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Abstract

The current research work is an effort to covelied#int aspects of urban and transport
related air pollution. Urban air quality monitoriregnd vehicular exhaust emissions
monitoring are relatively new topics for a devetapicountry like Pakistan. Euro |
emission standards for vehicular exhaust emisdmane been opted as Pak Il in the
country, since 2009. The fuel quality is substaddbhan Euro Il standards. Emission
factors or any local urban driving cycle for diiet classes of vehicles has not yet
been established by any of the Provincial or FédelPed. The transport system and
the land use developments have very low transptamability. Public transport
infrastructure is of conventional quality, forcipgople to use their own transportation
for their trips. The air quality monitoring througbophisticated instruments at
different sites like, hotspots, roads, industrig@aaand rural areas, is a very expensive
task for a developing country like Pakistan. Tharef modeling is a useful technique
to assess air pollutants level at different spegpecially road sides and in big cities
like Lahore, Pakistan.

An attempt has been made to find out diurnal & rhiyntmean pattern of air
pollutants, their interrelationship and their doamh sources through hourly and
monthly data analysis. Horiba air quality monitgrimstruments have been used to
monitor hourly, monthly, seasonal air quality aneteorological data of Lahore.
Lahore is a semi-arid region with low rain-fall,th% humid summers and cold dry
winters. Annually, highest Air Quality Index (AQ(L32 to 185) has been observed
from November to February due to inversion at loimdvspeed (< 1.5 m/s monthly
average), low temperature (15°C to 21°C monthlyraye) and low solar radiations
(104 to 140 W nf monthly averages). AQI remained low (74 to 85)rfrdune to
August due to relatively heavy rain, relatively iniggind speed (1.59 to 1.85 monthly
averages), dispersion as a result of high temperéB0°C to 32°C monthly average),
high solar radiations (211 to 236 W?rmonthly averages) and summer vacations to
schools. With an analogous diurnal trend, the A€mnains low at day-time. High
ratio of CO/NOx indicates that mobile sources avenhant contributor to CO; and
low ratio of SQ/NOx indicates that point sources are dominantrdautor to SQ.
CO has a significant positive correlation with NRQ,, NOx, CH,, S, and RH.
While CO has negative correlation withy @1d temperature. The positive correlation
of CO with NO, NQ, NOx, CH, and SQ explains 4-stroke petrol engines as a
common source for these pollutants. 2ZMas a significant positive correlation with



SO;; which explains diesel engines as a common sdorceM, s and SQ. Oz has a
significant negative correlation with NO, NONOx, CH,, CO and relative humidity.
While a significant positive correlation has be&served among Htemperature and
solar radiations.

Transport sustainability is a novel topic for pokdind policy makers in the country.
Many efforts have been performed by the provin@Gavernment to control traffic
congestions through introduction of overhead brsjgeder passes and u-turn bridges
in the city. A ring road has also been introducedirtk different parts of the city. A
27 Km long metro bus has been introduced on Fewrzgad and 31 Km long metro
orange line train project is under construction.GCbluses have been promoted in the
city. But most of the the land use development giedi do not take transport
sustainability into account. This research is ideghto find out sustainable transport
indicators and transport sustainability index foe five roads of Lahore, Pakistan.
The main indicators of transport sustainability taken as shifting of modes from
private to public vehicles, land use planning andtanable operations. In a way
thirty-five transport sustainability indicators lealeen selected. The opinion of stake
holders has been taken by a questionnaire by raydoierviewing around four
hundred citizens. The social survey pointed out thaetance from bus stop, time
taken and length of journey @ out of 5 grades) are important factors in préwgn
people from using public transport. Time, conveoe&rsafety, reliability, relaxation
and healthX 4 out of 5 grades) remained important factorshim ¢hoice of public
transport. Cheaper fares, availability of schootkvious, more reliable service, more
bus routes and extended bus serviee4(out of 5 grades) were considered as
important factors to promote public transport. Narighe advertisement technique
was ranked above 4 to promote public transport nguhe survey. Transport
sustainability index of Ferozepur road, Gulbergnmaoulevard road, Jail road, Mall
road and Multan road were 47.14, 38.57, 40, 34r2D34.29 respectively.

Another main task of the research is to find outssian factor of different classes of
vehicles to model the certain air pollutants lewelfive different main streets.
Motorcycles constitute more than 50 % of the velictraffic on most of the roads.
The percentage of cars varies from 26% at Multaad o 37% at Jail road. The
background urban emissions data has been moniteredgh air quality monitoring
station installed at Town Hall building at Mall ehalhe air pollutants level has been
modeled with the help of Operational Street PallutModel (OSPM). The data of



street configuration, background urban air pollutianeteorological conditions,
diurnal traffic count and emission factor of vek&lhas been monitored to model the
pollutants level at different streets. A significaorrelation (r-value > 0.5) has been
observed between modeled and observed resultdl fineastreets for NOx, SQ£and
CO levels, except for NOx level at Gulberg (r-vadu@.42). The better modeling
results have been observed for those streets vanecn relatively polluted spots and
are close to the background urban air quality noomig station.

Overall the air quality index of the Lahore citynrains high in winter season due to
meteorological conditions. The BM level remains much higher than NEQS
throughout the year especially in winter seasotroPengines are the main source of
CO and diesel engines are the main source of &dssions in the city. Oevels
remained high in summer season during a calendarayel at day time during a day.
The transport sustainability index is very low &) 3or all five selected roads. People
were found reluctant to use public transport due fdotors like much time
consumption, inconvenience and distance from bas. Sthere is need to introduce
many innovations in land-use development and puificstyle to promote transport
sustainability in the city. The signal free tratiesse improved the speed of vehicles at
many roads in the city. It has been calculated whtit 10% decrease of cars and 10
Km/hr gain in speed (from 40 to 50 Km/hr) can regltite CO and benzene emission
factor of cars by 33.2% and 25.7% respectively.hBaghicle in the city has much
high emission factor as compared to modern vehidigs to substandard fuel quality
and relatively old engine types in the city. A sigant correlation has been found
among observed and modeled results on five seleciads of Lahore.  And
modeling technique has been found to show sigmifigaacceptable results of street

air quality modeling, on different roads of Lahore.
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CHAPTER 1 INTRODUCTION s

CHAPTER 1

1. Introduction
This chapter explains the need and inspiration hi§ research work. Different

environmental aspects of urban air pollution, tpamsrelated air pollution, transport
sustainability and transport related air pollutrondeling have been introduced in this
chapter. The objectives and usefulness of the resé@ve also been explained in this

chapter.

1.1. Urban air quality of Lahore

Population of Lahore is 11.12 million, making itcead largest city of Pakistan
(Pakistan Bureau of Statistics, 2017). The annuvaith rate of population is 4.07
since 1998 (Pakistan Bureau of Statistics, 201 her& are around 4.28 million
vehicles along with 1986 different industrial units Lahore (Punjab Bureau of
Statistics, 2016). The ambient air pollution in tiy predominantly originates from
vehicular and industrial emissions (Stone et @1®@ . The semi-arid climate of
Lahore, naturally favors the accumulation of pa@his. Solid aerosols are present in
the samples of PM (Shahid et al., 2013). New ha@usthemes have not been found
to fulfill the needs of sustainable developmentlg@ad transport sustainability. City
District Government has been failed to achievetatget of ambient air quality
improvements under the devolution plan 2001 duelsence of transport policy,
alteration in land use policy, deprived managenard monitoring of air quality
(Aziz et al., 2013) . Further the city has beenagxjing due to migration from small
cities of Punjab. Migration has been observed fianachi and Peshawar as well,
due to security reasons. People from all over Rumeovince; visit Lahore for
business reasons, interviews, medical facilitied also to protest to achieve certain
goals.

Diesel-fueled generators have been used extensimelyndustrial sectors (point
sources) as well as in other sectors due to widasppower shortage in the country,
which adds a lot to urban ambient air pollution AM2010). Use of diesel fuel by the
mobile sources contributes a lot to particulatetenadir pollution (Assistance et al.,
2001). The sulfur contents are very high in di€8eb-1%) and furnace oil (1-3.5%)
available in Pakistan, which fallout in high sulfdioxide pollution (Purohit et al.,
2013). The environmental damages are associatdd he#lth issues. Currently the

SDSC GC UNIVERSITY LAHORE 1



CHAPTER 1 INTRODUCTION s

mobile sources have been found to promote highldesketropospheric ozone and
health concerns in urban areas (Wang et al., Z0id)Organosulfatese have been
recognized and measured in fine particulate mafd,s) collected in Lahore,
Pakistan, during 2007-2008 (Bilenko et al., 20IH)e enhanced diastolic blood
pressure has been found to be related with longistg exposure to N{and
PM_sin those children who used to live at the sameepkince birth (Kundu et al.,
2013).The PMslevels have been exceeding the NEQS in four praadiras well as
federal capital of Pakistan (Rasheed et al., 20it5)he fall season during October
and November; burning of crop residues in a reg@stern Pakistan and northwestern
India, surge the concentration of PMn atmosphere (Singh and Kaskaoutis, 2014;
Tariq et al.,, 2014). Secondary inorganic PM in tben of sulfates and nitrates is
formed by the oxidation of SGnd NOx. However, organic carbon fraction is fodme
due to oxidation of VOCs (Jacob and Winner, 200@M\Jrry et al. 2004; Zhang et
al., 2008). This process is enhanced by ammonitoioging ammonium nitrate and
ammonium sulphate as solid particles (Aneja et2809). The black carbon aerosols
are present 90% in the form of RMn winter season and contributes about 5-15% to
overall PMs in the ambient air (Husain et al., 2007; Viidanejaal., 2002). The
black carbon has been found to be at much highel lduring foggy season. The
black carbon has also been found to be trappeceiiosals during foggy season,
resulting in lessening of solar radiations (Dasalgt2015).

Other big cities in province Punjab have also higivel of air pollutants.
Concentration of CO, NPand SQ has been found to exceed NEQS level in
Faisalabad (Niaz et al., 2015). The traffic potiatihas been found to be the most
contributing factor to outdoor air pollution in ntaxf the urban areas (Basast al.,
2014). Brick kilns, on the boundaries of the Lahoitg are also a great point source
of air pollution. A study on brick kilns in Wahgand Batapur areas of Lahore
revealed that the conventional Bull's Trench BriKlkn are being used in Lahore,
which comprises no control measures to manageithmbBution. The modern brick
manufacturing technologies such as vertical shafkikiln must be introduced to
control the air pollution (Guttikunda, 2014).

In a recent study on some metals in the vehicutbagst emissions of rickshaws, it
has been discovered that a significant boost has fmind in Al, P and Zn in the PM
samples of four stroke Rickshaws (Anwar et al130In a recent study on different

metal concentration level in Lahore, mean levelsiroh, lead, nickel and zinc
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CHAPTER 1 INTRODUCTION s

remained very high i.e. 23.08 pgin6.23 pg/m, 7.95 pg/m and 15.36 ug/m
respectively; while copper, chromium, manganese asdnic levels remained low
in ambient air. (Jalees and Asim, 2016). In anotsidy in Beijing, China,
perfluorinated compounds (PFCs) were found in ambRM,s, PMyo and TSP
samples (C. Zhang et al., 2016).

A careful review of the existing studies suggebtt tvailable studies only cover the
level of air pollutants in Lahore. Studies copindical analysis, correlation & ratio
analysis or application of any model or predictayistem for urban emissions, are not
available for the Lahore city. More over indicata® transport sustainability and
transport sustainability index (TSI) has not beeoppsed for Lahore in previous
studies. The research has focused on to assessediffaspects of vehicular air
pollution in Lahore e.g. contribution of vehiculpollution to ambient air, modeling
of vehicular pollution level at street level, transt sustainability, and association

between transport sustainability and street/ roaguality.

1.2. Lahoreand its meteor ology
Climate of Lahore can be distributed into five saes

Foggy winter (15 Nov- 15 Feb) with low rain-falgw wind speed and high inversion;
spring (16 Feb — 15 April) with low rain-fall andaglerate temperature (T); summer
(15 April — June) with high temperature, high réafi; low relative humidity (RH)
and high dispersion effects; rainy monsoon (Julylé- September) with high
temperature, high relative humidity and low polbutidue to dispersion and washing
effect and dry autumn (16 September —14 Novemisith) low wind speed and low
RH (Wikipedia, 2015). June is the hottest monthhveih average temperature around
33.9 °C. The average temperature of January is X2.8hich makes it the coolest
month of the year. The average annual temperatutalwore is 24.3 °C, which is
fairly hot as annual average. Average monthly teatpee range is 21.1 °C. The

average daily temperature variation is 15.5 °C (pé#ia, 2015).

The minimum average sunshine has been observeshirady with 6.9 hours ddy
Overall annual average sunshine is 8.4 hours @agikipedia, 2015). The wind speed
remains low almost throughout the year except samdy days in summer. Around
60 % days of the year remains calm (wind speedb<tisec) and 33% of the days
have average speed of 1-3 knots. Only 6% days efydar express speed of 4-6
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knots. Wind direction remains mostly north-westidgrmonsoon and summer and
south-east during winter season (Wikipedia, 20R&)ative Humidity (RH) remains
low throughout the year except during monsoon seagonthly average of relative
humidity remains above 60% during July, August &&ptember. Average relative
humidity remains around 77% in the morning and 4@%he evening. The average
monthly RH ranges around 20% in May to 58% in AugQOwerall the annual average
relative humidity remains around 37.9%. The climaftéahore has observed extreme
weather events in the near past. The highest ecerded temperature of the city was
48.3 °C on 30 May, 1944 and 48 °C on 10 June, 200&.highest recorded rainfall
was 221 mm observed on 13 August, 2008. Highedinba4.5 mm) was observed
on 26 February 2011 (Wikipedia, 2015).

1.3. Different aspects of the study

1.3.1. Scope of air quality monitoring
In, 2007, Environmental Protection Agency, Islanthliakistan installed fixed air
guality monitoring stations in Islamabad and Proiahcapitals with the technical and
financial coordination of Japan International Caoation Agency (JICA). Lahore
city was equipped with two fixed and a mobile aimality monitoring station.
Although these monitoring stations are not suffiti® monitor the air quality of big
city like Lahore; but still provide a way forwardwards the air quality monitoring of
the Lahore city, and formation of National Enviroemal Quality Standards (NEQS).
The fixed air quality monitoring station installedl the Town Hall building at Mall
road has been chosen as urban background ambreem@sions monitor in the
current study.
There are two fixed air quality monitoring statiansLahore. One of the stations has
been installed, in busy commercial area at Town Ballding at Mall road. The
second station has been installed in a residetieh namely Township, near
Kotlakhpat industrial estate. The air quality ntoring station at township shows
relatively high levels of S©and low levels of CO emissions due to nearby itrcals
estate. Therefore, air quality monitoring statioifawn Hall building has been taken
for data analysis of Lahore, as a semi-arid region.
To assess the dominant source of different poltataatio and correlation studies of

the measured pollutants have been performed. Hoatly of air quality monitoring,
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for the years (2007-2011 and 2014-2015) from aialigu monitoring station in
Lahore has been analyzed as background data for&atorrelation studies of six
major pollutants. Air quality has been monitoredddterent spots, like rural side,
urban background, industrial area, road side amsplts. This study contributes to an
organized evaluation of urban pollution conditionsLahore and points out the
sources that affect air quality. This study hassssd the dominant source of air

pollutants; either they are from transport sectdram industrial sources.

1.3.2. Stateof air quality in Lahore
The economic development at a rapid rate in theeldping world, have strong
correlation with elevated urban air pollution. T$sme phase of industrialization and
motorization has been on the way in Pakistan. Th#OMas reported that two third
of the deaths were due to urban air pollution imetlgping nations of Asia. The 24-
hour average of Pp4 has been found to be much higher than set staruda&88 g/
m3. According to the data provided by monitoringLiahore, Rawalpindi, Karachi
and Peshawar, the BMand PM, concentration has been found to be almost 6 times
higher than WHO guidelines (Majid et al., 2012). ielaver low ratio of PMs to
PMjo points out high content of coarse dust particteshe air, leading to reduced
visibility (Majid et al., 2012). The high levels &M, s mainly emit from exhaust
emissions of automobiles, generators and industtaadks. The level of ambient air
pollution remains very high on main roads of Lahtleoughout the year due to
traffic load. The urban population of Lahore hasrbéencreasing at very high rate of
3% per annum (JICA, 2012). The migration has bdeseed from small cities to
Lahore due to availability of educational, medieald employment facilities in
Lahore. The migration from suburban areas to Lahwme created huge travel
demand. The inner zone of the Lahore is highly paipd. The population density
varies from 100 persons per hectare to 450 pergen$iectare from outer to inner
zone of Lahore respectively. It has been estimttatdaround 80 % of the population
has been living in a radius of 7-8 Km in the cemtethe city (JICA, 2012). Living in
such populous area, makes it substantial to be sexpdo urban air emissions.
Particularly, many research results pointed out piélic health has been harmed to a
considerable level by vehicular emissions espgciayl fine particulate matter like
PM2.5 and PM10 (Colvile et al., 2002; Mediavillardgun and ApSimon, 2006; Park
et al., 2006; Oxley et al., 2009; Holnicki et @2010; Buchholz et al., 2013).
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The private vehicle ownership has been increaditigearate of 17 % annually (JICA,
2012). Heavy traffic load has been observed on maands of Lahore. Government
has taken number of steps to reduce the congestiorifferent roads. Number of
roads have been made signal free through consiructi underpasses, overhead
bridges and roundabouts. Similarly, new roads Haeen made to reduce load on
existing roads. A clear reduction in congestions haen observed at different hot
spots due to smooth flow of traffic through undeges and overhead bridges. Most
of the citizens use private mode of transport dueeéfficient public transport. The
increase in number of cars has been observed teat gxtent in recent years due to
bank leasing, groomed lifestyle and decrease igeusast. The increased number of
cars are one of the main factor of congestionsraddced safety for motorized and
non-motorized mode users (Esmael et al., 2013).

1.3.3. Sustainabletransportation
United nations have introduced 17 sustainable dewveént initiatives for sustainable
and peaceful world for mankind by 2030 (United Na# 2015). The goal 11 deals
with sustainability of cities. The target 11.2 stathat:

“By 2030, provide access to safe, affordable, agibés and sustainable transport
systems for all, improving road safety, notablydxpanding public transport, with
special attention to the needs of those in vulderaiiuations, women, children,
persons with disabilities and older persons” (Day&er et al., 2016).

Better transportation is essential part of modém ds it provides ease to perform
different human activities. Transportation has § kele in all three key areas of
sustainable development: environmental, socialemmthomic goals, but also has long
term impacts on environment, society and economiavth (Santos and Ribeiro,
2013). There is a need to adopt steady policigsaokit sustainability. Toronto and
Edmonton, despite of their low population and haytnership rate have improved
their riding habits. A good transport system alwaygproves the ridership habits
(Vuchic, 2005). But, when the cities get bigger|yothe mass transit systems can
control the emission levels, as certain enforcemémt cars might not be fruitful to
control emission levels, as in case of Beijing amhdon (Kelly and Zhu, 2016).
According to Excise & Taxation department Lahoheré were around 4.28 million
registered vehicles in Lahore on"™80une, 2015 (Punjab Bureau of Statistics, 2016).
Congestions have been observed on hotspots duegidg purs. The AQI (air quality

SDSC GC UNIVERSITY LAHORE 6



CHAPTER 1 INTRODUCTION s

index) always remains above 100 on main roads &dlyeio winters. The noxious air
pollution has been becoming cause of number ofdadé deaths (McGranahan and
Murray, 2012).
The main purpose of recent European Transport Padozuments is to meet the
economic, social and environmental goals of theespqPalensky and Dietrich,
2011). The European commission have suggestecetightefficient vehicles with
advanced combustion engines, reduction in roadsp@m promotion of GHGs
legislations, adoption of electric & hydrogen fuethicles, social & economic
measures, planning and certain measures to redarcgport demand, for a climate
friendly transport system, by 2030 (Lue, et al.,1@0 Overall planning,
comprehensive land use planning surveys, transgiadies and traffic senses are
required for future needs and for adequacy of iddial projects (Bhatti, 1994).
Agricultural land has been decreasing at greatcsplee to horizon of new housing
societies in Lahore. Additional agricultural landlvibe required as a result of crop
losses due to decrease in agricultural lands, aserein new diseases & pests,
environmental pollution and climate change(Cicekid Barlas, 2014).
With the introduction of underpasses, overheadgesd parking facilities, foot paths,
road lights, different kinds of signals, roundalsoaind above all the metro bus
system; Lahore has become a potential city to sehbetter sustainable transport.
Sustainable transportation suggests a parallel Intbdé assumes each mode of
transportation to be equally important. An ideateyn for sustainable transportation
would be a balanced transportation structure thairporate each mode significantly
(Litman and Burwell, 2006). The walk is considemdst sustainable mode , then
bicycle, train, bus, automobile and improved autbiles are taken in sustainability
order, respectively (Ardekani and Bakhtiari, 2012)
A more sustainable transport system always hasti@rbair quality. The study
includes following aspects of transport,

I.  Facilities for pedestrians;

ii.  Promotion of bicycle;

iii.  Promotion of public transport like train, bus etc

iv.  And many other aspects like availability of signalsundabouts, sustainable

lights, parking areas, parks etc
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1.3.4. Transportation and three dimensions of sustainability
The sustainable cities may have certain urban enrients, which are not simply
overload by personal cars; instead walk, cyclingtes and systems for public
transport are promoted in a sustainable city (Cimestzangi and Thomas 2016). The
indicators of sustainable transportation have lasscribed in number of studies as
statistical data that indicates the sustainabdftgnvironmental, social and economic
developments (Haghshenas and Vaziri, 2012; JouaraddNicolas, 2010). Kennedy
established that it is obvious for some citiesdwehan adequate governance structure
to mature sustainable urban transportation systemmsbetter emphasis on mobility
and accessibility (Kennedy et al., 2005). For atanable transport system, the
transportation must be safe & accessible and emviemtally sound to help improve
the health social equity and the resilience ofditieens (Santos and Ribeiro, 2013).
According to Hens and De Wit, lengthy lists of icatiors have been established to
explain the complexity of sustainable developmedens and De Wit, 2003).
However recent lists have been minimized to codécators of environment, social
and economic indicators. Many of the researchemslude the need of more research
(Toth-Szabo et al., 2011). Depending on the spectintext, function of sustainable
transport indicators (STI) may vary with differgmtiorities. In many world cities,
sustainability indicators have been applied to nownihe progress of transportation
(Mori and Christodoulou, 2012).
Indicators can be useful to describe the growingdnef particular sustainability at
local or regional level and to compare the situatidth other territories.(Mascarenhas
et al., 2010). Policy makers take into accountabenomic, social and environmental
impacts to their synchronized evolution (Mihyeoo@and Amekudzi, 2005; Litman,
2009; Litman, 2010; Toth-Szabo et al., 2011). Adeix that only consider economic
impacts, can formulate decisions which can be harerfvironmentally; and an index
which taken into account only environmental impacés impose decisions which are
economically not favorable (Litman, 2009).

1.3.5. Air pollution modeling of different roads/streets
Another main aspect of the study is to assessithmbution level at different streets
with the help of models. The emission factors dfedent classes of vehicles are set
with the help of OSPM, by providing data like fugglality, engine type and average
speed of vehicles. For this purpose, OperationaeStPollution Model (OSPM) is
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used to model the vehicular exhaust emissions asrilgotor to air pollution in
different streets of Lahore. The OSPM model hambsilely used to model air
pollution for European cities. The OSPM has alsenbsuccessfully used to model
NOx emissions in Chembur (industrialized and cotegkarea with automobiles, near
Mumbai India) (Kumar et al., 2016). The OSPM is rgpienal and relevant
dispersion model for assessment of street air tyualiThe modeled results are
compared with observed results through graphs andlation analysis.

The OSPM model used in the current study calcultesraffic produced turbulence.
The OSPM software requires street configuratioreéstwidth, street orientation and
building height), meteorological data and backgburban emissions data to model
the air pollution of vehicles. The vehicles averageed and defined emission factors

are necessary to model the pollution level in cedareets.

1.3.6. Air pollution modeling soft-war es
Air quality modeling soft-wares has an importarierm management and prediction
of urban emissions, which are crucial for urbaneanissions management (Gulia et
al., 2015). There is always an uncertainty in miodelesults especially in urban areas
(Holnicki and Nahorski, 2015). But still modelingchnique is quite useful to assess
air pollution levels. The Operational Street PatintModel (OSPM) has been used to
model the air pollution at five busy roads of LadhoThe OSPM model is a street
canyon pollution dispersion model, which has beedely used to model air
pollution. The basic data required for OSPM conewisf flow conditions of different
automobiles in streets, street configuration andratagical conditions (Hertel and
Berkowicz, 1989; Berkowicz et al., 1997). A combltioa of plume and box model is
used to model the dispersion and transport of faoiks. Currently, OSPM has been
widely used to calculate traffic pollution and poibn trends in European streets
(Assael et al., 2008). The Gaussian plume modelsurea the direct contribution
from the automobiles and the box model is usedHermixed ambient air pollution,
circulating in the street due to presence of hgrdi®und the street (Berkowicz et al.,
1997). The OSPM model has been successfully use&tackholm, Helsinky,
Copenhagon, China, USA, Vietham and India (Fu et 2000; Ziv et al., 2002;
Aquilina and Micallef, 2004; Mensink et al., 200®&.ardoulakis et al., 2007;
Berkowicz et al., 2008; Jensen et al., 2009; HWLP2 Kumar et al., 2016).
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1.4. Objectives
The available studies regarding air pollution irh&ee lack critical analysis. Most of
the studies just show the levels of different palhis. Correlation studies are required
to analyse negative or positive correlation betwelfferent pollutants. Studies
regarding extent of pollutants contribution to aembiair by different sources are also
required. And most importantly, studies of air pohn modeling at street and urban
levels are vital for the city of Lahore.
The main purpose of the current research is tautke and model the traffic related
air pollution. More over the study is extended twlgse the state of ambient air
guality in Lahore Pakistan. The analysis of thedgtalso includes the discovery of
the dominant sources of air pollution and intersej@mce & correlation of air
pollutants with meteorological parameters. Themfdollowing are the objectives of
this research work.

1. The first objective involves the monitoring andtistgcal analysis of urban air
quality. The task involves compilation of air giyaldata from fixed air quality
monitoring stations in Lahore (which has alreadgrbenonitored from 2007-
2011) and monitoring of urban air quality from 2€A@15. Ratio analysis of
CO/NOx and S@NOXx, to point out the dominant sources of cerfafiutants
at certain locations. To find out correlation anterdependence of air
pollutants and meteorological parameters with exdbhr.

2. To find out air quality at different sites like alrarea, urban background, road
side, hotspots and industrial area. And to disdhesreasons of level of
different pollutants at different sites.

3. To sort and select indicators of transport sushaiityg according to local
resources and requirements. In a way to set apainsustainability index for
different streets according to extent of compliateeselected indicators. To
conduct a social survey to take the opinion ofzeitis about their mode of
transportation, hurdles in the use of public tramspinitiatives to take to
promote public transport, important factors in tise of public transport and
importance of different tools to aware the pubdigpptomote public transport.

4. To find out diurnal traffic pattern in the selectstleets/roads. To calculate
emission factor of different classes of vehicleshwihe help of OSPM

software depending upon fuel quality, engine typede of transportation and
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average speed. To determine the street configurditie street orientation,
building height and street width.

5. Modeling of air quality in different street with ®# by providing back
ground urban emissions data, street configuratbarnal vehicular data,
average speed, emission factors of vehicles ancarwbgical data. To
calculate correlation between observed and modeedlts to determine the
efficiency of modeling technique and input data.

6. To find out liaison of air quality with selectedatrsport sustainability
indicators through determination of improvement & quality with

introduction of certain sustainable measures ircitye
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CHAPTER 2

2. Review of Literature

2.1. Conceptual framework
Air quality monitoring is a subject of much attemtiand importance throughout the
world. Number of air quality monitoring stationsdametrological stations have been
installed throughout the world to consistently ntoni the air quality and
meteorological conditions throughout the globe. ddrbair quality and its health
concerns are challenge for both scientists anatypotakers. Sustainable measures in
different sectors like land-use planning, shiftoafgnodes and different operations can
minimize the urban pollutants level. The modeliaghniques in different sectors can

make the monitoring of air quality very easy andrexmical.

2.1.1. Air quality
Back in eighteenth century, the study of atmosghehemistry was adopted as a
discipline to study the major gases like nitrogemygen, water vapors, carbon
dioxide and noble gases. Later on attention tumogdhrds trace gases (less than 1
ppm and even upto 1 ppb) like NOx, CO, 505 and CH (Seinfeld and Pandis,
2016). Therefore, major portion of the troposphaymprises of nitrogen and oxygen
gases. Carbon dioxide, methane and some noble ges@sesent in small amount in
the atmosphere. The health hazard gases like owiderogen (NO, NO2 & NOXx)
and sulfur (SQ SQ), ozone (@), hydrocarbons (HC, CHHNMHC, THC), hydrogen
sulfide (HS) and respirable particulate matter (RMPM,g) are dangerous for health
even at parts per billion (ppb) levels or microgrpar cubic meter (ug/m3) levels.
Carbon monoxide is dangerous at parts per millpgnm() level or milligram per cubic
meter (mg/m) level. The pollutants like NOx, SOx, CO, HCs d@d, s are produced
mostly from burning of fossil fuels by mobile, pgitine sources etc. s produced
as secondary pollutant from burning of fossil fuglshe presence of sunlight. Air
pollution has become a serious health hazard fearuareas. The matter of air quality
management is becoming serious for big cities ndle air quality management
strategies have taken hold since last decade aitistle century (Griffin, 2016).
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2.1.2. Categorization of air pollution sources
Air pollution sources are usually categorized ifbar classes, namely point, line,
volume and area sources:

* Industrial stacks are usually considered as pointirces. Further
evaluation of the point sources involves volume evhission, stack
diameter, stack height etc.

» Vehicles on certain street or road are considesddha or mobile sources.
Line source is taken as a one-dimensional soureg @bllution.

» A certain urban area or colony is considered aaraa source. The area
source represents the emissions from domestic useimld sources. The
area source is considered as two-dimensional aieepollution.

* The three-dimensional sources are taken as voloorees. An open lime
stone mine is an example of volume souyMiton R.Beychok, 2006).

There are different kinds of sources of air podlatiin Lahore e.g. industries,
household, vehicular etc. Different chemical anedysare involved among air
pollutants in the presence of different metrologamnditions and many other factors.
Different studies have suggested that few monigpstations may not express the
difference in pollution levels at different partstbe city. The developing countries
may not be able to afford the lavish cost of thenhar of air quality monitoring
stations. Therefore, air quality models become mimsportant to model the air
quality in various sectors of the city with the geldf urban background air quality
monitoring station data.

As an urbanized country of South Asia, Pakistan g@sulation of 207.77 million
(Pakistan Bureau of Statistics, 2017). Like manyettgping countries, air pollution is
on the rise as an impact of rapid economic growtie ¢b industrialization, in
Pakistan. Industrial activities, vehicular exhaeshissions, and coal fired power
plants are among the main contributor to air pmtuin the country (Rasheed et al.,
2014). Numbers of diesel generators are being usdfle country due to power
shortage. These diesel generators are contribatilog to urban air pollution in the
country (IMF, 2010). The dependence of transpartaseon diesel as fuel is another
source of particulate matter emissions in the agui8hyamsundar et al., 2001). The
quality of fuel is very poor in the country, esglyi the level of sulfur is very high in
furnace oil (1-3.5%) and diesel (0.5-1%) as comgaoeinternational Euro standards
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(Martin et al., 2006). An annual loss of about 85 billion has been observed due to
environmental damages, of which the urban air pioltucost is approximately Rs. 65
billion (Colbeck et al., 2010). The level of pariate matter is reported to be at peak
in Karachi (668ug/m3), among 18 mega cities of the world (Gurjaalet2008). The
population of big cities has been increasing taeaigextent; especially Lahore has
expanded to an immense level in recent few yedrs.pbpulation of Lahore has been
increased to an estimated level of 10 Million im&QJason et al., 2009). In 2008,
Lahore was ranked as a city with potential to tatn a gamma city (Rasheed et al.,
2015): Lahore has been ranked as tié |argest city of PakistanSlargest city of
south Asia and 23 largest city on the globe (Rasheed et al., 20Biwas has
reported the average BMlevels to be many times greater in Lahore tharubéew
York City and Hong Kong (Raja et al., 2010). Then@entration of NOx and Pl
has been reported to be higher than WHO standardshore, in a joint venture study
by Pak-EPA and JICA in 2000 (Pak-EPA and JICA, 2000

2.2. Current scenario

The world population has been increasing at a rapid. The increase in world
population has been mostly from the developing @amdker developed nations. One of
the main features of the developing nations is gimgrurbanization. According to
united nations estimates, more than 90% of thenizbtion has been observed in
developing nations (Habitat, 2006). The migratioiig cities due to lack of facilities
at grass root level and in small cities, has cckeaié sorts of problems, like dense
population, traffic congestions, air pollution, mlconditions, health issues etc, in big
cities of developing countries, like Lahore. Undereloped countries are in a phase
of economic development at a considerable rate.r@pigl urbanization often results
in enhanced ambient air pollution levels. In thenow 20 years, the urban population
will be 2 billion in the developing countries, withrate of 70 million per year. The
urban population will be doubled in Asia and Afrigathat time. Around 80% of the
urban population of the world will be living in deleping countries, by 2030 (Hung,
2010).

Pakistan is one of those developing countries, Wwhias been going through
industrialization period with considerable increasemotorization and energy use.
The population and area of big cities of Pakistas been increasing at considerable

rate. Lahore is the second largest city of Pakidtanecent few years a certain boom
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in population and car usage has been observedharéaThe vehicles are the main
source of air pollution in the urban areas and eawestain health impacts on road
users and urban communities. Emerging populationedlsas improvement in living
standards demands more and more vehicles, enewpeusood supplies, more
personal cars and imported items. The enhanceafuae conditioners, fridges and
other electronic equipment’'s demands more elestrfuply for the city. Lahore city
depends on neighboring cities for its food and msilipplies. Many citizens travel to
Lahore for Jobs, interviews, tests, education aedlthcare matters. Many main
markets like that of steel, electronics, domed#@ms, agricultural goods, cars etc are
situated in Lahore, which results as a traffic lmar@én Lahore city. The number of
vehicles has been increasing in province PunjabLahdre at a considerable rate. A
trend of increase of total number of vehicles, carsetorcycles and auto rickshaws
from 2006 onward in Lahore, has been given in Eig).

In 2007, two fixed air quality monitoring stationeve installed in Lahore by Japan
International Cooperation Agency, in coordinatiothwederal EPA Islamabad. The
location of the monitoring stations has been shawhig. 3.3. A mobile air quality

monitoring station was also provided to monitort&ierareas of province Punjab.

5 - m All Motor Vehicles
45 W Motor Cars, Jeeps and Station Wagons
Motor Cycles and Scooters

il

2006 2007 2008 2009 2009 2010 2011 2012 2013 2014 2015
Year

No. of Vehicles (Million)

Fig. 2.1. Trend in increase of vehicles in Lahore

The overall rate of increase of total number of iekels, cars and motorcycles
remained 14.97%, 9.73% and 18.18% respectivelyravipce Punjab from 2005

onward 2014. While in Lahore, average rate of iaseeremained 12.7 %, 9.6 % and
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14.5 % for all motor vehicles, cars and motorcyeckespectively from 2006 to 2015,
as shown in Table 2.1. The significant increase beesn observed in number of
motorcycles due to its low buying and operationadtc Total number of registered

vehicles has crossed figure of 5 million in 201@&.&hore.
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Table 2.1. Rate of increase in vehicles in Lahore

Year All Motor Motor Motor Trucks  Delivery Buses  Taxis Auto Tractor Other
S Vehicles Cars, Jeeps Cycles Vans Rickshaws Vehicles
and Station and
Wagons Scooters
200¢ No. 1464344.0  473311.0 822264.0 11439.0  33243.0  2779210586.0 58024.0 26540.0 1145.0
2007 No. 1703007.0  561500.0 957939.0 14146.0  37036.0  313651(1660.0 59627.0 28415.0 1319.0
Rate of increase (¢ 16.3 18.6 16.5 23.7 11.4 12.9 10.2 2.8 7.1 15.2
200¢ No. 1944709.0  637787.0 1110218.0  15999.0  40133.0  3@51811771.0 66246.0 28575.0 1462.0
Rate of increase (¢ 14.2 13.6 15.9 13.1 8.4 3.7 1.0 11.1 0.6 10.8
200¢ No. 2129990.0  673449.0 1245389.0  17029.0 423150  3B833511771.0 74259.0 30757.0 1686.0
Rate of increase (¢ 9.5 5.6 12.2 6.4 5.4 2.5 0.0 12.1 7.6 15.3
201c No. 2387993.0  722012.0 1432639.0  18683.0  45094.0  3@13211789.0 87541.0 34220.0 1883.0
Rate of increase (¢ 12.1 7.2 15.0 9.7 6.6 2.4 0.2 17.9 11.3 11.7
2011 No. 2687987.0  764265.0 1647842.0  20806.0  48046.0  38634511867.0 102029.0 37305.0 20482.0
Rate of increase (¢ 12.6 5.9 15.0 11.4 6.6 3.6 0.7 16.6 9.0 987.7
2012 No. 3022126.0  801403.0 1894324.0  22772.0  78621.0  3684114766.0 113007.0 39551.0 20841.0
Rate of increase (¢ 12.4 4.9 15.0 9.5 63.6 4.2 24.4 10.8 6.0 1.8
201z No. 3391268.0 871244.0 2172760.0 24683.0  81922.0  4048515146.0 222517.0 42191.0 20320.0
Rate of increas (%) 12.2 8.7 14.7 8.4 4.2 9.9 2.6 96.9 6.7 2.5
201« No. 3991517.0  1023110.0 2588254.0 27344.0  86753.0  4897215247.0 139927.0 45971.0 20939.0
Rate of increase (¢ 17.7 17.4 19.1 10.8 5.9 8.6 0.7 -37.1 9.0 3.1
201¢ No. 4287662.0  1070243.0 2763872.0  36265.0  130344.0 %051 17404.0 149562.0 47356.0 22097.0
Rate of increase (¢ 7.4 4.6 6.8 32.6 50.3 14.9 14.2 6.9 3.0 5.5
Average rate of increase ( 12.7 9.6 14.5 14.0 18.0 7.0 6.0 15.3 6.7 116.5
Vehicles registered durir 1694580 1694580.0 120577.0 1458603.0 - - - - - -

2016

Source: - Additional Director General, Excise & &a&gn, Punjab, Lahore.
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A trend of increase in number of vehicles has bekserved in Lahore. A total
number of 4287662 vehicles were registered in Lahor2015; of which 64.2% were

motorcycles and 25% were cars, jeeps and statigong as shown in Fig. 2.2.

Delivery Vans Auto Rickshaws  Buses Trucks Taxis Tractor Other Vehicles
3% 4% 1% 1% 0% 1% 1%

Fig. 2.2. Percentage of registered vehicles in k@aho

2.3. Transport sector of Lahore

Transportation has facilitated the modern life estyl many ways. There are social,
economic and environmental imbalances related tdemmotransportation system. The
world’s vehicle fleet has been increasing due tpytation growth, urbanization and
economic improvement. Population of the Lahore bi&g been increased at a very
fast rate in recent few years. Reliance of numbetleer cities of Punjab and Pakistan
on Lahore has led to increased population as wellvahicles. Pakistan is
predominantly relying on road transport system ifdercity as well as intra city
transportation. The road transport has been inedeasa much greater rate in Lahore
than other cities of Punjab Province in the lastytears (Mirza et al., 2013). Number
of overhead bridges and under passes has beefiststdlas a consequence to make
roads signal free. Metro Bus project has been deeel to provide better public
transport to the public. The orange line train @cbjis under construction to facilitate
people. It has been found that higher share ofetémgl and small & long contracts
makes the projects more efficient (Link, 2016). sTRactor of higher tendering has
been claimed by the Government in case of oramge+hetro train and metro bus

projects.
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The economy of the country essentially dependseattetbtransportation system. But
excessive and emerging noise and air pollution leaemme serious concern for the
Lahore, city. Visible smog has been observed imtbbath of November in 2016 and
2017 in Lahore and many other cities of provincaj&o. A holistic approach is
required for sustainable growth of the city andgtgtainably manage the transport of

the city.

2.3.1. Travel demand management

Travel demand management is an effective tool fioence travel behavior, and to
reduce travel cost and time, and facilitate traymions (Garling et al., 2002). Travel
demand management incorporates policies that inggrtive advantage of car usage
and enhances merits of public transport (Garlingl &chuitema, 2007). Push
(disincentive) and pull (incentive) measures aedua TDM. The push measures are
to discourage the car use through fuel and roacetex and pull measures provide
alternative choices like improved public transpd#OVs lanes (high occupancy
vehicle lanes), van pooling etc (Steg and Vlek, 7299DM measures may also be
classified as hard and soft measures. Hard measwilesle parking charges, road
pricing, new public transport service etc. Soft mas include work place travel
planning, personalized travel plans, travel awasrm@ampaigns, marketing of public
transport etc (Garling and Fujii, 2009). Europeasmmission have proposed
introduction of lighter & efficient vehicles withdsanced combustion engines,
reduction in road transport, encouragement of GHe&igslations, shift towards
electric & hydrogen fuel vehicles and social & eoonc measures to reduce transport
demand (Lue, et al., 2016).

2.3.2. Use of modern technologiesin develop world
The develop world has adopted modern technolodiesntelligent transport system
(ITS) and active traffic management system (ATMariy countries takes it as a high
level objective to make highways environmentally scially sustainable and
economically sound to support low energy carborurtut(Kolosz et al., 2013).
Intelligent Transport System (ITS) is used to etab®a combination of technology,
information, communication, automation and positign(Psaraki et al., 2012). The
ITS aims to maximize the capacity of highways byeyating enhanced performance

within the network so as to avoid the additionadahéo construct highways (Deakin et
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al.,, 2009). The term sustainability has been usedelw to describe social,
environmental and economic concerns, even thougte tis uncertainty in its proper
orientation (Hilty et al., 2006; Matthews et al.00Z). ATM gives a “smarter
highways” concept by introducing different systemsrking together to improve
traffic flow and to reduce road congestion. The ABYstem is based on feedback
data surveillance system which facilitate humanrajpes to conduct necessity
changes to highway signs to control the trafficwfloATM also supports the
performance of expected road network in differentife scenarios like lane closure,
increase in demand, special event etc. Through ATM,possible to adopt, test and
improve future strategies.

ATM has been adopted by different countries wortteviBy 2005, the road network
operator’s budget was £3 billion in UK, forcing tiieansport Department to take
conventional steps of road widening. In 2006, acessful trial of ATM in
Birmingham was experienced over 16.4 Km area. B§82€he road traffic has been
grown 84 percent since 1980, by an increase ofl@liBn vehicles miles from 172
billion miles. This has made this type of schemseasial. By 2010, the Washington
State Department of Transportation of USA has firsie enforced ATM schemes,
with implementation of heavy fine for over speedinghe Seattle Metropolitan Area.
(Kolosz et al., 2013). The primary ATM technologwesre junction control, lane-
specific signaling, temporary shoulder running, w@rotection and ramp metering.
In Germany, the traffic management strategies asedb on queue warning, speed
harmonization, temporary shoulder use, truck resns, junction control, dynamic
rerouting, ramp metering, truck distance tollingl daraveler information (Mirshahi et
al., 2007). On the other hand Dubai with its akuddes, has been ranked at lowest
number (26th) in transport sustainability indexveyr of twenty six main cities of
Middle East and Asia due to non sustainable pdi{ie Gruyter et al., 2016). It has
also been observed that congestion charging andelmgsion zones in the city
could not control excessive NOx in London; and iaijidg certain hurdles on
control and purchase of vehicles could not corgrolssion levels. As the cities get

too big only mass transit system can control thessions (Kelly and Zhu, 2016).
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2.4. Air pollution modeling

2.4.1. Air quality models
Air pollution modeling is mathematical calculation simulation, how air pollutants
disperse in the air. The models are chosen totridltes the chemical and physical
procedures to set a level of pollution at differdatations (Vardoulakis et al., 2003).
The models are used to model the pollution leveifrpoint source, line source,
mobile source etc. Five general types of modelsuaezl to predict or estimate the
pollution level from different sources. The box rebdssumes that air pollutants have
been homogeneously distributed in a box. The mdued limitations due to
homogeneous assumption of dispersion of pollutadlddRORA and CPB are
examples of box model. Aurora is used to calculaglevel of reactive gases and
particles in urban areas (Mensink et al., 2006)BGfRodel is used to model air
pollution of urban environment (Holmes and MorawsX206).
The Gaussian model is based on assumption thairagsions dispersion follows a
Gaussian distribution. The Gaussian model is mastlgd for continuous emission
plumes produced from ground or from an elevatedcsgouGaussian models can also
calculate vehicular emission dispersion. Gaussiardeh can be useful for non
continuous air emission plumes as well. OSPM, CAt4N UBM, AERMOD, and
UK-ADMS models are some examples of Gaussian mo@zsssian models are not
fit for complex systems, and for only shorter distas. Constant wind direction and
wind speed is assumed in Gaussian models, whidkslitrem to be used for shorter
areas (Holmes and Morawska, 2006). Lagrangian modede mathematical
calculations. Lagrangian model consider plume ia ftorm of different parcels
moving as a random walk. The dispersion of airytmh is calculated by statistical
study of large number of plumes. This model is uis&h calculate the pollutants
dispersion over long distances. SPRAY model is »ample of Lagrangian model
(Holmes and Morawska, 2006). Eulerian model isgie=i like Lagrangian model to
estimate the dispersion of air pollutants for léygdistances. Large number of
pollution plumes are used in Eulerian models ad.viglt a fix three-dimensional
(Cartesian) grid is used as a frame of referencBulerian model. In Lagrangian
model, a moving frame of reference is used. ALGRiBdel, ARIA Regional model,
and the Danish Eulerian Hemispheric Model (DEHM) some example of Eulerian
model (Holmes and Morawska, 2006). The term Contjoutal fluid dynamics (CFD)
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modeling is used for the computer based calculatiminthe mechanisms like heat
transfer, fluid flow, chemical reactions etc (Vamtikis et al). These phenomena
demand very complex and lengthy calculations. MISKA an example of CFD
model. CFD models demand a lot of input informatowl are difficult to use as well.

2.4.2. Street Pattern
The term street canyons have been used for thasds ror streets which are not
necessarily covered by continuous walls or buildiog both sides. The configuration
of building, adjacent to particular streets affedispersion of air pollutants in the
street canyons. A regular street canyon has heigtith ratio around one. The
avenue canyon term is used for those streets hémmgeight adjacent buildings and
have height/ width ratio around 0.5 (Vardoulakisakt 2007). The OSPM can
calculate pollutants level of roads with differdmtight adjacent buildings, with wide
range of height/ width ratios, buildings with opsgé and even open streets
(Berkowicz et al., 1997).

2.4.3. Atmospheric turbulence

The meteorological conditions influence the flow millutants in the atmosphere.
Different meteorological parameters (wind directinnd speed, relative humidity,
temperature and solar radiations) are importaninamitor to study the pollutants
concentration and behavior. Especially wind spe®divaind direction are important
parameters to model the dispersion of pollutantghiw/the layer of 2000 m, wind
direction and wind speed are influenced by vertloailghts and surface roughness
(Steinfeld, 1998). Solar radiations have directr&lation with ozone. At day time,
ozone is produced as secondary pollutant, withidersble decrease in NOx, VOCs
and some other primary pollutant, in the preseric®lar radiations.

In 1961, Pasquill categorized atmospheric turbdanto six classes namely A, B, C,
D, E and F. With A as the most unstable classsthbility of classes increases from
A to F. The un-stability increases with low windesg, high solar radiations at day
time and cloud cover at night time. The turbulemseases with high wind speed,
low solar radiations at less cloud cover at nighmet An ideal condition for
atmospheric turbulence would be at night time with solar radiation, absence of

clouds and very low wind speed (Turner, 1994). Wittvancement in studies, the
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pollutants.
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CHAPTER 3
3. Materialsand M ethods

The research is focused to point out different etspef traffic related air pollution.
The entire world is conscious about the trafficaredl air pollution and its health
implications. The current research is designeconbt to measure, analyse and model
the air pollution levels but also to determine thensport sustainability in the city.
“Sustainable Transportation” is one of the modemms, introduced to improve the
traffic related environmental, economic and soeaigipects. Transport sustainability
index (TSI) of selected streets has been foundFauther a questionnaire survey has
been conducted to determine the vehicular ownersipent of use of different
transportation modes, important factors to imprtheepublic transport, main hurdles
in the use of public transport and important po&mbitiatives to improve the use of
public transport. To model the air pollution in fdient streets, operational street
pollution model (OSPM) has been used, which is agpmmal and applicable
dispersion model for assessment of air qualitytofets. The outline of the research
work has been given in Fig. 3.1.

The outline of the research work (Fig. 3.1) exgaiesearch work under three main
headings i.e. air quality monitoring through fixait quality monitoring station,
transport sustainability and air pollution modelidgr quality monitoring is further
divided into correlation analysis, ratio analysisasonal air quality index calculation,
diurnal air quality trend assessment and assessofiembnthly air quality pattern.
Transport sustainability is further divided to s#ilen of transport sustainability
indicators, setting of requirements for differentlicators, calculation of transport
sustainability index and a questionnaire surveymfréour hundred people. Air
pollution modeling requires background data of lgaocknd air quality monitoring
station at Town Hall, diurnal vehicular traffic adystreet configuration and emission
factor of different classes of vehicles. The catieh of observed and modeled data
provides authenticity of modeled results. At thel em liaison between transport

sustainability and air quality has been assessed.
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Air Quality Transport Air Pollution
Monitoring through Sustainability Modeling
Fixed Air Quality

Monitoring Station —

parameters Selection of transport
sustainability indicators

Background Urban Air
Pollution Monitoring

Correlation analysisof
Pollutants and M eteorological i

Ratio Analysisof
CO/NOx and SO2/NOx

Diurnal vehicular Traffic
count on sdlected roads

Requirements and UnitSfor
indicators

Index Trangport Sustainability

I Index on five selected roads

configuration

Diurnal Air Quality Pattern

Determination of Emission
Factor sof 7 different classes
of vehicles

Social Survey

I Deter mination of Street

Monthly Air Quality
Pattern

I Seasonal Air Quality

Air pollution Air quality
modeling using monitoring on
OSPM on selected selected roads

streets

Correlation of
observed and
modeled results

Liaison of air
quality with

transport
sustainability

Fig. 3.1. Outline of research work

SDSC GC UNIVERSITY LAHORE 25



CHAPTER 3: MATERIALSAND METHODS R

3.1. Urban emissionspatternin Lahore

3.1.1. Air quality analysis

Hourly air quality monitoring data for years 200032 has been composed from air
guality monitoring station at Town Hall and data28f14-2015 was again monitored
in co-ordination with EPA through monitoring statiat Town Hall region. Fix and
mobile air quality monitoring stations had been dude monitor the six major
pollutants, and meteorological parameters. Theutity monitoring stations contain
combined wind vane anemometer (KoshinDenkiKogyo d, Model KVS 501),
solar radiation meter (Koshin Denki Kogyo Co, Ltdviodel SR-010),
thermohygrometer (Koshin Denki Kogyo Co, Ltd. Mdd&t010), and data logging
system (Horiba, Ltd. Model Special) to monitor netdogical parameters. The six
major air pollutants like carbon monoxide (CO), weo(Q), sulfur dioxide
(SOy),oxides of nitrogen (NOx, NO and NY respirable particulate matter (RN,
and HCs (total hydrocarbons, non methane hydrocarband methane) were
monitored through analyzers prescribed in Table Btle PMsand PM, has also
been monitored through gravimetric method duringnitaoing of ambient air
pollution other than air quality monitoring statiohhe hydrocarbon (HC) analyser
needs uninterruptable power supply, any gap inttet supply stops the working of
hydrogen generator until it is manually startedimgén case of the power supply
provided by any generator to the mobile air quatitynitoring station, care was opted
to avoid the generator emission exposure to theuality station. Moreover, proper
routine calibration and maintenance was opted to the air quality monitoring
station. Filters of NOx, HC (CH4, NMHC, THC),30S0O, and CO analysers were
changed within prescribed time. The sampling tap®M, s analyser was also set

many times and changed on its completion.
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Table 3.1. Detail of instruments of Air Quality Misring Station

Pollutant Analyzer Range Method Detection
Limit
(6{0) Horiba Ltd; 0~50 non-dispersive infrared ray 0.1ppm
Model APMA- ppm method (1SO4224)
370
NO/NG; Horiba Ltd; 0~1 Chemiluminescence 0.5 ppb
/INOXx Model APNA- ppm (1ISO7996) method
370
Sulfur Horiba Ltd; 0~0.5 U.V. fluorescence method 1ppb
dioxide Model APSA- ppm (1ISO10498)
370
Ozone Horiba Ltd; O~1lppm UV photometry method 0.5 ppb
Model APOA-
370
Hydrocarbon Horiba Ltd;  0~50 Converter oven method 0.1 ppmC
Model APHA- ppmC
370
PMas Horiba Ltd; 0~5mg B-ray absorption method  ----
Model APDA- m-3 (1SO6349)
370
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A view of the air quality monitoring stations in lh@re has been shown in Fig. 3.2.a.

and Fig.3.2.b.

Fig. 3.2.a. Air quality monitoring station (a) mebstation and (b) analyzers
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@ |

Fig. 3.2.b. Fixed air quality monitoring statiors Town Hall and (b) Township
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3.1.2. Air quality monitoring station
Lahore is located at 31°32 74°22E. The city is located at an elevation of 217 m
above sea level. The municipal area of Lahore i83% knf. As a result of rapid
urbanization, the area of the city has been extedel000 ki (Jalees and Asim,
2016). Two fixed air quality monitoring stationsvieabeen installed in Lahore to
monitor air quality of Lahore. One of the statiaesnstalled at the second floor of
Town Hall building situated at northern main comaigrarea of Lahore with number
of busy roads, markets and dense population. Te¢engefixed air quality monitoring
station has been installed in Quaid-i-Azam Townsduiga i.e. southern residential
area near Kotlakhpat industrial estate.
The Town Hall Air Quality Monitoring Station has die selected for data analysis.
The fixed Air Quality Monitoring Station installeat Town Hall located at Multan
road of Lahore, represents the ambient air qualitthe main city of Lahore. The
monitoring station has been located around 8 mhbdéigm the ground. The 8-meter
height of the station is acquired to take sampl¢hefair quality level in the area,
instead to represent pollution level of any roadymund level. Moreover, effect of
wind speed and wind direction on air quality is@omodated with that much height
in the Town Hall area. Most of the main roads ofde lie within 1-3 km sphere of
the station. The location of the two fixed Air QtyaMonitoring Stations can be seen
at “Fig. 3.3". The Air quality monitoring statiom iQuaid-i-Azam Township area has
not been taken as background air quality monitostagion due to its location near
Kotlakhpat industrial estate, instead Air Qualitpmitoring station at Town Hall has
been taken as background air quality data souree.study area has been shown in
Fig.3.4. And pictorial view of the selected roadss tbeen shown in Fig.3.6. The

location of Lahore, Pakistan on world map has tsemwn in Fig. 3.5.
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Fig. 3.4. Study Area (location of streets and aglily monitoring station)
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Fig. 3.5. Location map of Lahore, Pakistan
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3.1.3. Air quality index

The interpretation of AQI can be elaborated asr;l@aoderate, unhealthy and very
unhealthy. The Pak-NEQS fors@or 24 hour) has yet not been made available. The
NEQS for Q (for 1 hour) have been revised from 180 to 130rigand NEQS for
PM, 5 (for 24 hour) have been revised from 40 to 35 ([fp/mhich are effective from
January, 2013 (Officer et al., 2010). So, beforeuday 2013, the index value would
be calculated accordingly. A projected AQI has bgeen in Table 3.2 (Abrar et al.,
2014).

The Air Quality Index (AQI) was calculated accomglito “eq. 3.1".

Air Quality Index= [(NQ/80) + (SQ/120) + (Q/130) + (CO/5) + (PM35)]/5 X

100  (3.1)

Table 3.2. Air Quality Index

AQI 0-50 50-100 101-150 151-200  201-300 >300

Air Clean Moderate Unhealthy for Unhealthy Very Hazardous
sensitive Unhealthy

Quality

3.2. Transport sustainability of Lahore
Like many other cities of Pakistan, Lahore city bagn emerged without taking into
account many sustainability measures. Sustainablelopment is not necessarily a
search for a strict balance. It is a dynamic iddackv promotes that change is very
much natural phenomena for human society. As thentist mostly lacks formation
of policies on the basis of scientific findings (hg and Wallis, 2016). There is need
to involve all the stake holders (policy makersperts, public and scientists) to know
and implement the modern tools of transport suahality in the city instead of using

conventional and ordinary measures only.
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3.2.1 Transport sustainability index

The indicators for transport sustainability haverme&hosen according to the local
requirements and resources. The participation fporolic, experts as well as from
research studies have helped to choose indicatmsrding to local needs within
available resources. To calculate the transpotaswability of five selected streets
(Ferozepur road, Gulberg road, Jail road, Mall rdddltan road), 35 indicators of
transport sustainability have been set. The indrsadf transport sustainability are
given in Table 5.2 in Chapter V. Each indicator basn given weight-age as 0, 0.5 or
1 according to acceptable fulfilment of criterset in consultation with experts and

stake holders.

3.2.2. Social survey

A questionnaire has been developed to collect lata public about their vehicular
ownership, mode of daily trips, hurdles in the wéepublic transport, opinion to
promote public transport, usefulness of differergtimds to create awareness to
promote public transport and their comments hage #leen taken at the end of
guestionnaire. Data has been collected from 4ektdders from different walks of
life. 96 females and 308 males gave their dataogmion through questionnaire. The
guestionnaire is attached as Annexure-I.
Following tasks were attained through questionrsurgey,

» Collection of vehicular ownership data,

* Study of the main hurdles in the use of public $port,

» Study of the different modes of transportation,

» Importance of the factors in the use of public $gzort,

» Effectiveness of the different factors and initratio promote the use of public

transport,
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» Public opinion regarding effectiveness of differanttiatives to promote
public transport.
No woman has been found to use motorcycle duriegstitial survey. People were
interviewed mostly from different public and prieabffices as well as universities.
The choice has been made as very less importad®,iteportant, fairly important,
important and very important from 1 to 5 respedivte fill the questionnaire. The

factors were ranked by giving them weight-age éu& grades.

3.3. Air quality modeling
3.3.1. Urban air quality modeling of streets
The air quality modeling of a street requires eoliotlata to model the air pollutants in
a certain street. The well-known Operational StRegtution Model (OSPM) has been
used to model the air quality in different streeifie OSPM software requires
following information to model the street emissipns
* Background urban emissions and meteorological data,
» Diurnal vehicular traffic count with number of eadtass of vehicles in
different hours,
» Average speed of vehicle,
* Fuel specifications, engine type and average spdedehicle to count
emission factors of vehicles,
» Street configuration data like, street width, otéion and building height.
The background urban emissions data has been fakenair quality monitoring
station at Town Hall building at Multan. The stresbnfiguration and diurnal
vehicular traffic data was collected through fieddrvey. The emission factors of
vehicles were calculated by providing 1990 levelfu#l and 2000 model level of

vehicles in Europe to the OSPM software. The 199@llof fuel and 2000 level of
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vehicles of Europe were selected due to similawith current conditions. The
Emission factor of S@were calculated through a previous study due noilasi
conditions. The modeled results were compared \hién observed results. The
correlation of observed and modeled results wassured to check the effectiveness

of modeling.

3.4. Statistical analysis

The statistical techniques are used through SP&S/@&sion. Correlation analysis of
air pollutants and meteorological parameters haan bgerformed through SPSS
software. The questionnaire survey (regarding prartsustainability) of 400 citizens,
including 308 men and 96 women has been analyzedigh SPSS software. The
guestions involved five different levels of answém@m interviewee like very less
effective, less effective, fairly effective, effad and very effective from 1 to 5
respectively, to fill the questionnaire. Similartgrrelation of modeled and observed

results on five selected roads of Lahore has atsn kdetermined through SPSS.
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CHAPTER 4

4. Urban air quality of Lahore

This chapter is an attempt to find out diurnal & ntidy mean pattern of air
pollutants, their interdependence and their dontirsources through hourly and
monthly data analysis. Different statistical tecjuds, like ratio analysis and
correlation have been applied to discover domirsanirces of pollutants and their

inter-relationship with each other.

4.1. Air quality index

Ambient air quality data of Lahore for the year92{011 and 2014-2015 has been
analyzed to find out pattern and sources of reptasige six air pollutants. Average
concentration, monthly mean pattern, seasonal antal variations were analyzed
for the hourly data of each pollutant. Air Qualitydex (AQI) remains low (~74 to
~85) from June to August due to heavy rain, reddyivhigh wind speed (~1.59 to
~1.85 monthly average), dispersion because of héghperature and high solar
radiations. Similar results have been observed aithmproved air quality index in
northern china, in summers. (Gong et al., 2015} tBa ozone levels remain high
during summer season due to relatively high sadrations. High levels of ozone
(UV absorbent aerosol) have also been confirme®kly onboard satellite data, in
Pakistan during summer season (Tariq and Ali, 20l%hest AQI (~132 to ~185)
has been observed from November to February dumvéosion at low wind speed (<
1.5 m/s monthly average), low temperature (~ 13=2frfonthly average) and low
solar radiations (~104-140 W “mmonthly averages), due to heavy fog during
December and Januanother reason of highest air quality index durfaly season

can be due to burning of crops residue in southtemedndia and eastern Pakistan.
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The wind direction during winter season remains tigos south-east direction,
which can also be a reason for contribution toytah in Lahore from number of
polluted steel industries in northern part of threhare city and industrial clusters in
Sheikhupura and Gujranwala. The steel industriesrarstly located in Badami Bagh,
Misry Shah, Daroghay Wala and around Band road iaréorthern part of Lahore.

The map of Lahore has been given in “Fig. 3.2".

4.2. Air quality data analysis

For the data analysis, the data of day-time (7:80t4 5:00 PM) has been taken for
analysis of ozone and its precursors. The datasohay and clear day has been taken.
The mean concentration of the ozone, other poltstand meteorological parameters

are given in the Table 4.1.

Table 4.1. Mean values of different pollutants &ewgological parameters (7 AM to

5 PM)

Variable Unit Min. Max. Mean Value
NO ng m° 0.02 8.10 1.93

NO; pg m* 20.83 48.21 28.52

NOXx Ppb 10.92 30.05 16.14

CH, Ppb 1636.21 5000.00 2210.61
NMHC Ppb 211.80 1587.33 735.85
cO mg m® 0.35 1.02 0.68

SO, pg m* 22.18 65.95 42.64

Os pg m* 29.69 204.00 122.5
PM,s pg m* 54.00 244.00 155.07
Wind Speed m/s 0.92 2.87 1.72

T °C 28.33 42.25 37.68

RH % 18.02 50.65 30.66
Solar radiation W 135.59 766.40 539.35
~ SDSCGCUNIVERSITYLAHORE 39



CHAPTER 4: RESULTSAND DISCUSSION
URBAN AIR QUALITY OF LAHORE

The day is dry and hot with low mean RH (30.66ghhsolar radiations (about 680 W
m?) and high mean temperature (around 38 °C). Wirekdpemained low (mean
value = 1.72 m/sec) as a routine matter in sendi4@gions. NO remained almost nil
(mean value = 1.93 pgHduring sunny hot days due to its conversion to Kean
value = 26.8 pg M) in the presence of high concentration of @ean value =
122.50 pg ). Concentration of CiHremained low (mean value =2210.61 ppb) than
its natural level (around 3000 ppb) due to its comgtion as precursor of ozone.
Mean value of PMs (155.07mg rif) remained high due to high amount of un-burnt

carbon from vehicular exhaust emissions in the aphere.

4.3. Corrédation analysis

The correlation of different air quality parametbes been given in Table 4.2.
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Table 4.2. Correlation analysis of ambient air akles

NO NO> NOx CHa NHMC CO SO O PMys WS T RH Solar

radiation
NO 1 946" 741" 953" 416 9177 556 -.825 .163 .058 -.725 .616 -.614
NO, 946" 1 871" 978" 254 917" 571 -675 .200 -.084 -.634 496 -.660
NOX 7417 871 1 7977 039 734 363 -520 .072 -.138 -.401 .249 -635
CH, 953" 978" 797 1 214 892" 576 -714 .094 -003 -.710 571 -.717
NMHC 416 254 .039 214 1 336 .185 -.238 .497 -.157 -135 .184 .245
Pearson CO 917" 912" 734 892" 336 1 809" -.758" 443 224 -805 .737 -.466
Correlation SO, 556 571 363 576 .185  .809 1 -516 .654 519 -.820 .841 -.160
(rvalue) Q, -825°  -675 -520 -714 -238 -758 -516 1 -.004 -491 824" -763 525
PM, . 163 200 .072 .094 497 443 654 -004 1 045 -189 .282 .487
WS 058  -084 -138 -003 -.157 .224 519 -491 .045 1 -678 .769° -.088
T -725 -634 -401 -710 -135 -805 -.820° .824" -189 -678 1 -978" 523
RH 616 496 249 571 .184 737" 841 -763 282 .769 -978 1 -.364

Radiation -.614 -.660 -.635 -.717 .245 -466 -.160 .525 .487 -.088 .523 -364 1

**Correlation is significant at the 0.01 level (@Hed)., * Correlation is significant at the 0.@wél (2-tailed)
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O3 has significant negative correlation with NO, N®IOx, CH,, CO, and RH (r-
value> -0.5); and has significant positive coriielatwith T and solar radiations (r-
value> 0.5). The level of tropospheric ozone ishhiglependent on solar radiations
and atmospheric temperaturégSwackhamer, 1993). NO has significant positive
correlation with N@, NOx, CH,, CO and RH (r-value> 0.5 for each); and has
negative correlation with £ T and solar radiations (r-value> -0.5 for eadk]
concentration is almost negligible from 7 am tor p the summers due to its
conversion into N@by reacting with abundantsroduced by different sources like
CO, NG, VOCs and NMHCs, in the presence of sunlight.,N@s significant
positive correlation with NO, NOx, CHCO and S@(r-value> 0.5 for each); and has
significant negative correlation with3;0OT and solar radiations (r-value> -0.5). At
day-time, almost all the NO has been converted @ By reacting with @ in the
presence of sunlight. The dominant sources of geinocoxides are diesel engines and
4 stroke petrol engines among the mobile sourcesdiy et al., 2013). NOx have
significant positive correlation with NO, NOCH,, CO and S@(r-value> 0.5 for
each); and have significant negative correlatioth W; and solar radiations (r-value>
-0.5). CH, has significant correlation with NO, NONOx, SQ and RH (r-value> 0.5
for each); and has significant negative correlatotih O;, T and solar radiations (r-
value> -0.5). NMHC have no significant correlatiith any of the parameters. CO
has a significant positive correlation with NO, N®Ox, CH,, SG and RH,(r-value>
0.5 for each), and has significant negative retatioth O; and T (r-value> -0.5).
Rasheed also has observed a significant positiveelation between CO and NO,
NO,, NOx, CH, SO and negative correlation between CO and(Rasheed et al.,
(2015). A strong correlation amongst the NO, NROx, CH,, CO and S@suggest

that the dominant sources of these pollutants aextdor primary in nature. The
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results of vehicular exhaust emission monitoringgasts that the major sources of
CO are CNG, LPG and petrol engines. Diesel engiyeeerates relatively very low
amount of CO. Ambient CO emissions always remairisinvthe permissible limit of
5 mg m>= 5000 pg . Therefore, CO emissions may not be consideredriderms

of pg m?® units. The significant positive correlation betwe20 and NO (r = 0.72)-
value < 0.01) shows a common source for both aintheNG engines are a main
common source for the emission of CO and NO (Yastait., 2013). Pakistan has the
highest number of vehicles using CNG fuel (Yasarale 2013). CO produces;O
through number of chemical reactions with hydrosadicals and NO in the polluted
environment in the presence of sunlight. The dontis@urces of CO emissions are
two strokes and four stroke petrol, CNG and LPGicteh. Diesel engines produces
only minute amount of CO emissions (Yasar, et24l13).

The major source of S&missions are diesel engines and two stroke LP&lesh
(Yasar et al., 2013). Sas significant positive correlation with NO, N@H,, CO,
PM,s WS and RH (r-value> 0.5 for each); and has sicgnit negative correlation
with O3 and T. Correlation of SOwith WS suggests that point sources can be a
dominant source for SCemissions. The common source for CO ang 8@ LPG
engines.

PM, shas significant positive correlation only with $@value> 0.5). The correlation
of PM,s with SO, suggests that most part of these pollutants aigs from fresh
emissions from mobile and point sources. Some atafuPM, s may be produced by
chemical conversion of SOnto particles. The similar trends have been regbby
Aneja et al., (2009). A negative correlation of PMith T has already been reported
(Tiwari et al., 2012). Some researchers have regoconversion of semi volatile

components from particle phase to gas phase aircéigh temperature (Sheehan and
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Bowman, 2001; Aw and Kleeman, 2003; Dawson et 2007; Kanakidou et al.,
2007). Yasar has reported high smoke opacity fostrob the diesel engines, which
are a dominant source for BM Diesel engines are dominant source for, @d
PM, s emissions, which explains high correlation betw®d&m, s and SQ (Yasar, et
al., 2013).

RH has significant positive correlation with NO, C80% and WS (r-value> 0.5); and
significant negative correlation with ;Cand T (r-value> -0.5). In fact, RH has
significant negative correlation with T and has wdittle correlation with other
pollutants. The pollutants may have very minuteraation with WS and RH. In
other words, it is difficult to explain the corrétan of pollutants with WS and RH in
the presence of many other factors as well. Invilnger season, excess amount of
ammonia at low temperature and high relative hityidipturns PM by producing
nitrate particles (Pitchford et al., 2009; Rajalet 2010). Temperature has significant
negative correlation with NO, NOCH,;, SO, WS and RH (r-value> -0.5); and has
significant positive correlation with solar radats and @ (r-value> 0.5) Similar
results have been obtained in previous studieshik&®asheed and Jacob (Jacob and
Winner, 2009; Rasheed et al., 2015). This expl#mes production of ozone in the

presence of solar radiations in the presence alpsers of Q.

4.4. Ratioanalysis

High ratios of CO/NOx and low ratios of $@8Ox indicate that the mobile sources
are the major source of CO, and point sourcesh@enijor source for S@missions.
The production of NOx is associated with high terapee during fossil fuel burning.
Therefore, NOx are usually produced at high tempegan 4-stroke petrol engines

and diesel engines. However, S@re dominantly produced due to high sulfur
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contents in fuel. High sulfur contents (0.5-1%) amesent in diesel available in
Pakistan. Therefore diesel engines are the majtinr@wogenic source of SO
emissions in Lahore (Yasar et al., 2013). As NGxabundantly produced by both 4-
stroke petrol engines as well as diesel enginehigit temperature; therefore,
concentration of NOx usually remains high in Lahcitg. An emission inventory has
been provided by (Darras et al., 2010; Klimont let 2013) for CO, S@and NOX.
The data of ratio of CO/NOx and §80Ox has been given in the Table 4.3. The
Table 4.3 has also provided the ratio analysis 6f Iy NOx and S@by NOXx,
provided by different studies like Denver, CO, URish et al., 1991); Boulder, CO,
US (Goldan et al., 1995) Raleigh, NC, US (Anejalet1997) and New Delhi, India
(Aneja et al., 2001). The above said studies hawdas trend of ratios of CO/NOXx
and SQ/NOx as do in the current study.

Table 4.3. Ratio analysis based on average emssaioahor ambient data.

Region Sour ce CO/NOx SO,/NOx
Ambient 4.3 0.94
Eastern US Mobiles 8.4 0.05
Point Sources 0.95 1.8
Ambient 2.6 1.7
Pennsylvania Area Mobiles 7.8 0.05
Point Sources 0.8 2.3
Ambient 7.3 0.19
Western US Mobiles 10.5 0.05
Point Sources 0.18 0.44
Ambient 7.3 0.19
Denver Metropolitan area  Mobiles 10.5 0.05
Point Sources 0.18 0.44
Raleigh, NC Ambient 16.3 0.73
New Delhi, India Ambient 50 0.58
Ambient 14.103 0.524
Lahore (during May) Mobiles 7.699 0.263
Point Sources 0.759 0.407

1 ppb NOx = 1.91 pg/MCO, NOx and Sehave been taken in pgimnits
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4.5. Air quality monitoring at different spots

The urban background emissions data has been pobbiglthe air quality monitoring
station installed at Town Hall building. According Katulski, it is impossible to
monitor the spatial and temporal variations in dbmosphere on the basis of a single
monitoring site (Katulski et al., 2011). Therefoaemonitoring program was launched
to monitor air quality of different sites. The foling different categories were
monitored,

» Traffic Hotspots,

* Road Side,

* Industrial Area,

» Urban Background Station,

* Rural Area

The average monitoring results are given in Tablewhich may act as a comparison
of different spots of urban emissions level in Lia&o

Table 4.4. Comparison of air quality at differemtations in Lahore, Pakistan

NO NGO, NOx CcoO SQ PM;:
ug/m®  pg/nt ppb mg/m  pg/nt ug/nt
Traffic
Hotspots 52.655 130.724 115.9352.508 70.536 294.288
Road Side 43.642 108.503 104.7211.54 52.69 202.938

Industrial Area 38.075 95.528 88.393 0.1282 68.793 191.644

Background
Station 27.563 71.274 60.327 1.625 60.328 174.222
Rural Site 8.55 22.871 18.443 0.0892 19.79 122.234
40 80 5 120 35
NEQS (24 (24 - (08 (24
hour) hour) hour)  hour) (24hour)
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4.6. Analysisof ozone formation

Ozone is a secondary pollutant. The primary souimeszone are CO, VOCs, GH
NO, and solar radiations. A large amount of Iés also been produced around high
voltage electric lines. Some countries also claighhamount of @ due to trans-
boundary movements. It has been observed thatglstimmers, almost all the NO
has been converted to N®y reacting with @ being produced by different chemical
reactions of CO, Ck VOCs and N@ in the presence of sunlight. Therefore NO
concentration remains almost nil in the presenckigth solar radiations at day-time
in summers. A possible dynamic equilibrium betwdkh and NQ has been given in
“eq. 4.1” (Seinfeld and Pandis, 2016).

NO +Q; & NO,+ O, (4.2)
NO, reacts with oxygen in the presence of sunlighgrtmuce @ and NO. As the NO
concentration is almost nil at day-time in summérsnay be assumed that; @as
been produced in abundant amount by different pgirsaurces to keep the reaction
forward according to Le Chatlier principle i.e. alst all the NO has been converted
to NO, due to abundant amount o Produced by number of primary sources, in the
presence of sunlight. Therefore, it can be assuimatdQ®; concentration measured at
day-time in summers (high solar radiations) is @gtwhich has been produced by
sources other than NQr NOx; as the amount of ;(poroduced by N@ has been
consumed by NO. Or it may be assumed that wheribeeralue of NO is negligible,
the amount of @produced would be that amount of, @hich is produced by sources
other than N@or NOx. Another assumption is that, the sourdes W OCs, CO, CHhl
convert NO to N@ and higher oxides of nitrogen. The production abre as
secondary pollutant has been described by mangrmddrecent studies (White et al.,

1976; Jenkin and Clemitshaw, 2000; Attri et al.pP0 The NQ is further photo-
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lysed to produce © At day-time, the value of NO is negligible dueit conversion
to NO,. The value of N@ or NOx has been found to be as high as thesd@ue.
Therefore, a significant positive correlation issetved between NOand Q or
between NOx and ©during day-time. Dependence of ozone on primafjufamts
like VOCs and NOx has also been described by maayiqus and recent studies
(Jenkin et al., 2000; Attri et al., 2001; Martin adt, 2015). To assess the extent of
dependence of Ozone on other variables, paired Isaimipst has been applied on

data. The results of paired sample t test are giv@mble 4.5.

Table 4.5. Comparison of dependents through P&asdple t Test

T P
Pair 1 NO - G; -4.872 0.005
Pair 2 NO; - O3 -3.923 0.011
Pair 3 NOX - Os -4.354 0.007
Pair 4 CHs- G5 16.787 0.000
Pair 5 PMzs- O3 1.811 0.130
Pair 6 WS -G -4.977 0.004
Pair 7 T-05 -3.713 0.014
Pair 8 RH - G -3.668 0.014
Pair 9 Solar radiation - @ 15.505 0.000

The t value of all the precursors of ozone like N@H,, temperature and solar
radiation is non-zero. The p value of NO, NOIOx, T and solar radiations are less
than or very close to 0.01 (99% confidence levieljjcating their significant effect
for Ozone. For P p-value is 0.13 indicating no significant depenckenf ozone on
PM_s. Although p values for wind speed and RH are ctos&01, but practically, RH
has no significant relation for ozone and depende@f®zone on wind speed depends

on wind direction. Wind speed is a very importaattbr in dilution of urban air
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pollution. Whenever wind speed is increased upt® m/sec, a strong dilution has

been observed in urban air pollution accordingly.

4.7. Diurnal and monthly mean pattern

It has been observed that all the primary pollgadike CH,, NMHC, CO, NO, NG,
NOx, SQ and PMjs have positive correlation with each other and negat
correlation with Q. Peak value of ©has been observed during day-time due to
presence of high solar radiations especially inraers. In the absence or reduction of
light at night, almost nil or minimum values o @ave been observed. The diurnal
variations remain same in every season and all Imsooit the calendar. The value of
O3 has been observed very high during summer noontaldiegh solar radiations.
Maximum pollution of primary pollutants has beensetved from November to
February due to low solar radiations and low phio¢émaical reactions to produce.O
The diurnal variation of ©and Other pollutants (orf'May) has been given in “Fig.
4.1”. The significant correlation of {with temperature and solar radiations has been
described in “Fig. 4.2”. The similar dependenceOafon solar radiations has also
been described by many researchers like Swackhamnaeirariqg (Swackhamer, 1993;

Tarig and Ali, 2015).
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Fig. 4.1. Diurnal trend of air quality pollutants
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Fig. 4.2. Diurnal trend of ozone, temperature (1d aolar radiations
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4.8. Seasonal pattern of Ozone and other pollutants

There are five different seasons in Lahore. The tmain seasons are winter and
summer with extreme climatic conditions. As alredilycussed, ©has a significant
correlation with temperature (r = 0.7) as givermable 4.2. The value of {Jemains
high during summers due to high solar radiatiorighHevels of Q as UV absorbent
have also been confirmed by OMI (ozone monitorimgfrument of NASA) onboard
satellite data, during summers, especially in seutiparts of Pakistan (Tariq and Ali,
2015). The concentration of precursors of ©®mains high during winter season
mainly due to low solar radians. The main featwfesinter season in Lahore are,

* Low wind speed,

* Low solar radiations/ temperature,

* And less precipitation.
This favors accumulation and inversion of air piahis. Therefore, highest air
pollution has been found from November to Februatyahore as a semi-arid region.
But concentration of secondary pollutarg ®mains low in winter season due to low
solar radiations. The summer season comprises of

* Relatively high wind speed,

* High solar radiations/temperature,

* Monsoon rains during July and August.
All these factors results in dispersion and washofitair pollutants. But ©
concentration remains high during summers duedb bolar radiations. Similar trend
has also been observed by SUPARCO for, PMighest in October and low in July)
in 2006 (Shahid et al., 2015). The monthly pattefrO; and other pollutants have
been elaborated in “Fig. 4.3".

r
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Fig. 4.3. Seasonal/Monthly pattern of air qualibflptants in Lahore
49. Summary

The annual average concentrations of,REhd NO are exceeding the Pak-NEQS.
The NEQS for PMs are very strict for a semi-arid region as PMevels are
exceeding strict NEQS of 35 ug m-3, even in ruraha around Lahore city. The 24
hours and annual Pak-NEQS have not been establiitedzone, although its
concentration remains too high during summers. Madurces are main contributor
to high concentrations of NO. The hourly averageele of ozone exceed the Pak-
NEQS during the summer season. CO and &®@ found to remain in compliance
with the Pak-NEQS for the entire calendar year. Wunthly pattern of pollutants
show that AQI remains high during winter season tduelatively low washing effect
(low rain), low wind speed and high inversion. Sanitrend has also been observed
by SUPARCO for PM5s (highest in October and low in July) in 2006. Moneer the
dominant wind direction from south-east side ermahpelluted steal industry to

contribute to pollution of Lahore in winter. Butae levels remain low during winter
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season due to low solar radiations. The diurnaidiref pollutants is similar to
monthly pattern i.e. AQI remains low at day-timehah T and solar radiations. The
concentration of primary pollutants like NO, BJONOx, CO, S@, CH;, NMHC and
PM,sremains low at day-time due to their use as precws O;, dispersion effect
and many other factors. The ozone level remaink atgday-time (like in summers)
due to high solar radiations and presence of higitentration of its precursors.
Ozone has positive correlation with T and solariatéohs; and has negative
correlation with most of the pollutants like NO, JDIOx, CO and Ck Wind speed,

T and solar radiations have negative correlatioth wrimary pollutants. Wide range
of fluctuation in NO concentration has been obsgivethe presence and absence of
solar radiations. Ozone in the presence of soldiatians has reduction effect for
most of the pollutants other than PMand NMHC. The correlation studies suggest
that the dominant sources of the primary pollutanésfossil fuels, either from mobile
sources or point sources. The 4 stroke petrol esgare a common source for CO,
NO, NG, and NOx; which are precursors of.iesel engines are major common
source for NOx, S@and PMs SO emissions mostly remain in compliance with
NEQS in Lahore, as most of the vehicles use pasduel. As NOx are abundantly
produced by both 4-stroke petrol engines and diesgines, the concentration of
NOx mostly remains high in Lahore city. The ra#inalysis showed that mobile
sources are the major sources for CO and NOx emnisswhile point sources are the

major source for SQemissions in the Town Hall area of Lahore.
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CHAPTER S

5. Evaluation of transport sustainability
This chapter is intended to find out sustainaldedport indicators, social survey and

transport sustainability index for the five roadd_ahore, Pakistan. The indicators of
transport sustainability have been discussed utidemain heads like, shifting of
modes from private to public vehicles, land useapiag and sustainable operations.

A social survey has been conducted through a aqunestire.

5.1. Sdection of indicators

Different studies have described number of indicator sustainable transport system
but the selection of clear indicators is alwaydiclift, either due to lack of clear

targets or due to the deficiency of systematic @sedSmith et al., 2013a). Recently
different necessary steps have been suggestedrbpdan commission in a research
project. The main findings of project are promotioilighter & efficient vehicles

with advanced combustion engines, reduction in radsport, promoting GHGs

legislations, shift towards electric & hydrogen Ifueshicles, social & economic

research and planning and measures to reduce dranigmand (Lué, et al., 2016). In
this study, three main pillars of sustainabilitgzoromics, environment and social
indicators have been discussed under heads likinghof modes, land use planning
and sustainable operations. The economic indicainctude cost as well as

contribution to the economy of using car fleet. Gesassociated with health issues
and accidents. Economic contribution deals witHitable manufacturing of cars and
services sector. Regarding social domain employnseahe of the main benefits of
this sector. Third factor is environmental pollatim the form of gaseous emissions
and noise. It is worth mentioning that disbenefifs car fleet emissions, road
congestion and noise are often not shared equadiglth effects of climate change

and air pollution are one of the examples (Smital.e2013b).

Many experts believe that fossil fuel is socio-matumetabolism for capitalism
(McCarthy, 2015). But there is need to find out ewable resources for new
developments. Therefore, the third strategy focusesthe use of sustainable

operations. Sustainable operations include use MG @r LPG fuel for cars and
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buses, use of biodiesel for diesel engines and afsdwybrid technology for
motorcycles and cars (Shiau, 2012). A lot of reseavork has done on improvement
of engine emissions by introduction of certain $uat depicted in recent studies by
Mofijur, Imdadul, Kumar and Ali (Mofijuret et al2016; Imdadul et al., 2016; Kumar
et al., 2016; Ali et al., 2016). The descriptionirdicators selected for calculation of

transport sustainability index has been given inlg%.1.

Table 5.1. Selected indicators for assessmenap$port sustainability index
Primary

. Secondary ) . ]
Indicator ) Tertiary Indicators Quaternary Indicators
Indicators
s
v'Availability of sidewalks
v'Availability of pedestrian signals
v'Availability of crosswalks
v'Availability of ITS pedestrian
treatments
v'Disability infrastructure
v'Short block lengths{(800 ft.)
v'Streets in a grid pattern (Repeated)
v'Guide signs
v" Reducing v'Dedicated bicycle lanes on the road
the use of ) v'Dedicated bicycle lanes off the road
] v'Promoting Walk o ] ]
Private ) ] v'Availability of bike sharing
) v'Promoting Bicycle ) ]
N Vehicles ] ) services/bike rental
Shifting ) v Improving Transit . ) .
v" Promoting ) v'Bike service stations
Modes Services .
the use of v'Short-haul shuttle/ circulators/ local
Public bus
Transportati v'Bus rapid access (Metro Bus)
on ¥'Light rail access /Commuter rail
access

v'Fast connection with neighbor cities

v'Park and ride facilities at rail and bus
rapid/bus stations

v'Suitable headways (30 mins/20min/10
min

vfor rail local bus and metro bus
respectively or shorter)

v'Dedicated bus lanes
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Primary
_ Secondary ) _ )
Indicator ) Tertiary Indicators Quaternary Indicators
Indicators
S
v'Signal free tracks (presence of
overhead bridges and underpasses)
v Affordable fair
v'No. of people using private cars
v'Location within % to % mile of Public
Transport
v'Mixed-use Buildings v'Mixed-use buildings
¥ Transit-Oriented v'Parks/playgrounds /open and green
Developments spaces
v'IT instead of Travel  v'Veggie gardens/ kitchen Gardens
v' Length v'Domestic Vegetables v Speed control measures - vertical
Reduction v'Accessible treatments.
V' Trip School/Parks/ v'Speed control measures - horizontal
Reduction  Market/Parking treatments
Land Use )
) v' Fuel v Speed Calming v'Volume control measures
Planning ] o ]
Saving Measures v'E-commerce/E-billing/video
v Time v'Prohibition of conferences
Saving migration from v'Fast connection with neighbor cities
neighbor cities (Repeated)
(localized education, v'ElAs (Public Participation)
localized v'Road width
employment) v'Repair and Maintenance of roads

v'Short block lengths<(800 ft.)

v'Streets in a grid pattern

Sustainab v° Use of v Promote renewable v"Use of CNG Buses

le renewable energy resources v'Low power systems /Alternative
Operatio energy v' Improve fuel power systems
ns resources Quality v'Low sulfur and benzene content in fuel

v' Better fuel
Quality
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5.2. Transport sustainability index

Lahore is an old city. The main infrastructure bé tcity has not been developed
according to the modern design of transport suslality. Mix traffic is main feature

of road traffic in Lahore. There are no fixed lares bicycles or buses. It is very
difficult to walk along the roads, cross the road$o ride bicycles on the roads. Mix
and number of haphazard vehicles on the road yskedlp the traffic very congested
and slow, on most of the roads of Lahore. Nervett8hag noise and environmental
pollution is health hazard for road users. Numlodrsteps have been taken by city
district Government to promote the sustainabilityraad transport. The motorcycle
rickshaws have been banned on Canal road, Mall, kkeilroad and Ferozepur road
to combat noise pollution and congestions on thesels (Yasar et al.,, 2013).
Widening of roads, signal freeness of differentdsgaban on noisy two stroke
motorcycle rickshaws on different selected roadsfronbus project on Ferozepur
road and orange line metro train project are somsomsteps taken by the

Government in Lahore. Environmental pollution amhgestion on roads has been
improved as a result of introduction of overheaddd®s & underpasses, road
widening and introduction of four stroke rickshawshe Lahore city. The four stroke

rickshaws have been introduced by private sectas assult of ban on two stroke
motor cycle rickshaws by the high court. But pulblacs certain reservation on lengthy
U-turns, building and business collapse due to rpagjects, reduced and less
accessibility of public transport other than metbas project, difficulties for

pedestrians & bicyclists and consumption of too momney on metro bus and train
projects. Much has been done to control the cditgesn roads. Underpasses and
overhead bridges have been introduced on numbé&usy crossings. Many roads

have been made signal free. A 27 Km long metrodtatson has been introduced for
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public. The traffic congestion has been controllednuch extent on many roads.
Orange Line metro train project is under constarctiA lot of criticism has been
observed from public and opposition parties in ohlot of budget allocation for a
single city by ignoring other small cites and igngr other facilities like health
education and electric power shortage. Numberseople are migrating from other
small cities to Lahore due to lack of facilities timeir homelands. City has been
expanding at a great rate with introduction of lieus housing schemes. Very few
vertical developments have been introduced in ittye othing special has been done
to promote bicycle or walk instead cycling and whks been made more difficult.
The roads have become more unsafe for bike ridggcdists and pedestrians. People
have to move to different separate markets to @eehdifferent domestic goods.
Despite of number of sustainable steps taken bysthernment, many modern tools
of sustainability have been overlooked. The briesatiption of 35 transport
sustainability indicators in Table 5.2 shows mangrtooked indicators like parking
facilities, facilities for cyclists and pedestriandistance from bus stop, kitchen
gardens, fuel quality, use of electronic technaegpublic participation etc. The
transport sustainability index has also been catedl in the Table 5.2. Transport
sustainability index of Ferozepur road, Gulbergmaoulevard road, Jail road, Mall
road and Multan road remained (very low) 47.14,538.40, 34.29 and 34.29
respectively. None of the Pakistani city has beelecsed for sustainability index
survey, to be able to enlist among (twenty sixjesitof Asia and Middle East (De
Gruyter et al., 2016). Manila (Philippines), Tokydapan), and Chennai (India)
have been ranked or12" and & positions respectively (De Gruyter et al.,

2016).
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Table 5.2. Transport sustainability index of diéfet roads
Index Value
Sustainability Indicators M easur ement Units -
g% &._ 8 5
N
°c2 L7 = =3 =3
T. S5O T S8 3So
LS O L) = - 2
1. Availability of sidewalks Sidewalk-miles to route- 1 1 1 1 1
miles ratio
2. Availability of crosswalks # of Crosswalks /route- 1 0.5 1 0.5 0.5
mile
3. Availability of pedestrian Percentage of signalized 0 0 0 0 0
signals intersections
4. Availability of ITS Yes/No 0 0 0 0 0
pedestrian treatments
5. Disability infrastructure Yes/No 0.5 0 0 0 0
6. Guide signs Yes/No 1 1 1 1 0.5
7. Dedicated bicycle lanes on Percentage of network 0 0 0 0 0
road route-miles
8. Dedicated bicycle lanes off Yes/No 0 0 0 0 0
the road
9. Availability of bike sharing Yes/No 0 0 0 0 0
services (bike rental)
1C Bike service stations Yes/No 1 1 1 1 1
11 Short-haul shuttle/ Yes/No 1 1 1 1 1
circulators/ Local bus
12 Bus rapid access (Metro Yes/No 1 0.5 05 05 0.5
Bus)
13 Light rail access Yes/No 0 0 0 0 0
Commuter rail access
14 Fast connection with Yes/No 0.5 0.5 0.5 05 0.5
neighbor cities
15 Park and ride facilities at rail Yes/No 0 0 0 0 0
and bus rapid/bus stations
1€ Suitable headways (30 Yes/No 1 1 1 1 1
mins/20min/10 min for rail
or local bus or metro bus or
shorter)
17 Dedicated bus lanes Yes/No 0 0 0 0 0
18 Signal free tracks (presence Yes/No 1 1 1 0 0
of overhead bridges and
underpasses)
1¢ Affordable fair Yes/No 1 1 1 1 1
2C No of people using Private Number of 0 0.5 0 0.5 1
cars vehs/household
21 Location within % to %2 mile Yes/No 0.5 0 0 0.5 0
of Public Transport
22 Mixed-use buildings Percentage of buildings 0.5 0.5 0 0 1
with two or more land
uses
23 Parks/open and green Percentage of area 1 0 1 0 0
spaces/playgrounds
24 Veggie gardens/ kitchen Percentage of buildings 0 0 0 0 0
Gardens
25 Speed control measures -  Percentage 0.5 0.5 05 05 0.5
vertical treatments.
2€ Speed control measures - Percentage 0 0 0 0 0
horizontal treatments
27 Volume control measures Percentage 0.5 0.5 05 0B5
28 E-commerce/E-billing/video Percentage of household0.5 0.5 05 05 0
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conferences using the service
29 ElAs (Public Participation) Yes/No 0 0 05 O 0
3C Road width Relative to other roads 1 1 05 0.5 1
and traffic load
31 Repair and Maintenance of Public Acceptance 1 1 1 1 0.5
roads
32 Short block lengths(800 Yes/No 0 0 0 0 0
ft.)
Streets in a grid pattern
33 Low power systems Yes/No 0.5 0 0 0 0
[/Alternative power systems
34 Use of CNG Buses Percentage 0.5 0.5 05 05 0.5
35 Better fuel Quality Yes/No 0 0 0 0 0
Total 16.5 135 14 12 12
Index 47.14 38,57 40.0 34.29 34.29

5.3. Social survey

A social survey has been conducted through a aqurestire. Opinion of 400 people
including 96 women and 304 men was taken regarttiagy mode of transportation,
vehicle ownership, hurdles in the use of publiasgort, factors to promote public
transport and their opinion to promote public t@ors The questionnaire is attached

as Annexure |.

5.3.1. Vehicle ownership and usage

Questionnaire data elaborates that most of the lémmtaave no vehicle ownership
except 8% have personal cars. Most (92 %) of theafes are either given pick &
drop service by their family members or otherwise gpublic transport or taxi for
their trips. Around 34 % males have no vehicle awhip, 5% have cars, 55% have
motorcycles and 5 % have personal cycles. OveglP# people have no vehicle
ownership, 6% have cars, 42 % have motorcyclegi&mtiave cycles. Majority of the
people (46 %) use motorcycle, 10 % use car, 2 % ayste, 14 % use taxi or
rickshaw, 16 % use public bus or wagon, 6 % usearais and 6 % walk for their
trips to university or work place. People were fdueluctant to use public transport

due to different factors in the survey.
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5.3.2. Factors. preventing people from using public transport

“Distance from bus stop” has been declared as wemyortant (3" grade) and
important factor (Qi‘- grade) by 42 % and 50 % participants respectivelpreventing
people from using public transport. As time hasbidéen as precious resource in the
modern world (Stoica et al., 2015). “Total time éak has been assumed as very
important and important factor respectively by 56 34 % people. Frequency of
service, safety, length of journey, cost and laichvailable information were rated 16
%, 32 %, 42 %, 16 % and 16 % as very effectiveofac(S" grade) respectively, in
preventing people from using public transport. Afrgquency of service, safety,
length of journey, cost and lack of available imf@ation were rated 50 %, 42 %, 32
%, 26 % and 26 % as effective factor® @tade) respectively, in preventing people
from using public transport.

Overall factors are ranked as distance from bup, dime taken (4.34), length of
journey (4), safety (3.98), frequency (3.6), co8t42) and information (3.06)
respectively, out of 5 grades, in preventing pedmm using public transport. Factor
like weather conditions (2.94) has not been givarcimimportance by the public.
Overall importance of the factors (in preventingle from using public transport) is
3.71 out of 5 grades. The detail of factors premenpeople from using public

transport has been given in Fig. 5.1.a. and Figb5.
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5.3.3. Important factorsin the choice of transport

People were found very time conscious in their chaf transport. “Time taken” has
been rated as very important factof @Grade) and important factor'{4rade) by 74
% and 24 % people respectively, in their choicetrahsport. “Convenience” was
rated 64 % and 28 % as very important and importacior respectively in the
selection of transport. “Route” was rated 74 % d®% as very important and
important factor respectively in the selection @insport. “Safety”, “reliability” and
“relaxation” were rated 56 %, 66 % and 56 % redpekt as very important (5
grade) and 34 %, 18% and 28 % as important fadtbgtade) respectively, in the
choice of transport. “Cost” and “health” has beated as very important factor in the
choice of transport by 42 % and 32 % people respdygt Environmental benefits
have been rated as very important factor by 24 #pleein the choice of transport.
Public wants subsidy in transport sector. It hasnbfound that subsidy for public
transport is necessary otherwise quality would wie gptimal (Nilsson et al., 2016).
The survey concludes that time, convenience, raafety, reliability and relaxation
has been taken as the most important factor ragphcin the choice of transport.
Overall time, convenience, safety, reliability, axtion, health, cost, weather
conditions and environmental benefits were ranketl@t, 4.48, 4.46, 4.34, 4.3, 4.06,
3.82, 3.82 and3.66 respectively out of 5 gradesmasrtant factors in the choice of
public transport. Overall importance of the fact@irsthe choice of public transport)
is 4.19 out of 5. The detail of importance of fast;m the choice of public transport

has been given in Fig. 5.2.a. and Fig. 5.2.b.
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5.3.4. Importance of theinitiativesto promote public transport

People were found very conscious in application angdlementation of certain
initiatives from Government side to improve pubiiansport. “Launch school and
work buses”, “more bus routes” and “cheaper favesie considered as very effective
initiative (5" grade) by 68 %, 50 % and 76 % people respectivelpromote public
transport. Only 16 %, 16 % and 08 % people decléles$ parking space”, “more
parking fees” and “onboard entertainment” respetyivas very effective {5grade)
initiative to promote public transport. Majority ¢dhe community (76 % people)
considered “parking at metro bus stop” as veryctiffe initiative. Similarly, 68 %
people talk about provision of more reliable bus/ise as very effective initiative.
Only 26 % people were interested in separate dgdes and 26 % considered cycle
& pedestrians u turn bridges as very effectivdatiite. Overall factors are ranked as:
cheaper fares (4.6), availability of school/worlspmore reliable service (4.36), more
bus routes (4.34), extended bus service (4.28)e @adestrian u-turn bridges (3.78),
parking availability at metro bus stop (3.76), eythnes (3.54), free cycle parking
(3.42), less parking space for vehicles (3.18),canth entertainment (3.1), higher
parking fees (2.86), car sharing scheme (2.78)ectsmly out of 5 grades, as
important initiatives to promote public transpoiithe overall importance of the
initiatives (to promote public transport) is 3.76t @f 5 grades. People during their
interviews emphasize to stop migration to Lahotepugh provision of health,
education, employment, industrial and fast transpacilities in other cities and
remote areas as well. Some people emphasize tadpr@conomical, better and
accessible public transport for all the housingetges of Lahore, to promote the use

of public transport and to lessen the use of peivathicles, especially cars. The detail
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of effectiveness of the initiatives to promote tipeiblic transport/ transport

sustainability has been given in Fig. 5.3.a. argd 5i3.b.

Rank

Factors
1 2 3 4 5 6 7 8 9 10 11 12 13

1: School/Work Bus, 2:More bus routes, 3: Cheaprd, 4: Less parking space, 5: Extended bus
service, 6: Higher parking fees, 7: Free cycle payk8: Parking at metro bus stop, 9: Car sharing
scheme, 10: On board entertainment, 11: Separate leyes, 12: Cycle pedestrian U turns, 13: More

reliable service

Fig. 5.3.a. Ranking of the initiatives to promatensport sustainability
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Fig. 5.3.b. Effectiveness of the initiatives to mmate transport sustainability
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5.3.5. Effectivenessof the advertisement techniques

The concept of transport sustainability was newnfast of the stake holders. Even
the people were not found so much interested in dtieertisement of transport
sustainability. Only 34 % people considered teievisand 34 % people considered
poster advertisement as very effective tool" (§rade) to promote transport
sustainability. Similarly, only 34 % and 16 % pemgbnsidered leaflets and radio
advertisement respectively as very effective t@illboards, text messages, social
media and advertisement in buses were considereerpeffective tool (5 grade) by

04 %, 20 %, 22 % and 34 % respectively, to pronmiblic transport. Overall

advertisement techniques are ranked as: postdevisien advertisement (3.94),
leaflets (3.68), radio advertisement (3.36), haagsibillboards (3.32), advertisement
in buses (3.26), emailed advertisement (2.34) ms@dy out of 5 grades. Overall the
importance of the advertisement techniques is 8utlof 5 grades. The detail of the
effectiveness of the advertisement methods to ptermransport sustainability has

been given in Fig. 5.4.a. and Fig. 5.4.b.
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54. Summary

As a developing country, lots of gaps and weakrse$sve been found in urban
planning of Lahore, Pakistan at policy level. Orfette main factors is emerging
population of the city, due to migration of peojfilem Punjab province for jobs &
education and from other provinces due to secuefgons. Another main factor is
lack of basic facilities at grass root level, whimbmpel people to migrate to Lahore.
In this study, the main indicators of transporttaunability: shifting of modes from
private to public vehicles, land use planning andtanable operations have been
studied. Transport sustainability index of Ferozemad, Gulberg main boulevard
road, Jail road, Mall road and Multan road remaid@di4, 38.57, 40, 34.29 and
34.29 respectively. Lack of parking space at mdshe roads has made the roads
congested for traffic. Although cars are usuallyusad 10 % of traffic load, still this
guantity is sufficient to congest the roads of Li@hd he new colonies mostly have no
or very less provision of public transport facilay 10 to 15-minute walk from homes.
People do not want to use public transport. Thdiptifansport users are mostly from
lower middle class and poor communities. Commusiitiear metro bus project have
problems to cross the road as well as to meet thiemts. The land use developments
have lots of weaknesses and gaps, forcing peoplset@rivate transportation.
Development in road infrastructure with lengthy W, underpasses and overhead
bridges, has been made for car users only, andghased the poor communities,
pedestrians and cycle users. It is very difficaliMalk along the road or cross the road
for pedestrians. Lengthy U-turns have forced thepjeeto violate one-way traffic
rules. Auto rickshaw drivers, motorcycle users ayclist may not be considered safe

during one-way violations and during lane changeudms.
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More than 80 % stake holders pointed out distanme fous stop, much time taken,
lack of available information and low frequency lmis service as major cause of
preventing public from using public transport. Riste from bus stop, time taken and
length of journey were rankeel4 out of 5 grades in the survey. Time, convenience
safety, reliability, relaxation and health were ket above 4 out of 5 grades in the
choice of public transport, during survey. Chediaees, availability of school/work
bus, more reliable service, more bus routes andnded bus service were ranked
(above 4 grades), as important factors to promaielip transport. None of the

advertisement technique was ranked above 4 to geopublic transport.
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CHAPTER 6

6. Air quality modeling

The objective of this chapter is to find out envssifactor of different classes of
vehicles as well as to model the certain air patitg level in five different main
streets of Lahore, Pakistan. The percentage ddréifit classes of vehicles on different
streets has been calculated. The background urbessiens data has been taken from
air quality monitoring station installed at Town IHauilding at Mall road. The air
pollutants level has been modeled with the hel@pérational Street Pollution Model
(OSPM). The data of street configuration, backgduarban air pollution,
meteorological conditions, diurnal traffic countdaemission factor of vehicles has
been made available to model the pollutants levaliféerent streets. In the end a

correlation between observed and modeled resuitbéen calculated.

6.1. Street air pollution modeling

The 24-hourvehicular traffic data of five busy stse(Ferozepur road, Gulberg main
boulevard road, Jail road, Mall road and Multand)daas been taken. The 24-hourair
pollution (NOx, CO, @, SG and PM ) and meteorological data (wind speed, wind
direction, solar radiations, temperature and netaliumidity) of the above said five
roads has been taken through Horiba air qualityitoong instruments. Air pollution
level has been modeled through OSPM model by imgutiraffic data, emission
factor of different vehicles, street configuratiand metrological data. The locations
of five selected streets, Ferozepur road, Gulbeamn ihoulevard road, Jail road, Mall
road and Multan road have been shown in Fig. 6.Eig. 6.1.b., Fig. 6.1.c., Fig.

6.1.d., and Fig. 6.1.e. respectively.
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Fig. 6.1.a. A view of Ferozepur road
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Fig. 6.1.b. A view of Gulberg road

SDSC GC UNIVERSITY LAHORE 73



CHAPTER 6: RESULTS AND DISCUSSION

AIR QUALITY MODELING

Jail Road " : Legend
Write & desoription for your map o % - - B Fegture 1
- B Feate 2
& Jsh Road
B Pak
) Race Course Padk

L 2
N o
-

fe

)

g .-."-u‘t_,}IL' rJ._'Ij_r’I,l 1

4

Fig. 6.1.c. A view of Jail road
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Fig. 6.1.d. A view of Mall road
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Fig. 6.1.e. Google location of Multan road
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6.2. Street configuration

In the current study five main streets (roads) ehdare have been selected for air
pollution modeling. Operational Street Pollution déb (OSPM) software has been
chosen for the modeling of air pollutants. PlufBassian) and box model have
been combined in the OSPM Model. The Gaussiangadculates the concentration
of emitted pollutants and the box model deals Withparts of pollutants in the street.
The OSPM software requires data like street cordiion, background emissions &
meteorological data, diurnal vehicle data, aversgeed of vehicles and emission
factor of vehicles. In the first step the configioa of streets has been calculated. The
street configuration includes road width, buildingight and street axis orientation.
More over the 24-hour data of different vehiclesskes and average speed of vehicles
has been calculated. The locations of air qualibniboring station and five selected

streets have been shown in Fig. 6.2.

o = p
Gutstnan;a;ﬁaw S

;;.'; C’t\. 4

Fig. 6.2. Study area (location of streets and a#lity monitoring station)

The street configuration of five different strebés been given in Table 6.1.
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Table 6.1. Street configuration and average spéedrucles

Building Average
X Average
No.  Street Name Height (m) Street Width  Orientation Spﬁe (lj of
Side 1 Side 2 (m) venhicies
(Km)
1 Ferozepur 10 083 40 108° 35-40
Road
2. Gulberg Road 15 12 60 63° 50
3. Jail Road 10 8 45 143° 50
4, Mall Road 8 7 35 148° 35-40
5. Multan Road 8 4 35 100° 40

6.3. Diurnal Traffic Count

It has been studied that motorcycles are the darhim@hicle class in the streets of
Lahore. Cars (cars, jeeps and pickups) comprisensebig category. As an average
of five streets motorcycles, cars, auto-rickshawgs, minibuses trucks and buses are
53%, 31%, 10%, 3%, 2%, 0.63% and 0.31% respectnfedywerall vehicles as shown
in Fig. 6.3.f. The percentage of motorcycle vafresn 48 % at Jail road to 58% at
Multan road. The percentage of cars varies from 26%ultan road to 37% at Jail

road as shown in Fig. 6.3.
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a. Ferozpur Roadvan MINIBUS BUS Truck Auto b. Gulberg Road van MINIBUS BUS Tryck Auto
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c. Jail Road Van MINIBUS BUS Truck Auto d. Mall Road Van MINIBUS Bus Truck Auto
3% 2% 0% 1% Rickshaw 3% 2% 0% 0% Rickshaw
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\ Motorcycl \
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Fig. 6.3. Percentage of vehicles at different streets of Lahore

6.4. Calculation of emission factors

The emission factors of different vehicles havenbealculated with the help of
OSPM software. The emission factor for BMPM, 5, NOx, Benzene and CO have
been calculated through OSPM by taking into actthunfuel characteristics of 1990
levels and vehicles of year 2000 level, used irogerfor an average speed of 40 Km.
The emission factor of Save been taken from a study in Vietnam, duertola
conditions (Hung, 2010). The emission factor of ojjag auto rickshaw are

considered equivalent to car due to similarityrdit emissions level as prescribed by
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Yasar (Yasar et al., 2013). The emission faadbrseven different vehicles are given

in Table 6.2.

Emission Factor (g/Km)
PM; = PM;c SO NOx CO Benzene

Vehicle Class

Motorcycle -- 0.10 0.03 0.30 3.62 0.02
Car 0.015 005 017 098  7.80 0.23
Van 0.022 007 025 152  3.00 0.07
Minibus 0.062 023 025 645 259 0.05
Bus 0062 023 064 966 252 0.03
Truck 0081 925 040 1252 219 0.03
Auto Rickshaw 0015 005 017 098  7.80 0.23

6.5. Diurnal traffic pattern

The diurnal pattern of traffic has been shown ig.F.4. The diurnal total traffic
count of different vehicles has been given in Téh® The diurnal pattern of traffic
is almost same at all the roads of Lahore. Usu@Hy,am is starting time for schools,
colleges and Government offices. Banks and prioffiees follows 9 am to 5 pm
schedule. The business hubs and shopkeepers uatiatig their offices at 10-11 am.
Therefore, 8-10 am are usually peak hours in thenmg. Schools off time are
usually 1 pm to 2 pm, which lead to congestion@auds, around 1-2 pm. The off time
from Government offices is usually 3-4 pm. So tkeeoxid highest peak has been
observed from 1-3 pm. The business hubs and shpekeeaisually wind-up their
tasks from 7-10 pm, which lead to traffic load & §m on roads as third peak. The
heavy traffic is allowed from 11 pm to 6 am in th&in city, which results in
enhanced diesel fuel related pollutants {&@d NOx) at 11 pm to 1 am (can be seen

in Fig. 4.1). The buses traffic remains almostnaim 11 pm to 6 am.
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Table 6.3. Average diurnal traffic count for eadhicle class on five selected streets
of Lahore

- Auto
Street Name Motorcycle  Car Van  Minibus Bus TrUCkRickshaw
Fe:g;gp“r 50213 26169 24689 2432 440 802 10830
Gulbergroad 22212 13740 1185 1019 146 249 4522
Jail road 24642 19101 1288 1081 119 309 4765
Mall road 32084 20531 1506 1325 190 259 4703
Multan road 40994 19776 1709 1871 186 547 8331
Ferozepur road == Motorcycle == Car ==\Van
8000 - == Minibus == Bus =@—Truck
==f== Auto Rickshaw
7000 -
6000 -
2 5000 -
§ 4000 -
© 3000 -
(=]
2 2000 -
1000 -
O .
1 3 6 9 12 15 18 21 24
Hours
Gulberg road —¢— Motorcycle —f—Car =h—Van == Minibus
3000 -
2500 -
3
S 2000 -
-
£ 1500 -
k]
g 1000 -
2
500 -
O .
1 3 6 9 12 15 18 21 24
Hours
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Fig. 6.4. Diurnal traffic pattern at five differestreets of Lahore
SDSC GC UNIVERSITY LAHORE 82



CHAPTER 6: RESULTSAND DISCUSSION
AIR QUALITY MODELING L7

6.6. Evaluation of modeled results

The comparison of observed, modeled and backgroesults have been shown in
Figs. 6.5, 6.6, 6.7, 6.8 and 6.9 for Ferozepur r@adberg road, Jail road, Mall road
and Multan road respectively. The correlation betwenodeled and observed data
has been given in Table 6.5. The background stai@srbeen installed at second floor
of Town Hall building at Mall road, which is a poled area of Lahore. The observed
results on different streets are higher than bamkgt results except for some
duration at Jail road and Gulberg road. This ishinige due to high width and low
building heights of Jail road and Gulberg road.e Thodeled data of NOx is slightly
higher at day times but quite consistent at nigint dll the observed points. The
modeled concentration of CO has strong correldbeinveen observed and modeled
data for Gulberg (r-value = 0.72) and Jail roagdlue = 0.66). For Mall and Multan
road, concentration of modeled CO is slightly higla¢ day time. The observed
concentration of CO at Ferozepur road (r-value 33Dis much fluctuating, may be
due congestion, high building height and enhanoedrsion due to metro-bus bridge
in between the road. The sudden shoot in CO lewealg also be observed due to use
of petrol generators by small shopkeepers, duriegtrec power shortage hours. The
modeled concentration of $S@as strong correlation with the observed reshlisthe
results are different for different streets. Thedeled concentration of SOat
Ferozepur road and Multan road is slightly low fra6+12 pm and at slightly high at
night. At Gulberg road, modeled concentration iscmhigher than observed from 1
am to 10 am. Overall modeled S@ata has significant correlation with the observed
data. Modeled S©Ohas significant correlation with minimum r-value Gs57 for
Multan road and maximum r-value = 0.92 for Malldo&lodeled NOx has minimum

correlation (r-value = 0.42) at Gulberg road ancimam correlation at Mall road (r-
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value = 0.92). Modeled CO has minimum correlatibrF@rozepur road (r-value =
0.53) and maximum correlation at Mall road (r-vaki®.88). The modeling results
have shown much correlation with observed resakiglid by many previous studies
in Stockholm, Helsinky, Copenhagon, China, USA, tNé&n and India by using
OSPM (Fu et al., 2000; Ziv et al., 2002; AquilinradaViicallef, 2004; Mensink et al.,
2006; Vardoulakis et al., 2007; Berkowicz et aD0&; Jensen et al., 2009; Hung,
2010; Kumar et al., 2016).

The background data of Rlis available, but not modeled due to much contidlou

of PMps and PM, from sources other than vehicles in Lahore. FangXe, the
construction work for orange line metro train pojeas enhanced the PM level in the
city to much high extent. Overall the modeled ressate quite useful, and have strong
correlation and resemblance with the observedtsaslshown in Table 6.4.

Table 6.4. Correlation of modeled results withaesked results at different streets of
Lahore

No. Street Name Pollutant Name Pearson Correlation

(r-value)
SO 0.63
1. Ferozepur Road NOXx 0.68
CO 0.53
SO 0.66
2. Gulberg Road NOX 0.42
(6{0) 0.72
SO 0.80
3. Jail Road NOXx 0.66
CO 0.66
SO 0.92
4. Mall Road NOXx 0.92
CcO 0.88
SO 0.57
5. Multan Road NOx 0.73
CO 0.67
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Fig. 6.5. Comparison of observed, modeled and lrackgl pollutants levels at
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Fig. 6.9. Comparison of observed, modeled and lrackgl pollutants levels at
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6.7. Summary

Motorcycles are the main feature of traffic in Ladalue to their low buying and
operational cost. Motorcycles comprise around 58f%verall traffic in Lahore. Cars
and auto rickshaws comprise 31 % and 10 % resmdgtof overall traffic count.
People are found reluctant to use public transpatsignificant peak hours of traffic
have been observed due to difference in timingsabiools, Government offices,
private offices and commercial markets. Peak hbarge been observed from 8-10
am, 1-3 pm and 6-8 pm on almost all the streets.@drcentage of different vehicles
at all selected streets is almost same, excelat titgh percentage of cars at Gulberg
and Jail road. The emission factors of seven ctasteehicles have been calculated
through OSPM, according to their fuel quality, eregtype and average speed. In the
next step the air pollution has been modeled vhtn help of OSPM. The data of
street configuration, diurnal traffic count, avesagpeed, meteorological conditions
and back ground urban emissions level has been asddput data to model air
pollution at five different streets of Lahore. Thmeodeled results have shown
significant correlation (r-value > 0.5) with obsedvresults. The background pollution
level is always less than the road pollution lealt as the background air quality
monitoring station at Town Hall building at Mall ad, has been installed in
commercial area, the modeled results for relaticédan areas like Gulberg road may
show less correlation. The better modeling reshise been observed for those
streets which are relatively polluted and are closthe background urban air quality
monitoring station. For the Mall road for examplee r-value for S@ NOx and CO

is 0.92, 0.92 and 0.88 respectively.
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7. Transport sustainability and air quality

Transport sustainability has direct associatiorhvimiprovement of urban emissions
level. Promotion of public transport, walk and lmlgyand reduction of personal cars
can definitely decrease the emissions levels incibhe Similarly, other steps like
provision of facilities at grass root level, impement in vehicle & fuel quality, use
of internet communication and land use reforms aefmitely improve the urban air

quality in the city.

7.1. Impact of reduction in number of personal cars

There are high number of personal cars on the dusdto no or very less use of
public transport by the upper and middle classhef ¢ity. The use of personal cars
can be reduced to a considerable number througbdinttion of better and efficient

public transport for the public. The detail of aage total number of cars travelled on
five different roads has been given in Fig. 7.1ca@culated emission level at five

different roads due to cars has been given in Taldle The decrease in number of
cars on roads can definitely reduce the emissiogldeon roads. A possible decrease
in emission levels with decrease in number of eadsimprovement in speed has also

been described in Table 7.1.
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Fig. 7.1. Number of travelling cars on five diffateoads, during 24 hours
PM;p and SQ@ emission factors remain almost same with gainpeed of vehicles

(from 40 to 50 Km/hr). An estimated decrease of a®MNOXx emissions, 33% of CO
emissions and 25.8% benzene have been observed @i reduction in number of
cars and 10 Km/hr gain in speed (from 40 to 50 Km/Bimilarly, 17.5%, 40.7 and
34% decrease has been observed in NOx, CO and rneemmissions respectively
with 20% decrease in number of cars and 10 Km/lm gaspeed (from 40 to 50

Km/hr), as can be accessed from Table 7.1.
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Table 7.1. Possible decrease in car emissions devile different roads

Street Name Emissions kg/ km

PMig SO NOx CcoO Benzene

Ferozepur
road

Emissions generated by G“'gerg 1.374 2.336 13.465 107.159 3.215
Cars per each Kmat  foa

average speed of 40  Jail road 1.9103.247 18.719 148.971 4.470
Km/hr Mall road 2.053 3.490 20.121 160.123 4.804

2.617 4.449 25.646 204.093 6.124

Multan road 1.978 3.362 19.381 154.241 4.628

FOTOZEPUT 2355 4.004 23811 136250 4.546
With 10% decrease in S)l;lé)erg 1.237 2.102 12.502 71.538 2387
number of cars and gain j,;; o5 1.7192.923 17.380 99.451  3.318

in speed (at 50 Km/hr
P ( ) Mall road 1.848 3.141 18.681 106.896 3.566

Multan road 1.780 3.026 17.995 102.969 3.435

FOTOZEPUT 2004 3559 21166 121111 4.041
CUberd 1099 1.869 11.113 63580  2.121

With 20% decrease in
number of cars and gain Jail road 1.528 2.598 15.449 88.401  2.949
in speed (at 50 Km/hr)

Mall road 1.642 2.792 16.606 95.019  3.170

Multan road 1.5822.690 15.996 91.528  3.054

The questionnaire survey depicts that road usergswlass number of cars on the
road. People are happy with improvement of speesigimal free tracks.

7.2. Impact of fuel and engine quality

The air quality is directly related to fuel consurop. Pakistan has opted Euro Il
standards for vehicles, namely Pak II, in 2009. fided quality in Pakistan is almost
of 1990s levels of Europe. The benzene contentutaBr-5%) in petrol used in
Pakistan is very high (Yasin et al., 2008). Sinlylathe concentration of sulfur is
considerably high in diesel (0.5-1%) and furnack (@3.5%) as compared to

international standards (Martin et al., 2006). Gongtion of fossil fuels has been
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increasing at the rate of about 6 % per annum. bilathe petroleum products are
being used by the transport sector in Pakistan.eS8&auth Asian countries have
minimized the sulfur content in diesel to 0.035 A8l durnace oil to 0.5 % (Martin et
al., 2006). In India, numbers of green policies evartroduced in Delhi, under the
direction of Supreme Court of India. The contensolffur in diesel (1%) and petrol
(0.2%) were minimized to 0.05% from 1996 to 200he Tommercial vehicles were
converted to CNG and 15 year old automobiles warened in the city (Narain and
Krupnick, 2007). Recent studies by Mofijur, Imdadidumar and Ali, have shown
reduction in certain pollutants due to introductmincertain biofuels in the ordinary
fuels (Mofijuret et al., 2016; Imdadul et al., 201umar et al., 2016; Ali et al.,
2016). A high level of fuel quality is required txhieve better level of Euro
standards in the country like Euro Ill, Euro IV etc

The decrease in sulfur contents in petrol, diesel furnace oil, and decrease in
benzene contents in petrol, can improve the enmsfactor of different vehicles.
Vehicles can only achieve the better Euro standhkdsEuro Il to Euro VI with
provision of better quality of fuel and installmeaot catalytic converters in the
vehicles. The hard measures can be taken four yuxehicles at least to install
catalytic converters and to pay tax on certain soddore over catalytic converters
can only be useable in vehicles with provision efiwmow content of sulfur (0.05% or
less) (Martin et al., 2006). The emission facto$6, and benzene depend upon their
concentration in fuels. Therefore, emission factdr SO, and benzene can be
improved through provision of better quality fuelthvlow benzene and sulfur
contents. The emission factor of CO, NOx and PM banimproved through
improved engine technology and installation of lygitaconverters. A comparison of
emission factor of vehicles with different modetglduel quality has been shown in
Fig. 7.2. The comparative results revealed a censie reduction in emission factor
with improvement in model and fuel quality as shownFig. 7.2. It has been
observed that category | buses (2005 model, 1998 leiel) have 1.3 times less
benzene, NOx and CO emissions as compared to cgtédpuses (2000 model, 1990
level fuel). Category | trucks have 1.3 times lesazene and 1.4 times less NOx and
CO emissions as compared to category Il. Categoayd have 8.4, 1.5 and 1.4 times
less benzene, NOx and CO emissions respectivelgpmpared to category Il cars.

Category | vans have comparable reduction in eomssilike category | cars.
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Category 1 minibuses have comparable reductiomisstons like trucks and buses.
It is quite possible for a developing country liRakistan to opt fuel quality level of
1999 and 2005 model’s standard vehicles, as offieuro
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Fig. 7.2. Comparison of emission factor of vehiaigth different models and fuel
quality in Europe (at average speed of 40 Km)
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7.3. Impact of road width

The road width has direct impact on traffic produdarbulence. Semi-Empirical
Urban Street (SEUS) model is designed on the famal inverse relation between
emission concentration and road width.
Ca /W

C=Epsdw!+cCb (7.1)
In “eq. 7.1", E is the emission rate over specifiength,C is the model concentration
of pollutant within the street, us is the dispemsielocity, W is street width and Cb is
background concentration (Venegas et al., 2014).
Therefore, road width has direct impact on pollutievel on roads. Roads with
greater number of lanes, green belts, greater spieeehicles (up to 60 Km/hr), low
adjacent building heights, have low concentratibpalutants. The pollution level is
low at Gulberg main boulevard road as compared &l kbad, Multan road and
Ferozepur road due to greater width, high speedebfcles and signal free track.
Questionnaire survey depicts that people deman& wodds to combat congestion,

improve speed and better dispersion of air pollstan

7.4. Impact of signal freetracks

The reduction in most of the pollutants has beesenked with increase in speed to an
optimum level. But the NOx emissions increase witbrease in speed for diesel
vehicles. In Lahore, most of the personal cars @hthe motorcycles use petrol as
fuel. Only the loader trucks and some buses useldsas fuel. Therefore, increase in
speed to an optimum level of 40-60 Km/hr definitedgults in minimization of urban

emissions. More over with provision of signal freacks, congestions, number of

cold starts and fuel usage are decreased. Queatiersurvey depicts that road users
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are happy with introduction of signal free traclssitareduces congestion, improves
speed and reduces vehicular air pollution. The todng results also shows that air
quality is better on wide and signal free roads likulberg road and Jail road; while
pollution levels are high on signals and congestatls like Ferozepur road. The
trend of vehicular exhaust pollutants for Euro dksgline cars (cc: < 1.41), generated
by OSPM is shown in Fig. 7.3.
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Fig. 7.3. Vehicular exhaust emissions Vs speed
7.5. Impact of land use developments and electronic technologies

Land use developments, like provision of publicng@ort to every citizen at 10
minutes’ walk, mix developments (markets and hoaitesame place), vegi-gardens
and kitchen gardens, provision of facilities (maskéospitals, educational institutes,
industry) at grass root level, facilities for pedles, cyclist and disables etc, can

definitely reduce the travelling and use of persorars. The provision of basic
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facilities at grass root level is necessary to stogration from small cities and rural
areas, to big cities. The introduction of industastates in small and new cities, are
necessary to prevent unstoppable scattering ofcltigs. There is also need to
promote vertical development and small homes fatebdand use. The strict EIA
conditions must be implemented for new housing & There is need to declare
land as agricultural, industrial, protected, resitd# land or any other prescribed
region. Similarly, use of internet facilities likebilling, online money transfer, online
meetings, video conferences, mobile billing, hodmgrand ATM cards, and use of
modern technologies like active transport manager(®nM), intelligent transport
system (ITS), is necessary to control the trafgues. All these measures can reduce
the burden on big cities with reduction in urbanissions. The questionnaire survey
depicts that use of electronic technologies likailiag, online money transfer and
video conference has been increasing among puiicpublic as well as concerned
departments have very little knowledge about snatde land use developments. But
each questioned person is convinced that sustainabtl use developments will be
very helpful in minimization of private cars andpgrovement of air quality. The
reduction in emissions with reduction in numbercafs has already been shown in

Table.7.2.

7.6. Summary

The indicators of transport sustainability deal hwitsocial, economic and
environmental issues. Developing countries lack iceed regarding urban
development, land use planning and introductioomotlern tools in many sectors.
Traffic signals do not remain alive in electric pawshortage hours due to their non-

conversion on solar energy on most of the crossimgaffic jams are observed on
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many crossings in case of electric power shortkgel quality is not up to standards
throughout the country. Euro 1l standards have letoduced in the country but fuel
quality is not of Euro Il standards (0.05 % suliinrdiesel). More over the condition
of vehicles, especially of trucks and buses, kempgetting poorer with passage of
time, after purchase of these vehicles. It has loedculated that a 2005 model car
with 1999 level fuel quality has 8.4, 1.5 and liMes less benzene, NOx and CO
emissions respectively, as compared to 2000 maaelith 1990 level of fuel as that
of Europe. PMp and SQ emission factors have very little effect of gamnspeed. A
considerable decrease in CO (33.2%) and benzen&%25emissions have been
observed with gain in 10 Km/hr speed (from 40 toksf/hr) and decrease in 10%
number of cars. Substandard quality of fuel andolet make emission factors much
greater than international standards. Most of ttieenis are poor and illiterate in the
city. People do not use modern electronic ways éikalling, video conference etc,
for their routine tasks. Similarly, most of the hesrhave no place for kitchen gardens
and new housing societies are not bound to makiegagdens.

The questionnaire survey depicts that road userbappy with steps like widening of
roads and introduction of overhead bridges & unaesps, as it is helpful to reduce
congestions, improve speed, save time and to redeftieular air pollution. Use of

electronic technology has been increasing verytgnwaimong public. People are also
convinced that sustainable land use developmeritsesiuce number of private trips

and will promote public transport. Public is alsanginced to improve fuel quality

and engine efficiency. But most of the people hesy little or no knowledge about

the sulfur and benzene levels in the fuel.

The monitoring results depicts that air pollutiendls are relatively low on wide and
signal free roads like Gulberg and Jail road. Whitepollution is high on signals and
congested roads like Ferozepur road.
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CHAPTER 8

8. Conclusions and futurerecommendations

8.1. Conclusions

Different aspects of transport related air pollntiave been analyzed in the study:

1. The ratio analysis of the background data of thieok@ city revealed that mobile
sources are the dominant source of air pollutiothéncity. As the ratio results of
background air quality monitoring station matchesrento road air quality data,
revealing that mobile sources are major sourcergfadlution in the city.

2. The annual average concentrations of;REhd NO exceed the Pak-NEQS. The
hourly average levels of ozone exceed the Pak-N&®@®Bg the summer season.
CO and SQ levels remain in compliance with the Pak-NEQS floe entire
calendar year. S{Oemissions mostly remain within NEQS in Lahore nasst of
the automobiles use petrol as fuel. The level of 8@issions remains relatively
high in industrial areas due to use of diesel ad. fCO emissions remain
relatively high in urban areas as compared to immdlisreas, due to use of petrol
and CNG as fuel by most of the mobile sources. ldf@xabundantly produced by
both 4-stroke petrol engines and diesel enginegetbre, the concentration of
NOx mostly remains high in Lahore city.

3. Air quality of different sites has been comparedaimd around the Lahore. The
rural area showed most improved air quality. THeaarbackground showed less
pollution than road side, traffic hotspots and isitial area. But CO emissions
were low in industrial area as compared to road aittd urban background, due to
less use of petrol or CNG in the industrial are@, &missions were high in

industrial area as compared to any other site,tdusse of diesel and coal in the
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industry. As the NOx are produced by both 4-strpktrol engines and diesel
engines, therefore NOx emissions were comparabl®aat side and industrial
area. PM:s levels remained very high at all spots. Especidliying November

PM_ s level remains as high as to act as visible smagtahower the visibility to

considerable extent, due to multiple reasons.

4. The ratio analysis showed that mobile sources legemajor sources for CO and
NOx, while point sources are the major source f0o§ &missions in the urban area
of Lahore. The diurnal trend of pollutants is sanito monthly pattern i.e. AQI
remains low at day-time (in a day) and in summigra (Calendar year). But ozone
level remains high during summer season due to Bkiglar radiations. The
concentration of primary pollutants like NO, JONOx, CO, SQ@, CH;, NMHC
and PM sremains low at day-time due to their use eitheprasursor of @ or
due to dispersion effect and many other factorg dfone level remains high at
day-time (like in summers) due to high solar radied and presence of high
concentration of its precursors. The primary palhis like NO, S@ CO, CH, etc
have inverse correlation withsOA direct correlation has been observed between
Os and solar radiations.

5. Almost all the NO has been converted to N reacting with @ at day time, in
the presence of high solar radiations; thereby ioonfg a true negative
correlation between NO ands;Cand showing that ©£has been consumed by NO
to produce N@ and all the available £has might been produced due to VOCs
are other precursors, when NO is nil.

6. High air quality index (AQI) has been observed faWiwvember to February (low
rain fall season) due to multiple reasons like Very rain fall, low wind speed,

inversion due to low temperature (winter seasonjy Imixing height, less
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dispersion, burning of crop residues etc. Espsgidiighest AQI has been
observed in November, which may result in increas®dg and health concerns
in the region in the coming years.

7. Motorcycles and cars are 65% and 26% of the regidteehicles in Lahore,
respectively. The social survey concludes that [geaypoid using public transport
due to issues like time, cost, convenience, an@dmtie from bus stop. The social
survey pointed out that distance from bus stope tiasken and length of journey
(> 4 out of 5 grades) were considered as importastbifa in preventing people
from using public transport. Time, conveniencegsafreliability, relaxation and
health & 4 out of 5 grades) were considered important & d¢hoice of public
transport, during survey. Cheaper fares, availgboif school/work bus, more
reliable service, more bus routes and extendedsbusce £ 4 out of 5 grades)
were considered as important factors to promotdigpuiansport. None of the
advertisement technique was ranked above 4 to geopublic transport, showing
that only advertisement techniques can not convipeeple to use public
transport.

8. In this study, the main indicators of transporttaumability like “shifting of modes
from private to public vehicles”, “land use plangiirand “sustainable operations”
have been studied under different sub indicatordotal of 35 indicators have
been selected to calculate the transport sustéiiyalbidex on different roads of
Lahore. Transport sustainability index of Ferozeqmad, Gulberg main boulevard
road, Jail road, Mall road and Multan road remaid&dl4, 38.57, 40, 34.29 and
34.29 respectively.

9. During the survey, it has been observed that degpinumber of steps taken by

the Government, to improve the traffic flow througltroduction of underpasses,
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overhead bridges and lengthy U-turns; still the gstiiians, cyclists and poor
rickshaw users are ignored in this development. Reusing societies have no or
very less provision of public transport within tecieties. People and policy
makers were not found well aware of the new suabdén ideas of kitchen
gardens, vegi-gardens, e-billing, green roofs, remvhental designs, road taxes,
use of parking plazas, active transport manageni@miV), travel demand
management (TDM) etc. The sustainability indexhaf studied roads is very low
(< 50) due lack of policy measures in terms of lars# planning and TDM
measures to promote public transport, cycle, watkr@newable energy resources
etc.

Urban air pollution has negative correlation witdnisport sustainability measures.
Road width, better fuel quality, advance engineetypignal free roads, mix
developments, use of electronic technologies araddo have positive impact on
improvement of air quality. It has been observeat thuses with 2005 model and
1999 level fuel, emit 1.3 times less NOx, benzemel £0O emissions in
comparison to 2000 model buses with 1990 level aslof Europe). Similarly,
2005 model with 1999 level fuel emit 8.4, 1.5 and times less benzene, NOx
and CO emissions respectively, as compared to g@ififel cars with 1990 level
fuel (as of Europe). The questionnaire survey depitat road users are happy
with wide and signal free roads as it improves dpeé vehicles, combats
congestions and improves air quality on roads. baitoring results also depicts
that air quality is better on wide and signal freads (like Jail and Gulberg roads)
than congested roads (like Ferozepur, Mall and &utbads).

Reduction in number of cars can also improve theedpof vehicles, which can

result in reduction of emissions, especially CO badzene emissions. It has been
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calculated that only 20% decrease in number of @ads10 Km/hr gain in speed
(from 40 to 50 Km/hr) can reduce CO and benzenssoms of cars to 40.7% and
34% respectively. A very little change has beereoled for emission factors of
NOx, SQ and PMo with gain in speed from 40 Km/hr to 50 Km/hr.

12.Most of the community was found hesitant to useliputvansport. Schools,
Government offices, private offices and commeroiairkets have different open
and closing timings, which is blessing to contnaiffic load. Peak hours have
been observed from 8-10 am, 1-3 pm and 6-8 pmropsilall the observed roads.
Motorcycles have low buying and operational costiclv make them main feature
(53 %) of traffic in Lahore. Cars and autorickshawigh their 31 % and 10 %
contribution respectively were also a big load &ific in Lahore. Despite of no
significant peak hours and use of motorcycle byanmiy of the citizens, still
congestions are frequently observed on many roads.

13.0ne of the main tasks in modeling of air pollutiwas determination of emission
factor of different vehicle classes. The emissiacidrs of seven different classes
of vehicles have been calculated according to thueik quality, engine type and
average speed. Air pollution has been modeledvenrfiain roads of Lahore with
OSPM, with provision of background urban emissié@sneteorological data,
diurnal vehicle count data, average speed of vehiahd street configuration data.
A significant correlation (r-value > 0.5) has besyserved between modeled and
monitored results. As the background pollution lergeconsidered always less
than the road pollution level by the OSPM softwatee modeled results for
relatively clean areas like Gulberg road have shtess correlation. The better
modeling results have been observed for Mall rddditan road and Ferozepur

road, which are relatively more polluted zones. therMall road for example, the
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r-value for SQ, NOx and CO (0.92, 0.92 and 0.88 respectively)misch

significant.

8.2. Recommendationsfor futurework

A lot has yet to be done regarding air quality nbanmg in Pakistan.
Background air quality monitoring stations haveydnéen installed in provincial
and federal capitals. Background air quality of eottcities, rural areas,
mountains, deserts etc is not known. A comprehensiudy is required to
monitor the background air quality data of diffdrenies, rural areas, mountains,
deserts and other ecological regions of Pakistares&arch project can also be
launched to set NEQS for different regions likeiplareas, plateaus, mountains,
seaside, desert and reserved areas.

Trans-boundary air pollution is a very hot issueoagrand between different
countries. A lot of debate has been observed betwedia and Pakistan,
complaining each other regarding trans-boundarpdalution level. A consistent
and comprehensive study is required to monitor gwlution level at
international boundaries, especially on India-Rakidorder. The correlation of
air pollution levels with wind direction is key tssess the trans-boundary air
pollution intervention.

Urban driving cycle has yet not been defined foy atass of vehicle, in
Pakistan. Many other nations including India haegiretd the urban driving
cycle for different classes of vehicles. Urban thgvcycle is a key factor to
determine the emission factor of different classesehicles. A comprehensive
study may be launched to define urban driving cycldifferent regions/cities of
Pakistan. The emission factor can then be defimethe basis of urban driving
cycle, fuel quality, and engine type.

Transport sustainability indicators may differ feach city according to local
requirements and capacity. A comprehensive study b® launched to set
transport sustainability indicators at nationalelefor small cities, big cities and
rural areas. Research projects may be launchedliaboration with various
departments and educational institutes to formuladé@sport sustainability

indicators and policy.
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5. Modeling is useful technique to predict certaingmaeters in a certain field. A lot
of research projects can be launched in collabmratvith mathematics
department, to introduce certain models in maniggieRegarding air pollution,
new local models should be introduced in the fieldndoor, ambient, point,
mobile and trans-boundary air pollution.

6. Worldwide different models are available to modkelaor, urban, road and
regional air pollution levels. Comprehensive stadian be launched to model
urban, indoor, road and regional air pollution lewarough different available

models.
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Annexure-
Transport Sustainability - Questionnaire

This questionnaire is a part of PhD research toutaile transport sustainability of different
area of Lahore, Pakistan, by GC University Envirental Science Department (SDSC)
The research aims to:

a) Search the motives, reasons and barriers tg psiplic transport and private transporting
in different areas of Lahore Pakistan

b) Determine the possible incentives and stepadowage people to use walk, bicycle or
public transport

1. Personal Information:

Name: Gender: Profession:
Age: Email Address Education:
Address:
0 1 2 3
Do you own Nothing Car Motorcycle Cycle
[ ] ] [

2. Which method of transport do you use most fratjydor the following journeys:

1 2 3 4 5 6 7

Walk Metro Bus/ Taxi/ Cycle Car  Motorcycle

Wagor Rick
[ ]

Job/ Educatio 0 0 0 0 0
Leisure/ Fu 0 0 0 0 0 0 0
Shoppin O O O O O O O
Work U (] (] U (] (] (]
Other.......ccoeviviinnn. U (] (] U (] (] (]
3. Rate how important are the following factorpraventing you
from using public transport: (1=very important 5£moportant)
1 2 3 4 5
Lack of availabe informatior O 0 O O O
Distance from bus stop/tran 0 O 0 0 0
Cos O [ O O O
Lengh of journey O [ 0 0 0
Totel time taker [ [ [ O O
Weathe O 0 O O O
Safety 0 0 0 0 0
Frequeny of service O O O O O
Oother.......coooiiiii O 0 O O O
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4. Rate how important are the following factorsatection of your
choice of transport: (1=very important 5=not impoi)

1 2 3 4 5
Relaxatiol 0 0 0 0 0
Healtt 0 0 0 0 0
Environment| benefit: 0 0 0 0 0
Cos 0 0 0 0 0
Weathe 0 0 0 0 0
Safety O O O 0 O
Reliability O O O O O
Time taker O O O [ 0
Convenienc (] (] (] [] (]
Route O O O 0 O
Other.......oo oo (] (] (] [] (]

5. Rate how effective you think the following iaitives would be to
encourage sustainable transport use: (1=very aféestnot very
effective)

School/Work Bus

More bus routes

Cheaper Fares

Less parkirg spact

Extendd Bus service
Higher parkirg fees

More and Frewcycle parking
Parking at Metro Bus Sto
Cal-sharirg schem
On-boaid Entertainmer
Cycle lane
Cycle/Pedestrian U turn bridc
More reliable service

e e Y
N O O B B
I Y A [ )

OOoooDoooooo g oo s
I A O O R B B 9

(|

6. Rate how effective are the following methodpromote the
sustainable transport, (1=very effective 5=not \affgctive)

1 2 3 4 5
Posters 0 0 0 0 0
Leaflets O O O O O
Televisicn adver O O O O O
E-mailed advert: O O O O O
Hoardings/ Billboarc O O O O O
Rado advers (Rem Air) O O O O O
Advert inBuse: O O O O O
Text Message O O O O O
Web pace/Social Medii O O O O O
Other.....oviiii e O O O O O
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7. Do you have any other comments you would likemé&ke?
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Abstract

The current research is an attempt to find out diurnal and monthly mean patterns of air pollutants, their
interrelationships, and their dominant sources through hourly and monthly data analysis. Lahore is a semi-
arid region with low rainfall, hot and humid summers, and cold dry winters. Annually, the highest air quality
index (AQI) (132 to 185) is observed from November to February due to inversion at low wind speeds
(<1.5 m/s monthly average), low temperature (15°C to 21°C monthly average), and low solar radiation
(104 to 140 W m-2 monthly averages). AQI remained low (74 to 85) from June to August due to relatively
heavy rain, relatively high wind speed (1.59 to 1.85 monthly averages), dispersion due to high temperatures,
high solar radiation, and summer vacations to schools. With an analogous diurnal trend, the AQI remains
stumpy in daytime. The high CO/NOx ratio indicates that mobile sources are dominant contributors to
NOx; and the low SO,/NOx ratio indicates that point sources are dominant contributors to SO,. CO has a
significant positive correlation with NO, NO,, NOx, CH,, SO,, and RH, and a negative correlation with O,
and temperature. This explains why four-stroke petrol engines are common sources for CO, NO, NO,, and
NOx. PM,  has a significant positive correlation with SO,, which explains why diesel engines are a common
source for PM, s and SO,. O, has a significant negative correlation with NO, NO,, NOx, CH,, CO, and RH;

and has a significant positive correlation with temperature and solar radiation.

Keywords: semi-arid, mobile sources, air pollution, meteorology, air quality index, Pakistan

Introduction

The population of Lahore is 9 million, making it
Pakistan’s second largest city [1]. There are 2.7 million
vehicles along with 1,986 different industrial units
in Lahore [1]. The ambient air pollution in the city
predominantly originates from vehicular and industrial
emissions [2] .

*e-mail: yasar.abdullah@gmail.com

The semi-arid climate of Lahore naturally favors the
accumulation of pollutants. Solid aerosols are present in

the samples of PM [3].

New housing schemes have not been found to fulfill
the needs of sustainable development and transport
sustainability. The city district government has failed to
achieve its target of ambient air quality improvements
under the 2001 devolution plan due to the absence
of transport policy, alteration in land use policy, and
deprived management and monitoring of air quality [4].
Furthermore, the city has been expanding due to migration
from small cities of Punjab. Migration has been observed
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from Karachi and Peshawar as well, due to security
reasons.

Diesel-fueled generators have been used extensively
in industrial sectors (point sources) as well as in other
sectors due to widespread power shortages in the country,
which adds a lot to urban ambient air pollution [5]. The
use of diesel fuel by mobile sources contributes a lot to
particulate matter air pollution [6]. The sulfur contents
are very high in diesel (0.5-1%) and furnace oil (1-3.5%)
being used in Pakistan, whose fallout comes with higher
sulfur dioxide pollution [7].

The environmental damage is associated with health
issues. Currently, mobile sources have been found to
promote high levels of tropospheric ozone and health
concerns in urban areas [8]. The Organosulfatese have
been identified and quantified in fine particulate matter
(PM, ) collected in Lahore, Pakistan, in 2007-08 [9].
Enhanced diastolic blood pressure has been found to be
associated with long-term exposure to NO, and PM, , in
those children who used to live at the same place since birth
[10]. The PM, , levels have been exceeding the NEQS in
four provincial as well as federal capitals of Pakistan [11].
In the fall season during October and November; burning
of crop residues in eastern Pakistan and northwestern India
increase the concentrations of PM,  in the atmosphere
[12, 13]. Secondary inorganic PM in the form of sulfates
and nitrates is formed by the oxidation of SO, and NOx.
However, the organic carbon fraction is formed due to
oxidation of VOCs [14, 16]. This process is enhanced
by ammonia [17]. The black carbon aerosols are present
in 90% of PM, . in winter and contribute about 5-15% to
overall PM,  in the ambient air [18, 19]. Black carbon
has been found to be at much higher levels during foggy
season. Black carbon has also been found to be trapped in
aerosols during the foggy season, resulting in a lessening
of solar radiation [20].

Other big cities in Punjab also have high pollution
levels. Concentrations of CO, NO,, and SO, have been
found above NEQS levels in Faisalabad [21]. The traffic
pollution has been found to be the most contributing factor
to outdoor air pollution in most urban areas [22].

Brick kilns on the outskirts of Lahore are also a great
point source of air pollution. A study of brick kilns in
the Wahga and Batapur areas of Lahore revealed that

Table 1. Detail of instruments of air quality monitoring station.

the conventional Bull’s Trench Brick Kiln are being
used in Lahore, which comprises no control measures to
manage the air pollution. Modern brick manufacturing
technologies such as vertical shaft brick kiln must be
introduced to control the air pollution [23].

It is impossible to monitor the spatial and temporal
variations in the atmosphere on the basis of a single
monitoring site [24]. In a recent study on some metals in
the vehicular exhaust emissions of rickshaws, it has been
discovered that a significant boost has been found in Al, P,
and Zn in the PM samples of four-stroke Rickshaws [25].
In another study in Beijing, perfluorinated compounds
(PFCs) are found in ambient PM, ,, PM,, and TSP [26].
The environmental damage costs the country an annual
loss of about Rs. 365 billion, of which the urban air
pollution loss was approximately Rs. 65 billion in 2006
[27].

Materials and Methods

Hourly air quality monitoring data for 2007-11
and 2014-15 were collected from the Provincial
Environmental Protection Agency. The air quality
monitoring stations remained almost out of work during
2012 and 2013 due to lack of budget to run them. Fix
and mobile air quality monitoring stations had been
used to monitor the six major pollutants along with
meteorological parameters. The air quality monitoring
stations contain an anemometer (KoshinDenkiKogyo
Co., Ltd. Model KVS 501) combined wind vane, a solar
radiation meter (Koshin Denki Kogyo Co., Ltd. Model
SR-010), a thermohygrometer (Koshin Denki Kogyo Co.,
Ltd. ModelHT-010), and a data logging system (Horiba,
Ltd. Model Special).

The six major air pollutants like ozone (O,), carbon
monoxide (CO), sulfur dioxide (SO,), oxides of nitrogen
(NOx, i.e., NO and NO,), fine particulate matter (PM, ,),
and hydrocarbons (total hydrocarbons, non-methane
hydrocarbons, and methane) were determined through
analyzers described in Table 1.

The air quality index (AQI) was calculated according
to “Eq.1” [28].

Pollutant Analyzer Range Method Detection Limit
. ) non-dispersive infrared ray method
CO Horiba Ltd; Model APMA-370 0~50 ppm (1S04224) 0.1ppm
NO/NO, . ) Chemiluminescence (ISO7996)
/NOx Horiba Ltd; Model APNA-370 0~1 ppm method 0.5 ppb
. . . U.V. fluorescence method
Sulfur dioxide Horiba Ltd; Model APSA-370 0~0.5 ppm (ISO10498) Ippb
Ozone Horiba Ltd; Model APOA-370 0~1ppm UV photometry method 0.5 ppb
Hydrocarbon Horiba Ltd; Model APHA-370 0~50 ppmC Converter oven method 0.1 ppmC
PM, Horiba Ltd; Model APDA-370 0~5 mg m f-ray absorption method (ISO6349)
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AQI = [(NO,/80) + (SO,/120) + (0,/130)
+(CO/5) + (PM, /35)]/5 X 100
(1)

Lahore and its Meteorology

Lahore is located at 31°32'N 74°22'E at 217 m above
sea level. The municipal area of Lahore is 332 km? Due
to rapid urbanization, the area has been extended to 1,000
km?. Two fixed air quality monitoring stations have been
installed in Lahore to monitor air quality. One of the
stations is installed on the second floor of the city hall
building situated in the northern main commercial area of
Lahore with a number of busy roads, markets, and dense
population. The second station was installed in Quaid-i-
Azam Township area, a southern residential area near
Kotlakhpat industrial estate.

The city hall air quality monitoring station was
selected for data analysis. The fixed air quality monitoring
station installed at city hall on Lower Mall road in Lahore
represents the ambient air quality of the main city of
Lahore. The monitoring station was located about § m
from the ground. Most of the main roads of Lahore are
within a 1-3 km sphere of the station. The location of the
two fixed Air Quality Monitoring Stations can be seen in
Fig. 1.

The climate of Lahore can be distributed into five
seasons: foggy winter (15 Nov-15 Feb) with low rainfall,
low wind speed, and high inversion; spring (16 Feb-5
April) with low rainfall and moderate temperature (T);
summer (15 April-June) with high temperature, high
rainfall, low relative humidity (RH), and high dispersion
effects; rainy monsoon (July-16 September) with high
temperature, high relative humidity, and low pollution

£ e -
Ay ha A
v_‘__l/fuh‘afnr dara

&)

LB UAttar,
‘h-.
B3

7, Gulshan

o
l_‘/

due to dispersion and washing effect; and dry autumn (16
September-14 November) with low wind speed and low
RH [29].

June is the hottest month, with an average temperature
of 33.9°C. The average temperature of January is 12.8°C,
which makes it the coolest month of the year. The average
annual temperature of Lahore is 24.3°C, which is fairly hot
as annual average. Average monthly temperature range is
21.1°C. The average daily temperature variation is 15.5°C
[29].

Minimum average sunshine has been observed in
January with 6.9 hours day!. Overall annual average
sunshine is 8.4 hours day! [29].

Wind speed remains low almost throughout the year
except some windy days in summer. Around 60% of the
year remains calm and 33% of days see an average speed
of 1-3 knots. Only 6% of the year experiences speeds
of 4-6 knots. Wind direction remains mostly northwest
during monsoon and summer and southeast during winter
[29].

Relative Humidity (RH) remains low throughout the
year except during monsoon season. The monthly average
of relative humidity exceeds 60% during July, August,
and September. Average relative humidity remains around
77% in the morning and 40% in the evening. The average
monthly relative humidity ranges around 20% in May
to 58% in August. Overall, the annual average relative
humidity remains around 37.9%.

The climate of Lahore has observed extreme weather
events in the near past. The highest ever recorded
temperatures of the city were 48.3°C on 30 May 1944 and
48°C on 10 June 2007. The highest recorded rainfall was
221 mm, observed on 13 August 2008, and 4.5 mm hail
was observed in Lahore on 26 February 2011 [29].

Fig. 1. Locations of automatic fixed air quality monitoring stations in Lahore (based on Google map).
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Table 2. Air quality index.

0-50 50-100 101-150 151-200 201-300 >300
AQI
Air Quality Clean Moderate Unheal.t hy for Unhealthy Very Unhealthy Hazardous
sensitive
Results and Discussion Data Analysis

Ambient air quality data of Lahore for 2007-11
and 2014-15 has been analyzed to discern patterns
and determine the sources of the six representative air
pollutants. The hourly data for each pollutant collected
was analyzed for average concentration, monthly mean
pattern, and seasonal and diurnal variations.

Air Quality Index

The interpretation of AQI can be elaborated as clean,
moderate, unhealthy, and very unhealthy. The Pakistani
NEQS for O, for 24 hours has yet not been made available.
The NEQS for O, for one hour have been revised from
180 to 130 and for PM, ; for 24 hours have been revised
from 40 to 35 since January 2013 [30]. So before January
2013, the index value would be calculated accordingly. A
projected AQI is given in Table 2 [28].

AQI remains low (~74 to ~85) from June to August
due to heavy rain, relatively high wind speed (~1.59 to
~1.85 monthly average), and dispersion due to high
temperatures and high solar radiation. In summer, an
improved air quality index also has been observed in
northern China. [31].

The highest AQI (~132 to ~185) was observed
from November to February due to inversion at low wind
speed (< 1.5 m/s monthly average), low temperature
(~ 15-21°C monthly average), and low solar radiation
(~104-140 W m monthly averages) due to heavy fog
during December and January. Another reason for the
high AQI during fall can be due to burning crop residue
in southwestern India and eastern Pakistan. The wind
direction during winter remains mostly southeast, which
can also be a reason for contributing to pollution in Lahore
from a number of polluted steel industries in the northern
part of Lahore and industrial clusters in Sheikhupura and
Gujranwala. The steel industries are mostly located in
Badami Bagh, Misry Shah, Daroghay Wala, and around
the Band Road area in northern Lahore. Fig. 1 shows a
map of Lahore.

For data analysis, the data of daytime (07:00-15:00)
has been taken for analysis of ozone and its precursors.
The data of a sunny and clear day has been taken. The
mean concentration of the ozone, other pollutants, and
meteorological parameters are given in Table 3.

The day is dry and hot with low mean RH (30.66),
high solar radiation (about 680 W m), and high mean
temperature (around 38°C). Wind speed remained low
(mean value = 1.72 m/sec) as a routine matter in semi-
arid regions. NO remained almost nil (mean value =
1.93 ug m?) during sunny hot days due to its conversion
to NO, (mean value = 26.8 pg m-3) in the presence of
high concentrations of O, (mean value = 122.50 pg m?).
Concentrations of CH, remained below (mean value =
2,210.61 ppb) its natural level (around 3,000 ppb) due
to its consumption as a precursor of ozone. The mean
value of PM,, (155.07mg m™) remained high due to a
high amount of un-burnt carbon from vehicular exhaust
emissions in the atmosphere.

Correlation Analysis

Table 4 shows the correlation of different air quality
parameters. The following results are made according to
statistical analysis of data in Table 4.

O, has a significant negative correlation with NO,
NO,, NOx, CH,, CO, and RH (r-value> -0.5); and has
significant positive correlation with T and solar radiation
(r-value> 0.5). The level of tropospheric ozone is highly
dependent on solar radiation and atmospheric temperature
[32], while NO has significant positive correlation with
NO,, NOx, CH,, CO, and RH (r-value> 0.5 for each);
and has negative correlation with O,, T, and solar
radiation (r-value> -0.5 for each). NO concentration is
almost negligible from 07:00-15:00 in the summers due
to its conversion into NO, by reacting with abundant O,
produced by different sources such as CO, NO,, VOCs,
and NMHC:s in the presence of sunlight.

Table 3. Mean values of different pollutants and meteorological parameters (07:00-17:00).

. Wind Solar
Variable | NO | NO, | NOx | CH, [NMHC| CO | SO, | O, | PM, | gify| T | RH | oo
Unit pgm3 | ugm3 | Ppb ppb ppb mgm?® | ugm? | pgm3 | pgm? | m/s °C % W m?

Mean
Value

1.93 28.52 | 16.14 | 2210.61 | 735.85 | 0.68

42.64 | 122.50 | 155.07 | 1.72 | 37.68 | 30.66 | 539.35
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Table 4. Correlation analysis of ambient air variables of semi-arid region, Lahore.
NO | NO, | Nox | cH, |[NHMC| co | so, | o, [pm,| ws | T | ru | Sor
- radiation
NO Pearson 1| .946™ | 7417 | 953 | 416 | 917" | 556 |-825"| .163 | .058 |-725°| 616" | -.614°
Correlation
NO, | Fearson fgpge || 871 | 978" | 254 | 912" | 571 | -675"| 200 | 084 | -634'| 496 | -.660°
Correlation
Nox | Pearson oy b g | 1 | 797 | 039 | 734 | 363 | 520 | 072 | -138 | -401 | 249 | -635°
Correlation
CH Pearson | gsse | g7gee | 797 | 1 214 | 892 | 576 | -714°| 094 | -003 |-710°| 571 | -717°
4 Correlation
NHMC | Pearson | el asa | 039 | 214 1 336 | 185 | -238 | 497 | -157 | -135 | .184 | 245
Correlation
Co Pearson | g 7w | 9100 | 7347 | 892 | 336 1| .809% |-7587 | 443 | 224 |-805"| 737" | -.466
Correlation
S0, | Fearson | sse | 571 | 363 | 576 | 185 | 809" | 1 | -516 | .654° | 519 |-820| 841" | -.160
Correlation
o) Pearson | ¢y 6757 | -520 | - 7147 | -238 |-758" | =516 | 1 |-004 | -491 | 824 |-763"| 525
3 Correlation
PM Pearson |y o3 1 200 | 072 | 094 | 497 | 443 | 6547 | -00a | 1 | 045 |-189 | 282 | 487
25 Correlation
WS Pearson |- oo 1084 | -138 | -.003 | -157 | 224 | 519 | -491 | 045 | 1 |-678"| 769" | -088
Correlation
T Pearson |55 16347 | _401 | =710 | -135 |-805" |-820 | 824 | -189 [-678°| 1 [-978"| 523
Correlation
RH Pearson 1 ¢16e | 496 | 249 | 571 | 184 | 737 | 8417 |-763 | 282 | 7697 |-978%| 1 -364
Correlation
Radiation | S%" | _614° | 660" | 635" | -717° | 245 | -466 | -160 | 525 | 487 | -088 | 523 | -364 1
Correlation

**Correlation is significant at the 0.01 level (2-tailed).

NO, has significant positive correlation with NO,
NOx, CH,, CO, and SO, (r-value> 0.5 for each), and
has significant negative correlation with O,, T, and solar
radiation (r-value> -0.5). In daytime almost all the NO has
been converted to NO, by reacting with O, in the presence
of sunlight. The dominant sources of nitrogen oxides as
far as vehicles are concerned are diesel and four-stroke
engines [33].

NOx has a significant positive correlation with NO,
NO,, CH,, CO, and SO, (r-value> 0.5 for each), and has a
significant negative correlation with O, and solar radiation
(r-value> -0.5).

CH, has significant correlation with NO, NO,, NOx,
SO,, and RH (r-value> 0.5 for each), and significant
negative correlation with O,, T, and solar radiation
(r-value> -0.5).

NMHC has no significant correlation with any of the
parameters.

CO has a significant positive correlation with NO, NO,,
NOx, CH,, SO,, and RH,(r-value>0.5 for each), and has
significant negative relation with O, and T (r-value>-0.5).
The correlation studies among NO, NO,, NOx, CH,, CO,
and SO, suggest that the dominant sources of air pollution
are direct or primary in nature. The major sources of

* Correlation is significant at the 0.05 level (2-tailed)

CO are CNG, LPG, and petrol engines. Diesel engines
generate a relatively very low amount of CO. Ambient
CO emissions always remain within the permissible limit
of 5 mg m? = 5000 pg m3. Therefore, CO emissions
may not be considered low in terms of pg m? units. The
significant positive correlation between CO and NO
(r=0.72; p-value <0.01) shows a common source for both.
CNG engines are a main common source for the emission
of CO and NO [33]. Pakistan has the highest number of
vehicles using CNG fuel [33]. CO produces O, through
a number of chemical reactions with hydroxyl radicals,
and NO in the polluted environment in the presence of
sunlight. The dominant sources of CO emissions are two-
and four-stroke petrol, CNG, and LPG vehicles. Diesel
engines produce only a minute amount of CO emissions
[33].

The major source of SO, emissions are diesel engines
and two-stroke LPG vehicles [33]. SO, has a significant
positive correlation with NO, NO,, CH,, CO, PM,,,
WS, and RH (r-value > 0.5 for each), and has significant
negative correlation with O, and T. The correlation of SO,
with WS suggests that point sources can be a dominant
source for SO, emissions. The common source for CO and
SO, are LPG engines.
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PM, ; has significant positive correlation only with
SO, (r-value > 0.5). The correlation of PM,, with SO,
suggests that most of these pollutants originates with fresh
emissions from mobile and point sources. Some amount
of PM,, may be produced by chemical conversion of
SO, into particles. A negative correlation of PM, , with
T has already been reported [34]. Some researchers have
reported the conversion of semi-volatile components from
particle phase to gas phase at high temperatures [35-38].

Yasar has reported high smoke opacity for most diesel
engines, which are a dominant source for PM, [33].
Diesel engines are a dominant source for SO, and PM,
emissions, which explains the high correlation between
PM, ;and SO,.

RH has significant positive correlation with NO, CO,
SO,, and WS (r-value> 0.5), and significant negative
correlation with O, and T (r-value> -0.5). In fact, RH has
significant negative correlation with T and has very little
correlation with other pollutants. The pollutants may have
very minute correlations with WS and RH. In other words,
it is difficult to explain the correlation of pollutants with
WS and RH in the presence of many other factors as well.

In the winter, the excess amount of ammonia at low
temperatures and high relative humidity upturns PM by
producing nitrate particles [39, 40]. Temperature has a
significant negative correlation with NO, NO,, CH,, SO,,
WS, and RH (r-value> -0.5), and has significant positive
correlation with solar radiation and O, (r-value> 0.5) This

Table 5. Ratio analysis based on average emissions and/or
ambient data.

Region CO/NOx SO,/NOx
Ambient 4.3 0.94
Eastern US Mobiles 8.4 0.05
Point Sources 0.95 1.8
Ambient 2.6 1.7
Pennsylvania Mobiles 7.8 0.05
Area
Point Sources 0.8 2.3
Ambient 7.3 0.19
Western US Mobiles 10.5 0.05
Point Sources 0.18 0.44
Ambient 7.3 0.19
Denver
Metropolitan Mobiles 10.5 0.05
area Point Sources 0.18 0.44
Raleigh, NC Ambient 16.3 0.73
New Delhi, Ambient 50 0.58
India
Ambient 16 0.52
Lahore
(Current Mobiles 9.71831 0.070423
Stud
v) Point Sources | 0.789474 | 0.131579

explains the production of ozone in the presence of solar
radiation at the cost of the precursors of O,.

Ratio Analysis

High ratios of CO/NO and low ratios of SO,/NO
indicate that mobile sources are the major source of
NO, and point sources are the major source for SO,
emissions. The production of NOx is associated with high
temperatures during fossil fuel burning. Therefore, NOx is
usually produced at high temperatures in four-stroke petrol
and diesel engines. However, SO, is dominantly produced
due to high sulfur content in fuel. High sulfur content
(0.25-1%) is present in diesel available in Pakistan.
Therefore, diesel engines are the major anthropogenic
source of SO, emissions in Lahore [33]. As NOx is
abundantly produced by both 4-stroke petrol engines
as well as diesel engines at high temperature, the
concentration of NOx usually remains high in Lahore city.

An emission inventory has been provided by [41,
42] for CO, SO,, and NOx. The data of ratio of CO/NO
and CO/SO, is given in Table 5, which also provides
the ratio analysis of CO by NOx and SO, by NOx pro-
vided by different studies, such as one in Denver, CO, US
[43]; Boulder, CO, US [44]; Raleigh, NC, US [45]; and
New Delhi, India [46]. The above studies show a similar
trend of ratios of CO/NO and SO,/NO as do in the current
study.

Analysis of Ozone Formation

Ozone is a secondary pollutant. The primary sources
for ozone are CO, VOCs, CH,, NO,, and solar radiation. A
large amount of O, has also been produced around high-
voltage electric lines. Some countries also claim a high
amount of O, due to trans-boundary movements. It has
been observed that during summers, almost all the NO
has been converted to NO, by reacting with O,, being
produced by different chemical reactions of CO, CH,,
VOCs, and NO, in the presence of sunlight. Therefore,
NO concentrations remain almost nil in the presence of
high solar radiation during the day in summers. A possible
dynamic equilibrium between NO and NO, is given in
“Eq. 2” [47]:

NO +0, < NO,+0, 2)

NO, reacts with oxygen in the presence of sunlight to
produce O, and NO. As the NO concentration is almost
nil in day-time in summers, it may be assumed that O,
has been produced in abundant amounts by different
primary sources to keep the reaction forward according
to the Le Chatlier principle, i.e., almost all the NO has
been converted to NO, due to an abundant amount of
O, being produced by a number of primary sources in
the presence of sunlight. Therefore, it can be assumed
that O, concentration measured at day-time in summers
(high solar radiations) is the O, that has been produced
by sources other than NO, or NOx (as the amount of O,
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Table 6. Comparison of dependents through paired sample T-test. 300,00
t p 250,00 AN
. =4=—NO ug/m?
Pair 1 NO -0, -4.872 .005 20000 A an o NO, pig/m®
Pair 2 NO, - O, -3.923 011 == NOX ppb
150,00
Pair 3 NOx - O, 4354 | 007 TENMHAC o
=3}=CO mg/m?
Pair 4 CH, - O, 16.787 .000 100,00 50, pg/m’
Pair 5 PM, .- O, 1.811 130 50,00 0 ug/m?
ir 6 S-0 4.9 004 PM,, ng/m®
Pair WS -0, -4.977 . 0,00
Pair 7 T-0, -3.713 014
Pair 8 RH - O, -3.668 014 Fig. 2. Diurnal trends of air quality pollutants in the semi-arid
Pair 9 Solar radiation - O, 15.505 .000 region of Lahore.

produced by NO, has been consumed by NO). Or it may
be assumed that whenever the value of NO is negligible,
the amount of O, produced would be that amount of O,
that is produced by sources other than NO, or NOx.

Another assumption is that sources like VOCs, CO,
and CH, convert NO to NO, and higher oxides of nitrogen.
The NO, is further photo-lysed to produce O,. In daytime
the value of NO is negligible due to its conversion to NO,.
The value of NO, or NOx has been found to be as high as
the O, value. Therefore, a significant positive correlation
is observed between NO, and O, or between NOx and O,
in daytime.

To assess the extent of dependence of Ozone on other
variables, paired sample t test has been applied on data.
The results of paired sample t test are given in Table 6.

The t value of all the precursors of ozone like NOx,
CH,, temperature, and solar radiation is non-zero. The p
value of NO, NO,, NOx, T, and solar radiation are less than
or very close to 0.01 (99% confidence level), indicating
their significant effect on ozone. For PM, ; p-value is 0.13,
indicating no significant dependence of Ozone on PM, ..
Although p values for wind speed and RH are close to
0.01, practically RH has no significant relation for ozone,
and the dependence of ozone on wind speed depends on
wind direction.

Diurnal and Monthly Mean Pattern
of Air Quality Parameters

It has been observed that all the primary pollutants
like CH,, NMHC, CO, NO, NO,, NOx, SO,, and PM,,
have positive correlations with each other and negative
correlations with O,. The peak value of O, has been
observed in the daytime due to the presence of high
solar radiation, especially in summers. In the absence or
reduction of light at night, almost nil or minimum values
of O, have been observed. The diurnal variations remain
the same in every season and all months of the calendar.
The value of O, has been observed as very high during
the summer noon due to high solar radiation. Maximum
pollution of primary pollutants has been observed from

900,00 4
800,00 -
700,00
600,00
500,00
400,00
300,00
200,00
100,00

0,00

==0s
T

Concentration

=== Radiation

Fig. 3. Diurnal trends of ozone, temperature (T), and solar
radiation.

November to February due to low solar radiation and low
photochemical reactions to produce O,. Fig. 2 shows the
diurnal variation of O, and other pollutants, while Fig. 3
shows the significant correlation of O, with temperature
and solar radiation. In Fig. 3, CH, levels are divided
by 100, NMHC are divided by 10, and CO levels are
multiplied by 10 to better elaborate upon their monthly
patterns.

Seasonal Pattern of Ozone and other
Air Quality Parameters

There are five different seasons in Lahore. The two
main seasons are winter and summer with extreme climatic
conditions. As already discussed, O, has a significant
correlation with temperature (r = 0.7; Table 3). The value
of O, remains high during summers due to high solar
radiation. The concentration of precursors of O, remains
high during winter mainly due to low solar radians.

The main features of winter in Lahore are:

*  Low wind speed,
* Low solar radiation/temperature
* Less precipitation

This favors accumulation and inversion of air

pollutants. Therefore, the highest air pollution has been
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Fig. 4. Seasonal/Monthly patterns of air quality pollutants in the
semi-arid region of Lahore.

found from November to February in Lahore as a semi-
arid region. But concentrations of secondary O, pollutants
remain low in winter due to low solar radiation.

Summer is composed of:
» Relatively high wind speed
» High solar radiation/temperature
*  Monsoon rains during July and August

All these factors results in the dispersion and washout
of air pollutants. But O, concentrations remain high during
summers due to high solar radiation. Fig. 4 elaborates
upon the monthly pattern of O, and other pollutants.

Conclusions

We have characterized the ambient air quality for
criteria pollutants for Lahore, Pakistan. The annual
average concentrations of PM, ;and NO are exceeding the
Pak-NEQS. The NEQS for PM,  needs to be relaxed for a
semi-arid region as PM, ;levels are exceeding strict NEQS
of 35 pg m-3, even in rural areas around the city.

24 hours and annual Pak-NEQS have not been
established for ozone, although its concentration remains
too high during summers. Mobile sources are a major
source of such high concentrations of NO. The hourly
average concentrations of ozone exceed the Pak-NEQS
primarily during summer. Carbon monoxide and sulfur
dioxide are found to remain in compliance with the Pak-
NEQS for the entire calendar year.

The monthly pattern of pollutants show that AQI
remains high during winter due to relatively low washing
effect (low rain), low wind speed, and high inversion.
Moreover, the dominant wind direction from the southeast
enables the polluting steel industry to contribute to
pollution of Lahore in winter. But ozone levels remain low
during winter due to low solar radiation. The diurnal trend
of pollutants is similar to the monthly pattern, i.e., AQI
remains low in the daytime at high T and solar radiation.
The concentration of primary pollutants like NO, NO,,
NOx, CO, SO,, CH,, NMHC, and PM, ;remains low in the
daytime due to their use as a precursor of O, , dispersion
effect, and many other factors. The ozone level remains
high in the daytime (like in summers) due to high solar

radiation and the presence of high concentrations of its
precursors.

Ozone has positive correlation with T and solar
radiation, and negative correlation with most pollutants
like NO, NO,, NOx, CO, and CH,. Wind speed, T, and
solar radiation have negative correlations with primary
pollutants. A wide range of fluctuation in NO concentration
has been observed in the presence and absence of solar
radiation. Ozone in the presence of solar radiation has a
reduction effect for most pollutants other than PM, , and
NMHC.

Correlation studies suggest that the dominant sources
of the primary pollutants are fossil fuels, either from
mobile sources or point sources. Four-stroke petrol
engines are a common source for CO, NO, NO,, and NOx,
which are precursors of O,. Diesel engines are a major
common source for NOx, SO,, and PM, ,. There is a need
to reduce sulfur contents in diesel being used in Pakistan.
SO, emissions mostly remain in compliance with NEQS in
Lahore, as most of the vehicles use petrol as fuel. As NOx
are abundantly produced by diesel and four-stroke petrol
engines, the concentration of NOx mostly remains high
in Lahore. Ratio analysis showed that mobile sources are
the major sources for NO and point sources are the major
source for SO, emissions in the city hall area of Lahore.

Ozone is a dreadful pollutant for road traffic for arid and
semi-arid areas in summer. There is a need to collect more
data of its other primary precursors like VOCs as well.

The population of Lahore has been increasing at a very
fast pace. There is a need to stop migration through the
provision of health, education, employment, industrial,
and fast transport facilities in other cities and remote areas
as well.

There is also a need to provide better and more
accessible public transport for all the housing societies
of Lahore, to promote the use of public transport, and to
lessen the use of private vehicles — especially cars.
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