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Abstract

This thesis examines the impact of activity and mobility restrictions on business
establishments, traffic, and emissions durthg COVID-19 pandemic in the Halifax
Regional Municipality. It initially investigates the economic loss of local business
estabishments in terms of sales usingagent classegression modethich incorporates
activity patterns from an activithased travel demand model. Later it develops a
modelling framework to estimate the changes in traffic and vehicular emissions during the
lockdown and phased reopening scenarios. It develops agfiaeed travel demand
model coupled with an emission model. One of the uniqueness of this study is that it
considers both passengersand commercial vehicles within the modelling framework
and estimate multiple types of air pollutants at the local levEhe findings will assist
transportation professionals the future to develop transportation systeand policy
implications, allowing them to be better prepared for unplanned disruptions like the
COVID-19 pandemic.

Xii



List of Abbreviations and Symbols Used

AIC Akaike InformationCriterion

APE Absolute Percentage Error

AQI Air Quality Index

BAU BusinessasUsual

BIC BayesiannformationCriterion
BLB Best Lower Bound

CDC Centres for Disease Control

CNY Chinese Yuan Renminbi

CO Carbon Monoxide

CO, Carbon Dioxide

EMME Equilibre Multimodal Multimodal Equilibrium
EPA Environmental Protection Agency
GDP Gross Domestic Product

GEH Geoffrey E. Havers, Statistics
GHG Greenhouse Gas

GIS Geographic Information Systems
GPS Global Positioning Systems

HRM Halifax Regional Municipality
IDW Inverse Distanc&Veighted

iTLE Integrated Transport, Langse and Energy
LB Lower Bound

LCM Latent Class Model

Xiii



LDS
LKR
MAPE
MOVES
MPE
N2O
NAICS
NO2
NOx
Os
O-D
OECD
PMzo
PM2s
PPB
PPM
SARS
SDS
SIC
SG;
TAZ
THC
usD

USEPA

Longerterm Decisions Simulator

Sri Lankan Rupee

Mean Absolute Percentage Error

Motor Vehicle Emission Simulator
MeanPercentage Error

Nitrous Oxide

North American Industry Classification System
Nitrogen Dioxide

Nitrogen Oxides

Ozone

Origin-Destination

Organisation for Economic Gaperation and Development
ParticulateMatter ranging from 2.5 to 10 microns
Particulate Matter smaller than 2.5 microns
PartsPer Billion

PartsPer Million

Severe Acute Respiratory Syndrome
Shorterterm Decisions Simulator

Standard IndustrZlassification

Sulphur Dioxide

Traffic Analysis Zone

Total Hydrocarbon

United States Dollar

US Environmental Protection Agency

XV



VOC Volatile Organic Compounds

WHO World Health Organization

XV



Acknowledgements

At first, 1 would like to thank the Almighty Allah fagiving me the strength to complete
the thesisl am very grateful to my supervisor and mentor, Dr. Muhammad Ahsanul ,Habib
who has been a constant source of guidance and support throughpraghasn.l would

really thank him from the bottom of my heart for believing in mealwving meto work

with him. It would be extremely difficult for me to settle as a graduate student in a new
country without his invaluable advice, support, and directiam really blessed to have

a guardian like him in Canadiawould also like to thank Dr. Nouman Ali and Dr. Claver

Diallo for theirinvaluablecontributionsin improving the quality of the thesis.

| am also thankful to my DalTRAC teamembers Dr. Khan, Dr. Alam, Asif,
Hasan Katie Devin and Kelcifor making my graduate life memorablerh also grateful
to my friends seniors,and juniors in Halifax for their kindssistancdove, and support

during the program.

Above all, I want to thank my parents from the bottom of my heart for their
unwavering love, unending support, and sacrifices for my achievement, as well as for
consantly motivating me to be a decent human being. | would never be able to fulfil my
life's goal without their support and encouragememntould also like to express my
gratitude to Turaba, my only younger sister, for her unending affection fdrinadly, |
would really thank my husband Hasafor his unconditional support and motivation
throughout my MASc journeyHe inspired me throughout myagluate studies and kept
me calm during the COVI19 pandemicl consider myself fortunate to have him in my

life.

XVi



Chapter 1

Introduction

1.1 Background and Motivation

The COVID-19 pandemidas a significant impact on tipeiblic health,world economy
and environmen{Bai et al., 2020, Lai et al.,2020The novel coronavirus disease
(COVID-19)wastfirst identified in Wuhan, China in Decemi@919(Hui et al., 2020. In
the pastthe world facedgseveralmajor influenza pandemics, namely, tigpanish Fluj
(HIN1 virus) in 1918, the Asian Flunj(H2N2 \rus) in 1957 and theHong Kong Flunj
(H3N2 virus)in 1968 (CDC 2020). The first pandemic of 2icenturyoccurred in 2003
and was caused by @ARSassociatedoronavirus (SAREo0V). Around 8000 people
were affected by this virusvorldwide whereas 774 dig@DC 2020. The most recent
pandemicof 215 centurybefore COVID19, wasthe Swine Flunj(HIN1 virus) which
occurred inApril 2009 causing death of 124(eoplein the United State€CDC 2020).
However, COVID19is one ofthe greatest pandensiof this centuryThis disease
is caused by severe acute respiratory syndrome (S2&RS2) (Baloch et al., 2020
World Health Organization (WHO) declared COVID as a Public Health Emergency of
International Concern on January™3®020, and as a pandemic on MarcH,12020
(WHG, 2020. Due toits high transmissibilityalmost 248 million peoplein more than 227
countrieshave been affectegesulting in5 million deaths(Worldometer 2021). As the
virus was primarily spread by close contact between people and through respiratory
droplets produced by an infected person or by touching an object or swittacgus on
it (CDC 2019)WHO strongly recommended physical distancing, frequently washing hand
and fae, and using face masks as methods to minimize its high transmissibility and reduce
death rate¢Kenyon et al., 2020A community focused approach nameédattening the
curvenwasimplemented Thunstrom et al., 202@hroughout many countries in the world
to protect public health
During the lockdown period, different preventive measures, for instance, social
distancing, closure of neassential business, mobility restrictions were imposed. These

controlling measures wesomewhateffective inminimizing the spread of the disease.



But these measures affected the economy of the wamléarly study byheWorld Bank
predicted that global GDP in 202@uld drop by 5.2% with respect to 20{\®/orld Bank,
2020. A studyby Coibion et al.(2020) shows that, th@rimary lockdown is the main
factor for declinationof employment in the United States rather than the infections.
However,as the restrictionease during the reopening phases, the economy begins to
recover.Similarly, the impact of COVIB19 on theurban travebehaviour for instance,
individual travel pattern, frequency of activitiasd mode choiges also very significant

A study shows that owdf-home activities decreased by more that 50% in British
Columbia, Canad@Fatmi, 2020) during the lockdown period.Similarly in Singapore,
during the first week of the steat-home order, mobility rateasreduced by 36.4%liang

et al., 2020) During lockdown, traffic flow decreasdsy up to 80% in SpaitiQuerol et

al., 202)) and 82% in ItalyMarinello et al, 2021). The change in mode choice is also
noticed. In Santandg€Bpain), public transport users decreased by almost @4&b et al.,
2020) Mass transit ridershigropped to 85% within a week of the pandemi@oston,
USA (Basu and Ferreira, 2021 Moreover, inindia, people started to rely on cars much
more than before the pandenfihhombre and Agarwal, 2020)

Though COVID19 has many negative impacts on health and economy of the
world, it has positively affected the air quality reduéng environmental noise, beach,
surface, and groundwater pollutiMostafa et al.,2021)Several studies show thdie to
mobility restrictions, vehicular emissisgot reduced which eventually has a positive
impact on air qualityDuring the lockdown, thereas a significant decline in industrial
operations, vehicle kilometres travelled, and commercial activity, resulting in a global
reduction in emissiond@ian et al., 2020)Worldwide, there was a substantial reduction of
Carbon Dioxide(CO;) emissions o#% to 11%, with a median value of 8% due to the
pandemic restriction®afnomilis et al., 20201n all Western Europe countries, a decrease
of 30%50% inNitrogen Dioxide NO>) concentrations is reportétlenut et al., 2020)
Similarly in the United States, a huge decrease in ¢bacentration levebf Carbon
Monoxide CO), 27.3% in Orlando and 24.2% in Miams observed(El-Sayed et al.
2021) In the New Normahjphase, we have to consider all these impacts of C&@AD
in the policy making procedufer future.We need to be prepared fioture pandemics.

Therefore, this thesis develops the toolestimatethe impact of mobility restrictions



during a pandemic orthe economy traffic and vehicular emissienThe results of this

study will aid policymakers to develop interventions during fupamedemics

1. 2 Objectives
The specific objectives of this thesis are:

1. To examine the impacts of COVHD9 pandemic on sales of business
establishmentdy taking anactivity-basedtravel demand modéhg approach
within the Halifax Regional Municipality (HRM).

2. To developa transportand emissionmodelling framework for evaluatirg the
impactson traffic duringthe lockdownandreopeningscenario®f COVID-19.

3. Toexamingheimpactsof COVID-19 onmajorpollutantsincludingGHG asCO,
equivalentCO,NOy, SO, PM1o, PM25, THC, andVOC duringthelockdownand
phasedeopeningscenariosn the Halifax RegionalMunicipality (HRM).

1. 3 Research Significance

The major contributon of this research is to develop an innovative modgframework

to predict the impact of pandemic the local level. The study willprovide abetter
understanithg of the changeof sales of local businesseshange in traffiocvolume and
vehicularemissiors, especially GHG emissioturing pandemiscenariosin this study,
the impact ofCOVID-19 on business establishmentgilizing an activitybased travel
demand modelling approaclis estimatedduring lockdown and phased reopening
scenarios. The impact of COVAIDO on the traffic and GHG emission is aéstimatedn
this study.This study will be useful for policy makets be better prepared for any

pandemic in the future.

1.4 Organization of the Thesis

The thesis isorganized intosix chapters.The first chapterspecifies the background,
motivation objectives andrganizationof the thesisin the secondchapter, ahorough
literature review on the impact of COVAI® is conductedThethird chapterillustrates

the economic impact analysis of COVI® during lockdown anghhasedreopening
scenariosThis chapteincludes an extensive analysis of the business establishments and

the estimations of sales during pandemic scenarios by utittzagtent Class Regress



Model. Thefourth chapter includethecomparative analysis of traffic network model and
vehicular emissions during the lockdown phase of COVYD Theextensive analysis of
traffic network model and vehicular emissions duringghasedeopeningscenariof
COVID-19 is illustrated in chaptefive. The sixth chapterdemonstrateshe major

findings, contributiongjmitations,andfuture recommendatioraf the research



Chapter 2

Literature Review

2.1 Impact of COVID -19 on Economy

Worldwide, there has beesignificantamount ofresearctworks on the consequences of
COVID-19 sincethe outbreak ofthe pandemic Table 21 summarizesnajor research
works onthe economic impact of COVHR9 due tolockdownin many countriesuch as
United StatedJnited KingdomCanadaGermany, Spain, Chin&rance, Australidndia,
Bangladesh, Korea, Colombia, and Egyphe eonomies of these countriesere
negativelyaffectedby the COVID19. Due to the lockdown, many people lost their jobs
andtheemployment rate dropped suddenly in many countriesnitedKingdom 4% of

the workerdost their jobs and 18%f peoplewerelaid off (Aum et al., 2021)n California
(United Sateg, the number ofactive business owneidecreased by 22%uring the
lockdown periodFairlie and Fosser2021).Similarly, in Canadal5% ofworking people
lost their jobs during lockdow(Lemieux et al., 2030Laying of peopleérom their jobs
directed tchuge economic lose many countried=or instancein France, 5% loss of GDP
is reported(Malliet et al. 2020) while Indian economy is estimated to face-3%
decreasef GDP during COVIDB19 pandemidKanitkar, 2020). Moreover, an @erage
business sales faced loss of 17% in California, WS#rlie and Fossen, 2021Another
survey in Pakistan, collecting data from 184 Pakistani micro, small, and miizech
enterprises, reported that thifeeirths of the businesses expected a 60% decline in sales
during 2020(Shafi et al., 2020)The following table includes information of &authors,

study area, objectives, and major findirmgsnajor research works.



Table 2-1 Literatures on COVID -19 and Economy

Authors
Fairlie and
Fossa,
2021

Hu, 2020

Lemieuxet
al., 2020

Moehring
et al., 2021

Study Area Objectives

Californiaa, To provide an

United States analysis of sale:

of America volume reduction
during COVID-19
and some policie:
to mitigate the

loss for any future

pandemic
situation.

United Investigate  the §

Kingdom  impact of
COVID-19 on q
people's economi
well-being in the
UK, with a focus
on interlocking
ethnic and nativie
migrant
inequality.

Canada To examine the
early effects of the
coronavirus
disease 201¢ ¢
(COVID-19)
pandemic on the
Canadian labou
market

Germany Evaluating the q
inequalities in

 Number of

Major Findings

active busines
owners dropped by 22% froi
February to April 2020, wkh
were affected by mandatol
lockdowns such as 91¢
accommodations lost, where
online sales grew by 180%.
Overall business saedropped
by 17% during COVIR19

4% people lost their job and 18
were laid off.

According to survey, 41% c
household believe that the
household income is reduce

due to COVID19 pandemic

Between February and Apr
2020, the weeklywork hours
werereduced by 32%.

15% of workers of age group =
lost theil

yeas - 64 years

employment.

Lower educational degrees al

in low-wage employment wer



Chamorro-
Petronacci
et al., 2020

You etal.,
2020

Region of
Galicig,
Spain

Wuhan
China

employment

trajectories during

the first COVID

19 pandemic
lockdown in
Germany.

To determine the q

economic

and healtkcare
impact of
COVID-19 on
dentists.

Investigation
the linkages
between epidemir
preventive  anc
control  methods
and economic
social
development by
assessing healt
and meso
economic loss
from a human
centered

approach.

of q

more affected by continusL
furlough and job loss.

Women have a higher chance
being continuously furloughe
because they ar
overrepresented in lowage
sector.

The econorr
losses (27%
between 10004999 EUROSs,
followed by 50009999 EUROs
(25.5%).

Of the male respondents, 33.1

respondents'

were mostly

suffered losses more than 15,0
EUROs compared to 19.4%
female respondents.

The direct economic losses
the transportatignlogistics and
servic

warehousing, postal

food, and beverage servi
industries total 21.61 billior
CNY.

During the lockdown, tota
monthly ~ economic  losse
amount to 177.0413 hilliol
CNY.



Malliet et
al., 2020

Romano,
2020

Kanitkar,
2020

Mottaleb et
al., 2020

France

Australia

India

Bangladesh

To provide
guantitative
evaluation of the
economic anc
environmental
implications using
a computable
General
Equilibrium
model.

To understand th
severity and
longevity of the
COVID

19 pandemic or

current

Australian

economy.

Utilise a
Input-Output (10)
model to evaluate
the
losses caused b
COVID-19 in

India.

Estimation of the

daily economic
loss
COVID-19

lockdown.

during

linear q

economic q

a § The lockdown has resulted in

huge economi

production of 5% of GDP.

drop in

Australiads pr
might fall by up to 20% from
2019 (totaling  $1..
trillion), resulting in a $22C

billion loss to GDP.

levels

A government program of $30
billion is required & overcome
this economic shock.

Indian economy is likely to fac
a loss of about 10 to 31% of i
GDP.

In power sector, thdaily supply
from coatbased plant reduce
by 26%.
Nearly 35% of 61 million
employed work force gets pa
daily.

A oneday total lockdown result
in a $64.2 milion USD

equivalent economic loss.



Aum et al.,
2021

Bonet
Morén et
al., 2020

Allam et
al., 2020

Daegu
Gyeongbuk
DG, Korea

Colombia

Egypt

Evaluate
causal effect of

the outbreak or

the labour market q

Assessing
regional economic
impact of the
lockdown

measures orded
by the national
government  tc
prevent the sprea
of COVID-19
To explore the
role of the

Coronavirus on

the trading
behaviour of
individual and
institutional

investors on the
Egyptian  Stock

Exchange.

the §

the q

A one per thousand increases
infections causes 2.68% drop
employment.

In terms of gendemale workers
lost more jobs than female.
Services, real estate, sm
business, transportation/storag
and education are hit hardest
the epidemic.

Monthly economic losses thi
represent between 0.5% a
6.1% of national GDP.
The most affected industrie

include accommodation ar

food services, real estat
administrative services,
construction, and trade.

For Egyptian and Aral

investors, the Daily Deathsj
variable was more effective ar
sensitive for individuals an
institutions.

The Daily Casesjvariable was

more  sensitive to  Aral
individual investors' trading
activity.



Most of the studies mainly focused on the economic loss during lockdown. There
is a clear research gap about this impact of mobility restrictions during phased reopening
scenariost thelocalllevel specificallytraffic analysis zones (TAZs) levelherefae, this
thesis aims t@stimatethe sales of business establishments during lockdown and phased
reopening scenarios of Halifax Regional Municipalii§ilizing activity-based travel

demand model

2.2 Impact of COVID -19 on Traffic and Emission

Table 22 summarizesmajor research works on thinpact of COVID19 on travel
behaviour, traffiocvolumeand emissionAccording toFatmi (2020) in British Columbia,
Canada, almost 50% of outof-home activities were reduced during COVID-19
restrictionsSimilarly, in BudapesfHungary), the number of daily trips dropped from 10.1
to 4.3 million(Bucsky, 2020and 50% reduction of total trips is reported in ltghepe et

al., 2020) The change in modal choicg also noticedFor instancea study of Sweden
demonstrates a 480% drop of public transport usa@enelius and Cebecauer, 2020)d
people started to replageiblic transport by private means and walk{adpdullah et al.,
2020. In China, anoticeabledecrease in taxi trips reported(Nian, 2020 whereas a
significant increase of walking trips by 50% is observed in Gréegchtis et al., 202}
Moreover, he dependency on casageincreased irmany countriesuch asGermany
(Eisenmann et aR0217), Spain(Aloi et al., 2020)Netherland¢de Haas et al., 2020and

UK (Harrington andHadjiconstantinou, 2020A case study of Egypt indicates a strong
link between the COVIEL9 lockdown and the reduction in environmental noise, beach,
surface, and groundwater pollution, along with a 15 to 33% decrease inaN&o
decrease in CO and a 4% decrease in GHG emigdimstafa et al.,2021)l'he lockdown

due to COVID19 has affected the air quality positively. However, most of the studies
hawe focused on the emissiat national level.The following table illustratessome
insights abouthe impact of COVIDB19 on travel behaviour, traffic volume and emission
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Table 2-2 Literatures on Impact of COVID -19 on Travel Behaviour, Traffic Volume and

Emissions

Author
Fatmi.,
2020

Tanzer
Gruener et
al., 2020

El-Sayed et
al., 2021

Study Area
British
Columbia
Canada

Pennsylvania,
United States
of America

Florida,
United States

of America

Objectives
To examine the
change in daily out
of-home travel
activities, irhome

activities, and long

distance trave
during the
restrictions of
COVID-19

To experiment or
the extent to whicl
reductions in
traffic-related
emissions can aid i
meeting more stric
regulations.
Provide  insights
into the impacts o
the COVID19
pandemic on
vehicular emission:
in Florida, US.

11

T

T

T

1

T

Major Findings
Outof-home activities go
reduced by 50%

Teleworking seems to beore
acceptable by the higher incor
households.

Private car was the main mou

of travel forlong-distance

In both high traffic and commut
traffic region, theCO and NQ
reduced by approximately 50%
In 2019, the concentration ¢
PM:swa s 932 aadgduring
lockdown, it is reduced by 29%

During lockdown, Florida
experienced 25.2 (+/9.2%)
declination in NQ.

The largest decreases in C
concentrations were observed
central and southern Kida in
Orlando (27.3%) and Miamr
(24.2%), while the decreases
northern Florida were less th:
15%



Adams,
2020

Turner et
al., 2020

Lian et al.,
2020

Ontario,

Canada

San
Francisco,
United States
of America

Wuhan,
China

To identify the
connection betwee
the  major air
pollutant and statt
of emergency q
declared in Ontario

Canada.

To quantify the §
changes in urbal
COo; emissions
from different
sectors in respons q
to COVID-19
mobility

restrictions in Sar
Francisco.
Evaluating the q
impact of city
lockdown on air
quality through

spatial distribution q

12

A significant decrease of SC
was observed in Jacksonvil
and Tallahassee (44.1% a
52%, respectively) in norther
Florida.

In comparison with the mea
value of past five years, NO
NOx, Oz got reduced by 2ppk
2ppb and 1ppb respectively.
Fine particuhite matter did no
show any significant reductior
during the five weeks of state «
emergency

5-50 ppm decrease in midwet
CO. concentrations with th
most change on Monday |
Thursday morning rush hour.
A large reduction in C®
emissions but meteoraly
needs to be coupled wil
emissions to device a mo
concrete conclusion.

Average air quality index (AQI
for Wuhan city was 59.Which
was 33.9% lower during
lockdown.

NO.> and CO got reduced b
53.3% and 22.7% respectively
PM:s decreased by 36.9% b
Osincreased by 116%.



Liu et al.,
2021

Shi and
Brasseur,
2020

Arimura et
al., 2020

Bucsky,
2020

Dantas et
al., 2020

Hangzhou,
China

China

Sapporo,
Japan

Budapest,
Hungary

Three
locations of
Rio de
Janeiro,

Brazil

To the

reduction of

analyse

vehicular emissior
during COVID-19

To

changes in surfac

investigate

emissions of ail
pollutants  during
lockdown measur¢
in China.

To the

change in

analyse

population density
during emergency
period

To understand thi
urban modal shar
developments
during COVID-19

pandemic

To the
impact of COVID

19 pandemic

discuss

on the air quality

13

il
il

T

T

T

T

1

1

T

1

PMzioand PM sreduced by 50%
CO and SQ@ got decreased b
24% and 18% respectively.
Major reduction is happened -
NOx (77%)

The substantial reduction in N(
and PM as observed during t
lockdown may not have bee
significant enough to avoi

ozone damage.

Population density decreased
to 90% in the crowded areas.

During emergency declaratiol

almost 70%80%  contact
reduced among people.
Mobility  got  significantly

reduced in a range of 51%
64%.

The number of daily trips gc
dropped from 10.1 to 4.
million.

Maximum reduction (33.3%) @
PMio happened in the regio
Tijuca, Rio de Janeiro.
Another study area, Iraje
experienced highest proportic
of NOy reduction (53.4%).

In all three locations exhibits

more than 40% decrease of Ci



Marinello
et al.
(2021)

Querol et
al., 2021

Kutralam-
Muniasamy
etal., 2021

Mahato et
al., 2020

Reggio
Emilia, Italy

11
Metropolitan
Areas of
Spain

Mexico City,

Mexico

Delhi, India

Report an |
assessment of th
change in vehicle
flows and in air q
quality of a specific
study area in the

north of Italy. q

To understand thi §
COVID-19

lockdown effects q
on the air quality of

Spain. q

To assess air qualit §
and to estimate
changes observe
in air pollutants q
(CO, NQ, 05, SO,
PMi and PM2.5)
during lockdown.

To compare the q
atmospheric
pollutant
concentrations ir
Delhi during the pre
and during
lockdown periods
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Vehicular movement in th
traffic network isreduced up tc
82%.

NO: and CO reduced over 30'
and 22% in the study are
respectively.

Particulate material (PM) gre
over 30% and ®@increased by
nearly 13%.

Traffic flow decreased by up t
80% during the lockdown.
Major study areas experienct
61% to 72% decrease of NO.
During lockdown, the
concentration of CO dropped
1004 2 8 ¢3g / fram 267
56 3¢3g/ m
Concentrations of N&( T 2
SG(1 55%)1w0(@Nndl
declined.

The contents of CO (4.1%),
PM2s (+ 19%) and @ (+ 63%)

increased during the lockdown

The concentrations of Piand
PM2shave beemeduced by the
greatest amount (50%)
compared to the preckdown
phase.

NO2 and CO level have reduce
by 52.68% and 30.35¢9



respectively  duringockdown
phase.
1 Air quality of various part of
Delhi is improved by 40960%.
Broomandi TehranJjran To examine the § Reduction of vehicular emissic
etal., 2020 potential effects of during COVID19 lockdown
the COVID19 puts a positive impact on a
lockdown on air quality of Tehran city.
quality T In Tehran, CO, N@ SO and
PMzogot reduced by 13%, 13%
12.5% and 11.33% respectivel
Mostafa et Egypt To examine § A strong link was observe
al., 2021 pandemic air between COVIB19 lockdown
pollution levels of and the reduction it
particulates anc environmetal noise, beache:
GHG emissions a surface, and groundwat
it relates to pollution.
COVID-19 ! It was also found that th
measures. Absorbing  Aerosol  Inde»
decreased by about 30%, t
NO: decreased by 15 to 33¢
and CO decreased by about 5
GHG emissions in Egypt wer
reduced by at least 4% durir

lockdown.

However, the research on COMVD is still emergingThere arestill some gaps
in the existing literatures. At firstery few studies have analyssdles volume changes
of businesseduring thepandemic scenariodost importantly how activity restrictions
affected the local businesses is uncl8acondlythe unobserved heterogenaiyross the

Traffic Analysis Zones (TAZs)is not considered yetMoreover, a comprehensive

15



modelling framework to estimate the ennss during pandemic scenarios is necessary.
Because most of the studies have analysed the changes of emission due to QQYftiin
top-down approaches from satellite observed datso, there is gap on evaluating the
impact of COVID 19 on finer detailed level like traffic analysis zones.

Therefore, ltis studywill offer to estimatethe impact of activity and mobility
restrictionson sale of local business establishments during thedpamc scenarioslhe
pandemic scenarios adeveloped within the activithased travel demand mad&he
study alsacontributes to capture the unobserved heterogeneity across the Traffic Analysis
Zones (TAZs) byutilizing a Latent Classegression modelling approadoreover,the
study will offeranovel approaclho integrate an activitpased travel demand model with
the multiclass traffic network modahdan emission modelling framewaorkhe model
will examine the impacts dfie pandemic on the traffic volume and vehicular emissions

within the Halifax Regional Municipality (HRM), Nova Scotia, Canada.
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Chapter 3
Economic Impact of COVID -191

3.1 Introduction

The COVID19 pandemic has a significant impact on the economic sdotaing
lockdown period, shutdown of many businesses and imposed restrictions on travel and
mobility (OECD, 2020haveresulted in affecting the global economy significantly as the
world is not prepared to handle COVI® pandemic yefYuand Avisg 2020Q. A recent
study by OECD reveals that the global GDP growth could decreas&W%ypbints than
estimated if the lockdowoontinued untilAugust 202QOECD, 2020)Additionally, the
Conference Board of Canada estindalel% decrease in GDP of Canada in 2020 due to
this pandemi¢Antunes and Stewart, 2019).

The COVID-19 has affected the economy of many countries worldwide. F
instance, iWuhan(Ching, where the first case of COVHDO was detectediptal monthly
economic lossvas 177.0413 billion CNY during lockdown perigdou et al. 2020)In
California(USA), active business owners decreased by 22% whislimuary to April 2020
(Fairlie and Fossen, 2091Many European countries experienced a significant increase
in COVID-19 cases, leading to overcrowded hospitals. The increased number of COVID
19 cases also affected the economyJmited Kingdom (UK), almost 4% people lost their
job (Hu,2020. Similarly in Germany, pople of lower educational degrees and-ieaged
employed people wemnostly affectedMoehring et al. 2021)Likewise, he economic
production faced a loss of 5% of GDP during lockdown penodrance(Malliet et al.
2020)

The pandemic affected the lalsamarket of Canada significantitCanadaés f i r
case ofCOVID-19 was confirmed on January 72020, in Toronto/Government of

! This chapter is adapted from:

Hossain F., and Habib M.A.Estimating Economic Impacts of COVAD® Pandemic at the Municipal
Level: A Latent Class Regressiollodelling Approachmj Presented at 100 Annual Meeting of
Transportation Research Board. A Virtual Event, Janizsy29,2021
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Canada, 2019)By the first week of April, during the first wave of COVAL® in Canada,
almost 1 million people lost their jobs, increasing the unemployment rate tqRe3ter,
201%). An additional 2 million people lost their jobs in thnth of April, which rose
the unemployment rate to 13(Renner, 2018) and eventually the unemployment rate
reached its peak at 13.7% by the end of May, the highest unemployment rate since 1982
(13.1%)(Trading Economics, 2019However, in the month qfune, the labar market
started to recover by increasing employment by about 1 million and the unemployment
rate dropped to 12.3%. In the province of Nova Scotia, 50% of people returned to their
jobs and employment rate increased by 3.5% from May to(Biatistics Canada, 2020)
Some studies also foeon theimpact of this pandemic on local businesses. For
instanceto explore the impact of COVH29, a surveyof more than 5,800S-basecsmall
businesseswvas conductedThis surveyshows that only onbalf of the firms had the
ability to pay for their business expenses between one and two r{Battik et al., 2020).
Although many studies are examining economic losses at the international and
national levels, the economimpact due to this pandemic on the regional level is largely
unknown.Most importantly, the effect ahobility restrictionsand lockdowron the sales
of local businesses is uncledaherefore, thixhaptermproposego developan innovative
modelling appro&h by utilizing activity patterns froman activitybased travel demand
model (Khan and Habib, 20Pa) and an economic model &stimatethe impact of the
COVID-19 pandemion sales of local business establishmeitsng the lockdown and

phased reopening scenarios for Haifax Regional Municipality IRM).

3.2 Literature Review

The economic impact of a pandemic is a major issue of interest around the world since
COVID-19 lockdown. Various studies haattempted to better understand the relationship

of the worl ddéds economy and pandemi c. Mo s t
national economic losses in terms of GDP. For instance, the World Bank predicts a
reduction of GDP by 5% because of a seveandemic as 1918 influengionas, 2020

and Burnsand Timmer 2006) In another studyMckibbin et al.(2006) estimated that

extreme severe case of influenza pandemic would lead to 12.6% loss in global GDP

including 50% losses in developing countries
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A recent study of policy responses published by OECD identified that the largest
impacts of COVID19 pandemic is in retail, wholesale trade and professional and real
estate servicg®©ECD, 2020) However, the economic impact will vary from one country
to andher depending on the duration of shutdown, severity of pand@aiterson et al.,

2020) and their econom sector compositionOECD, 2020) Ther ef or e, Van
approach is used to assess the impact of CGWV® on various countri
GDPs toestimate the probable loss due to pandemic which shows that GDP of the U.S. is

not expected to regain its ppandemic level until the end of 20@Ratterson et al., 2020)

An economic modg|Smith et al., 2009 stimated 5.9.6% decrease in GDP due to 10%

case fatality rate of an influenza pandemic in the UK. Another study reveals that Australia
could face a total loss of $280 billion due to the COMMD pandemic according to a
transmission mechanism, contaiginarious steps including reduction in labonarket,

household consumptions and discretionary spend@ogiano, 2020)

Additionally, to better understand the economic impact of pandemic, many
researchers attempted to combam@demiological models with eaomic modelsFor
example, recently the RAND corporation developed a tool to provide information about
the time frame of relaxing th@npharmaceuticaterventions of COVIBL9 in the United
StateqVardavas et al., 2020An epidemiological model estirtes the impacts on health
whereasan economic model estimates the economy of each state as well as regional and
national impacts of policy changes. Aggregate percentage income losses by state for
portfolio level 1 (only school closes) to level 5 (ressetial business closure and shelter
in-place order) were identified using this model which mainly reflects the possible short
term economic impact of social distancif\gardavas et al., 2020)Similar study was
conducted byrhunstrom et al(2020)to measure¢he benefits of social distancing by the
number of lives saved without considering its impact on economy and analyzing the
benefits and costs of relevant individual and neighborhood attribAtesther study
identified 10% decrease in GDP from t8panish Flu (1918920) and estimated a 6%
decrease for COVIEL9 pandemic using data from 48 countr(Bsrro et al., 2020)
Researchers argue that urgent analysis of economic impact of this pandemic is required to
examine the balance between the publialtheand economyClemen, 2020) Some

studies explore the economic impact at the state level. For instance, an individual based
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simulation model, which developagvenintervention strategies, was applied to explore

the economic impact of a flike pandenic in the New River Valley of Virginia in the

year 2011(Barrett et al., 2@1). Some studies also explored thgacts of COVID19 on
business establishment classified by various types. For instarstady by Office for
National Statistics dbovernment of United Kingdom reveals that during lockdown period

in April 2020, instore retail sales got decreased by 88% and entertainment sector sales
reduced by 97%ONS.gov.UK Similarly in Canada, sales volume decreased by more
than 65% of the rethirade(CTV News,2021) However,there are limited studies on the
impacts caused by a pandemicsaies ofocal business establistentsincludingindustry,

retail, servicewholesaleand transportation businesses.

Therefore, this study proposes an innovathadellingframework by utilizing an
operational activitypased travel demand mod&han and Habib, 20Pa) to develop an
economic model for estimating the impactaddtivity and mobility restrictions due to
COVID-19 pandemic on sales of the business establishments within the HIRM.
activity-based travel demand model is an effective tool to evaluate acitynobility
restricions and eventually to estimate tinepacts of sales volumat the regional level.
The consideredpandemic scenarios ar@) Lockdown Scenario, (2) Conservative
Reopening Scenario, and (3) Aggressive Reopening Scenario. As travettasity a
restriction is a key part of slowing and stopping COMI® pandemic, the existing
operational activitybased travel microsimulation mod@ghan and Habib, 20Ba) will
offer an effective tool to evaluate the alternative scenarios of pandemics within

transportatioomodellingand economic assessment paradigm.

3.3 Study Area

The area considered for this study is the Halifax Regional Municipality (HRM), the capital
of Nova Scotia. The urban area (34.23%krnomprises of downtown Halifax and
Dartmouth, which has a mix of land uses, such as commercial, industrial, and residential
(Province of NS, 2020)he urban area is surrounded by suburban adgds4km?),

which contain mostly residential use d@eav industrial and commercial uses. Finally, the
suburban area is surrounded by rural area of 5349.82Figure3-1 shows the study area

containing 219 Traffic Analysis Zones (TAZs), where 95 TAZs are in the urban area, 92
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TAZs are in the suburban areada32 TAZs are in the rural areBo examine the sales

volume of local business establishments 219 TAZs are considered widdéasal hree

external zones a@nsideredo represent theommercial vehicle movemertts examine

the impact of COVIDB19 ontraffic volume and emission (Chapter 4 and Chapter 5)
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Figure 3-1 Study Area and Urban Core of Halifax

3.4 Methodology

This study develops laatentClassModel (LCM) to investigate the sales volume2db

TAZs of the Halifax Regional MunicipalifHRM) in terms of business, mobility and built

environment attributes. The study integrates an actbased travel demand model and

latent class model to estimate the sales volume of business establishomgstioe

lockdown and phased reopening scenarios for the HRh following Figure 2

illustrates themodellingframework of this chapter.
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Figure 3-2 Framework of Economic Model

3.4.1 Activity

-Based Travel Demand Model

The activitybased travel demand model is developed within an agent based eliscecte
simulation platform, known asntegrated Transport, Langse and Energy(iTLE)

platform, for daily travel in the Halifax Regional Municipali@®ne of the crucial parts of
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iTLE is the Shorteterm Decisions Simulator (SDS) which takes input from the Lenger
term Decisions Simulator (LDS). Activity generation, activity scheduling and mobility
assignment are three major components of 8tanand Habib, 202a). The activity
generation sumodule generates daily activity patterns for individuals using a Markov
Chain process which includes activity type along with activity start time and end time
(Khan and Habib, 20Pa). This model categorizesurs into seven different types: (1)
Work, (2) School, (3) Escort, (4) Personal business, (5) Shopping, (6) Eating out and (7)
Recreation. The activity type is also classified into four groups: (1) Work, (2) School, (3)
Maintenance, and (4) Discretionaryhd activity scheduling suimodel provides the
activity agenda, destination location choice and travel time of individiddan and
Habib, 202a). The third submodule, mobility assignment, generates mode choice
decisions of individuals for the four modesailable within the model: (1) Auto, (2)
Transit, (3) Walk, and (4) Bikgkhan and Habib, 20Pa). The following Figure3-3 shows

the modelling framework of thactivity-based travel demand model.
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Figure 3-3 Framework of Activity -Based Travel Demand Model
This study utilizes outputs of thectivity-based travel demanaodel including

tours classified by activity types, and mode choices. Thebility attributesjof this
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model, br instance, the dataset of shopping activity, recreational activity, work activity

and auto triarecollected from the output of this activibhased travel demand model.

3.4.2 Activity Mobility Estimation

In this study, three pandemiscenarios, (1) Lockdown scenario, (2) Conservative
Reopening Scenario, and (3) Aggressive Reopening Scenario, are developed within the
Activity-Based Travel Demand Modbhsed on the directions of government of Nova
Scotia supported by multiple availablata sourcesto build the pandemic scenarios, this
study utilizes two available mobility data source$soogle COVID19 Community
Mobility Reports(Google, 2020and Apple Mobility Trend Repor{®\pple Inc., 2020for
change in activity patterns and modhhre respectively.

The daily updatedApple Mobility Trend Reportgcontain the relative volume of
directions requests compared to a baseline volume on Jand3rgd?). This dataset
comprises the trend reports of the change in mobility patternswhglriwalking, and
biking of 63 countries as well as 596 sw@gions and 295 cities. For Canada, data is
available for all provinces and territories and 7 ci{i@pple Inc., 202Q)However, in
reality, the mobility pattern could be different dsis datast does not provide the

information of actual travel

The Google COVIB19 Community Mobility Reports provide the trends of
mobility pattern for 135 countries around the world including the regional trends of 94
countries. This report assumed the medidnevaf a 5week period (January?32020, to
February 8, 2020) as the baseline day value and provides the mobility trend pattern for
retail and recreation, grocery and pharmacy, parks, transit stations, workplaces, and
residential locations. This reparontains the trends of movements of all provinces and
territories of CanadéGoogle, 202Q) The percentage change of activity for Nova Scotia

obtained from this report is used in this study.

3. 4.3 Business Establishment Dataset Analysis

The Business Establishment data set for the year of 2018, obtained from Info Canada, is a
rich dataset containing 11432 detailing business establishment records of the Halifax

Regional Municipality (HRM), including -digit North American Industry Classiftion
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System (NAICS) codes. The dataset is used in this study to analyse the business
establishment distribution in Traffic Analysis Zones (TAZs) for five categories of
establishments (Industry, Retail, Service, Transportation and Whole$ais).large

dataset provides the detailed information of establishment names, establishment addresses,
latitude and longitude, primary SIC description, actual sales volume, actual employee size,
NAICS code and NAICS description. There are 95 sub sectors of establishimestal

which are clustered into 24 sectors and finallgreuped into five types of establishments,
including industry, retail, service, transportation, and wholesale according to NAICS
codesThe Business Establishment Data, 2&l@8assifiedaccordng to NAICS codes and
descriptions for HRM.The following Table 31 illustrates the type of business

establishments throughout the HRM.
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Table 3-1 Distribution of Business Establishmentby NAICS Categories

Establishment NAICS Sector Number of Total
Types Establishments
Industry 11 Agriculture, forestry, fishing, and hunting 16
21 Mining, quarrying, and oil and gas 28 1397
extraction
23 Construction 931
31-33 Manufacturing 422
Retail 44-45 Retail Trade 1810 1810
Service 22 Utilities 6
51 Information & Cultural Industries 203
52 Finance & Insurance 635
53 Real State and Rental and Leasing 523
54 Professional, Scientific and Technical 1054
Services
55 Management of Companies & Enterpris 2
56 Administrative and support, waste 430 7243
management and remediation services
61 Educational services 352
62 Health care and sociasistance 1063
71 Arts, entertainment, and recreation 279
72 Accommodation and food services 972
81 Other services (except public 1561
administration)
91 Public administration 163
Transportation 48-49 Transportation &Varehousing 285 285
Wholesale 41 Wholesale Trade 617 617
Unclassified 99 Unclassified 80 80
Total Business Establishments in HRM 11432
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However, some business establishments provided their global employee size and
yearly sales (for example, Stantec or Emera Inc.) which can result in overestimating these
values for HRM. Therefore, the employee size and sales of these business establishments
are adjusted for HRM. And finally, utilizing the exact latitude and longitude, the business
establishments are geocoded and then spatially joined with attributes of Halifax to
determine the sales of each TAZ in the HRWhally, the activitybased travetiemand

model is calibrated using differentflctors for urban, suburban, and rural areas

3.4. 4 Development of Latent Class Regression Model

This study utilizes a regression modelling framework for estimating the impact of activity
and mobilityrestrictionson sales volume of local businessgés.capture the unobserved
heterogeneity of the variablesross TAZs the Latent Class Regression Madeled
within NLOGIT 6 platform, is utilized by assigning them to different latent clasges.

linear regression function for TAZbelonging to clasé&can be written as,
QW w Qo ® +NB8888888888888888888888 p

Here, the indexWenotes sales volume whereasis the observed characteristics
of TAZ "QThe distribution is assumed to be normal with medn aof and variance of
. - The density is assumed to be affected by the unobserved heterogeneity of the
distribution of®. Themodel is modified form latent sorting o€ into cwclasses with a
model which allows for heterogeneity. The probability of obserdngjven that regime

‘Gapplies is,

c A c 0w hMn8888888888888888888888B88888¢
But it is unknown that in which class TA%s allocated, and class membership
must be estimated. Therefore, a simple form of the class variation is considered, where

only the constant term varies across the classes. The model can be expressed as:

~

e @ e ffh ® 1 M DI 08888888888 B88880

27



This model can be formulated more generally as,

. . . Q .
e @ e+ wh w Tew hO Wh LA— n88888BL 1
In this formulation, each class has its own parameter véctoalthough the

variableshatenter the mean are assumed to be the same. In sum, the model is:

Qowadid OF oh Wi é@idid 'O —8888888u

Thus, the within class model is the linear regression model with normally
distributed disturbance3he fit of Latent Class Model isstimated by considering loeg
likelihood, AIC, and BIC valuesFor this modelthe logarithmic value of yearly sales is
considered as the dependent variable. The model has several explanatory variables
classified into business attributes, mobility attributes, and-boiltronment attributes.
Business attributes cover the charastars of business establishments such as operating
industries, retails, services, wholesale and transportation type businesses and employee
size. On the other hand, mobility attributes mainly focus on the activity patterns and mode
choice including shoppactivity, recreational activity, work activity and total number of
autos, transit, bike and walk trips. The number of auto drivers and auto passengers are also
considered in mobility attributesThe Canadian Census, 2016 is utilized to gather
informationabout the built environment characteristics of each TBUilt environment
attributes represent the neighborhood characteristics, which consist of population density,
dwelling density, number of houses by type (single detached;dstathed, apartment
ard row), percentage of ownership and rental housesjiudl and partime employment,
people in the labour force and not in the labour force, total employed arehmayed
people, employment rate, activities destined to per business establishmetdasdansk

type (urban, suburban and rural).

3.4. 5 Estimation of Sales during Pandemic Scenarios

To estimate the sales volume changes during CGM[pandemic scenarios including
lockdown and phased reopening stages of Nova Scotia, this study ugession

modelling To develop the pandemic scenarios, along with Google Ca&MIBommunity
Mobility Reports(Google, 2020and Apple Mobility Trend Repor{&pple Inc., 2020)a
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dataset from Statistics Canada is also utilized to calculate the percehtagge in
employee size for Nova Scotia during pandefBi@atistics Canada, 2020)

Due to the unavailability of operational business establishments data during the
phases of pandemic situation of Nova Scotia, this study estimates the percentage change
of businesses operating by incorporating the restrictions implemented by the Nova Scotia
Government and the classified Info Canada Data according to NAICS codes. Although
there is a decrease in all types of operational business establishments, service and
wholesale type firms were operating at almost the same capacity during the entire period
predominantly in virtual settings. Therefore, wholesale and service are assumed to be 95%
and 90% operational respectively throughout the whole pandemic. Similar assurapti
made about participation in work activity as most people were working from home
throughout the whole pandemic, which is 90% of bushasasual scenario. 10%
reduction in work activity is assumed to consider the laying off due to shut down of

businesses.

3.4. 5.1 Business as Usual Scenario

Businessasusual scenario represents the -@@VID scenario which is developed
utilizing the output from activigbased travel demand mod&han and Habib, 20Pa),
Info Canada Data, 2018 and Canadian Census, 2016.

3.4.5.2 Lockdown Scenario

In Nova Scotia, after reporting the fistree presumptive cases on March' 18020, a
provincial state of emergency was declared by the government on MdfthrzRto
minimize the spread of the disease, social gathering of more than five people was
prohibited (Province of NS, 2030Certain restrictioawereimposed oriravellingoutside

the province. To remain open during lockdown, sessential workplaces and business
establishments had to strictly follow social distancing measures. Even, provincial parks,
park beaches and tourist attractions were closed. People were askagdhonse unless

any requirement of essential items or services. Childcare, schools, and universities were
shifted to online classes and most people started working from Advéockdown period
lastedtill April 30™.
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During lockdown, in Nova Scotia, autiop decreased by almost 50%pple Inc.,
2020. Even 26% decrease in shopping activity (reported as grocery and pharmacy activity
in Google COVID19 Community Mobility Reports), 50% decrease in recreational
activity and 54% decrease in work activity frdyaseline were notice(toogle, 202Q)
These percentages are implemented to develop the lockdown scenarioniadigiéng

process except participation of work activity.

3.4. 5.3 Conservative Reopening Scenario

On May P, some restrictions were mitigated including reopening of parks, trails, and
fishing (Province of NS, 202@) 0 i mpr ov e p e o pHegdemmantstartedh| h e a
allowing people to visit community garden, nurseries, small businesses, and their own
cottages. Driven religious services were alloweadhile maintaining proper physical
distancing between cars and pedeovince of NS, 20300n May B", golf, paddling,
boating, and tennis were resumed and public beaches were re¢pem@dce of NS,
2020. Family bubble concept was introduced by allowing two immediate family
households to gather without physical distanc{Rgovince of NS, 2030 Limit of
gathering of people was increased to 10 persons from Magr2Pb restart the economy,
from June B, various business establishments including restaurants (dine out service),
bars, personal services and fitness facilities were allowed to(Bpavince of NS, 2020

In this model, the period in between Mayt b June 1% is considered as
Conservatie Reopening ScenaripApple Mobility Trend Reports indicate that auto trip
increased by around 38% during this period from lockdown sce(ple Inc., 2020).
Similar pattern is reported by Google COVID Community Mobility Reports regarding
peoplés participation on different types of activitig€Google, 202Q) For instance,
shopping activity increased to 93% of busirassisual scenario. Recreational activity

also increased by 26% from lockdown phase.

3.4. 5.4 Aggressive Reopening Scenario

As the situation improves, the provincial government allowed more flexibility in terms of
outdoor restrictionsif 6 feetof social distancing is maintaind@rovince of NS, 2020)
From June 18, licensed childcare centers were allowed to restart operating at minimum

50% capacity and people were allowed to visit lggn care facilities ensuring proper
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physical distancing measur@&ovince of NS, 2a). Due to the low rates of COVHQ9,
governnent increased the gathering limit of people from Jurté tb850 people with
physical distancing and 10 people without physical distancing. But small businesses which
are unable to ensure physical distancing were still limited to 10 pé@@meince of NS,
2020). To boost the business and tourism sector of Nova Scotia, from9utgdel within
the Atlantic bubble (Nova Scotia, New Brunswick, Prince Edward Island, and
Newfoundland and Labrador) without the requirement ofiselftion was permitted due
to the low cases of the Atlantic proving€sovince of NS, 2030

This study considers the time frame from Jun® tbaJuly 315t as the Aggressive
Reopening Scenamgstage. For Nova Scotia, the Apple Mobility Trend Report illustrates
a 31% increase in auto tri@pple Inc., 202P while Google COVID19 Community
Mobility Report(Google, 202Palso shows 3% increase in shopping activity than business
as usual scenaridlltJuly 22", The percentage of work and recreational activity also
increasedn aggressiveeopeningscenariqGoogle, 202 As the increase in auto trip and
shopping activity duringiggressivescenario seem to be overestimated these percentages
were agusted to 90% and 95% respectively. After building the scenarios, latent class

regression analysis is used to estimate the probable loss at municipal level.

3.5 R esults

3.5.1 Hotspot Analysis of Business Establishments through
Halifax Regional Municipality (HRM)

This study demonstrates thetspot analysis of the business establishments throughout
Halifax Regional Municipality (HRM).The percentage of yearly sales and business
establishmenteperating by industry type is summarizedeible 32.
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Table 3-2 Percentage of Yearly Sales for Each Establishment Types

All
Business Establishment Industry Retail Service Transport  Wholesale Establish
Types ation ments
Urban 29% 31% 72% 6% 13% 42%
Suburban  56% 62% 24% 79% 80% 50%
Percentage of
Yearly Sales
Rural 14% 7% 4% 15% 7% 8%
All TAZs 17% 23% 39% 7% 15% 100%
Urban 19% 39% 45% 24% 20% 39%
Percentage of g rhan  57% 50% 43% 59% 70% 48%
Business
Establishments
Rural 24% 11% 12% 18% 11% 13%
All TAZs 12% 16% 63% 2% 5% 100%

While considering all TAZs,almost 63% business establishments fall in the
category Servicen Similarly, in theurban areas,Servicenjproduces the highest sale
volumesof 72% However, for all other business establishments, their aagdsgher in
suburban areas. This is likely a result of there being a higher percentage of the industry,
retail, transportation, and wholes&j@e businesgstablishments in suburban areas over

urban areas.
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Figure 3-4 Hotspot Analysis of Business Establishment Density throughout HRM

A hotspot analysis is used to understand the distributions and characters of the
business establishmedhistribution throughout HRMThe values shown in tiégure 34
demonstrate the Inverse Distance Weighted (IDW) values of TAZs. It is clearly visible
that the density of business establishments is highest in the urban ddRVoaind

decreases gradually the suburban and rural community.
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Figure 3-5 Yearly Sales (in Million) Distribution throughout Urban Core of HRM by

Establishment Types
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Total yearly sales for each establishment are spatially joined with the results from

the activitybased travel demand model. The spatial distribution showfigare 35
illustrates sales distribution throughout the urban core of HRM for the five types of
business establishments. The yearly salegrafsportationjand wholesalajs below 20
million for most of the TAZs in the urban corEhis distribution clearly indicatea low
density of Transportationjand Wholesalajtype businesses in the urban core of Halifax
(Table 32). However for these two types of businesses, satdgne within the range of
160 million - 3000 million indicates the density of business establishmamtshe

Burnsi de | ndu dndustrymshowsPa sinkilawj pasterne & distribution.
However, the sales oRetailnjand Servicenjindicatesdifferent distribution than the rest
of the business establishment types. For instar@ayicenjtype business establishment
shows a majoconcentration in dentown Halifax Speciallythe core downtown Halifax
and Halifax waterfront area fall into the maximum rangeaiés volume. On the other
hand, salesydlume is miistributedn various TAZs which represenBurnside
Industrial ParkClaytonPark,and somareas of Halifax downtowrT.he retail and service
establishments account for a major portion of sales in the urban®ceuenmary of data

collected from business establishment data is enclosed in Appendix A.

3.5. 2 Latent Class Model Results

The followingTable3-3 illustrates the summary statistics béexplanatory variables that

retained in the final model.
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Table 3-3 Summary of Explanatory Variables

Variables Description Mean/ Standard
Proportion Deviation

Retail Operating Operational retail firms in the 10.523 12.862
zone

Industry Operating  Operational industrial firms ir 7.932 10.759
the zone

ServiceOperating Operational services inthe  35.505 40.326

zone
Business : . :
attributes ~ Wholesale Operatinc Operational wholesale firms  4.407 8.912
in the zone
Transportation Operational transportation  2.794 3.555
Operating firms in the zone
Employee Size Total employee size 896.041 1719.852
Shopping Activity Total number of shopping 568.550 534.350
activity
Recreational Activity Total number of recreational 933.128 869.880
activities
Mobility  Work Activity Total number of work activity 1862.580  1758.019
attributes
Auto Trip Total number of auto trips ~ 3555.822  3334.925
Population Density  Population density of the 1899.364 2172.879
neighborhood
Built :
ST TET Home Ownership Percentage of owhome 57.880 28.934
attributes
Urban Core Dummy, if TAZ is in urban 42.01% --

zone = 1, 0 otherwise

The LCM model of two classes provides log likelihood functior24f42 along
with AIC value of 110.8 and BIC value of 114.36. The model is estimated for two classes,
consists of 23.65% TAZs in class onaedafr6.35% in class two. The model results are

presented iTable 34.
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Table 3-4 Parameter Estimation

Latent Class Model

Variables Least Square
Regression Class 1 Class 2
Co z Co z Co z
efficient efficient efficient
Constant 18.0772 37.36 18.3283 45.75 17.3803 34.49
Retail 0.03872 3.38 0.02936 4.46 0.06252 4.44
Operating
Industry 0.03005 2 0.03352 2.83 0.02715 1.72
Operating
Business Service -0.00257 -0.52 0.01045 2.77 0.00907 1.62
attributes Operating
Wholesale -0.02787 -1.38 -0.08869  -4.41 -0.05221 -2.39
Operating
Transportation 0.05 1.4 0.23903 3.09 0.15259 7.28
Operating
Employee 0.00021 277 72090004 042  -.75884D04 -0.57
Size
Shopping 0.00069 0.8 -0.00203  -3.55 0.00024 0.38
Activity
Recreational 0.00039 0.61 -0.00525 531 0.00027 0.66
Mobility Activity
attributes  Work Activity -0.00091 -1.95 -0.00064 2.3 -0.00096 -2.65
Auto Trip 0.00029 0.83 0.00166 6.2 0.00046 1.72
Population ~ -68633004  -1.09  -86226D04  -3.25 -0.00022 -3.55
Built Density
environment TR em— 000748  -142 000842 173  -0.00853 171
attributes .
Ownership
Urban Core 0.21987 0.71 2.9806 9.64 0.50944 2.59
Note:] z value | O 1.645 indicates significar
| z value | O 1.96 indicates significance
| z value | O 2.576 indicates significance
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For both classes, the number of retail operating, industry operating, service
operating, and transportation operating demonstrate a positive relationship with sales
whereas wholesale operating indicates negative relationship. Positive relationship of retai
operating with sales indicates that as the number of retail increases, the sales volume
increases. Similarly, growth in sales volume is noticed with the increase in number of
services, industries and transportations operating. The operating wholesaiés exh
negative relationship with sales because the maximum percentage of wholesale business
establishments are located further away from the urban core of Halifax. However, TAZs
with fewer employees have a higher probability of increased sales voluime ¢ase of
class one. In comparison, TAZs in class two reveal a negative relationship.

Interestingly, both shopping activity and recreational activity illustrate
heterogeneousehaviouacross the two classes. TAZs that attract higher shopping activity
as well as recreational activity have greater odds of increased sales volume in class two.
On the other hand, these variables show a negative relationship in class one. Except that,
work activity maintains a negative relationship in both clasBesausenct necessarily
every work activity generates sales of business establishments. For example, work trips to
hospitals, schoolgarks,or churches do not generate any sales of these establishments
which can affect the overall relationship of work activitylwsiales. However, auto trip
and population density reflect no heterogeneity across the two classes. Positive
relationship of auto trip in both classes indicates that it can be considered as a catalyst in
sales volume increase. But population density stepwsgative relationship. The higher
effect of population density in class two reflects a higher probability of TAZs containing
residential houses in class one. MeanwHieme ownership exhibits a heterogenous
behaviouracross the two classes. TAZs thatiobg to class onehave a positive
relationship with household ownership and are more likely to have higher sales volume,

while TAZs of class two reveal a negative relationship.

3.5. 3 Sales Volume Estimation Result s

This studyestimateghe sales volume of 219 TAZs in the HRM utilizing thegent class
regression model for pandemic scenarios including lockdown and phased reopening
scenariosof Nova Scotia. In this study, the loss of sales volume is reported by the

percentage of sales dang thebusinessasusual scenario
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Figure 3-6 Overall Percentage Change in Sales Volume in Three Phases

The results from LCM, shown in Figuge6, demonstrates that the sales volume of
HRM is highly affected by the pandemic situation. The estimated maximum decrease in
sales volume is 87% during the lockdown period. Eventually sales volume begins to
increase as the pandemic restrictions begin te.e€se model predicts that during the
conservative reopening scenario, the sales volume is 71% obusiaessasusual
scenario, which ultimately increased by 11% in the aggressive reopening scenario. The
remaining restrictions and laying off lalvdorcereflect the 60% reduction in sales during

the aggressive reopening scenario in comparison tougieessasusualscenario.
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Figure 3-7 Percentage Change in Sales Volume by Area Types in ThrB&ases

Figure3-7 depicts the percentage change in sales volume by spatial structure type
by using regressiomodelling The model results predict that during lockdown, the
probable decrease in sales volume is highest in the urban core whiéh. id@vever for
all land use types, the sales volume is increased from lockdown to aggressive reopening
scenario.

Table 35 presents the summary of zonal sales volume loss during pandemic
scenarios. The zonal average losses of sales classified by langeiseeyalso reported
here. These results reveal that urban zone experiences the highest average zonal loss of
57% during lockdown scenario. Also, the percentage decrease in sales volume from
business as usual is divided into six divisions. During lockdsaies volume changes in
all TAZs. The distribution of TAZs indicates that the percentage change in sales volume
is somewhat equally distributed over the whole range. However, the model also predicts
that the economy started getting better during the ceathee scenario, by estimating less
than 20% decrease in sales through half of TAZs. The spatial distribution of these results

is shown in Figuré&-8.
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Table 3-5 Overall Result of Estimated Sales of 219AZs of HRM

Pandemic Lockdown Scenario Conservative Reopening  Aggressive Reopening
Scenarios Scenario Scenario

Land Use Type @ Urban Suburban Rural Urban Suburban Rural Urban = Suburban Rural

Statistical Summary of Decrease in Sales

Mean 57% 52% 54% 24% 29% 31% 3% 11% 10%
75 78% 75% 85% 31% 45% 52% 5% 16% 18%
Percentile

Range 100% 99% 96% 87% 93% 3% 2% 63% 33%

Maximum = 100% 99% 96% 87% 93% 73% 41% 62% 33%

Statistical Criteria

Minimum 0% 0% 0% 0% 0% 0% -12% -2% 0%

Number of Traffic Analysis Zone (TAZ) Belonging toEach Category

Less than 0 0 0 0 0 1 1 2 33
8 0%
& 0%-20% 6 17 7 12 40 48 26 76 54
£
(]
§ 20%-40% 6 13 20 7 28 27 5 10 4
2
a 40%-60% 5 22 19 10 16 12 0 6 1
S
8
§ 60%-80% 3 23 25 3 4 2 0 1 0
o

80%-100% 12 20 21 0 7 2 0 0 0
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From the Figure 8, we can see that the traffic analysis zones representing the
downtownHalifax and the waterfront area, were affected most during lockdown which
also recovered with the reopening stagébese results clearly imply that, as the
restrictions on activities and business establishments ease, most of the TAZs are predicted
to retrieve tleir respective sales volume as seen in blasinessasusual scenario.
However, the loss during the pandemic situation will represent a great impact on the total

economic activities of the business establishments considered.

3.6 C onclusion

This study devleps an economimodellingtool aided by an activitpased travel demand
forecasting model to estimate economic loss due to restrictions implemented during the
lockdown and phased reopening scenarios for CG1A0n HRM. A novel approach of

LCM framework is proposed by utilizing individual business establishment level data.
Although it is challenging to ascertain economic losses in exact terms at the Traffic
Analysis Zonal level due to data unavailability and methodological inconsistencies in
transport and economimodelling this study offers a firstut approach for quicker,
reasonable estimate of business losses. Particularly two reopening scenarios, can at least
offer lower (conservative scenario) and upper (aggressive scenario) bound sfthadse
businesses incurred.

Thelatent class modeLCM) explores the effect of business attributes, mobility
attributes and built environment attributés.significant heterogeneity within the two
classes of LCM is indicated by the model results. The regression model results exhibit that
the municipality faced an average economic loss of 87% during the lockdown period in
comparison to théusinessasusualscenario. Through the multistage reopening of the
business establishments and activities, the sales volume started to increase. In the
aggressive scenario, there is still a 60% reduction in sales volume in the municipality,
which reflects the remainingseictions and laid off labhe force. But more than half of
the TAZs face only a 20% economic loss indicating the diversity of factors that affect the
economy of each zone. Results also reveal variation across land us€&aydidand use
types, the das volume is increased from lockdown to aggressive reopening scenario.

There are some limitations of this study. Use of multisource data for building alternative
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reopening scenarios is one of the main limitations which lead to certain assumptions. This
study assumes the same percentage change in the variables throughout 219 TAZs of HRM
due to insufficiency of data. Availability of the reduction of travel activity and operational
business establishments at the zonal level will improve the prediction ajremoloss
utilizing this tool. Additionally, adding more disaggregated travel activity types as an
explanatory variable of this model could help to better understand the relationship of the
economy with the travel activity patterns of individuals. Evemgffoonline shopping was

an option during lockdown, it is not considered in this model. Future study could focus on
combining an epidemiological model by implementing health impact parameters within
the economic model framework to interpret the pandemicasi®s in the case of future
waves. Moreover, real time data of change in tréetlaviourand operating business
establishments during pandemic in more disaggregate level are needed for further
improvement of this model. Nevertheless, this model candx lmsthe policy makers to
estimate the economic impacts of future waves of pandemics to implement different zonal

level policies.
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Chapter 4

Impact of COVID -19 on Traffic and
Emission s during Lockdown

4.1 Introduction

Vehicular emission anassociated challenge of climate crisis is a major threat to the world
in the 22 century(US Press Release, 2024hich hasa significant negative impact on

the environment and human healtfithin urban transportation networks, emissions from
passengerars and commercial vehicles are an gu@&sent component. Greenhouse gas
(GHG) emissions are a significant cause of concern for both personal health and the
environment(Sivanandan et al., 2008Jhe most common environmental pollutants are
Carbon Dioxidg(COz), Carbon Monoxide (CO), Nitrogen Oxides (NOSulfur Dioxide

(SQ), Particulate Matter (Pbband PMo) (Bel and Holst, 2018)Total Hydrocarbon
(THC) and Volatile Organic Compounds (VOEjarzaneh and Zietsman, 201t North
American cities, aiquality degradation is of particular concéAbouSenna and Radwan,
2012) For instance, in Canada, GHG emissions from the transportation sector grew by
31% from 1990 to 2005, making this sector the sedargkst contributor of Greenhouse

Gas (GHG) emisens (Bela and Habib, 2020)t is also reported that vehicular traffic
emissions account for 25% of total emissions in Caf@geaes, 2010)However, emission
sources from road transport are different depending on geography. For instance, in
suburban ares freight transportation is the primary source of pollution, whereas in urban
areas, private vehicles are attributed as a leading source of enfigsliand Holst, 2018).
Furthermore,a study by the US Environmental Protection Agefioy Environment,
2003)s hows that commerci al vehicles can cont
GHG emissions in the USA. In a port city like Halifax, freight transport is a major concern
to the air quality degradation, which causes serious publichheattcerns and increases

the severity of related illness@stinzli et al., 2000)Within its downtown core, Halifax

features two container terminals and one intermodal terminal, which experience a high
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daily truck traffic flow, especially during the peakurs (MariNova Consulting Ltd.,
2006).It is known that this large truck flow for good movements significantly contributes
to the local traffic congestion and environmental pollution of the(bigtural Resources
Canada, 2020)

Undoubtedly, the outbreatd COVID-19 has an enduring impact on the global
economy, environment, and hea{Bai et al., 2020 and Lai et al., 202®. significant
impact of COVID19 on travel behaviour has been reported due to the implemented
lockdown and social distancing measuabdullah et al., 2020)A study byDe Vos
(2020) illustrated that people would like to reduce their travel and use active transportation
system of private cars over public transit due to the COGMDpandemicThe active
transportation system will alloyeopleto enjoy the exposure of environment and scenic
beauty(Mokhtarian and Salomon, 2001During the lockdown, there was a significant
decline in industrial operations, vehicle kilometres travelled, and commercial activity,
resulting in a global reduction in emissiofisan et al., 2020)Worldwide, there was a
substantial reduction of G@missions of 4% to 11%, with a median value of 8% due to
the pandemic restriction®afnomilis et al., 2020 In the Pennsylvania state of United
States of America, Carbon Monoxide (CO) and Nitrogen Dioxide>{NOt reduced by
around 50%TanzerGruener et al., 20205imilarly, in Florida, declination of CQ, S&
and NQ is reported(El-Sayed et al., 2021Moreover, In Wuhan, Chinagverage air
quality index (AQI) was 59.7 during lockdown which was 33.9% |a¥van pre pandemic
period(Lian et al., 202D

Though various researchers have examined the impact of GO¥Kestrictions
on global and national emissions, very few have analysed the impact on vehicular
emissions at the regional and local levels, considering all vehicle types in urban network.
Therebre, thischapterconsiderscommercial vehicleand transit, along with passenger
cars, to analyse the emissions of regional transport within the Halifax Regional
Municipality (HRM), Nova Scotia, Canada. In addition, tlikapter proposes an
innovative moelling approach by integrating an activitgsed travel demand model with
the multiclass traffic network model developed within the Equilibre Multimodal
Multimodal Equilibrium (EMME) platform, with an emission modelling framework based

on the Motor Vehicl&Emission Simulator (MOVES) developed by the US Environmental
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Protection Agency (USEPA). Thishapterassists to provide a comparative analysis of
traffic volumeand vehicular emissions during the lockdown phase of CEGMDvithin

the proposed modellinggmework at the regional and local levels.

4.2 Literature Review

The COVID-19 pandemic has had a considerable impact on the public health, economy,
and environmen(Bai et al., 2020 and Lai et al., 202@y November 12021, aroun@48
million people have been affected by the coronavirus, inclusimglion deaths globally
(Worldometer, 2021).ockdown measures were adapted all over the world to minimize
the spread of the virus'he imposed lockdown due to the COVID pandemic has
affected the global economy of the entire woiiRhjput et al., 2021)In contrast, the
pandemic has a positive impact on air quality in urban environment. Many studies
suggested that the air quality improved during lockdown in various re(if@msbrane
Monserate et al., 2021 and Bao et al., 2020he underlying reason behind the reduction

of air pollutants is the decline in travel demand due to imposed restrictions on mobility.
Globally, an 8.8% reduction in G@missions in the first half of 2020 is repa{Liu et

al., 2020).A study byKumari et al.(2020)indicates a positive impact of lockdown on air
quality throughout the world, including European, American, as well as Asian countries,
while experiencing public health measures due to the pandemimdtance, a study in
India shows improvement in air quality in 22 cities due to reductions in emission levels of
PMz 5, PMio, CO and NQ(Sharma et al., 2020%imilarly, a decrease of 7.80% of the air
quality index (AQI) was reported along with 6.76%93%, 13.66%, 24.67%, and 4.58%
decreases of five major air pollutants::SPMz s, PMio, NOz, and CO respectively, for 44
cities of northern ChinéBao et al., 2020Moreover, a 36% decrease of PMnd a 51%
decrease of N©concentration were observed shortly after lockdown in New York City,
USA (Zangari et al.,202))

Lockdown measures have a similar consequence in Canada as well. Given the
impact of COVID19, the GHG emissions of the Canadian transportation sector for 2020
are estimated to be 93 metric tons of&Quivalents, a significant reduction in the past
two decade§Abu-Rayash and Dincer, 2020). Tian et al. (208tamined the air pollutant

emission of eight representative Canadian cities and found a significamt ofiro
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CQOz emissions from 7303.73 million kg in March to 4593.01 million kg in April 2020 due
to the lockdown, along with decreases in the concentration afad@® CO in different
provincesAn average 31%34% decrease of N@oncentrations and a®/% decease of
PMzsis predicted in four metropolitan areas of Canada: Toronto, Montreal, Vancouver,
and CalganfMashayekhi et al., 2021ven in Toronto and Mississauga, an average 40%
decrease in N@emissions was reported due to the lockdo(@riffin et al., 2020).
However,thereare limited researchon the impactof COVID-19 at local level
consideringmulticlasstransportnetwork model. Therefore,the main objectivesof this
chapterare: 1) to examinethe influenceof COVID-19 restrictionson the traffic volume
considering multiclass transport network model and 2) to evaluatethe significant
reductionsof major pollutantsduring the lockdown situationin the Halifax Regional
Municipality (HRM). This studycontributeso the existingliteraturein two ways:1) by
developinga comprehensivenodellingframeworkfor the Halifax RegionalMunicipality
(HRM) to examinethe impact of COVID-19 on traffic volume and transportation
emissiongroducedoy multiple typesof vehicles,ncludingdeliverytrucksandlong-haul
trucks; and 2) by comparingthe emissionsof major pollutantsfor multiple scenarios
duringthemorningandeveningpeakperiods In addition,this studyaddsanewdimension
to the literature by integratingan activity-basedtravel demandmodel with transport
network and emissionmodelsto predict the changein vehicular movementon traffic
networksandvehicularemissiongduringthe COVID-19 pandemic.

4.3 Study Area

A detailed description of the study area considéseliustrated under sectia®3 Study
Area. To represent the commercial vehicle movemetitsge extenal zones: Truro,
Windsor, and Bridgewater, are considered. Figuteshows the study area containing 219
Traffic Analysis Zones (TAZs), including 92 urban TAZs, 95 suburban TAZs, 32 rural
TAZs and 3 external TAZsoded within EMME/4 platform.
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Truro Halifax Regional Municipality
(HRM)
Windsor
g Dartmouth
//_ SENT Downtown
Q}I Halifax
Bridgewater Downtown

Figure 4-1 Regional Transport Network Model for Halifax Regional Municipality (HRM)

along with Three External Zones

4.4 Modelling Approach

This study integrates an actiwvibased travel demand mod&han and Habib, 2021an
Halifax regional transport network mogehd an emissions model for the study area to
estimate the vehicular emissions of major air pollutants during both busmessal and
lockdown scenarios. Figurd-2 portrays an overview of the conceptual modelling

framework that is utilized in this study.
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Figure 4-2 Overview of Conceptual Modelling Framework

4.4.1 Activity  -Based Travel Demand Model

The activitybased travel demand model is developed within an agent based eliscecte
simulation platform, known as integrated Transport Land Use and Energy (iTLE)
platform, for daily travel in the Halifax Regional Municipalityne of the crucial partsf

iTLE is the Shorteterm Decisions Simulator (SDS) which takes input from the Lenger
term Decisions Simulator (LDS). Shorerm Decisions Simulator (SD®) a validated
activity-based travel demand model, and a comprehensive validation for the base year and
forecasting years is reported by Khan eftéhan et al., 20211). The SDS validation results
demonstrate that it has a strong ability to predict trlagkaviour for angmergencysuch

as the COVIDB19 pandemicThe pandemic scenarios are developed within this model, and
hourly O-D matrices for passenger cars and transit are extracted from SDS output, for
instance, the number of activities and mode awiof individuals. The detailed
description of activitybased travel demand modgill be found under the sectic®4.1

Activity -Based Travel Demand Model
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4.4.2 Development of Pandemic Scenarios within Activity -

Based Travel Demand Model

The pandemic scenarios are developed within the ActBétyed Travel Demand Model

The model considers foavailable mode$ passenger cadelivery truck, combination
long-haul truck, and public transit. The changes in volume of passenger car and public
transit are predicted frontwo available mobility data sourcesGoogle COVID19
Community Mobility Report§Google, 2021and Apple Mobility Trend Report@pple

Inc., 2021) The reports provide thehange in activity patterns and modal sldare to the
pandemi¢respectivelyThe sectior8.4.2 Activity Mobility Estimation demonstrates the
description of Google COVIEL9 Community Mobility Reports and Apple Mobility Trend
Reports.And for the change in delivery truck and combination lvaml truck volume,
Mobility Trends in Calgary Report is us@dobility Trends in Calgary, 2020According

to Mobility Trends in Calgary report, during the month of April 2020, volume of delivery
truck and ombination long haul truck were 55% and 62% respectively compared to the
businessasusual scenarioThese assumptions awmonsideredto develop model for

lockdown scenario.

4.4.2.1 Business -as - Usual Scenario

The businesssusual scenaricepresents the pieOVID timeline developed within the
SDS framework of iTLE utilizing the 2018017 NovaTRAC (Nova Scotia Travel
Activity) Survey data.

4.4.2.2 Lockdown Scenario

The timeline of March 2%, 2020- April 30", 2020, is considered as lockdowcenario

in Nova Scotia. During this timéhe restrictions on mobility and activities were imposed

by the government to minimize the spread of the disease. During this time auto trips got
decreased by almost 50%pple Inc., 2021)26% decrease in shapg activity (reported

as grocery and pharmacy activity in Google COMI® Community Mobility Reports),

50% decrease in recreational activity and 54% decrease in work activity from baseline

were noticed(Google, 202Q) These observations are used to develop the lockdown
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scenario in the modelling process. In addition, activities such as school, escomftdrop
and pickup passengers), personal business (including work and houselabét
errands, healthcare, civic/religioastivities), dine out and recreation (including visiting
friends/relatives and entertainment) activities are restricted within aebiaggd travel

model according to the data obtained. In this model, transit mode was assumed to be

limited during the lokdown scenario in Nova Scotia.

4.4.3 Halifax Regional Transport Network Model

The study utilized thepreviously developedHalifax regional transport network model
within the Equilibre Multimodal Multimodal Equilibrium (EMME/4) platfor(Bela and

Habib, 20D). The model includes 222 Traffic Analysis Zones, 222 zonal centroids, 2459
link nodes, and 5272 links. This model considers four modes: passenger car, delivery

truck, combination longdpaul truck, and public transit.

4.4.3.1 Passenger Car Demand Forecasting Model

The passenger car demand forecasting moti¢lalifax Regional Transport Network
modelis modifiedconsidering the pandemic scenaribbe modelfocuses on two peak
periods (morning peak and evening peak) to demonstrate differencesvorknébws
during COVID-19 restrictions. The hourly origin destination-f) matrices of passenger
cars for two peak periods were extracted from the output of the adiagiyd travel
demand model and then a multiclass traffic assignment model was astirtmte the
vehicular flows.The activity and mobility restrictionsghangs in activity patternsand
modal share during pandemic scenarios are incorporated within this moej@idsent the

pandemic scenarios.

4.4.3.2 Tour -based Local Delivery Truck De mand Model

The delivery truck tour model is developed by utilizing Info Canada Business
Establishment data set for 2018. This dataset contains 11432 entries detailing business
establishment records for the Halifax Regional Municipality (HRM), includirdigit

North American Industry Classification System (NAICS) codida and Habik(2020)

developed thedelivery truck tour formation and distribution usingMonte Carlo
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simulation techniqueFor this study, therigin-destination (GD) matrices fordelivery
trucks are modified according to the restriction assumptions during the pandemic

scenarios.

4.4.3.3 Long Haul Truck Demand Model

The SHAW GPS tracking information data is used to extract-lang truck movement
information (Gingerich et al., 2016jor the businesasusual scenario. As this dataset
includes a record of approximately 56000 Caradaed trucks, the Halifarelated d&a

was clipped. This model considers three locations outside of HRM at Truro, Windsor, and

Bridgewater to represent the lehgul truck movements.

4.4.4 Multiclass Traffic Assignment Model

After the preparation of the hourly-D matrices for passenger cars, transit, delivery truck,
and combination londpaul trucks, a multiclass traffic assignmemtdelis performedoy
utilizing a user equilibrium assignment principle within the developetspart network
model. To solve the user equilibrium multiclass traffic assignment principle, a standard
method is used which aims to minimize the overall travel time along the congested road
links. In this method, given that there exist alternative optidhe congested link
discourages more travelers from using it. Thus, this method solves for the link flow and
cost to establish a useguilibrium conditions in the network by iteration.

4.4. 4.1 Mathematical Formulation

The traffic assignment i mpl emented in EMM
principle. This implementation is mainly a static deterministic user equilibrium madel.

the multiclass traffic assignment model, it is assumed that the different classes are
subjected to the same congestion level based on the total traffic volume of the link. But

each traffic class perceives a different constant GiasThe cost of the linkiperceived

by a traffic class can be written as:

i 0 i 0 @ av Ol v ) 888888888B8888B88p
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The traffic assignment model implemented in EMME thus computes the equilibrium flows

and travel time by solving the following objective function:

0 QN0 i 0 0 QU w U o N n 0 0 1QWB8838¢

Subiject to:

0 1 Q N 0888888888888888888888 o

0 1 Q AaNODRINDRENDGS88B8888888888 1
Q Q Ny OMNORIND 8888888888888 v

QN m iNvY My oMy O N 8888888888 ¢

Here,

Indices and Sets

anvi Vehicle classes

AN O Origin zones

AN o Destination zones
Ny Directed paths linking) andn for classa

iNY All directed paths

END Nodes of road network

END Nodes corresponding to intersections with turn penalties

aN 0 Links of road network
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anN O Links endingnjat nodet

aNn 0 Links startingnjat nodes
Constants
Q Traffic demand from to i for classa
U Additional volume on linkx
[V Additional volume on turmi &
@ Fixed link cost on linkxfor classd
1 1 if link abelongs to route, 0 otherwise
Functions
i 0 Volume-delay function on linkx
Variables
0 Traffic volume on linka
0 Traffic volume on turrx &
Q Path flow on routé

4.4.4.2 Convergence Measures

The multiclass user equilibrium assignment method implemented in EMME considers
several traffic classes by using different subnetworks and perceiving different fixed link
costs in addition to the link travel times. It also considers fixed background \wamade

turn penalties at intersection nodes. Therefore, this method is complex and refined than
the generic method.

At each iteration of the secomder linear approximation method, EMME
determines the solution of the sub problem providing a lower bauB)dor the optimal

value of the objective functiciu” :
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Here,"Q U is the current value of the objective function.

The best current lower boundl,0 d@s referred to the largest value féobtained
up to the current iteration. Af ter t hat ,
measure of the closeneddlte current assignment to a perfect equilibrium assignment, by
the following equation:
QU
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The solution of the subproblem provi des
for char&terizing the closeness of an assignment to a perfect equilibrium assignment

which can be computed as follows:

O i £ 008GV 06 BUEéaozw@i 0B BQQ4& 0&IQI "QQENAOHOH 8w
However, using the abkte gap directly as a stopping criterion is not practical

since its order of magnitude varies from one application to another. Therefore, two

measures (i) relative gap, and (ii) normalized gap, are derived from the absolute gap to use
as stopping criterialhese measures can be determined by following equations:
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A sample of multiclass traffic assignment performance is shown in Appendix G.

4.4. 4.3 Calibration and Validation of the Model

The Halifax regional transport network model is calibrated and validated using a traffic
volumebased approach fdausinessasusual and lockdown scenarios. The count data is
collected from video image processing and HRM count data. The simulated and observed
passenger car and truck volumes are then compared in terf)3MPR (Mean Percentage

Error) and GEH values.le R values are obtained from regression curve, whereas MPE
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and GEH are estimated by using equations. Five key locations, including two bridges, were
validated for the morning peak period (8:00 an8:59 am) for the businessusual
scenario. Due to datanavailability, the traffic volume during the lockdown period is
validated for only two bridges the Macdonald bridge and the MacKay bridge, where
traffic volumes were continuously recorded during the pandemic periods. The validation

locations are showim the following Figure 43.

4. Chebucto G ht Ave Tnierseetion

. onnaught Avi
5. Quinpool R Oxford St Interseetion

Figure 4-3 Validation Locations for the Study Area

The euations to calculate MPE and GEH are:

6o —B —888888888888888888888B88888p ¢

"000 8888888888888888888888888888 po
Here,

U = observed traffic count dat a
b = simulated traffic count dat a
n

= number of data points
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The validation results are shown below:
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Figure 4-4 Comparison of Observed and Simulated Traffic Count Data of (a) Passenger

Car, (b) Truck, and (c) Total Traffic Volume during Businessas-Usual Scenario
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Figure 4-5 Comparison of Observed and Simulated Traffic Count Data of (a) Passenger

Car, (b) Truck, and (c) Total Traffic Volume during Lockdown Scenario
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The R values for passenger car, truck and total traffic are determined separately
for both scenarios. During the busin@saisual scenario, the’Ralues for three modes
(passenger car, truck, and total traffic) are 0.84, 0.87 and 0.85 (Figyre=dpectivsl.

During the lockdown scenario, the Ralues for three modes (passenger car, truck, and
total traffic) are 0.86, 0.91 and 0.88 (Figur&)}4 The larger the Rvalue, the better the

model represents the observed traffic count data. For this study, tiecofd® is greater

than 0.83 for all cases, which proves that the model is a good fit. Another goodness of fit
measure, mean percentage error (MPE), computes the average percentage errors of a
model as it differs from actual values of the traffic voluMereover, during the business
asusual scenario, the MPE values for three modes (passenger car, truck, and total traffic)
are 5.18%, 6.20% and 4.52%. Similarly, during the lockdown scenario, the MPE values
for three modes (passenger car, truck, and teitid) are 5.28%, 5.22% and 5.31%. GEH

value is also calculated and found to be less than 5% for all types of movements for both

scenarios, which is considered to be a good match between simulated and observed data.

4.4. 5 Emission Model

The emission moddor Halifax Regional Municipality (HRM) is developed within the

|l atest version of USEPAG6s Motor Vehicle En
for the pandemic scenarios. The platform has the capability for three analysis scales: (i)
Macrao-scale; (iilMesascale; and (iii) Micrescale(US Environment, 2009 and 201%he
emission modelling framework is developed by following three stepsprpeessing,
execution, and posgirocessing. In the prgrocessing step, a RunSpec is created by
utilizing severalnventories from multiple data sources and results from a multiclass traffic
assignment model. Then, in the MOVES County Data Manager (CDM) tool, the emission
model is developed. Required different MOVES inventories, for instance, source type
population,vehicle type VMT distribution, and average speed distribution are obtained
from the Halifax regional transport network model. The emission model is run for two
peak period$ (i) Morning Peak Period (7:00aB8159am), and (ii) Evening Peak Period
(4:00pm5:59pm). TheTable 41 shows the source type population for busiresgsual

and lockdown scenariosAnd the Table €2 summarizes the vehicle type VMT
(HPMSVtypeDay) for one day.
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Table 4-1 Source Type Populationduring Businessas-Usual and Lockdown Scenarios

Businessas-Usual Lockdown
Source Scenario Scenario
Type Mode : _ : :
D Morning Evening Morning Evening
Peak Peak Peak Peak
21 Passenger Car 480219 486601 300582 176132
52 Delivery Truck 57328 85884 1952 3369
62 Combination Longhaul 23265 33450 10975 16455
Truck

Table 4-2 Vehicle Type VMT for One Day during Businessas-Usual and Lockdown
Scenarios

HPMSVtype Mode Businessas-Usual Lockdown
ID Scenario Scenario
25 Passenger Car 1025608 487218
50 Delivery Truck 118066 4345
60 Combination Longhaul 315509 163629
Truck

Meteorology data, vehicle age distribution and road type distribution data are
collected from various available sources. Hourly meteorological data are obtained from
the Halifax Naval Dockyard weather station by Environment Car{&&ironment
Canada, 202)Lfor February 2020 (businessusual scenarigandApril 2020 (lockdown
scenario) The Figure4-6 and Figure &« show the hourly profile ofenvironment
temperature and relative humiditgspectivelyfor businessasusual and lockdown

scenarios.
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MOVES defines five different road typés(i) Off-network, (ii) Rural restricted
access, (iii) Rural unrestricted access, (iv) Urban restricted access, and (v) Urban
unrestricted access. Howevall, roads of HRM fall in the category of unban restricted,
urban unrestricted and rural unrestricted access type road. In this model, all passenger cars
are assumed to be operated by gasoline fuel and trucks are assumed to be operated by
diesel fuel. Addibnally, for fuel and I/M programs, default data from MOVES is utilized.
After preprocessing, the model is executed within MOVES to estimate the emission
through multiple iterations. After the execution is completed, a summary report for
emission has beagenerated in the peprocessing step, which provides the emission by
all source types.

MOVES estimates results of emission of various polluta@sliG as CO
Equivalent, carbon monoxide GO), nitrogen oxides NOx), sulphur dioxide (SQ),
particulate matteranging from 2.5 pum to 10 um (PN), particulate matter smaller than
2.5 um (PM3s), total hydrocarbons (THC), and volatile organic compounds (VBC)
considering multiple source§hese sources include running exhaust, start exhaesk br
wear, tire wear, evaporative fuel leaks, auxiliary power exhaust and othersCThe
Equivalentjin the pollutants is the sum of the global warming potential of other
greenhouse gases expressed as a unit of @@ CQ equivalent factors in MOVES are

shownin Table 43.

Table 4-3 CO; Equivalent Factors in MOVES

Pollutant CO2z Equivalent
Carbon Dioxide (C@) 1
Methane (CH) 25
Nitrous Oxide (NO) 298

Greenhouse gagmissionis calculated as COEquivalent emissions using
following weighted equatioB. In this study, C@Equivalent is referred as Greenhouse
Gas (GHG).
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4.5 Result Analysis

This study explores the impact of the COVIDB pandemic on trafficolumeand vehicular
emission. The multiclass traffic assignment model results generate a comparative analysis
of traffic flow by link in lockdown scenario with pt@éOVID levels. To better understand

the impact of COVIBD19 mobility restrictions on air quality the HRM, results obtained

from the multiclass traffic assignment model are used to generate vehicular emissions. The
emission modelling enables a comparative analysis of hourly profiles of total emissions of
pollutants, spatial distribution, and zonal esibns for two peak periods in Halifax. The

results obtained from this study are discussed in the following sections.

4.5.1 Result of Multiclass Traffic Assignment Model

In the Halifax Regional Transport Network Model, the passenger car, delivery truck, and
long-haul truck movements are modelled. The result of the multiclass traffic assignment
model provides link volume for all modes. The model generates results foroios of

two peak periodsThe link volume for total traffic of morning peak period (D89 am,

and 8:008:59 am) are represented in Figur@which demonstratéhe comparison of total
traffic flow between businesssusual and lockdown scenarios. Tloat traffic volume

by link during evening peak periqd:00-4:59 pm, and 5:08:59 pm)are shown in the
Figure 49.
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Figure 4-9 Comparison of Link Volume of Total Traffic Flow during Business-asUsual and
Lockdown Scenarios (Evening Peak Period)

Generally, the road network of the HRM urban core experiences higher traffic
flows than suburban and rural areas. From FigtBadd Figire 49, it is evident that total
traffic volume experienced a significant decrease in all links for the lockdown scenario.
During morning and evening peak, total traffic volume decreased by 44% and 68%
respectively.
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4.5.2 Result from Emission Model

4.5.2. 1 Hourly Profiles of Emission of Pollutants

Table4-4 and Table4-5 represent the hourly profiles for total emission from passenger
cars, delivery trucks, and combination lemgul trucks during both busineasusual and
lockdown scenarios. In this study, vehicular emissions for major pollutants:asBG;
equivalentCO, NOx, PMio, PMz5, S, THC and VOC are estimated.

Table 4-4 Hourly Profiles for Total Emission during Businessas-Usual Scenario

Pollutants GHG  CO NOx PMy PMzs SO, THC VOC

Ton Ton Ton Ton Ton Ton Ton Ton

Mode Time
Passengel 7amto 8am 195.74 236 0.12 001 001 0.00 0.24 0.23
car 8amto 9am 203.67 237 0.13 001 0.01 0.00 0.24 0.23
_8 Total 39941 473 025 001 001 0.00 0.48 047
% Delivery 7amto8am 2643 0.05 0.06 0.00 0.00 0.00 0.01 o0.01
§ Truck 8amto9am 8559 0.25 0.19 001 001 0.00 0.06 0.05
CE” Total 112.02 030 0.24 001 001 0.00 0.08 0.06
é LI—?:EI- 7amto 8am 177.36 0.13 0.38 0.02 0.02 0.00 0.02 0.02
Truck 8amto9am 478.44 0.28 103 0.05 0.04 0.00 0.06 0.05
Total 655.80 041 140 006 0.06 0.01 0.08 0.07
Passengel 4pmto 5pm 172.37 234 0.15 001 001 0.00 0.24 0.24
car 5pmto 6pm 168.16 2.37 0.15 0.01 001 0.00 0.25 0.24
3 Total 34053 470 031 001 001 000 049 048
E Delivery 4pmto5pm 47.60 0.07 0.10 0.00 0.00 0.00 0.02 0.02
E:c? Truck 5pmto 6pm 39.68 0.04 0.08 0.00 0.00 0.00 0.01 o0.01
k=) Total 87.28 0.10 0.19 0.01 0.01 0.00 0.03 0.03
L% Long- 4pmto 5pm 322.66 0.17 0.67 0.03 0.03 0.00 0.03 0.03

Haul
Truck 5pmto 6pm 274.83 0.14 057 0.02 0.02 0.00 0.03 0.02

Total 59749 031 125 005 005 001 0.06 0.05
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Table 4-5 Hourly Profiles for Total Emission during Lockdown Scenario

Pollutants GHG CO NOx PMip PMzs SO, THC VOC

Ton Ton Ton Ton Ton Ton Ton Ton

Mode Time

Passengel 7amto 8am 100.92 1.38 0.07 000 0.00 0.00 0.15 0.14
Car

8amto9am 9928 135 007 0.00 0.00 0.00 015 0.14

_'8 Total 200.20 2.7v3 0.15 0.01 0.01 0.00 0.29 0.29
E Delivery 7amto8am 056 0.00 0.00 000 0.00 0.00 0.00 0.00
§ Truick 8amto 9am 3.53 001 001 000 000 0.00 0.00 o0.00
g’ Total 4.09 001 001 000 000 0.00 0.00 0.00
g Iﬁ;ﬁ 7amto8am 85.16 0.06 0.18 001 001 0.00 0.01 o0.01
Truck 8amto9am 254.86 0.15 055 0.02 0.02 0.00 0.03 0.02

Total 340.02 0.21 073 0.03 0.03 0.00 0.04 0.03

Passengel 4pm to5pm 10563 140 0.07 0.00 0.00 000 0.15 0.14

car 5pmto 6pm 9457 133 0.07 0.00 000 0.00 0.15 0.14

3 Total 200.20 2.73 015 0.01 001 0.00 0.29 0.29
6‘:_’ Delivery 4pmto5pm 203 0.00 0.00 000 0.00 0.00 0.00 0.00
§ Truck 5pmto6pm 198 0.01 0.00 0.00 0.00 0.00 0.00 0.00
g Total 400 001 001 0.00 000 0.00 0.00 0.00
J>j Long0 4pmto5pm 186.89 0.11 040 0.02 0.02 0.00 0.02 0.02

Haul
Truck 5pmto 6pm 153.13 0.10 0.33 0.01 0.01 0.00 0.02 0.02

Total 340.02 021 0.73 003 003 0.00 0.04 0.03

During the businesasusual scenario, the total emisssoof GHG, CO, NQ,
PMio, PMes, S, THC and VOC for passenger cars during the morning peak period are
399.41 ton4.73 ton, 0.25 ton, 0.01 ton, 0.01 t6rtpn, 0.48 ton and 0.47 ton respectively.
In contrast, during the lockdown period, total emissigrpassenger catecreased and
was found to b&00.20 ton, 2.73 ton, 0.15 ton, 0.01 ton, 0.01 ton, 0.0 ton, 0.29 ton and
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0.29 tonfor COz, GHG, CO, NO, NG, PNMho, PMzs, SG, THC, and VOCrespectively.

A similar pattern is noticed for the evening peak period.

45.2.2 Change s in Major Pollutants during Lockdown Scenario

The imposed restrictions due to COVID includesnobility restrictions which eventually
decreased the emission of major pollutants during lockddiv&model results show that,
Greenhouse gas (@5) emission by passenger agas 399 ton during busineasusual
scenario which got reduced to 200 ton durockdown scenario in the morning peak
period (Figure 410). The morning peak period is of two howtarting from 7:00 am and
ending at 8:59 amSimilarly, vehicular emission frontcommercial vehicleshowsa
noticeable decrease in the lockdown scenario during both peak periods. GHG emission by
commercial vehiclevas reported to be 768 tarhich decreased to 344 ton in the morning
peak period of lockdown scenaribigure4-11). While considering all modehe GHG
emissionduring lockdown got reduced to 544 ton compared to 1167 ton in the business
asusual scenari@Figure 412). In both peak periods, similar pattern for GHG emission is
noticed.
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Figure 4-10 GHG Emission by Passenger Car duringBusinessas-Usual (BAU) Scenario

and Lockdown Scenario
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Figure 4-11 GHG Emission by Commercial Vehicle during BusinessisUsual (BAU)
Scenario and Lockdown Scenario
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Figure 4-12 GHG Emission by All Mode during Businessas-Usual (BAU) Scenario and
Lockdown Scenario

Similar trend of Carbon Monoxide (CO) emission is illustrated in the model. For
both peak periods, CO emission reduced in the HRM. In the morning peak period, CO
emission from passenger car droppe@732 kg from 4728 kg in the businessusual
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scenarig Figure 413) whereas for commercial vehicle, the CO emission is 220 kg in the
lockdown scenario which is 604 kg decrease with respect to busisassal scenario
(Figure 414). The reduction in CO emission during morning peak is 2599 kg and evening
peakis 2369 kg considering all modes compared to busiasssual scenario (Figure 4

15).
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Figure 4-13 CO Emission by Passenger Car during Businesss-Usual (BAU) Scenario and

Lockdown Scenario
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Figure 4-14 CO Emission by Commercial Vehicle during Businesas-Usual (BAU)
Scenario and Lockdown Scenario
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Figure 4-15 CO Emission by All Mode during Businessas-Usual (BAU) Scenario and
Lockdown Scenarb

Moreover, the rest of the pollutar{t§Ox, S&, PMio, PMzs, S&, THC and VOG
alsorepresent the same pattern of emission reduction during the lockdown period. The
following Figures(Figure4-161 Figure4-21) show the change in emissiooensidering

passenger car, commercial vehicle and all mode for morning and evening peak periods.
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Figure 4-16 NOx Emission by a) Passenger Car, b) Commercial Vehicle, and c¢) All Mode

during Businessas-Usual (BAU) Scenario and Lockdown Scenario
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Figure 4-17 PM10 Emission by a) Passenger Car, b) Commercial Vehicle, and c) All Mode

during Businessas-Usual (BAU) Scenario and Lockdown Scenario
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Figure 4-18 PM2sEmission by a) Passenger Car, lfommercial Vehicle, and c) All Mode

during Businessas-Usual (BAU) Scenario and Lockdown Scenario

76



(@)

SG; (Kg)
3
2
2
1 1
| - -
0
BAU LD
m Passenger Car Morning Peak  mPassenger Car Evening Peak
(b) SO
, (Kg)
7 7
6
6
5
4 3 3
3
2
1
0
BAU LD
m Commercial Vehicle Morning Peak ~ m Commercial Vehicle Evening Peak
(©)
SG; (Kg)
10 9
9 8
8
7
6
5 4 4
4
3
2
1
0
BAU LD

= All mode Morning Peak  ® All mode Evening Peak

Figure 4-19 SO, Emission by a) Passenger Car, b) Commercial Vehicle, and c) All Mode

during Businessas-Usual (BAU) Scenario and Lockdown Scenario

77



@)
THC (KQg)
494

475
I I 292 ]
BAU LD

m Passenger Car Morning Peak  m Passenger Car Evening Peak

500

400

300

200

100

(b)
THC (KQ)

160
93
. } )
BAU LD

= Commercial Vehicle Morning Peak ~ m Commercial Vehicle Evening Peak

180
160
140
120
100
80
60
40
20

©
THC (KQ)

635
587
I I 337 ]
BAU LD

= All mode Morning Peak  ®m All mode Evening Peak

700
600
500
400
300
200
100

Figure 4-20 THC Emission by a) Passenger Car, b) Commercial Vehicle, and c) All Mode

during Businessas-Usual (BAU) Scenario and Lockdown Scenario
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Figure 4-21VOC Emission by a) Passenger Car, b) Commercial Vehicle, and c) All Mode

during Businessas-Usual (BAU) Scenario and Lockdown Scenario
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The fundamental reason forethignificant reductioain emissions is the implied
mobility restrictions during lockdowrMany essential businesses were told to run at a
reduced capacity, while many nessential businesses were forced to close during
lockdown. The restrictions in activity participations directly reduced the traffic volume as

well as the vehicular emissian

4.5.2. 3 Spatial Distribution of Pollutants

The spatial analysis of the emission data is conducted witci@IS 10.50 represent the

emission density for each TAZ. Figude22 and Figure4-23 show the comparison of
emission density for two peak pergbetween businessusual and lockdown scenarios
for GHG as CQequivalent and CO.
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Figure 4-22 Comparison of GHG as CQ Equivalent Emission Density during Businessas

Usual and Lockdown Scenario for Two Peak Periods
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Figure 4-23 Comparison of CO Emission Density during Businesas-Usual and Lockdown

Scenario for Two Peak Periods

Both Figure 422 and Figure 23 show that the highest concentration of GHG and
CO occurs in the downtown core of Halifax and Dartmouth. However, all TAZs
experienced a considerable decrease in emissions during lockdown as illusttaged in
figures. These figures illustrate the changgsmission in traffic analysis zones level to

better understand the impact of pandemic on zonal l&helspatial distributiorof the
rest of the pollutantdNOyx, PMio, PMes, S, THC and VOQ areenclosedn Appendix

F.
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4.5.2. 4 Comparison of Zonal Emission of Major Pollutants

This study illustrates the density distribution of major pollutants for different HRM zones
(urban, suburban, and rural). During the morning peak period in urban regis8%, a
decrease of GHG6#4311,239 gm/km?) is predicted during the lockdowscenario.
Similarly, during the morning peak period, tindan region lockdown scenario projects a
reduction of COemissions by @6 (2,569736 gm/km?), and NQ emissions by &%
(1,054,175 gm/km?), respectively Likewise, GHG emission of is estimated to glroy

47% (363274728gm/km?) in the lockdown scenario during the evening peak period in
the urban region. The emissions for CO, andx Gt decreased by2%6, and49%
respectively. Also, the suburban and urban regions demonstrated a similar trend of
emission reductiolhe total zonal emissiaiy pollutantfor BusinessasUsual scenario

and lockdown scenari@reshown in thdollowing Table4-6 and Table 47.

Table 4-6 Zonal Emission of Major Pollutants during Businessas-Usual Scenario
Businessas-Usual Scenario
Morning Peak
Region GHG co NO«x PM1o PM2s SO THC vOC
(gm/kn) (gm/km?)  (gm/km?) | (gm/km?) - (gm/kn?) | (gmikn?) | (gm/km?) - (gm/kne)

Urban 881415321 @ 4,104897 1,436166 65253 59,649 6,854 479664 & 446051
Suburban 320985150 @ 1,494881 523009 23,763 21722 2,496 174679 162438

Rural 4,903235 22,835 7,989 363 332 38 2,668 2,481

Total 1,207303705 5,622613 1,967,164 89379 81,703 9,388 657012 610971

Evening Peak
Region GHG CcO NOx PMaio PM2.s SO, THC VOC
(gm/kn?) (gm/km?) | (gm/km?) | (gm/km?) | (gm/kn?) | (gmikn?) | (gm/km?) | (gm/knd)

Urban 774234315 3,863263 1,317221 55808 50,946 6,027 443579 @ 422466
Suburban = 281953027 @ 1,406885 479692 20,324 18,553 2,195 161538 @ 153849
Rural 4,306996 21491 7,328 310 283 34 2,468 2,350

Total 1,060494338 5,291,640 1,804241 76442 69,782 8,256 607584 578666
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Table 4-7 Zonal Emission of Major Pollutants during Lockdown Scenario

Lockdown Scenario

Morning Peak

Region GHG CcO NOx PMio PM2.s SO THC VOC
(gm/kn¥) (gm/kn?)  (gm/kn?)  (gm/km?)  (gm/kn?)  (gm/kn?) | (gmikn?)  (gm/knP)

Urban 411023492 2228812 666545 30,938 28,238 3,175 254,658 243602
Suburban 149682487 811667 242736 11,267 10,283 1,156 92,739 88,713

Rural 2,286487 12,399 3,708 172 157 18 1,417 1,355

Total 562992466 3052877 912989 42,376 38,679 4,349 348813 333670

Evening Peak
Region GHG CO NOx PMio PMzs SO THC vOoC
(gm/knv) (gm/kn?)  (gm/kn?) | (gm/kn?)  (gm/kn?) | (gm/k?) | (gm/kn?) | (gm/kn?)

Urban 410959587 2,228764 666040 30,929 28,233 3,176 254643 243588
Suburban = 149659215 811,649 242552 11,264 10,282 1,157 92,733 88,708
Rural 2,286,132 12,398 3,705 172 157 18 1,417 1,355

Total 562904933 3,052812 912297 42,365 38671 4,350 348793 333651

4.6 Conclusion

The main contribution of thishapters by proposing a modelling framework to examine

the impact of COVIDBL19 restrictions on traffic volume and vehicular emissions of Halifax
Regional Municipality (HRM) during the lockdown scenario. The actibiged travel
demand model and traffic assignrmhemdels in EMME are integrated with the emission
model in MOVESplatformin this study. The multiclass traffic network model is calibrated
and validated using video image procesdiaged traffic count data and an HRM traffic
count dataset. During the boessasusual scenario, the ?Rralues for three modes
(passenger car, truck, and total traffic) are found to be 0.84, 0.87 and 0.85. During the
lockdown scenario, the’Ralues for three modes (passenger car, truck, and total traffic)
are found to be 0.8®.91 and 0.88. This study offers a better understanding of the spatial
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distribution of vehicle movements and associated emissions in Halifax during the
lockdown scenario

The result of this study provides critical insightie hourly profile of emissio
during businessasusual scenario describes that passenger car generates 399.41 ton GHG
during the morning peak period, whereas the total emissions from delivery truck and long
haul truck are 112.02 ton and 655.80 ton, respectively. Similarly, thexbi@lemission
by passenger car is 340.53 ton for the evening peak period, whereas delivery truck and
long-haul truck are responsible for 87.28 ton and 597.49 ton of GHG respediiviig.
lockdown scenario, a substantial reduction of 44% and 68% inttafit volume is
estimated during morning and evening peak period respectively. This traffic volume
decrease is a result of mobility restrictions during lockdown scenario which leads to
vehicular emission reductions in the lockdown scenario. During ngpamd evening peak
periods, GHG emission by passenger car got decreased by 199 ton and 141 ton
respectively. Whereas a 424 ton and 341 ton GHG emission decrease for commercial
vehicle is reported during morning and evening peak respectively. A total edi623d
481 ton GHG emission reduction is estimated considering all modes during morning peak
and evening peak period. Similar trend of emission reduction is also reported for other
pollutants as well. For instance, the CO emission considering all mogdpett to 252
kg from 5551 kg in the businesssusual scenario during morning peak period. The CO
emission reduction in evening peak period also depicts the same tendency.

The spatial distribution of pollutants reveals that the highest concentrafions o
GHG and CO exist in the Halifax and Dartmouth downtown cores. However, during
lockdown, all TAZs in these areas experience significant reductions in emissions. Since
the downtown core of Halifax and Dartmouth is the most densely populated area in HRM,
it may be hypothesized as the reason behind the most significant share of emissions during
the businesssusual scenario. Due to different movement constraints imposed by the
provincial government, these localities show a significant reduction in emiskiang a
lockdown scenario. This study also examines the density distribution of major pollutants
for local area type of HRM. During the lockdown scenario, emissions in the urban area
decreased by 53%, 46%, and 54% for GHG, CO, and NBpectively in the morning

peak period. Likewise, GHG emission is estimated to drop by 47% in the lockdown
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scenario during the evening peak period in the urban region. The emissions for CO and
NOx decreased by 42% and 49% respectively. Similar trembikced for the other
pollutants and in the suburban and rural areas also.

This major limitation of this study is the unavailability of travel survey data
Halifax Regional Municipality As a result, various assumptidnem other travel survey
were cosidered while developing the modéldditionally, even though transit was
considered in the network model, the transit assignment procedure is notittonghe
EMME/4 platform. Another limitation is not validating themission modeldue to
unavailabiliy of emission datalhe immediate future works should include conducting a
travel surveyin HRM as well as incorporating transit assignment in the Halifax Regional
Transport Network model. However, the results of this model give better understanding
aboutthe impact of future emergency like COWI® pandemic on traffic network and
vehicular emission. The significant GHG emission decrease during lockdown period gives
us insights about the impact of mobility restrictions on emissions by reducing private
vehide movements. Choosing alternative modes, for instance, walk, bike, or public transit,
can be reasonable options for decreasing vehicular emissions. Results from this study will
help the policymakers to plan for any future pandemics. The model will agptretation
professionals to develop multiple pgsindemic scenarios to understand traffic network
impact and overall vehicular emissions in the Halifax Regional Municipality (HRM).
Moreover, the model will help to better understand the necessity ofirslde
transportation system to mitigate the vehicular emission and to achieve the goal of being

carbon neutral city.
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Chapter 5

Impact during Phased Reopening
Scenarios

5.1 Introduction

The impact of ehicular emissiomuring the phased reopening scenariosfia major
concern.The reduction in emission due to COVID lockdown is temporaryecause of
the lack of structural changes in the transportation system and plafinmgyh the global
emission of carbon dioxide sharply dropped during the early stage of pandemic, it got
picked up with the reopening phas@ature, 2021). As the countries are lifting the
lockdown restrictions, the improvement in ajuality, which was achieved during
lockdown periodwill not persist(lkhlasse et al., 2091

According tothe Carbon Monitor(Carbon Monitor, 2021)a huge increase in GO
emissions is noticed for the world as well as many countries individually, for example,
United Kingdom, France, Germany, India, China, United States of Am&pean, Japan,
Russia. Duringockdown period (April2020, the global CQ@ emission due to graal
transportation was 11.49 Metric ton whiebentually got increased to 17.24 Metric ton by
the end of August 2020. Similar trend is noticed for the individual counties g asgdon
Monitor, 202). A study of France shows that, emission of INXIOx and PMo pollutant
got increased by 42.329%5.08% and 38.15% respectively compared to their average in
the lockdown periodikhlasse et al., 2031Similarly, many studies demonstrate that, with
the withdrawal of lockdown restrictions, economic activities and traffic will be higher
resulting inincrease ofGHG emissionWang et al., 2020ZambraneMonserrate et al.
2020. There are various focusing ¢ime global and national level of vehicular emission
due to COVID19. But there is a clear study gapcomparative analysis dfie impact of
COVID-19 in regional levetonsidering passenger car, delivery truck and combination
long haul truck during phasedopening scenarios.

Therefore, this chapter aims to develompadelling framework to illustrate the

impact of COVID19 on vehicular emission during phased reopening scemneitlaa the
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Halifax Regional Municipality (HRM), Nova Scotia, Canaddée modellingframework
develops reopening scenarios within #wativity-basedtravel demand modaieplicating
the restrictions imposed by the government. The actbased travel demand model is
integrated with the multiclass traffic network modsithin Equilibre Multimodal
Multimodal Equilibrium (EMME)platformwith an emission modkihg frameworkbased
onthe Motor Vehicle Emission Simulator (MOVES).

5. 2 Modelling Approach

This modellingapproach of this chapter is same asntioelellingframework ofChapter 4

(Figure 42). For this chapter, the reopening scenarios are developed within this model.

5.2.1 Development of Reopening  Scenarios within Activity -

Based Travel Demand Model

The reopening scenarios are developed within the achesed travel demand model
following the directions ofjovernment of Nova Scotia supported by multiple available
data sources. For the passengemrcartransivolume during reopening scenari@gogle
COVID-19 Community Mobility ReportfGoogle, 2020)and Apple Mobility Trend
Reports(Apple Inc., 2020pre utilizedfor change inactivity patterns and modal share
respectively. The detailed descriptioh these reportgan be found orsection3.4.2
Activity Mobility Estimation . For thedelivery truck and combination long haul truck
volume during reopening scenariddobility Trends inCalgaryReport is usedMobility
Trends in Calgary, 2020)The assumed percentagjef operational delivery truck and

combination long haul tructuring reopening scenariaseshown in the Table-3.
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Table 5-1 Percentage of Operational Truck Volume during Reopening Scenarios with
respect to Businesss-Usual Scenario

Reopening Scenaric 1 Reopening Scenario 2
Mode May, 2020 August, 20D
Delivery Truck 80% 90%
Combination Long-Haul Truck 90% 90%

5.3.1.1 Reopening Scenario -1

In this mode| the timeline of May 1%, 2020,to June14™, 2020,is considered as the
Reopening Scenaridlnj After 38 days of lockdown, on May'lthe government of Nova
Scotia, started to reopen the parks, trail and fishibgople were allowed to visit
community gardensmall businesses, and nurseriesovince of NS, 2090From May
15", more restrictions were lifted. People could go to beaches, boating, paddling.
Govenment introduced family bubble concept and increased the limit of gathering to 10
persons.From June B, the government allowed to reopen thiakeout services of
restaurantsdhars,and fitness facilitiesThe Apple Mobility Trend Reports indicate38%
increase of auto trip during this period from lockdown scengkple Inc., 202D
Similarly, shopping activity got increased to 93% of busiremassual scenario and
recreational activity also increased by 26% from lockdown phasec or di ngs t o Go
COVID-19 Community Mobility ReportGoogle, 202Q)

In the activitybased travel demand model, these percentages are used to limit
i ndi vi dual s odifferenttypes ociviies.i Additionallyy mode choices are
also limited within this reopemng scenario.The output from the activithased travel
demand model, provides thassenger caand transit volume during the reopening
scenarie. The restrictions due to COVHDO also affected thelelivery truck and
combination longhaul truck volume. Aeport shows that, during the month of May 2020,
delivery truck volume was 80%nd combination long haul truck was 9@#mpared to

the businesasusual scenariMobility Trends in Calgary, 2020)These percentages are
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utilized to develop thehourly origh-destination matrices of delivery trucks and

combination longhaul trucks.

5.3.1. 2 Reopening Scenario -2

The study considers the timeline from Juné", 18020, to August 3% 2020, as the
Reopening scenaria2nj From June 18, 2020, he provincial governmerdllowed more
flexibility in outdoor restrictions as well as reopening the childcare centres at 50%
capacity Gathering limit of people were increased and people were allowed to visit the
long-term care facilities. Travel within Atlaiet bubble(Nova Scotia, New Brunswick,

Prince Edward Island, and Newfoundland and Labrador) was permitted.

According to th®9 GOommemdist YCYOMOIDI | ity
participation in shopping activities got increased by I%e report also ges the change
in the participation of people in various type of activities. The activity participation is
controlled within the activinbased travel demand modatcording to the repoitio
replicate the reopening scenaft®@oogle, 2020)o develop the miel and the output from
the model isused to calculate the auto and transit volume during the reopening scenario.
According to Mobility Trends in Calgary report, during the month of August 2020, volume
of delivery truck and combination long haul truck both were 90% compared to the
businessasusual scenariaMobility Trends in Calgary, 2020)The hourly origin
destingion (O-D) matrices of delivery trucks and combination ldmaul trucks are

developed by considering these values.

5. 2.2 Halifax Regional Transport Network Model

The Halifax regional transport networkodel developed within the within theguilibre
Multimodal Multimodal Equilibrium (EMME/4) platform includes 222 Traffic Analysis
Zones, 222 zonal centroids, 2459 link nodes, and 5272(Bdéta and Habib, 2020)-our
modes are considered in this meg®ssenger car, delivery truck, combioatlonghaul
truck, and public transitThis network model integrates three separate medg)s
Passenger car demand forecasting model, (ii) -based local delivery truck demand
model and (iii) Longhaul truck demand model. The detailed descriptiothisfmodels

canbe found under the section4#.3 Halifax Regional Transport Network Model
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5.2.3 Multiclass Traffic Assignment Model

A multiclass traffic assignment model is performed by utilizing a user equilibrium
assignment principle within the developed transport network mot®. detailed
description of this model can be found under the sectiof.4# Multiclass Traffic

AssignmentModel.

5.2. 3.1 Calibration and Validation of the Model

Themulticlass traffic assignmentodelis calibrated and validated using a traffic volume
based approach for reopenisgenario- 1 andreopening scenario2. The count data is
collected from Harbourside Transportation Consultaipt®artmouth, NS, Canada. The
simulated and observed passenger car and total volumes (passenger cars,
trucks)arethencompared in terms of ZRAPE(Absolute Percentage Error),
MAPE (Mean Absolute Percentage Error) and GEH values. PreaRes are obtained
from regression curve, whereas APE, MAPEd aandGEH are estimated by using
equations. Five key locations, includifgacdonald Bridge were validated for the
morning peak period (7:00 ainB:59 am) for th@éeopening scenariol. Another five key
locations, including major arterial roads akthcKay Bridge were validated for the
evening peak period (4:00 pim5:59 pm) for thereopening scenario2. The following
equations are used to calculate APE, MAPE and GEH.

1'0"™ T PpITPB88888888888888B3B88888888888 p

666"‘3 ||—T88888888888888888&’888888888888Ec
Z

‘000 %88888888&88888888&8888888888888 o

Here,

| = observed traffic count data
I = simulated traffic count data

€ = number of data piots
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The validation locations for the reopening scenarios are enlisted Trakie 52.

Table 5-2 Validation Locations for Phased Reopening Scenarios

Scenarios

ReopeningScenaric

Reopening Scenari

ga b~ W N B

g b~ W N B

Validation Locations

Barrington St- Between Valour WyandMarjorie Russk Ln
Robie St Between North SandAlbans St

Mumford Rd- Btw Olivet StandRailway Bridge

Quinpool Rd- Btw Armdale RoundabowtndRailway Bridge
Angus L.Macdonald Bridge

Bedford Hwy- Btw Oakmount DandHwy 102

Hammonds Plains RdBetween Smiths RdndHwy 102
Lacewood Dr Between Chain Lake DandHwy 102

Micmac Blvd- Between Hwy 111 OverpassidRamps (North)
MacKay Bridge Ramp Between Princess Margaret BladdBridge
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The validation results for both reopening scenarios are shown below:
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600 y =0.7269x + 315.31
400 R2 =0.9581
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0
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2000
1800
1600
1400
1200
1000
800
600 ¢ y =0.7096x + 312
400 R2=0.9533
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0 500 1000 1500 2000 2500
OBSERVED DATA

b) Total Traffic

Figure 5-1 Comparison of Observed and Simulated Traffic Count Data of during

Reopening Scenaric 1
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y =0.9173x + 138.74
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Figure 5-2 Comparison of Observed and Simulated Traffic Count Data duringReopening

Scenario- 2

The value for Rrangesrom 0 to 1where ¢oservalueto 1 indicates the best fit of

the model. APE measures the range from 0% to 100%, where 0% represents the perfect fit

of simulated data with the observed traffic count data. The MAPE value can be measured

by taking the average of the APE values. Value€lAPE also vary within 0% to 100%,
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with 0% being a perfect fit. GEH denoteseampirical formulathat has proven useful for

a variety of traffic analysis purposes. For traffic modelling work in tiaselin@scenario,

a GEH of less than 5.0 is consideradgood match between the modelled and
observedourly volumes. 85% of the volumes in a traffic model should have a GEH less
than 5.0. GEHs in the range of 5.0 to 10.0 may warrant investigation. If the GEH is greater
than 10.0, there is a high probabilitat there is a problem with either the travel demand
model or the traffic count datdhe calculated validation parameters for both reopening
scenarios are shown in tfiable 53.

Table 5-3 Validation Parameters of Reopening Scenarios

Passenger Car Total Traffic
Observed Simulated R?> APE MAPE GEH Observed Simulated R?> APE MAPE GEH

1910 1724 10% 436 2154 1842 14% 6.98

—

2 1005 936 7% 2.21 1080 940 13% 4.41

g 0.95 20%

3 615 672 096 9% 18y 225 629 672 7% 1.69

(o))

=

g 2150 1890 12% 578 2185 1904 13% 6.21

o

o

& 606 924 52% 1150 606 924 520 11.50
4080 4192 3% 1.74 4145 4192 1% 0.73

N

2 3150 3688 17% 9.20 3330 3688 11% 6.04

g 0.95 13% 0.97 10%

8 5900 5148 13% 10.12 5920 5172 13% 10.04

(o]

k=

g 1300 1144 12% 4.46 1305 1152 12% 4.37

(o

(@]

& 565 436 23% 5.77 575 502 13% 3.15

The R values for passenger car, and total traffic are determined separately for both
reopening scenarios. Duritige reopening scenario 1, the R values for passenger car
and total traffic are 0.96 and 0.@5gure 51) respectivelyDuring thereopening sceario
- 2, the Rvalues for passenger car, and total traffic are 0.95 and(Bi§dre 52). The
larger the Rvalue, the better the model represents the observed traffic count data. For this

study, the value of Hs greater than 0.95 for all casedich proves that the model is a
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good fit.Another goodness of fit measure, MAPR#ean Absolute Percentage
Error),computes the average percentage errors of a msdadiffers from actual values

of the traffic volumeMoreover, duringhereopening scenariol, theMAPE values for
modes (passenger car, and total traffic) are 18% and idAflarly, duringthereopening
scenario- 2, theMAPE values for modes (passenger car, and total trafficl 3%e and
20%.In addition,85% of the volumes in a traffic mddie found a GEH less than 5,0.
whichis consideredo bea good match between simulated and observed traffic count
data.

5.2.4 Emission Model

The phased reopening scenafmsHalifax Regional Municipality (HRMgare developed
within the Motor Vehicle Emission Simulator (MOVES2014b) platform. The detailed
description of emissiomodellingcanbe found on sectioA.45 Emission Model The
Table 54 shows the source type population feopeningscenarioi 1 andreopening
scenario- 2. And the Table & summarizes the vehicle type VMT (HPMSVtypeDay) for

one day.

Table 5-4 Source Type Population during Reopeningcenario- 1 and ReopeningScenario -
2

Source Reopening Reopening
Type Scenario- 1 Scenario- 2
ID Mode : : : :
Morning Evening Morning Evening
Peak Peak Peak Peak
21 Passenger Car 427,682 337,449 457,386 238607
52 Delivery Truck 2,083 1971 2,083 1971
62 Combination Longhaul 16,397 14,725 16,397 24,510
Truck
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Table 5-5 Vehicle Type VMT for One Day during Reopening Scenario 1 and Reopening

Scenario- 2
HPMSVtype Reopening Reopening
ID Mode Scenario- 1 Scenario- 2
25 Passenger Car 763020 699209
50 Delivery Truck 3,324 3,324
60 Combination Longhaul 187,085 240694

Truck

TheFigure 53 and Figure & show the hourly profile of Environment temperature
and relative humiditgluringreopening scenariol (May 2020)andreopening scenario

2 (August 2020).
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Figure 5-3 Hourly Profile of Temperature during ReopeningScenario- 1 (RE1) and
ReopeningScenarioi 2 (RE2)
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Figure 5-4 Hourly Profile of Relative Humidity during Reopening Scenaric 1 (RE1) and
Reopening Scenarid 2 (RE2)

5. 3 Result Analysis

This chapter investigatebeimpact of COVID19 duringreopening scenario$hefocus

of this chapter is to demonstrate the gradual change in tradfione and vehicular
emission due to the impact of the COVID pandemic. Theulticlass traffic assignment
model generates the total traffic volume by link ottbreopening scenarios. The results
from the traffic assignment model are used to evaluatestieular emission utilizing the
developed emission modeThe results obtained from th&udy are discussed in the

following sections.

5. 3.1 Result of Multiclass Traffic Assignment Model

The result of the multiclass traffic assignment model provides link volume for all modes.
Here, passenger car, delivery truck, and {bagl truck movements are modelled. The
model provideshe link volume fototal traffic of morning peak period (7:@0n-8:59 am)

and evening peak period (4:@dn-5:59 pm) as shownn the following Figure 55 and
Figure 56.
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a) Reopening Scenariol b) Reopeningscenario- 2
(7:00 am7:59 am) (7:00 am7:59 am)

\
¢) Reopening Scenariol d) Reopeningscenario- 2
(8:00 am8:59 am) (8:00 am8:59 am)

Figure 5-5 Comparison of Link Volume of Total Traffic Flow during Reopening Scenarie
1 and ReopeningScenario- 2 (Morning Peak Period)
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a) Reopening Scenariol
(4:00 pm4:59 pm)

b) Reopenindgscenario- 2

(4:00 pm4:59 pm)

AV

¢) Reopeningscenario 1
(5:00 pm5:59 pm)

d) Reopeningscenario- 2
(5:00 pm5:59 pm)

Figure 5-6 Comparison of Link Volume of Total Traffic Flow during Reopening Scenarie

1 and ReopeningScenario- 2 (Evening Peak Period)

For both scenarios, reopening scenarioand reopening scenaii@®, total traffic

volume got increased from lockdown peri®lt still the traffic volume is less than the

businessasusual scenario. For instanga,the morning peak periotraffic volume got

increased byl2% in the reopening scenaiial and 51% in the reopening scendri@

with respect to lockdown scenarlbwe consider BAU scenario adaseline, the decrease

of traffic volume can be expressed as 20% decreaseliadpening scenariol and15%

decrease irthe reopening scenarid 2. Similarly, in the evening peak period, traffic
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volume got increased b§6% and 35% during theeopening scenarib 1 and reopening
scenariol 2 respectively compared tockdown scenarioThis can be expressed as a
41.5% and 56% decrease in traffic volume in the reopening scénarand reopening
scenarid 2 respectively.

5.3.2 Result from Emission Model

5.3.2.1 Hourly Profiles of Emission of Pollutants
The hourly profiles for total emission duringppening scenaridl andreopening scenario

- 2 are shown in the followin@able 56 and Table &.
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Table 5-6 Hourly Profiles for Total Emission during Reopening Scenaric 1

Pollutants GHG CO NOy PMp PM;s SO, THC VOC
Ton Ton Ton Ton Ton Ton Ton Ton
Mode Time
Passenge 7amto 132.67 145 0.09 000 000 0.00 0.16 0.16
Car 8am
8am to 13429 137 0.09 0.00 0.00 0.00 0.15 0.15
9am
- Total 26696 282 0.18 0.01 0.01 000 031 0.30
ke
8_7 Delivery 7am to 0.53 0.00 0.00 000 000 000 0.00 0.00
~ Truck 8am
S 8am to 267 001 001 000 000 000 0.00 0.00
Dz;) 9am
c Total 320 001 001 000 0.00 0.00 0.00 0.00
c
§ Long 7am to 9749 0.08 0.21 001 001 000 001 0.02
Haul 8am
Truck 8am to 291.47 0.18 0.63 0.03 0.03 0.00 0.03 0.03
9am
Total 388.96 0.25 0.84 0.04 003 000 0.05 0.04
Passenge 4pmto 103.39 090 0.06 000 000 0.00 0.08 o0.08
Car 5pm
5pmto 107.34 092 0.07 000 000 0.00 0.08 0.08
6pm
- Total 210.74 1.82 0.13 0.00 0.00 0.00 0.16 0.16
=)
o Delivery 4pm to 234 000 001 000 0.00 0.00 0.00 0.00
i Truck 5pm
s 5pmto 0.10 0.00 0.00 000 000 000 0.00 0.00
= 6pm
g Total 244 000 001 000 0.00 0.00 0.00 0.00
(O]
0 Long 4pm to 95.67 0.05 020 001 001 000 0.01 0.02
Haul 5pm
Truck 5pm to 258.44 0.13 055 0.02 002 0.00 0.02 0.02
6pm
Total 35411 0.18 0.75 0.03 0.03 0.00 0.03 0.03
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Table 5-7 Hourly Profiles for Total Emission during ReopeningScenario - 2

Pollutants GHG CO NOx PMyp PM2s SO, THC VOC

Ton Ton Ton Ton Ton Ton Ton Ton

Mode Time

Passenge 7amto 151.02 184 0.11 0.01 0.01 000 0.22 0.22

Car 8am
8amto 149.27 159 0.10 0.01 0.00 0.00 0.28 0.18
9am
5 Total 300.28 343 0.21 0.01 0.01 0.00 0.40 0.39
o
;a'__a Delivery 7am to 0.52 000 0.00 0.00 0.00 0.00 0.00 o0.00
~ Truck 8am
3 8am to 262 001 001 000 000 0.00 0.00 o0.00
o 9am
.g Total 3.14 001 001 0.00 0.00 0.00 0.00 o0.00
§ Long 7amto 120.15 0.09 0.22 0.01 001 0.00 0.010 o0.02
Haul 8am
Truck 8amto 379.67 0.22 0.71 0.04 003 0.00 0.04 o0.04
9am
Total 499.82 0.31 093 0.05 0.04 0.00 0.06 0.05
Passenge 4pmto 126.48 1.20 0.10 0.00 0.00 0.00 0.12 011
Car 5pm
5pm to 110.62 1.16 0.09 0.00 0.00 0.00 0.12 0.12
6pm
Total 23710 236 0.19 0.01 0.01 0.00 0.24 0.23
i)
o
© Delivery 4pm to 236 000 000 0.00 0.00 0.00 0.00 o0.00
T Truck 5pm
s 5pm to 0.10 0.00 000 000 000 0.00 0.00 o0.00
= 6pm
g Total 246 000 000 0.00 0.00 0.00 0.00 o0.00
()
@ Long 4dpmto  252.37 0.13 045 0.02 0.02 0.00 0.02 0.02
Haul 5pm
Truck 5pmto  205.67 0.11 0.37 0.02 0.02 0.00 0.02 0.02
6pm

Total 458.04 0.23 083 0.04 0.04 0.00 0.04 0.04

During thereopening scenariol, the total emissions of GHG, CO, N My,

PMzs, SG, THC and VOC for passenger cars during the morning peak peri@é@&s
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ton, 2.82 ton, 0.18 ton, 0.01 ton, 0.01 ton, 0.00 t@1, tnand 0.30 ton respectively. But
during thereopening scenari®, as the activity increased, the emission also got increased.
The total emissiogiof GHG, CO, NQ, PMio, PMz 5, SG,, THC and VOCare reported as
300.28 ton, 3.43 ton, 0.21 ton, 0.01 ton, 0.01 ton, 0.00 ton, 0.40 ton and 0.39 ton
respectivelyFor the delivey truck and lock haul truck, similar treoflincreased emission

is noticed as well. Even during the evening peak period, the emission for almost all

pollutants havéncreased.

5.3.2.2 Change s in Major Pollutants during Phased Reopening

Scenario s

During the lockdown, COVIEL9-imposed limitations reduced key pollutant emissions;
but, after the restrictions were lifted, the emissions began to incidasemission model
results predict themission during the phased reopening scenarestioned edier.
During reopeningscenario- 1 (RE-1), geenhouse gas (GHG) emission by passenger car
got increased from lockdown scenario, which38% and 38% of GHG emission in
businessasusual(BAU) scenario during morning and evening peak period respectively
(Figure 57). The GHG emission by passenger car got increased during the reopening
scenariol 2 (RE2) as well.During morning pealperiod,the GHG emission is 25% of
GHG of BAU whereas 30% of GHG emission is also reported in the evening peak period
(Figure 57). Simiarly, GHG emission by commercial vehiclglelivery truck and
combination longhaul truck)is also increased in the reopening scendriand reopening
scenariol 2 compared to the lockdown scenainadboth peak periods (Figure8d. The

Figure 59 showshe GHG emission reduction from BAU scenaramsidering all modes.
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Figure 5-7 Reduction of GHG Emission by Passenger Car durind?hased Reopening
Scenarioswith respect to BusinessasUsual (BAU) Scenario
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Figure 5-8 Reduction of GHG Emissionby Commercial Vehiclesduring Phased Reopening
Scenarioswith respect to Businessas-Usual (BAU) Scenario
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GHG Reduction from BAU

53%
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Figure 5-9 Reduction of GHG Emissionby All Modes during Phased Reopening Scenarios

with respect to Businessas-Usual (BAU) Scenario

Similar pattern is noticed fahe rest of the pollutants as wellhe underlying
reason of the increased emission in reopening scenarios Igtitige of activity and
mobility restrictions. The activity participatisngot increased during this time which
eventually elevated the traffvolume and vehicular emissiofhe changgin emission of
therest of the pollutantsQO, NOx, PMio, PMes, S&, THC and VOQ are included in
AppendixE.

5.3.2.3 Spatial Distribution of Pollutants

The emission density of different pollutamssalsoanalysed with thespatial analysis of
the emission data conducted wittAncGIS 10.5.The emission density of each traffic
analysiszones (TAZ) are calculated and spatially distributedhe ArcGIS platform.
Figure 510 and Figure A1 demonstrate th&HG and COemission density during

reopening scenariol and reopening scenar.

105



GHG (gm/km2)
J0- 10000
[ 100000 - 500000

I 500000 - 5000000
I 5000000 - 25000000
I 25000000 - 40000000
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Figure 5-10 GHG as CO, Equivalent Emission Density duringReopening Scenariel and
ReopeningScenario- 2 for Two Peak Periods
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Both Figure 510 and Figure A1 demonstratehat the highest concentration of
GHG and COoccurs in the downtown core of Halifax and Dartmouthe spatial
distribution of the rest of the pollutantsl@Qx, PMi, PMzs, S&, THC and VOQ are

enclosed in Appendik.

5. 3.2.4 Comparison of Zonal Emission of Major Pollutants

The zonaldensity distribution of major pollutants also analged in this chaptedn the
urban core of HalifaxGHG emission got reduced 3% 40% and 34% during
lockdown, reopening., and reopemg2 scenarios respectively in the morning peak
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period. Similar €nd is noticedn the evening peak as well which is 47%, 42% and 34%
GHG emission reductiomuring lockdown, reopeninfj, and reopening scenarios
respectivelyAll other pollutants also reveal the same pattern. Moretiveisuburban and
urban regionslemonstratéhe increase of emission in the reopening scenarius total
zonal emissions by pollutants fozopening scenariol andreopening scenario2 are

shown in the followingrable 58 andTable 59.
Table 5-8 Zonal Emission of Major Pollutants during Reopening Scenaric 1
Reopening Scenaric 1
Morning Peak
Region GHG co NOx PM1o PM2s SO THC voC
(gm/km?)  (gm/km?)  (gm/km?)  (gm/km?)  (gm/km?)  (gm/km?)  (gm/kn?)  (gmi/kn?)

Urban 522887064 2,786664 799998 37,220 33923 3,978 341863 328470
Suburban 190419861 1,014820 291,335 13555 12,354 1,449 124496 119619

Rural 2,908774 15,502 4,450 207 189 22 1,902 1,827

Total 716215699 3,816986 1,095784 50,982 46,466 5,449 468262 449916

Evening Peak
Region GHG Cco NOx PM1o PM2s SO THC VOC
(gm/kn¥) (gm/kn?)  (gm/kn?)  (gm/kn?) | (gm/k?) | (gmikm?)  (gmikn?)  (gm/kn?)

Urban 448285508 1,915653 718123 28121 25,703 3,435 203665 197,133
Suburban = 163252201 697623 261519 10,240 9,360 1,250 74,168 71,790
Rural 2,493772 10,656 3,994 156 142 19 1,132 1,096

Total 614031482 2,623933 983637 38518 35,206 4,705 278967 270020
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Table 5-9 Zonal Emission of Major Pollutants during ReopeningScenario - 2
ReopeningScenario- 2
Morning Peak

Region GHG CcO NO« PMio PM2.s SO THC VOC
(gm/kn?)  (gm/kn?)  (gm/kn?)  (gm/kn?)  (gm/kn?)  (gm/kn?)  (gm/k?)  (gm/kn?)

Urban 581391571 2,367,004 838271 41,399 37,898 4,513 274855 264875
Suburban 211725456 861992 305273 15,076 13801 1,644 100094 96,459

Rural 3,234229 13167 4,663 230 211 25 1,529 1,473

Total 796351256 3,242164 1,148207 56,705 51910 6,182 376478 362808

Evening Peak
Region GHG CcOo NOx PM1io PM2s SO, THC VOC
(gm/knv) (gm/kn?)  (gm/kn?) | (gm/kn?) - (gm/kn?)  (gm/kn?) | (gm/kn?) - (gm/kn?)

Urban 506870733 1555744 724791 33,295 30,515 3,969 153376 146927
Suburban = 184587191 566555 263947 12125 11,113 1,445 55,855 53,507
Rural 2,819677 8,654 4,032 185 170 22 853 817

Total 694277601 2,130954 992771 45,606 41,797 5,436 210084 201251

5.4 Conclusion

This chaptemproposes a comprehensive modelling frameworkrfeasuring the impact of
COVID-19 pandemic on traffic volume and vehicular emissions of Halifax Regional
Municipality (HRM) during phased reopening scenarios. One of the most significant
contributions of this research is the integration of the acthédiye travel demand and
traffic assignment models in EMME with the emission model in MOVES. A multiclass
traffic assignment model is deployed within the EMME platform to investigate the impact
of COVID-19 on the traffic volume. The origihestination (@D) martices for different
scenarios extracted from the output of 8erterterm DecisionsSimulator (SDS), are
utilized in EMME to understand the network impact for both reopening scenarios.
Considering the output of the EMME model, the emission model fofexaRegional
Municipality (HRM) is developed within the MOVES platform. The multiclass traffic

network model is calibrated and validated using traffic count data collected from
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Harbourside Transportation Consultants. During the reopening scedatioeR? values

for passenger car and for total traffic are 0.96 and 0.95. During the reopening sc2nario
the R values for passenger car and for total traffic are found to be 0.95 and 0.97. This
study offers a better understanding of the spatial distribwiforehicle movements and
associated emissions in Halifax during the pandemic.

The results of multiclass traffic network model give the insights about the change
in traffic volume during the phased reopening scenarios of C&Mpandemic in Halifax
Regonal Municipality (HRM). For both reopening scenarios, as the restrictions lifted, the
vehicular movements got increased compared to the lockdown scenario. For instance, in
the reopening scenario 1, traffic volume got increased by 42% during morning peak
period with respect to the traffic volume of lockdown scenario. Similarly, 76% increase
during evening peak period is reported. Likewise, in the and reopening sdebariaffic
volume got increased by 51% and 35% in the morning and evening peak period
respectively. Therefore, the increase of traffic volume results in the rise of emissions in
the phased reopening scenarios. The hourly profile of emission during reopening scenario
- 1 describes that passenger car generates 266.96 ton GHG during thmgyrpeaki period,
whereas the total emissions from delivery truck and-twengj truck are 3.2 ton and 388.96
ton, respectively. Similarly, the total GHG emission by passenger car is 210.74 ton for the
evening peak period, whereas delivery truck and-lwengj truck are responsible for 2.44
ton and 354.11 ton of GHG respectively. Similarly, the hourly profile of emission during
reopening scenario2 estimates 300.28 ton GHG during the morning peak period. The
total emissions from delivery truck and Iehgul tuck are 3.14 ton and 499.82 ton,
respectively. Likewise, the total GHG emission by passenger car is 237.10 ton for the
evening peak period, whereas delivery truck and-lwengl truck are responsible for 2.46
ton and 458.04 ton of GHG respectively. Durmgrning and evening peak periods of
reopening scenariol, GHG emission by passenger gat increased which is 33% and
38% of the GHG emission in BAU scenario. Moreover, in the reopening scebatie
GHG emissions considering all modes are estimaidoe 31% and 32% of the GHG
emission of BAU scenario during morning and evening peak period respectively.

The spatial distribution of various pollutants from this model shows the emission

density distribution in the Halifax Regional Municipality. Thetdimution shows that the
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highest concentrations of pollutants exist in the Halifax and Dartmouth downtown cores.
This study also examines the density distribution of major pollutants for different area type
of HRM. During the morning peak period of reopenscenariec 1, GHG, CO and N©O
emission got increased by 27%, 25% and 56% with respect to lockdown period. Similarly,
during the evening peak period of reopening scendjoncreases of 23%, 30% and 8%
for GHG, CO and NQcompared to lockdown scenaaeoe reported. Also, the suburban
and urban regions demonstrate the increase of emission in the reopening scenarios.
This study has some certain limitations. Due to the unavailabilityR¥ travel
survey data, the associated models are constructed esidiyravailable data sources.
The immediate future work is to conduct a comprehensive teaieiity survey, capturing
pandemieinduced travel behaviours. Moreover, subsequent studies should include
dynamic traffic assignment (DTA) based approach to sakentage of granular level of
activity participation and destination choices available in the model. Nevertheless, this
research provides vital insights on the Halifax region's traffic network impact and
emissions during COVIEL9 pandemic. Results of thstudy will aid policymakers in
developing interventions during emergencies, and this modelling framework can be
utilized to develop multiple pogtandemic scenarios to understand traffic network impact
and overall vehicular emissions in the Halifax RegloMunicipality (HRM). Recently,
the HRM has adopted a comprehensive emission reduction strategy, known as HalifACT
2050, which includes the reduction of emission by 80% below 2016 levels and becoming
carbon neutral by 2050. The results from this studyiccbe helpful to set this target,
monitor the outcome, and evaluate accordingly. In addition, transportation professionals
can wutilize this studyo6s results to mitiga:
pricing adopted by the Federal Goveennh of Canada, the integration of the urban
transport network model and emission model is required. Finally, the emission results are
also relevant to the epidemiological studies of environment pollution and corresponding

health issues.
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Chapter 6

Conclusion

6.1 Summary

The research is motivated by theddendisruption of the world healtand economyy
COVID-19 pandemicThistype of disruption also accelerates the transformation of urban
and transportation planninBolicymakers will have to reconsidagpdating the urban and
transportation planning to ensure a sustainable transport system and be prepared for any
sudden disrugons. The COVID19 pandemic hashanged our activity participation,

travel behaviour mode choiceas well as recreational activitieBhe changes in activity

and mobility restrictiongduring the pandemidhave affected théncome of business
establishments, trafficolumeand vehicular emission.

As one of the growing cities of Canada and a major economic center of Atlantic
Canada, Halifax is largely concentrated with government services and private sector
companies. Even wvcontainer terminals and one intermodal terminal in Halifax generate
a huge traffic flow. The significant truck traffic contributes to the city's local traffic volume
and vehicular emissions. But during the pandemic, imposed activity participation and
modility restrictions significantly affected these sectors. Many-essential businesses
got shut down and a huge percentage of people lost theirTjbbanobility restrictions
also have a positive impact on the vehicular emission during lockdown pBubwdith
the lifting of restrictions, theconomic sector and vehicular emissgpartedto get back
to the preCOVID situation.Therefore, this thesidevelops a comprehensiweodelling
framework toassesghe changes in sales volume of business establishments, traffic
volumeandvehicular emissiosidue to mobility restrictiongmposed by the government
during the COVID19 pandemitockdown and reopening phases.

Thethird chapter of this research preseatsnnovativemodellingframeworkto
estimatethe impact of the mobility restrictions due to COVID-19 pandemicon sales
volume of business establishmentiuringthe lockdown and phased reopening scenarios
for the Halifax Regional Municipality (HRM).The business establishment dataset is

geocoded and spatially joined with attributesHaflifax to estimate the sales of Traffic
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analysis zones (TAZ) in the businessusual scenarid?andemic scenarios are developed
within this modeland sales of business establishments estimatedor lockdown and
reopening scenariofhis chapter includethe integratiorof activity-based tragl demand

model and latent claseegressionmodel to estimatehe sales volume of business
establishments during the lockdown and phased reopening scenarios for therIRM.
chapter reveals th#tte Halifax Regional Municipality (HRM) faced an average economic
loss of 87% during the lockdown period in comparisothéobusinesgasusual scenario.
However, through the multistage reopening of the business establishments and activities,

the sales volume started to increase exybcted toeachthe pre pandemic periosoon.

The faurth and fifth chaptes develop amodelling framework to examinethe
impact of activity and mobility restrictions on traffic volumeand vehicular emissiors
of major pollutantsThe modelling frameworis developed fobusinessasusual scenario,
lockdown scenarioteopening scenarie 1 and reopening scenarie 2. The modelling
framework includes theintegration of activitybased travel demand mogdédHalifax
regional transport network model and an emission inddes modeladapts multiclass
traffic assignment methods that incorporates both passenger car and commercial vehicle
movementsThe model is calibrated and validated limckdown scenario as well as both
reopening scenaride acquire actual traffic condition in the network. The goodness of fit
of this model isneasuredh terms of R, MPE, andGEHin the lockdown scenario whereas
R2, APE, MAPE, andsEH values are calculated foopening scenario$he resultfrom
the modelreveal that during the lockdown scenario, Halifax experiencesbatantial
reduction in vehicular movements by 44% and 68% during morning and evening peak
periods respectivelbignificant decrease ofHB5 emission andther pollutants have been
demonstratedrom this model resultsThe results also indicate thacrease of vehicular
movements and emission during the phased reopening scenfaoiosnstance, in
reopening scenarie 1, traffic volume got increased b§2% and 76% with respect to
lockdown scenario in the morning and evening peak period respeciivigyincrease in
vehicular movementsventuallydirected to the rise of vehicular emissidnghe morning
peak period of reopening scenariog andi 2, anincrease of 67 tons and 100 tons of
GHG emissions is estimated from the lockdown scenadditionally, this model shows

a similar pattern of increased emissions for other pollutenthe phased reopening
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scenariosin summary, thdéindings of the reseah will help the policymakers to develo

plans to be prepared for any emergencies like COMpandemic.

6. 2 Major Contribution S

This thesis hasignificant contributions in the field afansport and emissiamodelling
regarding COVIDB19 pandemic. The major contributions are describedabelo
1. This thesisexamines the changes sales volumef business establishments
by utilizing an activitybased travel demand modellirgpproachduring
pandemic scenarios.
2. It offers an innovative modelling frameworky integrating activitybased
travel demand model, Halifax transport network model and emission model
3. It gives critical insights about thinpact of mobility restrictions orsales
volume of local busines®stablishmenistraffic volume and vehicular

emissios during lockdown and phased reopening scenarios.
6.3 Limitations and Future Scope

The consequence of the ongoing pandemic crisis throughout the world on business
establishment sales, traffic volume, and vehicle emisssahsfocusof this researchilhe

study addressed the gaptbé existingresearcton the examiation of thesempacts on
regional levelHowever, this research has some certain limitatidbhe.major limitation

of this study is the unavailability of travel survey ddthe scenarios of pandemic are
developed within the activithased travel demand model by consmg many
assumptions from various available data sour€Gsmducting a comprehensive travel
activity survey to capture the pandermduced travebehaviourshould be the immediate
future work. Another limitation of the study is, whilestimating the sales of business
establishments, online shoppindpich has significantly increased during this pandemic,
is not consideredDue to time constraints, transit assignment is not considered in the
Halifax transport network model. The immediat®rk should consider the transit
assignment module in the mod&hother limitation of this study isonsidering only two
peak periods (total four hours) analyse the impact of the pandenkiature study should
focus on thecomprehensive analysaf the impact of pandemic fdwenty-four hous.

Also, the emissionmodel could not be validated due to the unavailability of emission data
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during COVID-19 pandemicThe futurestudy should include thealidation of emission
model toensure the credibility of this model.

Future study could focus on combining an epidemiological model by implementing
health impact parameters within the economic model framework to interpret the pandemic
scenarios in the case of future wavéke subsequent studieshould include dynamic
traffic assignment (DTA) based approach to take advantage of granular level of activity
participation and destination choices available in the mawléuture by mitigating the
limitations, integration ofactivity-basedtravel demand model with the emission model
could bemore operational. Aomprehensive modelling framewatkn be builbased on
this study which will examine the impacts of any mobildisruptive eventsn economy,
traffic network as wellas the vehicular emissioithe modelling framework will aid
policymakersyesearchersand governments tpredictthe impacts of such emergencies
oneconomy and climate chang#ith the forecasdf this model, the policymakers will be
able toadopt newplans toensure sustainable transportation systéioreover, tie results
of this study will be helpfulto set the target of 80% reductioh emissionbelow 2016
levels and becoming carbaeutral by 2050 by HalifACT 205@nonitor the outcome and
evaluate accordinghyinally,t r ansportati on professional s c
to mitigate emission and develop policy for carbon pricing adopted by the Federal

Government of Canada
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Appendices

Appendix A Business Establishment Data Analysis

(a) Industry (b) Retall

(c) Service (d) Transportation

(e) Wholesale

Figure A-1 Number of Business Establishments Distribution throughout Urban Core of
HRM by Establishment Types
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