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Executive Summary

The Ministry of Environment, Forest and Climate ChangéMoEFC(, Governmentof India,

launched the National Clean Air Programme (NCAPWhich proposes strategiesto reduce air
pollution . The NCAP identifiesl 22 non-attainment Indian cities [cities that violate theNational

Ambient Air Quality Standards (NAAQ$) Patna, the state apital of Bihar, is among the five
most polluted cities in the world (World Health Organization, 2016) The city hasalso been

identified as one of the norattainment cities in India. In this context, the Patna Clean Air
Action Plan identified source-specfific control measures (CMs) and performed a techno-

economic assessmen(TEA) on the CMs This helped identify technically and economically
feasible solutions/technologies to reduce pollution levels in PathaAn emissioninventory was

also developed for the city of Patha. Several focused group discussionsith various

stakeholders were carried out to understand the pollution landscape in the cityand

workshops were conducted as a part of the studyo discuss and validate the findings

The amission inventory was developed b estimate the total emission loadfrom various
polluting sources of the city. The research teamconducted dspersion modelling using the
emission inventory, which was projectedfor the year 2030 using various scenarios Surveys
were conductedto collect dataand to substantiate the emission load.

B Transport B Domestic ® Industry
DG sets m Brick Kilns m Waste Burning
B Dust

The study estimated thaty 2030,under the businessas-usual (BAU) scenario,the total PM2.5
emissionload will be approximately 28,000 tonnes/year (comparedwith 20,000 tonnes/year
in the baseyear, 2018). The transportation, domestic and industrial sectors were identified
as major polluting sources contributing to the total PM2.5 emission load in 2030Under the
BAU scenarigthe concentration level of PM2.5 is expected to increaseby 28%, from 104.4
pg/m3in 2018 to 134.0ug/m3 by 2030.

In 2030, the highest pollution-concentration (annual awerage) contributors in Patna are
estimated to be outside source 23%, domestic (including cooking, heating, and lighting)?
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21%, and transportation? 19%. Apart from these sources contributions are expected tobe
from the following sources industries (12%), open waste burning (11%),dust (11%), and
diesel generator (DG)sets (4%). The total concentration from the three major polluting
sectors(domestic, transportation, and industries) will likely be around 52%.

In 2018, the transportation sector contributed 15%z38% (seasonal variation) of the total
pollution concentration. The government must make a serious effort to improve the
transportation sector infrastru cture in Patna.

The concentration levels in Patnaare estimated to peak during the winter season, between
Novemberand February. It was observed thatbiomassburning increasesconsiderably during
the winter season to generate heat and light Hence, dmegtic heatingis a potential causeof
this sudden peak in concentration It is estimated to contribute 18%z30% of the total
concentration levels during the winter months. However, the percentage share of
concentration levels fromdomestic heating stays wellbelow 10% during the rest of the year
Hence there should bea significant focus towards domestic heating duringhe winter season

To identify source-specific CMs major determinants of pollution from various sectors such as
transportation, domestic, industry, open waste burning, DG sets, construction, and road dust
were identified. Existing policies along with these determirants were also considered while
developing CMs

Transportation:

In Patna,the mode share of public transportation is only around 2%. By 2030, at least 500
additional public buses need to ply in Patna to achieve the target mode share of 40% set under
the city mobility plan. Byintroducing a mix ofcompressed natural gagCNG and electric buses
(90% of the additional public buses), emissions from the transportation sector could be
reduced by 11%. This control measureawill cost the concerned department INR 32krore
(capital cost). The installation of diesel particulate filters in trucks, banning two-stroke autos,
strict enforcement of Pollution Under Control (PUC) norms, and the promotion of CNG/
electric vehicles EV) could further reduce emissiors from the transportation sector.

Other measures such aproviding better parking policies, establishing demarcaed lanes for
cycle rickshavs, and banning carriage vehicleswould likely help improve the existing
transportation scenario and reduce pollution levekin Patna.

Industries

The Bihar government has mandated the brick industryto adopt cleaner technologies. New
technologes such aszigzag are considered to be less pollutingthan fixed-chimney kilns.
Hence the government hasecommendedthat the brick industry shift to zigzag technology.
Effective implementation ofthe zigzag technologywould reduce the emission loadrom brick
kilns by 34%. The governmentshould also focus on shifting polluting industries outside the
city (after taking into account the wind direction) and encouragefactory owners to shift to
advancel technologiesthat emit less pollutants.
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Solidwaste management:

By ensuring effective waste collection and disposal strategies, 90% of the emissions from open
waste burning could be reduced. Considering the wastéo-energy (WTE) plant (planning
stage) and future projections of solidwaste generation,it was estimated that around 700
tonnes per day (TPD) of composting plants and 30 TPD dwyaste collection centres will be
required for proper waste managementby 2030. The Patna municipality wouldrequire at
leastINR 130 crore (capital cost) for installing these plants.

Domestic:

Although the liquefied petroleum gas (LPQ penetration in Patna is around 90%.,it was
observed awidespread use of biomass as cooking fudlhe emissions from the domestisector
will be reducedby around 81% bymaking LPG cylindersmore affordable and accessibleThe
government would have to invest around INR 30crore in the form of incentives as LPG
subsidies.The introduction of smokeless chulhad induction stovescan also help reduce the
emission load fromthe domestic sector.

Constructiondust

The effective and efficient implementation ofalready existing rules and regulationsby the
governmentwould help reduce the total emission loadrom dust by around 56%.

Capacity building:

To further strengthen the existing infrastructure in Patng the state government should
consider installing additional Continuous Ambient Air Quality Monitors (CAAQM)stations for
the effective measurement and monitoring of pollution levels. Thiscould help identify
pollution hotspots and prepareappropriate strategies accordingly.

Three scenarioswere createdbased on theCMsand their emissionreduction potential. These
scenarios had varying levels of compliance vis-a-vis the suggestedCMs These scenarios
focussed on high, medium-, and lowemission-reduction potential of CMs Thereduction in

mortality rates for the different pollution -reduction scenarios were estimated on the basis of
PM2.5 reduction between 2018 and 2030The study estimated that the emission level will
increase by 42% in 2030 without any inteventions. The estimated mortality, due to air

pollution under the BAU scenarigwas estimatedto be 4,900 deaths per year in2030.

The study estimated that under high, medium-, and low emissionreduction scenarics, the
PM2.5 emission level can be reduceby 69%, 48%, and 30%respectively with reference to
the BAU scenarigas described inFigure 1. Underthe high emissionreduction scenario, the
city would save at least 1500 lives by 2030.
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Figure 1. Senarios emission-reduction potential

Based on the studyconductedby the consortium partners, the Bihar State Pollution Control
Board (BSPCB) suggesthat the state government and concerned line departmentshould
implement the following CMs whichwould result in maximum pollution reduction:

Introduce EVs/ CNGvehicles in the city

Increase the public mode of transportation

Implement efficient solid-waste management strategies

Decrease the use of solid fuel by increasing the penetration and refuellirgte of
LPG

Promote advanced technologies in industries

1 Enforcerules for construction and demolition waste management

= =4 =4 =

=

It is necessaryfor the government to work closely with citizen groups to sensitise themabout
the effects of air pollution. Existing policies like traffic regulations, construction-and-
demolition waste managementules, and construction of road pavements are a few of the
measures that could be implementeavith immediate effectby the line departments.

Environmental consequencesof air pollution? which is of great concern not only to the
present generation but alsao future generations? need to be consideredtrongly. The cial
well-being of peoplecan be secured only when the suggested measuré® help curb air
pollution in an effective and timely manne) are implemented. The suggested shoriterm CMs
need tobe implemented immediately. The medium-term measures on the other handshould
be implemented within a 3-year period. Meanwhile, long-term measures should be
implemented in the coming 5 years. Moreover, it is essential that project management and
audit units are establishedfor effective implementation of the policies. This will help ensure
the timely implementation of the suggested policies based on the provided roadmap and time
frame.
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1. Background and Approach

1.1 Introduction

The emerging risks associated withair pollution in India havebecome a major concern fothe
environment and human health This is evinced by the fact that 15 of the 20 most polluted
cities in the world are in India (World Health Organization, 2018). Exposure to air pollution
has resulted inapproximately 2,802disability adjusted life-years(DALYs)per 1,00,000people
and 124 million premature deaths in Indiain 2017, based on statistical studyDandona et al.,
2017).

Although the issue of air pollution is panindian, it is more prevalent in the Indo-Gangetic
plains. Theactivities in this areasuch as brick manufacturing, crop burningand mining, as
well asthermal inversion during the winter seasoncontribute to severe levels of ambient air
pollution in the region.

Patna,the capital city of Bihar, experiences some of théighest levels of air pollution in India.

For instance,the National Air Quality Monitoring Programme (NAMP) states that Patnahas

experienced (annually) PM2.5levels of 117.48 pg/m3 in 2018 (CPCB, 2018).Moreover, the

city was rankedthe 5t most polluted city in terms of particulate matter, globally, in 2016

(WHO, 2016) Rapid urbangation and industrialisation have greatly contributed to the rising

levels of air pollution in the city. The major contribO OT 0O &1 0AOT A8O AAOAOEI
are the transportation sector, industries, brick kilns, and biomassurning (Guttikunda et al,

2019).

Notably, the Ministry of Environment, Forest and Clinate Change (MoEFCC) has recogadl
the scale and severity of the issue wheit launched the National Clean Air Programme (NCAP)

in January 2019 The MoEFCa@lsoprovided a five-year roadmap, A O d&uhdhational level
OOOAOACUG O1 OArAuiityfin sévArd RdkE titesAS2&idbnC.1.280fthe NCAP
mandatesa Clean Ar Action Plan (CAAP) for all 12 non-attainment cities, including Patna. In
this regard, the Bihar State Pollution Control Board (BSPCBith technical assistance from
the consortium (Centre for Environment, Energy and Climate Change at Asian Development
Research Institute (CEEG@DRI); the Cener for Study of Science, Technology and Policy
(CSTEP)and Urban Emissiong, has developedan evidencebased Clean Air Action Planof
the city of Patna. The action plan defines a comprehensive set of policy measures and
programmes that the state government and city administration will implement over an
agreed-upon timeline to reduce ambient airpollution levels.

1.2 Approach

For the development ofthe Clean Air Action Plan for Patnag state-level committee (SLC) was
constituted under the chairmanship of Chairman, BSPCHRepresentations from thevarious
line departments included Urban Development Road Construction Transport; Bihar State
Disaster Management Authority Environment, Forest and Climate Changelndustries;
Building Construction; Urban Development and Health. Representatives ofhe identified
departments (notlower than the rank of Joint Secretary) were nominated as SLC membédor
their assistance inobtaining the required data to formulate the Patna Clean Air Action Plan.
Furthermore, several trainings at CEEGBDRI with Urban Emissions and CSTERelped
provide capacity building for local institutions.
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CEECAADRI collectedprimary data from 10,000 vehicles to develop an emission inventory,
with the support of Urban EmissionsBased on the collectediataand identified sourcesUrban
Emissions developed &aseline emissioninventory for Patna, covering the targeted pollutants
(PM, SQ and NQ) and all the primary sources of emission

CSTEP developed eomprehensive set ofCMsbased onthe existing pollution landscape for
the city. The CMsconsidered source-specific determinants alongside existing and upcoming
policies at cenral and state levek. Focussed group discussiomwith the line departments

helped understand the existinginstitutional arrangements, as well as the availability of
financial resourcesand capacity These discussions helpedhortlist and evaluate the CMs
based onthe emission-reduction potential and implementation on ground.Moreover, CSTEP
performed a techno-economic assessment of thehortlisted CMsand provided a detailed

strategic roadmap definingthe short-, medium, and longterm implementation plans for all

the CMstill 2030. Abroad set of feasible targets and anticipated outcomes tme achievel in

the agreedupontimelines has been defined. These targets and timelines have besgveloped
keeping in mind the various national and subnational policies and standards, statdevel

committees, and comprehensive assessmest
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2. Patna: Current Pollution Landscape

2.1 Overview of Patna city

Thesstate of Biharhas apopulation of 104 million . 11% of the population dwells in urban area,
which makes Bihar one of te least urbansed states of India(Census2011). Patnag which is
the capital of Bihar, faces anunprecedented pressure of urban agglomeratiorBecausePatna
is a growing city in terms of infrastructure, transportation, industrialisation, and urbanisation,
land use and land cover (LULQ pattern is a crucial aspectin identifying the sources of air
pollution.

Brick kilns are mostly located alonghe river Ganga, industries are located in north and central
Patna and major commercial sectors are located icentral Patna Theresidential area of Patna
doubled while the area of agricultural land decreased from 53.7 kato 19 km2 over the past
two decades(Mishra and Rai, 2016). As per theCensus 2011 thetotal built-up areaof the city
is 86 km2. The number of water bodieshasalsosignificantly shrunk (Figure 2).

[ Residential

Il Commercial

I Public/SemiPublic
B Industrial

B Public Open Spaces
I Mixed Landuse
[ Transportation
[ Agriculture

Il Water Bodies

[ River Ganga

E=] canal N
== Rail Track
FRoad =

g

Source (Mandal & Dutta, 2009)

Figure 2: Land useland cover d Patnaw.r.t different sectors

2.2 Socio-economic profile of Patna

The 2011 Censusstates thatthe population of Patna was 5.8 millionwith a density of 1,823
inhabitants per square kilometre.Patna has seen a 30% population growth betwee2001 and

~ A N =

was 70.68% with the male literacy rateat 78.48% andthe female literacy rateat 61.96%.

Patnaboasts 0f14% of the total urban population of Bihar (Bihar Economic Survey, 2019)
The urbanisation rate in Patna is 43%which was higher than any other city in Bihar in 2011
The work participation rate in Patna was 32.2%, of whiclabout 73% were main workers and
27% were marginal workers in 20111 Additionally, 37% of the workels were engaged inthe
primary sector (agriculture, forestry, fishing, mining etc.) The remaining 63% were engaged
in the secondary and tertiary sectos, which include food manufacturing, textile
manufacturing, industries, sales, repair servicesand banking (Master Plan for Patna 2031,
2014). The per capitagross domestic product(GDP) (baseyear 2004z2005) of Patna was
estimated to belINR 6,303, with a GDP rate of 7.29% in 20142012. Moreover, Patna has been

11
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ranked as the21st fastestgrowing city in the world and 5t fastestgrowing city in India, with
an annual growth rate of 3.72%.

Patna has long been considered as the one of the majaubs for agricultural trade. The
common agricultural products in Patna are cerealsice, wheat and maizé and pulses @arhar,
urad, moong, gram, pea, lentilsand khesar). The most commoty exported agricultural
products aresugarcane, sesamand rice.

In 2018, Patna(Urban) had 174 industries, 22 of which were red category industries. The
predominant types of industries in Patna are leather, handicrafand agro processing. Most of
the industries are agglomerated at four industrial areas in and around PatnaPatliputra,
Fatuha, MIP Bihtaand Bihta. The state government has taken several initiatives to inease
the investment opportunities in medium- and large-scale industries. An Industrial Investment
Promotion Policy was introduced in 2016 to address key issues like development of secondary
infrastructure, adoption of state-of-the-art technology, developmat of domestic supply chain,
and skill development.

2.3 Existing policies/interventions in the state of  Bihar

Air-pollution exposure tohumanshas a spatial dimension because bothe population density
and the resulting pollutant concentrations vary over pace. This creates a role for effective
local policiesthat aim at reducing pollution levels in highly populated areas (OECD 201Zjo
improve air quality in Patna, BSPCBasimplemented several policies suggested bihe Central
Pollution Control Board (CRCB).

The existing policies implemented in different cities of Indigincluding Patna are as follows:

1 National Air Qu ality Monitoring Programme ( NAMP): The government is executing
a nation-wide air quality monitoring programme called the National Air Qualiy
Monitoring Programme (NAMP). In this regardthe BSPCBhas setup an online air
guality monitoring system at IGSC PlanetariumPatna Patna also haswo manual
stations reporting data on PM10, S and NG.

1 Forty -two action point s: A comprehensive set bdirections under section 18 (1) (b)
of the Air (Prevention and Control of Pollution) Act, 1986 has been issued liiye CPCB
to ensure theimplementation of 42 measures(action points) that aim to mitigate air
pollution in major cities. This includes contol and mitigation measures relaing to
vehicular emissions, resuspended particles of road dusind other fugitive emissions,
biomass and municipal solid waste burning, industrial emissions construction and
demolition activities, and other general steps entributing to air pollution. The
directions containing 42 action points were issued initially for implementation in
Delhi-NCR but vere subsequently extended to State Boards for implementation in
other non-attainment cities, including Patna.

1 Impetus on vehicular pollution : Bharat Stage IV (BS$V) norms have been launched
for mandatory implementation sincel April 2017. The governmenthas also proposed
leapfrogging to BSVI by 1 April 2020. Bharat Sage Emission Sandards (BSES) are
emission standards issuedoy the Government of India to regulate the output of air

! Red categoryndustries- industrial sectors having pollution index score of 60 and above
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pollutants from internal combustion engines and sparkignition engine equipment,
including motor vehicles.

1 Cleaner technologies in brick kilns : The BSPCB hagsotified all brick kilns of Bihar
to convert to cleaner technologiesby 31 August 2019, in accordance with the High
Court directive (CWJC no: 15962/2018)In this regard, BSPCB has issuele closure
of 23% of total brick kilns in Patng which were found violating the environmental
protection rules (BSPCB, 2018).

1 Central Motor Vehicles Act (CMVA): As per CMVA, electric rickshaws have been
permitted in Patna inan effort to curb air pollution.

2.4 Emission inventory

An emission inventory (El) accounts for the total emission load from various pollutig sources
in a given geographical area, within a particular time frameAn El helps identify the most
polluting sourcesin a city/state/region. It is also usedo estimate and projectfuture emissions
for various pollution control/reduction scenarios (ACAP, 2017)

There is very limited information that can be accessed to conduéil studies in Indian cities.
This is also true for big cities like Delhi and MumbaiGuttikunda et al. (2019) detail the
architecture for conducting such studies in variougities of India and the resources accessed
for various sectors There are studies(such asGuttikunda et al.,2014) that discuss the
uncertainties, gaps, and pathways for various sectors.

2.4.1 Methodology

TheEl for the Greater Patna Region (GPR) was developed fonarea of 60 km X 30 km for the
year 2018. Various pollutants such asPM2.5, PM10, NQ, CO, S£) CQ, and nonmethane

volatile organic compounds (NMVOCsyere considered in the El Although an inventory of

NH; emissionswas not prepared the NH; emission datawas extractedfrom the Task Force on
Hemispheric Transport of Air Pollution (TFHTAP) (http://www.htap.org/ ) 2012 andthe data

was used after linear extrapolation The El was developed to dgnate emissions fromthe

transport sector, domesticand commercialcooking, spacenheating, diesel generator(DG) sets,
solid waste burning, industries, aviationand dust from different activities (construction and

road). The developed EI was also projeet for the year 2030 underthe businessas-usual

(BAU) scenario.

The El was prepared by considering the various activities (A) in a sectdhat contributes to

the total pollution load in a city/state/region. Activities (A), when multiplied by the respectie

Emission Factors (EF)provides an estimate of the emission load of any particular activity.
This emission load is distributed ina 1 km X 1 kmunit of area in GPRThe sctor-specific

methodology for estimating the emissionhas been provided in the following sections.The

model details and the architecture are detailed ifGuttikunda et al., 2019

El looks at pollutants at the source andloes not include remote effect of pollutants or the
effects of meteorology on pollutant concentration Dispersion modellinghas been used to
address this gap.
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Emission from transportation : For thetransportation sector, the ASIF(Schipper L, Marie
Lilliu, c., 2000)principle were used to estimate the emissions.

o o6 %Y OO (2.1)

Where,

Er- Emissionsfrom transportation

A- Total travel activity,

S - Vector of modal sharé,

li - Energy intensity of each mode (i)

"O - Sumof each fuel (j) in mode (i) theemission factor$ mentioned beloware used to convert
fuel used into emissions.

The stepsmentioned abovehave beenrepeated for all modes of transportation.The vehicle
exhaust emissionsfactors are adjusted by vehicle type deterioration of vehicle engine with
age(corroborated with the PUC data from the city, and fuel type along with local congestion
levels. A database of average emissions factors for fleets is availalin Goel & Guttikunda
(2015) and also can be accessed at Lirb Emissions
(http://www.urbanemissions.info/publications) .

The emissiors estimated from the transportation sector have been adjusted for traffic
congestion whichtends to increase emissions from vehicles. The methodology forestimating
congestion ratesin the city has beenbased on extracts fromthe Google Maps Direction API.
For the city, 100,000requestswere madeper day for 15 days to build the spatial and temporal
speed maps, which were integratd into the emission calculations.

To substantiate he methodology, a transportation survey was conducted at various petrol
pumpsin Patna in 2018 which helped usunderstand the vehicle characteristics (mode share,
age, and fuel useT.here areevaporative emissions also at the fuel stations, which adds tbe
VOC totalsFuel sales information was also gathered as a part of this exercid@blel presents
the key results of the survey andAnnexure A contains the detailed results from the survey.

Table 1: Keyresults - fuel transportation survey - Patna

Vehicletype Vehicles Fleetaverage age| % of vehicle older
surveyed(no.) (Years) than 10 years

Cars 2,832 5.9 16.1

SUVs 1,603 4.5 5.9

Motorcycles 4,038 4.9 11.2

Autos/ Tempos 1,265 5.3 6.7

According to the data provided by the' EEA O C1 Otduspoit depaiidedt, the in-use
vehicular population in Patna is around 437,562 as of 2018. Of the total registerefleet, two-
wheelers (70%) and passengefour-wheelers (13%) are the dominart ones.While projecting
emissions for future years the vehicle growth rate was obtained from the national road

2 Modal Sharez Percentage of travellers using a particular mode of transportation
3 Emission Factorz Mass emitted for vehiclekm travelled
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transport emission study, based on the sales projection numbers fronthe Society of Indian
Automobile Manufactures SIAM), New Delhi India.

Table 2: Pathamode share

Mode of journey Percentagg%o)
Walk 6
Bicycle 22
Motorcycle 21
Car 4
Auto 22
Bus 21
Cyclerickshaw 4

Source(National Institute of Technology Patna, 2018)

The aviation industry also contributes to the total emission load of the city. The emissi@from

this sectoris consideredto fall under the transportation O A A Gemi®sio®. Aeroplanes emit
pollutants throughout their flight path. However, most flight patls are around 30,000 feet
above the sea level anthe dispersion occursmore quickly in high altitudes.Effective pollution

occurs only during the LTO (landing and takeoff) cycle, and hence the emissionfrom the

aviation industry is estimated using the LTO cycle.

Emission from road dust resuspension

Vehicular movement on the road triggers resuspension of dusthe dust portion includes on
road resuspension of dust, which is also classified as na@axhaust PM emissions. The dust
emissions are also linked to the local meteorology the chemical transport model, to suppress
any overestimation of resuspension during the rains.

The resuspension of dust is dependent on the weight of the vehicle, silt Idadoad surface
type, and average rainfallData from street mapshelped us tounderstand and identify the
types of road (paved/unpaved) presentin Patna.

Emissions from i ndustry

Primary information pertaining to industries were extracted from the annual suvey of
industries, while the information on industriesd A1 E @&sEcktim&®ed based on fuel
consumption (Ministry of Statistics and Programme ImplementatjoiThis has been
corroborated with the information provided by line departments. Google Earth imagery for
every grid in air shed areawas used as a reference to locate the industries.

Major industries in Patna constitutethe metal-fabrication industry, brick kilns, and the textile
industry. While most of the industries rely on grid electricity fortheir energy needsafew are
forced to use insitu DG setsbecause offrequent power outages.Information on various
technologiesimplemented in industries was obtained from reports and literature review. This
data on technologies usedhas been incorporaed while estimating emissions for future
scenarios.

4 Silt loadz Amount of dust present per unit area on the road
5 Ministry of Statistics and Programme Implementation, Government of India, at
http://mospi.nic.in/Mospi_new/site/India___statistics.aspx?status=1&menu_id=43
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Besides the traditional manufacturing industries Patna hasbrick kiln clusters aroundthe city.
Brick manufacturing includes land clearing for sand and clay, combustion of fuel for baking
bricks, operation of diesel engines orsite, and transport of the end product to various parts
of the city. The conventional technology used by brick manufacturers iafixed chimney kiln
(FCK). Thefuel used in FCKwaries from agricultural waste and biofuels (cow dung and wood
to fossil fuels like cal and heavy fuel oil.

25.57 B

. T
Longitude 84.9 85.0 85.1 85.2 85.3 85.4

Figure 3: Brickkiln clusters in and around thegreater Patnaregion

Source(Guttikunda and Jawahar, 2014)

These FCKs are known for their low capital costgnd cost, cost incurred to set up the Kiln,
chimney cost etc), lower fuel consumgion, and a production capacity of 20,000 to 40,000
bricks per day. Figure 3 highlights the location of various brick kiln clustersthat were
considered when estimating the pollution load in the emission inventory(Guttikunda and
Jawahar, 2014) Industries were clubbed into 16 major categries® (Annexure A) to further
assist in the calculation of emission/pollution analysis.

Emissions from domestic sector

Domestic-sector emissions are based on fuel esumption (coal, wood, kerosene, and LPG)
estimates for cooking, heating, and lightingzrid -level fuel usage in households wasstimated
based on census statistiégsAccordingto Census2011, 29% of household use non-LPGstove
for cooking and heating.The dominant fuel in the city is LPG. Apart from LPG, fuels such as
coal, biomassand agricultural waste are used in slum are&, restaurants, andareasoutside
the municipal boundary.Gridded population data was obtained fronthe Gridded Population

of the World and Global Rural and Urban Mapping Proje¢2010)20. It is assumed thatvhile
high-density areas (highly urban areas)most likely utilise LPG low-density areas utilisea mix

of fuels. The 2011 LPG consumption rates in the domestisector were adjusted based on

6 Land clearing: Theprocess of removing trees, stumps, brush, stones and other obstacles

7“Heavy fuel oit It is the remnant from the crude oil refining process.

8 Industry types from ASI database was used to clubirtestries into 16 major categories.

9 Household energy usage in India, Database maintained by the Institute for Financial Management and
Research, Chennai, India @ttp://www.househol denergy.in

10 GRUMP (2010} Gridded Population of the World and GloblaRural and Urban Mapping Project. Center for
International Earth Science Information Network ( CIESIN) of the Earth Institute, Columbia University, New
York, USA @ttp://sedac.ciesin.columbia.edu
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surveys (Jain et al., 2018; Jain et al., 201%nd monthly reports on new LPG connections
provided by Bihar state (MoPNG & www.data.gov.in).

Emissions from waste burning

Garbage burning in residential areasemits a substantial amount of pollutants and toxins
(Guttikunda and Jawahar, 2014) Waste burning is the most challenging source and also the
most uncertain for estimating the emission load.Despite government authorities having
banned solid-waste burning, citizenscontinue to violate the regulation. According to the city
development plan submitted to the Jawaharlal Nehru National Urban ReneWwdission
(JNNURM), Patn@ @etropolitan area generatesaround 800 to 900tonnes of solid waste per
day. This generated wastéas transported to collection centres, andfrom there the waste is
taken to a landfill facility. Total solid waste collected and treated in Patna is 770 tores per
day. The estimation of emissios from waste burning was conducted by multiplying the
guantity of waste burned with its emission factor.

Emissionsfrom power sector

There are nopower plants in the immediate vicinity of the GPR. The narest power plant is 60
km east ofPatnacity. While most of theA E Celgdiridity needs are met by the coal and gas
fired power plants situatedto the south of the city (closeto the coal mines), a large proportion
of mobile phone towers, hotels, hospitals, malls, markets, large institutions, apartment
complexes, and cinemassupplement ther electricity needs with in-situ DG sets. The total
diesel consumption in the insitu generator sets is estimatedt 7 Petgoule (PJ, approximately
10%z15% of the total energy consumption in the transportation sector(Guttikunda and

Jawahar, 2014)

Anthropogenic activities increasewith an increase in population.Hence population growth
rate (census data) was considered while estimating emissions fromhé domestic sector,
construction activities, brick demand, diesel usage in the generator sets, and opefaste
burning.

Dispersion modelling

Dispersion modelling is performed to understand the physical and chemical transformation of
air pollutants over a geographical area. Advection of the pollutamefers to a kind of physical
transformation that depends on the topography of the area, meteorological conditions, attte
P11 1 OWwedadnddryOdeposition. Areaspecific meteorology plays an important role as it
influences the transport and vertical mixing of pollutants. There are different types of
dispersion models available, based on complexity and computational need3omprehensiwe
Air Quality Model with Extensions (CAMxwas usedto analyse the air quality of Patna.

The 3D meteorological parameters fronWeather Research and Forecasting(RF), dong with
the estimated emissiors load of eachof the grid points, have beenincluded as inputs to the
model. Pollutant concentration is the model output.Concentration is the amount of pollutant
matter presentin a unit volume of ambient air. It is generally expressed in microgram per
cubic meter (ug/m3) or part per million (ppm). Concentraion values are important asthey
help identify changes in airpollutant concentrations over time. These values aralso the basis
for evaluating the effectiveness of existing controls and a way of identifying the sources of
possible problems for thefuture (P.Brimblecombe, 2011). The detailed model formulation
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and meteorological parameters considered in the study can be accessed fr@uttikunda et al.
(2019).
Model validation

The model wasvalidated using monitoring data from BSPCB monitoring stations in Patnéor
the year 2017-2018. This was carried outfor the hindcast results as well as théorecast mode
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Figure 4: Modelled vs measured PM2.5

(updated every 30 minutes).Figure 4 presents the modelled and measured valisof PM2.5

2.4.2 Results

It was found that sectors like transport, domestic fuel consumption, open garbage burning,
road and construction dust, industries, DGets, and aviation arecontributing to the total
pollution load in Patna. The contribution of these sectors varies drasticalty from 4% to 32%.
Black carbon, NQ, CO, SO CQ, PM2.5, PM10and nonmethane volatile organic compound
(NMVOCs)emissions were estimated for all the sectors contiuting to pollution in the city
(See Annexure C)

The PMLO and PM.5 sectoral emission loads were estimated for 2018, based on the primary
and secondary data collected for different sectors. The sectoral emission loads were also
projected until 2030, based on the growth rates of different sectors

Figure 5 presents PM2.5emissions projected for the periodbetween 2018 and 2030 (under
the BAU scenario)from various sectors contributing to pollution in the city. The year 2018 is
considered as the base year for the emissi@restimation. The total PM2.5 emission loador
2018 is estimatedto be 20,000 tonnes. The major contributors of pollution in Patna are
transportation, domestic, and industry, with ashareof 19%, 22% (including cooking, heating,
and lighting), and 28% (including brick kilns and industries) respectively. The total
contribution from these sectors amountto around 69% of the total emissions. Open waste
burning and dust account ér 11% and 15% of the emissionsrespectively.
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Figure 5: PM2.5emissions(BAU)

The total PM2.5 emission load estimated for 2030 is around 28,000 toes/year (around 40%
increase from the base year 2018)(The various scenarios are explained irfsection5). The
major contribution of emissions in Patna for 2030 is estimated to come from the
transportation sector (25%) and industries sector (25%), followed by thedomestic sector
(16%) (includes cooking, heating and lighting), dust (16%), openwaste burning (12%), and
DG sets(5%). Based on our estimatesPM2.5 emissions fromthe transportation sector will
likely increase by 88% in 2030, in comparisorwith the 2018 levels.

The increase in emission load from the transportation sector is mainly attributed to vehicular
and econanic growth, estimated to increase by 88% in 2030 undethe BAU scenario.
Similarly, the increase in emission load from the domestic sector is attributed to solid fuel
burning, which is estimated to increase by 5% in 2030 frorthe baseline (2018).The domestic
survey revealedthat people still use traditional chuhasfor cooking in afew parts of the city,
because ofnadequate refilling stations nearby andthe ease of freely available solid fuelThe
number of households using solid fuel for cooking remam almost constant till 203Q and
hence the percentage increase in emissions from the domestic sector is relatively I¢GEED,
2016).

The amission load for the city does not include PM2.2mitted outside the baindary, the
influence of weather parameters (rainfall, wind speed, atmodgeric mixing height, etc.), and
the generation of secondary PMby atmospheric chemistry. In orde to incorporate such
factors, dspersion modelling is used to determine the concentration levels in the city.

Concentration levelsin the city were estimatedfor 2018z2030 using the emission inventory
prepared for Patnacity. Figure 6 presentsmonthly estimates of PM2.5concentration levels in
Patnafor 2018 (BAU).It is observed that the concentration levels are high (above 150 pg/t
during the winter months (November, December, Januargnd February).The monthsof June,
July,and August are relatively clear{comparedwith the winter months) with concentrations
in the range of 20 to 100 pg/n3.
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Figure 6: PM2.5concentration levels (ug/m3) (BAU-2018)

Figure 7 presents the sectorakontribution (in range) of PM2.5 concentration level$or 2018.
The transportation sectord O  QrEpAliOti&n concentration levels rangesfrom 23% to 39%,
whereasthe contribution from heating rangesfrom 0% to 25% (maximum of 25% during the
winter season). Contribution from other sectors such as opewaste burning and cooking is
minimal (<10%) throughout the year. The contribution ofconstruction and demolition dust is
also significant with a range of7% to 12% acrossthe year.
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