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EXECUTIVE SUMMARY 

The purpose of this research is to provide vehicular emissions estimates for the Toronto and 

Hamilton census metropolitan areas (CMA’s) at levels as low as the individual road link.  The 

framework that has been developed provides travel demand and emissions estimates on an 

hourly basis, for every hour of a year, for the years 2011 and 2016.  

Emission factors were estimated using MOVES2010b, the state-of-the-art tool for estimating 

mobile emissions developed by the US Environmental Protection Agency.  Part of the MITL 

framework is that the estimated emission factors are stored in large lookup tables that are 

accessed as needed to calculate an inventory from the bottom up. Since emissions are affected 

by a range of factors such as vehicle type, hour of the day, speed, weather conditions and other 

factors, these generated tables are extremely large. 

Assumptions about the age and composition of the vehicle fleet are based on 2011 Vehicles in 

Operation data from Polk Canada and assumptions about the speed distributions of vehicular 

traffic in the region are based on very detailed empirical data at the level of the road link 

purchased from INRIX Corporation. Traffic flows for passenger vehicles, light, medium and heavy 

duty commercial vehicles and transit buses were modelled using software developed earlier at 

the Centre for Spatial Analysis here at McMaster. Hourly emissions on the street network were 

generated by integrating the emission factors and traffic flows. The street network and 

associated traffic flows and emissions were integrated within a geographic information system 

(GIS) framework to provide informative maps of results.  

Emission estimates are generated at the link level, that is, for each segment of arterial roads and 

highways in the CMAs. Hourly weekday and weekend emissions were evaluated separately to 

account for the difference in traffic volumes, vehicle kilometers travelled and vehicle distribution 

on the roads during these periods. In addition, a grid-based approach for reporting emissions has 

also been developed. Here, a more localized representation of emissions is presented using GIS-

based grid mapping where grids of size 2.5 km x 2.5 km are utilized to aggregate link emissions.   

A summary of estimated total emissions for the combined Hamilton and Toronto CMA’s by 

vehicle and emissions type for the base year (2011) is presented in Table 0.1.   This table highlights 

results for some of the most prominent pollutants but estimates for a much larger list are also 

available. 
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Table 0-1: Total emissions for 2011 by vehicle type and pollutant (tonnes) 

Vehicle Type CO CO2 HC NOx Methane Ammonia 

PV 180,271.34 9,937,834.86 17,186.63 15,884.26 834.60 861.72 

CVL 24,440.02 1,516,025.47 1,791.64 2,887.41 122.48 92.05 

CVM 6,177.30 993,694.27 684.97 4,989.88 29.15 28.75 

CVH 2,526.42 1,272,864.76 702.79 7,957.29 115.55 15.51 

BUS 593.56 79,279.22 54.93 566.77 1.37 0.85 

Total 214,008.63 13,799,698.58 20,420.96 32,285.60 1,103.16 998.87 

       

 Particulate Matter 2.5 

 Brakewear Tirewear ECarb OCarb Sulfate Total 

PV 75.89 37.77 144.90 397.12 1.03 543.05 

CVL 12.93 4.29 20.02 55.64 0.15 75.81 

CVM 12.33 2.99 113.06 112.92 0.02 226.00 

CVH 8.40 2.74 259.64 66.51 0.00 326.15 

BUS 1.17 0.25 21.79 7.78 0.00 29.57 

Total 110.71 48.03 559.42 639.96 1.20 1,200.58 

       

 Particulate Matter 10 

 Brakewear Tirewear ECarb OCarb Sulfate Total 

PV 289.91 157.49 155.98 430.20 1.11 587.29 

CVL 49.38 17.88 21.11 60.19 0.17 81.47 

CVM 47.10 12.45 116.57 116.54 0.02 233.13 

CVH 32.07 11.41 267.66 68.56 0.00 336.22 

BUS 4.45 1.04 22.47 8.02 0.00 30.48 

Total 422.91 200.27 583.78 683.51 1.31 1,268.60 

       

 Air Toxins 

 Acetaldehyde Acrolein Benzene Butadiene Formaldehyde Total 

PV 69.98 8.99 639.18 78.30 198.38 16,084.80 

CVL 8.23 1.12 65.33 8.10 22.71 1,642.83 

CVM 18.31 3.32 10.01 2.11 41.79 668.76 

CVH 22.96 4.03 4.86 1.47 55.97 605.43 

BUS 1.23 0.23 0.33 0.10 2.76 37.33 

Total 120.72 17.69 719.71 90.09 321.62 19,039.16 
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1.0 INTRODUCTION 

 

 

 

 

 

 

INTRODUCTION 

 

The McMaster Institute for Transportation and Logistics has been working to improve detailed 

link-based vehicular emissions estimates for select CMAs in Canada. This work is building on the 

work carried out by the Centre for Spatial Analysis at McMaster in the 2009-2010 time frame. 

The intent is to leverage new data sources and apply improved methodologies where possible. 

The report provides a description of the methodology and results for the Toronto and Hamilton 

census metropolitan areas (CMAs). 

To enhance the modelling capability and better represent travel behavior in the study area, two 

separate travel demand forecasting models for the Hamilton and Toronto CMAs have been 

integrated and the overall study area has been enlarged. This new approach relies on the 

Transportation Tomorrow Survey (TTS) zonal classification (Data Management Group, 2013). In 

addition, the model provides base and future year travel projections for the region. Projections 

of travel and emissions to 2016 will be important for this region which is playing host to the 2015 

Pan Am games. 

Computer software has been developed to model travel behavior and estimate emissions on an 

hourly basis for the years 2006, 2011 and 2016. Estimates for 2006 and 2011 were made using 
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available and modelled data. Estimates for the year 2016 were compiled with the aid of computer 

models to simulate future travel demand in the study area based on available data and projected 

trends. 

A major difference between the emission estimates profiled in this document and prior work by 

MITL and the Centre for Spatial Analysis is that these estimates are based on emission factors 

developed from MOVES2010b.   This software from the U.S. Environmental Protection Agency 

incorporates the latest in scientific insights to provide the most accurate possible estimates of 

emission factors. 

Emissions from traffic are an important source of air pollution in urban areas in Canada. During 

the operation of a vehicle, pollutants may originate from several sources or processes.  These 

include: 

 

 gases and particles derived from the combustion processes and emitted through the 

exhaust while the vehicle is running, idling, starting and parked. 

 evaporated fuel via locations along the fuel path and off-network locations 

 particles which result from the breakdown of tire or brake materials 

In Ontario, traffic sources contribute significantly to the total amount of pollutants in the 

atmosphere (up to 80% in the case of carbon monoxide).  

In utilizing MOVES2010b the list of pollutants that can be inventoried has increased by fivefold. 

Appendix 1 contains the full list of emissions and measures of energy usage that we inventory 

and a description of the most prevalent emissions. For the purpose of brevity and consistency 

with previous reports, only key MOVES2010b emission types are reported on throughout this 

report but estimates are available upon request.  The core list of pollutants/GHGs include: 

1. Carbon Dioxide 
2. Hydrocarbons  
3. Oxides of nitrogen  
4. Carbon monoxide  
5. Methane 
6. Ammonia 
7. Particulate matter (PM2.5 and PM10) 

a. SO4 -  sulfate portion of exhaust particulate 
b. OCARBON - organic carbon portion of diesel exhaust particulate 
c. ECARBON - elemental carbon portion of diesel exhaust particulate 
d. Brake - Brake Wear Particulate 
e. Tire - Tire Wear Particulate 
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8. Air Toxics 

a. Benzene 
b. 1,3-Butadiene 
c. Formaldehyde 
d. Acetaldehyde 
e. Acrolein 
f. Total volatile organic compounds 

 
Note that the only greenhouse gases covered in the list above is carbon dioxide and methane 

which account for the vast majority of all greenhouse gases released from vehicles (Environment 

Canada, 2010).   The others in the list are different forms of criteria air contaminants.  These are 

pollutants that do not occur naturally in the atmosphere. “Oxides of nitrogen” refers to NOX 

which is a criteria air contaminant.  This is not to be confused with N2O which is the greenhouse 

gas nitrous oxide.  

To determine emissions from mobile sources, hourly traffic flow estimates are needed by vehicle 

class for a typical weekday and weekend of the year. Five major vehicle classes are covered in 

this analysis: 

1. Light Duty Passenger Vehicles (PVs) 
2. Light Duty Commercial Vehicles (CVLs) 
3. Medium Duty Commercial Vehicles (CVMs) 
4. Heavy Duty Commercial Vehicles (CVHs) 
5. City Buses 
 

The first four classifications includes both gasoline and diesel fuel types and for City Buses, 

compressed natural gas and electric hybrid fuels types are considered in addition. GTHA vehicle 

fleet survey data from POLK classifies vehicles based on the Gross Vehicle Weight Rating (GVWR), 

which is defined as the maximum allowable total weight of a road vehicle or trailer when loaded, 

including the weight of the vehicle. Using classifications from MOVES2010b, PVs are all passenger 

cars (excluding trucks), CVLs are single unit light commercial trucks, CVMs are single unit short-

haul trucks, CVHs are combination unit long haul trucks and Buses are transit buses which exclude 

the inter-city buses used by the GTHA’s regional public transit provider.   

Commercial transportation which utilizes diesel trucks is a major source of local pollution, 

particularly oxides of nitrogen, some forms of particulate matter (PM) and air toxins. Passenger 

vehicles contribute to high levels of carbon monoxide, gaseous hydro carbons and most air toxins. 

Prolonged congestion during morning and evening rush hour is a daily occurrence, amplifying 

pollution levels during these periods. The impact of traffic congestion on emissions is shown 

clearly in this report.  



Vehicular Emissions in Toronto and Hamilton 

 

McMaster Institute for Transportation and Logistics Page 11 
 

 

 

 

 
 
 
 
 
 
 
 
 
 

2.0   DATA SOURCES 

 
 

 

 

 

DATA SOURCES 

The purpose of this brief chapter is to focus on the data sources used to develop the inventory 

for the CMA’s of Toronto and Hamilton. Each source is discussed in turn along with the 

application of the data and issues surrounding its application. 

 Transportation Tomorrow Survey 

For the study region defined above, we are fortunate to have the results of a very extensive travel 

survey at our disposal. The Transportation Tomorrow Survey (TTS) data is collected and 

maintained by the Data Management Group at the University of Toronto. The data are based on 

a comprehensive travel survey conducted in the Greater Golden Horseshoe Region once every 

five years. Besides collecting socio-economic information on the surveyed travelers and other 

information, the survey identifies the mode of transportation, departure time of the trip, and the 

origin-destination zones for which the trip took place. The survey data are also used to create 

origin-destination (OD) trip matrices, which provide the foundation to estimate traffic flows. 
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The most recent 2011 survey sampled 159,157 households capturing information on 858,848 

non-transit trips and 86,703 transit trips and representing a 5% sample of the Greater Golden 

Horseshoe Area (Data Management Group, 2013). This survey is an important element of the 

2011 inventory and the projected 2016 inventory.  Some work has also been done with the 2006 

TTS data to assist with comparisons in later time periods.  

 Census Data 

The work to this point has made extensive use of small area census information primarily related 

to population for 2006 and 2011.  In addition, an important census ingredient has been a custom 

2006 Statistics Canada tabulation which provides jobs at their place of work by occupation type.  

Census data are also important in that the basic zonal building blocks of the study area are based 

on defined small census areas. 

 INRIX Data 

INRIX Historical Flow data, which reports on average speed on specific road segments in GTHA in 

15-minute intervals, were processed to derive the 24-hour average speed distribution for each 

of the four road types (i.e., rural restricted access, rural unrestricted access, urban restricted 

access, and urban unrestricted access) by two day types (weekday, weekend) as used in 

MOVES2010b. The average speed distribution is used by various emission sub-models in 

MOVES2010b in generating emission factors that reflect local traffic situation. 

INRIX data plays an important role in defining emission factors for the study area.  Emissions are 

related to speed and the INRIX data represents one of the best possible sources for characterizing 

vehicle speeds in a metropolitan area.  While MITL is in possession of INRIX speed data at the 

level of individual links for the GTHA, the data were used here to develop overall vehicle speed 

distributions for the GTHA which influence the ultimate calculation of emission factors by 

MOVES. 

The idea is to determine for a given hour, day type (weekday or weekend) and vehicle type how 

important each speed range segment (bin) is to the overall study area.  At a congested time of 

the day, lower speed bins make up a higher fraction of the overall speed distribution across speed 

ranges.  A speed fraction is the proportion of links in the study area which fall within a pre-

determined range of speeds. Clearly speed fractions can vary by hour and day type.  They also 

vary by vehicle type because the different types are not equally represented across links.  Heavy 

trucks, for example, are more prominent in some locations than others and in relation to other 

vehicle types.  The calculation of the overall set of speed fractions for the study area for a given 

vehicle type is thus reflective of estimated vehicle flows by links that have emerged from the 

results of our traffic assignment algorithm. 
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More specifically, 24-hour average speed distributions by vehicle type, type of day, and average 

speed bin were derived from 2011 INRIX Historical Traffic Flow data. Around 84 million data 

points that represent actual link average speeds at 15-minute intervals in a full week for a 12-

month period were used to derive hourly average speed fractions for each of the vehicle types 

by 16 average speed bins by type of day (weekend, weekday). Average speeds from INRIX data 

were mapped into the 16 average speed bins used by MOVES2010b. Then road links based on 

INRIX Functional Road Class (FRC) were mapped to MOVES2010b road types. Road type and 

vehicle type combinations are used by MOVES2010b to associate them to appropriate drive 

schedules (see Section 2.9.2), ensuring that locally-generated speed fractions are considered by 

MOVES2010b in the calculation of emission factors based on the activity behavior of vehicles as 

reflected by their average speeds. 

 Polk Vehicles in Operation Data 

In generating the emission inventory, appropriate emission factors produced by MOVES2010b 

(emission rates per vehicle) were applied to vehicle population derived from Polk data. Vehicle 

types from the Polk data were mapped into the different vehicle types used by MOVES2010b. 

This mapping ensures that the emission inventory reflects realistic emission estimates based on 

local vehicle registration data for the study area. 

Figure 2-1: Age Distribution Comparison – MOVES vs. Polk 

 

Of particular importance to estimating accurate emission inventories is the assumed age 

distribution of the vehicle fleet. The default vehicle fleet used in MOVES2010b is based on the 

1997 & 2005 U.S. Census Bureau’s Vehicle Inventory and Use Survey (VIUS) and on two databases 
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from R.L. Polk & Co.; the 1999 National Vehicle Population Profile (NVPP) and the 1999 Trucking 

Industry Profile (TIP). Using modelling procedures specific to each vehicle type, current and 

future vehicle fleet age distributions are established based on these older surveys (U.S. EPA, 

2010a).   

Rather than rely on default data from the EPA, vehicle population and age distribution specific to 

the local context are used to establish the most accurate emission rates by vehicle types. 

Significant differences exist between the default MOVES age distributions and data obtained by 

MITL from POLK Canada for the GTHA. Figure 2-1 shows that heavy commercial vehicles and 

passenger vehicles in the GTHA tend to be older compared with the U.S. vehicles of the same 

type. Of particular note, the GTHA has a higher distribution of PVs and CVHs that are from six to 

fifteen years old and there are more than twice the number of newer (<= 5 years old) CVHs in the 

U.S. than in the GTHA (72.7% and 32% respectively). Considering that PVs represent most of the 

vehicles in the GTHA and that certain emissions are emitted primarily by CVHs, the Polk database 

is essential to estimating an accurate inventory. 

 InfoCanada Data 

Data were purchased for this research from InfoCanada in order to better understand the 

geography of jobs in the study region and to help drive the estimation of commercial vehicle 

movements.  More about the process for commercial vehicle is described in Section 3.3 as well 

as (Ferguson, Ryan, & Maoh, 2010). The location of jobs/workplaces is quite relevant to the 

movements of commercial vehicles and also these locations are very relevant to the movement 

of passenger vehicles.  Job locations have a lot to do with where morning trips, for example, are 

destined and from where evening trips are originating.  In the end, the InfoCanada data played a 

helpful role in the estimation of employment distributions for the years 2011 and 2016.  

 Road and Bus Network Files 

The vector‐based street network for the model region was derived from geographic information 

system (GIS) shapefiles developed by DMTI Spatial Inc. A subset consisting of arterial roads and 

highways, as defined by the DMTI classifications were extracted for this project. The extracted 

shapefile was processed to present the network as a graph consisting of links and nodes to be 

used in the traffic assignment routine. This entailed identifying the topological relationships 

between the various links to define the connectivity of the network. Furthermore, the DMTI road 

class was used to determine the posted travel speeds [km/hour] on each road link. The design 

capacity on each road link was based on estimating the number of lanes per link and other 

attributes. The latter were derived from the GEOBASE GIS road network produced by Natural 

Resources Canada. Standard information from the Highway Capacity Manual 7 was used to 

determine the passenger car per lane per hour (PCPLPH) values on each link of the network. The 
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product of the PCPLPH value and number of lanes of each link provided the design capacity 

measure needed when performing the traffic assignment. The length of each link was calculated 

in GIS in km. This information is used in conjunction with the posted speeds during simulations 

to determine the time required to traverse a given link in a free flow situation. 

In Figure 2-2 a clear picture of the modelled road links (in red) is provided.  Note that the detailed 

road work does not cover an area as large as the overall TTS zonal system.  Many of these "extra” 

TTS zones are being included to collect trips from these external areas that impact the two CMAs 

of interest.  Since these zones are outside the primary study area, the road networks do not need 

to be captured in as much detail.  Other roads in the map in grey and black are provided to assist 

with context - they are not part of the modelled road network. 

Information from the DMTI Shapefile was utilized to identify which road links place restrictions 

on the movement of medium and heavy trucks. A flag trk = 1 is assigned to all links used by trucks, 

while trk = 0 is used for restricted links. The GIS shapefiles for bus transit routes and hourly bus 

counts were acquired from the various municipalities within the study area. The shapefiles were 

processed in GIS to map the hourly bus traffic on the different links of the network for the base 

year. 

Figure 2-3 provides an overview of the bus network that has been assembled for this project and 

which forms the basis for estimation of bus flows. For each road link that coincides with one or 

more bus routes, hourly bus flow is used in combination with the estimated hourly average speed 

of a given link to generate link-based bus emissions. Those links classified as “Minor Routes” in 

Figure 2-3 do not coincide with any TRAFFIC links which means there is no other vehicle traffic 

assigned to them. Emission inventories are not estimated for these minor bus links.  
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Figure 2-2: The Modelled Road Network in Context 
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   Figure 2-3: Modelled Bus Network 
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3.0 METHODOLOGICAL OVERVIEW 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

METHODOLOGICAL OVERVIEW 

 

The purpose of this chapter is to discuss the methodological elements associated with the 

development of this inventory.  The three main components are the traffic modelling results, the 

development of emission factors and then putting the two together to estimate the actual 

emissions. 

 

 High Level Picture of Framework 

The modelling framework used for simulating on-road link traffic flows and associated emissions 

is based heavily on MOVES2010b and TRAFFIC.  At a high level, the processes that are involved in 

deriving the inventory are: 

1. Estimation of emission factors for off-network and on-network emissions which take 

into account a wide range of dimensions including:  pollutant, hour of the day, road 

type, vehicle type, season of the year, whether it is a weekday or a weekend, applicable 

vehicle operating characteristics (e.g. speed). 
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2. Estimation of hourly VKT by vehicle type for each link on the GTHA street network for 

weekday and weekends. 

3. Integration of output from steps 1 and 2 to derive aggregated estimates for individual 

pollutants on each link of the road network. 

In Figure 3-1 a more detailed picture of the entire process is provided.  This can be studied bearing 

the three high level processes in mind. 

Figure 3-1: Framework for Estimation of Emissions 

 

 TRAFFIC 

TRAFFIC is custom travel demand modelling and forecasting software, which estimates link-flows 

using the Stochastic User Equilibrium (SUE) algorithm. This software was previously developed at 

the Centre for Spatial Analysis at McMaster. TRAFFIC accepts as inputs a set of origin-destination 

matrices which capture trip-making within an urban study area across a range of vehicle types. 

Through the SUE, which is a traffic assignment algorithm, these trips are translated into traffic 

flows on the appropriate road links for a given hour of the day. The SUE algorithm simulates how 

travelers choose their paths to go from a given origin to a given destination.  The particular origin 
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and destination for a given trip are defined a priori by the origin-destination matrix.  This matrix, 

of course, stores information on all trips. A detailed discussion of the trip assignment procedure 

is provided in Appendix 3. 

TRAFFIC is a GUI-based software, and requires two types of input: 

1-  A road network consisting of links and nodes, connected to a zoning system through 

pseudo links. 

2- An OD matrix for each vehicle type that corresponds to the used zoning system. 

The street network for the GTHA model (Figure 3-2) is represented as a graph consisting of links 

and nodes used in the traffic assignment routine. Each link is associated with attributes such as 

length (km), posted travel speed (km/h), and design capacity (passenger car/hr) based primarily 

on the number of lanes. 

Figure 3-2: Main Window of the TRAFFIC Software for the Study Area 
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 MOVES2010b 

Motor Vehicle Emission Simulator version 2010b (MOVES2010b) is the latest US EPA-approved 

version of MOVES, which is used to estimate inventories of criteria air pollutants, greenhouse gas 

emissions, and some mobile source air toxics from highway vehicles (US EPA, 2010). 

MOVES2010b provides estimate of emissions from mobile sources under a wide range of user-

defined conditions such as vehicle types, time periods, geographical areas, pollutants, vehicle 

operating characteristics, and road types. 

All prior related McMaster emissions work (carried out primarily at the Centre for Spatial 

Analysis) employed MOBILE 6.2c.  Overall, MOVES2010b is much more current in representing 

the best that science has to offer. It incorporates more sophisticated algorithms, increased user 

flexibility given its improved user interfaces and database functionalities, and significant new 

capabilities as shown in the comparison of Table 3-1. 

Given a user-defined scenario specified as a run specification file (RunSpec), MOVES2010b 

performs a series of calculations developed to accurately reflect vehicle operating processes, 

such as cold start or extended idle, and provide estimates of bulk emissions or emission factors 

(rates). Emission factors can be generated for approximately 100 pollutants including: 

Hydrocarbons (HC), Carbon monoxide (CO), Oxides of nitrogen (NOx), Carbon dioxide (CO2), eight 

types of particulate matters (PM) in two micron sizes, and five air toxins. 

MOVES is stand-alone software that can be used to develop emission factors at various spatial 

scales.  In terms of how it has been used within our framework, the objective has been to develop 

large and comprehensive lookup tables of emissions factors that act as a key ingredient in the 

estimation of emissions.  In this respect, the use of MOVES within our work flow does not differ 

from lookup tables that were generated with the employment of MOBILE6.2c.  However, the 

factors themselves are different and some of the dimensions that define the factors are different 

as well. 

Benefits of Using MOVES2010b 

There are many important differences between MOBILE 6.2 and MOVES2010b such as the 

relational database structure of the outputs allowing for detailed queries, the ability to generate 

emission inventories for small scale projects, more pollutants to estimate, the incorporation of 

off-network emission rates, six more fuel types in addition to the gasoline, diesel, and 

compressed natural gas fuel types offered in MOBILE 6.2, and most importantly, MOVES 2010b 

uses second by second driving behaviour to account for acceleration, deceleration and on-

network idling when producing running emission rates. 
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Table 3-1: Comparison between MOBILE6.2 and MOVES 

 
Source:  (Vallamsundar & Lin, 2011) 

Given the average speed of a link, MOBILE 6.2 assumes that vehicles are traveling consistently at 

that average speed along the length of the link. Rather than assuming that vehicles are moving 

along a link at a constant speed, MOVES2010b uses the vehicle type, road type and average bin 

speed to lookup one of dozens of activity bins which is linked to a second by second drive schedule 
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listing the expected speed of the vehicle at each second of travel along a link. A congested link 

with a low average speed will contain a drive schedule which simulates vehicles repeatedly 

accelerating to a certain speed for a certain, short amount of time, then decelerating to sit idling 

in traffic or at traffic lights for a certain amount of time. These running emission rates are 

calculated based on the amount of energy used by the engine, also known as vehicle specific 

power (VSP).  

 

 Delineation of the Study Area 

A major shift in philosophy from the 2009-2010 efforts of the Centre for Spatial Analysis is that 

the Toronto and Hamilton CMAs are being treated in an integrated fashion. Previously, emission 

estimates for these CMAs were developed in a completely independent manner. In the current 

estimates, trips between the two CMAs are better taken into account. In addition, originating 

trips from an extensive buffer area around the two CMAs are being considered for their impact 

on routes within the two primary CMAs.  These trips are relevant for the portion of the distance 

that occurs on the road links of the two CMAs. While these changes have increased 

computational burden considerably, they are also adding to the realism of the modelling and 

emissions estimation effort. 

In Figure 3-3 some of these key points are illustrated graphically. The area covered by the 

Transportation for Tomorrow Zonal system, with its 3763 zones, is shaded grey.  The impacts of 

major centres such as Kitchener-Waterloo, Cambridge, Oshawa and others are now being much 

more explicitly taken into account. The dotted lines on the map indicate the spatial extent of the 

Toronto and Hamilton CMAs.  There is a substantial area outside those boundaries which is being 

considered for its influence on the main study area. 

 

 Creation of Origin-Destination Matrices 

A key facilitator of the overall objectives for this research is the development of a set of origin-

destination matrices that characterize the movements of the required vehicle types within the 

study area.  For all the vehicle types, generic matrices of this type have been developed for both 

weekday and weekend travel.  None of the O-D matrices are specific to any one day of the year.  

This group of matrices is developed for the base years (2006 & 2011) and the projected year 

(2016). 
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Figure 3-3: Overview of Study Area 
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 Base Year Matrices 

Weekday Passenger 

No modelling efforts from MITL were required to develop the base year passenger vehicle trip 

matrices for 2011 (and also for 2006). The passenger flows for the GTHA model are determined 

from hourly origin‐destination (OD) trip matrices that are derived from the 2011 Transportation 

Tomorrow Survey (TTS). Besides collecting socio‐economic information on the surveyed 

travelers, the household travel surveys identify the mode of transportation, departure time of 

the trip, and the origin‐destination zone pairing associated with the trip. This information is 

utilized to create OD matrices by hour of the day for motorized trips.  

Figure 3-4 and Figure 3-5 provide a comparison 2006 & 2011 patterns based on trip originations 

and arrivals for 8AM on a typical weekday for passenger vehicles.  In 2006 the heaviest volume 

of passenger vehicle originations is primarily in heavily populated suburban areas of Mississauga 

and Markham. Pockets of heavy suburban employment are evident in the arrivals map.  With 

respect to both arrivals and departures, one does not see much red in the Toronto downtown 

core.  Largely this is a result of heavy public transit usage. It is evident that Traffic congestion in 

downtown Toronto is also a deterrent to heavy use of passenger vehicles. Daily trip making 

patterns, not surprisingly, show that week day passenger vehicle trips peak at 8AM and 5PM 

coinciding with the morning and afternoon rush hour commutes (See Figure 3-7 below). 

The TTS survey results from 2011 demonstrate a similar pattern of origin passenger vehicle types 

compared to 2006 though with slight differences. There has clearly been growth in origin 

passenger vehicle trips in the suburbs of Brampton (north of Mississauga), Vaughn, Markham, 

Pickering and Burlington in particular (See Figure 3-5). There has also been significant growth in 

8AM/weekday passenger vehicle trips beginning in zones near Hwy 401 and Hwy 404 (Don Valley 

Parkway) in the City of Toronto. Passenger vehicle trips tend to arrive in suburban zones by and 

large, but there has been notable growth in vehicle arrivals in NE (North York) and SW (South 

Etobicoke) Toronto.  
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Figure 3-4:  Weekday 8 AM Passenger Vehicle Trip Originations and Arrivals (2006) 
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Figure 3-5: Weekday 8 AM Passenger Vehicle Trip Originations and Arrivals (2011) 

 



Vehicular Emissions in Toronto and Hamilton 

McMaster Institute for Transportation and Logistics Page 28 
 

Weekend Passenger 

Two main approaches were attempted in deriving weekend passenger O-D matrices by hour.  

These approaches were necessary since the TTS survey does not directly capture weekend 

behaviour.  One approach transferred statistical parameters that had been estimated in Halifax, 

Nova Scotia based on actual surveyed weekend travel behaviour. The other approach relied on 

manipulation of the TTS weekday matrices. Through a validation process, it was determined that 

the approach relying on modified weekday data from the TTS worked better.  The final selected 

process involved developing an aggregate weekend hourly trip profile based on empirical traffic 

data and then rescaling select weekday hourly matrices so that travel totals by hour 

corresponded to the aggregate profile.  Weekday hourly matrices associated with peak travel 

times and thus non-discretionary travel were omitted from the set of underlying weekend 

matrices.  

Final weekend trip estimates can be seen in Figure 3-7 below.  AM and PM peaks do not appear 

on the weekends but PV trips increase steadily as the day progresses peaking at 3PM. This 

outcome is consistent with Ontario highway weekend traffic volume counts (MTO, 2010).   

 

Weekday Commercial 

Commercial vehicle matrices for the study region have been developed using the microsimulation 

process developed in a recent MITL report (Ferguson et al., 2010).  This body of work portrays 

commercial vehicle movements as tour-based where vehicles originate at a certain location, such 

as a depot, and trace out a route that will involve one or more stops.  In the case of urban delivery 

and distribution functions there would be multiple stops.  Since the details of the microsimulation 

are described in detail elsewhere, the interested reader is referred to those sources for further 

information.  The important aspect for the current work is that rigorous hourly origin-destination 

matrices for heavy, medium and light classes of commercial vehicles are estimated.  As is the case 

with passenger vehicles, associated trips are assigned to the road network using the in-house 

traffic assignment algorithm. 

The process that has been developed for commercial vehicles makes use of spatially detailed 

InfoCanada data on firm location, type and size in terms of number of employees. As is described 

in (Ferguson, Maoh, Ryan, Kanaroglou, & Rashidi, 2012), this fundamental industrial information 

is used in conjunction with tour generation rates that were first established from the 2006 Peel 

Region Goods Movements Survey to assess commercial movements that are likely to arise from 

certain industrial concentrations.  

The base year for commercial vehicle movements in the current report is 2011.  Commercial 

vehicle origin-destination matrices are developed for 2006 and 2016 based on differences in 
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employment data across the time periods.  Decreases or increases in employment translate into 

changes in commercial vehicle movements and ultimately into changes in emissions. 

Results of the microsimulation process are shown in Figure 3-6.  There are particularly heavy 

originations of commercial vehicle activity in Peel Region in the area of Hwys 410, 427 and 401.  

The pattern for arrivals is somewhat less concentrated indicating that commercial vehicles start 

in or near freight nodes and travel to other parts of the region to transport goods.  See Ferguson, 

Lavery, & Higgins (2014) for more information about patterns of truck movements in the region. 

Weekend Commercial 

Since data on weekday commercial movements are almost non-existent, it stands to reason that 

data on weekend movements is even harder to come by.   For the study area, commercial vehicle 

OD matrices for a typical weekend day were estimated by scaling the weekday commercial 

vehicle OD matrices. The scaling factors were derived from a graph of California’s commercial 

traffic fractions (Marr & Harley, 2002)  which contained traffic fractions for a typical weekday, 

Saturday, and Sunday.   

Bus 

Bus traffic flows for the GTHA model for the base year 2006 weekday and weekend are based on 

information found in the time tables of a given transit line. Typically, a given transit line is divided 

into several segments representing major stops (time-points) A, B, C,…, G. Time tables 

corresponding to the transit line provide the time at which a bus would depart a given point.  

Once the transit network is represented by its major line segments e.g. A-B, B-C, C-D, D-E, E-F 

and F-G, attributes of flows on the segments reflecting the hour of the day are created using GIS 

operations. Information on the number of buses that travel on a given segment, (e.g., A-B) in a 

given hour (say 6:00am) is directly derived from the time table. Once the number of buses are 

extracted and coded in the attribute table of the transit network, the flows on a given segment 

is tabulated to determine the total flow from all bus lines in all directions. The result is a database 

that provides the total number of buses by line segment on the road network. The above 

database is constructed for both weekdays and weekend time tables.  
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Figure 3-6:  Weekday 8 AM Commercial Vehicle Trip Originations and Arrivals (2006) 
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Figure 3-7:  Daily Hour Trip Patterns (Weekday vs Weekend) By Vehicle Type (2011) 
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Hourly Trip Summary by Vehicle Type 

A 19 hour summary of the daily pattern of origin-destination trips for four of the vehicle classes 

(passenger vehicles and light, medium and heavy commercial vehicles) is provided in Figure 3-7.  

Each of these charts differentiates the weekday trips from the weekend.  The weekdays for 

passenger vehicles feature an AM and PM peak while passenger weekends and all commercial 

vehicle trips feature a single peak.  At certain hours, over 1,000,000 separate vehicle trips of 

different types can be in progress. There are significantly fewer commercial movements on the 

weekends relative to weekdays.   During the week, commercial movements are maintained at a 

fairly high level throughout the work day but there are declines as the day progresses, especially 

for heavy vehicles. 

 Future Year Matrices 

A necessary ingredient in the development of future year matrices for the five vehicle types is 

the development of population and employment projections for the traffic analysis zones that 

make up the study area.  Growth in population and employment drive increased trip-making 

which leads to an increase in vehicle emissions.  The associated process is outlined below. 

 

Population Projections 

For the base year (2006) and also for 2011, census-based population data are available.  Such is 

not the case for 2016 so a projection process was implemented.  A recently released report 

(Hemson Consulting, 2012) provided information on expected growth rates between 2011 and 

2016 at the census division level.  This information was used to act as a constraint at the higher 

level.    The breakdown of the counties relevant for the study area is shown in Figure 3-8. 

The projections are actually implemented at the level of the TTS zones which differ somewhat 

from census geography although there are similarities with census tracts.  Census population and 

other information from 2006 and 2011 was "walked over" to the TTS zonal system to facilitate 

the allocation of growth for each census division on an "apples to apples" spatial basis.  A 

projection for each TTS zone was achieved by continuing on a more conservative growth 

trajectory based on the changes from 2006 to 2011.  Various constraints were enforced to avoid 

any extreme results.  When a final set of results was obtained for each zone in the census division, 

a rescaling took place to ensure that the results corresponded with the Hemson results for that 

census division. 
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Figure 3-8 Census Divisions/Counties Associated with the Primary Study Region 
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Figure 3-9: Areas of Population Growth 2006-2016 
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Figure 3-9 shows the percentage change in population within the study area between 2006 and 

2016.   There is heavy suburban growth in Halton Region between Hwy 407 and Hwy 401 and in 

many other suburban areas that are well-serviced by the major highways.  There is substantial 

growth on the Hamilton Mountain, particularly on the east, which has been driven largely by the 

completion of the Red Hill Valley Parkway in 2006.   There is growth in many exurban regions of 

the study area as well as some significant pockets of infill development in central areas.  The map 

does show evidence of a condo boom in parts of Toronto.  Other areas, such as the core of 

Hamilton, show little or no growth and even decline in some instances.  Overall, the demand for 

vehicular travel is going to be higher in 2016 than in 2006 and this will be reflected in the 

emissions estimates. 

Employment Projections 

The same Hemson Consulting report provided employment growth rates at the census division 

level from 2006 to 2016.  While we did have census population data at our disposal for 2011, no 

small census area (e.g. tract level) employment information (based on counts at the place of 

work) for 2011 was yet available at the time of this analysis.  InfoCanada employment data for 

2011 helped to fill a gap in this regard. A special 2006 Census tabulation of occupational data at 

the census tract level and linked to the place of work is also an important element in the 

disaggregate analysis.  These data were "walked over" to the TTS system to correspond with the 

zones associated with the origin-destination matrices.  To derive employment results for 2011 

and 2016, the totals for each census division were allocated across constituent zones in 

proportion to the 2006 distributions with some relative adjustments based on areas of growth 

from comparing InfoCanada between 2011 and 2006. 

Development of Projected Trip Matrices 

The population and employment estimates derived for 2016 for the TTS zones enable the process 

to move the passenger trip matrices forward to 2016.  Differences in the observed hourly trip 

outflows (2011 minus 2006) for each zone are regressed against the corresponding differences 

in population and employment.  These hourly equations give insight into how population and 

employment work together in the generation of trips.  The results of the regression suggest, for 

example, that population is an important generator of trips during the AM peak as people leave 

their homes while employment is the more important during the PM peak as people leave their 

workplaces to go home for the day. 

To derive the hourly total trip outflows from each zone in 2016, the regression equations from 

the 2006 to 2011 analysis are used. The right hand side elements of the equation are derived 

from the 2011 population and employment numbers at the zonal level and the 2016 numbers 

are from the small area population and employment projections.  These variables are used in 
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conjunction with the statistically derived parameter estimates to estimate the change in trips 

originating from each zone for each hour from 2011 to 2016.  The 2016 trips totals are derived 

by adding this predicted change to the 2011 trip totals for each hour. 

For commercial vehicle trips in 2016, a similar process is used as is the case for 2006 and 2011.  

Ultimately, differing estimated employment totals associated with each year through the 

employment projections process gives rise to different estimates for commercial trips. 

 Estimating Current and Future Travel Demand for City Buses  

The process to estimate bus flow for 2011 and 2016 based on 2006 data is somewhat different 

and makes use of a set of equations which take into account changes population density (See 

Appendix 5). With sufficient increases in population density, certain bus routes are modelled as 

being served more frequently thereby generating more bus trips. The idea here is to link transit 

demand to population density based on known population changes from 2006 to 2011 and on 

population projections for 2016.  

For bus flow growth predictions, the zones in the study area are first divided into five transit 

regions that represent the different levels of transit service provided in different municipalities 

based on population density (See Table 3-2 below). Toronto is divided into two transit regions, 

one which mainly consists of pre-amalgamation Metro Toronto and the other which represents 

the less dense parts of the city in Etobicoke, Scarborough and others. Mississauga is grouped with 

Oakville and York Region with Milton to represent denser, older suburbs and newer, dispersed 

suburbs respectively. Hamilton and Burlington are grouped, not because they share a certain 

population density, but rather that they are part of the same CMA.  

Cumulative zonal changes in population density from 2006 to 2011 and from 2011 to 2016 are 

then used to estimate changes in link based bus flow based on location (See Figure 2-3). Table 

3-2 shows the change in bus service for each transit region by traffic assignment year. Bus service 

for both 2011 and 2016 increases in suburban areas to coincide with population growth (See 

Figure 3-9) with the exception of the urban core of Toronto.  

Table 3-2: Change in Bus Flow by Transit Region 
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 The Need for a Partially Aggregated Zonal System 

The extent of the detailed road network used in the traffic simulations along with concerns about 

extended computational time for the traffic assignment led to the development of a zonal system 

for the TTS study area that had fewer than the original 3763 TTS zones.  In particular, zones within 

Niagara, Waterloo, Guelph, Wellington, Orangeville, Dufferin, Orillia, Kawartha Lakes, Simcoe, 

Barrie, City of Peterborough, Peterborough County, Brantford and Brant were grouped together 

and designated as external study area zones. With the zonal aggregations, the TTS area is 

represented by 2129 zones. Thus, each of the hourly matrices is a 2129 x 2129 table.  It is 

important to note that in some contexts (e.g. population projections) we used the full 3763 TTS 

zones but particularly in the traffic assignment context, we used the 2129 zone system. 

 Insights into MOVES 

Sections 3.2 and 3.3 have had more to do with the specifics of geography and the development 

of the required origin-destination matrices which ultimately can be associated with vehicle travel.  

In this section, we give an overview of the other major piece having to do with the development 

of emission factors through MOVES. 

 Large Inventories 

It is generally not practical to directly use MOVES2010b to estimate a large, link level inventory 

due to the processing time required. The EPA recommends that emission inventories be 

estimated by MOVES2010b directly only if the number of links and vehicles are relatively small. 

This “project” scale scenario is intended for emission inventories of intersections, short stretches 

of road or parking lots. For larger scale projects like this one, the EPA recommends generating 

emission rates (or factors) for each pollutant which account for different hourly/monthly weather 

conditions, weekday type (weekday or weekend day), road type, and vehicle/fuel combination. 

These are stored in a large lookup table or series of tables. Different emission rates are generated 

for running/on-network rates measured in grams per kilometer and off-network emissions 

measured in grams per vehicle.  

 Emission Factors and Processes 

Emission factors are units of emissions derived for a specific set of variables which describe a 

scenario. A list of factors – in units of grams of emissions per kilometer (on-network) or per 

vehicle (off-network) are generated for each pollutant. These factors are specific to a scenario 

and can be translated into gross emissions on a road link if the traffic volume, link average speed 

and fractional breakdown of vehicle types are known. Emissions are determined based on the 

characteristics of the fleet such as the Gross Vehicle Weight Rating (GVWR), the age and relative 

distribution of each type of vehicle on the street network, fuel types as well as external 
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parameters such as the road type, and meteorological parameters such as ambient temperature 

and relative humidity. 

Emissions are derived from several sources in the process of operating the vehicle and also vary 

with vehicle type and fuel type. Running and start emissions from the combustion process are 

expelled through the exhaust system. Evaporation of fuel is primarily a concern for gasoline fuel 

and not for diesel fuel. Gasoline may evaporate from any location which stores or transports fuel 

including the gas tank and fuel lines, when the engine is turned off or during re-fuelling. Table 

3-3 displays a list of the types of processes accounted for by MOVES when generating emission 

rates and whether the process is link-based (i.e. varies by distance travelled). Most processes are 

either link based or not with the exception of three evaporative processes which occur both on 

the network and off.  Note that Table 3-3 has a speed breakdown for running emissions that 

essentially breaks such emissions into different activity types.  In MOVES there are actually 16 

distinct “bins” or activity types associated at the most basic level with how fast the vehicle is 

moving. 

Table 3-3: Running and Off-network Emission Processes 
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Rates per distance, rates per vehicle (vehicle start and extended idle rates), and rates per profile 

(off-network evaporative rates) were generated by MOVES2010b and combined with VKT (for 

link-based emissions) and the vehicle population (all other emission types) to produce an 

emission inventory. Table 3-3 can be used to help understand the emission rate processes 

described below. It is important to understand that the running processes include on-network 

idling emissions generated when a vehicle is running but is stuck in traffic and that the 

evaporative processes occur both on-network and off-network. 

To understand MOVES2010b emission processes, review the following descriptions (U.S. EPA, 

2010b): 

Running exhaust is tailpipe emissions produced while the vehicle is on-network and the 

engine is fully heated up.  

Start exhaust is based on the baseline running emissions but also accounts for additional 

emissions produced immediately after start-up while the engine is heating up but still off-

network. 

Brakewear and Tirewear account for the particulate matter formed as the brake pads 

and tires wear down while moving.   

Evaporative Fuel Permeation represents the emissions which permeate through the 

rubber portions of fuel systems. 

Evaporative Fuel Vapor Venting emissions are generated from the evaporation of fuel 

seeping from the fuel tank and other parts of the vehicle.   

Extended idle emissions apply only to heavy commercial vehicles. They account for 

emissions produced during long term “hoteling” at truck stops and other parking lots. 

Evaporative Fuel Leak emissions are produced when liquid fuel spills from the vehicle and 

evaporates into the atmosphere subsequently. 

Refueling emissions are generated from the evaporation of fuel from the gas pump itself 

during refueling and the spillage of fuel which evaporates into the atmosphere. 

Crankcase Running, Idle and Start emissions represent the gases that are not combusted 

in the engine pistons which subsequently leak into the atmosphere. 
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 Running Emissions: Speed Bins and Drive Schedules 

MOVES2010b is substantially improved over MOBILE 6.2 in the calculation of on-network 

emission rates based on simulated driving behavior. MOVES2010b contains 47 drive schedules, 

each with an average speed and vehicle specific power (VSP) range and one or more vehicle types 

and road types. By accounting for second-by-second speeds, each drive schedule captures the 

amount of time the vehicle is idling, accelerating, decelerating, and coasting and at what speeds 

these activities are happening. These activities will require a certain amount of effort from the 

vehicle’s engine, or VSP. Generally, the amount of VSP needed increases with the amount of time 

spent accelerating, rather than increasing with the average speed of the vehicle. VSP is directly 

related to emission rates, so depending on the pollutant, average speed, and vehicle type -- a 

high VSP is related to high emission rates. 

Figure 3-10 is one such drive schedule which is used to generate on-network emissions for CVMs 

traveling at low average speed less than 8 km/h on any type of road (See Appendix 5.3). The 

vehicle would be expected to idle for 31.1% of the time in this scenario. When not at a full stop, 

the vehicle travels at inconsistent speeds, alternating between acceleration and deceleration 

with very little coasting in between and reaching a maximum speed of only 38 km/h.    

Figure 3-10: Low Average Speed Drive Schedule Example 
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Figure 3-11: Medium Average Speed Drive Schedule Example 

  

Figure 3-11 is also a drive schedule for a CVM, but with a higher average speed of between 32 – 

40 km/h. This drive schedule simulates a link that is moving rather slowly, but is experiencing 

quite a bit less stand-still traffic congestion. Due primarily to the greater required amounts of 

acceleration, the VSP of the low average speed drive schedule would be greater than the medium 

speed drive schedule. The VSP of the drive schedules from an uncongested road, with more 

consistent second-by-second speeds (no matter the average speed), will tend to require less VSP 

and thus lower emission rates. 

On-network emission rates for 16 average speed bins for each of the five vehicle types and four 

link types are generated for all pollutants based on drive schedules. The 16 speed bins are in 8 

km/h bins (originally 5 mph bins) from 0 to 128 km/h, each with an average speed equal to the 

median value of the speed bin range (e.g., 4 km/h average speed for the 0 – 8 km/h bin). To 

determine the VSP of one speed bin for any combination of vehicle type, road type, and pollutant, 

two driving schedules with average speeds closest to the speed bin average are selected. The VSP 

of these two driving cycles are averaged together and weighted by the proximity of the drive 

schedules’ average speed to the speed bin average. Appendix 5.3 lists the driving schedule 

average speeds and the vehicle and road type to which they are linked. 

The drive schedules used for commercial vehicle emission rates do not differ by road type as do 

the drive schedules for PVs and CVLs (See Appendix 5.3). Notice that the maximum speed of the 

drive schedule in Figure 3-11 reaches up to 90kmh but is listed as a drive schedule for any road 

type. Some drive schedules for non-highway road types will include speeds that are greater than 

the typical speed limits of these road types. When generating emission rates for speed bins that 

are intended to be used for non-highway links, MOVES2010b will use a drive schedule for another 

vehicle type which has speeds consistent with typical speed limits of non-highway links.  
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 Rate per Vehicle Emission Factors 

Running emissions are directly related to distance travelled.  Such is not the case for the rate per 

vehicle emissions summarized in Table 3-3.  By far the dominant source for rate per vehicle 

emissions is start emissions and also extended idle emissions for trucks are quite significant also.  

There are a number of evaporative, rate per vehicle processes that generate relatively small 

amounts of emissions. 

By their nature, the rate per vehicle emissions have nothing to do with the speed bins described 

in the prior section.  They are, however, very much related to measures of vehicle population.  In 

MOVES then, the development of estimates for start emissions, for example, is quite separate 

and distinct from the extensive traffic modelling required to derive estimates of running 

emissions.  Off-network, rate per vehicle factors that have been used for this inventory vary by 

hour of the day, vehicle type, month, day type and whether they can be linked to idling or 

evaporative processes.  Specific assumptions, for example, about how a certain magnitude of 

vehicle population leads to a certain number of starts in an hour have clearly been built into the 

factors that emerge from MOVES.   

 Assumptions/Sources of Error 

In the end, there are many assumptions/sources of error that could lead to errors in estimates of 

vehicular emissions.  MOVES itself is essentially a tool based on best available science and is no 

doubt subject to its own assumptions which are not reviewed in the current report. A wide range 

of assumptions and potential errors relate especially to the traffic and projections portion of the 

framework implemented here. 

 There are seasonal variations in traffic patterns that have not been captured. 

 There are variations in day-of-the-week traffic patterns that are more nuanced than our 

basic weekday-weekend estimates. 

 Estimations of commercial vehicle activity is inherently difficult due to a profound 

shortage of relevant data. 

 Rate per vehicle emissions, which are not related to distance travelled, have been 

assigned to links via a proportional allocation process. 

 The traffic assignment process that was adopted to assign trips to the network in 

accordance with design speeds and road capacities does produce estimates of congested 

speeds which will result in lower overall speeds when the number of trips is high relative 
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to capacity.  Nevertheless, it is possible that congestion has been under or over-estimated 

relative to reality.  Clearly, it is very difficult to take daily traffic variation into account. 

 We have specifically linked the TTS origin-destination information to light-duty passenger 

vehicles but clearly light passenger trucks would constitute some of these TTS trips. 

 One 24 hour profile of temperature and relative humidity is used per month and is taken 

to represent a good overall average for the middle of that month. To generate emission 

estimates for specific days of the calendar year, an interpolation process is used. The 

results for any one day are treated as a weighted average of the results for the two most 

relevant months. Appendix 2 lists the 24 hour profiles of temperature and relative 

humidity per month. These values are based on hourly/monthly historical averages from 

1980 to 2010 for the GTHA obtained from Environment Canada’s historical climate data 

portal (http://climate.weather.gc.ca/). Each hour for each month represents the 30 year 

average temperature or relative humidity at a given hour for everyday in a given month.  

 

 

 

 

  



Vehicular Emissions in Toronto and Hamilton 

McMaster Institute for Transportation and Logistics Page 44 
 

 

 

4.0 RESULTS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

RESULTS 

 

The purpose of this chapter is to report on results.  These are divided into three main groups:  

results related to traffic modelling, those related to emission factors and results related to the 

overall emission inventory. Efforts are made to quantify traffic flows and emissions patterns 

within the study area, and highlight the correlation between road-network usage and 

atmospheric pollution.  Traffic flows and emissions have been captured at the road link-level but 

a grid-based approach for reporting emissions is also used. Grids of size 2.5 km x 2.5 km are 

utilized to aggregate link emissions. To implement this, an intersection of the GTHA model links 

containing emission estimates and the overlaying grid was performed. The resulting emissions 

on the grid scale are then thematically mapped to identify zones for hot-spot analysis.  

 Traffic Results 

 Daily Vehicle Kilometers Traveled (VKT) 

The indicator “Vehicle Kilometres Traveled” (VKT) is an aggregate measure of road usage. The 

vehicle count on a given road link is multiplied by length of the link to find how many kilometres 

in total were traveled in a given time period. Despite the relatively small area of the GTHA 
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compared to the rest of the Province of Ontario, the GTHA generates a significant proportion of 

the province’s total VKT.  

Table 4-1: 2011 Hourly Weekday VKT Results 

Time PV CVL CVM CVH 

0:00 817,439 122,980 38,981 27,900 

1:00 344,439 87,483 27,719 21,557 

2:00 262,108 63,742 19,833 14,503 

3:00 252,520 50,607 16,584 11,889 

4:00 1,068,016 41,471 13,380 10,199 

5:00 3,921,438 55,669 21,512 15,625 

6:00 8,690,476 190,748 69,828 46,089 

7:00 13,117,147 704,483 241,107 172,305 

8:00 11,579,259 1,087,603 404,830 289,061 

9:00 5,853,563 1,396,760 523,960 300,496 

10:00 4,756,531 1,527,392 576,295 303,149 

11:00 4,537,327 1,558,030 599,853 300,086 

12:00 4,462,203 1,510,561 597,339 286,542 

13:00 4,480,617 1,343,458 551,199 261,165 

14:00 6,138,676 1,170,794 472,017 228,258 

15:00 9,579,588 989,780 398,388 195,530 

16:00 12,944,189 863,394 334,754 174,463 

17:00 13,739,561 714,334 271,256 150,315 

18:00 8,797,731 594,778 213,677 118,151 

19:00 5,662,283 466,018 161,861 95,471 

20:00 3,932,966 360,080 121,487 77,271 

21:00 3,358,066 279,259 96,033 63,092 

22:00 2,302,350 219,248 71,040 47,880 

23:00 1,826,693 165,833 49,738 38,382 

     

Total 132,425,186 15,564,505 5,892,671 3,249,379 

 

According to the 2006 Canadian Vehicle Survey (CVS), Ontario vehicles completed 130 Billion VKT 

across all vehicle types. Recall that the TRAFFIC software itself is also capable of estimating VKT 

within a study area.  It does so in such a way that congested travel patterns are taken into 

account.  In congested conditions, travelers are not always able to take their desired shortest 

route.  
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Measurements of hourly VKT presented in Table 4-1 reflect the total hourly distance of trips, of 

all types, travelled on typical weekdays in 2011. Passenger vehicles, by far, account for the 

majority of travel.  For 2011, the estimated total VKT for the study region over the course of the 

year is 54.97 Billion. These results for the combination of Toronto and Hamilton appear to be in 

line with the provincial estimated VKT total given the share of population and economic activity 

associated with the two CMAs.  

Figure 4-1: PV VKT Proportion by Time Period – 2006, 2011 

 

Further information on VKT patterns is presented in Figure 4-1 which compares weekday and 

weekend VKT by time of day for the study years 2006 and 2001.  The daily VKT of passenger 

vehicles is grouped into five time periods. 2011 weekday peak morning (6:00-9:00) VKT 

represents 29.26% of all weekday VKT compared to 11.61% of VKT for weekends. The late night 
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(20:00 – midnight) represents 17.53% of weekend VKT in 2011. There is clearly a late to bed, late 

to rise pattern present on the weekend. 

Figure 4-2 illustrates the VKT pattern associated with bus service in the region and contrasts 

weekdays with weekends. Because buses run on fixed routes they are not assigned to the 

network during the traffic assignment (Appendix 5) the bus VKT is a representation of bus transit 

service levels only. The presence of congestion does not impact the routes that buses take on the 

network only the speed of the buses, so unlike CVLs and CVMs, the morning and afternoon peak 

in bus VKT represent the provisioning of extra buses at these times. Bus service levels therefore 

coincide with peak trips to and from work primarily. 

Figure 4-2: 2011 Bus VKT 

 

 Spatial VKT Results 
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Figure 4-3: Relative VKT Change at 8AM from 2006 to 2011 – Passenger Vehicles 
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Visualizing the change in link-based passenger vehicle VKT from 2006 to 2011 in Figure 4-3 shows 

that roadway demand during the peak morning rush has increased overall, but most significantly 

in the suburbs. These results for passenger vehicles are also in essence a comparison between 

the 2006 and 2011 Transportation for Tomorrow Surveys (TTS).  While the TTS offers results 

primarily in the form of O-D matrices, the results in this map show differences when the two sets 

of O-D trip matrices are assigned to the road network. 

Results from the traffic assignment demonstrate that links in the suburban areas of Pickering, 

Markham, York Region, Brampton and the southern portion of the Hamilton CMA have seen the 

greatest increase in demand from 2006 to 2011.  There is a very noticeable pattern of suburban 

growth in trips and VKT.  Some of the large percentage changes may reflect a somewhat low base 

VKT for 2006. There are some significant examples, more to the core of the study region, where 

there are slight declines in road flows. Perhaps some of these areas will feature a shift to public 

transit. To some extent, results may be an artifact of two different surveys having two different 

patterns, particularly in small areas.  There is little doubt, however, about the overall pattern of 

suburban growth in vehicle activity that took place between 2006 and 2011.  Clearly, the changes 

in VKT are going to translate into significant changes in the spatial patterns of emissions. 

 

 Emission Factor Results 

 Start/Idle 

Emissions associated with starting a vehicle can be very significant depending on the pollutant.  

HC, CO, Methane and VOCs in particular are associated with very significant start emissions which 

tend to be larger in cold weather. For other pollutants/GHGs such as NOx and CO2, emissions 

from starts are much lower. Extended idle rates are generated by MOVES2010b for heavy 

commercial trucks only and are associated with vehicles that are idling in truck stops or other 

parking lots to provide heat and power while drivers rest.  Extended idle rates are particularly 

significant for HC, methane and VOCs. Weather conditions do not appear to significantly affect 

extended idle emissions.  

Weather conditions in the GTHA vary significantly over the year and these have a substantial 

effect on many start emission rates.  Figure 4-4 shows that in percentage terms, July start 

emission rates are often dramatically lower than those for January. 
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Figure 4-4:  July Start Emission Rates Relative January Rates 

 

 

 Evaporative 

Evaporative emission rates tend to increase during the summer months and decrease in the 

winter. Through analysis of seasonal emission rates in the study area, we found that evaporative 

emission rates in July are generally between 10-20% higher than the same emission rates in 

January. Vehicle/pollutant combinations that have a high share of evaporative emissions are 

expected to increase in the summer months if a given vehicle/pollutant combination does not 

also have a high proportion of start emissions, in which case, lower start rates would negate the 

total rate increase in warmer weather.  

Evaporative emission rates are generated only for: 

- Volatile organic compounds, total organic gases and non-methane organic gases 

- Non-methane hydrocarbons and total hydrocarbons 

- Toluene, Xylene, Ethyl Benzene, Hexane, 2,2,4 - Trimethylpentane, Benzene and 

Naphthalene G 

-  
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 Running 

To emphasize the effect of low speeds on the generation of high emissions, Figure 4-5 shows the 

running emission rates for select pollutants by four vehicle types measured in grams per 

kilometre. A detailed listing of the speed ranges, which can be used as a reference, is displayed 

at the bottom of this figure. The vertical axes for all four groupings of pollutants are logarithmic, 

so differences in emission rates between vehicle types and speed bins can look smaller than they 

actually are.  Emission rates for elemental and organic carbon particulate matter are shown only 

for PM10 but which are identical to the PM2.5 emission rates for these types of particulate 

matter. 

There is a general theme in this figure that the lowest of speeds are associated with much higher 

emission rates. On the other hand, there are consistently low emission rates associated with 

higher average speeds (> 75kmh). Higher speeds have fewer periods of idling and less 

acceleration from idling while low speeds feature much more of such vehicle activity. Most of the 

decline in emission rates appears to take place across the first three of the 16 speed bins with 

declines occurring much more slowly beyond 20 km/h. Most factors decline consistently with 

increased speed with few exceptions.  Elemental carbon, for example, shows a somewhat 

different pattern.  For PV elemental carbon the rate drops sharply as the average speed increases, 

but then increases when the average speed is 28 – 35 km/h. 

These results suggest that the emissions costs of congestion can be high, particularly in the worst 

of congested traffic.  As an aside, it is worth pointing out that these three lowest speed bins are 

not strongly represented in the traffic simulations that have taken place.  To the extent that the 

traffic assignments are over-estimating speed on certain links they are likely to result in 

underestimation of emissions.  Of course there are day-to-day variations in travel and speed that 

cannot be captured with the tools available for this analysis. 

With regard to factors by vehicle type, there is an obvious stepped pattern that emerges where 

large vehicles are associated with larger factors for each speed.   With regard to heavy vehicles, 

particulate matter brake wear and tire wear, for example, is produced in relatively large 

quantities as these heavier vehicles accelerate and decelerate.  
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Figure 4-5: Running Emission Rates by Speed, Vehicle Type and Selected Pollutants 
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 Inventory Results  

 File Structures 

Notwithstanding individual road links or grid cells, the inventories are divided into 131,400 

segments for which emission totals are provided.   This total comes about from the combination 

of 365 days by 24 hours by 5 vehicle types by 3 emission classes. The three classes of emissions 

are running, idling and evaporative.  In a leap year, such as 2016, there are 131,760 segments 

because there is an extra day in the year. 

Accordingly, one form in which an annual emissions inventory is represented is a “segments” file. 

For a given year the records of such a file are defined as above along with 110 distinct fields.  The 

first 103 of these fields are results for individual pollutants as detailed in Table 5-1 in Appendix 

1.   The fields in this file are arranged in precisely the same order as in Table 5-1 although numeric 

codes must be used for field names as some of the substances have lengthy names. The 

additional seven fields in the segments file are: 

 Day365 – denotes the day of the year sequentially from 1 to 365 

 Daytype – 2 if the segment is associated with a weekend and 5 for a weekday 

 Monthid – 1 to 12 according the month of the segment 

 Daymonth – the date within the current month (i.e. ranges from 1 to 31) 

 Vtype – vehicle type of the segment (21 – passenger vehicle, 32 – light commercial 

vehicle, 42 – bus, 53 – medium commercial vehicle, 62- heavy commercial vehicle) 

 Em_type – type of emission:  0 for evaporative, 1 for idling and 2 for running 

 Hour – indicator for hour of the day running from 4 to 27 where 4 corresponds to 4AM 

and 27 corresponds to the “end of the day” at 3AM. 

A segments file such as this can tell one a lot of what needs to be known about the emissions 

inventory including patterns of variation by vehicle type, emission type by time of day and by 

time of the year. 

If the objective is to learn more about the geographic variation of emissions, either at the level 

of road links or grid cells then detailed, pollutant-specific files have been generated that are in 

the form of ESRI shape files or CSV files.  There is a unique file for each combination of 

pollutant/greenhouse gas and vehicle type.   Each file provides all the detail that is available in 

spatial terms and also a considerable amount of detail for weekday/weekend patterns, seasonal 
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patterns and intra-day patterns.  In terms of seasonal elements, the mid-month for January, April, 

July and October are represented to give a good amount of detail to characterize the year. 

The structure for these files is as follows: 

 Id – which relates either to a grid cell or a link 

 8 blocks of 24 fields.  The first block, for example, provides emission estimates for 24 

hours for a January weekend.  The field names start as Jan504 (January weekday at 4 AM) 

and range up to Jan527 (January weekday at 3AM).  The second, third and fourth blocks 

have identical format except they relate to the months of April, July and October 

respectively.  The fifth through eighth blocks are identical to the first four except that they 

relate to weekends.  Accordingly, the two field names mentioned above change to Jan204 

and Jan227 and so on. 

 1 block of 8 fields.   This last block takes each of the prior eight segments and tabulates 

the total over 24 hours.  Field names are in the format of Jan_wkdy, Apr_wknd and so on.  

These help to see the daily totals for eight representative days within the calendar year 

at a fine level of spatial resolution. 

Other notes about these spatially detailed files are that: 

 emissions for these files are reported in grams. 

 for all of the vehicle types except buses, 4640 individual links are reported on across the 

201 fields.  For buses, a more detailed link file is used which contains 8366 links that can 

all be mapped via an ESRI shape file.  The additional links are minor links which are part 

of bus routes.   These may add a small amount of incremental information.  All the grid 

files contain information on 1047 distinct grids that are part of the study area. 

 The file names for keeping track of all the detailed link/grid files provide information 

about vehicle type, pollutant and whether the file provides information on links or grid.  

Thus, files of format “bus_CO2_grid” provide grid based results for buses for carbon 

dioxide while “hev_CO2_link” provide link based results for heavy vehicle on links within 

the Toronto and Hamilton census metropolitan areas. 

 A complete “package” for a pollutant would contain detailed information in ten distinct 

files which emerge from five vehicle types and presentation of results in grid and link 

format (5*2). 

 If there is curiosity about how the totals would be for some other day of the year then a 

strong indication can be gathered by consulting the “segments” file described above or a 
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new “package” could be generated upon request for eight other days of the calendar year 

beyond the eight representative days that have been chosen. 

 

 Study Area Emissions by Pollutants and Vehicle Types 

 

Table 4-2: Emission Inventory for 2011 by Vehicle Type (tonnes) 

Vehicle Type CO CO2 HC NOx Methane Ammonia 

PV 180,271.34 9,937,834.86 17,186.63 15,884.26 834.60 861.72 

CVL 24,440.02 1,516,025.47 1,791.64 2,887.41 122.48 92.05 

CVM 6,177.30 993,694.27 684.97 4,989.88 29.15 28.75 

CVH 2,526.42 1,272,864.76 702.79 7,957.29 115.55 15.51 

BUS 593.56 79,279.22 54.93 566.77 1.37 0.85 

Total 214,008.63 13,799,698.58 20,420.96 32,285.60 1,103.16 998.87 

       

 Particulate Matter 2.5 

 Brakewear Tirewear ECarb OCarb Sulfate Total 

PV 75.89 37.77 144.90 397.12 1.03 543.05 

CVL 12.93 4.29 20.02 55.64 0.15 75.81 

CVM 12.33 2.99 113.06 112.92 0.02 226.00 

CVH 8.40 2.74 259.64 66.51 0.00 326.15 

BUS 1.17 0.25 21.79 7.78 0.00 29.57 

Total 110.71 48.03 559.42 639.96 1.20 1,200.58 

       

 Particulate Matter 10 

 Brakewear Tirewear ECarb OCarb Sulfate Total 

PV 289.91 157.49 155.98 430.20 1.11 587.29 

CVL 49.38 17.88 21.11 60.19 0.17 81.47 

CVM 47.10 12.45 116.57 116.54 0.02 233.13 

CVH 32.07 11.41 267.66 68.56 0.00 336.22 

BUS 4.45 1.04 22.47 8.02 0.00 30.48 

Total 422.91 200.27 583.78 683.51 1.31 1,268.60 

       

 Air Toxins 

 Acetaldehyde Acrolein Benzene Butadiene Formaldehyde Total 

PV 69.98 8.99 639.18 78.30 198.38 16,084.80 

CVL 8.23 1.12 65.33 8.10 22.71 1,642.83 

CVM 18.31 3.32 10.01 2.11 41.79 668.76 

CVH 22.96 4.03 4.86 1.47 55.97 605.43 

BUS 1.23 0.23 0.33 0.10 2.76 37.33 

Total 120.72 17.69 719.71 90.09 321.62 19,039.16 
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Table 4-3: Emission Inventory for 2016 by Vehicle Type (tonnes) 

Vehicle Type CO CO2 HC NOx Methane Ammonia 

PV 194,714.28 10,725,436.04 18,592.41 17,137.05 902.45 927.54 

CVL 26,556.33 1,656,947.99 1,944.25 3,149.08 132.68 100.64 

CVM 6,779.79 1,095,030.22 754.39 5,500.63 32.04 31.69 

CVH 2,782.45 1,414,287.38 770.78 8,806.63 125.73 17.24 

BUS 613.86 82,048.89 56.84 586.72 1.41 0.88 

Total 231,446.71 14,973,750.51 22,118.66 35,180.11 1,194.32 1,077.99 

       

 Particulate Matter 2.5 

 Brakewear Tirewear ECarb OCarb Sulfate Total 

PV 83.01 41.08 156.47 428.91 1.11 586.48 

CVL 14.15 4.69 21.83 60.79 0.17 82.79 

CVM 13.62 3.30 124.51 124.61 0.02 249.15 

CVH 9.38 3.05 289.08 73.75 0.00 362.83 

BUS 1.21 0.26 22.55 8.05 0.00 30.60 

Total 121.37 52.38 614.44 696.10 1.30 1,311.85 

       

 Particulate Matter 10 

 Brakewear Tirewear ECarb OCarb Sulfate Total 

PV 317.11 171.31 168.43 464.64 1.20 634.27 

CVL 54.05 19.57 23.02 65.76 0.18 88.96 

CVM 52.02 13.74 128.37 128.61 0.03 257.01 

CVH 35.82 12.72 298.01 76.03 0.00 374.04 

BUS 4.61 1.07 23.25 8.30 0.00 31.55 

Total 463.61 218.41 641.08 743.33 1.41 1,385.83 

       

 Air Toxins 

 Acetaldehyde Acrolein Benzene Butadiene Formaldehyde Total 

PV 75.70 9.73 691.41 84.70 214.59 17,400.91 

CVL 8.94 1.21 70.85 8.78 24.65 1,783.03 

CVM 20.19 3.66 11.00 2.32 46.07 736.63 

CVH 25.18 4.42 5.33 1.62 61.31 665.01 

BUS 1.28 0.24 0.34 0.11 2.86 38.62 

Total 131.27 19.26 778.94 97.53 349.48 20,624.20 

 
 

In Table 4-2 and Table 4-3 the emissions estimates in tonnes for the aggregate Toronto and 

Hamilton CMAs are provided for 2011 and 2016.  Recall that these estimates include the impacts 

of trips that originate outside the CMAs yet are destined for destinations located within the 

CMAs. That portion of a trip that takes place within either of the CMAs is included.  Of the 
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numerous emission segments outlined in Section 4.3.1, these tables focus on the five segments 

associated with vehicle type. 

In reviewing these two important tables, keep in mind that the “Total” column for the particulate 

matter emissions of both sizes represent the total PM emissions from exhaust only.  Particulate 

emissions from brakewear and tirewear are captured separately in the table and are not included 

in the total. The “Total VOCs” column includes the specific air toxins listed in the table and dozens 

of other emissions (not specifically listed), which are also classified as volatile organic 

compounds.  

Figure 4-6: Emission Contribution by Vehicle Type (2011) 

    

To assist in understanding which vehicle types are responsible for the 2011 inventory totals, Table 

4-2 is supplemented with Figure 4-6.  The latter graphically displays the contribution by vehicle 

type for each of the main pollutants. Evident in this figure is the significant contribution of PVs 

for certain types of emissions and CVHs for others. Emissions such as ammonia, methane, HC, 

etc. are contributed mainly by PVs and CVLs that mostly are powered by gasoline engines. 

Emissions like NOx, ECarb, acrolein, etc. on the other hand are produced mainly by diesel 
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powered CVMs and CVHs. The degree to which CVHs contribute to ECarb emissions (among 

others) in the GTHA is significant, especially considering that 2011 heavy commercial VKT is 

approximately 2% of passenger vehicle VKT. 

Even though there are certain types of emissions that passenger vehicles emit to a lesser degree 

than other vehicle types, the disproportionately high trip counts and aggregate distance travelled 

by passenger vehicles ensures that this vehicle class is responsible for the majority of all types of 

emissions.  In particular, passenger vehicles emit the vast majority of brake particulate matter, 

tire particulate matter, ammonia, benzene, and butadiene.  For many of the emission types, the 

relatively large size of the dark CVH slice is indicative of the fact that heavy commercial vehicles 

emit a disproportionate amount relative to their share of the vehicle population. 

 

 Emission Patterns over Time 

On the three pages that follow this one, there are three distinct figures of emissions which 

illustrate some important properties of how emissions change in Toronto and Hamilton in some 

particular time contexts. 

Figure 4-7 illustrates some important points about emissions patterns relative to hourly/daily trip 

patterns.  The results represent a typical April weekday and weekend day during 2011 for the 

combined Toronto and Hamilton CMAs. Hourly emission totals for some select pollutants (in 

tonnes) are displayed as an area graph while the hourly trip count is recorded as a line. The 

colours in the stacked area graph represent the three basic emission processes.   

More trips results in more emissions being produced and the relationship is quite strong across 

emission types and weekdays and weekends as seen in Figure 4-7.  It might have been 

hypothesized that high trip counts during AM and PM peak would lead to even higher emission 

peaks that results from incremental impacts of congestion.  For the most part, these extra, 

congestion-induced peaks appear not to have materialized.  An explanation based on traffic 

assignment results was provided just previously in Section 4.2.3.  For most of the charts, the 

emissions of passenger vehicles are dominating but there are exceptions such as ecarb and, to a 

lesser extent, NOx. 

Apart from trips and congestion issues, there are some interesting patterns evident.  The 

differences in emissions on a weekday versus a weekend day are clearly evident.  There are some 

striking differences in the importance of emission types for various pollutants/GHGs.  Start 

emissions are shown to be particularly important for Methane and HC and less so for NOx and 

particularly CO2 and ammonia. 
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Figure 4-7: Emissions vs. Trips by Emission Process (2011) 
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Figure 4-8: Hourly Weekday Emission Profile by Vehicle Type (2011) 
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Figure 4-9:  Monthly Emissions by Vehicle Type (2011) 
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Figure 4-8 is done for a weekday in April and shows the hourly pattern for a wide range of 

pollutants.  The hourly patterns are broken by vehicle type.  The association of elemental carbon 

with heavy diesel commercial vehicles is particularly striking. 

While the initial two figures of this section were based on intra-day patterns, the final figure 

focuses on differences by month across a range of pollutants (Figure 4-9). Running and non-

running emissions are aggregated here. Most emissions are higher in the winter primarily 

because emission factors associated with engine starts are much higher in cold weather. Clearly, 

start emissions, which do not vary with distance travelled, are a huge component in defining the 

seasonal patterns of the inventories for certain substances.  For many emission types there is a 

strong seasonal pattern but for others (e.g. tire wear) it is fairly negligible. 

 

 

 Emissions by Census Metropolitan Area 

The results of the inventories for 2011 and 2016 are available at small geographies such as the 

level of the road link or individual grid cells.  Some perspective is also gained, however, by 

considering results at the level of to the two main CMAs which were the focus of this work.  

Results of this type are displayed in Table 4-4 which contrast the two CMAs across a range of 

pollutants and vehicle types. Clearly, in both CMAs, emissions from passenger vehicles represent 

a high share of total emissions for most pollutants and buses represent a very low share.   

There is a general theme though that commercial vehicles represent a higher share of total 

emissions in the Toronto CMA than in the Hamilton CMA.  The explanation for this lies in the fact 

that particularly suburban areas of the Toronto CMA (e.g. in Peel Region and near Pearson 

International Airport) have developed as intense hubs for the movement of goods.  These hubs  

serve a much wider area than only the Toronto CMA.  Such development has not taken place to 

nearly the same extent in Hamilton even though the latter is noted for its prominent heavy 

industrial clusters. 
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Table 4-4: 2011 Emission Inventory by CMA (tonnes) 

 Toronto Hamilton  Toronto Hamilton  Toronto Hamilton  Toronto Hamilton 

 CO  PM2.5 - Brakewear  PM10 - Brakewear  Acetaldehyde 

PV 155,920.50 24,350.84  65.29 10.60  249.42 40.48  60.74 9.24 

CVL 22,174.78 2,265.24  11.84 1.09  45.23 4.15  7.46 0.78 

CVM 5,542.64 634.66  11.18 1.15  42.70 4.40  16.54 1.77 

CVH 2,254.63 271.79  7.49 0.91  28.61 3.46  20.52 2.44 

BUS 501.43 46.97  0.94 0.10  3.61 0.39  1.02 0.10 

Total 186,393.98 27,569.50  96.75 13.84  369.58 52.88  106.28 14.33 

            

 CO2  PM2.5 - Tirewear  PM10 - Tirewear  Acrolein 

PV 8,532,087.17 1,405,747.71  32.29 5.48  134.65 22.84  7.80 1.19 

CVL 1,391,380.36 124,645.10  3.94 0.35  16.41 1.47  1.01 0.10 

CVM 894,422.19 99,272.08  2.70 0.29  11.24 1.21  3.00 0.32 

CVH 1,131,826.64 141,038.13  2.44 0.30  10.18 1.24  3.60 0.43 

BUS 66,533.81 6,320.14  0.20 0.02  0.85 0.09  0.19 0.02 

Total 12,016,250.17 1,777,023.17  41.57 6.44  173.33 26.84  15.61 2.06 

            

 HC  PM2.5 - ECarb  PM10 - ECarb  Benzene 

PV 14,905.63 2,281.00  124.81 20.09  134.35 21.62  554.70 84.48 

CVL 1,621.16 170.49  18.27 1.75  19.26 1.85  59.04 6.29 

CVM 617.75 67.22  101.44 11.61  104.59 11.98  9.00 1.00 

CVH 627.93 74.86  229.66 29.98  236.75 30.91  4.34 0.52 

BUS 45.54 4.58  18.41 1.69  18.97 1.75  0.27 0.03 

Total 17,818.01 2,598.15  492.58 65.14  513.93 68.11  627.37 92.32 

            

 NOx  PM2.5 - OCarb  PM10 - OCarb  Butadiene 

PV 13,693.55 2,190.71  341.29 55.83  369.72 60.49  67.97 10.34 

CVL 2,638.91 248.50  50.75 4.89  54.90 5.29  7.32 0.78 

CVM 4,494.04 495.84  102.08 10.84  105.35 11.19  1.90 0.21 

CVH 7,089.48 867.81  59.45 7.06  61.28 7.28  1.32 0.16 

BUS 474.68 45.29  6.48 0.62  6.68 0.64  0.09 0.01 

Total 28,390.66 3,848.15  560.05 79.24  597.94 84.88  78.59 11.49 

            

 Methane  PM2.5 - Sulfate  PM10 - Sulfate  Formaldehyde 

PV 724.01 110.59  0.88 0.15  0.96 0.16  172.19 26.20 

CVL 110.44 12.04  0.14 0.01  0.15 0.01  20.56 2.15 

CVM 26.27 2.89  0.02 0.00  0.02 0.00  37.75 4.04 

CVH 103.32 12.23  0.00 0.00  0.00 0.00  50.02 5.95 

BUS 1.15 0.11  0.00 0.00  0.00 0.00  2.29 0.23 

Total 965.20 137.86  1.04 0.16  1.13 0.17  282.81 38.57 

            

 Ammonia  PM2.5 - Total  PM10 - Total  Total VOCs 

PV 738.68 123.04  466.98 76.07  505.02 82.27  13,949.66 2,135.14 

CVL 84.61 7.44  69.16 6.65  74.31 7.15  1,486.95 155.89 

CVM 25.92 2.83  203.54 22.45  209.97 23.17  603.19 65.56 

CVH 13.84 1.66  289.10 37.04  298.04 38.19  540.86 64.57 

BUS 0.70 0.07  24.89 2.32  25.66 2.39  31.01 3.10 

Total 863.76 135.04  1,053.67 144.54  1,113.00 153.16  16,611.68 2,424.26 
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 Grid and Link-based Maps of Emissions 

On the three following pages, maps of emission patterns have been provided. The first figure is 

grid-based while the latter two focus on links. 

Grid-based maps are a good way to show link-oriented emissions for a larger area.  Originally, 

the emissions estimated in this report are link-based but the use of a “walkover” process allows 

link results to be translated to a grid.  While there are a huge assortments of results that could 

be shown,  Figure 4-10 highlights CO2 inventory results for 2.5 km x 2.5 km grid cells across the 

study area on a typical weekday in April in 2011. Results for passenger vehicles are featured at 

the top and those for heavy commercial vehicles are shown on the bottom.  A strong linkage of 

heavy emissions associated with dominant transportation corridors, particularly in the Toronto 

CMA, is clearly evident. 

A clear pattern of high CO2 pollution grid cells along the 400 series highways is visible. The 401 

corridor through the heart of Toronto stands out in particular.  There are also several corridors 

in Toronto that are clearly defined based on the second level of emissions. There is nowhere in 

the other major CMA, Hamilton, that reaches the emission levels of certain grids in Toronto.  

There are somewhat secondary CO2 emission corridors along the 403 in Burlington, the QEW near 

the east end of the city, and along Highway 8 North where vehicles access the Hamilton CMA 

from the Kitchener/Cambridge/Waterloo region. 

Patterns do vary by vehicle type. Both passenger and heavy commercial vehicle emissions are 

high along the 400 series of highways but emissions from passenger vehicles are quite a bit more 

dispersed along arterial roads. This observation is based on the larger patches of dark green (i.e. 

lower emissions) exhibited for commercial vehicles in certain pockets of Toronto and much of 

Hamilton. Passenger vehicle CO2 emissions are especially high near highway interchanges where 

persistent levels of traffic and congestion exist virtually all day long on business days. Not 

surprisingly, heavy commercial vehicle CO2 emissions are highest along the 401, particularly 

around Pearson International Airport, the location of the Highway 427/Highway 401 interchange.   

With regard to link-based displays of results, Figure 4-11 and Figure 4-12 show results for CO2 

and HC respectively.  The grid-based approach is effective at showing patterns over larger areas 

while the link-based representations are better suited for providing detailed pictures of smaller 

areas.  The two figures show a pronounced difference between the emissions that are associated 

with major highways versus those that are associated with most arterials.  The much higher 

vehicle volumes associated with the highways is clearly overwhelming the effects of lower 

average speeds generally expected on arterials.   
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Figure 4-10:  CO2 2011 Weekday Emissions in April (tonnes) – by Vehicle Type 
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Figure 4-11: 2011 Link Based CO2 Emissions – 8AM, Typical April Weekday 
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Figure 4-12: 2011 Link Based HC Emissions – 8AM, Typical April Weekday 
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    Validation  

At a high level it is useful to compare the emissions results for the study area from this research 

with any prior efforts that are available.  A Statistics Canada report (Terefe, 2010) estimates 2007 

CO2 emissions of 6.61 million tonnes from passenger vehicles for the Toronto CMA and 1.19 

million tonnes from the Hamilton CMA.  These are comparable to our passenger vehicle totals of 

8.53 million tonnes for Toronto and 1.41 million tonnes for Hamilton for 2011, especially if 

growth in emissions over that time frame is factored in.  There are some clear differences in 

methodology, however.  The Statistics Canada report, for example, does not consider the impact 

of intra-day traffic patterns and congestion on emissions.   The Statistics Canada approach is 

heavily dependent on fuel consumption data and survey results from the Canadian Vehicle 

Survey.   

The Statistics Canada report makes reference to the national inventory report (NIR) of 

greenhouse gas emissions (Environment Canada, 2013) which is focused on all emission types 

(not just vehicular).  The most recent NIR is referenced here. It is noted that the NIR has produced 

emissions results that are in the order of 50% higher than the StatsCan report.  Several 

explanations are noted including the fact that the NIR focuses on the total economy as opposed 

to the passenger sector, that there are differences in vehicle classifications, and the fact that the 

NIR factors in deterioration in the performance of catalytic converters as they age. 

 

 

 Vehicle Flows 

 

After trips are assigned to the road network, it becomes possible to compare resulting modelled 

traffic flows with empirically measured traffic flows. Tables 3-3 and 3-4 present a comparison of 

the model-assigned flows and traffic counts for locations for which hourly count data are 

available. These modelled flows are derived from the 2006 TTS data as opposed to the 2011 data 

as the former corresponds temporally better to the traffic count data available. The counts have 

been aggregated for 24 hours to compare against the daily model-assigned link flows.  The 

passenger weekday and weekend models over-predict the counts by 9% and 8%, respectively.  

Comparisons for commercial vehicle have not been presented here as empirical data are 

insufficient.   

Overall, given the relatively small differences between the model and counts for the auto-

passenger flows, we can conclude that the model performs reasonably well in terms of replicating 

observed traffic flows and can be considered the best alternative for the work on 2011 and 2016.  
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Table 4-5: Weekday Passenger Vehicle Model Validation Summary (2006) 

Location  Model    Counted  

Bathurst St North of Wilson Ave  36,248 32,568 

Eglinton Ave West of Keele St 31,023 28,019 

York Mills Rd East of Leslie St  51,534 25,767 

Morningside Ave N of Sheppard Ave  36,414 31,230 

Markham Rd North of Sheppard Ave  48,252 51,247 

W R Allen Rd South of Sheppard Ave  53,280 54,691 

Beckett Drive 24,827 20,848 

LINC at Upper Ottawa St 32,963 45,635 

Kenilworth Ave. between Burlington St. and Beach Rd 17,203 10,605 

Charlton Ave between John & Walnut  12,129 12,550 

 Fruitland Rd. between Barton St. and Hwy 8 11,259 8,038 

HWY 8 west of Fifty Rd. 6,475 9,753 

Burlington Skyway 82,471 72,721 

Binbrook Rd. east of Fletcher Rd 5,286 5,659 

Concession Rd. at East 19th St 24,223 25,286 

Aberdeen St. west of Dundurn St South 21,505 18,907 

 Airport Rd. east of Upper James St 5,046 6,691 

Hwy 5 west of Hwy 6 27,489 24,928 

TOTAL 527,626 485,143 

Percent Difference 8.8%  
   

Table 4-6: Weekend Passenger Vehicle Model Validation Summary (2006) 

Location  Model    Counted  

Bathurst St North of Wilson Ave  24,075 29,267 

Eglinton Ave West of Keele St 23,241 20,515 

York Mills Rd East of Leslie St  33,682 16,023 

Morningside Ave N of Sheppard Ave  29,320 27,091 

Markham Rd North of Sheppard Ave  36,640 40,453 

W R Allen Rd South of Sheppard Ave  38,501 37,591 

Beckett Drive 18,668 16,709 

LINC at Upper Ottawa St. 57,357 42,720 

Kenilworth Ave. between Burlington St. and Beach Rd 8,277 7,201 

HWY 8 west of Fifty Rd 2,832 6,981 

Burlington Skyway 56,637 62,833 

Aberdeen St. west of Dundurn St South 15,666 11,497 

Hwy 5 west of Hwy 6 15,001 15,020 

TOTAL 359,896 333,901 

Percent Difference 7.8%  
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5.0 APPENDICES 

 
 
 

APPENDICES 
 

 Appendix 1 – Full List of Pollutants and Description of Selected Pollutants 

Table 5-1: Full List of Pollutants and Energy Measures Inventoried 

ID Pollutant Name ID Pollutant Name 

1 Total Gaseous Hydrocarbons 86 Total Organic Gases 

2 Carbon Monoxide (CO) 87 Volatile Organic Compounds 

3 Oxides of Nitrogen (NOx) 90 Atmospheric CO2 

5 Methane (CH4) 91 Total Energy Consumption 

6 Nitrous Oxide (N2O) 92 Petroleum Energy Consumption 

20 Benzene 93 Fossil Fuel Energy Consumption 

21 Ethanol 98 CO2 Equivalent 

22 MTBE 99 Brake Specific Fuel Consumption (BSFC) 

23 Naphthalene particle 100 Primary Exhaust PM10  - Total 

24 1,3-Butadiene 101 Primary PM10 - Organic Carbon 

25 Formaldehyde 102 Primary PM10 - Elemental Carbon 

26 Acetaldehyde 105 Primary PM10 - Sulfate Particulate 
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27 Acrolein 106 Primary PM10 - Brakewear Particulate 

30 Ammonia (NH3) 107 Primary PM10 - Tirewear Particulate 

31 Sulfur Dioxide (SO2) 110 Primary Exhaust PM2.5 - Total 

32 Nitrogen Oxide (NO) 111 Primary PM2.5 - Organic Carbon 

33 Nitrogen Dioxide (NO2) 112 Primary PM2.5 - Elemental Carbon 

34 Nitrous Acid (HONO) 115 Primary PM2.5 - Sulfate Particulate 

40 2,2,4-Trimethylpentane 116 Primary PM2.5 - Brakewear Particulate 

41 Ethyl Benzene 117 Primary PM2.5 - Tirewear Particulate 

42 Hexane 130 1,2,3,7,8,9-Hexachlorodibenzo-p-Dioxin 

43 Propionaldehyde 131 Octachlorodibenzo-p-dioxin 

44 Styrene 132 
1,2,3,4,6,7,8-Heptachlorodibenzo-p-
Dioxin 

45 Toluene 133 Octachlorodibenzofuran 

46 Xylene 134 1,2,3,4,7,8-Hexachlorodibenzo-p-Dioxin 

60 Mercury Elemental Gaseous 135 1,2,3,7,8-Pentachlorodibenzo-p-Dioxin 

61 Mercury Divalent Gaseous 136 2,3,7,8-Tetrachlorodibenzofuran 

62 Mercury Particulate 137 1,2,3,4,7,8,9-Heptachlorodibenzofuran 

63 Arsenic Compounds 138 2,3,4,7,8-Pentachlorodibenzofuran 

64 Chromium 3+ 139 1,2,3,7,8-Pentachlorodibenzofuran 

65 Chromium 6+ 140 1,2,3,6,7,8-Hexachlorodibenzofuran 

66 Manganese Compounds 141 1,2,3,6,7,8-Hexachlorodibenzo-p-Dioxin 

67 Nickel Compounds 142 2,3,7,8-Tetrachlorodibenzo-p-Dioxin 

68 Dibenzo(a,h)anthracene particle 143 2,3,4,6,7,8-Hexachlorodibenzofuran 

69 Fluoranthene particle 144 1,2,3,4,6,7,8-Heptachlorodibenzofuran 

70 Acenaphthene particle 145 1,2,3,4,7,8-Hexachlorodibenzofuran 

71 Acenaphthylene particle 146 1,2,3,7,8,9-Hexachlorodibenzofuran 

72 Anthracene particle 168 Dibenzo(a,h)anthracene gas 

73 Benz(a)anthracene particle 169 Fluoranthene gas 

74 Benzo(a)pyrene particle 170 Acenaphthene gas 

75 Benzo(b)fluoranthene particle 171 Acenaphthylene gas 

76 Benzo(g,h,i)perylene particle 172 Anthracene gas 

77 Benzo(k)fluoranthene particle 173 Benz(a)anthracene gas 

78 Chrysene particle 174 Benzo(a)pyrene gas 

79 Non-Methane Hydrocarbons 175 Benzo(b)fluoranthene gas 

80 Non-Methane Organic Gases 176 Benzo(g,h,i)perylene gas 

81 Fluorene particle 177 Benzo(k)fluoranthene gas 

82 Indeno(1,2,3,c,d)pyrene particle 178 Chrysene gas 

83 Phenanthrene particle 181 Fluorene gas 

84 Pyrene particle 182 Indeno(1,2,3,c,d)pyrene gas 

  183 Phenanthrene gas 

  184 Pyrene gas 

  185 Naphthalene gas 
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Hydrocarbons (HC) 

Hydrocarbon emissions are ubiquitous and occur in all classes of emissions except brake and tire 

wear.  They are emitted through the exhaust, leakage from the fuel system or evaporation from 

the gas tank. The program will estimate Total Hydrocarbons which includes Non-Methane 

Hydrocarbons, VOC Volatile Organic Compounds, Total Organic Gases and Non-Methane Organic 

Gases.  HC emissions from gasoline-fueled vehicles include: diurnal, hot soak, running losses, 

resting losses and refueling emissions. HC emissions are most affected by the age distribution of 

the fleet, low vehicle speeds, high average daily temperatures, and fuel RVP (Reid Vapor 

Pressure).  

Carbon monoxide (CO) 

Carbon monoxide is an exhaust emission created because of incomplete combustion of fuels. CO 

production from gasoline is higher than from diesel fuel, and is affected by ambient temperatures 

below 50F, age distribution of the fleet and low vehicle speeds. These emissions are high at 

startup and at low speeds.  

Oxides of nitrogen (NO + NO2) NOx 

NOx emissions include both the primary emission nitric oxide (NO) and the oxidant nitrogen 

dioxide (NO2). NO results from combustion at high temperature but is very quickly oxidizes to 

form NO2. These emissions are high in heavy duty diesel vehicles and are most affected by the 

age distribution of the fleet, low vehicle speeds and low ambient temperatures.   

Particulate matter  

Particulate matter is produced during the running process and is dependent largely on fuel type. 

Diesel engines are the greatest contributor and high sulphur diesel increases the emissions. 

Particulate matter is also produced from brake and tire wear.  Other components modeled within 

the Particulate command are gaseous NH3 (ammonia) and sulphur dioxide (SO2), which are also 

primarily a concern with high sulphur diesel engines. Ammonia reacts with nitrogen and sulfur 

compounds to form particulate matter. 

Particulate matter is classified based on size. Because the particles are irregularly shaped, an 

equivalent measure of size, defined as the aerodynamic diameter is used. This is the diameter 

that a sphere of unit density (1g/cc) would have, if it had the same gravitational settling velocity 

as the particle in question. The particles modeled by Mobile6.2c are of diameter 2.5 microns or 

less (PM2.5) and 10 microns or less (PM10).   
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Carbon dioxide (CO2) 

CO2 is estimated with simple assumptions based on fuel economy performance factors built into 

the model or supplied by the user. The fundamental premise is that a US gallon of gasoline (3.785 

litres) incurs a carbon content value of 2,421 grams (g) which produces 8,877 g of CO2. This 

number is then multiplied by an oxidation factor of 0.99, which assumes that 1 percent of the 

carbon remains un-oxidized. This produces a value of 8,788 g or 8.8 kg (19.4 lbs) of CO2 (USEPA 

Guide). 

Unlike most other MOBILE6 emission estimates, CO2 estimates are not adjusted for speed, 

temperature, fuel content, or the effects of vehicle inspection maintenance programs. The USEAP 

cautions that these CO2 emission estimates should only be used to model areas and time periods 

which are large enough to reasonably assume that variation in these parameters does not have 

a significant net effect.  
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 Appendix 2 - Historic GTHA 30-Year Average Temperature and Relative Humidity 
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 Appendix 3 – Drive Schedules in MOVES2010b 

All figures in Appendix 5.3 are directly from the EPA’s Vehicle Highway Vehicle Population and 

Activity Data guide (2010) which list average speeds in mph. To effectively use MOVES2010b for 

the GTHA, average link speed estimates were converted to mph and matched with the 

appropriate average speed bin. The output on-network emission rates however are reported by 

MOVES2010b in grams per km or per mile. For this report rates in grams per km were used. 

Figure 5-1: PV and CVL Drive Schedule List (U.S. EPA, 2010a) 

 

Figure 5-2: CVM Drive Schedule List (U.S. EPA, 2010) 
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Figure 5-3: CVH Drive Schedule List (U.S. EPA, 2010) 

 

Figure 5-4: Bus Drive Schedule List (U.S. EPA, 2010) 
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 Appendix 4 - Procedure to Assign Trips to Traffic Network  

 

To determine emissions from mobile sources, hourly traffic flow estimates are needed by vehicle 

class for a typical weekday and weekend of the year. Broadly speaking, five major vehicle classes 

can be identified from available data: 

1. Light Duty Passenger Vehicles  

2. Light Duty Commercial Vehicles  

3. Medium Duty Commercial Vehicles  

4. Heavy Duty Commercial Vehicles  

5. City Buses  

With the exception of city transit traffic flows, passenger and commercial flows are determined 

from hourly origin-destination (OD) trip matrices that were either derived from household travel 

surveys as in the case of passenger trips, or estimated from models as in the case of commercial 

trips. The traffic assignment used in this project to estimate link-based traffic flows is the 

Stochastic User Equilibrium (SUE) traffic assignment.  Briefly, an OD matrix representing 

motorized passenger trips throughout pre-defined, mutually exclusive traffic analysis zones 

(TAZs) in the city, is used as input to the procedure. The SUE algorithm assigns trips of each OD 

pair (i,j) to particular paths connecting origin i and destination j under the principle of user 

equilibrium. Under user equilibrium, travel time on all used paths in the city is less than or equal 

to travel time on any un-used path. As such, no traveler will be able to reduce his or her travel 

times by unilaterally altering the used path. The SUE algorithm tries to simulate how travelers 

choose their paths to go from a given origin to a given destination.   

For this project, an algorithm is designed to simultaneously assign traffic from different vehicle 

classes on the road network. Before the algorithm is engaged, HDCVs, MDCVs, LDCVs OD matrices 

are expressed in passenger car equivalency (PCE) units. That is, one heavy duty commercial 

vehicle trip is translated into 2.5 passenger trips using a PCE value of 2.5, for instance. This is 

important since the traffic assignment uses link design capacity measures in passenger car units. 

Typical PCE values for heavy, medium and light duty vehicles are 2.5, 2.0 and 1.0 respectively. 

Given OD matrices in PCE units for HDCVs, MDCVs, LDCVs as well as LDPVs, the algorithm 

proceeds to estimate 𝑓𝑙𝑜𝑤𝑠(𝑣, 𝑎, 𝑛) for a given vehicle class v, where v = (h-HDCVs; m-MDCVs; l-
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LDCVs; p-LDPVs) and link 𝑎.  n is an index referring to the iteration number when convergence is 

achieved. Trip assignment to determine 𝑓𝑙𝑜𝑤𝑠(𝑣, 𝑎, 𝑛) is performed as follows:  

Step 0 (Defining Link Performance Function): 

Define a link performance procedure to calculate travel times on a given link 𝑎 

𝑡𝑐(𝑎, 𝑛) = 𝑡𝑓(𝑎) (1 + 𝛼 (
𝑓𝑙𝑜𝑤𝑠(ℎ,𝑎,𝑛)+𝑓𝑙𝑜𝑤𝑠(𝑚,𝑎,𝑛)+𝑓𝑙𝑜𝑤𝑠(𝑙,𝑎,𝑛)+𝑓𝑙𝑜𝑤𝑠(𝑝,𝑎,𝑛)+𝑓𝑙𝑜𝑤𝑠(𝑏,𝑎)

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑎)
)

𝛽

)                     

…(1)  

Where  

𝑡𝑓(𝑎) is free flow travel times on link a 

𝛼 and 𝛽 are constants set to 0.15 and 4, respectively 

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑎) is the design capacity of link a 

𝑓𝑙𝑜𝑤𝑠(ℎ, 𝑎, 𝑛) is the flow of heavy duty commercial vehicles (in PCE units) on link a in iteration 

n 

𝑓𝑙𝑜𝑤𝑠(𝑚, 𝑎, 𝑛) is the flow of medium duty commercial vehicles (in PCE units) on link a in iteration 

n 

𝑓𝑙𝑜𝑤𝑠(𝑙, 𝑎, 𝑛) is the flow of light duty commercial vehicles (in PCE units) on link a in iteration n 

𝑓𝑙𝑜𝑤𝑠(𝑝, 𝑎, 𝑛) is the flow of light duty passenger vehicles on link a in iteration n 

𝑓𝑙𝑜𝑤𝑠(𝑏, 𝑎)  is the flow of buses on link a. This value is predetermined from bus schedule 

information  

Step 1 (iteration n = 0): 

Initialize iteration number n = 0; Initialize the link flows for the different vehicle type to 0. That 

is: 

𝑓𝑙𝑜𝑤𝑠(ℎ, 𝑎, 0) = 0 ; 𝑓𝑙𝑜𝑤𝑠(𝑚, 𝑎, 0) = 0; 𝑓𝑙𝑜𝑤𝑠(𝑙, 𝑎, 0) = 0; 𝑓𝑙𝑜𝑤𝑠(𝑝, 𝑎, 0) = 0  for all links a 

 

Step 2 (Assigning PCE Heavy Duty Commercial Vehicles):  

Calculate travel times for each link a using the link performance function in Equation 1. Assign 

the PCE HDCVs OD matrix to the truck network. This will result in an updated array for heavy duty 

CV link flows: 𝑓𝑙𝑜𝑤𝑠(ℎ, 𝑎, 0)  

Step 3 (Assigning PCE Medium Duty Commercial Vehicles):  
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Calculate travel times for each link a using the link performance function in Equation 1. Assign 

the PCE MDCVs OD matrix to the truck network. This will result in an updated array for medium 

duty CV link flows: 𝑓𝑙𝑜𝑤𝑠(𝑚, 𝑎, 0)  

Step 4 (Assigning PCE Light Duty Commercial Vehicles):  

Calculate travel times for each link a using the link performance function in Equation 1. Assign 

the PCE LDCVs OD matrix to the entire road network. This will result in an updated array for light 

duty CV link flows: 𝑓𝑙𝑜𝑤𝑠(𝑙, 𝑎, 0)  

Step 5 (Assigning Light Duty passenger Vehicles):  

Calculate travel times for each link a using the link performance function in Equation 1. Assign 

the light duty passenger vehicle (LDPV) OD matrix to the entire road network. This will result in 

an updated array for light duty passenger vehicle link flows: 𝑓𝑙𝑜𝑤𝑠(𝑝, 𝑎, 0)  

Step 6 (Increase iteration counter):  

Increase iteration number by 1, that is: n = n + 1. Repeat Steps 2 to 5 to generate  𝑓𝑙𝑜𝑤𝑠(𝑝, 𝑎, 1) 

Step 7 (Convergence test):  

If Max|𝑓𝑙𝑜𝑤𝑠(𝑝, 𝑎, 𝑛 + 1) − 𝑓𝑙𝑜𝑤𝑠(𝑝, 𝑎, 𝑛)| ≤ 𝜀  then traffic assignment is completed, 

otherwise go to Step 6.  Here 𝜀 is a small number. 

Upon convergence, assigned flows for heavy, medium and light commercial vehicles are 

translated to actual truck flows by scaling the assigned flows by the used PCE values. Once flows 

are assigned to the network, congested speeds can be calculated for each link based on the 

achieved congested travel times per link. Such information will be employed to estimate 

emissions from traffic flows. 
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 Appendix 5 – Formulas Used to Estimate Bus Flow 

The equation estimating bus flow is formulated as follows: 

𝑓𝑙𝑜𝑤𝑙(𝑡 + 1) =  𝑓𝑙𝑜𝑤𝑙(𝑡) · (1 + 𝑟𝑖(𝑙𝜖𝑖)
′ (𝑡 + 1)) 

Where,  

𝑟𝑖(𝑙𝜖𝑖)
′ (𝑡 + 1) = (

𝑃𝑜𝑝𝑑𝑒𝑛𝑖(𝑡+1)−𝑃𝑜𝑝𝑑𝑒𝑛𝑖(𝑡) 

𝑃𝑜𝑝𝑑𝑒𝑛𝑖(𝑡)
) · 𝑥  

The value x is determined empirically from the average flows and population densities that are 

observed in the two areas corresponding to low and high population densities. That is: 

𝑥 = (
𝐹𝑙𝑜𝑤𝐻/𝐹𝑙𝑜𝑤𝐿

𝑃𝑜𝑝𝑑𝑒𝑛𝐻/𝑃𝑜𝑝𝑑𝑒𝑛𝐿
)  

Where 𝐹𝑙𝑜𝑤𝐻 and 𝐹𝑙𝑜𝑤𝐿 are the average total bus flows (24 hours) that are observed in high 

and low population density areas respectively. On the other hand, 𝑃𝑜𝑝𝑑𝑒𝑛𝐻 and 𝑃𝑜𝑝𝑑𝑒𝑛𝐿 are 

the average zonal population densities in high and low population density areas respectively. The 

above formula is used to estimate bus flows on the current transit lines subject to population 

growth. 
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