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Analyzing the interconnected dynamics of
domestic biofuel burning in India: unravelling VOC
emissions, surface-ozone formation, diagnostic
ratios, and source identification

Arnab Mondal, @2 Surajit Mondal, & ** Paulami Ghosh® and Papita Das®

Burning biomass fuels in Indian households is a common and cost-efficient way to generate energy for
various domestic tasks. However, this practice is a significant source of non-methane volatile organic
compounds (NMVOCs) released into the atmosphere, impacting local and global air quality. The
substantial quantities of NMVOCs produced from burning biofuels at home can have adverse effects on
climate and human health worldwide. This review focuses on exploring the processes involved in
domestic biofuel combustion, detailing different stages of burning, and discussing the tools and
techniques required to measure NMVOC emissions accurately. It also aims to identify potential emission
sources through methods such as diagnostic ratios and PCA analysis. By striving to reduce NMVOC
emissions from household biofuel burning, the goal is to provide a basis for informing policymakers in
developing effective regulations and policies to address this environmental issue.

Shining a Sustainability Spotlight on Domestic Biofuel Combustion: A Comprehensive Examination of VOC Emissions, Ozone Formation, and Source Identi-

fication in Residential Activities Across the Indian Subcontinent. This review delves into the intricacies of combustion-dilution chamber design, replicating
typical indoor emission conditions, and explores the spectrum of VOCs released during ignition, flaming, and smoldering phases. Investigating ground-level

ozone and PAN formation from emitted VOCs, this review meticulously employs diagnostic ratios and PCA analysis to identify potential air pollutant sources.
Analyzing air pollutant loading over Delhi from January 2018 to June 2021, encompassing NO,, NO, NO,, CO, and VOCs, the study also examines government

policies aimed at mitigating air pollution. The review concludes by deliberating on potential solutions to limit volatile organic compound emissions.

1. Introduction

Domestic biofuel burning is an act of burning animal excreta
and flora, living or dead, to produce energy for day-to-day resi-
dential activities. These activities primarily include cooking and
space heating. Although biomass burning is a naturally occur-
ring process, humans have harnessed fire for various purposes
including cooking, space heating, and lighting.*> Domestic
biofuel burning is different from biomass burning as the latter
is defined to be the burning of forests, grasslands and agricul-
tural wastes in fields, which may have human or natural origin.*
Domestic biofuels mainly consist of firewood, dungcake patties,
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agricultural residues and charcoal that are being burnt solely
for non-commercial activities and in limited quantities.
Burning agricultural residues for clearing fields after the har-
vesting period is not considered as domestic biofuel burning.
Due to the increasing population, the exploitation of domestic
biofuels is intensifying at an alarming rate to meet the basic
energy requirements. Domestic biofuel burning is a substantial
source of particulate matter emissions, along with trace gases
and volatile organic compounds.*® These emissions from the
burning of domestic biofuels have both direct and indirect
effects on the ambient air quality and climate change.®™> The
emissions from biofuel burning include CO,, CH,, N,O, NO,,
NO, SO,, carcinogenic organic compounds such as benzene and
formaldehyde and other harmful compounds like particulate
matter, CO and HNCO."”™ The cumulative gaseous emissions
due to such activities can largely impact the atmospheric
chemistry on a global scale and have huge potential to influence
the self-cleansing capacity of the troposphere.”*** The emis-
sions of nitrogen oxides along with non-methane volatile
organic compounds (NMVOCs) from biofuel combustion may
worsen local air quality by the formation of ground-level ozone
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and secondary organic aerosols.’®** Hence, domestic biofuel
burning plays a crucial role in the outdoor as well as indoor air
quality and is one of the largest factors in the global burden of
diseases.**

NMVOCs are known to be emitted from various indoor
sources such as cooking, wall paints, cleaning supplies, room
fresheners, and body deodorants. The monitoring and
measurement of NMVOCs also provide a better understanding
of ground-level ozone formation.

Due to the easier availability and lower prices, there is a rapid
increase in the consumption of domestic biofuels as a primary
source of energy production, especially among the weaker
economic groups in developing and third-world nations.>?®
Multiple studies have reported the amount of domestic biomass
fuels being burnt for residential activities globally (Fig. 1). Low-
income communities frequently depend on domestic biomass
fuels due to financial constraints. Slum dwellers often lack
access to clean cooking fuels, such as LPG, primarily because
they lack the necessary residential documents required to
obtain a valid LPG connection.*

According to the World Health Organization (WHO), over
90% of rural households in developing countries rely on solid
fuels for residential use.” It is estimated that approximately 3
billion people globally use biomass fuels for cooking, water
heating, and indoor heating during the winter season.”® In India
alone, the estimated amount of domestic biofuels being burnt
was calculated to be 538 metric tonnes per year during 1996-
97.7*3%India’'s domestic energy needs are heavily reliant on solid
fuels, with an estimated 270 million tonnes of fuelwood
accounting for approximately 40% of the country's total energy
consumption from solid residential fuels.*® About 71% of the
Indian households were reported to rely primarily on solid
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residential fuels for cooking during 2005-06.*> The burning of
domestic biofuels for residential activities like cooking and
indoor heating is common among the rural and slum dwellers.
The consumption of domestic biofuels for residential activities
in rural areas is significantly higher than in urban areas, with
a threefold difference. Thus, it is important to check on the
amount of domestic biofuels being burnt worldwide and the
related pollutant emissions to understand their effects on the
atmosphere along with their probable mitigation measures.

The heavy reliance on domestic biofuels for energy needs
among India's rural populations and urban slum dwellers has
raised growing concerns about the environmental and health
impacts of their combustion. As the country's population
continues to expand, the demand for affordable and accessible
energy sources has intensified, leading to a rapid surge in the
use of domestic biofuels. This trend is particularly prevalent
among economically disadvantaged groups, where access to
cleaner alternatives is often limited. To address this pressing
issue, it is crucial to gain a comprehensive understanding of the
combustion process, develop accurate quantification tech-
niques, and assess the associated NMVOC emissions and their
impact on surface ozone and peroxyacetyl nitrate (PAN)
formation. Additionally, identifying the probable sources of
these emissions through diagnostic ratios will provide valuable
insights. By gathering this information, policymakers will be
equipped with the necessary knowledge to take appropriate
actions and encourage the adoption of cleaner energy fuels
among India’s rural and urban slum populations. This multi-
faceted approach, combining scientific research and policy
interventions, holds the potential to mitigate the adverse effects
of domestic biofuel combustion and promote sustainable
energy solutions for all.
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2. Methodology

2.1 Instrumental setup for laboratory-controlled chamber
experiments

The dilution sampler for the combustion of domestic biofuels is
designed in such a way that it accurately captures the emitted
gases and particulate matter at the highest possible efficiency
and provides natural conditions during the combustion. The
dilution chamber also provides sufficient dilution, cooling and
residence time to replicate the combustion conditions during
the residential biofuel burning activities.*® A duct pipe (inner
dia. 0.16 m) is connected to the sampler's hood, which is large
enough to capture the emissions without any spillage and
a draught fan (max. velo. 1.5 ms™~ ") adjusted at the other end of
the duct, which acts as an exhaust for the smoke.*®* The gas
samples for NMVOC sampling are collected through the duct
using an isokinetic probe at a height of ~2.5 m. The samples
can either be analysed using online measurement techniques®
or an offline sampling technique can also be deployed.** For
offline measurement of NMVOCs, the gas samples can be
collected in a silonite-treated stainless steel cannister,>***
silicon canister,*® glass canister,” charcoal sorbent tube®® and
Tedlar/Mylar bags.*® The canisters must be flushed with high-
purity nitrogen gas for the removal of impurities and residues
from previous sampling.*’ The flow rate with which the NMVOC
grab samples are collected should be maintained between 0.25
L min~' to 1 L min~*' depending upon the volume of the
canister/tube/bag used for the collection as per Method-0031.**

2.2 Processes of combustion

The combustion of domestic biofuels can be classified as
flaming-dominated or smouldering-dominated combustion,
which can be differentiated based on their combustion effi-
ciency and modified combustion efficiency (MCE). The
complete combustion cycle can be represented by a series of
events that can be broadly divided into 3 distinct phases, which
are (i) ignition, (ii) flaming and (iii) smoldering.*>**

2.2.1 Ignition phase. The initial combustion phase of
ignition can be broadly defined as the time period when the
dried domestic fuels are heated in order to reach the ignition
point. Multiple studies have reported different processes for
initiating the combustion of dried domestic biofuels. Some
studies have reported using petroleum-based products like
kerosene to ignite domestic biofuels.?® In contrast, other studies
have employed electric heaters to heat the biofuels until they
reach the ignition temperature without the use of additional
liquid fuels.** These different ignition methods have been
utilized to initiate the combustion process during experiments
and investigations on domestic biofuel burning. The duration
of the ignition phase depends on various factors like the
moisture content, density and the size/density of the domestic
fuel used. During the ignition phase, large amounts of aromatic
compounds are released.*" To replicate the NMVOC emissions
from the residential activities during the laboratory experi-
ments, the domestic biofuels are sufficiently sun-dried under
ambient conditions to remove the excess moisture content.*
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After the loss of excess moisture from sufficient heating, the
ignition phase proceeds to the flaming stage.

2.2.2 Flaming phase. During flaming, the hydrocarbons are
volatilised from the thermally decomposing biomass, mixed
with air and swiftly oxidised in the flame. The principal fuel
components during the flaming phase are cellulose and hemi-
cellulose (50-65%), lignin (16-35%), extractives (0.2-15%) and
trace minerals.* Products like CO, and water are released upon
complete combustion, while during incomplete combustion,
CO and various organic compounds are emitted.*> The
composition of emissions is intricately linked to the duration of
the flaming phase, oxygen availability, temperature profile, and
the specific composition of the domestic fuel burned.*® About
80% of the domestic biofuels are thermally decomposed
(usually above ~200 °C), resulting in significant emissions of
aromatic compounds like benzene, toluene, ethylbenzene,
xylenes and phenol. The emission of aromatic compounds is
dependent on the aromatic precursors in the fuel material along
with the temperature profile of the combustion. In addition to
aromatic compounds, the emission of oxygenated aliphatic
compounds, primarily C; and C, hydrocarbons, leads to the
formation of stable NMVOC species.”* The maximum emission
of oxygenated compounds occurs at temperatures greater than
~350 °C.

2.2.3 Smoldering phase. The flaming phase is followed by
the smoldering phase and is characterised by the flameless
combustion of charcoal. The energy-producing reaction during
smoldering is primarily a gas-solid reaction between oxygen
and carbon at the surface of the combusted fuel. Thus, the
emission of CO dominates during the smoldering phase when
the temperature usually remains below 550 °C.**** Charcoal is
primarily composed of ~90% carbon and less than 5% each of
oxygen and hydrogen, which lowers the formation of NMVOCs
at this phase. This lower-temperature phase emits a large
amount of products, resembling the compounds emitted
during the ignition phase." The amount of substances emitted
during the combustion and their relative combustion phases
can be determined by the combustion efficiency.

2.3 Instruments for NMVOC analysis

Accurate quantification of such species requires specific meth-
odologies and high-precision instruments for such measure-
ments. Gas chromatography (GC) is a commonly used and
efficient technique for the separation and quantification of
NMVOC species within a gas sample.”” Apart from GCs, high
performance liquid chromatography (HPLC) and proton trans-
fer reaction-mass spectroscopy (PTR-MS) are also used for the

analysis, identification and quantification of NMVOC

species.*®*

2.3.1 Gas chromatography (GC). This technique relies on
the viscosity of gases to the walls of the tubes, known as the
stationary phase (column), which can be a polar/non-polar
material depending on the properties of the molecules needed
to be separated. The NMVOC species are separated based on
their polarity/viscosity and the temperature of the column on
which their retention time varies.>* Measurement of NMVOCs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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using GC is executed by pre-concentrating the air sample up to
a detectable range with a reduced trapping technique using
a cryo-trap or thermal desorber, followed by the separation and
analysis of different NMVOC species. Cryo-traps are used for
trapping the NMVOC species as they have a very low boiling
point, but the manual operation requires liquid nitrogen, usage
of which is a high-risk operation. Thermal desorber (TD) uses
a cryogen-free technique for subsequent cooling and heating
cycles and can cool the gas samples to about —30 to —40 °C. The
TD uses glass/silicon beads and selected polymers as adsor-
bents, which allow efficient trapping of NMVOC species (C,—
C1,), leading to enhanced sensitivity of the system providing
better peak shape.®* Once the required volume is achieved, the
cold trap is heated rapidly to release the analytes to the GC
system for analysis. The sample is separated and introduced in
two separate columns using a heartcut device (primary and
secondary columns). The primary column is packed with
dimethyl-siloxane, which is useful in the separation of low
volatile/heavier NMVOC species (C¢-C;,), while the secondary
column is a retentive (PLOT - Porous Layer Open Tubular)
capillary column made of alumina/NA,SO, and is used for the
separation of highly volatile/lighter NMVOC species (C,—C).
GCs are equipped with different detectors like flame ionisation
detectors (FID), electron capture detectors (ECD), thermal
conductivity detectors (TCD) and mass spectroscopy (MS) to
detect the separated chemical species.”

2.3.2 High performance liquid chromatography (HPLC).
The solvent in HPLC is allowed to drip under high pressure
(~400 atm.) through a packed column, which results in faster
elution, better separation and high-precision detection of the
NMVOC compounds. The instrument consists of a solvent
reservoir (mobile phase), high-pressure pump, HPLC tube
packed with adsorbent material (stationary phase), detector and
computer system for signal processing.*® The retention time of
different compounds is dependent on the pressure applied,
properties of the stationary phase used, particle size of the
stationary phase, solvent mixture composition and temperature
of the column. The UV detector is the most commonly used
detector due to its efficient absorption by organic compounds.
HPLCs are generally used to measure the oxygenated VOCs
(OVOCs) such as the aldehydes, ketones, esters and carboxylic
acids.™

2.3.3 Proton transfer reaction-mass spectrometry (PTR-
MS). The GC-based techniques for online monitoring require
a large amount of samples and longer analytical duration, due
to which they fail to identify the rapid change in the composi-
tion of the gas samples emitted during the combustion.”® The
PTR-MS is a sensitive instrument for online monitoring and is
used for recording the rapid changes in emissions during the
combustion process. The PTR-MS does not require pre-
concentration of the samples, can produce rapid and accurate
results for the quantification and identification of the NMVOC
compounds using chemical ionisation during the direct online
sampling and can measure in pptv (parts per trillion by volume)
levels. The chemical ionisation technique produces the hydro-
nium (H;0") ion in a hollow cathode tube, which reacts with the
NMVOCs to form the ions of the respective NMVOCs, called the
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proton transfer reaction. The ions then travel to the detector
through a time of flight (ToF) mass spectrometer at varying
speeds based on their molecular weight.*® The ions get accel-
erated within a known strength electric field, and then they are
allowed to travel through a flight tube in which the velocity of
the ions can be determined by their m/z ratio.””

3. Discussion

The gaseous emissions from the combustion of domestic bio-
fuels include carbon monoxide (CO), carbon dioxide (CO,),
methane (CH,), oxides of nitrogen (NOx), sulphur dioxide (SO,),
volatile organic compounds (VOCs), halogenated hydrocarbons
etc. Domestic biofuels are an essential and widely-used source
of fuel for residential activities such as cooking and space
heating for millions of economically weaker natives of the
developing and third-world nations.***® Anthropogenic NMVOC
emissions are quite prevalent in urbanised establishments
where these NMVOCs play a vital role in the formation of
ground-level ozone, PAN and other photochemical oxidants,
which are associated with smog formation.*

3.1 NMVOC emissions from domestic biofuel combustion

The sources of NMVOC emissions include both natural and
anthropogenic activities. The NMVOC emissions from plants
and trees naturally include isoprene, monoterpenes, a-pinenes,
B-pinenes, etc., and are called biogenic VOCs®* while anthro-
pogenic NMVOCs are emitted from the combustion of domestic
biofuels and fossil fuels.®* Isoprene is the most abundant BVOC
emitted from broad-leaved trees, which accounts for almost half
of all the BVOCs emitted globally and has a higher ozone
formation value (OFP) value due to higher reactivity.®® The
NMVOC emissions from the combustion of biofuels mostly
have carbon lengths varying from C;-C,,.** A large number of
NMVOCs are emitted from the combustion of biomass fuels.
Liu et al. (2008) reported significant emissions of NMVOC
species like ethene, ethyne, ethane, propene, 1-3 butadiene,
isoprene, BTEX and methyl chloride during the combustion of
biomass fuels.*

The emissions during the combustion are partially depen-
dent on the naturally alternating combustion phases and the
emissions. The combustion conditions can be determined
using combustion efficiency (CE), which is expressed as the
ratio of carbon (C) emitted as CO, to the total amount of carbon
emitted:

[Clco,

“F = oo, * [Clco + [Clon, + Chowme + Chre

(1)

the subscripts CO,, CO, CH4, NMHC and PC represent carbon
dioxide, carbon monoxide, methane, non-methane hydrocar-
bons and particulate carbon, respectively, emitted during the
burn cycle.** Since >90% of the carbon combusted in a fire is in
the form of CO, and CO, the simplified equation of MCE is used
for the determination of the combustion phase during the burn
cycle. The MCE is defined by the ratio of the total emitted CO, to
the sum of emitted CO, and CO.*?
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ACO, !
MCE = 160, Taco . (Aco )
ACO,

Values greater than 0.95 generally determine the predomi-
nance of the flaming phase, while MCE values less than 0.85
determine the predominance of the smoldering phase. The
MCE values in the range 0.85-0.95 represent roughly equal
amounts of the flaming and smoldering phases during the burn
cycle.®®®” However, the difference in the values calculated for CE
and MCE for any combustion is very trivial. An experimental
empirical relation for CE and MCE can be derived using
eqn (3).**

(3)

MCE%
CE71.18><( 100 >—0.18

The information on the emission of a compound can be
presented in two forms: emission ratios and emission factors.
The emission ratios relate the emission of a particular species to
the reference species like CO, or CO. The emission factors relate
the emission of any particular species to the amount of fuel
burnt.”® The emission ratios (ER) can be calculated by dividing
the concentration of compound ‘x* emitted during the
combustion process by the simultaneously measured concen-
tration of the reference gas (CO, or CO). While calculating, the
ambient background concentration of the compound under
consideration and the reference gas must be subtracted.®®*

Ax _ AXgmoke — AXambient

X[y = Ay

ER =
) Ay smoke Ay ambient

@)
x = concentration of NMVOC species under consideration.
Axgmoke = concentration of NMVOC species measured during
the combustion. Ax,mpient = concentration of NMVOC species
measured in the background before combustion. y = reference
gas (CO or CO,). Aysmoke = concentration of reference gas
measured during the combustion. Ay,mpient = concentration of
reference gas measured in the background before
combustion.

Another parameter often used for the characterization of the
emission of compounds from the combustion process is the
emission factor, which is defined by the amount of the
compound (under consideration) released per unit of dry fuel
consumed and is expressed in terms of g kg~ '. The EFs of the
NMVOCs for domestic fuel combustion can be determined
based on flue gas volume and the mass concentration of
pollutants.*®

CxVxAxT

EF(gkg’) = —— —— 5)

C = concentration of NMVOC species (¢ m ). V = flow rate of
gas (mid-point) in stack (m s '). A = cross-sectional area of
stack (m?). T = sampling time for combustion (s). W = weight of
the fuel sample burnt (kg).

The emission factors of NMVOC species from the combus-
tion of fuelwood, dung cake, agriculture residues and mixed
domestic biofuels reported in various studies are presented in
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Table 1. The elevated emission factors of the NMVOC species
reported by Verma et al. (2019) might be due to the usage of
kerosene for the initiation of the combustion process.*

The emission factor of an NMVOC compound can also be
calculated if the emission ratio is provided in the literature
using eqn (6).***

EF, =ER,), %EF‘ (6)
EF, = emission factor of NMVOC compound ‘x’. ER,, = emis-
sion ratio of compound x relative to the reference compound ‘y’
(CO, or CO). MW, and MW, = molecular weights of the NMVOC
compound ‘x’ and reference material ‘y’, respectively. EF, =
emission factor of the reference compound.

Stewart et al. (2021) have speciated 94% of the total
measured NMVOCs emitted from the combustion of domestic
biofuels by identifying over 200 NMVOC species.® The NMVOC
samples from the combustion of domestic biofuels collected in
a canister can be limited due to the size of the canister and the
flow rate with which the grab samples are collected. It can
further cause hindrances in the overall calculation of total
emissions representing the complete combustion phase. The
sample collected during different phases of combustion can
severely alter the total calculated amount of NMVOCs emitted
from domestic biofuels.

3.2 Impact of NMVOCs on ground-level ozone (O3) and PAN
formation

The NMVOCs play an important role in atmospheric chemistry
as they are potent ozone precursors and have a significant role
in the photochemical cycles taking place in the atmosphere.”
NMVOCs are important precursors of ground-level ozone as well
as secondary organic aerosol and have the potential to create an
impact as the NMVOCs react with the atmosphere at different
rates and with different mechanisms; the concentration of
different types of NMVOCs stances different challenges on the
quality of ambient air.”*”

The NMVOCs, upon reacting with NOx, are known to aid in
the formation of ground-level ozone through oxidation initiated
by the OH (hydroxyl) radical in the presence of sunlight. For the
estimation of the ground-level ozone formation from the
emitted NMVOC species, OFP (ozone-forming potential) is
used.**’>7* Wang et al. (2014) defined that the OFP (measured
in g kg™ is the product of the concentration of each NMVOCs
and maximum incremental reactivity coefficient and is calcu-
lated using eqn (7).”

OFP = "(p; x MIR;) x EF )
-1

where p; is the mass percentage of the NMVOC species i in total
NMVOC%; MIR is the maximum incremental reactivity value of
the NMVOC species i measured in g Os/g NMVOC;; EF is the
emission factor of the NMVOC species i emitted from the
combustion of the domestic biofuel and is measured in g kg™ .
MIR values for various NMVOC species can be cited from
studies conducted by Dodge, 1984 and Carter, 1994.”%”” The

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00030g

View Article Online
RSC Sustainability

wu (o¥°0) 8T'T SEP'T wu (06°0) 8€'C S6¥'E wu  (FT'1)60'C (19°0) 26’1 8L'T wu (10'2) €0z (HO®HD) [oURYIDIN
20T 20T 20T X ¢ 0T
wu % (S0°T) 89°C wu wu % (61°2) 0F'S wu wu (0s°1)8TF x (£2°9) 8T8 wu wu 0T x (6T°T) 6T (0®H"D) [eURING
wu (o1°0) TF°0 ¥2L0 wu (8€70) €91 LET'T wu  (12°0) 0£°0 (sz0) TS0 LT0 wu (zz0) 9¢70 (0°HED) U030V
(O"H®D)
wu (11°0) ¥¥°0 €LT'T wu (c9°1) 88T 689'C wu  (£2°0) 08°0 (9€70) ¥S°0 LS°0 wu (61°0) €£°0 apAyaprersoy
) 20T X .01 .01
(99°0) 280  x (86°0) €0'F £20°0 (¥¥°0) 9%°0 (62°0) 09°0 1800 (¥£°0)86°0 (92°T)9¢'9 X (66°Z) LS'6 100 (96°0) 860 x (95°1) 82'c  (°FHBD) dudlhx-d‘m
20T 20T X .01
wu X (16°0) 60°€ £90°0 wu wu 891°0 wu  (9%°¢) 0T°9 wu 70°0 wu x (€£0) 92T (¢*H®D) auaxaH-T
) 20T X .01 )
wu X (09°0) €T°C 900°0 wu (80°0) 910 90°0 wu (6S°T)LTF % (€6°0) €71 £00°0 wu x (55'9) 59'6 (O*H®D) auaruad-T
) 20T X 20T 0T
wu X (6£7) €0°€ ¥10°0 wu (¥¥'0) T€0 891°0 wu (08'¢)¥6'8 X (£27C) 9T'F 10°0 wu X (8%7°1) 86°'T (3H°D) auaidost
) 20T X .01 .01
(90°0) €T°0 x (6'T) ¥'e $60'0 (60°0) 19°0 (60°0) ST°0 €€7’0 (90°0)¥1°0 (8S°T)88'S X (699) TL'8 L£0°0 wu x (0S°T) 8T°C (3H®D) sua1k1g
.01 20T X .01 .01
(61°0) 02’0 % (1I¥°0) ¥¥'T 1000 (60°0) IT°0 (80°0) 220 1100 (£1°0)81°0 (92£/0)8¢C X (I€%) €6°¢€ £00'0 (¥1°0) €20 x (£5°0) €8°0 (°*H8D) aualhx-0
) 2 0T X 20T (°rH®D)
(tr0) sTO0 X (07°0) £6°T €000 (65°0) T€°0 (80°0) 9€°0 6100 (60°0)9T°0 (6£°0)I7'€ X (STF) 61°F £00°0 (S0°0)9¢°0 , 0T X (T'T) sT'T QuazZUdqIAYIH
(z€0) ¥8°0 (£0°0) 62°0 7e10 (89°0)98°0 (s0°0) 92’1 [P0 (F0'T)6T'T (£2°0) 870 (91°0) ¥2°0 s0'0 (0z°0)0TT (80°0) zz'0  (FHDSH®D) duan[oL,
(€9°9) (c07)
(s6s)oT'TIT (tz°0) 2270 857°0 66T (sv°0) 96T $95°0 8T'¢T (££°0) €0°T (61°0) S0'T 810 (6T°0)26'C (¥1°0) ££°0 (°H®D) suazuag
wu (z€0) 68°0 S50°0 wu (¥¥'0) 65°0 ¥60°0 wu  (2h'0) €T'T (9€70) 920 60°0 wu (91°0) 9%°0 (cH%D) sudyna
) 20T
wu  x (€8°T) 8¢'8 £€0°0 wu (€€70) 6€°0 TLT0 wu  (¥0°0) ST'0 (060) 2£°0 T20°0 wu x (6S°%) T€'9 (3H"D) suaIng-1
wu (60°0) TF°0 LT°0 wu (8570) £¥'T 9¢8°0 wu  (£2°0) 08°0 (61°0) £S°0 vIT°0 wu (0z°0) 82T (°H®D) suadoid
wu (8€0) €T°'T SPi'0 wu (6€°1) €T¥ S9¢'T wu  (8%°0) 98°'T (1) 0L L6€°0 wu (82°0) 29°0 ("H%) suang
._0T 20T X 1)
wu X (81°0) €5°0 100°0 wu (¥2°0) 6270 €200 wu  (£$°0) €0°'T . OT X S8'T 6000°0 wu x (85'T) 96'T (""H°D) suexoH-U
) 20T X .01 )
wu X (££°0) 16°0 £00°0 wu (sz'0) 6T°0 £€0°0 wu (86'0)T0c X (€£'T) 8T°C 200°0 wu x (80°%) ¥¥'¥ (¢*HSD) surULg-U
20T 20T X
wu X (£2°0) S6°0 920°0 wu (zr0) 120 9€0°0 wu  (1£°0) €L°T (2¥°0) 0%°0 ¥00°0 wu . 0T x (98'%) 9% (°*H'D) sueng-osi
) 20T X )
wu X (88°0) 89°'C 600°0 wu (60°0) 62°0 960°0 wu  (88°T) LY (8v'T) IT'T 600°0 wu X (£9°1) £S°'T (O*H"D) sueIng-u
)
wu (€0°0) TT°0 £50°0 wu (e1°0) S¥0 ¥.€°0 wu  (£0°0) 120 (¥1°0) 0T°0 6£0°0 wu x (1%°8) 8¥°6 (31D) suedoig
wu (60°0) TF°0 THT 0 wu (0og70) 20T TL6°0 wu  (61°0) T£°0 (z1°0) 9T°0 T6T°0 wu (sz0) 8€°0 (°H%D) sueynd
(s6°2ST) (s7°98) (ze¥9) (88°68) (00)
18%9C (0791) 892 wu LE°06T (8'¢1) 6°08 wu 0T'96T  (S'6) £7L6 (se1) T°LL wu 9¢°TeT (T0g) €5 oprxouow uoqie)
(6°2£7) (FveT) (7'¥8) (z0g1) (foD)
0°9%ST (1€) 696 wu £°S0ST (08) 6211 wu gzest  (€2) ¥86 (91) Z9¥1 wu £8.ST (19) T¥er SPIXOIP UOqIe)
+:(as) (as) ,de1aE +:(as) 5o(dS)  goSerone +:(as) (as) go(dS)  goSeIone <(as) ¢(as) ade1vae  spunodwod DOAINN
J3e1one oderoae  anpisar doip o3e1one oderoae  oeodung o3e1one a3e1oAe oderoae  poompang ode1one poomysnig
[onJ PaxIA [9nJ PaXIA anpisail aeoSung aeodung eYINYD poompieH poom[ang
doip -3ung

Tutorial Review

JUBUIRUODQNS URIPU| @Y} Ul Pash S)anjolg JI3SSWIOP SNOLIBA 10y 19Ny Aip B Jad B) s103oe) UOISSIWS uesw payiodal Jo uosledwod T aqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 62:62:2 5202/8T/TT U0 papeo|uMod "#20Z 8Unf GZ UO Paus!|dnd (01 ss800y usdO

RSC Sustainability, 2024, 2, 2150-2168 | 2155

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00030g

Open Access Article. Published on 25 June 2024. Downloaded on 11/18/2025 7:29:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

< —
] bS
o Y
o P £
gﬁ‘k ©
s:8| 8 E § B &
&,
X X X X X
- g g —_ fon) ~—
5 g 2 § = 7
E=I d . : . .
o Sho L a L a9 I
%sa o7 9 a7 ©F af
§>m CoRoRoNhoo
= = O = N = =N
(5}
5
n
B 5
[T =
-
Q‘%‘) n — X
&5 = ®
=2l & @« a g H
O = =) = [S2) S <)
—_
o
—
o O .
=}
af g5 <
Szd0| g8 &8 E & <=
O & o a [S] = o
~ X
° — o~ © —
e 2 § 3 2
. . (=] "
S Y s oS 0= -
Sp 203 e e 3 - =
g o= © [ar) < ~ b=l
SRl m v @ ¥ 9o
A S S < S n
Q
i~
g% 0 w
on o o =] N (=]
=i o o ISy S
S| 5 o & & E
A= =] < S S S|
© —_
™~
A
G =
S &8 Y
£¢alg g g g 8
A c c o c o
— — o~ =
[se) (=) [©)] Yo}
o @ $. = g
o0
30 & B v ey o7 2
= g8 o Q <« =) =) =)
SE B 2308 NS xS
E2s@l sT=2gaeTare
ATl + X332 W Xa X X
X X
o — — — | —
3 b N o o n
S o < < «@ — ]
%g’ég e & a x g
= N <t [ <
EgQ — Q S5 © N
7 ; ; > : p
T s2| o S [SER=EE - -
9
(ol
]
g oo
= & 4 ~ X 1
5¢1 & 4 oo g E
= o® S IS - = g =
—
kel (o
o) =
S g ;
5 Pz e
—_— 8~ <
582| g 2
EsP| 2 = = IS
S
| x X X X X
'88 —_ o~ =~ o~ =
5= 8 & & & 8
%E o ©®F ©F 7 w7
&&| ~2asielicsds
12}
E Y
— — —_~
S 3 fes] = S g
= Q o [~ jan) T N
S ElE 2S5 S B
(5]
S sl = 2 &2 2
<
Sl & ¢ ¥ E
- o = [=} [=} = —
el ¢ g ¢ 9 . @ o
= s 5 £ £ TE=x
= = 8 £ 5 .
© ) j=] P a." N.,':G
[ 4 53] = 3 A R

2156 | RSC Sustainability, 2024, 2, 2150-2168

0.78 (0.70)

4.04 (6.44) x

1.94(0.71) nm

0.86(0.79) nm

4.46 (3.94)

nm

nm

0.50 (0.46)

2.18 (3.13) x

10

Dichloromethane

(CH,Cl,)

10~

x 10
8.80 (2.98)

0.35 (0.33)

1.21 (2.32) x

0.44(0.13) nm

4.97 x 1072

0.41(0.21) nm

1.24 (0.3) x

nm

0.31(0.22)

2.55 (2.17) x

Dichloroethane

(CxH4CLy)

1073

x 107*

10°*

10°*

View Article Online

Tutorial Review

removal of ozone from the atmosphere happens through
deposition; hence, the deposited amount of ozone is directly
proportional to ozone concentration.”®

Another approach for understanding the effects of NMVOCs
on ozone formation is to quantify the propylene-equivalent
(Propy-Equiv) concentrations, which can be calculated using
eqn (8).

Ci,Propy-Equiv = Ci,ppr X kkl—OH (8)
Propy,OH

where i is the NMVOC species, Cj pphc is the concentration of the
carbon atoms of the NMVOC species i while k; oy and kpropy,on
represent the chemical reaction constants in the free radical
reaction of the species 7 and propylene (propene), respectively,
with OH radical.®*” The koy values for different NMVOC
species can be obtained from the study by Atkinson & Arey,
2003.*° The rate constants and atmospheric lifetimes of the
NMVOC species can be obtained from Atkinson, 2000 and
Atkinson & Arey, 2003.7>%°

The photochemical ozone creating potential (POCP) values
are commonly used to rank individual NMVOCs based on their
ozone formation potential.** The POCP values are relative and
can be calculated using eqn (9).

ozone increment with i"VOC species

POCP; = - -
! ozone increment with ethene

x 100 (9)

Derwent & Jenkin (1991) defined POCP as ozone concentra-
tion changes when the emission of a particular NMVOC species
is neglected (set to zero) during a photochemical model calcu-
lation per unit emission of each NMVOC species on a mass
basis, which can be expressed as eqn (10).*>

decrease in O3 without VOC species, i, at mid afternoon time

VOC emissions integrated upto that point of time
decrease in O; without ethene at time point

ethene emissions integrated upto that time point
x 100

(10)

Ethylene (ethene) is an important precursor of ground-level
ozone formation and has medium reactivity towards the
hydroxyl (OH) radical. In an experiment conducted by Derwent
& Jenkin (1991) by taking the POCP value for ethene as 100, the
POCP values for different alkane species were observed to be
between 30-50, excluding ethane, which showed much lower
values.®” The alkene species lay within the range 64-106,
decreasing up the homologous series. The POCP values of
aromatic species lay within two ranges of 50-80 and 90-120,
except for benzene, for which the POCP value was below 50.
Average POCP values for various NMVOC species are taken from
the literature and are presented in Fig. 2 and 3.%>%

Pandey & Sahu (2014) estimated the ozone formation in the
upper troposphere over India using the propylene-equivalent
concentrations for the months of April-December 2008.” The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reported range of POCP values for NMVOC species.®?
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Fig. 3 Reported range of PPCP values for NMVOC species.®?

propylene equivalent concentration values were taken for
certain NMVOC species like ethane, propane, butane, pentane,
acetylene, iso-butane, iso-pentane and benzene. The emission
of ethane (0.52 £ 0.05 ppbv) from the biomass burning was
found to produce the maximum amount of tropospheric ozone,
followed by acetylene (0.08 ppbv), propane (0.05 ppbv) and
benzene (0.02 ppbv). Sharma et al. (2016) reported that the Indo-
Gangetic plains (IGP) showed higher formation of ground-level

© 2024 The Author(s). Published by the Royal Society of Chemistry
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40 60 &80 100 120 140 160

Range of PPCP values

ozone due to the emission of NMVOCs from the combustion of
domestic biofuels.® Jena et al. (2015) estimated that the
concentration of surface-ozone levels due to biomass burning
episodes was augmented by 25-50% (4-10 ppbv) in the north-
eastern region of India and 10-25% (1-3 ppbv) in the central
and southern parts of India during the year 2005.** Another
study by Kumar et al. (2010) reported the enhancement of
surface-ozone formation by 34% (19 ppbv) due to severe
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biomass burning episodes (forest fires) reported in the central
Himalayan region during 2007-2009.%¢

Peroxyacetyl nitrate (PAN) is primarily formed near the
emission sources of NMVOCs and NO,, but it can also be
formed from other sources.®” The formation of PAN is based on
the atmospheric degradation of biogenic and anthropogenic
NMVOCs like isoprene, acetaldehyde, acetone and other
oxygenated-VOCs. PAN is relatively stable at low temperatures,
which aids in the long-range transportation and formation of
surface ozone in remote areas during decomposition.®®

In their study, Sun et al. (2020) explained that the formation
of PAN (CH3;C(O)OONO,) from NMVOCs emitted from the
combustion of domestic fuels can be calculated using PPCP
(photochemical PAN creation potential) and evaluated using
eqn (11).%

PPCP; =

decrease in PAN without VOC species, i, at mid afternoon time
VOC emissions integrated upto that point of time
decrease in PAN without propene at time point

propene emissions integrated upto that time point
x 100

(11)

Similar to the calculation of POCP, the PPCP is calculated
considering propylene (propene) instead of ethene, as it is an
important precursor of PAN formation.”® The NMVOC species
exhibit different abilities in the formation of PAN by the
atmospheric oxidation process. PAN has a single precursor-free
peroxyacetyl radical CH;CO(O,), which is derived as

CH;CO + 0, + M = CH;CO(0,) + M (12)

CH;COO, + NO, + M =PAN + M (13)

Derwent & Jenkin (1991) estimated that ethene and butene,
along with acetylene, exhibit the lowest PPCP values, while the
aromatic compounds with one CHj; group attached to the
benzene ring show a PPCP value of ~100.**> The values of PPCP
for toluene and benzene are further reduced due to their low OH
reactivity. Few of the alkane species, like ethane and n-butane,
showed lower PPCP values (0-50), while the majority of alkane
species displayed PPCP values greater than 50. The range of
PPCP values for different NMVOC species are taken from Der-
went & Jenkin (1991) and are documented in Fig. 2 and 3.> The
values of POCP (Fig. 2) and PPCP (Fig. 3) are primarily depen-
dent on various factors like emission rates and emission
factors, molecular weight, OH reactivity and chemical structure
of the NMVOC species.**

3.3 Diagnostic ratio

Certain NMVOCs are valuable tracers that indicate their sources
of origin and atmospheric transport processes.”* The diagnostic
ratio is an easy and crucial tool for the identification of the
emission sources of NMVOC compounds. The diagnostic ratio
can help the policymakers identify the emission hotspot regions
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and plan an effective mitigation strategy to minimise emis-
sions. The source profile and emission factor vary from region
to region; therefore, a local source profile and diagnostic ratio
improve confidence in the source identification.”” The diag-
nostic ratio is dependent on factors like the compound's
atmospheric lifetime, photochemistry and reaction with OH
radicals in the atmosphere. The unique tracers used for the
identification of different emission sources are quite helpful for
the evaluation of the source contributions, although there is
a limitation on defining a tracer as each source emits a wide
spectrum of NMVOC species. However, for the exploration of
characteristics of NMVOC compositions from various emission
sources, ratios of two NMVOC species can be used for the
identification.*”® Acetylene (ethyne), for example, is commonly
used as a tracer for combustion, and the ratios of ethyne with
several hydrocarbons are frequently used for the examination of
the impact of other emission sources on combustion emis-
sions.”*** The ratios of propane, n-butane and isobutane with
ethyne are used to indicate the contribution from LPG leak-
ages.”* Ratio of pairs of NMVOC species like n-butane to iso-
butane, toluene to benzene and ethylbenzene to m,p-xylene
are found to be well correlated, and the ratios of these pairs
significantly differ for various sources.®*** The emission of
isoprene is also found in vehicular exhaust, and thus, the ratio
of 1,3-butadiene to isoprene can be used to distinguish between
biogenic and anthropogenic emissions.®

Biomass burning is known to emit large amounts of ethane,
ethene, ethyne, propane, propene, isoprene, 1,3-butadiene, 1-
butene, benzene, toluene, ethylbenzene, o-xylene and other
organic compounds.®® These compounds have varying reaction
potential values with OH radicals and different atmospheric
lifetimes, due to which the ratio of two NMVOC species can be
used for source identification and chemical evolution.”” The
diagnostic ratios help in identifying the source of domestic
biofuel burning, but the identification of such sources,
depending on a single pair of NMVOCs may be misleading.”***

Lower T/B ratios (toluene to benzene), usually less than 1,
indicate emissions from biomass burning as well as coal
combustions but the difference between the two is not found to
be significant, which limits the exact estimation of the source of
emissions.” Geng et al. (2019), however, reported T/B ratio
values greater than 9.7 for the combustion of wood and crop
residue pellets used in biomass boilers. Diagnostic ratios for
multiple pairs being reported in various studies are presented
in Table 2.

3.4 Source identification analysis with PCA

Principal component analysis (PCA) is a widely used technique
that reduces the dimensionality of large datasets and increases
the interpretability without any loss of information.'*® PCA
creates uncorrelated variables, effectively maximising the vari-
ance. PCA analysis with varimax rotation and Kaiser normal-
isation is performed using SPSS software, considering only
those factors having the eigen value >1.'” Varimax rotation in
PCA maximizes the variance of squared loadings within each
factor while enhancing differences between factors, simplifying

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Diagnostic ratios for the NMVOCs emitted from biomass burning

Diagnostic ratios

Toluene/ Ethyne/  Ethyne/ Ethane/ Benzene/ Benzene/  Benzene/  Benzene/
Biomass burning benzene ethane propane propane propane xylenes styrene toluene Reference
Biomass boiler wood pellet  9.72 0.83 2.36 2.61 1.57 . . — 96
Biomass boiler crop residue 10.46 0.57 4.27 6.28 2.41 — — — 96
pellet
Residential biofuel and waste 0.33-0.34 — — — — 0.25-0.28  0.18-0.22 — 99
disposal
Biomass burning — — — — — — — 1.4-2.6 100
Open hardwood cooking 0.27 — — — — 0.12 0.11 — 68
3 stone firewood 0.11 — — — — 0.1 0.09 — 101
Biomass burning- rice straw 1.47 0.3 1.08 3.65 0.83 — — — 91
Biomass burning- sugarcane 1.16 0.21 0.8 3.77 0.3 — — — 91
leaves
Residential stove- wheat 0.28 3.82 6 1.57 3.57 — — — 65
Residential stove- corn 0.78 0.64 1.6 2.5 1.8 — — — 65
Residential stove- wood 0.53 1.33 4 3 2.13 — — — 65
Biomass burning 0.41 — — — — — — 65
Open fire dry grass — — 8.3 — 1.6 — — — 102
Wood burning 0.05 — — — — — — — 103
Charcoal burning 0.5 — — — — — — — 103
Biomass burning 0.45 — — — — — — — 104
Solid fuel combustion (wood) — — — — — — — 3.4 105

component interpretation by creating a clearer structure with
distinct high and low loadings that facilitates variable-factor
relationships.'®® Kaiser normalization is a rescaling method
applied after rotation to ensure the stability of solutions across
samples. It involves rescaling the loadings back to their original
size, giving equal weight to all items during rotation. In PCA, an
eigenvalue exceeding 1 indicates that the associated principal
component accounts for greater variance than a single original
variable within the dataset.

For the analysis and source identification of air pollutants,
a study was conducted over the Indian capital territory of Delhi
for the period between January 2018 and June 2021 (42 months),
covering the 9 districts of Delhi for identifying the key sources
of pollutants. The measured air pollutants, including NO,, NO,
NO,, CO, surface ozone, benzene, toluene, ethylbenzene, xylene
and m,p-xylene, were considered for the study. The air pollutant
concentration data were acquired from the Central Pollution
Control Board (CPCB) website (https://app.cpcbecr.com/cer/
#/caagm-dashboard-all/caaqm-landing/data).

To identify the sources of air pollutants, PCA was applied
(Table 3).

The central Delhi district showed high factor loading of NO,,
NO, NO, and CO with 36.78% of the variance for Factor 1,
whereas Factor 2, with 23.11% of variance, has high factor
loading (>0.6) of toluene, benzene and xylene. NO,, NO, NO,
and CO are related to vehicular activities and implicate higher
emissions due to vehicular emissions.'” However, the NMVOC
emissions comprising benzene, toluene and xylene indicate the
dominance of pollutants from industrial and biomass burning
activities.''® The eastern district of Delhi presented high factor
loading of NO, NO,, CO, NO,, benzene and toluene with 50.61%
variance contribution for Factor 1 and 15.25% variance for

© 2024 The Author(s). Published by the Royal Society of Chemistry

Factor 2 with a high factor loading of ozone. It is evident that
the emissions of NO, NO,, CO, NO,, benzene and toluene may
have contributed to the combustion of fossil fuels in vehicles,
while the high factor loading of surface ozone can be linked to
the transformation of NMVOCs from vehicular activities and
biomass burning.*”*** Similar to the east Delhi district, Factor 1
of the New Delhi district also showed high factor loading of
NOx, NO, CO, benzene and toluene with 51.18% variance
contribution and 15.83% of Factor 2 with high loading of
surface ozone.

In the north-eastern district of Delhi, Factor 1 had a high
factor loading of NO,, NO, NO,, benzene, CO and toluene,
explaining 43.73% of the variance, whereas Factor 2 had
a higher factor loading of m,p-xylene, xylene and ethylbenzene
with 30% of the variance. NO,, NO, NO,, benzene, CO and
toluene in urban areas are linked to vehicular emissions from
fossil fuel burning, while high factor loading of m,p-xylene,
xylene and ethylbenzene are associated with industrial and
residential sources.'”** The north-west Delhi district showed
high factor loading of NO,, NO, ethylbenzene, NO, and toluene
for Factor 1, explaining 37.67% variance and high factor loading
of benzene for Factor 2, explaining 15.6% variance. Factor 3 had
a high factor loading of CO and m,p-xylene, with 14.5% of the
variance. Higher NO, emissions with CO and toluene are
associated with vehicular emissions, while higher benzene
factor loading indicates open biomass and residential biofuel
combustion in nearby areas.

The north Delhi district showed high factor loading of
toluene, xylene and benzene for Factor 1 with 30.53% variance.
Factor 2 had a high factor loading of NO,, NO and NO,,
explaining 25.65% of variance. Factor 3, with a high loading of
m,p-xylene and ethylbenzene explains 20% of the variance,
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Table 3 PCA analysis of air pollutants over Delhi

View Article Online

Tutorial Review

Central Delhi East Delhi New Delhi North-east Delhi North-west Delhi
Parameters Factor 1  Factor 2  Factor1  Factor2  Factor1  Factor2  Factor1 Factor2 Factor1 Factor2  Factor 3
NO, 0.96 0.12 0.90 0.00 0.92 0.17 0.93 0.22 0.88 0.35
NO 0.88 0.22 0.92 —0.02 0.92 0.15 0.92 0.15 0.87 0.36
NO, 0.87 0.86 0.20 0.83 0.25 0.81 0.11 0.16
CO 0.51 0.30 0.88 0.09 0.85 0.76 0.13 0.15 0.79
Toluene 0.16 0.76 0.63 —0.20 0.78 —0.34 0.73 0.17 0.77
Xylene 0.28 0.70 0.38 0.22 0.95 0.39 0.18
Benzene 0.25 0.68 0.66 0.47 0.73 —0.35 0.80 0.31 0.19 0.84 0.12
Ozone 0.26 —0.40 —0.22 0.86 —0.12 0.82 —0.29 0.21 0.88
m,p-Xylene 0.11 0.42 0.22 0.96 0.17 0.72
Ethyl benzene 0.19 0.94 0.87
Eigen value 2.94 1.85 4.05 1.22 3.58 1.11 4.37 3.00 3.77 1.56 1.45
% variance 36.76 23.11 50.61 15.25 51.18 15.83 43.74 30.02 37.67 15.62 14.53
Cumulative% 36.76 59.87 50.61 65.86 51.18 67.01 43.74 73.76 37.67 14.53 67.82

North Delhi South-west Delhi South Delhi West Delhi
Parameters Factor 1  Factor 2  Factor3  Factor4  Factor1  Factor2  Factor1 Factor2  Factor1 Factor2  Factor 3
NO, 0.25 0.95 0.85 —0.15 0.85 0.40 0.91 0.13
NO 0.39 0.83 —0.16 0.92 —0.19 0.87 0.36 0.94 —0.12
NO, 0.92 0.17 0.85 0.71 0.45 0.82 0.18 0.19
CO 0.62 —0.12 —0.47 0.84 —0.11 0.87 0.33 0.81 0.10
Toluene 0.90 0.16 0.14 0.77 —0.22 0.81 0.23 0.73 —0.49
Xylene 0.86 0.25 0.20 0.95
Benzene 0.92 0.19 0.13 0.69 0.18 0.84 0.29 0.84 —0.22
Ozone 0.95 0.98 —0.61 0.46 0.94
MP—xylene 0.23 0.97 0.84 0.28 0.80 0.81 —0.19
Eth-benzene 0.99 0.84 0.43 0.79 0.82 0.11 —0.21
Eigen value 3.05 2.57 2.01 1.17 5.48 1.11 4.73 2.21 5.60 1.25 1.04
% variance 30.53 25.65 20.09 11.68 60.88 12.29 52.54 24.54 55.99 12.45 10.43
Cumulative% 30.53 56.19 76.28 87.96 60.88 73.17 52.54 77.08 55.99 68.44 78.87

while Factor 4 shows a high loading of surface ozone. Emissions
of toluene, xylene and benzene are associated with domestic
biofuel burning and stubble burning, while emissions of NO,,
NO and NO, are associated with vehicular emissions. High
factor loading of m,p-xylene and ethylbenzene are associated
with industrial and residential sources. High factor loading of
surface ozone emissions is linked with the transformation
chemistry of NMVOCs from vehicular/biofuel burning activities.
The south-west district of Delhi showed high factor loading of
NO, NO,, NO,, CO, benzene, toluene, ethylbenzene and m,p-
xylene for Factor 1, explaining 60.88% of the variance, associ-
ated with fossil fuel burning in vehicles or stubble burning.**®
Factor 2 has a high loading of surface ozone linked with the
emission of NMVOCs from vehicular and biomass burning
activities.

The south Delhi district has high factor loading of NO,, NO
and NO,, CO, benzene and toluene with 52.54% of variance for
Factor 1 while high loading of ethylbenzene and m,p-xylene with
24.54% of variance for Factor 2. NO,, NO, NO,, CO, benzene and
toluene are related to vehicular emissions, while ethylbenzene
and m,p-xylene are associated with industrial and residential
sources.” West Delhi district showed high factor loading of NO,,
NO, NO,, CO, toluene, benzene, m,p-xylene and ethylbenzene for

2160 | RSC Sustainability, 2024, 2, 2150-2168

Factor 1, explaining 55.99% of the variance while high factor
loading of surface ozone for Factor 2, explaining 12.45% of the
variance. NO,, NO, NO,, CO, toluene, benzene, m,p-xylene and
ethylbenzene are linked with vehicular and stubble-burning
emissions while surface ozone is associated with NMVOCs
from vehicular and biomass burning activities.

4. Health impacts of indoor air
pollution from domestic biofuel
combustions

Domestic biofuel combustion leads to serious health implica-
tions, especially due to the lack of properly ventilated kitchen
areas and cooking spaces. Table 4 underscores the diverse
effects of indoor pollution resulting from household biofuel
combustion, NMVOC emissions, and surface-ozone generation
and how they collectively impact human health.

Humans, on average, spend approximately 90% of their time
indoors.""*"* The exposure to NMVOCs has significantly
increased due to the extended time spent in indoor environ-
ments such as offices, gyms, and homes. Numerous studies have
indicated that the concentration of NMVOCs is higher indoors

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Indoor air pollution: aspects and impacts
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Indoor pollution and human health impacts

SL no. Aspect

Impact

1 Household biofuel combustion

2 NMVOC emissions

3 Surface-ozone generation

than outdoors. NMVOCs are continuously emitted from house-
hold items, tobacco smoke, wall paints, cleaning agents, disin-
fectants, air fresheners, etc., and can accumulate in small, poorly
ventilated spaces. The effect of NMVOCs on human health is
determined by the duration of indoor stay and the type and
intensity of regular activities. The chemical load of NMVOCs
indoors is higher in winter than in summer. The health effects of
NMVOCs are similar across all ages and genders, meaning chil-
dren experience the same health issues as adults.

A study has shown that NMVOCs are not only associated with
carcinogenic and respiratory diseases but also enhance meta-
bolic risks and cause obesity and diabetes."™ The benzene-
based volatile metabolites were found to exert both diabetes
and obesity risks by exceeding the index values of non-alcoholic
fatty liver disease. Various studies have investigated the envi-
ronmental impacts of VOC emissions and carcinogenic risk
(CR) associated with the inhalation of VOCs.

Monoaromatic compounds, like benzene, toluene, ethyl-
benzene and xylene (collectively termed as BTEX), are an
important group released from domestic biomass fuel
combustions. The BTEX is known to have a negative impact on
the kidneys, heart, lungs, renal system and nervous system,
causing  cardiovascular  disease,  dyslipidemia  and

Respiratory issues and lung infections

Eye and throat irritation

Aggravation of pre-existing conditions like asthma
Respiratory problems and allergies

Neurological effects

Carcinogenic risks in long-term exposure
Long-term exposure linked to cancer

Irritation of eyes, nose, and throat

Aggravation of respiratory problems

Worsening cardiovascular conditions

Impaired lung development in children
Increased frequency of asthma attacks

Premature mortality and decreased lung function

leukocytosis.****"
known human

Aromatic compounds like benzene are
carcinogens. Carbonyls are considered
hazardous to human health due to long-term exposure. Short-
term health impacts from the inhalation of VOCs like
aromatic compounds and carbonyls are dizziness, headaches,
irritation of throat/skin/eyes etc. Long-term health implications
include nasal tumours, asthma, leukaemia, nasopharyngeal
cancer and reduced pulmonary function.'® Toluene, an
aromatic VOC, is non-carcinogenic, but toluene derivatives are
associated with obesity and diabetes.'*

4.1 Health risk assessment

An estimate of the level of exposure to various substances is
provided by exposure assessment. The carcinogenic potency of
a compound and its average exposure to a target group is used
for the calculation of cancer risk. Xiong et al. (2021) determined
the chronic daily intake (CDI, mg kg™ day ') by multiplying
NMVOC concentration (Cyoe, Mg m ), inhalation rate normal-
ised to body weight (IR/BW in L per kg body weight-day), A is the
unitless inhalation absorption factor, exposure frequency (EF in
weeks per year) and 10~ ° is a unit conversion coefficient con-
verting micrograms to milligrams and litres to cubic metre."*’
Mathematically,

Table 5 Reference exposure levels (REL) and cancer potency factors (CPF) of volatile organic compounds®

Volatile organic compounds USEPA class Chemical formulae REL (ug m ) CPF (mg per kg day) ™’
Benzene A CeHg 3 0.1

1,3-Butadiene B2 C,Hg 2 0.6

Chloroform B2 CHClI; 300 0.019

Ethylbenzene D CgH1 2000 0.0087

Toluene — C,Hg 300 —

Styrene — CgHg 900 —

Propylene — C;3H,g 3000 —

m/o/p-Xylenes — CgH;o 700 —

n-Hexane —_ CeH1s 7000 —_

¢ US Environmental Protection Agency carcinogen classifications: Group A- Human carcinogen; Group B2- Probable human carcinogen; Group D-
Not classifia2ble as to human carcinogenicity (International Agency for Research on Cancer).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CDI = Cyoc ¥ {IR/BW} x 4 x EF x 107° (14)

After the assessment of CDI of various NMVOCs, the health
risk associated can be determined by hazard quotient (HQ,
unitless) and inhalation cancer risk (ICR, unitless). HQ and ICR
present the chronic non-cancer and cancer-associated risks,
respectively. HQ and ICR can be calculated as:

HQ = C,o/REL (15)

ICR = CDI x CPF x ASF x ED/AT x FAH (16)
where REL is the reference exposure level of VOCs (ug m™~*), CPF
is cancer potency factor (mg per kg day) ', ASF is the age
sensitivity factor (unitless), FAH is the fraction of time spent at
home (unitless), ED refers to exposure duration (years) and AT is
the average time for lifetime cancer risk (years).'*> Anticipation
of adverse non-cancer risks remains negligible if the HQ
remains below or equals 1. However, if the value of HQ exceeds
further, the probability of experiencing adverse non-cancer
effects due to exposure to VOCs increases significantly.'*®
USEPA classifies ICR values 1 x 10~ ®and 1 x 10* as acceptable
and tolerable risk levels, respectively. The reference exposure
levels (REL) and cancer potency factors (CPF) for various VOCs
can be found in Table 5.'*°

5. Policies for the reduction of
NMVOC emissions from domestic
biofuel burning

Solid residential fuel usage is prevalent in rural households due
to its economic viability, aesthetic reasons and ease of access.
To address the issue of on-field burning of crop residues, the
Government of India (Gol) implemented stringent measures
and collaborated with environmental scientists and educators
to formulate proposals and forums. The Gol promoted
sustainable management methods and introduced schemes to
raise awareness about the harmful effects of emissions linked to
biofuel combustion. To reduce NMVOC emissions from biofuel
combustion, the government introduced policies benefiting
citizens below the poverty line (BPL), providing free LPG
connections and subsidized refills to improve their socio-
economic status. Despite these efforts, it was observed that
people continued to rely primarily on domestic biofuels due to
affordability issues, limiting the adoption of LPG.

Domestic biofuel usage is prominent in rural and slum areas
due to its economic aspect and easier availability. Stringent
measures have been regulated to curb the burning of crop
residues on-field. Numerous proposals and forums were
formulated by the Government of India (Gol) with the help of
environmental scientists and educators. The Gol promoted the
usage of alternative sustainable management methods and
introduced multiple schemes to make people aware of the
harmful consequences of linked emissions from biofuel
combustion. To limit the NMVOC emissions associated with
biofuel combustion, the government introduced multiple poli-
cies benefitting people below the poverty line (BPL), which

2162 | RSC Sustainability, 2024, 2, 2150-2168
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aimed to provide free LPG connections and refill at subsidized
rates for the improvement of the socio-economic status of
economically underdeveloped citizens. However, it was later
observed that people continued to rely primarily on domestic
biofuels, and the usage of LPG was limited due to low
affordability.

To reduce the associated NMVOC emissions from biofuel
combustion, low pollutant emitting fuelwood species might be
promoted for residential activities. Singh et al. (2014) conducted
an experiment in which 32 fuelwood species were evaluated
based on their emission qualities."*® Fuelwood properties like
moisture, density, nitrogen, carbon, energy value, ash gener-
ated, silica content, NMVOC emissions and fuel value index
were considered for defining less hazardous fuelwood species
associated with lower emissions. 9 fuelwood species were
identified, which showed minimum emissions of pollutants
and can be grown even on degraded lands."* These 9 species
were Acacia auriculiformis, Acacia nilotica, Albizia lebbeck, Albizia
chinensis, Embelica officinalis, Eucalyptus hybrid, Prosopis juli-
flora, Punica granatum and Terminalia chebula.

The agricultural production in India is immense, but there is
a lack of management of generated agricultural wastes, which
are underregulated compared to municipal solid wastes (MSW).
This is largely due to the handling of agricultural wastes, which
is undertaken by the respective owners with little involvement
from the public sector. India, being an agrarian nation, gener-
ates large volumes of food products associated with huge agri-
cultural by-products and wastes. Jain et al. (2014) estimated that
India generated about 620.44 Mt per year of crop residue waste,
of which Uttar Pradesh contributes to the majority of crop
residue burned, followed by Punjab and Haryana.'** The
farmers often use crop residues along with fuelwood for their
residential activities like cooking and space heating in winter.
The particulate matter emissions from crop burning were found
to be 17 times more than the other sources (MSW burning,
vehicular emissions and industrial emissions) combined.**> The
Government of India has already implemented “waste to energy
mission” by installing biogas plants to curb the crop residue
burning, but it must be promoted comprehensively.

The Government of India also directed the National Thermal
Power Plant (NTPC) to blend 10% of crop residue pellets with
coal during power generation, which will benefit the farmers as
well.”®* This step will ensure farmers minimise their depen-
dency on crop residue usage for residential activities. Instead,
they will try to maximise their profits by selling off the crop
residue pellets to the government. Processing biomass fuels in
a pellet form can reduce the emissions of NMVOCs compared to
the raw biomass material. A study found that pelletization
reduced the VOCs emission potential of carbonized refuse-
derived fuel by approximately 86% during storage compared
to the ground raw material."** Another study on wood pellets
made from Norway spruce and Scots pine sawdust showed that
the main VOCs produced due to oxidation of stored wood
pellets were methanol, pentane, pentanal, and hexanal. Higher
VOC concentrations but lower emission rates were found in
softwood pellets compared to hardwood and blended pellets.
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6. Conclusion

This review is primarily focused on the combustion of domestic
biofuels used for residential activities in the Indian subconti-
nent, along with associated NMVOC emissions and their
emission factors, diagnostic ratios, ground-level ozone and PAN
formation resulting from the emitted NMVOCs. The article
discusses the combustion-dilution chamber design, which
replicates the typical indoor emission conditions. This article
also discusses the different species of NMVOCs emitted during
various combustion phases like ignition, flaming and smol-
dering. The review further discusses the surface ozone and PAN
formation from the NMVOCs emitted during the combustion
cycle. The identification of potential sources of air pollutants
using diagnostic ratios and PCA analysis is also described
meticulously. The air pollutant loading for NO,, NO, NO,, CO
and surface ozone, along with NMVOCs like benzene, toluene,
o-xylene, m,p-xylene and ethylbenzene over Delhi from January
2018 to June 2021, were considered for the analysis. Various
policies introduced by the government to mitigate the existing
crisis of air pollutants and potential solutions for limiting the
emissions of volatile organic compounds are also discussed in
the present study.
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