
HCV(Diesel) 0.345 | 0.951 | 0.654 | 0.352 | 0.066 | 0.083 | 0.100 | 0.290 | 0.171 | 0.225 | 4.235
3 Wheeler (CNG) 0.333 | 2.340 | 0.396 | 1.124 | 0.029 | 0.040 | 0.052 | 0.128 | 0.000 | 0.000 | 6.642
4 Wheeler (CNG) 0.092 | 0.324 | 0.060 | 0.109 | 0.002 | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.666
HCV (CNG) 0.016 | 0.072 | 0.132 | 0.154 | 0.012 | 0.008 | 0.014 | 0.033 | 0.002 | 0.011 | 0.533
3 Wheeler (LPG) 0.225 | 1.343 | 0.199 | 0.835 | 0.027 | 0.015 | 0.001 | 0.018 | 0.001 | 0.001 | 3.605
4 Wheeler (LPG) 0.163 | 0.270 | 0.057 | 0.334 | 0.003 | 0.006 | 0.007 | 0.012 | 0.026 | 0.035 | 1.253
All Gasoline Composite 037| 0/0| 021 | 0.84| 0.15| 0.02| 0.19| 0.27| 0.04| 0.21| 3.96
All Diesel Composite 012 | 0.29| 0.18| 0.13| 0.02| 0.02| 0.03| 0.08| 0.05| 0.06 | 1.26
CNG Composite 015]| 091 | 020| 046 | 001| 0.02| 0.02| 0.05| 0.00| 0.00| 261
LPG Composite 019| 081] 0.13| 058| 001| 0.01| 000| 0.01| 0.01]| 0.02| 243
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Salient Observations:
Following are the observations based on the emission profiles obtained for different
vehicle category and vintages -

Carbonaceous material accounted for a majority of the PM mass. Of the total carbon,
OC represented on average between 54 & 50% of the mass in gasoline and diesel
vehicle exhaust PM.

Higher fraction of EC was observed in Diesel Vehicles (22%) than in Gasoline vehicle
exhaust (7%).

Mass of (2-ring) Fluorene +Acenaphthene, (3-ring) Fluoranthene and (4-ring) Pyrene
are found to be highest amongst all the 16 PAHs analyzed in diesel composite.
Whereas, mass of (4-ring) Pyrene, (2-ring) Fluorene +Acenaphthene and (2-ring)
Acenaphthalene were highest in gasoline composite. However, % share of PAHs in
PM is higher in case of gasoline exhaust (3.96%) than diesel exhaust (1.26%), which
may be due to lower PM mass in case of gasoline exhaust.

lons fraction in gasoline vehicles were found to be higher than Diesel vehicles.
Gasoline exhaust composite was found to contain high percentage of sulphate
(~4.5%), chloride (~3.5%) calcium (~3%) ions and sodium (~2%). In diesel exhaust
composite ions percentage was found to be below 1% for all the ions.

Calcium, barium, sodium, magnesium, zinc and iron were found to be higher as
compared to other metals in gasoline and diesel exhaust. The Zn, P, Mg, and Ca are
attributed to compounds in the lubricant while the Fe is an indication of engine wear.

Unidentified percentage varied from 3 to 30 % in all the vehicle categories.
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1. Introduction

A diverse range of sources like, domestic, industry and vehicles contribute to the
airborne particulate matter observed in the urban atmosphere. Impact of
growing number of vehicles with a compounded annual growth rate of 15% on
air quality is evident. This growth is expected to be maintained upto 2015.
Particulate matter is one of the major source of air pollution.

One of the important methods for resolving the pollutant source contribution is
through chemical mass balance (CMB) receptor modeling. CMB requires
chemically speciated source profiles with known uncertainty to ensure accurate
source contribution estimates. Mobile source PM profiles are available from
various sources and are generally in the form of weight fraction by chemical
species. The weight fraction format is commonly used, since it is required for
input into the CMB receptor model.

While source apportionment methods can be applied to assess the impact of
source emissions on ambient levels, scientific data on PM emissions are limited
and often not representative of reality. The database on vehicle emission source
profiles, developed by US EPA (SPECIATE), which is available to use with CMB
model is developed based on different vehicle technology and fuel quality.
Chemical nature of the particulate matter from the vehicle exhaust gases is
dependent on technology and fuel quality. Also, the data on 2-wheelers and 3-
wheelers exhaust profiles is not avalaiable. It is, therefore, important to have
particulate characterization data, in Indian context, to use receptor model for
source apportionment study.

The vehicle emission profile generated, for Indian vehicles, by PM
characterization together with the ambient particulate matter speciation data
could be a realistic input to the source apportionment study for identification of
sources of air pollution.

2. Literature Review:

2.1 EPA profiles gasoline composite, diesel composite

SPECIATE is the U.S. Environmental Protection Agency 6 s ( EPA)
total organic compound (TOC) and particulate matter (PM) speciation profiles of
air pollution sources [Ref. 1].
The total speciated percentage of a given PM profile is listed under the field of
Total in the new SPECIATE database. It is calculated as the sum of all speciated
compounds (e.g., EC, OC, sulfates, nitrates, metals), excluding elemental sulfur
and speciated organics in PM (e.g., PAHS).

12
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EC and OC measurements reported in DRI PM profiles were measured by the
TOR procedure. EPA and Schauer profiles used the TOT procedure for EC and
OC analyses. This difference measurement procedure is important, since
previous studies have observed that the discrepancy in EC resulting from TOR
and TOT procedures could be up to 40% due to differences in the operational
definitions of EC and OC.

2.1.1 Gasoline-engine exhaust PM profiles

There are 62 gasoline PM profiles in the new SPECIATE database. Table 1 is a
comparison of selected gasoline PM profiles of four major constituents and EC-
to-OC ratios. In general, the EC-t0-OC ratio is expected to be less than one for
gasoline exhaust PM. This table also contains an overall arithmetic average
profile, which is based on 61 original profiles. The recommended gasoline PM
profiles (Table 1) were speciated for approximately 57%-94% of the PM mass
[Ref. 2].

Profile # 3158 is a composite exhaust PM profile based on fifty light duty gasoline
vehicles developed by CARB. Two motor vehicles exhaust PM emissions studies
were used in the update of the gasoline-powered vehicles exhaust PM speciation
profile. Both studies were conducted for motor vehicles PM emissions:

1) ACharacterization of Par tFiuecd leat eV elbmicd wisa
California Air Resources Board (CARB) contract 94-319, 1998; and

2 ) &asiement of Primary Particulate Matter Emissions from Light-Duty Motor
VehiclesfA, Coordinating Res2&r1998. Counci | ( CF
The CARB study tested vehicles over the Unified Cycle (UC) to obtain mass
emissions rates for particulate, total hydrocarbons, non-methane hydrocarbons,
carbon monoxide and nitrogen oxides. The CRC study tested vehicles over the
Federal Test Procedure (FTP) to obtain the same suite of pollutants as the ARB
study. All vehicles were tested using that fuel in their tanks at the time vehicles
were received. Although each fuel grade varied by vehicle, all fuels types were
California Phase 2 reformulated gasoline (RFG). Teflon membrane filters were
utilized for chemical analysis of metals and other trace elements like sulfate,
nitrate, chloride, and ammonium ions. Quartz fiber filters were used for elemental
and organic carbon analyses. Even though these studies were tested over
different driving cycles, the PM chemical compositions were very similar.
Therefore, all tests were pooled to generate a statewide gasoline-powered
vehicles exhaust PM speciation profile.

Although both studies for PM emission rates were designed to be representative
of the California vehicle fleet, the subset of PM samples collected for more
detailed speciation analyses were biased toward high PM emitters. Due to
detection limit and measurement uncertainties of low PM emission vehicles,
heavier loaded samples from high PM emitters were selected for chemical

13
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analyses. Therefore, simply averaging all of these sample results would have
biased the speciation profile toward the compositions of the higher PM emitting
vehicles, which have very high organic carbon fractions yet are only a small
portion of the vehicle population in California.

2.1.2 CARB Profile Methodology

A methodology was therefore developed to reconstruct speciated data, which
reflects the vehicle population distributions of California in order to generate an
unbiased statewide gasoline-powered vehicles exhaust PM speciation profile. A
statistical cluster analysis was conducted to bin all PM emission rate
measurements from both studies as weights to be used in the compilation the
speciation profile.

Based on variance, 11 bins were identified as appropriate for use in weighting
the speciated analys e s t o better refl ect Cal i
speciated profiles were each placed in one of the 11 bins as appropriate based
on the PM emission rate of the vehicle from which the sample was taken. Once
binned, the profiles were weighted by number of vehicles in each bin. The final
profile (Table 1) represents the statewide gasoline vehicles exhaust PM
speciation profile, which has taken vehicle population distributions into account.
The final gasoline-powered vehicles exhaust PM speciation profile has more
organic carbon (OC) than element carbon (EC). This is due to the fact that older
vehicles emit much more OC than EC and their higher emission rates tend to
dominate vehicles exhaust PM emissions. Newer vehicles (1991 and newer), on
the contrary, have more EC than OC in their emission profiles. Both studies
procured a number of smoking vehicles constituting about 2% of their vehicle
sampling population. Fig. 1 (a) represents the distribution of PM mass from
Speciate composite gasoline exhaust.

2.1.3 Diesel-engine exhaust PM profiles

In total, there are 42 diesel exhaust PM profiles from DRI and one from Schauer
et al [Ref. 3]. A typical profile contains 40 elements (from sodium to uranium) by
X-ray fluorescence, ions (chloride, nitrate, sulfate, ammonium, water-soluble
sodium, and water-soluble potassium) by ion chromatography (IC), automated
colorimetry (AC) or atomic absorption spectrophotometry (AAS), and carbon
fractions (organic carbon and elemental carbon) by the thermal/optical
reflectance (TOR) method. Additional measurements such as phosphate,
carbonate, sulfate, and ammonia are available in some of the profiles. Eight
carbon fractions (OC1i OC4, EC1i EC3, OP) are commonly included in the more
recent profiles. These diesel exhaust PM profiles were normalized on the bases
of gravimetric mass, sum of species, and reconstructed mass.

14
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There are 43 diesel PM profiles in the new SPECIATE database. Six composite
diesel PM profiles are excluded from the process for duplication reason. One
profile developed from an ambient sample taken near diesel-dominated tunnel is
also excluded. In addition, a set of nineteen original diesel PM profiles are not
recommended for composite for the following reasons: the samples were taken in
other country (e.g., Mexico) and/or the EC-to-OC ratios are not within the
reasonable range (e.g., much smaller than 1)

Table 2 is a comparison of selected diesel PM profiles of four major constituents
and EC-to-OC ratios. This table also contains an overall arithmetic average
profile, which is based on 17 original profiles. The recommended diesel PM
profiles (Table 2) were speciated for approximately 54%-136% of the PM mass
[Ref. 4]. Fig. 1 (b) represents the distribution of PM mass from Speciate
composite diesel exhaust.
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SPECIATE- Gasoline Vehicle Composite Profile

Nitrate
0.23%

Sulphate
0.75%

(a)
SPECIATE- Diesel Vehicle Composite Profile
Nitrate
Sulphate__ 0.19%
0.67%
(b

(a) Gasoline and (b) Diesel vehicle exhaust

Fig. 1: Distribution of PM in composite profile from Speciate database for
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Variation in PAH mass % in selected Speciae profiles
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Fig. 2: Variation in contribution of PAHs in vehicle exhaust PM for gasoline
and diesel vehicle categories from Speciate database
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Table 1. Gasoline exhaust PM profiles from Speciate Database (EPA)

Report No. ARAI/VSP-III/SP/RD/08-09/60

EC oC S04 NO3 EC-
Profile Total % OC | Original or
No. Mass % | STDev Mass % | STDev Mass % | STDev Mass % | STDev Speciated | Ratio | Composite | Notes
3517 13.50 8.02 30.08 12.30 2.29 1.32 3.89 2.87 56.62 0.45 | original 1990
3857 17.40 10.10 35.55 8.67 1.26 0.41 0.88 0.56 80.55 0.49 | original 1995
3866 42.47 14.23 45.92 14.26 0.36 1.48 0.16 0.15 90.24 0.92 | original 1997
3867 44.09 7.93 47.27 9.72 0.79 2.29 0.20 0.22 92.30 0.93 | original 1997
3868 39.10 21.32 50.66 17.40 0.23 0.19 0.08 0.03 89.71 0.77 | oOriginal 1997
3869 41.85 14.87 43.29 13.78 1.12 0.99 0.16 0.13 89.85 0.97 | original 1997
3870 | 46.80 16.39 38.44 15.77 1.36 1.36 0.20 0.20 90.62 1.22 | Original 1997
3871 38.56 15.03 46.52 13.59 0.97 0.79 0.14 0.09 89.33 0.83 | original 1997
3872 25.11 14.56 56.72 10.96 0.94 0.66 0.14 0.17 86.61 0.44 | original 1997
3873 38.35 11.92 38.82 27.35 1.94 1.66 0.33 0.53 87.10 0.99 | original 1997
3874 20.82 15.49 61.91 12.22 0.67 0.50 0.10 0.10 86.14 0.34 | original 1997
3875 6.12 3.04 77.18 3.36 0.24 0.11 0.28 0.25 84.50 0.08 | original 1997
3876 6.25 3.09 77.04 2.75 0.24 0.11 0.29 0.26 84.53 0.08 | original 1997
3877 6.00 2.99 77.31 2.63 0.23 0.10 0.27 0.23 84.48 0.08 | original 1997
3881 45.76 5.39 37.34 7.01 1.68 0.77 0.20 0.15 89.56 1.23 | original 1997
3882 22.31 9.24 56.57 9.09 1.44 0.34 0.19 0.21 85.63 0.39 | original 1997
3883 42.74 12.11 37.27 12.98 2.07 1.13 0.28 0.25 88.79 1.15 | Original 1997
3884 37.46 8.45 43.35 9.16 1.73 0.56 0.20 0.16 87.96 0.86 | Original 1997
3885 40.48 2.98 43.89 2.98 2.47 0.17 0.42 0.13 89.86 0.92 | original 1997
3886 11.78 6.55 66.77 6.55 1.16 0.45 0.25 0.32 84.36 0.18 | original 1997
3887 29.14 7.67 52.15 6.14 1.09 0.52 0.40 0.42 86.94 0.56 | original 1997
3888 27.82 5.11 53.86 4.85 1.75 0.34 0.35 0.25 87.31 0.52 | original 1997
3889 37.94 21.87 49.24 17.88 0.33 0.10 0.09 0.03 89.46 0.77 | original 1997
3890 23.09 11.06 60.06 10.31 0.56 0.48 0.11 0.08 86.42 0.38 | original 1997
Contd
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EC ocC S04 NO3 EC-
Profile Total % oC Original or
No. Mass % | STDev | Mass% | STDev | Mass % | STDev | Mass% | sTpev | Speciated | Ratio | Composite | Notes
3891 30.92 20.69 51.66 19.89 0.79 0.68 0.16 0.09 87.60 0.60 | original 1997
3892 34.03 20.34 51.92 16.90 0.45 0.21 0.10 0.04 88.65 0.66 | Original 1997
3893 62.35 3.12 29.39 1.30 0.43 0.02 0.12 0.01 93.71 2.12 | Original 1997
3894 | 34.09 1.94 50.16 2.36 0.30 0.04 0.07 0.04 87.65 0.68 | Original 1997
3895 54.66 3.55 29.11 2.13 0.44 0.11 0.24 0.11 90.65 1.88 | Original 1997
3896 56.65 2.91 33.34 1.53 041 0.03 0.12 0.02 92.43 1.70 | Original 1997
3897 41.88 13.58 43.32 12.58 1.10 0.91 0.15 0.12 89.86 0.97 | Original 1997
3898 24.04 9.06 57.14 8.70 1.06 0.60 0.15 0.16 86.44 0.42 | Original 1997
3899 34.71 16.06 46.31 16.23 1.52 1.13 0.23 0.20 88.19 0.75 | Original 1997
3900 35.91 12.84 47.54 11.90 1.18 0.80 0.16 0.11 88.69 0.76 | Original 1997
3901 17.88 13.76 67.10 11.68 0.46 0.26 0.19 0.14 86.40 0.27 | original 1997
3902 11.14 13.60 73.00 11.52 0.20 0.07 0.29 0.15 85.22 0.15 | Original 1997
3903 17.29 19.90 66.91 17.66 0.29 0.15 0.36 0.34 86.22 0.26 | original 1997
3904 14.92 16.23 69.56 13.93 0.35 0.22 0.24 0.18 85.87 0.21 | Original 1997
3905 9.93 0.53 73.85 3.23 0.31 0.06 0.25 0.15 85.11 0.13 | Original 1997
3906 3.29 0.95 79.62 3.47 0.19 0.10 0.25 0.18 83.94 0.04 | original 1997
3907 5.81 0.43 77.11 3.37 0.24 0.18 0.43 0.45 84.42 0.08 | Original 1997
3908 5.55 0.34 77.60 3.39 0.23 0.07 0.28 0.23 84.34 0.07 | original 1997
3944 29.32 6.10 51.40 10.06 0.99 0.43 0.00 0.33 86.71 0.57 | Original 1996
3945 11.58 5.44 66.48 7.21 0.84 0.66 0.00 0.63 83.75 0.17 | Original 1996
3946 9.72 4.16 68.41 7.44 0.80 0.77 0.00 0.72 83.50 0.14 | Original 1996
3947 23.55 2.77 54.86 6.42 1.33 0.56 0.00 0.52 86.39 0.43 | Original 1996
3948 24.24 11.27 59.30 10.13 0.50 0.40 0.00 0.11 86.94 0.41 | original 1996
3949 14.56 10.52 66.32 8.96 0.58 0.34 0.00 0.31 84.94 0.22 | Original 1996
3950 15.65 12.97 66.20 11.76 0.37 1.08 0.00 0.29 84.90 0.24 | original 1996
Contd
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EC oC S04 NO3 EC-
Profile Mass Mass Total % oC Original or
No. Mass % | STDev | Mass % | STDev | % STDev | % stpev | Speciated | Ratio | Composite Notes
3951 2354 | 10.76 | 60.16 9.22 0.37 0.52 0.00 0.22 86.66 0.39 | Original 1996
3952 1845 | 13.31| 66.37 11.83 0.25 0.14 0.13 0.06 86.20 0.28 | Original 1996
3953 11.84 5.03 | 70.76 6.85 0.28 0.16 0.00 0.15 84.61 0.17 | Original 1996
3954 6.21 394 | 77.18 5.14 0.16 0.15 0.02 0.13 84.23 0.08 | Original 1996
3955 10.59 9.82 | 73.43 9.53 0.20 0.10 0.00 0.08 85.03 0.14 | original 1996
3956 8.58 5.47 | 75.60 5.05 0.09 0.06 0.03 0.05 84.73 0.11 | original 1996
3957 10.04 | 11.76 | 74.28 9.76 0.08 0.04 0.03 0.04 84.89 0.14 | original 1996
3958 25.30 9.60 | 61.39 8.22 0.17 0.03 0.02 0.02 87.42 0.41 | Original 1996
3959 31.98 8.70 | 55.46 7.31 0.23 0.03 0.02 0.03 88.49 0.58 | Original 1996
4558 10.30 2.10 | 43.70 2.90 1.09 0.30 0.47 0.45 60.01 0.24 | Original 1998
4559 1.40 0.40 | 83.90 3.90 0.05 0.01 0.07 0.02 85.72 0.02 | Original 1998
Composite of 50
CARB gasoline exhaust
3158 16.44 | 15.65| 59.37 15.20 0.50 0.65 0.06 0.23 81.42 0.28 | Composite profiles.
Overall Composite of 61
Average 24.64 14.94 | 57.15 14.60 0.75 0.60 0.23 0.50 85.91 0.53 | composite original
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Table 2: Diesel exhaust PM profiles from Speciate Database (EPA)

EC oC S04 NO3 EC-
Profile Total % OC | Original or
NO. |Mass% | STDev | Mass% | STDev | Mass% | STDev | Mass% | sTpev | Speciated | Ratio | Composite | Notes
3219 | 78.83| 233| 1854 79| 137| 079 01| 0.4 100 4.25 | original 1087-1988
3220| 725| 2122| 2575| 136 11 07| o011| 005 100 2.82 | original 1098
3221 | 74.04| 21.04| 2333| 848 1.3 09| 017]| o012 100 3.17 | original 1998
3878 75| 1027| 1893| 7.89| 042| 045| 017| 0.14 95.43 3.96 | Original 1998
3879 | 80.75| 771| 1395| 558| 0.46 05| 019| 017 96.35 5.79 | original 1998
3880 | 70.24| 12.09| 23.04| 955 0.3 04| 015| 012 94.67 3.05 | original 1998
3909 | 60.94| 1097 | 30.26| 9.65 1.4 08| 036| 018 93.71 2.01 | original 1998
3910 | 6227 | 1873 | 30.38| 1563| 042| 014| 042 0.16 93.83 2.05 | original 1998
3911 | 59.98| 17.57| 32.28| 14583 0.4 01| 037] o012 93.47 1.86 | original 1998
3912 | 6146 | 16.13| 30.73| 13.66 0.7 02| 039| 013 93.73 2 | original 1998
30913 | 7351 | 1014 | 1981| 7.74| 046| 048 02| o014 94.46 3.71 | original 1998
3914 | 7712| 967| 1756| 7.58 0.3 03| 011| 0.08 95.36 4.39 | original 1998
3960 | 48.04| 17.78| 4159 | 15.63 0.4 01| o016| o011 91.11 1.16 | original 1998
3961 | 36.89| 7.04| 5171| 591 0.29| 008 0| 007 89.38 0.71 | original 1998
3062 | 34.05| 1344 | 5407| 1072 031] 019 0| 004 88.92 0.63 | original 1998
3963 | 45.06 | 10.78| 89.04| 5.49 0.4 o/ 003| 005 135.82 0.51 | original 1998
4675 | 30.8 26| 197 16 1 02| 023| 038 53.54 1.56 | oOriginal 1998
Composite
Overall of 17
Average 61.26 16.49 31.8 18.72 0.67 0.41 0.19 0.13 94.69 2.57 | Composite original
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In another study [Ref. 5] conducted by Center for Environmental Research and
Technology, College of Engineering, University of California (July 2002), chassis
dynamometer emissions tests were performed on light-heavy-duty diesel pickup
trucks. Vehicles were tested over the light-duty Federal Test Procedure (FTP) to
compare emissions for different fuel/after-treatment configurations including:
ARCO ECD and ECD-1 with an Engelhard DPX filter (DPX), ECD only, and in-
use California reformulated diesel (CARB) fuel only.

The chemical composition of the PM was analyzed for samples taken during
tests with CARB fuel, ECD fuel, and ECD-1 fuel with a DPX. The analysis of the
PM mass indicated that a majority of the mass was carbonaceous, with organic
carbon representing between 76 and 80% of the carbonaceous material.
Inorganic species represented only 1 to 3 mg/mi or less than 1% of the total
mass for the ARCO ECD and CARB fuels. The only species with PM
contributions above 0.1 mg/mi include S, SO4 2-, Zn, NO3 -, NH4 +, P, Mg, Si,
Ca, Cl and Fe. A summary of the mass emission results for EC and OC, ions,
and trace elements is provided in Table 3 below.

Table 3: Summary of Mass emission test results (mg/mile)

ARCO ECD CARB ECD-1 + DPX
Total C 2118 +- 11 2551 +/- 50 272 +- 16
OrganicC 1688  +- 270 1047 +- 373 217 <~ 10
ElementalC 430  +- 2638 604 +/- 423 54 +- 04
S04 058 +- 018 026 +- ooo 009 - 001
S 049 +~ 007 027 +- oo4 003 +- 00
Zn 036 +- 006 021 +- 004 0.01 =/~ 0.00
NOy’ 021  +- 007 021 +- 004 006 =~ 003
NHy 026 +- 0.09 010 +/- 0.01 0.04 +- 0.02
P 021  +- 003 012 <~ 0o 001 =~ 000
Mg 014 +- 001 017 +- oo1 000 =~ 0.0
Si 018 +- 000 006 =- 002 005 +- 001
Ca 016 +- 003 008 <~ 001 001 +/- 0.01
C1 012  +- 002 004 =+- 001 001 +- 0.01
Fe 011  +/- 002 011 +- 0.01 -0.10 +/- 0.01
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2.2 PAHSs in vehicle exhaust:
PAH profiles, or the relative abundance of the different species in particulate
emissions from different combustion sources, have been suggested as reliable
source signatures where inorganic marker elements are not available. For
example, PAH profiles have been used to identify vehicular emissions following
the use of unleaded gasoline in many countries and the loss of lead as a
vehicular source marker.
In a study, amounts of PAHs and oxy-PAHSs in the samples collected from the air,
from the dust on a guardrail, and from the soils of a roadway in a regular
roadway tunnel were measured to assess the amounts of environmental pollution
caused by automobile exhausts in the tunnel [Ref. 6]. Pyrene was found in the
highest concentration (43+7.2 ng/m?), followed by fluoranthene (26+4.3 ng/m®) at
the center of the tunnel. The linear relationship between the concentrations of
particulates (SPM) and BaP was obtained, suggesting that they were formed
under the same conditions. The total amount of oxy-PAHs (176 e g/ g) f ound i n t
tunnel air was 5.3 times more than that of those (33¢ g/ g) f eastanddrd i n
particulate sample from a rural area and 8.4 times more than that of those
(21e g/ m3 p standard particulate matter sample from a city area. These
results suggest that most of the particulate matter found in the air samples from
the tunnel were from automobile exhaust.
From the study conducted in Mumbai [Ref.7], it is reported that the Fluoranthene
and Pyrene are emitted from both petrol and diesel vehicles in addition of
Indeno(123-cd)pyrene from petrol vehicles and chrysene, benzo(b)fluoranthene
and benzo(k)fluoranthene from diesel powered vehicles.
In order to characterise emissions of Polycyclic Aromatic Hydrocarbons (PAHS),
substances that create health hazards and are, as yet, unregulated, standardised
tests were performed on four light-duty diesel vehicles running in a chassis
dynamometer at a vehicular emission laboratory, using the FTP-75 test cycle
procedure [Ref. 8]. The pollutants were analysed in both solid and gaseous
phases using high-performance liquid chromatography. Total PAH values ranged
from 1.133 to 5.801 mg km' ! Naphthalene, phenanthrene, fluoranthene, pyrene
and chrysene were detected in all tests. Similarly, in another srudy [Ref. 9]
Ppresence of Napthalene, Acenapthene, Fluoranthene in Diesel exhaust and
Benzo(k) Fluoranthene, Indenopyrene, Pyrene, Benzo(a) Pyrene in Gasoline
exhaust is reported.
It was also observed that compared to gasoline engines, emissions from diesel
engines were less toxic, although they might produce more PAHs. Of the same
vehicular and oil type, automobiles of longer mileages produced more toxic PAHs
[Ref. 10]. PAHSs distributions in the vehicular exhausts were related to the oil
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type. Large difference was found in the abundance of 3-, 5- and 6-ring PAHs
between exhausts from gasoline and diesel oil engines.

Diesel oil engines produced relative lighter PAHs such as naphthalene,
acenaphthalene, fluoranthene, while gasoline engines emitted heavier kinds such
as benzo(k)fluoranthene and indeno pyrene. The automobile produced more
PAHs with the increase of mileage especially fluoranthene, pyrene, BaP
benzo(a)pyrene, 4-ring PAHs such as fluoranthene, pyrene, benzo(a)anthracene
and chrysene were the most predominant kinds followed by 6-ring PAHs [Ref.
11].

A study to characterize particulate matter emissions from 195 in-use gasoline
and diesel passenger vehicles was conducted during the summer of 1996 and
the winter of 1997 in the Denver, Colorado region [Ref. 12]. Vehicles were tested
as received on chassis dynamometers using the Federal Test Procedure (FTP).
Approximately 88% of the PM-10 collected was carbonaceous material, of which
the average organic fraction was 0.7 for gasoline vehicles and 0.4 for diesel
vehicles. This suggests that the organic carbon (OC) to elemental carbon (EC)
split may be useful in separating light-duty gasoline from diesel PM emissions.
Elements identified by X-ray fluorescence averaged between 3 and 9% of the
PM-10 mass. Polynuclear aromatic hydrocarbon (PAH) profiles developed may
help distinguish between gasoline and diesel vehicles in source apportion ment
studies. Total PAH emissions, however, were not a good candidate as a tracer of
gasoline PM emissions. Hopane and sterane emissions were very similar across
the fleet and may be useful tracers for mobile source PM emissions.

Other than PAHs, Hopanes and steranes are the widely accepted markers of
fossil fuel residue. The distribution patterns of hopanes at Changdao, China were
studied [Ref. 13] in summer and were found to be similar to that in engine
exhaust, suggesting that traffic emission was the main source of hopanes.

Rogge et al. [Ref. 14] have shown that motor vehicle exhaust dominates the
hopanes and steranes emissions in Southern California and that these
compounds act as useful tracers for the particulate matter emitted from motor
vehicles.

Cass [Ref. 15] found that hopanes and steranes are emitted in the particle phase
from both vehicle types. This was explained by the fact that hopanes and
steranes are present in the lubricating oil used by both gasoline-powered and
diesel-powered motor vehicles, and are also found in diesel fuel.
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3. Objective of the Project

The objective of the study includes -

1. Collection of representative samples of particulate matter from vehicle
exhaust on filter paper using mass emission test on the vehicles identified
based on technology, vintage and fuel type

2. Chemical characterization of particulate matter (PM210) collected for
Elements, Carbon (Elemental/ Organic), ions and molecular markers

4. Scope of the project

4.1 To carry out source profiing of vehicular emission for Indian
Vehicles

4.2 Two mass emission tests (one with Teflon and other with Quartz)
would be carried out on each vehicle in the matrix following Indian Driving
Cycle for 2/3 wheelers, Modified IDC for passenger cars and LCVs and
Overall Bus Driving Cycle for HCVs on Chassis dynamometer.

4.3 Gravimetric analysis and chemical characterization of particulate
matter (PM10) collected on filter paper for Elements, Carbon (Elemental/
Organic), ions and molecular markers.

5. Project Execution Methodology

Source profiling of vehicle emissions involved emission test on vehicles for PM
collection and Chemical characterization for marker constituents from vehicle
exhaust of the collected PM (Fig. 3). The project has following major
components;

1. Vehicle sourcing

2. Emission testing.

3. Chemical speciation
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Identification of Vehicle matrix based on technology, vintage and
fuel type

Collection of particulate matter sample

Mass emission test - | Mass emission test - Il
(using Teflon Filter paper) (using Quartz Filter paper)

Chemical Characterization

U Metals (Elements) U Elemental carbon/ Organic
U lons carbon

U Molecular Markers

Fig. 3: Methodology for source profiling of vehicular emission
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5.1 Vehicle sourcing

Test matrix is formatted in consideration with oil industry as given in Annexure .
After deliberation in technical committee meeting it was decided to have more
Post 2000 vintage vehicles instead of pre 1996 vehicles. The vehicle models
selected for testing are given in Annexure 1.

Vehicles models are selected based on following criteria;
i.  Test Matrix as per Annexure I,
ii.  Vehicle Categorization as per engine capacity,

iii.  Market Share as per the Data given by Society of Indian Automotive
Manufacturer,

iv. Avoid Vehicles already tested under Emission Factor Determination
project and cover Vehicles/Categories not addressed in Emission Factor
Determination project.

A lot of effort was put in to source the vehicle models as per the desired matrix.
However some of the vehicle models could not be located at all known sources
such as ARAI employees, acquaintances, transport operators, dealerships, etc.
Some of the vehicles (including old and newer vintages) were in bad condition
and were not suitable for testing on dynamometer. Notably some of the problems
faced with old vehicles were non-existent braking, torn silencer, non-operational
clutch, vehicle stalling, unsteady engine running, etc. In cases where desired
model was not available or unsuitable for testing due to its condition, some other
alternative models were tested.

Also in some of the cases, the vehicle owners were not ready to lend their new
vehicles for testing at ARAI In such cases the vehicles available at ARAI for
TA/COP testing were utilized. Maintenance was not carried out on such vehicles
as they were prototype / new vehicles. In case of CNG/LPG vehicles also due to
their limited availability in Pune, vehicles available at ARAI for Type Approval
were utilized. In a very few cases maintenance was not carried out as the
CNG/LPG vehicles available at ARAI were pre-tuned for certification tests.

Also some of the old vehicles developed problems when they were brought in for
testing at ARAI. Hence few test results had to be rejected to avoid the
unreliability of test results due to the condition of vehicle. The vehicle owner in
such cases had to be paid with compensation although the data was not used for
the purpose of the project. In such cases all the tests were repeated
subsequently on some other vehicle model.

The In-use vehicles were generally sourced locally from individuals,
organizations, transport operators, PMC/PCMC, MSRTC, RTO Pune, ARAI
employees, Rickshaw unions and possible acquaintances. Initially by survey, the
information on the in use vehicle availability for the selected vehicle models was
obtained. Based on the information collected and the condition of the vehicle for
the testing, vehicles were subjected to tests on dynamometer at ARAIL. The
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necessary vehicle documentations like registration information were also
collected from the vehicle owner.

5.2 Emission Testing

The vehicles as selected above were sent for the maintenance at authorized
service station by ARAI personnel. During maintenance, the major component
change was not carried out but minimum checks and adjustments like spark plug
cleaning, oil change, air filter cleaning, fuel pump cleaning, ignition-timing
adjustment, PUC check was carried out as per the owners manual. After the
maintenance, vehicles were brought to ARAI for emission testing. Initially, the
vehicle was subjected to exhaust leak check and rectified if there is any exhaust
leak. The fuel in the vehicle tank was drained off and the commercial fuel was
topped up after necessary flushing. Then the vehicle was subjected to exhaust
mass emission test on the chassis dynamometer. The standard vehicle exhaust
mass emission tests was performed on Chassis dynamometer. The test
procedure used for different vintages were as per the prevalent emission test
procedure applicable for that category and vintage of the vehicle. The test cycle
applicable for each category of vehicle is given in Table 1 4.

Table 4:- Test Cycles

Vehicle Category Test Cycle

Two / Three wheeler vehicles Indian Driving Cycle (IDC)
(See Annexure 1 1)

Pre 2000 model year four wheeled vehicle with | Indian Driving Cycle
gross vehicle weight (GVW) less than or equal to

3500 kg

Post 2000 model year four wheeled vehicle with | Modified Indian Driving Cycle
GVW less than or equal to 3500 kg (See Annexure Il)

For vehicles with GVW above 3500 kg Overall Bus Driving Cycle

(OBDC) (See Annexure 1 1)

During the mass emission test, the exhaust mass emissions of CO, THC, NOx
and CO2 were measured for all the vehicles tested. Additionally gravimetric PM
was measured. The exhaust mass emissions are expressed in g/km. The first
emission test was carried with Teflon filter while repeated emission test was
carried with Quartz filter. Both these particulate filters from the exhaust mass
emission test on all vehicles were subjected to chemical characterization of
particulate matter. The particulate matter on the filter paper was characterized
into Elements, lons, Elemental and Organic carbon and molecular markers.
Tests were carried out with commercially available gasoline, diesel and
CNG/LPG fuel.

The coast down equation for the dynamometer tests was used as per the
available data with ARAI. For vehicles above 3.5 t GVW, empirical equations/
extrapolated equations were used.
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Sr.

VEH

Vintage

N D Type of Vehicle Category Engine cc Cat. Con. CO HC NOXx CO2 PM

1 1 2-Stroke,2W Gasoline 1991-96 <80cc without Cat. Con. | 5.26 2.67 | 0.10 24.27 | 0.027
2 2 2-Stroke,2W Gasoline 1991-96 >80cc without Cat. Con. | 5.53 3.51 | 0.02 23.94 0.07
3 3 2-Stroke,2W Gasoline 1991-96 >80cc without Cat. Con. | 3.87 473 | 0.01 25.43 0.024
4 4 2-Stroke,2W Gasoline 1996-2000 <80cc without Cat. Con. | 4.27 3.20 | 0.03 22.93 | 0.068
5 5 2-Stroke,2W Gasoline 1996-2000 >80cc without Cat. Con. | 3.06 299 | 0.01 25.28 0.024
6 6 2-Stroke,2W Gasoline 1996-2000 >80cc without Cat. Con. | 8.94 6.52 | 0.04 34.10 0.221
7 7 2-Stroke,2W Gasoline Post 2000 <80cc without Cat. Con. | 6.58 3.87 | 0.03 25.95 | 0.052
8 8 2-Stroke,2W Gasoline Post 2000 >80cc with Cat. Con. 2.63 253 | 0.01 34.13 | 0.017
9 9 2-Stroke,2W Gasoline Post 2000 >80cc with Cat. Con. 2.54 2.04 | 0.01 24.68 0.052
10 10 4-Stroke,2W (Gasoline) 1991-96 <100cc without Cat. Con. | 4.88 0.97 0.23 22.67 0.005
11 | 11 | 4-Stroke,2W (Gasoline) 1991-96 <100cc without Cat. Con. | 1.64 | 0.89 | 0.29 | 25.10 | 0.006
12 12 4-Stroke,2W (Gasoline) 1991-96 >200cc without Cat. Con. | 10.05 | 2.17 | 0.87 36.21 0.018
13 13 4-Stroke,2W (Gasoline) 1996-2000 <100cc without Cat. Con. | 3.73 0.90 0.19 21.62 0.005
14 | 14 | 4-Stroke,2W (Gasoline) | 1996-2000 <100cc without Cat. Con. | 2.21 | 0.68 | 0.35 | 25.54 | 0.005
15 15 4-Stroke,2W (Gasoline) 1996-2000 >200cc without Cat. Con. | 3.66 1.21 | 0.42 38.57 0.03
16 16 4-Stroke,2W (Gasoline) Post 2000 >100cc with Cat. Con. 1.35 0.81 0.30 30.40 0.013
17 17 4-Stroke,2W (Gasoline) Post 2000 100-200cc | without Cat. Con. | 1.42 0.41 0.41 33.88 0.007
18 18 4-Stroke,2W (Gasoline) Post 2000 >200CC with Hot Tube 0.85 0.47 | 0.25 50.54 | 0.006
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ﬁlg VEH Type of Vehicle C\:/ai?etggfy Engine cc Cat. Con. CO HC NOXx CO2 PM

19 19 3 Wheeler (Gasoline) 1991-96 <200cc without Cat. Con. | 5.39 6.16 0.31 57.89 0.158
20 20 3 Wheeler (Gasoline) 1991-96 <200cc without Cat. Con. | 13.78 | 6.40 0.12 40.45 0.15
21 21 3 Wheeler (Gasoline) 1991-96 <200cc without Cat. Con. | 8.50 8.31 0.11 59.05 0.146
22 22 3 Wheeler (Gasoline) 1996-2000 <200cc without Cat. Con. | 2.17 5.20 0.26 54.34 0.077
23 23 3 Wheeler (Gasoline) 1996-2000 <200cc without Cat. Con. | 3.52 4.32 0.08 46.04 0.02
24 | 24 3 Wheeler (Gasoline) 1996-2000 <200cc without Cat. Con. | 5.19 153 | 0.72 71.96 0.02
25 25 3 Wheeler (Gasoline) Post 2000 <200cc with Cat. Con. 1.32 4.04 0.19 52.77 0.08
26 26 3 Wheeler (Gasoline) Post 2000 <200cc with Cat. Con. 1.15 1.61 0.08 63.61 0.044
27 27 3 Wheeler (Gasoline) Post 2000 <200cc without Cat. Con. | 4.40 1.00 0.57 59.15 0.011
28 28 3 Wheeler (Diesel) 1991-96 <500cc without Cat. Con. | 12.74 | 2.67 1.19 74.14 2.229
29 29 3 Wheeler (Diesel) 1991-96 <500cc without Cat. Con. | 10.38 | 1.10 0.94 65.41 0.71
30 30 3 Wheeler (Diesel) 1991-96 <500cc without Cat. Con. | 13.16 | 1.64 1.04 94.32 0.856
31 31 3 Wheeler (Diesel) 1996-2000 <500cc without Cat. Con. | 10.98 | 1.13 0.78 | 109.27 | 0.851
32 32 3 Wheeler (Diesel) 1996-2000 <500cc without Cat. Con. | 2.74 0.48 0.65 | 129.82 | 0.487
33 33 3 Wheeler (Diesel) 1996-2000 <500cc without Cat. Con. | 6.22 1.26 0.53 | 115.27 | 0.436
34 34 3 Wheeler (Diesel) Post 2000 <500cc without Cat. Con. | 0.29 0.03 0.51 91.22 0.047
35 35 3 Wheeler (Diesel) Post 2000 <500cc without Cat. Con. | 0.63 0.12 0.68 86.19 0.049
36 36 3 Wheeler (Diesel) Post 2000 <500cc without Cat. Con. | 0.34 0.06 0.44 89.44 0.068
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ﬁg VEH Type of Vehicle gei?etggtrey Engine cc Cat. Con. CO HC NOXx CO2 PM

37 37 | Passenger Car (Gasoline) 1991-96 <1000cc without Cat. Con. | 7.18 0.96 1.04 | 107.77 | 0.007
38 38 | Passenger Car (Gasoline) 1991-96 <1000cc without Cat. Con. | 7.14 1.04 0.98 | 113.97 | 0.005
39 39 | Passenger Car (Gasoline) | 1996-2000 | 1000-1400cc | without Cat. Con. | 3.46 0.74 0.75 | 115.23 | 0.004
40 40 | Passenger Car (Gasoline) | 1996-2000 <1000cc without Cat. Con. | 3.79 0.72 0.91 | 115.29 0.00
41 41 | Passenger Car (Gasoline) | 1996-2000 | 1000-1400cc | without Cat. Con. | 5.54 0.61 0.59 | 131.99 | 0.003
42 | 42 | Passenger Car (Gasoline) | 1996-2000 >1400CC | without Cat. Con. | 4.84 0.67 | 0.70 | 129.92 | 0.007
43 43 | Passenger Car (Gasoline) | Post 2000 <1000cc with Cat. Con. 1.45 0.26 0.17 | 126.74 | 0.001
44 | 44 | Passenger Car (Gasoline) | Post 2000 1}188&: with Cat. Con. 0.74 0.11 0.01 | 158.19 | 0.001
45 45 | Passenger Car (Gasoline) | Post 2000 >1400CC with Cat. Con. 0.61 0.06 0.02 | 160.21 | 0.001
46 a7 Passenger Car (Diesel) 1991-96 <1600CC | without Cat. Con. | 1.95 1.78 0.69 | 174.09 0.3

47 46 Passenger Car (Diesel) 1996-2000 <1600 CC | without Cat. Con. | 0.76 0.17 0.71 | 139.66 | 0.102
48 48 Passenger Car (Diesel) 1996-2000 <1600CC without Cat. Con. | 0.83 0.18 0.51 | 134.60 | 0.186
49 49 Passenger Car (Diesel) 1996-2000 <1600CC without Cat. Con. | 0.88 0.41 0.52 | 159.93 0.11
50 50 Passenger Car (Diesel) 1996-2000 <1600CC | without Cat. Con. | 0.82 0.16 0.57 | 130.05 | 0.075
51 | 51 | Passenger Car (Diesel) | 19962000 | 00 | withoutCat Con. | 097 | 051 | 0.61 | 14828 | 030
52 52 Passenger Car (Diesel) Post 2000 <1600CC without Cat. Con. | 0.37 0.05 0.45 | 117.63 0.06
53 53 Passenger Car (Diesel) Post 2000 <1600CC with Cat. Con. 0.53 0.08 0.34 | 157.76 0.10
54 54 Passenger Car (Diesel) Post 2000 <1600CC with Cat. Con. 0.08 0.03 0.43 | 152.26 0.06
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ﬁg VEH Type of Vehicle C\:/ai?etgg?y Engine cc Cat. Con. CO HC NOXx CO2 PM

55 57 LCV (Diesel) 1991-96 >3000CC without Cat. Con. | 8.53 1.25 7.13 | 353.79 1.06
56 55 LCV (Diesel) 1996-2000 <3000CC without Cat. Con. | 1.33 1.44 0.71 | 226.12 0.20
57 56 LCV (Diesel) 1996-2000 <3000CC without Cat. Con. | 1.28 1.13 0.82 | 231.53 0.15
58 58 LCV (Diesel) 1996-2000 <3000CC without Cat. Con. | 1.26 1.30 1.70 | 237.97 0.25
59 59 LCV (Diesel) 1996-2000 <3000CC without Cat. Con. | 1.27 1.09 0.62 | 236.12 0.65
60 | 60 LCV (Diesel) 1996-2000 >3000CC | without Cat. Con. | 5.30 1.73 | 351 | 354.15 | 1.34
61 61 LCV (Diesel) Post 2000 <3000CC with Cat. Con. 0.27 0.06 0.53 | 327.84 0.08
62 62 LCV (Diesel) Post 2000 <3000CC with Cat. Con. 0.08 0.04 0.86 | 290.83 0.1

63 63 LCV (Diesel) Post 2000 >3000CC without Cat. Con. | 1.04 0.26 2.35 | 338.13 | 0.233
64 64 HCV (Diesel) 1991-96 >6000cc without Cat. Con. | 16.52 | 2.19 8.67 | 682.91 2.15
65 66 HCV (Diesel) 1991-1996 >6000cc without Cat. Con. | 8.73 1.83 9.42 | 785.55 1.57
66 67 HCV (Diesel) 1996-2000 >6000cc without Cat. Con. | 9.69 0.88 9.37 | 615.04 0.9

67 68 HCV (Diesel) 1996-2000 >6000cc without Cat. Con. | 4.67 0.68 6.99 | 689.00 0.89
68 69 HCV (Diesel) 1996-2000 >6000cc without Cat. Con. | 6.43 1.05 | 12.85 | 803.61 0.88
69 65 HCV (Diesel) Post 2000 >6000cc without Cat. Con. | 4.14 0.29 8.64 | 920.79 0.42
70 70 HCV (Diesel) Post 2000 >6000cc without Cat. Con. | 4.15 0.12 6.02 | 818.85 0.49
71 71 HCV (Diesel) Post 2000 >6000cc without Cat. Con. | 2.99 0.16 7.50 | 704.01 0.43
72 72 HCV (Diesel) Post 2000 >6000cc without Cat. Con. | 7.00 0.23 7.67 | 794.44 1.74
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ﬁg VEH Type of Vehicle C\:/ai?etgg?y Engine cc Cat. Con. CO HC NOXx CO2 PM

73 | 73 3W-CNG OE Post 2005 <200cc without Cat. Con. | 0.38 1.31 | 0.47 | 55.88 | 0.002
74 74 3W-CNG OE Post 2005 <200cc with Cat. Con. 0.28 0.28 0.21 54.22 0.004
75 75 3W-CNG RETROFIT 1996-2000 <200cc without Cat. Con. | 0.87 9.38 0.19 48.71 0.535
76 76 3W-CNG RETROFIT 2000-2005 <200cc with Cat. Con. 0.45 3.12 0.21 48.03 0.023
77 | 77 3W-CNG RETROFIT Post 2005 <200cc with Cat. Con. 0.15 | 6.78 | 0.08 | 41.85 0.01
78 78 3W-LPG OE Post 2005 <200cc with Cat. Con. 0.14 1.76 0.46 60.28 0.003
79 79 3W-LPG OE Post 2005 <200cc with Cat. Con. 0.33 1.25 0.64 75.76 0.014
80 80 3W-LPG RETROFIT 1996-2000 <200cc without Cat. Con. | 7.21 5.08 0.05 44.87 0.375
81 81 3W-LPG RETROFIT 2000-2005 <200cc with Cat. Con. 0.83 1.51 0.17 78.55 0.002
82 82 3W-LPG RETROFIT Post 2005 <200cc with Cat. Con. 1.55 3.55 0.08 45.13 0.267
83 83 4W-CNG OE Post 2005 <1000cc with Cat. Con. 0.22 0.35 0.27 | 102.97 | 0.005
84 84 4W-CNG OE Post 2005 >1400cc with Cat. Con. 0.47 0.31 0.37 | 182.90 | 0.015
85 85 4W-CNG RETROFIT 1991-1996 | 1000-1400cc | without Cat. Con. | 2.52 0.78 1.04 | 100.19 | 0.018
86 86 4W-CNG RETROFIT 2000-2005 1188?:_(: with Cat. Con. 0.61 0.44 0.04 | 126.85 | 0.001
87 87 4W-CNG RETROFIT Post 2005 >1400cc with Cat. Con. 0.72 0.43 0.03 | 173.78 | 0.003
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E:J‘ VIEDH Type of Vehicle (éggggrey Engine cc Cat. Con. CO HC NOXx CO2 PM

88 88 4W-LPG OE 2000-2005 <1000cc with Cat. Con. 2.87 0.82 0.69 | 164.45 | 0.008
89 | 89 4W-LPG OE Post 2005 | 1000-1400cc | with Cat. Con. 0.80 | 0.14 | 0.10 | 126.19 | 0.001
90 90 4A4W-LPG RETROFIT 1996-2000 <1000cc without Cat. Con. | 6.68 1.65 0.48 93.57 0.001
91 91 4A4W-LPG RETROFIT 2000-2005 >1400cc with Cat. Con. 1.37 0.22 0.06 | 146.63 | 0.009
92 92 4A4W-LPG RETROFIT Post 2005 >1400cc with Cat. Con. 0.32 0.04 0.04 | 151.34 | 0.001
93 93 HCV CNG (OE) 2000-2005 <6000cc with Cat. Con. 4.18 2.74 6.03 | 279.40 | 0.083
94 94 HCV CNG (OE) Post 2005 <6000cc with Cat. Con. 3.37 2.42 5.70 | 621.81 | 0.058
95 | 95 HCV CNG (Retrofitted) | 2000-2005 >6000cc with Cat. Con. 3.66 | 470 | 4.10 | 570.90 | 0.031
96 96 HCV CNG (Retrofitted) Post 2005 <6000cc with Cat. Con. 3.41 3.11 3.98 | 422.94 | 0.032
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53 Chemical Speciation:
One of the important methods for resolving the mobile source contribution is
through chemical mass balance (CMB) receptor modeling. CMB requires
chemically speciated source profiles with known uncertainty to ensure accurate
source contribution estimates.

The vehicle emission profile generated, for Indian vehicles, by PM
characterization together with the ambient particulate matter speciation data
could be a realistic input to the source apportionment study for identification of
sources of air pollution. Also, chemical nature of the particulate matter from the
vehicle exhaust gases is dependent on technology and fuel quality. It is,
therefore, important to have particulate characterization data, in Indian context,
to use receptor model for Source Apportionment Study.

Two mass emission tests (one with Teflon and other on Quartz), as per the
applicable test procedure, were carried out on each vehicle in the given matrix for
collection of particulate matter on respective filter papers for detailed chemical
characterization.

5.3.1 Species selected and analysis methodology:

Chemical speciation analysis can be broken into the three most common

categories: Elements, lons and Carbons. This would be helpful in identifying the

distribution of major groups present in the Particulate Matter collected during

Mass Emission test of Vehicle Exhaust. The list of constituents (Table 5) under

each above said group are selected as defi ne
Study of PM 10 <collected in Ambient Al r o f
chemical species expected from motor vehicles exhaust.
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Table 5: Constituents of chemical characterization of the PM for source
profiling of vehicle emissions

Group Constituents

Elements Na, Mg, Al, Si, P, S, CI, Br, V, Mn, Fe, Co, Ni, Cu, Zn, As,
Ti, Ca, Ga, Rb, Y, Zr, Pd, Ag, In, Sn, La, Se, Sr, Mo, Cr,
Cd, Sh, Ba, Hg, and Pb

lons F, CI, Br, NO,, NO3, SO47, K*, NH,*, Na*, ca™, Mg*™
Carbon Elemental Carbon, Organic Carbon and Total Carbon
Molecular markers | Alkanes n- Hentriacontane

n-Tritriacontane
n- Pentatriacontane
Hopanes 22,29, 301 Trisnorneohopane

17 U( HY 1-B9(NHrhopane

17U(H),21b(H) Norhag
Alkanoic acid Hexadecanamide
Octadecanamide

PAHs Benzo[b]fluoranthene
Benzolk]fluoranthene
Benzo[e]pyrene
Indeno[1,2,3-cd]fluoranthene
Indeno[1,2,3-cd]pyrene
Phenylenepyrene

Picene

Coronene

Others Stigmasterol

Levoglucosan
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Typical sample preparation and analytical technique/methodology applicable for
each of speciation categories is described below:

5.3.1.1 Elemental/Organic Carbon

PM samples collected on pre-baked quartz samples were analysed using DRI
Model 2001 Thermal/Optical Carbon Analyzer for organic and elemental carbon
fractions. The operation is based on the preferential oxidation of organic carbon
(OC) compounds and elemental carbon (EC) at different temperatures. Following
methodology was use for analyses. Detailed method of analysis is presented at
Annexure IV-A.

1) Liberating carbon compounds under different temperature and oxidation
environments from a small sample punch taken from a quartz-fiber filter;

2) Converting these compounds to carbon dioxide (CO2) by passing the
volatilized compounds through an oxidizer (heated manganese dioxide, MnO2);
3) Reducing CO2 to methane (CH4) by passing the flow through a methanator
(hydrogen-enriched nickel catalyst); and

4) Quantifying CH4 equivalents with a flame ionization detector (FID).

The principal function of the optical (laser reflectance) component of the analyzer
is to correct for pyrolysis charring of OC compounds into EC. Without this
correction, the OC fraction of the sample might be underestimated and the EC
fraction might include some pyrolyzed OC. The correction for pyrolysis is made
by continuously monitoring the filter reflectance and/or transmittance (via a
helium-neon laser and a photo detector) throughout an analysis cycle. The
reflectance and transmittance, largely dominated by the presence of light
absorbing EC, decrease as pyrolysis takes place and increase as light-absorbing
carbon is liberated during the latter part of the analysis. By monitoring the
reflectance, the portion of the EC peak corresponding to pyrolyzed OC can be
accurately assigned to the OC fraction. The correction for the charring
conversion of OC to EC is essential for a less-biased measurement of carbon
fractions.
Seven temperature fractions, as well as the TOR and TOT charring correction,
are individually quantified and reported when the IMPROVE temperature protocol
is applied. Values routinely reported include total OC, total EC, total carbon (TC,
sum of total OC and total EC), and pyrolized carbon, monitored by both
reflectance (OPR) and transmittance (OPT). Based on thermal optical reflectance
(TOR) protocol for quantification, thermally-derived sub-fractions of organic
carbon (OC1, OC2, OC3 and OC4) and elemental carbon (EC1, EC2 and EC3)
were analyzed. Carbon content in the exhaust PM is fractionated based on the
temperature range in which the carbon is evolved. Temperature ranges for the
fractions are given below-

OC1: Carbon evolved from the filter punch in a He-only atmosphere from

ambient (~25 °C) to 140 °C.

OC2: Carbon evolved from the filter punch in a He-only atmosphere from

140 to 280 °C.
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OCa3: Carbon evolved from the filter punch in a He-only atmosphere from
280 to 480 °C.

OC4: Carbon evolved from the filter punch in a He-only atmosphere from
480 to 580 °C.

EC1: Carbon evolved from the filter punch in a 98% He/l2% O2
atmosphere at 580 °C.

EC2: Carbon evolved from the filter punch in a 98% He/l2% O2
atmosphere from 580 to 740 °C.

EC3: Carbon evolved from the filter punch in a 98% He/2% O2
atmosphere from 740 to 840 °C.

OP: The carbon evolved from the time that the carrier gas flow is changed
from He to 98% He/2% O2 at 580 °C to the time that the laser-measured
filter reflectance (OPR) reaches its initial value. A negative sign is
assigned if the laser split occurs before the introduction of O2.

Organic Carbon: Carbon evolved from the filter punch in a He-only
atmosphere at 140, 280, 480 and 580 °C plus pyrolyzed organic carbon.
This is the same as Volatile Organic Carbon (VOC) plus high-temperature
OC.

Elemental Carbon: Carbon evolved from the filter punch in a 98% He/2%
O2 atmosphere at 580, 740, and 840 °C minus any pyrolyzed OC.

High Temperature OC: Carbon evolved from the filter punch in a He-only
atmosphere at 280, 480, and 580 °C plus pyrolyzed organic carbon. This
is OC minus the first OC peak (OC1).

High Temperature EC: Carbon evolved from the filter punch in a 98%
He/2% Oz atmosphere at 740 and 840 °C minus any pyrolyzed organic
carbon present in these two peaks. This is EC minus the first EC peak
(EC1).

Pyrolysis: The conversion of OC compounds to EC due to thermal
decomposition; this may be envisioned as “"charring" during the organic
portion of the analysis.

5.3.1.2  Organic Molecular Markers

PM samples were extracted using Soxhlet extraction method with Acetone and
Methylene Dichloride as organic solvents in 1:1 proportion. GC-MS technique
was used for qualitative analysis of organic species and quantification was done
by using High resolution Gas Chromatograph (HR-GC) with Flame lonization
Detector (FID) and High performance liquid chromatography (HPLC) with UV
detector. Analysis of Alkanes, Hopanes and Alkanoic Acids were carried out on
HRGC-FID whereas, HPLC-UV detector was used for analysis of PAHSs
compounds. Apart from list mentioned as constituents for chemical
characterization of PM for source profiling of vehicle emissions for PAHs, other
13 PAHs were also analysed. The list of other PAHs which are included in
chemical characterization of PM for source profiling of vehicle emissions are as
follows:-
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¢ Napthalene

e Fluorene and Acenapthene
e Acenapthalene

e Phenanthrene

e Anthracene

e Fluoroanthene

e Pyrene

e Benzo(a)Anthracene

e Chrysene

e Benzo(a)Pyrene

¢ Dibenz(a,h)anthracene
e Benzo(g,h,i)Pyrene

16 PAHs Mix NIST traceable Calibration Standards were used for analysis on
HPLC with UV-detector. Detailed methodology of analysis using GC-MS &
HRGC and HPLC are presented at Annexure- IV-B and IV-C respectively.

5.3.1.3 Elements

For quantification of elements present in PM collected on Teflon Filter during
Mass Emission Test, Energy Dispersive X-ray fluorescence (ED-XRF) technique
was used (Compendium Method 10-3.3). An X-ray source removes electrons
from the inner shells of atoms by exciting the atoms to energy states above the
stable configuration. As electrons move to refill the ground state energy levels,
the atomic system maintains its fundamental energy balance by emission of
electromagnetic radiation. The emitted radiation is an x-ray whose energy is
characteristic of the excited element. The samples are quantitatively analyzed by
counting the number of observed x-rays over a set period, as compared with the
number of fluoresced x-rays from similarly analyzed standards.
X-ray Fluorescence Spectrometer, Make- SPECTRO, Germany, Model-XEPOS
with HOPG, Mo, Al,O3 targets and Si drift detector was used for analysis. Other
specifications of the equipment are as follows-

e Tube voltage: 0-50 kV with resolution of 12 bit.

e Tube current: 0-2 mA with resolution of 12 bit.

e Power Output: 50W max.

e Energy resolution: <170 eV.
Single element thin-film calibration standards from Micromatter for 34 elements
were used for calibration of equipment. The instrument is calibrated by acquiring
spectra for all the single element thin film standards. Mg, Ca, Si, P, S, Zn are
specifically targeted for their origin source of 2T/4T Lubricating Oil Formulations,
whereas,Fe,Cu and Pb are selected as they emerge out in exhaust as Engine
Wear metals. Analysis method followed is presented at Annexure-IV-D, in detalil.
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5.3.14 lons

Anions and Cations were analyzed using lon Chromatograph with conductivity
detector. Sample preparation for PM is done using Ultrasonication technique in
de-ionized (18 M.Ohm resistivity) water. The aqueous extract filtered through 0.2
micron membrane filters of PM was analysed for anions such as Fluoride,
Chloride, Bromide, Nitrite, Nitrate, Phosphate and Sulphate and cations such as
Sodium, Ammonium, Potassium, Calcium and Magnesium Sulphate, Nitrate,
Chloride and Ammonium lons were mainly focused due to their likely presence in
fuel and oils during combustion process. Analysis method followed for ions is
presented at Annexure-IV-E, in detalil.

An outline of laboratory performance observed as QA/ QC procedures for above
mentioned analyses are presented in Table 6.
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Table 6: An outline of laboratory performance observed

Sr. Parameter | Standar | Test Analytical Calibration Performanc | Perform. Calibration Periodicity | Primary

No. d Ref. | procedure/ | Technique/ Standard Details | e Test | Test Standard
Method | SOP Method Standard Frequency

1 Elements Method | TP- Energy Dispersive - | Micromatter Thin | Replicate 1/10th Once/2-months  When | Micromatter
IO 13.3 | Elements- | X-Ray Film Standards Thin Film | sample Performance test Not | Thin Film
for XRF | AML Fluorescence (ED- Standard Met Standards
CARB XRF)

2 lons CARB/ TP-155- lon Chromatograph | NIST  Traceable | Solution 1/10th At Beginning of Each | Certified NIST
MLD AML with  Conductivity | MERCK make | Standard sample Run traceable
NO.064 Detector Certipur standards

Standards

3 EC/OC CARB/ TP-156- Thermal Optical | Methane, CO2 | Replicate 1/10th Once/2-months or | ACS Certified
MLD AML Reflectance/Trans Gas and ACS | Methane sample When Performance test | chemicals
NO.065 mission Carbon | Certified KHP | Gas Run not met

Analyzer

4 Molecular CPCB TP--MM- Gas Available  Sigma | Solution Standard Intermediate checks with | ACS Certified

Markers provided | AML Chromatograph - | Aldrich and Fluka authentic standard | chemicals
SOP for Mass Make authentic before analysis of set of
SA Spectrometer(GC- | standards samples.
Studies. MS)

5 Poly- As per | TP-148- High Performance | NIST SRM-1647d | Solution Standard Intermediate checks | Certified NIST
Aromatic NIST AML Liquid 16 component with  NIST  standard | traceable
Hydrocarbo | SRM Chromatography PAH-Mix. before analysis of set of | standards
ns (PAH) 1647d (HPLC) with UV | Acceptance samples.

Detector criterion of +/- 5
% of the NIST
Standards
NOTE:- Audit frequency was kept once per 2 months for all the above mentioned parameters in Table..
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5.3.2 Calculations of uncertainty in measurement

Uncertainties in measurements were calculated for all the species and reported
as percentage of PM mass. Methodology for calculation of uncertainty for ions,
PAHSs is shown below

With reference to equation (1) in RTI document equation for uncertainties in units
of mass per filter is given as.

Mi,jG = maxai+(aGMemM2 , 4 Bi) (1)

Where
Mi,ji = Std.dev of mass for analyte i for
Ait = analytical uncertainty for analyte
VKU = relative st d.fieldsampling &dimensionless)t ab | e

(assumed as 5%)
M = analytical mass (micrograms per filter)
Bil = default minimum uncertainty

Calculation for Ai (i

Analytical uncertainty is calculated by equation
Al BiG +RELG (2)

Where

t

RELO = relative uncertainty multiplier=0.

Uncertainty Calculations for lon chromatograph analysis were done by
considering the Type A factor i.e. Repeatability of NIST-Certified Mix-Standard
Solution of Anion as well as Cation. Similarly, for Type B type uncertainties
following factors were considered -
¢ Rounding Error due to resolution of Analytical Balance while measuring
Weight

e Uncertainty of Analytical Balance given in Calibration Report while
measuring Weight

e Accuracy of Analytical Balance while measuring Weight
e Uncertainty of 50 ml Volumetric Flask given in Calibration Report
e Rounding Error due to resolution of 1ml pipette

e Uncertainty of 1ml pipette given in Calibration Report while measuring
volume

e Accuracy of 1ml pipette while measuring volume of Stock Standard
solutions

Similarly, in specific case of Vehicle Exhaust samples, background values of both
the types of filters (i.e. 47 mm diam. Size Teflon Filter which were used for 2
Wheelers and 3 Wheelers tests and 70 mm diam. Teflon Filter for 4 Wheelers
and HCV Mass Emission Test) are used in calculation of uncertainty.
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Uncertainty calculation for carbon fractions analysis

Carbon fractions were analysed by analyzing a punch (approx. 5.12 cm2) taken
from center of a 47 or 70 mm PM-loaded quartz filter paper which is about 5%
area of total filter paper. Major source of uncertainty is non-uniform distribution of
particulate matter on to the filter paper. Taking this into account, 13 punches
were taken (as shown below) from a single paper at different radial location to
capture radial variation in the PM loading.

These punches were analysed separately thus covering a total of about 65% of
PM loaded filter paper. Difference in the carbon contents obtained was used as a
source of uncertainty in calculation. Other sources which were considered
include rounding-off error due to resolution of carbon analyser and uncertainty of
the standards used for calibration. Non-uniformity in the PM loading is dependent
on the actual PM loading and increases with decrease in PM loading. Therefore,
this exercise was carried out for different PM loadings categorized into, low,
medium and high loading. For organic carbon the uncertainty with higher and
lower PM loading was found to be 5% and 8.3 % respectively. Similarly, for
elemental carbon, the uncertainty with higher and lower PM loading was found to
be 3.7% and 8.1%. Uncertainty values were observed to be higher for low PM
loadings as expected.

Elements analyses were carried out using ED XRF. Uncertainty for a particular
element was taken as one half the method detection limit for that element.
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6. Results and discussion:

6.1 Chemical Group wise distribution

6.1.1 Carbon Fractions:

Carbon content in the exhaust PM is fractionated based on the temperature
range in which the carbon is evolved. Distribution of various carbon fractions of
organic carbon (OC1, OC2, OC3 & OC4) and elemental carbon (EC1, EC2 &
EC3) as percent mass of Total carbon is presented in Fig. 4 below.

As can be seen from the figure, in gasoline composite, OC1 & OC2 fractions are
dominating with a share of around 70% in total carbon. EC1 & EC2 are found to
be in same proportion with negligible EC3 share. Pyrolytic correction was also
found to be very low. This suggests that the carbon fractions from gasoline
vehicles is dominated by organic carbon with major portion of it evolved below
280°C

Diesel composite was found to be dominated by OC4 (~40%) and EC2 (~25%)
with very high pyrolytic correction. This suggests major portion of elemental
carbon (EC1) is pyrolysed carbon, which is added to OC4. Therefore, very high
OC4 share was observed. Overall share of elemental carbon was found to be
higher as compared to gasoline exhaust. CNG and LPG exhaust composite show
similar trend as shown by gasoline vehicle exhaust for organic carbon fractions
i.e. higher OC1 and OC2 percentage. However, share of EC1, EC2 & Ec3 were
found to be higher in CNG and LPG vehicle exhaust than in Gasoline exhaust.

6.1.2 lons and Elements

Percent distribution of various ions in vehicle exhaust PM for different fuel types
is presented in Fig. 1 & 2. For the purposes of determining total PM mass, the
ionic sulfate results from the ion chromatography analysis were used, since this
technique provides a higher total mass than the elemental measurements. It is
possible that some double counting of Na, K, and Cl occurred in the calculation
of total PM, but those errors are assumed to be negligible.

Gasoline exhaust composite was found to contain high percentage of sulphate
(~4.5%), chloride (~3.5%) calcium (~3%) ions and sodium (~2%). In diesel
exhaust composite ions percentage was found to be below 1% for all the ions.
Similarly, calcium, barium, sodium, Magnesium, zinc and iron were found to
higher as compared to other metals in gasoline and diesel exhaust. However, %
share in PM is higher in case of gasoline exhaust, which may be due to lower PM
mass in case of gasoline exhaust. Presence of these ions/ elements can be
attributed to the sulfur content in fuel, engine wear metals and other elements in
oil additives. Some contribution of the PM S could be attributed to lubricants. The
Zn, P, Mg, and Ca are attributed to compounds in the lubricant while the Fe is an
indication of engine wear.

6.1.3 PAHSs

Mass of (2-ring) Fluorene +Acenaphthene, (3-ring) Fluoranthene and (4-ring)
Pyrene are found to be highest amongst all the 16 PAHs analyzed in diesel
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composite. Whereas, mass of (4-ring) Pyrene, (2-ring) Fluorene +Acenaphthene
and (2-ring) Acenaphthalene were highest in gasoline composite (Fig. 4).
Several factors could be responsible for the high PAH emission rates, which
include differences in fuel oil composition (e.g. aromaticity) and fuel oil properties
(e.g., fuel density) and the content of chlorinated compounds. It is reported that
PAH formation is enhanced in the presence of chlorine-catalyzed chemical
reactions and chloride ions were found to be in higher proportions in gasoline
and diesel exhaust PM in this study.

The mass of these organic species was divided by PM mass to calculate their
mass fraction. To calculate the mass % identified, the mass of each PM-
associated organic species was excluded from the sum of all speciated
compounds to avoid double-counting with OC (i.e., PAHs are included in the OC
fraction). The OC included in these PM speciation data have a much higher mass
than the sum of the speciated organic compounds since not all species are
identified and quantified. Therefore, the OC mass is used in the calculation of
total PM mass when the profile is developed in order to achieve better mass
closure.

Overall mass percentage of ions, elements, PAHs in gasoline are higher than the
diesel vehicles due to overall less PM mass in gasoline exhaust.
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Distribution of carbon fractions as % of total carbon for
differnet fuel composite
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Fig. 4: Distribution of various carbon fractions in different fuel composites.
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Fig. 5: Distribution of various ions in different fuel composites.
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Percentage mass of elements in profiles of different fuel
composite
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Fig. 6: Distribution of various elements in different fuel composites
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Fig. 7: Distribution of various PAHSs in different fuel composites
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6.2 Category wise chart for distribution of species

Chemical speciation data of vehicle exhaust PM is analysed and grouped under
different categories based on engine technology and fuel types. Category wise
distribution of chemical species in various groups like carbon fractions, ions,
elements and PAHs is given in Table 7 & 8.

Organic carbon was found to vary from 48 to 57 % amongst the composite of
different category gasoline vehicles. Similarly, elemental carbon was varied from
3% to 13%. OC and EC in composite of all gasoline vehicles was 52% and 6.6%
respectively. Category wise composites for diesel vehicles show variation in
organic carbon from 46 % to 52% and variation in EC from 16% to 25%. All
diesel vehicles composite shows OC and EC % as 49% and 22% respectively.
OC % in CNG vehicles composite varied from 29% to 58% and EC % variation
was from 6% to 22%. In case of LPG category wise composite OC % variation
was 26% to 49% and EC % variation was from 7% to 14%. All CNG vehicle
composite OC and EC % are found to be 43% and 16% respectively, whereas all
LPG composite OC and EC % are 38%and 11% respectively.

Amongst the ions sulphate, nitrate, chloride and ammonium ions were found to
have major share. Gasoline vehicle exhaust was found to have higher % of ions
then diesel exhaust, which may be due to lower overall PM mass in gasoline
exhaust.

Elements % were found to be very less in exhaust PM of all vehicle types.
Elements from lube oil (Ba, Ca, S, Mg, Zn, P & Mo) and engine wear metals (Fe,
Cu & Pb) were found to be comparatively in higher proportion. In terms of %
mass gasoline exhaust is found to contain higher % of these metals as compared
to diesel exhaust.

PAHs % distribution shows higher fraction of Pyrene, Fluorine+ Acenaphthene
and Acenaphthalene in all vehicle categories. Total PAHs were observed to
higher in gasoline vehicle composite (3.96%) than in diesel vehicle composite
(1.26%).

PM mass distribution in terms of chemical groups like organic & elemental
carbon, ions, elements and further speciation of organic carbon into molecular
markers like PAHs for different vehicle category composites is presented in Fig.7
to Fig.13.
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Table 7: Percentage distribution of major chemical species (carbon fraction, ions, elements) in different
categories of vehicles

Carbon
Fraction (%) lons (%) Elements (%)
3 5| 2
Vehicle Categor D g = < = E =
o c| 8| 8| | 8| 8| 3 E| 5| §| 3 @
> 2 = gl = 2 _| 3 S = 5 s 2| =
g 3| ®| 5| €| §| =| &| 8| =| =| £| £| 5| §
s| 8| 5| E| 2| 3| & | 8| =| 3| &| ®| B| ¢
®)] @) = = = S I © o o ®© o o) = ) 5 =
@) L (@) P N < m O (@) = = = n o 1 n N
2-stroke, 2-wheeler
(Gasoline) 57.34 | 3.10| 437 | 086 | 4.24| 0.56 | 0.813 | 3.163 | 0.006 | 0.056 | 0.000 | 0.008 | 1.295 | 0.000 | 0.037 | 0.035 | 0.292
4-stroke, 2-wheeler
(Gasoline) 48.63 | 5.08 | 5.07 | 0.39 | 594 | 0.00 | 3.263 | 1.792 | 0.036 | 0.082 | 0.000 | 0.000 | 0.398 | 0.031 | 0.319 | 0.000 | 1.229
3-Wheeler(Gasoline) 5424 | 470| 262 | 076 | 480 | 0.01] 2.057 | 0.739 | 0.003 | 0.114 | 0.000 | 0.011 | 0.000 | 0.005 | 0.010 | 0.072 | 1.201
Passenger
Car(Gasoline) 4798 | 1342 | 2.44| 1.40| 3.20| 0.50 | 0.000 | 2.373 | 0.018 | 0.347 | 0.081 | 0.004 | 0.461 | 0.066 | 0.082 | 0.414 | 0.000
3-Wheeler(Diesel) 48.73 | 16.20 | 0.95 | 0.04 | 056 | 0.00 | 0.539 | 0.148 | 0.006 | 0.003 | 0.000 | 0.000 | 0.389 | 0.008 | 0.010 | 0.021 | 0.120
Passenger Car(Diesel) | 50.26 | 18.59 | 0.10 | 0.17 | 0.74 | 0.01 | 0.573 | 0.507 | 0.014 | 0.026 | 0.000 | 0.000 | 0.000 | 0.016 | 0.021 | 0.324 | 0.303
LCV(Diesel) 46.16 | 26.86 | 0.12 | 0.23| 0.98 | 0.08 | 0.782 | 0.210 | 0.008 | 0.008 | 0.000 | 0.001 | 0.000 | 0.000 | 0.014 | 0.415 | 0.532
HCV(Diesel) 5193 | 2462 | 020| 0.28| 1.06 | 0.00| 0.782 | 0.210 | 0.008 | 0.008 | 0.000 | 0.001 | 0.000 | 0.000 | 0.014 | 0.415 | 0.532
3 Wheeler (CNG) 58.38| 6.46| 3.27 | 0.08| 2.34| 0.00| 0.000 | 2.147 | 0.000 | 0.242 | 0.000 | 0.003 | 2.941 | 0.015 | 0.152 | 0.000 | 0.000
4 Wheeler (CNG) 28.71 | 1856 | 3.42 | 2.02 | 3.77| 0.96 | 0.490 | 1.083 | 0.035 | 0.301 | 0.607 | 0.000 | 0.228 | 0.069 | 0.035 | 0.282 | 0.156
HCV (CNG) 4197 | 22.01| 2.19| 0.00| 0.67 | 1.21 | 0.000 | 0.000 | 0.059 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
3 Wheeler (LPG) 4904 | 717 | 274 | 0.06 | 1.68| 0.00 | 0.245 | 1.383 | 0.029 | 0.072 | 0.000 | 0.000 | 0.937 | 0.002 | 0.201 | 0.000 | 0.026
4 Wheeler (LPG) 26.41 | 1436 | 2.84 | 1.18 | 497 | 1.14 ] 0.134 | 2.736 | 0.009 | 1.246 | 0.737 | 0.003 | 2.396 | 0.060 | 0.035 | 0.325 | 0.000
All Gasoline
Composite 52.05| 658| 3.63| 085| 454 | 027| 153 | 2.02| 0.02| 015| 0.02| 001| 054 | 0.03| 0.11| 0.13| 0.68
All Diesel Composite 4927 | 2157 | 0.34| 0.18 | 0.83| 0.02| 058| 0.27| 0.01| 0.02| 0.00| 0.00| 010| 001| 0.01| 0.23| 0.25
CNG Composite 43.02 | 1568 | 296 | 0.70 | 226 | 0.72| 0.16| 1.08| 0.03| 0.18| 020 0.00| 1.06| 0.03| 0.06 | 0.09 | 0.05
LPG Composite 37.72 | 10.77 | 279 | 062 | 3.32| 057| 0.19| 2.06| 0.02| 066 | 037| 000| 167 | 0.03| 0.12| 0.16 | 0.01
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Table 8: Percentage distribution of PAHs in different categories of vehicles

PAHs (%)

()

=

o ) @ 2

: < o = c & ®

Vehicle Category % - g o g =9 =~ | « £
S| oS c =9 2l 5| 8o S| 2 <
TR = c | 9= w| 92| c & Q| ¢ —
| 9SG S o | =5 2| co| 8¢ c| 8¢9 <
<lac| & Eloag| S|ax |58 o E&| 2
2-stroke, 2-wheeler (Gasoline) 0.683 | 0.652 | 0.101 | 0.066 | 0.002 | 0.001 | 0.165 | 0.000 | 0.000 | 0.000 | 1.900
4-stroke, 2-wheeler (Gasoline) 0.382 | 1.637 | 0.532 | 1.933 | 0.045 | 0.041 | 0.111 | 0.125 | 0.427 | 0.751 | 8.572
3-Wheeler(Gasoline) 0.331 | 0.252 | 0.147 | 0.878 | 0.056 | 0.011 | 0.024 | 0.046 | 0.349 | 0.017 | 2.910
Passenger Car(Gasoline) 0.078 | 0.251 | 0.062 | 0.503 | 0.510 | 0.034 | 0.478 | 0.006 | 0.048 | 0.009 | 2.414
3-Wheeler(Diesel) 0.080 | 0.122 | 0.028 | 0.079 | 0.004 | 0.006 | 0.011 | 0.012 | 0.010 | 0.006 | 0.511
Passenger Car(Diesel) 0.024 | 0.036 | 0.007 | 0.037 | 0.000 | 0.001 | 0.005 | 0.005 | 0.001 | 0.001 | 0.130
LCV(Diesel) 0.020 | 0.056 | 0.013 | 0.056 | 0.004 | 0.000 | 0.002 | 0.006 | 0.002 | 0.001 | 0.181
HCV(Diesel) 0.345 | 0.951 | 0.654 | 0.352 | 0.066 | 0.083 | 0.100 | 0.290 | 0.171 | 0.225 | 4.235
3 Wheeler (CNG) 0.333 | 2.340 | 0.396 | 1.124 | 0.029 | 0.040 | 0.052 | 0.128 | 0.000 | 0.000 | 6.642
4 Wheeler (CNG) 0.092 | 0.324 | 0.060 | 0.109 | 0.002 | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.666
HCV (CNG) 0.016 | 0.072 | 0.132 | 0.154 | 0.012 | 0.008 | 0.014 | 0.033 | 0.002 | 0.011 | 0.533
3 Wheeler (LPG) 0.225 | 1.343 | 0.199 | 0.835 | 0.027 | 0.015 | 0.001 | 0.018 | 0.001 | 0.001 | 3.605
4 Wheeler (LPG) 0.163 | 0.270 | 0.057 | 0.334 | 0.003 | 0.006 | 0.007 | 0.012 | 0.026 | 0.035 | 1.253
All Gasoline Composite 037 0/0| 021 | 0.84| 0.15| 0.02| 0.19| 0.27| 0.04| 0.21| 3.96
All Diesel Composite 0.12]| 0.29| 0.18| 0.13]| 0.02| 0.02| 0.03| 0.08| 0.05| 0.06| 1.26
CNG Composite 0.15| 091| 020| 046| 001 | 0.02| 0.02| 0.05| 0.00| 0.00| 2.61
LPG Composite 019| 081| 0413| 058| 001 001| 000| 0.01] 0.01| 0.02| 243
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Vehicle Emission Profile
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Fig. 7: Distribution of PM mass form 2-wheeler exhaust
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Vehicle Emission Profile
3-Wheeler Gasoline Composite
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Vehicle Emission Profile
Passenger Car Gasoline Composite
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Vehicle Emission Profile
LCV Diesel Composite
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Fig. 10: Distribution of PM mass form LCV and HCV exhaust
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Vehicle Emission Profile
3 Wheeler CNG Composite
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Fig. 11: Distribution of PM mass form 3-Wheeler CNG and LPG exhaust
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Vehicle Emission Profile
4 Wheeler CNG Composite
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Vehicle Emission Profile
4 Wheeler LPG Composite
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1% \ 2%

Benzo(a)Pyrene
5%

Benzo(k)Fluoroanth.
1%

Fluoroanthene

4%
Anthacsng Phenanthrene

PAH Distribution- 4W LPG 5% %

Fig. 12: Distribution of PM mass form 4-Wheeler CNG and LPG exhaust
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