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Abstract: The urban areas of Pakistan exhibit some of the world’s highest levels of air pollution,
primarily due to sub-2.5 pm particulate emissions. This issue significantly impairs both the country’s
economy and the quality of life of its residents. Road transport is a significant contributor to anthro-
pogenic air pollution but there are discrepancies about the extent of its share. Source apportionment
and sectoral inventory studies attribute anywhere between 5 and >80% of the total air pollution
to vehicular sources. This uncertainty propagates into the transport policy interventions that are
informed by such studies and can thus hinder the achievement of desired pollution mitigation targets.
In an effort to reconcile such discrepancies and guide future studies and policy-making efforts, this
paper critically reviews source apportionment studies conducted in the urban centres of Pakistan
over the past two decades. The strengths and weaknesses of different approaches are compared,
and results from the studies are discussed based on the emissions profile of Pakistan’s automotive
fleet that emerges. Inconsistencies in the reporting of pollutant concentrations and interpreting
their impacts without accounting for the relative disease burden of different pollutant species are
found to be the major reasons for the large variations in the reported sectoral shares. At the end, a
framework for regular air pollution monitoring and source tracking is proposed in which high-fidelity
receptor-based studies inform lower-fidelity but economical sectoral inventory assessments.

Keywords: Pakistan urban air quality; air pollution; source apportionment; transport emissions;

internal combustion engine emissions

1. Introduction and Background

The global transport system accounts for around 16% of the world’s greenhouse gas
(GHG) emissions, and around half of these originate from road passenger vehicles, which
are at present, mostly powered by internal combustion (IC) engines running on fossil fu-
els [1]. Moreover, harmful pollutants emitted by vehicles are significant contributors to local
air pollution. Globally, around 27% of urban air pollution is attributed to road transport [2].
Pakistan, the world’s fifth most populous country with a population of over 240 million [3],
contributes minimally to the global warming problem with its humble sub-0.5% share of
the total GHG emissions [4]. Around 23% of Pakistan’s GHG emissions originate from road
transport [5]. The transport emissions are also associated with dangerously high levels of
air pollution present in Pakistan’s urban centres [6-8]. The country’s air quality is currently
ranked as the worst (180 out of 180) in the world [9]. Air pollution has been estimated
to reduce the average life expectancy in Pakistan by nearly four years [10]. However,
significant uncertainty exists about the extent of the road transport sector’s contribution to
air pollution in Pakistan’s urban centres. Some source apportionment/sectoral inventory
studies have estimated the share of transport to be below 5% [5], while others have reported
values above 70% [6,11]. This large variation is believed to result from: (i) the scarcity
of high-fidelity, primary pollutant emissions data, which necessitates indirect estimation
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approaches, and (ii) differences in interpretation and reporting of the contributions of
various pollutant species.

This paper attempts to reconcile these differences by providing a background of
the primary source of road transport emissions in Pakistan, i.e., the internal combustion
(IC) engine. Based on a survey of source apportionment studies, the relative strengths
and weaknesses of different apportionment modelling approaches are compared. It is
hoped that the comparison will support policymakers in the interpretation of source
apportionment results and researchers in designing suitable studies. This can, in turn, help
design suitable transport interventions to improve air quality and provide tools to monitor
their impact. The discussion includes the major urban centres of Pakistan: Karachi, Lahore,
Rawalpindi/Islamabad, Faisalabad, Peshawar, Gujranwala, and Quetta (Figure 1).
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Figure 1. Major urban centres of Pakistan reviewed in this study [12].

After presenting a background to the air quality problem, the production of pollutants
from vehicles in Pakistan is discussed (Sections 2 and 3), followed by a thorough review
of source apportionment studies from Pakistan’s urban centres (Section 4); based on these
studies, at the end (Sections 5 and 6), recommendations are given for monitoring the
contribution of vehicular emissions to Pakistan’s urban air pollution.

1.1. The Air Quality Problem

Air quality is a broad term used to characterise ambient air pollution levels. Com-
mon airborne pollutants that are of concern for human health include: carbon monoxide
(CO), nitrogen dioxide (NO,), tropospheric (ground level) ozone (O3), particulate mat-
ter (PM), and sulphur dioxide (SO,) [13]. These pollutants are responsible for multiple
cardiovascular, respiratory, and neurological ailments [6,14-20]. There is no safe level
of air pollution [21], and vulnerable populations (children, the elderly, and people with
co-morbidities) are most at risk. For example, school children in Lahore have been found
to be exposed to high concentrations of toxic metals like chromium in the air [22], and the
cognitive performance of school children in Lahore and Islamabad has been reported to be
significantly associated with exposure to air pollution [23], with children in the relatively
more polluted city (Lahore) performing poorly on cognitive tests. Similarly, vehicular and
industrial dominated pollution in Quetta [24] and Malakand [25] found associations of
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physical health deterioration (particularly related to allergies and respiratory diseases)
among the surveyed population.

Unlike climate change, air quality degradation is a regional problem, i.e., its sources
and solutions lie at the local/regional level. Thus, there is a strong impetus to address the
problem for Pakistan by introducing appropriate interventions to mitigate the local causes
and realise health benefits for its inhabitants. Doing so also can yield co-benefits for climate
change mitigation [5].

1.1.1. Indexing Air Quality

To effectively communicate the overall quality of ambient air, the concentration of
harmful pollutants is frequently summarised as an Air Quality Index (AQI). Such indices
are scaled, weighted averages of airborne pollutant concentrations based on their relative
harm potential (i.e., disease burden). The most common AQI is the one developed by
the US Environmental Protection Agency (EPA), originally in 1976 [26]. It considers six
pollutant species (O3, PMy 5, PM;j, CO, NO,, SO,) and ranks air quality on a “good” to
“severely unhealthy” scale [27]. The pollutant with the highest score is taken to be the AQI
value. The AQI can thus be regarded as a conservative index of air pollution, as it does
not consider the cumulative health effects of all pollutants [26]. The AQI used by Punjab’s
(Pakistan’s most populous province, home to around 53% of the country’s population [28])
Environmental Protection Department (EPD) is a variant of the US EPA index. It is based
on the same six criteria pollutants [29]; however, the choice of pollutant weighting factors
and air quality categorisation is not in conformance with international standards. It, thus,
under-states the severity of air pollution, e.g., “very unhealthy” as per US EPA’s AQI is
considered “moderately polluted” as per Punjab EPD’s AQI [7]. Moreover, air quality
reports published by the EPD only include PM; 5 and PMjg concentrations [30].

1.1.2. Particulate Matter—The Principal Pollutant and Air Quality Index

Particulate matter (PM) refers to emissions of small solid or semi-solid particles, as
opposed to gaseous pollutants like NO,, CO, or SO,. PM can vary in size, based on its
sources and transport mechanisms, from a few nm to hundreds of um [16]. Smaller particles
are more harmful to human health because they can penetrate deeper into the respiratory
system and seep into the bloodstream [16]. In air pollution measurements, PM is commonly
divided into two subgroups based on the average aerodynamic particle diameter: fine
particles up to 2.5 um are binned under PM, 5, and coarse particles up to 10 um in size are
collectively reported as PMyj.

Another term used in reference to particulate matter is aerosols. This refers to sus-
pended PM which results when fine particles (in the so-called “transient range”) grow
by the coagulation of multiple particles and condensation of volatile organic compounds
(VOCs). “VOCs” is used herein to be consistent with the air quality literature. In the IC
engine context, “unburned hydrocarbons” is a more apt descriptor. Gaseous pollutants
present in the air, most notably oxides of nitrogen (NOy) and sulphur (SOy), and ammonia,
also contribute to the growth of fine particulates. Aerosols up to 2 pm can stay suspended
in the atmosphere for 1-2 weeks and are capable of long-range transport. Mechanically
generated PM, e.g., re-suspended and wind-blown dust, road, and tyre wear, are larger in
size (2-100 um) and settle down via sedimentation [16].

The dispersal of aerosols in the air depends strongly on local meteorological conditions.
Generally, dispersal is poor in winter when the air density is high and wind velocities
are low, and during temperature inversion events. Fine aerosol particles can be rained or
washed out via precipitation. It is the net effect of these meteorological conditions that
the lowest PM, 5 concentrations in Lahore have been reported during the monsoon season
(July to September) [6], and winter concentrations have been found to be four times greater
than summer levels [31].

Urban smog: A visible manifestation of poor air quality in Pakistani cities in the
plains during the winter is the occurrence of smog. Smog, a portmanteau of smoke and



Air 2023, 1

240

fog, is formed by reactions between O3, PM, VOCs, NOy, and SOy, with PM; 5 being a
main precursor [8,32]. In the cold and humid conditions common during winter in these
cities, suspended PM, 5 act as condensation nuclei, forming fog droplets and leading to
severely reduced visibility [16,33]. Up to 70% of the smog in Lahore has been reported to be
comprised of NOy, a major source of which are road vehicles [34]. Smog can cause multiple
adverse health impacts, including exacerbation of asthma, allergies, eye and respiratory
infections, diabetes, and cardiac ailments [32,35].

PM as an AQI: Frequently, the concentration of PM is used as a proxy for AQ], as it has
the strongest effect on air quality and pulmonary health, especially PM; 5, which even in
small quantities (55 1g/m3 over 24 h) renders air “unhealthy” [27,36]. The World Health
Organisation (WHO) air quality guidelines recommend 15 and 45 pg/m3 over 24 h for
PMj; 5 and PM;, respectively [37]. Pakistan’s National Ambient Air Quality Standards
(NAAQS), introduced in 2005, are higher than the WHO guidelines at 35 and 75 pg/m?,
respectively [13,36]. Because of the very high disease burden of PMj, 5, achieving PM; 5
NAAQS targets has been set as a priority in the recently launched Pakistan’s National
Clean Air Policy of 2023 [38]. Urban centres in Pakistan report hazardous PM; 5 levels
during most of the year [6,31,39], e.g., Lahore reported PM, 5 levels up to 123 pg/m3 in
2019 [38] and PMj; 5 concentration in Peshawar averaged at around 80 ug/ m?3 in 2018 [40].
In such scenarios, the reported AQI is effectively a PMj; 5 index as that is always the species
with the highest pollution score.

2. Vehicle Pollutant Emissions

The combustion of common petroleum fuels like petrol and diesel in IC engines
releases the following major species: nitrogen, water, CO,, O,, NOy, CO, unburned hy-
drocarbons (VOCs), and PM in the exhaust. Secondary species like SO, N,O, aldehydes,
and ammonia can also be produced [41]. CO; is a GHG and is thus harmful to the global
environment but in the amounts leaving automotive exhaust, it is not harmful to human
health directly. Water and nitrogen are benign species. The remaining species (CO, NOy,
VOCs, PM, and SO,) are pollutants and have harmful health implications. In addition
to these exhaust emissions, non-exhaust emissions (as PM) are also produced by vehicles,
most notably from brake, tyre, and road wear, and re-suspension of previously deposited
roadside dust [42]. While in automotive markets with strong exhaust emissions regulations
(e.g., the Euro 6d or Carb LEV III [43]), non-exhaust emissions are becoming the predomi-
nant source of PM emissions [1], in a market like Pakistan with weak emissions regulations
(Euro 2), exhaust emissions are of greater concern. In fact, modern engines emit harmful
exhaust pollutants in incredibly low amounts—so much so that it is starting to be claimed
that “we have effectively solved the exhaust pollutant emission problem from internal combustion
engine vehicles” [1].

2.1. Pollutant Production in IC Engines

Oxides of nitrogen (NOy) are formed by the combination of nitrogen and oxygen from
the air at the high temperatures present during combustion. Engine designs and combustion
regimes that lower combustion temperatures reduce NOy emissions.

CO and VOCs are products of incomplete combustion, and can be reduced by improv-
ing the mixing of fuel and air to promote complete combustion. VOCs also arise from
misfiring combustion, wall wetting, crevice release, and direct evaporation from fuel tanks,
especially in warm climates. Unburned hydrocarbon emissions from compressed natural
gas (CNG) vehicles also include methane, which is a very potent GHG and contributes to
ground-level O3 formation.

Particulate emissions result from the combustion of locally concentrated (rich), espe-
cially liquid, hydrocarbon fuel parcels. Most PM from the exhaust is composed of very
fine particles (transient nuclei) but they grow rapidly via VOC (most notably polycyclic
hydrocarbons, PAHs) condensation to form larger (accumulation range) particles [16].
Previous studies have found that PAHs in combustion engines are formed due to incom-
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plete combustion during thermal synthesis [44]. PAHs are therefore considered molecular
markers for combustion sources in source apportionment studies [15]. PM emissions are
higher for engines with poor air-fuel mixing.

SO, emissions result from the oxidation of sulphur in the fuel or lube oil. Sulphur
is a naturally occurring component of crude oil but is removed during fuel refinement
to comply with regulatory limits (Table 1). Thus, SO, emissions are controlled not via
combustion and emissions control technologies (as is the case for NOy, PM, CO, and VOC
emissions) but by removing the feedstock needed for its generation. SO, emissions are
negligible in markets with strong fuel regulations. In the UK, for example, atmospheric
50, levels dropped by 95% from 1970 to 2014 because of the removal of sulphur from
petroleum fuels [1].

Table 1. Sulphur level limits in European fuel regulations [45].

Regulation Application Date (in Europe) Sulphur Level Limit (ppm)
Euro 2 1996 500 (diesel)
Euro 3 2000 350 (diesel), 150 (petrol)
Euro 4 2005 50 (diesel, petrol)
Euro 5 2008 10 (diesel, petrol)
Euro 6 2013 10 (diesel, petrol)

2.2. Determinants of IC Engine Emissions

Some important engine design and operating parameters that affect pollutant produc-
tion are listed below [1,46].

Air-to-fuel ratio: If more air is supplied than is needed to completely oxidise the
available fuel (the stoichiometric amount), the mixture is considered fuel-lean and leads
to more complete and cooler combustion. This reduces emissions of VOCs, CO, and NOx.
Burning stoichiometric or rich is desirable from a drivability perspective, even though
doing so can impose an efficiency (fuel consumption) penalty.

Engine combustion mode: The two most common engine combustion systems are com-
pression ignition and spark ignition systems. Engines employing these are colloquially
referred to as diesel and petrol engines, respectively, because of the predominant fuels
traditionally used in them even though spark ignition engines are commonly used to
burn other fuels (e.g., CNG, LPG, ethanol) as well. Compression ignition engines operate
fuel-lean but are direct fuel-injected, whereby locally rich fuel-air parcels combust in a
globally lean combustion process that is limited by the mixing of the injected fuel with air.
This leads to the formation of soot and high PM emissions, but low CO and VOC emissions.
Petrol engines mostly operate on stoichiometric mixtures and have relatively high VOC
and notable CO emissions.

Fuel metering system: Fuel can be admitted into an engine via (direct or indirect)
injection, or carburetion. Injection-based metering provides precise control over mixture air—
fuel ratios. Direct (in-cylinder) injection can form spatially stratified mixtures and improve
engine efficiency and stability, which reduces CO and VOC emissions. This can, however,
lead to higher PM emissions. Petrol engines have in the past been carburetted or indirectly
injected, but modern engines increasingly have direct injection systems. Resultantly, PM
emissions, which have traditionally been very low for petrol engines, have become notable.
Modern emissions regulations like Euro 6 thus have strict PM (4.5 mg/km) and particle
number (6 x 10 /km) limits [43].

Engine operating cycle: 1C engines usually operate on a two-stroke (25C) or a four-
stroke cycle (45C). Although 2SC engines have the advantage of having higher specific
power (better drivability) and simpler design (higher reliability, lower cost), they have
traditionally suffered from high exhaust pollutant emissions, especially the small engines
used in 2/3 wheelers. Such engines are crank-case scavenged, whereby they cannot have a
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lube oil sump and thus require o0il to be mixed with fresh air (at a ratio of around 1:40) [47].
The combustion of this lube oil leads to high VOC, PM [15], and SO, [48] emissions.
Moreover, traditional 2SC designs suffer from low levels of mixing of fuel with air, which
leads to increased CO, PM, and VOC emissions.

Fuel properties: The chemical and physical properties of fuels also affect the production
of emissions, e.g., fuels with higher sulphur and aromatic (benzene derivatives) compounds
produce more PM emissions, fuels with low carbon to hydrogen ratio (e.g., natural gas)
produce low CO emissions, gaseous fuels produce lower PM emissions, and oxygenated
fuels (e.g., ethanol-blended petrol) tend to have higher aldehyde emissions. Requirements
about fuel composition are defined by fuel quality standards (Table 1). A fuel’s propensity
to generate PM emissions can be indexed by so-called PM Indices [49].

After-treatment systems: If pollutant concentrations cannot be reduced via combustion
management, they should be lowered in the vehicle exhaust through “after-treatment”
systems. Some common after-treatment devices used in countries with strict emissions
regulations are:

o  Three-way catalysts simultaneously reduce exhaust concentrations of CO, VOCs, and
NOy in spark ignition engines. They require stoichiometric engine operation.

e Selective catalytic reduction catalysts are used in lean-burning engines, mostly diesel
engines, to reduce NOy emissions. An on-board reservoir of an ammonia-releasing
compound like urea is required for their operation.

e  Oxidation catalysts oxidise unburned fuel and products of incomplete combustion
(CO and VOCs) to CO,. They are also known as two-way catalysts or catalytic
converters [1].

e Particulate filters trap PM emissions and regenerate periodically via rich burning events.
Originally made for diesel engines (as diesel particulate filters, DPFs) such filters are
now increasingly being used for direct injected petrol engines (as gasoline particulate
filters, GPFs).

Many of these after-treatment systems use precious metals as catalysts that can be
“poisoned” if the fuel is not of sufficiently high quality, e.g., diesel particulate filters and
selective catalytic converters require sub-50 ppm levels of sulphur to operate effectively
as “soot-free” vehicles, and three-way catalysts can be poisoned by high sulphur content
fuel [45]. The lack of modern standard fuels thus not only causes high emissions production
(e.g., of SOy, PM) directly but also indirectly by hindering the adoption of vehicles with
advanced after-treatment systems. A related example is from 2017 when Honda stopped
the production of its Civic sedan in Pakistan purportedly because of high manganese levels
in the fuel [50].

3. Sectoral Profile of Pakistan’s Urban Automotive Fleet

Pakistan’s urban road traffic makeup, similar to that of other South Asian cities [51], is
heterogeneous [6,52], as can be seen from vehicle sales data for the year 2021-2022 shown
in Figure 2. The urban automotive fleet includes:

e  2/3 wheelers (motorcycles, scooters, autorickshaws, and “loaders”) make up 70-90%
of the total fleet by vehicle numbers. Newer models are predominantly powered
by 4SC, carburetted [53], petrol engines, while older models have 25C engines [54].
Autorickshaws (around 3% of the total fleet) have traditionally been powered by 25C
petrol engines (frequently retrofitted to operate on liquefied petroleum gas, LPG),
but are now increasingly running on 4SC petrol [55], CNG [56], or retrofitted LPG
engines [11]. Most 2/3 wheelers are either Euro 2 compliant [57] or are not rated for
any emissions norms (as per publicly available technical specifications).

e  Cars make up 10-15% of the total fleet. They are powered by 45C engines, fuelled
predominantly by petrol and diesel, with a notable tertiary share of petrol engines
retrofitted to run on CNG. Newer petrol engines are likely majorly indirect (port) fuel
injected [58-60], while older ones are carburetted. The majority of the locally produced
cars are Euro 2 compliant, while a few meet Euro 4 norms [58,61].
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e  Heavy duty vehicles (HDVs) (trucks and buses) make up around 3% of the fleet, and
around 2% of the fleet is composed of light commercial vehicles (LCVs) (vans, pick-up
trucks, and SUVs). They are predominantly powered by diesel 4SC engines for high-
power applications, and by petrol or CNG 4SC engines for lower-power uses. New
buses and trucks are Euro 2 or 3 compliant [62,63].
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Figure 2. Annual sales of vehicles in Pakistan from 2021-2022 [52]. The data do not include im-
ported vehicles and vehicles from manufacturers that are not a part of the Pakistan Automotive
Manufacturers Association. Tractor sales have been excluded.

To account for differences in typical engine size, sales data [52] are used to determine the
average and total engine capacity for each vehicle class. The engine capacity determines the
amount of air breathed by an engine (ignoring supercharging) and consequently, the amount
of pollutants produced by a vehicle (assuming the same emissions factors gpolitant/ km).
Doing so accounts for the small engine sizes of typical 2/3 wheelers and presents a more
realistic picture of the emissions production potential of different vehicle classes. The results,
shown in Figure 3, reveal that around 46% of the total engine capacity belongs to cars, followed
by 30% to 2/3 wheelers, 15% to LCVs, and around 9% to HDVs. This is substantially different
from the vehicle number-based breakdown in Figure 2, where cars made up around 11% of
the fleet and 2/3 wheelers possessed the greatest share (around 87%).

x10°
25}

T
45.8%

30.4%

Total capacity (in Litres)

Cars HDV LCV 2/3 Wheelers

Figure 3. Total engine capacity of different vehicle classes calculated from sales data for 2021-2022 [52]
by assuming average engine capacity values of: 1077 cc for cars, 7000 cc for trucks, 8000 cc for busses,
1818 cc for LCVs, 88 cc for 2/3 wheelers. The values are calculated based on vehicle sale numbers
and publicly available technical specifications.

In terms of the overall fuel consumption by road transport, 90% is liquid petroleum
fuels with petrol and diesel having almost equal (43 and 47%, respectively) shares, and minor
shares of LPG and kerosene. The remaining 10% consumption is of CNG [8,64,65]. Current
regulations require fuel quality to comply with the outdated Euro 2 standards. As a result,
fuel in Pakistan, especially diesel, has high levels (351-550 ppm) of sulphur in it [45].
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Pakistan also has one of the highest concentrations of benzene in petrol, reaching
>5% [66], while modern Euro standards require less than 1% [67]. Recently there has been a
move towards shifting to Euro 5 petrol, which will reduce benzene and sulphur content by
98 and 80%, respectively [68]. However, diesel fuel sulphur limits remain high. The recently
announced National Clean Air Policy by the federal government has set aspirations for
enhancing fuel quality standards to Euro 5 by 2025 and Euro 6 by 2030, and has declared it
the highest priority for reducing air pollutants from the transport sector [38].

4. Review of Source Apportionment Studies from Pakistan

A survey of source apportionment studies from Pakistan over the past two decades
was conducted to compare different approaches, and to develop a general emissions profile
of Pakistan’s urban automotive fleet. A summary of this survey is presented in Table 2.

Broadly, source apportionment studies can be divided into two categories [69]:

e Top-down studies that use air samples (or a proxy [14]) and compare physical and
chemical properties of pollutants (predominantly PM) to reference source profiles.

e  Bottom-up studies that identify pollution sources, estimate their emissions factors
(intensity), and calculate sectoral contributions based on each sector’s activity.

Some of the reviewed top-down and bottom-up approaches used to characterise air
pollutants from roadside environments in Pakistani cities are described next.

4.1. Top-Down Approaches
4.1.1. Ground Sampling and Chemical Analysis (Receptor Based)

These approaches analyse particulate emissions from sampled air to determine their
origins, and have been used in multiple studies in Pakistan over the years.

Lodhi et al. [31] sampled air from Lahore (Johar Town) from 2005 to 2007 and chemically
analysed PM in it for 25 different tracer species. A regression based Positive Matrix Factorisa-
tion (PMF) receptor model was used to predict likely sources by grouping highly correlated
tracer species together as “factors.” The factor groups relevant to transport were “vehicular
emissions” and “vehicular/industrial oil burning.” The former had high concentrations of
Cd, Pb, Sb, and Zn (found in lube oil, brake lining, tyres, and bearings), and the latter had
high secondary aerosol (sulphate and nitrate) levels. Of the total PM, 5 emissions, 5% were
attributed to vehicular traffic and 18% to oil burning. Assuming an annual average PM; 5
level of 190 ug/m3 and that a third of the oil burning emissions were from vehicles (2SC
engines), the transport sector would be responsible for 21 g/ m? (11%) of airborne PM, 5. In
a following study [70], the authors used air samples collected in 2010 from Lahore to source
apportion PMg. The PFM analysis included carbonaceous tracer species as well and identified
five emissions sources. The “vehicular emissions” factor, the only transport-related factor, was
responsible for 107 pg/ m? (around 26.5%) of all PM;o emissions.

Raja et al. [71] also used a PFM model to source apportion PM; 5 in Lahore’s air using
samples collected from the Punjab University campus in the winter of 2005. They consid-
ered 25 trace elements, identified six key sources, and reported high correlation coefficients.
Transport-related sources were diesel engines and 2SC vehicles, which, respectively, con-
tributed 28.3% and 7.7% to the ambient PMj 5 concentration. For the average recorded
PMj 5 level of 190 pg/ m?3, this translates to around 54 ng/ m3 and 14.6 ug/ m3, respectively.
The 25C vehicle group was identified based on the presence of tracer species (including
sulphates) that are produced by lube oil combustion. The diesel combustion group was
identified by high concentrations of organic carbon and sulphates. PMj 5 originating from
25C were higher during the day, while those of diesel origins were higher at night due to
the respective activity patterns of 2/3 wheelers and heavy duty vehicles.

Stone et al. [15] performed one of the most rigorous top-down source apportionment
assessments of Lahore’s air pollution. Air samples were collected from the University of
Engineering and Technology campus every six days for an entire year (2007). Particulates in
the samples were chemically assayed to measure the fractions of their carbon constituents
(elemental and organic carbon), water-soluble ions, and selected organic molecular markers.
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The lack of marker profile data for non-traditional fuels like rubber/coal used in brick
kilns resulted in a notable fraction (up to 35% of organic carbon) of PM; 5 not being
assigned to a source. The source profile library was then used for PM, 5 and PM; source
apportionment using a chemical mass balance model developed by the US EPA. The results
showed that the major (=40%) portion of fine PM, 5 was carbonaceous in nature (mostly
organic carbon), suggesting combustion origins. Sulphates were the next most significant
component (6%),followed by nitrates (3%). Monthly averaged organic carbon contributions
varied from 26 to 152 pg/ m3. The single largest contributor to the organic carbon of PM; 5
was non-catalysed petrol vehicles (including 2SC vehicles) ranging from 20 to 51 pg/m3
(29-86%). Diesel vehicles contributed around 4 p1g/m?3 (6.8%). Organic carbon constituted
around 37% of the PM; 5 mass, bringing the PM, 5 contribution from petrol vehicles to
10-32%, and that from diesel engines to around 2%.

4.1.2. Ground Sampling with Meteorological Measurements

Continuous, ground-based sampling using dust collectors that report PM; 5 and PMj
concentrations have been used in multiple studies in Pakistan’s urban centres [6,36,39]. These
studies only report the total PM concentration and not its composition. Khanum et al. [36]
used ground-based sampling data at two locations in Lahore (Township and Townhall) from
2007 to 2011 and measured ambient concentrations of PM; 5, NOy, SO,, and O;. A positive
correlation between CO, SO,, and NOy identified combustion engines as the likely emissions
source, as all three species are produced from their operation. Rasheed et al. [39] attributed
changes in PM, 5 emissions corresponding to the diurnal cycle to morning rush hour traffic
and the movement of heavy-duty vehicles at night.

4.1.3. Ground-Based Radiometer

Another ground-based approach uses automated sun and sky scanning radiometers
(AERONET) to calculate ambient PM concentration and size distribution from the optical
characteristics of air. Such studies have found that the PM in Lahore in summer and spring
are majorly composed of coarse particles because of increased dust storm frequency, while
in winter, fine aerosols become prominent. Additionally, the concentration of fine particles
does not change significantly across the year, while that of coarse particles increases during
summer and spring [36,71,72].

Khokhar et al. [33,73] used multi-axis differential optical absorption spectroscopy that
measures the spectra of scattered sunlight at different viewing angle elevations to measure
NO; emissions in Islamabad, Rawalpindi, and along the N5 highway to Lahore. They
reported an increase in NO; levels when CNG was not available in Islamabad /Rawalpindi,
suggesting that CNG vehicles emitted less NOx.

4.1.4. Satellite Data

Satellite air quality data can measure the total aerosol concentration and also distinguish
between various components and thus be used for monitoring pollution levels and broadly
identifying emissions sources. In a recent report by the Government of Punjab [6], PM; 5 data
from 2011-2021 for Lahore from the Copernicus Atmospheric Monitoring Services (CAMS)
portal was used to discuss trends in PM; 5 concentration and the concentration of black carbon,
sulphates, organic carbon, and dust. A recent source apportionment study from Peshawar [40]
used CAMS data from 2011 to 2020. After analysing the aerosols, the study estimated that the
transport sector was responsible for 58.46% of the air pollution in Peshawar. Ahmed et al. [74]
used satellite image data for “aerosol index”, methane, CO, formaldehyde, NO,, O3, and SO,
with a neural network model to predict PMj 5 concentrations for Islamabad, Lahore, Peshawar,
and Karachi, and reported good agreement with measurements from ground-based PM; 5
monitoring stations. However, they did not dissect the aerosols to identify their sources.
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4.1.5. Biomagnetic Characterisation

Biomagnetic methods can characterise air pollution sources from the magnetic sig-
natures of collected samples [75,76], but such techniques have not been used extensively
in Pakistan. Sheikh et al. [14] used magnetic analysis, coupled with electron microscopy
and X-ray diffraction, to characterise fine particulates (i.e., PM;5) in Lahore’s air based on
their morphologies, chemistry, and magnetic properties. Unlike receptor-based approaches,
PM was not analysed from traditional gravimetric air samples. The study collected and
analysed particles deposited on the surface of bottlebrush tree leaves from a high traffic
density area (Canal Road). To identify vehicular sources of PM, reference samples were
collected from brake pads and exhaust pipes of local cars, diesel freight vehicles, and rick-
shaws. Signatures of exhaust and non-exhaust PM emissions from petrol and diesel vehicles
were found on leaf samples. Particles from diesel vehicles were coarser than those from
petrol vehicles, and diesel PM emissions had high sulphur content. Although the study
did not quantitatively apportion the sources of PM; s, it provided useful, high-resolution
information about Lahore’s ambient airborne particulates. After further development
(e.g., calibration for local leaf PM accumulation capacity and meteorological conditions),
such approaches can potentially be used for economically monitoring roadside particulate
pollution and quantitative source apportionment.

4.1.6. Remote, on-Road Sensing

On-road emissions sensing has been used internationally (e.g., South Korea [77], USA [78])
to measure emissions of NOy, VOC, CO, and PM of vehicles on the road. By tracking de-
tails about the vehicle (class, model year, engine/fuel type) from registration information,
emissions profiles of various vehicle classes can be developed, which can help interpret and
reconcile results from source apportionment studies using directly measured emissions data.
The literature survey did not find extensive studies of this sort for Pakistan.

Yasar et al. [79] measured emissions of different vehicle classes in Lahore including
buses (CNG, diesel), autorickshaws (25C LPG, 45C CNG, 4SC petrol), vans (CNG, diesel,
and petrol), motorcycles (2SC petrol, 4SC petrol), and cars (CNG, diesel, and petrol),
seemingly under semi-controlled conditions using portable emissions analysers. CNG
vehicles produced substantially higher CO than diesel vehicles but slightly lower than
comparable petrol vehicles. The NO, emissions from CNG vehicles were lower than
those of diesel vehicles but higher than petrol vehicles. SO, emissions from CNG and
petrol vehicles were comparable, while those from diesel vehicles were around five times
higher. Smoke opacity (a proxy for PM emissions) was the highest for diesel vehicles and
25C LPG autorickshaws, while those for petrol vehicles were low. 25C motorcycles had
slightly higher opacity than 4SC motorcycles. Diesel vehicles also emitted high levels of
VOCs, suggesting rich combustion and/or poor fuel-air mixing. CO emissions from diesel
vehicles were very low and were the highest from 2SC motorcycles and autorickshaws.
Other petrol and CNG vehicles also had high CO levels.

4.2. Bottom-Up Approaches

The bottom-up approaches, as defined herein, found for Pakistan were what are nor-
mally referred to as “sectoral emissions inventory” assessments. Emissions inventories
index anthropogenic emissions and the relative impact of different economic activities.
Sectoral inventory assessments use information about the composition of key emissions
sources (type, number of vehicles, etc.), their activity levels, and emission intensity to
estimate sectoral emissions. Commonly used methods are those proposed by the Intergov-
ernmental Panel on Climate Change (IPCC). These methods are classified from Tier 1 to
Tier 3, in increasing level of granularity and accuracy. Higher tiers require more detailed
and stratified country-specific data, and uncertainty estimates [79]. The Tier 1 method is
used when extensive data about local energy consumption and technology are not avail-
able. It uses default emissions factors and annual activity rates. This method was used in
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the reviewed studies from Pakistan. Country-specific inventory methods have also been
developed [80].

In 2019, the Food and Agriculture Organization (FAO) of the UN carried out a sectoral
emissions inventory study for Punjab across 10 years (2008-2017) [8]. It used a Tier 1
approach with default emissions factors. The results ascribed 43% of the total emissions
(by mass) to transport, and 74% of transport emissions were of CO. Transport contributed
7.7% to the total PM, 5 emissions.

Recently, a sectoral inventory assessment (“the first district scale effort in Punjab”)
was performed for Lahore by the Urban Unit of the Government of Punjab [6]. The IPCC
Tier 1 approach was used with activity data from government agencies and published
literature (2020-2021), and emissions factors from IPCC and European Environment Agency
databases. Major transport apportionment results reported are as follows: 83% of the total
pollutant emissions (by mass) stem from the transport sector, while 35% of PM; 5 emissions
originate from this sector. Around 80% of the total transport emissions were of CO, and
the most polluting vehicle category was motorcycles and scooters, contributing 82% of the
total transport emissions.

Peshawar’s Clean Air Alliance (PCAA) recently developed a sectoral emissions profile for
Peshawar based on energy use estimates and emissions factors from IPCC and International
Energy Agency databases [40]. Around 85% of the total emissions (by mass) were estimated
to have transport origins, with CO making up around 70% of the transport emissions.

The GHG-Air Pollution Interaction and Synergies (GAINS) model developed by the
International Institute for Applied Systems Analysis has also been used to generate source
emissions inventories for Punjab [8] and Pakistan [5,69].

Table 2. Summary of surveyed source-apportionment studies focusing on traffic-related pollution.

Study

Approach

Results

Khan et al. 1996 [81]

Top-down quantitative approach to monitor CO
pollution from vehicle
exhausts at roadside environments [Peshawar]

High levels of CO in different locations of Peshawar.

Barletta et al. 2002 [82]

Top-down approach to quantify the amount of
hydrocarbon and VOCs from exhaust emissions
[Karachi]

Vehicular emissions are a leading source of O3
production in Karachi.

Khan et al. 2008 [83]

Top-down quantitative approach to monitor pollution
from vehicle exhausts at roadside environments
[Peshawar]

High levels of CO and NOyin roadside environments of
Peshawar.

Lodhi et al. 2009 [31]

Top-down using Positive Matrix Factorisation [Lahore]

10-21 g/ m® PM, 5 (5-11%) from vehicles (Nov-March
2005-7).

Faiz et al. 2009 [84]

Top-down approach to quantify road dust pollution
[Islamabad]

Cu and Pb from road dust may have anthropogenic
origin, i.e., vehicles.

Stone et al. 2010 [15]

Top-down approach using chemical markers with EPA’s
chemical mass balance model [Lahore]

Non-catalysed petrol vehicles (including 25C engines):
20 to 51 pg/m> PMy 5 (10-32%),
diesel vehicles: 4 pg/m? PM, 5 (2%) (2007).

Raja et al. 2010 [71]

Top-down method using Positive Matrix Factorisation
[Lahore]

54 ug/ m® PM, 5 (28.3%) from diesel vehicles,
14.6 ug/ m?3 PM, 5 (7.7%) from 2SC vehicles (Winter 2005).

Mansha et al.
2012 [85]

Top-down source apportionment of PM, 5 using Positive
Matrix Factorisation [Karachi]

Major contributors of PMj 5 in Karachi are vehicular
emissions, secondary aerosols, industrial emissions, and
soil/road dust.

Hassan et al. 2013 [86]

Top-down approach to quantify pollution levels from
heavy traffic and industry [Islamabad]

High traffic flow (247,447 vehicles per day) at IJP road
related to high levels of pollution.

Ali et al. 2014 [70]

Top-down but qualitative source apportionment [Lahore]

Coarse particle concentrations decreased in winter
(2009-11).

Alam et al. 2014 [77]

Top-down using Positive Matrix Factorisation [Lahore]

107 pg/m3 PMyj (26.5%) from vehicles (March, 2010).

Ali et al. 2015 [87]

Top-down quantitative approach using a Dust Trak DRX
(Model 8533, TSI Inc.) [Lahore]

Positive correlation of high PM levels with a number of
vehicles.
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Table 2. Cont.

Study

Approach

Results

Javed et al. 2015 [88]

Top-down approach to quantify spatial and temporal
PM levels in [Faisalabad]

The highest PM concentrations were observed at
industrial sites, followed by vehicular emissions.

Kamal et al. 2016 [89]

Top-down approach to quantify PAH levels
[Gujranwala, Lahore, Islamabad]

High levels of low molecular (LM) PAH levels
associated with traffic emissions.

Khanum et al.
2017 [36]

Top-down but qualitative source apportionment
[Lahore]

Peak PM; 5 above 350 ug/ m3, annual average 136
pg/m3 (2007-11).

FAO 2019 [8]

Bottom-up sectoral inventory using IPCC Tier 1
approach with default emission factors [Punjab]

43% of total emissions from transport; 74% of transport
emissions were CO. 7.7% of total PM, 5 emissions from
transport (2008-2017).

Sheikh et al. 2022 [14]

Top-down but qualitative source apportionment using
PM deposited on leaves [Lahore]

Identified particulates from petrol/diesel vehicles on
leaves.

Zahra et al. 2022 [90]

SO, levels were between 418-652 and 423-661 ug/ m3,
SPM concentrations were
555-667 and 581-682 ug/ m? for winter and summer,

Top-down approach to quantify NO,, SO,, COy, and
suspended particulate matter (SPM) [Faisalabad]

respectively.
Mir et al. 2022 [5] Bottom-up sectoral inventory using GAINS model 4% of PM3 5, 46% of NOy, and 9% of SO, emissions
’ [Pakistan] from transport (2015).

Peshawar Clean Air Alliance
2022 [40]

Bottom-up sectoral inventory and satellite data

[Peshawar] Transport contributes to 58.46% of total air pollution.

Lahore Urban Unit 2023 [6]

83% of total emissions from transport. Around 80% of
transport emissions were of CO, <1% were PM, 5, 35%
of total PM, 5

emissions from transport (2020-2021).

Bottom-up sectoral inventory using IPCC Tier 1
approach with default emission factors [Lahore]

5. Discussion
5.1. Comparing Different Approaches

Top-down, chemical analysis-based source apportionment approaches use primary
pollution data instead of estimates of pollution production, as is the case for bottom-up
(sectoral inventory) approaches, to quantify the pollution burden of different sources. Thus,
results from such studies can be considered to be more reliable. The surveyed chemical
analysis-based studies used only one pollutant, i.e., PM, to identify pollutant sources and
the contribution of each source [15,39,69,70]. This is an appropriate choice as particulate
matter is the most problematic (both in terms of prevalence and disease burden) pollutant
in the Pakistani context.

Across the chemical analysis-based techniques, results from studies that use direct
markers of PM emissions from various sources [14,15], instead of relying on regression-
based approaches like PMF [39,69] are of higher fidelity. The assignment of different factor
groups to emissions sources in PMF studies is based on expected sources in the particular
context of the study and can be arbitrary and subjective. Moreover, there can be an overlap
between different source groups, e.g., some vehicular emissions also appeared in the
“vehicular/industrial oil burning” group in Lodhi et al. [31] and in “secondary aerosols” in
Raja et al. [71].

Chemical analysis-based methods are limited in their use by their resource intensive
and demanding requirements. Sophisticated analysers requiring regular maintenance and
calibration, and specialised handling and operation are needed. Sectoral assessments, on
the other hand, are more economical and can provide useful general information about the
contributions of various sectors. However, they are highly susceptible to variability from
the underlying assumptions, especially the choice of emissions factors, and reliability of
activity data [6,40], e.g., the Peshawar Clean Air Alliance sectoral inventory expects under-
estimations in sectoral inventory figures because of assumptions and missing data [40].

A general fidelity and cost ranking of various source apportionment approaches is
presented in Figure 4. The higher fidelity, resolution, and cost studies can be carried
out periodically (maybe every five years) to develop a rich, granulated understanding of
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the emissions profile of different urban centres of Pakistan, results from which can then
inform lower-fidelity and resolution investigations that are relatively economical and can
be carried out more frequently (maybe annually). Knowledge gained from studies ranked
high on the list can be used to fill in gaps and interpret results from lower-ranked studies.
For example, since satellite data-based apportionment studies [40] do not conduct chemical
composition-based sectoral segregation, their results can be read/calibrated with data from
chemical analysis-based apportionment studies.

Chemical analysis using direct source markers Increasing Fidelity

Chemical analysis using PFM Quantitative 1

Sectoral inventories (Tier >I)

Sectoral inventories (Tier I)

PM Sampling with Meteorological Data
Ground Based Radiometer

Qualitative

Satellite Measurements

Decreasing Cost

Figure 4. Comparison of different source apportionment approaches.

5.2. Interpreting Results—How Much Do Vehicles Contribute to Pakistan’s Air Pollution?

Three different indices have been used in the preceding discussion to quantify air
pollution intensity:

1. AQI which reports the weighted value of the most hazardous pollutant.

2. Concentration of PM; 5, the most problematic airborne pollutant, reported in pg/ m3
in source apportionment studies.

3. Total mass (in Gg or tons) of all emitted species, used in sectoral inventory assessments.

The first two indices, to varying degrees, account for the differences in the disease
burden of different species, i.e., 1 g of PM; 5 and 1 g of CO are not equally harmful to human
health, whereas emissions inventories, if used to ascribe sectoral pollution share, treat the
damage potential of 1 g of CO and 1 g of PM; 5 as being equal. As a result, because of the
disproportionately high CO emissions from Pakistan’s transport sector, its contribution
to air pollution appears to be higher than it would be if the harm potential of different
pollutants were considered. Therefore, it is recommended to either use AQI or PM; 5
concentration while reporting sectoral contributions. Sectoral shares can be reported in
terms of AQI by converting all emissions quantities into concentrations (in ppm or pg/m?)
and then reporting the contribution of each sector in the total AQI, e.g., by reporting the
AQI with and without including emissions from the transport sector.

In addition to source apportionment studies, quantitative health impact and burden
of disease assessments should also be carried out as they can play an important role
in understanding and communicating the health costs of transport-related exposures,
including air pollution. By coupling pollution data with epidemiological information, such
studies can estimate the mortality and ill-health burdens from different sectors and report
the sectoral shares as premature deaths or other similar metrics [91,92].

In light of the above, it can be reasoned that conclusions like “83% of Lahore’s air
pollution caused by transport sector” based on the sectoral inventory report by Lahore’s Urban
Unit [6] paint an incomplete picture, considering that 80% of the transport emissions by
mass were CO and the contribution of transport to PM; 5 emissions was only around
35%. Similarly, the 43% contribution of the transport sector reported by FAO [8] is many
times higher than the 7.7% contribution of the transport sector to Punjab’s PMy 5. This
43% number has been used multiple times in government policymaking, including in the
National Electric Vehicle Policy (2019) and the National Clean Air Policy (2023) [38].
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Figure 5 presents a summary of the percentage contribution of the transport sector to
pollution as reported in the surveyed studies. Because of the way in which contributions
were determined from sectoral inventory studies, “FAO” and “Urban Unit” results appear
as outliers, but once the contributions are calculated based on PM; 5 (indicated by the
dashed arrows), they fall in the same range as the source apportionment studies. Results
from chemical analysis-based studies, which are of higher fidelity, are highlighted in the
figure. Among these studies, Lodhi et al. [31] had low correlation coefficients. From the
remaining three studies, the contribution of transport to Lahore’s air pollution ranges
between 20 and 40%, which puts it in the “one-third” range. However, these studies used
air samples from at least 12 years ago and warrant repeating to get more up-to-date data.
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Figure 5. Contribution of the transport sector to air pollution in Pakistan from a selection of the
surveyed studies (Table 2). Average contribution as a % of PM2.5 mass from FAO and Urban Unit
studies are calculated by the authors. FAO: Food and Agriculture Organisation [8], CPPG: Centre for
Public Policy and Governance [11], PCAA: Peshawar Clean Air Alliance [40].

5.3. Emissions Profile of Pakistan’s Urban Automotive Fleet

To illustrate the relative pollutant production potential of various vehicle classes, emis-
sions factors assumed based on the general understanding of Pakistan’s vehicular PM emis-
sions (Section 3) and emissions data from the literature [11,79,93] are used with engine capacity
estimates from Figure 3. The emissions factors are sensitivity parameters and represent the
likely range of the relative particulate emissions production potential of different vehicle
classes relative to cars, which are taken to be the baseline and assigned a value of 100. Differ-
ences in volumetric efficiency across different vehicle classes are ignored in the calculations.
The relative emissions potential calculated for HDVs, LCVs, and 2/3 wheelers is shown in
Figure 6. The relative emissions can be taken to be a proxy for the relative contribution of
different vehicle classes to Pakistan’s air quality degradation. 2/3 wheelers emerge as the
largest contributors, with a share ranging from 38 to 64% for the assumed emissions factor
range. Cars are the second largest contributor at around 32%, and HDVs and LCVs make
up the balance with around 10% each. Systematic measurements of exhaust emissions of
Pakistan’s automotive fleet are needed to substantiate these sensitivity analysis estimates.



Air 2023, 1 251

250 T T T T

38-64%

Relative Emissions
)
o

10-14%

o
(=]

Cars HDV LCV 2/3 Wheelers

Figure 6. Estimated relative emissions of different vehicle classes in Pakistan assuming cars as the
baseline and other vehicle classes having the following relative emissions factors: HDV 1.2-1.5, LCV
1-1.3, 2/3 wheelers 1.75-3.

A few salient features of the emerging emissions profile are discussed below and
summarised in Table 3.

Table 3. Summary of notable pollution-related problems across different engine types used in
Pakistan’s automotive fleet. DI: direct injection, IDI: indirect injection.

Engine Type Problems (Likely Causes) Vehicles

Petrol (DI) Inadequate after-treatment Some cars and SUVs

High CO (stoichiometric/rich
Petrol (ID], carburetted) = combustion and potentially poor
mixing), lacking after-treatment

Most cars and autorickshaws,
majority of motorcycles

High SO, and PM (poor mixing and
Diesel high-sulphur fuel), lacking
after-treatment

High VOCs, CO, PM, and SO,

(poor mixing, lube 0il combustion, =~ Old motorcycles and
and indirect fuel metering), lacking  autorickshaws
after-treatment

High CO (stoichiometric/rich
CNG combustion) Higher NO than petrol = Light-duty vehicles and buses
vehicles, lacking after-treatment

Heavy duty vehicles, some
light duty vehicles

2SC (Carburetted)

5.3.1. Polluting 2/3 Wheelers

As noted above, the most polluting vehicle category is 2/3 wheelers. A recent study
attributed around 80% (by mass) of the total transport emissions in Lahore to motorcycles
and scooters [6].

Causes: This can be explained in part by the volume of the sector, whereby it consti-
tutes around 80% of the total fleet [54]. On the technology front, most 2/3 wheelers are
carburetted, and a significant fraction have 25C engines, which, because of poor fuel-air
mixing and short-circuiting [94], produce high CO, VOC, and PM emissions.

Recommendations: Introduction of injection-based fuelling systems and/or electrifi-
cation. At its lower end, which might represent a medium-term target (e.g., complete
phase-out of 2SC engines and improved inspection and maintenance), the contributions
of 2/3 wheelers can become comparable to those of cars (Figure 6) despite being almost
8 times greater in number (Figure 2).

5.3.2. High CO Emissions

The majority (>70%) of pollutant emissions from transport are of CO [6,8], which
are considerably higher than in neighbouring India [69]. The second highest emissions
are of VOCs.
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Causes: Spark ignition (petrol, CNG, LPG) engines. Most of these engines are either
indirect injected or carburetted, which does not permit precise air—fuel ratio control. This can
lead to rich combustion, especially during transient operation and if the carburettor is not
properly tuned. VOC emission levels are also elevated for the same reason. High benzene and
aromatic content in petrol likely also contribute to high VOC emissions. Moreover, oxidation
or three-way catalysts that can reduce CO and VOC emissions are rare.

Recommendations: Improved engine tuning and maintenance requirements to reduce
incomplete combustion episodes. Mandating oxidation or three-way catalysts. Shifting to
modern petrol fuel standards that have low benzene, aromatic, and sulphur content.

5.3.3. High SO, Emissions

High levels of SO, emissions from transport were significantly higher than in neigh-
bouring India [69], and are responsible for high concentrations of secondary sulphate based
aerosols [31].

Causes: High sulphur content in diesel fuel and lube oil burning in 25C engines [71].
Major sources of PM were 25C engines followed by diesel vehicles [15]. Particles from
diesel vehicles were coarser than those from petrol vehicles, and diesel PM emissions had
high sulphur content [14]. For 25C engines, the use of low quality, high sulphur lube oil [11]
and overuse of it (12.5% instead of required 2-3%) [95] exacerbated the problem.

Recommendations: Move to 50 ppm or preferably 10 ppm sulphur fuel and phase out
25C engines, potentially by replacing 25C motorcycles and autorickshaws with electric
ones, and mandating particulate filters.

5.3.4. Lack of Exhaust After-Treatment

Most vehicles, with the exception of modern high-end petrol vehicles that have oxida-
tion catalysts [58], do not have after-treatment devices.

Causes: Lack of emissions regulations and low-quality fuel that can poison after-
treatment devices.

Recommendations: Move to modern fuel quality standards and introduction of emis-
sions regulations, currently set (since 2012) to the outdated Euro 2 standard that was
released in 1997 [1]. This will mandate the use of after-treatment systems, especially
three-way-catalysts, oxidation catalysts and particulate filters.

Non-exhaust emissions were not investigated in detail in the reviewed studies and
warrant a deeper look. In their receptor-based study, Stone et al. [15] attributed around
1.4% of the total coarse emissions in Lahore to tyre wear.

6. Conclusions and Recommendations

A critical review of source apportionment studies conducted in the urban centres
of Pakistan was undertaken, the strengths and weaknesses of different approaches were
discussed, and based on its automotive fleet composition, an emissions profile for Pakistan
was presented. The review was limited to studies conducted over the past two decades, and
prioritised peer-reviewed publications, which might have resulted in an uneven discussion
across Pakistan’s urban centres. Moreover, because of the lack of direct emissions data,
assumed emissions factors were used to discuss the air pollution potential of various vehicle
classes. A few recommendations about the utilisation of different source apportionment
approaches and reporting their results are made below.

6.1. Source Apportionment Approaches

The cost and complexity of different source apportionment methods are related to
their accuracy. It is recommended that high-fidelity studies be carried out periodically
to develop a rich, granulated understanding of the emissions profile of different urban
centres of Pakistan. This can then inform lower-fidelity and resolution investigations that
are relatively economical and can be carried out more frequently. Knowledge gained from
high-fidelity studies can be used to fill in gaps and interpret results from lower-fidelity
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studies. A practical mechanism to monitor air pollution and gauge the effects of policy
interventions can thus be established. Additionally, it is recommended that for sectoral
inventories, the choice of the emissions factors — which, for the Tier I approach used in
the surveyed studies, are not developed and calibrated for Pakistan’s energy systems — be
critically analysed, and national emissions factors be developed. The transport contribution
to the air quality problem should be revisited, as estimates from previous sectoral inventory
reports are based on significant assumptions.

6.2. Reporting

It is important that while reporting the contribution of different sectors to air quality
degradation, differences in the relative risk potential of pollutant species are accounted
for. This can be done either by calculating sectoral shares based on the emissions of PM; 5,
which is the most problematic of pollutant species because of its high disease burden
and prevalence, or by using an appropriately weighted AQI. Estimating air pollution
share based on the total mass of a specific pollutant species from sectoral inventories
should be avoided. The total mass of a pollutant may not be representative of the health
implications it may have. This can overstate the contribution of vehicle emissions because
of the disproportionately high CO emissions from Pakistan’s road transport. The currently
available sectoral inventory results for transport should preferably be read as a percentage
of particulate emissions and not as a percentage of the total emissions mass. Quantitative
health impact and burden of disease assessments should also be carried out to better
understand and communicate the health costs of transport-related exposures.

6.3. Vehicular Emissions

The emissions profile presented for Pakistan’s urban automotive fleet identifies 2/3
wheelers, almost all of which are carburetted and a significant fraction are powered by
25C engines, as the largest (36-64%) vehicular pollution source. High sulphur content
in fuel (especially diesel) and lube oil, poorly tuned and maintained engines that burn
rich, and lack of exhaust after-treatment systems are recognised as reasons for Pakistan’s
disproportionately high vehicular emissions. Replacing current Euro 2 emissions and fuel
regulations with modern (Euro 5 or higher) regulations can address these challenges. A
gradual replacement of Euro 2 petrol with Euro 5 is underway, but progress on the diesel
fuel front is slower. This should be prioritised, as it will not only directly lower emissions
of SO, and PM, but will also enable the use of modern engine control and after-treatment
technologies that can substantially lower the emissions of CO, NOy, VOC, and PM.
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Nomenclature
25C Two-Stroke Cycle
4SC Four-Stroke Cycle
AERONET  Automated Sun and Sky Scanning Radiometers
AQI Air Quality Index
CAMS Copernicus Atmospheric Monitoring Services
CNG Compressed Natural Gas
DI Direct Injection
DPF Diesel Particulate Filter
EPA Environmental Protection Agency (US)
EPD Environmental Protection Department (Punjab)
FAO Food and Agriculture Organization
GAINS GHG-AIr Pollution Interaction and Synergies
GHG Greenhouse Gas
GPF Gasoline Particulate Filter
HDV Heavy Duty Vehicle
IC Internal Combustion
IPCC Intergovernmental Panel on Climate Change
LCV Light Commercial Vehicle
LPG Liquified Petroleum Gas
NAAQS National Ambient Air Quality Standards
NOy Oxides of Nitrogen
PAH Polycyclic Aromatic Hydrocarbon
PCAA Peshawar Clean Air Alliance
PM Particulate Matter
PMF Positive Matrix Factorisation
SOy Oxides of Sulphur
vOC Volatile Organic Compound
WHO World Health Organisation
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