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Abstract. The Indian capital megacity of Delhi is reeling under deteriorating air quality, and control measures
are not yielding any significant changes, mainly due to a poor understanding of sources of emissions; hence,
priority option in mitigation planning is lacking. In this paper, we have made an attempt to develop a spatially re-
solved technological high-resolution gridded (∼ 0.4km×0.4km) emission inventory for eight major pollutants
of the Delhi region where high-resolution activity data of all possible major and unattended minor sources are
generated by organizing a mega-campaign involving hundreds of volunteers. It is for the first time that we are
able to estimate the decadal growth in emissions of various pollutants by comparing newly developed 2020 emis-
sions with SAFAR (System of Air Quality and Weather Forecasting and Research) emissions of 2010 using the
identical methodology and quantum of activity data. The estimated annual emissions for PM2.5, PM10, CO, NOx ,
VOC, SO2, BC, and OC over the Delhi National Capital Region (NCR) are estimated to be 123.8, 243.6, 799.0,
488.9, 730.0, 425.8, 33.6, and 20.3 Ggyr−1, respectively, for the year 2020. The decadal growth (2010–2020) in
PM2.5 and PM10 is found to be marginal at 31 % and 3 %, respectively. The maximum growth is found to be in the
transport sector followed by the industrial and other sectors. Maximum decadal growth found for the pollutants
BC, OC, and NOx is 57 %, 34 %, and 91 %, respectively. The decadal shift of sectorial emissions with changing
policies is examined. The complete dataset is available on Zenodo at https://doi.org/10.5281/zenodo.7715595
(Sahu et al., 2023).

1 Introduction

Clean air is a basic need for a healthy life, but air pollution
has emerged as a global emergency where cities are more
vulnerable due to high population density. Asian megacities
are even more polluted than before and have drawn global
attention (IPCC, 2000; Molina and Molina, 2004; Permadi
et al., 2018). Air quality in the Indian megacity Delhi makes
headlines across the print and media with the onset of the
winter months (Beig et al., 2021; India Today, 2022). World-
wide, air pollution is a widespread problem and a major con-
temporary public health threat. Air pollutants are treated like
a modern-day curse due to their association with premature
mortality, and disease burden has a significant impact on low-
income developing countries, especially India. Air pollution

emerged as the fourth leading risk factor contributing to dis-
ease burden and early death worldwide (HEI, 2019, 2020).
The Global Burden of Disease (GBD) reported that ∼ 4.9
million premature deaths across the globe occur because of
air pollution (Stanaway et al., 2018; Manisalidis et al., 2020).
People from any geographical region could suffer from its
adverse impacts irrespective of the place of origin (Akimoto,
2003). Certainly, Indian urban areas have emerged as one of
the places most adversely affected by pollution, as well as
by global health risks (Down to Earth, 2015; GBD, 2018). A
total of 22 cities of the world’s 30 most polluted cities are
in India, from which Delhi, the capital of India, has topped
the ranking for consecutive years, with its annual particu-
late matter (PM2.5) level being nearly 10 times the WHO’s
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permissible limits and with the city being intricately caught
in the toxic web of air quality and health-based standards
(UNEP, 2019; World Air Quality Report, 2019, 2020). This
led to alarming levels of air quality index (AQI) in the na-
tional capital megacity Delhi; these levels have brought about
first-ever large-scale media and political attention in recent
years. No doubt the megacities have emerged as a better place
to live, but at the same time, they are prone to degrading air
quality due to an elevated concentration of particulate mat-
ter (PM) (Molina et al., 2004; Beig et al., 2020; Sahu et al.,
2011, 2021). Combating megacity air pollution has become
the utmost challenge due to a poor understanding of the com-
plexity of air pollution sources and its dynamic mixture of
both natural and anthropogenic sources.

Numerous studies have constantly manifested higher rates
of respiratory and cardiovascular diseases in megacities due
to alarming pollution levels, whereby the school-going stu-
dents and older generation are the most largely affected
(Sahu et al., 2011, Mangaraj et al., 2022a, b). Delhi’s worse
air quality during winter months is also linked with stubble
burning in Punjab and Haryana (Beig et al., 2019, 2020). The
government introduced odd–even vehicle plying on roads to
reduce the impact of emission loads (Transport Department,
Govt. of Delhi, 2019). However, the impact was not signif-
icant. The blame game keeps on running from one agency
or state to another, where each one has its independent opin-
ion on how to combat the rising level of pollutants in Delhi.
Despite many initiatives from stakeholders, Delhi air has
shown no sign of improvement and has drawn the attention
of global researchers. Understanding the complexity of pol-
lution sources and their magnitude in a megacity is essential
for air quality studies, as well as for regional atmospheric
chemistry and climate points of view (Li et al., 2017). How-
ever, identification of the unattended sources and their pre-
cise quantification becomes challenging due to the diversity
of contributing major and minor sources along with the com-
plexity of the technology being used during combustion ac-
tivities. The problem becomes even more complex due to the
heterogeneity of pollution sources and their temporal vari-
ation. A comprehensive high-resolution emission inventory
(EI) may solve this because EIs are critical research and reg-
ulatory tools used to address the air pollution issues in many
cities. Moreover, the surface emission is the most sensitive
input data for chemical transport models in terms of under-
standing the impact of emissions on atmospheric chemistry
on different scales, from urban to regional and from national
to global (Sahu et al., 2011; Mangaraj et al., 2022a, b).

There is a limited amount of comprehensive and detailed
studies that focus on Delhi emission estimation, but each
study has some or other limitation. So far, many attempts,
like those of NEERI (National Environmental Engineering
Research Institute) (2010), Guttikunda and Calori (2013),
and TERI (The Energy and Resources Institute) and ARAI
(The Automotive Research Association of India) (2018),
have failed to get a concrete alternative to get rid of this

air quality issue. In order to frame appropriate mitigation
strategies to curb air pollution load in the megacity Delhi,
we have identified the new emerging sources and have es-
timated the pollutant load from all possible major and mi-
nor sectors responsible for the emission of various pollu-
tants directly or indirectly. Unlike the previous studies, the
present study is unique in that it targets 17 organized and un-
organized sectors that are responsible directly or indirectly
for changing air quality in Delhi National Capital Regions
(NCRs). The present findings provide a comprehensive as-
sessment of sources of air pollutants and their magnitude,
which have shifted with changing policies in the last decade.
One of the main objectives behind developing this reliable
high-resolution (∼ 0.4km×0.4km) gridded emission inven-
tory of eight major pollutants over a domain of 70km×65km
covering Delhi and its adjacent NCR region for the base year
2020 (i.e., April 2019 to March 2020) is not only to frame the
desired mitigation strategy to combat air pollutant issues but
also to understand the decadal growth of emissions over the
same region under the flagship of the SAFAR (System of Air
Quality and Weather Forecasting and Research) program of
the Ministry of Earth Sciences (MoES). It will also be an in-
tegral input to air-quality-forecasting-based modeling studies
aimed at understanding the regional atmospheric chemistry.

Sources of emissions, activity data, and emission factors

The megacity Delhi (Fig. 1), the capital of India, which is
designated as the National Capital Territory region (NCT), is
located towards the northern part of the country, straddling
the Yamuna River. This megacity is stretched over an area of
1484 km2 and shares borders with Uttar Pradesh in the east
and Haryana in the other directions. It is situated at an eleva-
tion of ∼ 216 m above sea level at 28.7041◦ N, 77.1025◦ E.
The NCT of Delhi is divided into nine districts. The esti-
mated population of the megacity Delhi is 28.5 million, mak-
ing it the largest metropolitan area in India. The overgrown
population density of Delhi has led to the expansion of the
city and an increase in the use of energy and fossil fuels as-
sociated with alarming levels of air pollution and health risks.

In order to meet the objective of developing an authentic
emission inventory, the collection of primary activity data is
of great significance. In the present attempt, for the first time,
17 minor and major sectors responsible for the direct or in-
direct emission of pollutants have been taken into account in
the emission estimation process. To understand the emission
practices, the primary-activity data were generated through a
3-month-long extensive emission campaign (SAFAR-Delhi,
2018) carried out over Delhi and the surrounding NCRs in
2018 (Fig. 2). This initiative was undertaken by the Indian
Institute of Tropical Meteorology (IITM, Pune) in collabo-
ration with the School of Planning and Architecture (SPA-
Delhi) and Utkal University under the Ministry of Earth
Sciences (MoES)’s project SAFAR. In order to serve the
purpose of understanding the complex source of pollutants,

Earth Syst. Sci. Data, 15, 3183–3202, 2023 https://doi.org/10.5194/essd-15-3183-2023



S. K. Sahu et al.: Decadal growth in emission load of major air pollutants in Delhi 3185

Figure 1. Domain of interest.

primary-activity data play a great role in building a high-
resolution gridded emission inventory, which has to be gen-
erated through a comprehensive field campaign only. This is
a unique attempt to collect micro-level primary-activity data
like the type of fuel used; the quantity of fuel being used in
various technologies in various sectors like slums, residential
cooking, the brick industry, construction sites, street vend-
ing, and large hotels; vehicle loads around tourist sites, rail-
way stations, shopping malls, large hospitals, large schools
or colleges, traffic junctions, and airports; biomass and/or
crop residue burning; crematorium-related burning; the use
of cow dung as an alternative fuel for cooking; road dust;
construction-related activities; open waste burning; the use
of diesel generators for commercial purposes; and the ac-
tivity of mobile towers. Apart from traditionally dominating
sectors like transport, windblown road dust, industry, ther-
mal power plants, and the residential sector, there are several
unattended minor sectors, which collectively make a rela-
tively significant contribution to air pollution issues in Delhi.
Apart from this, the most important objective is to check
the authenticity and accuracy of the existing secondary data
collected from various government agencies and reports, as
well as to fill the data gap. For the same purpose, ∼ 150 stu-
dents from various universities and colleges put an extensive
amount of time, equating to ∼ 40000 h, and painstaking ef-
fort towards compiling a comprehensive and robust activity
database under the supervision of a group of scientists and

experts. This will help to better understand not only all the
possible major and minor sources, but also the prevailing
changing trend in the megacity Delhi and its surrounding re-
gions. The generated data will play an instrumental role in
understanding the changing trend of the source of pollutants
in the last decade.

We have compiled all 17 sources into the following five
major sectors: (a) transport, (b) windblown road dust, (c) in-
dustry, (d) residential (including the following sub-sectors:
households, slums, street vendors, crop residue burning, cow
dung, and diesel generators), and (e) others (including the
following sub-sectors: municipal solid-waste burning; con-
struction; incense sticks, mosquito coils, and cigarettes; and
crematoriums).

(a) Transport

Delhi has been witnessing a consistent increase in the num-
ber of motor vehicles in recent years. As of March 2020, it
has been home to approximately 13.3 million registered vehi-
cles (MoRTH, 2020), a number which has grown 2-fold and
4-fold in last 1 and 2 decades, respectively (Sahu et al., 2011;
SAFAR-Delhi, 2010). In the transport sector, vehicles have
been classified broadly into the following eight categories:
two wheelers (2Ws), three wheelers (3Ws), buses, personal
cars, commercial cars, light commercial vehicles (LCVs),
heavy commercial vehicles (HCVs), and miscellaneous ve-
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Figure 2. Snapshot of Delhi Survey.

hicles (MSLVs). Overall, the relative contribution by 2Ws
was highest at ∼ 56 %, followed by personal cars at ∼ 23 %,
commercial cars at∼ 17 %, 3Ws and buses at∼ 3 %, and the
rest of the vehicle categories at the remaining 2 %. In 1998,
the Supreme Court of India sanctioned a rule for all the trans-
port systems of Delhi to be run by compressed natural gas
(CNG) in order to deal with the increase in vehicular emis-
sions. Delhi, as of now, has ∼ 1 million vehicles running on
CNG, constituted by∼ 26 % CNG 3Ws, 67 % CNG cars, and
7 % CNG buses. The government has been concerned about
the air pollution crisis in Delhi for a long time, and therefore
Bharat Stage-IV (BS-IV) emission norms were implemented
in Delhi in 2010 before any were implemented throughout
the rest of the nation in 2017. BS-IV has been implemented
in Delhi since 2018 but was proposed for implementation in
other cities by April 2020. The National Automobile Scrap-
ping policy was introduced in India on 13 August 2021 to
reduce India’s vehicular air pollution, with effect from 25
September 2021 (MoRTH, 2021). Lately, the transport de-
partment of Delhi passed an order for diesel vehicles more
than 10 years old to be deregistered automatically from Jan-
uary 2022. At the same time, the calculation tally found that
a fraction of the fleet registered during 2000–2010 might still
be active on the roads of Delhi in 2020 despite the phasing-
out process. The present area of interest has a road network of
∼ 2450 km of major roads and ∼ 31000 km of minor roads.
The manual-vehicle counts were computed over 87 survey
locations (Fig. 3a) in Delhi and its surrounding NCR regions

to identify the density of vehicles (Fig. 3b), and composition
according to vehicle age was also estimated (Fig. 3c).

The enumerating task was carried out for both weekdays
and weekends with the help of digital click counters. The
counting task was carried out continuously for around 14–
16 hd−1. Vehicle density was recorded to be as high as
around 110 000–160 000 during weekdays on many major
roads, as shown in Fig. 3d. However, it was observed that
vehicle number increased over weekends on a couple of
roads like India Gate Circle, Chandni Chowk, and Lajpat Na-
gar. High vehicular densities of more than 100 000 d−1 were
observed on roads like Delhi Meerut Expressway, Dhaula
Kuan, Peeragarhi, Ashram Road, and South Extension Air-
port Road. Delhi is surrounded by other populous states like
Uttar Pradesh, Haryana, and Punjab, which are directly or in-
directly linked with various activities across the Delhi NCR
region. Therefore, the other-state cars contribute as much as
nearly 40 % on the majority of well-known busy roads in
Delhi. An approximate amount of 2600 samples was col-
lected for the random survey with several real-time diverse
data like fuel consumption pattern, hours of usage, vehicle
density, vehicle kilometers traveled (VKTs) per day, and type
of fuel used. The real-time VKTs generated during random
survey are depicted in Table 1.

(b) Windblown

Delhi has a huge and dense road network, but certainly not
all the roads are maintained. The road condition of Delhi was
observed keenly. The roads joining towards the outskirts of
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Figure 3. (a) Survey locations for primary-activity data for transport sector in the Delhi NCR; (b) category-wise vehicle density on various
roads across the Delhi NCR; (c) age-wise vehicle category; (d) comparison of vehicle density on weekdays and weekends on major roads of
Delhi.

Table 1. Vehicle-category-specific VKTs collected during field sur-
vey.

Vehicle category Fuel VKTs
(km per day)

Two wheeler (2W) Gasoline 75
Three wheeler 2S/4S (3W) CNG or gasoline 120
Bus Diesel 210
Personal car (P car) Gasoline 60
Commercial car (C car) CNG/Diesel 200
Heavy commercial vehicle (HCV) Diesel 75
Light commercial vehicle (LCV) Diesel 150
Miscellaneous (MSLV) Diesel 50

the city were found to be worn out and lead to huge dust
load. At the same time, a random survey on different roads
was undertaken in order to assess the driving cycle or pattern
of different vehicle categories. The other-state car contributes
as much as nearly 40 %–50 % on the majority of well-known

busy roads in Delhi. Due to the rise in the number of vehicles,
the average speed of vehicles is found to be decreasing (i.e.,
18–25 kmh−1 on most of the major roads and 35–55 kmh−1

on airport roads and a few more important roads). The aver-
age weight–age of vehicles in Delhi was determined based on
vehicle category and its composition, which was estimated to
be 1.23 t. The number of precipitation days in Delhi is hardly
50 d, with an annual rainfall of just 547 mm (Rainfall Statis-
tics of India, 2019); therefore, the soil moisture content over
the study area was determined to be just 6 %. The paved-
to-unpaved-road ratio was closely monitored, and ∼ 40 % of
roads were found to be unpaved with broken road shoulders
and poor infrastructure, and the rest (∼ 60 %) were consid-
ered to be paved. The silt load on these roads was estimated
to be 10 % for paved roads and 12 % for unpaved roads,
which was comparatively better than any other cities in In-
dia. The resuspension of dust load increases with increasing
vehicle weight and speed. The average vehicle weight and
mean vehicle speed derived from fleet composition running
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on the road were determined from field surveys across many
roads along with the number of precipitation days and mois-
ture content to arrive at the total dust load over the study area.

(c) Industry

In the case of industry, this is one of the most diverse sec-
tors, with more than 3182 industries scattered over the Delhi
NCR, where the largest fraction is very unorganized indus-
try with no or limited fuel activity data followed by a small
fraction of organized industry. The Central Pollution Con-
trol Board (CPCB) and the Delhi Pollution Control Commit-
tee (DPCC) have classified the polluting industries of Delhi
into the following three categories: red (highly polluting), or-
ange (moderately polluting), and green (non-polluting). The
red-category industries are strictly banned within the Delhi
city; however, orange-category industries are allowed to op-
erate. There is no comprehensive database for all industries
with their technological details. As per the primary survey,
large numbers of unorganized small industries were found
to be confined over the eastern, southeastern, and southwest-
ern parts of the Delhi region. Central Delhi has, relatively
speaking, a very low number of industries in comparison to
other parts of the city. The spatial distribution of the diverse
range of small, medium, and large industries is depicted in
Fig. 4. Major industries include engineering industries with
a frequency of 546, machine and tool industries with a fre-
quency of 169, electrical industries with a frequency of 175,
iron and steel industries with a frequency of 114, etc. Most
of the detailed information on industrial areas, fuel consump-
tion patterns, production capacity, etc. has been collected
from the DPCC. The fuels used in these industries include
low-sulfur heavy stock (LSHS), light diesel oil (LDO), high-
speed diesel (HSD), liquid petroleum gas (LPG), natural gas
(NG), and coal.

(d) Residential

Delhi’s estimated population was ∼ 22.7 million, which,
within a decade, increased to a total population of ∼ 30.2
million (2020), and Delhi is known as the first most populous
city of India and the second most populous city of the world.
According to the Ministry of Housing and Urban Poverty Al-
leviation, Govt. of India, around 13 %–14 % of Delhi’s popu-
lation lives in slums. The Delhi Urban Shelter Improvement
Board (2019) reported ∼ 675 clusters of slum in Delhi. The
actual slum population data are very uncertain. During the
field survey, nearly 187 locations were covered to collect
over 3000 samples over slum clusters confined to the central,
eastern, and southeastern parts of Delhi. The total population
is estimated to be distributed over 4 million households, with
an average household size of five. The cooking-fuel activ-
ity data collected confirm the changing trend in cooking fuel
used in Delhi slums in last decade. Unlike traditional fuels
like wood, dung, ad bio-fuel, LPG is being widely used as

a main fuel, accounting for around 95 %, followed by wood
at 3 % and coal at 2 %. In winter, the relative contribution of
wood as fuel increases (for heating of water). This indicates
that there is excellent penetration of government awareness
and promotion of LPG connections in slum pockets. Apart
from this, it came to be noticed that people residing in the
outskirts of Delhi were using cow dung as fuel for heating
and cooking purposes, especially during winters. The mix-
ture of generated agricultural residue with cow dung and raw
materials like biomass and coal dust is still being used for
domestic cooking in the peripherals of Delhi and its adjoin-
ing districts. The mixture is dried and molded into circu-
lar shapes, with the curvature being staked to the walls and
left for sunbathing, referred to as “uplah” in the local lan-
guage. Later, they are piled up into mounds to be preserved
for months and are used as an alternative for domestic fuels.
As per the survey, a single household of five to six members
uses approximately 30 kg of cow dung per month as a source
of fuel for cooking and heating of water in winter.

With changing lifestyles and eating habits, vending in the
megacity Delhi is made up of up to ∼ 500000 street ven-
dors, who are well scattered all across the city. Nearly 1653
samples of cooking-fuel activities were collected by interact-
ing with people working in various hotels, restaurants, and
street-vending positions to know the exact situation prevail-
ing in Delhi NCR regions, where the coal and wood are com-
busted using traditional approaches and traditional stoves. A
large proportion of these street vendors were certified under
the regional municipal corporations and were situated at per-
manent vending zones; on the other hand, many of these ven-
dors were found to be unauthorized ones who kept shifting
from one place to another. During the field survey, it was ob-
served that LPG is being predominantly used as a source of
fuel by the street vendors (i.e., 83 %) followed by coal (15 %)
and wood (2 %). Few street-vending zones were found to be
predominantly using coal for tandoor-food-making activities,
especially near tourist places like India Gate, Jam Masjid,
and Lal Qila. Kerosene is found not to be in use as a primary
source of fuel for cooking activities. However, crop residue
burning is not prominent in the core urban region of Delhi,
but the peri-urban areas towards the northeastern fringes hold
less cultivated cropland. Hence, crop residue burning in the
urban region is of little significance. The activity data with
respect to cultivated area and amount are taken from gov-
ernment portals like ICAR (Indian Council of Agricultural
Research), MoSPI (Ministry of Statistics and Programme
Implementation), the Ministry of Agriculture and Farmers’
Welfare, and the paid site of Indiastat. The approach used for
estimating the total crop residue generated and the fraction
burned is adopted from Sahu et al. (2021).

Due to load shedding, diesel generator (DG) sets as a
source of power backup are increasingly frequent in commer-
cial establishments and apartments. In most parts of Delhi,
having 1–2 h of power failure is quiet common in summer.
Besides that, DG sets are also used in base transceiver sta-
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Figure 4. Land use and land cover with spatial surrogates over the megacity Delhi and its NCRs.
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tions (BTSs). According to the Department of Telecommu-
nication (DoT; 2019), Delhi has more than 26 000 telecom
towers, which have ∼ 1 lakh BTSs that run with DG sets as
a constant or substitute source of power. A common BTS
is equipped with a 12–25 kWh DG set, which, on average,
consumes ∼ 9000–12 000 L of diesel annually (Sahu et al.,
2015). For estimating the number of diesel generator sets in
commercial premises, the ratio of generator sets to popula-
tion was taken, and the total number of commercial estab-
lishments in Delhi and their spatial locations were assembled
from paid sources. The total emission from the DG sector
was based on the number of diesel generator sets and power
failure hours.

(e) Other

The Indira Gandhi International Airport is the primary inter-
national airport of India, spread over an area of 2066 ha and
situated 9.9 mi (15.93 km) from the city center of New Delhi.
It is the busiest airport in India and the sixth busiest airport in
Asia in terms of passenger traffic. According to the bulletin
of Indira Gandhi International Airport, in the calendar year
of 2019–2020, it witnessed traffic of ∼ 67 million passen-
gers and 450 012 aircraft movements. The landing–take-off
(LTO) cycle, which happens below the altitude of ∼ 1000 m
(3000 ft) basically, contributes to the air pollution. The activ-
ity data of aircraft movement and passenger traffic are col-
lected from government reports of the Directorate General
of Civil Aviation (DGCA) (2020) and the Ministry of Civil
Aviation (2020).

According to the Delhi Pollution Control Committee,
Delhi generates ∼ 11144 t of municipal solid waste (MSW)
per day on average, which is dumped over three uncontrolled
and unlined landfill sites of Delhi i.e., Ghazipur, Bhalaswa,
and Okhla dump yards (DPCC, 2020). Ghazipur landfill is
the largest dump yard located towards the eastern perime-
ters of Delhi, covering an area of ∼ 28.32 ha; it receives
around 2500–3500 metric tonnes of solid waste every day.
Many print and news reports have also reported on the unex-
pected overflowing of waste at the Ghazipur landfill site. The
Bhalsawa landfill is situated to the northwest of the megac-
ity Delhi; it covers an area of ∼ 14.56 ha, where, every day,
∼ 2000–3000 t of waste is dumped. The dumping ground of
Okhla is yet another landfill site with area an of ∼ 18.61 ha;
it receives at least∼ 1500–2000 t of dumped waste every day
despite the site having been declared exhausted in 2010. The
Okhla zones covered in waste collection include the southern
and central zones, as well as Najafgarh and the Delhi Canton-
ment Board (DCB).

Delhi has three operational waste-to-energy (WTE) plants
with a total waste intake capacity of ∼ 5250–5750 t per day
(TPD) at three locations in Delhi, namely Ghazipur, Bawana,
and Okhla. The waste-to-energy plant installed in Ghazipur
has an installed capacity of 12 MW and processes ∼ 1300–
1350 TPD. The Bawana integrated MSW plant processes

∼ 2000–2300 TPD of solid waste, with an installed capac-
ity of 24 MW. The Okhla WTE plant has an installed ca-
pacity of 16 MW and processes ∼ 1950 t of municipal solid
waste per day. Another WTE plant with a processing capac-
ity of ∼ 2000 TPD is proposed for Tehkhand and another for
Ghonda Gujran. After the commission of these two proposed
WTE plants, the total capacity would likely be increased
from 5750 TPD to at least 8450 TPD in the upcoming fu-
ture. Potentially, these WTE plants processing waste for en-
ergy generation reduce the volume of landfills while provid-
ing a renewable source of energy. Limited evidence has been
put forward that well-planned and well-operated WTE plants
might be significant in reducing adverse health impacts due
to fewer perilous emissions when compared to the burning of
waste at landfills; on the other hand, poorly fed WTE plants
potentially emit particulate matter and strenuous toxins that
pose severe health risks (Cole-Hunter et al., 2020). A recent
study reported that, so far, in India, only 23 % of the total
generated municipal solid waste is treated by various pro-
cessing plants, and approximately 43 % of waste is dumped.
The remaining 34 % is allowed to burn openly at the land-
fill site itself in order to prevent spilling over (Sharma et
al., 2019). There are three WTE plants installed within the
megacity Delhi, and quite evidently, it processes ∼ 22 % of
the total MSW generated annually; therefore, it is estimated
that only 48 % of the total MSW is dumped, and the leftover
30 % is burned right away on the dumping site, which con-
tributes to the air pollution issues in Delhi.

Along the same lines, construction activities in Delhi are
also one of the significant contributors to particulate mat-
ter emission in Delhi. Construction activities include demoli-
tion, site preparation, and removal of debris. During the sur-
vey, at least 20 construction sites were observed, of which
some of the major sites are the DDA housing sector 19-B;
GH project sector 10; Megamall sector 14; DDA Housing
sector 16-B; Bhagwati CGHS sector 22, Dwarka; Sarita Vi-
har Metro enclave; Maharani Bagh flyover; and Naraina fly-
over. HCVs and multi-utility vehicles like bulldozers, trac-
tors, scrapers, and compactors are involved in the loading
and unloading of construction materials, the preparation of
sites, and the demolition and disposal of debris, which, in a
certain way, contribute to the dust load. Additional informa-
tion on the area and duration of construction activities was
procured from the Public Works Department (PWD) (2020)
and the Delhi Development Authority (DDA) (2020). In the
case of the brick kilns industry, which is very much confined
to the outskirts of Delhi areas like the Jhajjar, Faridabad, and
Ghaziabad regions, where there is a cluster of kiln industries
(e.g., approximately 300 brick kilns in Jhajjar region). Oper-
ation of these brick kilns is very seasonal in nature as their
peak business months are between December to June. It is
also noticed that approximately 10 t of coal or 13 t of tudi
and/or rubber are being used to produce 1 lakh’s worth of
bricks using semi-zig-zag technology. The sector is widely
scattered in a highly unorganized manner, and it is observed
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that coal (∼ 70 %) is used as the primary fuel followed by
tudi (i.e., mustard husk) (∼ 25 %) and rubber, other biomass,
waste, etc. (∼ 5 %) as an alternative fuel.

The practice of using incense sticks, mosquito coils, and/or
cigarettes (IMC) has remained an unattended sector and is
a vitally significant source of indoor air pollution and also
contributes moderately to outdoor air pollution. The use of
incense sticks in festivals and holy places is common in In-
dia. Besides that, during the field survey, it was observed that
the maximum amount of street vendors (this includes both
food zones and non-food zones) of Delhi, as well as small-
scale dhabas, use incense sticks during business hours. The
composition of incense sticks is responsible for the continu-
ous smoldering. It comprises resin, charcoal, and wood dust
mixed together and wrapped into thin sticks made from co-
conut leaves or bamboo. Generally, incense sticks are com-
prised of 45 % biomass, 25 % wooden chips or bakhoor, 15 %
coal, and 15 % resin or jigit (Cohen et al., 2013; Kumar et
al., 2014) and are responsible for the emission of hazardous
mixtures of pollutants, causing indoor air pollution as well.
It is very astonishing that most street vendors, dhabas, and
hotels light incense sticks or cake during business hours.
Also, mosquito coils have been widely used by the low- and
middle-income-grade households (Kumar et al., 2014), es-
pecially in slum zones, which was quite fascinating to ob-
serve during the field survey. The smoldering of the contents
of coils, namely biomass, wood dust, and charcoal, release
deadly pollutants that are responsible for acute respiratory in-
fections. Similarly, the smoking of cigarettes and tobacco has
caused over 10 million fatalities every year in India. In fact,
India has been declared home to at least 120 million smok-
ers by the World Health Organization (WHO). The estimated
emissions for these sectors were based upon the activity data
of household populations and street vendors in terms of their
per-capita consumption.

Open-air funeral pyres as the traditional system of cremat-
ing human bodies is a widely held custom in southern Asian
countries, especially in India and Nepal (Chakrabarty et al.,
2013) as the population of Hindu religion constitutes the ma-
jority. During the field campaign, around 62 crematoriums
were surveyed, where it was found that only 6 crematori-
ums were observed to be using modern electrical burning
methods as compared to 56 crematoriums using the tradi-
tional method of burning of wood. The pyre is built by using
roughly ∼ 450–550 kg of wood along with assorted materi-
als, such as shells of coconut, cow dung, camphor, and pure
ghee or clarified butter. The dead body is basically placed on
top of the pyre, and the flaming process is carried out, tak-
ing around 4 to 6 h. As stated by the vital statistics of the
Municipal Corporation of Delhi (MCD), the crude death rate
for Delhi was reported as 6.51 per 1000 people in 2020. No
authentic data were accessible regarding the number of dead
bodies cremated every day or annually except for in a few
crematoriums. So, the emission estimation was based on the
population statistics of religious data from the census from

crematoriums, annual death rate, number of deaths, and the
quantity of wood used. Later, the emission was spatially allo-
cated to the respective crematorium grids. The land use and
land cover pattern with activity data incorporated is high-
lighted in Fig. 4.

2 Methodology

Emission factors (EFs) are the most critical and sensitive
components for building a reliable emission inventory, and
the selection of an appropriate regional sector-specific tech-
nological emission factor is the most crucial and challenging
task and should be validated through scientific judgments and
acceptability. A dynamic EF can epitomize a better scenario
for transport emissions, especially in a developing country
like India, where the usage of vehicles is much longer as
compared to developed countries. Based on our best judg-
ment, in some cases, the EFs for aging vehicle types are de-
rived by averaging out the EFs given for the 10-year-old and
15-year-old vehicle categories. There are a few EFs which
are adopted from other countries due to a lack of indigenous
EFs. Although many uncertainties prevail in the development
of emission inventories due to the sensitivity of EFs, the
present effort is directed towards the best possible estimate
by including EFs already adopted by several authenticated
reports and experiments conducted by certified agencies of
government and by government-authorized non-government
and autonomous agencies, which provide the best estimates
for EFs; these are referred to in our latest studies (Mangaraj
et al., 2022a, b) and are taken into account in this present
study.

2.1 Calculation

The total emission, i.e., the sum of emissions from all indi-
vidual sectors, is expressed by Eq. (1) with respect to a par-
ticular pollutant. Most of a sector’s emission is estimated us-
ing the Intergovernmental Panel on Climate Change (IPCC)
tier-2 approach. In the absence of activity data, the tier-1 ap-
proach is adopted for a few sectors. In the case of the trans-
port sector, the EFs are defined on the basis of kilometers
traveled, which is highly sensitive to the technology and age
of vehicles. In the presence of country-specific technologi-
cal EFs for the transport sector, as developed by ARAI, it
is highly useful to prove the estimation. The emissions from
the transport sector have been calculated as per the Eq. (2).
In case of road dust emission, the method is adopted from the
widely used AP-42 of USEPA (United States Environmental
Protection Agency) (Eqs. 3 and 4) using the country-specific
parameters like silt load, moisture content, number of precip-
itation days, and average vehicular weight.
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2.1.1 Equations used

TE=
∑

r

∑
s

FUr,s

[∑
t

Efr,s,tAr,s,t

]
(1)

In the above equation, r , s, and t refer to sector, fuel type,
and technology, respectively; TE refers to the total emission;
FU refers to the sector- and fuel-specific amount; Ef refers to
technology-specific EFs; A refers to the fraction of fuel for
a sector with particular technology, where

∑
A= 1 for each

fuel and sector.

Et =
∑

(Vhl ×Dl)×Efl,km (2)

In the above equation, Et refers to the total emission of a
compound, Vhl refers to the number of vehicles per type, Dl

refers to the distance traveled in a year per different vehi-
cle type, and Efl,km refers to the emission of compounds by
vehicle type per driven kilometer.

For paved-road dust

Ep =
[
k(st/2)0.91(wt)1.02

](
1−

pt
4N

)
(3)

In the above equation, Ep refers to the particulate emission
factor (with units matching the units of k), k refers to the
particle size multiplier for the particle size range and units of
interest, st refers to the road surface silt loading (grams per
square meter) (gm2), wt refers to the average weight (t) of the
vehicles traveling on the road, pt refers to the number of wet
days with at least 0.254 mm (0.01 in.) of precipitation during
the averaging period, and N refers to the number of days in
the averaging period (e.g., 365 for annual, 91 for seasonal,
and 30 for monthly).

For unpaved-road dust

Eup =

{[
k

(
st
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]

×
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]}
(4)

In the above equation, Eup refers to the size-specific emis-
sion factor (lb per VMT); st refers to the surface material silt
content (%); m refers to the surface material moisture content
(%); VS refers to the mean vehicle speed (mph); C refers to
the emission factor for a 1980s vehicle fleet exhaust, brake
wear, and tire wear; pt refers to the number of days in a year
with at least 0.254 mm (0.01 in.) of precipitation; and k, a, c,
and d are empirical constants

2.2 Spatial allocation of emissions

The Geographical Information System (GIS) organizes the
geographic data from various sources and is a key in allow-

ing these tools to transform large, spatially uniform emis-
sion datasets into systematic thematic layers used for devel-
oping gridded emission inventories. A high-resolution land
use and land cover (LULC) digital database over the megac-
ity of Delhi is used to improve the spatial distribution of
emissions from various sectors. Before the inputting of cal-
culated emissions into the GIS environment, several prelimi-
nary tasks like geo-referencing, digitization, and building of
an attribute activity database are undertaken. A GIS-based
statistical approach is developed to spatially distribute the
emissions across the Delhi NCR. Different layers of spatial
proxies have been taken into account to grid the emission
values to the required resolution (∼ 0.4km×∼ 0.4km) for
each sector, which can be used as tool for further analysis.
The basic spatial features are points, lines, and polygons;
layers of road networks, national and state highways, and
major and minor roads; population densities of villages and
districts; the urban spread of the grid; and a database on the
economic activity of hospitals, market complexes, industrial
estates, hotels, residential blocks, etc. These spatial features
are used as proxies to determine the emissions both spatially
and temporally, whereby grid-level emissions are allocated
by overlaying the facility location layer with the grid cell
layer and aggregating the facility points in each cell cover-
ing the Delhi NCR.

3 Results and discussion

The developed emission inventories for major air pollutants
like PM2.5, PM10, CO, NOx , SO2, VOC, BC, and OC cover-
ing the Delhi NCR in 2020 are calculated to be 123.8, 243.6,
799.0, 488.9, 730.0, 425.8, 33.6, and 20.3 Ggyr−1, respec-
tively. The sector-wise total emission of pollutants across the
Delhi NCR is provided in Table 2. Also, a dataset has been
provided at https://doi.org/10.5281/zenodo.7715595 (Sahu et
al., 2023) for gridded pollutant-wise sectorial spatial distri-
butions. Keeping the space constraint in mind, comprehen-
sive analysis of the spatial distribution of PM10 and CO is
elaborated upon further.

3.1 Anthropogenic PM10 emission in Delhi NCR

The total PM10 emission across the Delhi NCR is estimated
to be 243.6 Ggyr−1, where windblown dust emerged as the
largest source (99.9 Ggyr−1) followed by the traditionally
dominating sectors like the transport sector (42.3 Ggyr−1)
and the industry sector (37.0 Ggyr−1). It is also noticed that
crop residue burning (13.8 Ggyr−1) and municipal solid-
waste burning (12.8 Ggyr−1) in open areas along with waste-
to-energy plants (10.4 Ggyr−1) are emerging as the largest
sources of particulate matter across the city.

High emissions on the order of 1000–6000 and 120–1000 t
per grid per year are found over central, eastern, northern,
some southern, and southeastern fringes of Delhi, confined to
national highways and many major and busy roads, as shown
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Table 2. Pollutant-wise and sector-specific total emission across the Delhi NCR.

Sector PM2.5 PM10 CO NOx VOC SO2 BC OC

Windblown road dust 10.867 99.975 – – – – – –
Transport 41.369 42.330 540.100 342.650 709.380 77.230 23.640 –
Industry 20.370 37.076 10.218 85.091 – 338.096 4.327 –
Household 0.311 1.310 1.038 0.867 0.005 0.227 0.065 0.113
Slums 0.216 0.550 1.443 0.463 0.010 0.086 0.018 0.107
Street vendors 0.687 1.175 1.440 0.286 0.011 0.743 0.092 0.242
Crop residue burning 11.094 13.820 113.086 6.131 17.107 1.276 1.432 4.969
Cow dung 2.519 3.149 21.345 0.408 0.175 0.099 0.273 1.643
Diesel generators 3.620 4.590 2.070 9.590 – 0.640 1.880 –
Aviation – – 21.007 36.068 3.297 2.871 0.021 0.036
MSW burning 11.915 12.831 61.407 3.428 – 0.458 0.917 11.915
WTE plants 10.217 10.441 0.786 2.021 0.022 1.853 – –
Construction 5.956 9.926 – – – – – –
Brick kilns 2.727 4.017 12.807 0.913 0.041 2.106 0.896 0.773
IMC 1.161 1.379 4.143 0.060 0.005 0.105 0.031 0.021
Crematoriums 0.863 1.078 8.134 0.987 0.042 0.014 0.078 0.550

TOTAL 123.891 243.649 799.023 488.963 730.093 425.804 33.669 20.370

in Fig. 5. Moderate emissions on the order of just 30–120 t
per grid per year are well scattered across the study regions.
It has been noted that the central and eastern Delhi regions
are of the most highly polluted regions. A recent rising trend
of vehicle numbers along with vehicles from surrounding
states on Delhi roads in the last 10 year has put tremendous
pressure on road network expansion, leading to heavy traf-
fic congestion. All major traffic junctions are experiencing
high emission loads. However, the highest-emitting grids, on
the order of ∼ 1300–6000 t per grid per year, are also found
in small patches driven by sources like WTE plants and in-
dustrial practices followed by municipal solid-waste burning
as well. It has been found that the Okhla region is one of the
highly polluted hotspots where WTE plants, municipal solid-
waste burning, and windblown road dust are the dominating
sectors responsible for elevated PM10 emissions. The next
dominating hotspots identified in the Bawana and Ghazipur
regions are dominated by large point sources like the WTE
plants, with ∼ 2566 and 1704 t per grid per year, respec-
tively. Furthermore, Anand Parbat (∼ 1300–1700 t per grid
per year), the Badli industrial area (∼ 648 t per grid per year),
the Wazirpur industrial area (∼ 508 t per grid per year), the
Mayapuri industrial area (∼ 400–500 t per grid per year), and
the Rohini industrial area (∼ 481 t per grid per year) are some
of the industrial dominating hotspots. It is noticed that coal is
predominantly used as fuel in both the organized and unorga-
nized industrial sector, followed by diesel. Dense major road
networks across these regions have led to slow-moving traf-
fic congestion; moreover, these roads are concurrent with the
major junctions of industrial area, and they tend to witness
the large movement of heavy-weighted HCVs and LCVs for
the supply of raw materials and goods. The continuous move-
ment of these vehicles undoubtedly is responsible for the bro-

ken and worn-out roads. Besides that, this vehicle-induced
turbulence and poor road condition are the leading factors ac-
countable for road dust resuspension on the order of ∼ 150–
750 t per grid per year, making it the second dominating sec-
tor overall. The gross weight of the HCVs and LCVs also af-
fects their speed while carrying the goods, which intensifies
the vehicular exhaust emission too, which is why the trans-
port sector is the third dominating sector with∼ 70–300 t per
grid per year. High vehicular density over many busy roads
is the main cause of high particulate emission due to a mod-
erate vehicular speed of ∼ 25 kmh−1. This speed increases
towards the outskirts of the city. The load of windblown road
dust depends on vehicle speed; therefore, the traffic conges-
tion leading to a decrease in average vehicle speed in Delhi is
regarded as one of the important factors that lead to suppress-
ing the windblown dust, but at the same time, it increases the
transport emission due to traffic congestion. Apart from this,
heavy commercial vehicles loaded beyond their carrying ca-
pacity cause resuspension of road dust, which results in se-
vere particulate pollution. Moreover, a significant amount of
vehicle fleet plying over the megacity Delhi belongs to other
states, where the share of the personal and commercial cars
(taxis) can go as high as∼ 30 %–40 % on various road types.

3.2 Anthropogenic CO emissions in Delhi NCR

The estimated total CO emission from all the sources is
found to be around 799.02 Ggyr−1. The relative contri-
butions of CO from the transport, industrial, residential,
and other sector are estimated to be 67.5 % (540 Ggyr−1),
1.2 % (10.21 Ggyr−1), 17.5 % (140.42 Ggyr−1), and 13.5 %
(108.28 Ggyr−1), respectively. The spatial pattern as shown
in Fig. 5 depicts that CO emission hotspots on the order of
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Figure 5. Spatial distribution of PM10 and CO load across the Delhi NCR region.

750–6500 t per grid per year are found over the large region
of central, eastern, and southeastern Delhi, along with few
more over surrounding NCR regions like Noida, Gurgaon,
Gaziabad, and Faridabad. The transport sector is the domi-
nating source in the above discussed regions due to the high
population and dense road network driving high vehicular
activities. The estimated emission from transport is found
to be around 540.10 Ggyr−1, where the petrol-driven vehi-
cles emit more CO as compared to diesel and CNG vehicles.
The petrol vehicles are mostly personal vehicles in India;
however, the vehicle numbers have gone up nearly 2-fold in
Delhi during the last 10 years, contributing more than 80 %
of the total CO emissions. Commercial vehicle growth con-
tributes less to CO emission. Most of the major traffic junc-
tions downtown are highly polluted by transport-related CO
emission (∼ 1200–1800 tyr−1). Most of the CO-emitting in-
dustrial zones in Delhi are more confined to central and east-

ern Delhi and a few more specific regions on the outskirts of
Delhi.

The second most dominant source is the residential sec-
tor, where major slum clusters contribute significantly. The
regions are more confined to the central, eastern, and south-
eastern parts of Delhi and a few surrounding regions. It is also
found that a highly dense population with middle- and lower-
income groups makes up the above-discussed areas too, with
associated slum cooking, residential cooking, street venders,
commercial cooking, etc. Non-technological, soil-fuel-based
cooking practices in slum areas drive high CO emission.
Moreover, the slum population located in eastern and cen-
tral Delhi is dense and aggravates CO emission further. A
relatively low emission of the order of 25–150 tyr−1 is found
on the outskirts of Delhi and in adjacent districts like Rotak,
Jhajjar, and Gauttam Budhanagar. Low population density
along with agricultural land cover are the main reasons for
the low emission of CO. Collectively, the street vendor cook-
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ing and commercial cooking contribute a significant amount
of CO emission in densely populated regions and are uni-
formly scattered over a large area. Similar hotspots are also
identified over the Noida, Gurgaon, and Faridabad regions
surrounding Delhi, where an emission on the order 1000–
1500 tyr−1 is found.

3.3 Decadal change in emissions (2010–2020)

The shifting of emission sources and its trend over the years
is vital for assessing the impact of air pollution, especially
in megacities. The present estimated PM10 emission is com-
pared with our own previous estimation for the base year
2010 (SAFAR-Delhi, 2010) for same domain; it is clearly
concluded that the effective net increase in PM10 emission
over the last decade is just ∼ 3 %. This small growth could
be due to various new policies being adopted by the gov-
ernment which directly or indirectly influence emissions. At
the same time, there are a couple of shifts in sectorial emis-
sion loads, as well as the addition of new unorganized sectors
in the 2020 emission estimation. If you look at the sector-
specific change, then there are significant shifts in the emis-
sion pattern that require attention. It can be observed that
there has been an increase of 39 % in the emission load from
the transport sector as compared to a 36 % increase in the
industrial sector during the same period. In the case of wind-
blown road dust emissions, there is a decrease of 23 %, as
shown in Fig. 7. Due to the penetration of LPG in slums, the
cooking-related emission is improved significantly, as is also
the case in the residential sector. The rise in the number of ve-
hicles with an increase in the spread of road networks turned
out to be the major cause along with the overburdening of
four-wheeler cars, where the contribution of other-state cars
is significant. However, there is an increase in traffic con-
gestion, but better paved-road conditions and road shoulder
maintenance have resulted in a decrease in emission load
from windblown road dust in the last decade. The discon-
tinuation (permanent closure) of the thermal power plants in
Delhi has resulted in the exclusion of thermal power plants
as a sector contributing to the total emission load.

As far as the residential sector is concerned, there has been
a rapid reduction in its relative contribution. The decrease in
the number of slums in Delhi when compared to the 2010 pe-
riod has resulted in a reduction in the consumption of cook-
ing fuels, which shows a significant decline of 31 % in resi-
dential PM10 load. Primarily, the awareness among the peo-
ple led to the penetration of LPG in slum areas, street vend-
ing, households, etc., which reduced the emissions to a great
extent. However, emissions from other sectors have made a
significant contribution to the present PM10 load. The new
emerging sectors like WTE plants; MSW burning; crematori-
ums; the use of incense sticks, mosquito coils, and cigarettes;
and construction were not considered in the previous report
in 2010, and so the relative contribution has increased sig-
nificantly. This decadal change in emissions is also observed

in the case of CO with a similar trend, except in the residen-
tial sector, where there is a substantial decreasing trend, as
shown in Fig. 6. A summary of the growth trend for all the
pollutants is shown in Table 3.

3.4 Uncertainty in emissions and limitations

Emission inventories may have errors due to activity data and
EF gaps. Therefore, the collection of data and the evaluation
of uncertainties are unambiguously linked. We have made an
attempt to estimate the uncertainty in the sectorial emissions,
for which error propagation was calculated by following the
Monte Carlo methodology. The factors included for uncer-
tainty estimation include the (a) emission factors used, (b)
activity data collection, (c) proxy data used, (d) data gaps
leading to approximation, and (e) efficiency of emission con-
trol. Uncertainty estimation for the transport sector seems to
be very complex as it involves fuel-specific technological ve-
hicle categories that are diverse in terms of emission factors
according to the age of vehicles. In the case of transport,
the disparity between activity data and VKTs is not much as
a robust ground survey was performed. Therefore, the con-
tribution of vehicular emissions to the gross uncertainty is
the least, with a maximum uncertainty of ±23 %. Emission
from windblown road dust has heterogeneous factors like the
speed of the vehicle along with its weight, soil moisture con-
tent, and silt load. These modulating factors are responsible
for defining the emission load and their combined uncertainty
range of±33 %. The residential or domestic emission source
comprises per capita fuel-induced activity data and corre-
sponding emission factors, and so the combined uncertainty
in this sector is ±28 %. The industrial sector has the highest
disparity in terms of secondary activity data, and the avail-
ability of relevant technological emission factors is the key
factor for a higher uncertainty level of ±41 %. The sources
belonging to other sectors comprise several minor unorga-
nized sources, which make comparatively less contribution to
the total emission and have a high uncertainty of±47 %. The
gross uncertainty in the inventory is estimated to be around
±29 %, which is found to be in an acceptable range. As of
today, no comprehensive study has been done to determine
the uncertainty for the emission inventory of Delhi. This is
the first approach to do the same, and in accordance with our
best scientific judgment, it can be said that the present sur-
face emission dataset, in terms of both quality and quantity,
has the least errors. The emission inventory’s limitation lies
in various steps, like limited access to industrial information
like the one fuel quantity used in various techniques. Sim-
ilarly, the exact number of other-state vehicles plying in the
megacity is very uncertain, and a better approach is needed to
improve the estimation. There are many unorganized sectors
like street vendors, small-scale waste burning across the local
level, silt load on various roads, and driving conditions that
vary with road type and condition. Still, we believe the kind
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Figure 6. Decadal change in emissions with sectorial relative contribution.

Table 3. Comparison of sectorial emissions during 2010 and 2020.

Base year 2010a 2020b

Sectors or pollutants PM2.5 PM10 CO NOx BC OC PM2.5 PM10 CO NOx BC OC

Transport 30.25 30.29 427.55 162.28 9.77 – 41.37 42.33 540.10 342.65 23.64 –
Windblown road 26.20 131.27 – – – – 10.87 99.98 – – – –
Dust
Industry 16.29 27.20 10.92 79.84 8.67 12.60 20.37 37.08 10.22 85.09 4.33 –
Power 2.87 11.02 0.29 6.90 0.04 – – – – – – –
Residential 18.65 36.07 264.41 6.40 2.96 2.60 18.45 24.60 140.42 17.75 3.76 7.07
Others – – – – – – 32.84 39.67 108.28 43.48 1.94 13.29

Total 94.26 235.85 703.17 255.42 21.44 15.20 123.89 243.65 799.02 488.96 33.67 20.37

a SAFAR-Delhi (2010); b Present study. All emissions in Gg yr−1.

of micro-level activity data used are better than any other ear-
lier inventories developed over the study region.

3.5 Inter-comparison among studies

In this section, a comparative analysis of the present study in
relation to the past studies is taken into account and has been
elaborated upon. As mentioned earlier, Delhi has been in the
spotlight where air quality issues are concerned. Here, the
present study is compared with eight studies done previously
over Delhi. In 2010, NEERI presented a sector-wise emission
inventory at a 2 km resolution covering the metropolitan area
of Delhi for the base year 2007, targeting only four pollu-
tants (PM10, SO2, NOx , and CO). The calculated emissions
were found to be 147, 268, 460, and 374.1 td−1, respectively.

Guttikunda and Calori (2013) worked on the National Cap-
ital Territory (NCT) region that includes Delhi and its sub-
urbs (Gurgaon, Noida, Faridabad, and Ghaziabad) over an
area of 6400 km2 at a ∼ 1 km resolution. This was done for
the base year 2010 for PM, SO2, NOx , CO, and VOCs. It
includes sectors of re-suspended road dust, construction, ve-
hicular exhausts, domestic cooking, power plants, industries,
brick kilns, diesel generator sets, and waste burning. About
35 % of the total PM10 emission is contributed by the trans-
port sector and road dust, and around 37 % is contributed by
the major point sources (brick kilns, industries, and power
plants). It has been highlighted that brick kilns located out-
side the city affect the city air to some extent, but the ori-
gin of certain sources like diesel generator sets, waste burn-
ing, and construction remains unclear, specifically whether
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they have been influenced by the surrounding areas or not.
In addition, the domain of interest is around 69 % of the to-
tal area of Delhi, which is huge, and therefore it does not
give a clear representation of the exact emissions prevail-
ing in Delhi. Sindhwani et al. (2015) estimated PM10, CO,
NOx , and SO2 emissions in the Delhi NCR that comprises
the neighboring states of Haryana and Uttar Pradesh. This
study was done in the year 2010 at a 2km× 2km resolu-
tion. The estimated total emissions for PM10, CO, NOx , and
SO2 were 107.47, 1290.13, 342.30, and 83.16 Ggyr−1, re-
spectively. The contribution of sectors like road transport,
road dust, and domestic sources altogether makes up ∼ 47 %
of total PM10 emissions. A quantitative assessment of only
three pollutants, i.e., PM, NOx , and CO, was carried out for
the Delhi urban area for the base year 2010 by Mishra and
Goyal (2015). The major contributors included vehicles, in-
dustries, power plants, the domestic sector, and dust. The CO
and NOx emissions from the transport sector (210.83 and
92 kt, respectively) were found to be the largest contribu-
tors, followed by the domestic sector. Road dust (25.50 kt)
made a significant contribution to PM, while vehicles, in-
dustries, and power plants made approximately equal con-
tributions. Similarly, Jaiprakash et al. (2016) reported an
experimental-based study focusing specifically on vehicular
emissions (CO, CO2, and NOx) in Delhi for the base year
2012. The study estimated an on-road tailpipe measurement
of 14 passenger cars of different types of fuel and vintage
and reported that the shares of diesel, gasoline, and CNG in
relation to the total CO, CO2, and NOx emissions were on
the order of 7 : 84 : 9, 50 : 48 : 2, and 58 : 41 : 1, respectively.
These studies are majorly lacking in terms of accounting for
the impactful active sources like commercial cooking (street
vendors), crematoriums, WTE plants, crop residue burning,
and many more, which makes this inventory insignificant for
further use.

Sharma and Dikshit (2016) attempted a comprehensive
study of PM10, PM2.5, NOx , SO2, and CO in Delhi, fo-
cusing on ∼ 14 sources for the base year 2014 (November
2013–June 2014) at a 2 km resolution. The results showed
that road dust (56 %), concrete batching (10 %), industrial
sources (10 %), and vehicles (9 %) are the major contributors
to PM10 emissions. Though the study involved site sampling
for a few of the sectors, it also lacked an absolute sampling
number (limitation), and most of the activity data were col-
lected from secondary sources. Singh et al. (2018) attempted
the estimation of emissions from the road transport sector of
the NCT Delhi for the base year 2010. The study stated that
major roads contributed to more than 50 % of the total PM
emissions. When specifically focusing on limited pollutants,
which most importantly include PM, this study has certain
limitations in terms of non-exhaust emissions (vehicular dust
resuspension) from road transport, which is a significant con-
tributor to the city’s PM10 load. Thereafter, TERI and ARAI
(2018) initiated a source apportionment study for identifying
sources responsible for PM2.5 and PM10 in the Delhi NCR

and developed a coarse-resolution (4km×4km) emission in-
ventory of a few pollutants (PM, NOx , SO2, CO, and non-
methane volatile organic compounds – NMVOCs) for 2016.
The results stated that, in the case of PM10, road dust and
construction dust contributed significantly, where the contri-
bution of dust from surrounding regions was comparatively
higher in summers, which reduced the proportion of major
sectors in the PM10 emission load.

Taken as a whole, a large disparity is found between the
reported past studies and present emission estimations, as
shown in Fig. 7. The basic reasons for these variations point
towards the differences in the sectors being focused on; the
activity data being considered in the past works in conjunc-
tion with the use of technological emission factors are also
an additional concern. The base years and the domain con-
sidered differ significantly from each other. As the sources of
emission and hence the evolution of a region tend to change
with time, upgrading an emission inventory is the most fun-
damental segment to be taken care of. As a consequence,
this present study has premeditated all such important fac-
tors in the most potent ways to build up this gridded sur-
face emission dataset. In addition to this, unlike the previous
works, this study is the first-ever ultra-high-resolution grid-
ded (∼ 400 m) emission dataset targeting eight major pollu-
tants for the latest base year, 2020. This new dataset could
be a valuable element in air quality management (mitigation
strategies) and air quality modeling, which is why it is be-
lieved to be more reliable data.

3.6 Mitigation strategy using developed emission

An emission inventory acts as a fundamental tool for both
policymakers and scientific communities in terms of miti-
gation strategies in combating air pollution in any cities. In
the present study, the developed sensitive piece of a surface-
gridded emission database is unique in many ways and will
pave a path to understanding the air quality issues in the
megacity Delhi. For the same reason, a thorough analysis
has been made to identify the contribution of major sectors
to the high-emitting polluted zones across Delhi. Following
that, a number of hotspot regions were identified, as shown
in Fig. 8a, from which the top 10 hotspots were identified
along with first three dominating sectors significantly affect-
ing the air over the hotspots, as shown in Fig. 8b. From this,
PM10 is considered to be one of the dominating pollutants
in modulating urban air quality. In one of the applications
to the developed emission inventories, sector-specific control
strategies are recommended based on the input of available
activity data and emission factors, which would possibly ben-
efit the policymakers and help in the improvement of megac-
ity air quality. The 10 most dominating hotspots are identi-
fied with the relative contribution of three major sectors in
descending order, as identified in the table to follow. Each
area mentioned against each megacity below is accompanied
by several color codes which denote a specific sector asso-
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Figure 7. Inter-comparison among studies over the domain of interest.

ciated with the pollution; note that TRN refers to transport,
WB refers to windblown road dust, IND refers to industry,
TPP refers to thermal power plants, SLM refers to slums,
MSW refers to municipal solid-waste burning, DG refers to
diesel generators, WTE refers to waste-to-energy plants, RES
refers to residential, ad CON refers to construction.

Based on the analysis of each hotspot, as delineated in
Fig. 8, the mitigation strategy can be framed accordingly
to control the emissions at the source through various ap-
proaches on the ground. Apart from this, a few sector-
specific, generalized recommendations have been listed be-
low for all the megacities:

(a) The discarding of aging vehicles (more than 10 years
old), especially the commercial-vehicle and heavy-
commercial-vehicle categories, from the system fol-
lowed by fast traffic movement along with enhanced
penetration of electric vehicles can reduce the transport-
related emissions significantly. The heavy and light
commercial (diesel) vehicles together contribute ∼
40 %–50 % of the road transport emissions, considering
which, strict implementation of BS-VI norms needs to
be applied.

(b) Vehicles from surrounding states or regions play a sig-
nificant role, where the average low traffic speed on ma-
jor roads is the cause of the elevated emission of pollu-

tants across the megacity; thus, a similar stringent ve-
hicular policy has to be implemented in the surrounding
states of Delhi too.

(c) Major identified roads in the megacity need road diver-
sions in order to reduce the vehicle density, which will
ultimately increase the speed of vehicles and will reduce
the emission load from tailpipes.

(d) Flexible office hours and work-from-home culture
could be an alternative approach to reduce traffic con-
gestion and, at the same time, will increase the average
speed of vehicles and will result in an associated reduc-
tion in emissions.

(e) In order to reduce the impact of silt load, road shoul-
ders must be repaired at regular intervals to avoid im-
paired and fractured ways. A similar approach should
be adopted around the outskirts of Delhi too. The road
shoulders should be cleaned periodically.

(f) More stringent standards for both large- and small-scale
industries along with better solid-fuel and fossil fuel uti-
lization should be implemented.

(g) Open burring at municipal solid-waste dumping sites
should be replaced with other approaches like vermi-
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Figure 8. (a) Hotspots across the Delhi NCR domain, with (b) the first three dominating sectors affecting the air over the hotspots.

composting, natural decomposition, or mulching and
the encouragement of WTE plants.

(h) Slum clusters should be better penetrated by LPG-based
cooking-fuel usage to discourage the use of solid fuels
like wood, cow dung, and coal.

(i) Construction sites should properly handle materials
while conducting loading and unloading procedures.

(j) The limited use of diesel-based DG sets in unorganized
industries and commercial and private zones could po-
tentially help reduce the emissions further.

4 Data availability

The emission dataset can be accessed
through the open-access data repository
https://doi.org/10.5281/zenodo.7715595 (Sahu et al.,
2023). The dataset is presented in .shp file format, covering
the Delhi NCR region at a domain size of 70km× 65km.

5 Conclusion

Present megacities are facing pressing air quality challenges
in southern Asia due to a variety of individual regional
sources and changing policies; therefore, the present study
is an attempt to decode the understanding of the present air
quality over the megacity Delhi through an ultra-fine emis-
sion inventory for 2020. This is considered to be an es-
sential component not only to address the mitigation plan
towards improving megacity air quality, but also to un-
derstand the decadal change (2010–2020) in emission pat-
terns in the megacity Delhi and the surrounding NCR. The

decadal change with changing government policies and ac-
tion plans has modulated the emissions from various unat-
tended sources. However, a single strategy alone cannot
tackle the elevated air pollution issues in the Delhi NCR.
A mixture of policy measures well adapted to a domain’s
hotspot-specific, source-specific strategies is imperative to
improve air quality. The developed surface emission dataset
provides every such detail and can be considered to be robust
in all the terms.
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