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ABSTRACT

Transportation emissions constitute a significant portion of overall emis-
sions inventories, and contribute to air quality health concerns. Reduc-
tions in transportation emissions can be achieved through efficient design
of infrastructure, effective policy and regulation, and informed planning
decisions. However, current transportation emissions models cannot ac-
complish all of these goals efficiently, and as a result such reduction oppor-
tunities are missed. This work presents a transportation micro-simulation
tool that resolves emissions at the link level and efficiently models the ef-
fects of traffic congestion, traffic shifting, and mode shifting. This tool can
be used for iterative design studies using conventional computing hard-
ware. The model is described in detail, and a confidence assessment tests
the model credibility. Several application studies illustrate the useful-
ness of the approach, and a comparison to an interaction-based micro-

simulation demonstrates the efficiency and limitations of the approach.
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CHAPTER 1

INTRODUCTION

Transportation emissions form a significant portion of overall air quality invento-
ries. Infrastructure can be designed to reduce transportation emissions if they can be
quantified. A simplified transportation micro-simulation is proposed that will enable

micro-simulation fuel and emissions modelling of whole transportation networks.

1.1 Air Quality and Transportation Emissions

The health costs associated with air quality in Canada are estimated at billions of
dollars per year, in addition to the less tangible social costs borne by Canadians
[1]. As a result of air quality concerns, particularly in urban areas, Canadian health
agencies have revised the air quality reporting system and created a new metric for
air quality: the Air Quality Health Index (AQHI), which replaces the Air Quality
Index (AQI). The AQHI system is defined numerically on a scale of 1-10+, and
qualitatively in four ratings. The first rating corresponds to scale numbers 1-3, and
represents a “Low Health Risk”. The second rating corresponds to scale numbers
4-6, and indicates a “Moderate Health Risk”; the third rating corresponds to scale
numbers 7-10 and represents a "High Health Risk”. Scale numbers greater than 10
correspond to a “Very High Health Risk”. The AQHI scale number is calculated

based on the concentration of three outdoor air contaminants: ozone, particulate
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matter less than 2.5 microns in diameter, and nitrogen dioxide. Equation 1.1 is used
to calculate the scale number as follows, with ozone (O3) and nitrogen dioxide (NO3)

in units of parts per billion (ppb) and PM, 5 in units of ug/m? [2, 3].

AQH] _ 11004 . 100 . [(60.000871-]\/02 o 1) + (60.000537~03 _ 1) + (60'000487.PM2'5 o 1)] (11)

Both particulate matter and oxides of nitrogen are products of combustion pro-
cesses. Ozone occurs in the troposphere when it is produced through the reactions
of its precursors, and when it is transported downwards from the upper atmosphere
where it occurs naturally. The precursors to the production of ozone, hydrocarbons
and oxides of nitrogen, are both products of combustion. All three contributors to
the AQHI are direct or indirect products of combustion, and are emitted by the vast
majority of transportation sources powered by combustion engines.

While there are many sources of combustion products, transportation accounts for
an estimated 15% of the oxides of nitrogen and 16% of the particulate matter released
in Alberta respectively, and is the third largest contributing source in both cases
[4]. Given the significant contributions of transportation emissions to air pollution,
reducing transportation emissions is a logical avenue to pursue in the overall effort to

improve outdoor air quality.

1.2 Quantifying Transportation Emissions

There are several ways that transportation emissions can be reduced: through tech-
nological advances to vehicles and engines, by reducing their use, and by using them
more efficiently. While progress is certainly being made in all three ways, it is impor-
tant to be able to quantify that progress and identify further improvement opportu-

nities.
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Transportation infrastructure is important because it has a significant influence
on how efficient transportation is, and because its capital cost and longevity project
its impacts far into the future. Designing infrastructure to reduce emissions requires
the ability to measure or model the effects of potential designs. Modelling emissions
rather than measuring them has several advantages: it allows infrastructure designers
to consider the effects of designs that are not yet built, and it is generally faster and

less costly.

1.3 Proposed Simplified Transportation Micro-Simulation Tool

This dissertation presents the development and applications of a simplified micro-
simulation and transportation emissions modelling tool. Four-step transportation
demand modelling results are used to describe the network and traffic, capturing both
traffic shifting and mode shifting effects. The simplified micro-simulation models the
effect of driving behaviour using an efficient approach that remains practical for large
regions. Large models are simulated quickly, allowing for analysis of multiple design
concepts and design iterations. The result is an emissions tool that responds to
driving behaviour, traffic and mode shifting, and can be used to analyze large traffic
models such as metropolitan regions. AQHI modellers could use the NO,, PM, and
hydrocarbon estimates produced by the tool as inputs to ozone production models
and AQHI estimates. This is especially useful since the transportation emissions tool

is localized and time-sensitive, which is important for estimating ozone production.

1.4 Dissertation Contents

The following chapter describes the state of the art in transportation emission mod-
elling. Chapter 3 presents and details the model proposed here and describes the

simplified micro-simulation, while chapter 4 presents a confidence assessment of the
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tool. Policy, infrastructure design, and traffic control applications are shown in chap-

ter 5. Conclusions regarding the model are drawn in chapter 6.



CHAPTER 2

TRANSPORTATION EMISSION MODELS REVIEW

This chapter introduces the classification of emissions models used in this disserta-
tion and discusses the characteristics of current transportation emission models and
methodologies. The need for an emissions micro-simulation tool that captures the
effects of traffic congestion and can be practically used to model large regions is iden-
tified through this review of current literature. Partial content of this chapter was
published in 2011 [5].

The intent of this thesis project is to develop a tool that can predict emissions for
projects that are in the planning and design stages. This requires a modelling ap-
proach. Hence, this review of literature is limited in scope to transportation emissions
modelling efforts. It is presented in two main categories: Vehicle Kilometers Travelled
(VKT) models, and micro-simulation models. An additional section of relevant ap-
plications of transportation emissions models describes current uses of transportation
emission models.

Throughout this chapter and dissertation, models will be described as either micro-
simulations or macro-simulations. Micro-simulations are models which operate at the
level of individual units; in the case of transportation emission models, they operate
at the vehicular level. Macro-simulations are models that operate at any level of

aggregation that precludes them from being micro-simulations.
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2.1 VKT Models

Transportation emissions macro-simulations are often referred to as VKT models (for
Vehicle Kilometres Travelled). In its simplest form, a VKT model is the multiplication
of some distance travelled (the VKT) and an emission factor. The result of this
multiplication is an inventory, or an amount of pollutant that is emitted. VKT
models thus respond to changes in two variables: the distance travelled and the
emission factor. In practice, the distance travelled is fixed by transportation demand,
and any sophistication built into a VKT model is built in through the emission factor.
Generally, VKT models use emission factors that depend on few variables. Average
speed is often a variable, and sometimes traffic situation or facility type is used as
a modal variable [6]. VKT models are well-suited to large geographic scales and are
often regional or national in scope, because their runtime depends on the complexity
of their emission factor calculation and not the number of vehicles or roads.

The aggregation of traffic behaviour within a given region must be valid for a
VKT model to be valid in that region. The traffic behaviour must also be similar to
the traffic behaviour that the emission factors are intended to model.

VKT models use aggregate fleet and traffic characteristics to generate emission
factors, typically for each vehicle class. The total emissions for a vehicle or fleet
can then be calculated as the product of the emission factors and the correspond-
ing vehicle-kilometres travelled (VKT). The emission factors are typically based on
experimental datasets, and are intrinsically calibrated to the conditions under which
the datasets were recorded. For example, the US EPA uses emission measurements
recorded over the Federal Test Procedure (FTP) driving cycle to calculate emission
factors for its MOBILE VKT models. The driving cycle has an effect on the emissions,
thus VKT models that are based on data for a given driving cycle are intrinsically

calibrated to that driving cycle. In general, the assumption made by VKT models
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is that the driving behaviour of the test cycle will be representative of the region of
study if it is sufficiently large and is aggregated. However, driving behaviour that is
not well-represented by the driving cycle is called “off-cycle” and must be dealt with
carefully.

VKT models often use correction factors to account for off-cycle traffic behaviour.
These differences in behaviour include the mean traffic speed, the aggressiveness or
acceleration rates, and the congestion level or type of facility. Differing traffic patterns
are not accurately modelled, and VKT models are generally considered inappropriate
for studies in which the traffic differs significantly from that of the model datasets.
On-road vehicle emissions are dependent on more than average traffic speed [7, 8] and
correction factors are generally not sufficient to capture their dynamic nature.

Four widely used VKT models are the US EPA’s MOBILE and MOVES models,
the California Air Resources Boards EMFAC model, and the European COPERT
model. MOBILEG6.2 is the last version of the US EPAs series of MOBILE models.
It replaces and improves upon MOBILE5. MOBILES used the average speed to
calculate emission factors; this is inherently flawed. For example, traffic flowing at an
average of 40 km/hr on a low-speed arterial is likely much less congested than traffic
on a high-speed freeway that is flowing at the same 40 km/hr average speed. The
main improvement in MOBILEG6.2 is the introduction of facility classifications, which
are intended to allow it to model the effects of congestion. MOBILEG6.2 uses facility
classifications and average speeds to model the effects of traffic congestion.

MOBILES6.2 is known to overestimate CO emissions [9], and to be less sensitive
to average traffic speeds (and the associated congestion level) than more detailed
simulations suggest [6]. MOBILEG.2 is approved for the State Implementation Plans
(SIPs) and is commonly used for conformity studies in the United States; however, it
is being succeeded by the US EPA’s MOVES models.

MOVES2010A is the latest version of the US EPAs MOtor Vehicle Emissions
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Simulator (MOVES). It replaces MOBILE6.2 and NONROAD, and is approved for
conformity studies in the United States (excluding California). Strictly speaking,
MOVES is a power-based modal regression model. It is based on a binning approach,
such that the traffic behaviour on a link, corridor, or network is binned, and the
resultant emission model is aggregated at the level of choice of the user. MOVES is
thus appropriate for much smaller regions than typical VKT models; in fact, it can
be useful for facility-level studies if used in project mode with appropriately detailed
inputs.

MOVES can also be used to post-process micro-simulation results [10], however,
this is generally not practical for regional-scale simulations as the storage and post-
processing requirements for micro-simulation data for even a small region tends to be
prohibitive. MOVES has been found to be computationally intensive when used to es-
timate emissions for transportation micro-simulation output [11]. MOVES does have
the capability to work with micro-simulation generated data, however, because it can-
not generate micro-simulation, it is not by itself a traffic emission micro-simulation.

MOVES is designed to expand upon the spatial and temporal capabilities of MO-
BILE6.2. While MOBILEG6.2 is best suited to regional simulations over long periods
of time (typically 24 hours), MOVES is capable of simulating temporal scales from
seconds to hours, and individual vehicles as well as fleets. Emission rates are cal-
culated using a binning approach based on vehicle specific power (VSP) and speed
[12]. MOVES is expected to be more sensitive to average speed and congestion than
MOBILEG6.2 [13]. MOVES2010A includes a well-to-tank analysis [10], which is an
important contribution to the overall greenhouse gas (GHG) contribution of a vehicle
inventory.

Lin et al. [14] integrated the US EPA’s MOVES model with DynusT, a dynamic
traffic assignment model, to compare the use of MOVES default drive schedules with

the more detailed operating mode distribution data provided by DynusT. The authors



CHAPTER 2. TRANSPORTATION EMISSION MODELS REVIEW

found that MOVES underestimated emissions in congested conditions, particularly
for heavy duty vehicles. In fact, MOVES did not provide emissions estimates for
links on which heavy duty vehicles (HDVs) averaged less than 5 mph (8 km/hr) or
on which light duty vehicles (LDVs) average less than 2.5 mph (4 km/hr). It was
concluded that in highly congested situations, more detailed traffic data should be
used in place of the MOVES drive cycles.

The California Air Resources Board (CARB) created the EMFAC models for on-
road emissions inventory [15]. It is used in lieu of MOBILES6 for conformity purposes
in California. EMFAC2007 is a VKT model, and makes use of speed correction factors
to account for off-cycle driving behaviour. The unified cycle (UC) driving cycle is used
as the basis for the EMFAC2007 database, with unified correction cycles (UCC) used
to correct emission rates for off-cycle driving behaviour [16].

Fujita et al. [17] compared the MOVES2010a, MOBILE6.2, and EMFAC2007
models with traffic tunnel measurements. They found that evaporative emissions
were underestimated by all three models in hot conditions, as was the NMHC/NOx
ratio that is a key factor in smog production. They also found that MOVES was highly
sensitive to operating modes, and emphasize the importance of selecting appropriate
operating modes for project-level analysis in MOVES. This is not surprising, as the
primary criticism of macro-scale models such as these is that they are reliable only
if the driving cycle data on which the model estimates are based is representative of
the real-world driving behaviour they attempt to model.

The COPERT series of models are developed for use in Europe. Hot running,
cold start, and evaporative emission factors are estimated [18]. COPERT emission
factors are based data collected over standardized driving cycles. Like MOBILEG.2
and EMFAC, COPERT implicitly takes congestion into account, but it would require
an improved congestion handling algorithm to be applicable to project-level emission

predictions [6]. The aggregated network characteristics used by VKT models can work
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well for large regions, but are not well suited to micro-simulation [16, 19, 6, 20]. In
a micro-simulation environment, the importance of vehicle activity on the emissions
should be considered [21]. In essence, VKT models should only be used for studies
in which the aggregation of traffic behaviour is sensible.

ARTEMIS is a modal VKT model, developed by 50 participants in 17 European
countries to characterize the emission characteristics of European vehicles and traffic
22, 23]. It uses several hundred traffic situations (modes) that are a function of the
facility type, congestion, and speed limit. These modes are intended to capture the
effects of traffic conditions on vehicle emissions and are an improvement on aggregated
traffic condition models; however, congestion is not modelled directly.

The Mobile Emissions Assessment System for Urban and Regional Evaluation
(MEASURE) is a modal VKT model that estimates CO, HC, and NOx for on-road
vehicles [24]. Tt expanded upon the explanatory power of MOBILE5a by introducing
vehicle category and condition information. It captures off-cycle emissions in greater
detail than MOBILEba. MOBILEG.2 deals with congestion at a more detailed level,
however, the handling and description of vehicle technology and condition in MEA-
SURE is more expansive and is explicit.

A modal VKT model was developed by Matzoros and Van Vliet [25, 26] which
uses constant emission factors for each mode of vehicle behaviour (cruise, deceleration,
queuing, and acceleration). The model is based on the “shock wave” theory of traffic
flow and focused on accounting for the spatial variability of emissions resulting from
queuing. Emissions on links are allocated to the beginning and end of links where
the effects of acceleration, deceleration, and queuing are most significant.

Zegeye et al. [27] integrated the METANET macroscopic traffic flow model with
the microscopic emission and fuel consumption model VT-Micro to study model based
traffic control strategies. This implementation uses a macroscopic traffic model to

generate speed estimates for each link segment in the network. Acceleration is not
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modelled by METANET and Zegeye et al. derived an estimator to provide acceleration
to VT-Micro. The METANET model is generally used for motorways with discretized
link segments of 500 metres [28]. This approach is limited by the constraint that each
link segment must be of sufficient capacity and flow that the speed and acceleration
change in a limited and linear fashion on every segment. Hence, it is most suitable
for motorways and would be difficult to implement in a metropolitan core.

GHGenius is a life-cycle inventory of greenhouse gases developed for Natural Re-
sources Canada [29]. It includes both well-to-tank and vehicle life cycle VKT-based
estimates for a comprehensive set of greenhouse gases, vehicle types, and fuels [30].
Criteria pollutants are not modelled by GHGenius. The life cycle emissions estimate
aggregates traffic behaviour over the life of the vehicle; it is not clear how congestion
or other traffic parameters are accounted for. For this reason, GHGenius emission
estimates should really only be applied to the life cycle of a vehicle.

The United States Department of Energy developed the Greenhouse gases, Reg-
ulated Emissions, and Energy use in Transportation (GREET) models [31], which
are a set life-cycle inventory tools for greenhouse gases. GREET creates VKT-based
estimates for a set of greenhouse gases, vehicle types, and fuels [30]. Like GHGenius
life cycle emission factors, those calculated by GREET should only be applied to a
vehicle’s entire life cycle.

Delucchi’s life-cycle emissions model (LEM) is a life-cycle inventory tool for a
comprehensive set of greenhouse gases, vehicle types, and fuels [30, 32]. LEM includes
both well-to-tank and vehicle life-cycle greenhouse gas emission rates, and should only
be applied as life cycle emission factors.

Mandavilli et al. [33] used the aaSidra 2.0 micro-analytical transportation model
to investigate the environmental impact of modern roundabouts. The aaSidra model,
which has been further developed into Sidra Intersection 6, [34] uses a modal represen-

tation of vehicle drive cycles to estimate emissions. The relevance of this methodology
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to the problem at hand depends on the similarity between the drive cycle used and
the real driving behaviour of the vehicles that are being modelled. This is therefore
not a micro-simulation, and the driving cycle should be calibrated to each system

that is modelled.

2.2 Micro-simulations

Micro-simulations provide more detail and are useful for transportation infrastructure
design. They are typically used to analyze corridors, intersections, or small sections
of infrastructure. However, micro-simulations generally require significant computa-
tional resources, and modelling large regions is not practical for day-to-day design
studies. This also makes it difficult to resolve the effects of infrastructure design op-
tions on the larger networks that they are a part of. Traffic often shifts between routes
and even modes (i.e. from personal vehicles to public transit) when infrastructure
changes are implemented, which can have a far-reaching impact on the transporta-
tion network as a whole. Micro-simulations limited in scope by their computational
demands may not be able to model a large enough area to capture the effects of route
shifting, and generally do not account for mode shifting.

Vehicle speed and acceleration must be modelled in sufficiently small time steps
throughout a micro-simulation; generally a second-by-second time base is used. How-
ever, smaller time steps may be required of transportation micro-simulations to pro-
duce acceleration data that is realistic enough to be used for emissions estimates
[35]. At the geographic level, each facility in a transportation micro-simulation must
have its own vehicle speed and acceleration profile. Typical interaction-based micro-
simulations create a unique speed and acceleration profile for each vehicle in the sim-
ulation, and use a great deal of computational resources doing so. Micro-simulations

are appropriate for any scale because they model traffic behaviour explicitly. They
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are the most detailed, and often the most reliable solution for the analysis of alterna-
tive operational projects because they are able to capture the effects of instantaneous
speed and acceleration levels [36].

Typical interaction-based micro-simulations can be used in two ways to model on-
road emissions. For simulations of small spatial and temporal scales, the individual
vehicle speed traces can be stored, and emissions traces can be created in post-
processing and stored or aggregated. For longer or larger simulations, the storage
requirements of this method are impractical, and the emissions are more effectively
calculated in parallel with the micro-simulation and aggregated at runtime rather than
in post-processing. These results are stored in an aggregated format for practicality.

Xie et al. [37] integrated the PARAMICS micro-simulation with the MOVES in-
ventory method. Their case study of a section of freeway demonstrated that fleet
emission rates respond in a linear fashion to changes in the market shares of alter-
native fuel vehicles. This method involves simulating the traffic in PARAMICS to
generate second-by-second speed traces, and then loading them into a MOVES run
specification, which can take considerable computational time. It is posited that
lookup tables generated by MOVES could be used directly by PARAMICS to speed
the process considerably.

Pelkmans et al. [38] developed Vehicle Transient Emission Simulation Software
(VeTESS), a highly detailed micro-simulation tool to calculate fuel consumption and
emissions of individual vehicles. While it can be applied to multiple vehicles, the
authors found that the model parameters depend strongly on the model of vehicle
in question, and recommended that the model should be calibrated to each vehicle
using an engine dynamometer. They further recommended for large fleets, especially
when microscopic traffic data is unavailable, that more aggregated models should be
used to estimate emissions and fuel consumption.

AIMSUN is a traffic modelling tool which includes micro-simulation, among other
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types of simulation. It includes an emissions calculator which Smit et al. [39] note
must be calibrated to the vehicle fleet that is being modelled, or substantial differences
in emissions can result.

Hirschmann et al. [40] integrated the traffic micro-simulation VISSIM with the
emission micro-simulation PHEM. The model was used to investigate a traffic network
in Graz, Austria. The study noted that microscopic methods are required to analyze
traffic related emissions and fuel consumption in urban areas. Kraschl-Hirschmann
et al. [41] used the same method towards a further calibration study; a city highway
was observed with GPS-instrumented test vehicles to calibrate the VISSIM model.
The results of the test drives and of the VISSIM model of the observed network were
then post-processed and analyzed with the PHEM emissions models. Additionally,
power-based emission and fuel consumption functions were created based on PHEM
calibration results and applied to the VISSIM model results. The three methods (test
data + PHEM, VISSIM 4+ PHEM, and VISSIM + functions) showed good correla-
tion. The authors state that engine-map based instantaneous emission calculations
are computationally intensive and limit the number of traffic control scenarios as
motivation for simplifying the emission calculation.

Song et al. [42] studied the applicability of micro-simulation models to vehicle
emissions estimates and found that vehicle specific power (VSP), a popular variable
for instantaneous vehicle emission models, is indeed a reliable indicator of emissions.
However, they found that VISSIM-simulated VSP distributions were considerably
different than real-world VSP distributions and concluded that it could not represent
real-world vehicle dynamics. This is an important result; micro-simulations should
not be automatically accepted as appropriate for instantaneous emissions calculations
simply because of their level of detail. The vehicle dynamics produced by any micro-
simulation need to be validated against real-world data to ensure that emissions

estimates are reliable.
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Hatzopoulou and Miller [43] linked TASHA, an activity-based travel demand
model with MOBILEG6.2C, the Canadian version of the US EPA’s MOBILEG model.
To extend this effort to micro-simulation, Hao et al. [44] integrated the TASHA
activity micro-simulation with the MATSim transportation micro-simulation and
MOBILEG6.2C-derived emission factor look-up tables. The authors reported that the
model was sensitive to congestion, which is an improvement on the conventional VKT-
based approach typically used with MOBILEG6.C. However, the use of an average-
speed based emissions model inherently assumes that the driving behaviour of the
system is similar to the drive cycle on which MOBILEG.2C is based.

Researchers at the University of California Riverside developed the Comprehensive
Modal Emissions Model (CMEM), which is a physical power-demand modal emissions
micro-simulation [16]. CMEM calculates light-duty car and light-duty truck second-
by-second emission rates based on the vehicle mode (cruise, acceleration, idle, etc.)
and tractive power demand. While CMEM is comprehensive in terms of light-duty
vehicle types, operations (cold start, warm start, off-cycle driving, etc.), and tech-
nologies [45], it does not model transit vehicles, and does not calculate particulate
matter emissions [8].

CMEM has been paired the traffic micro-simulator VISSIM, with the intent of op-
timizing signal timing to reduce fuel consumption [46]. This type of analysis was re-
ported to be impractical for widespread signal timing optimization due to the lengthy
computation time required.

The POLY emissions model has been used in parallel with the KTH-TPMA traffic
micro-simulation [19, 47]. POLY was developed by researchers at the Polytechnic
University of New York and Texas Southern University [48]. It is a regression model
that estimates emissions for light-duty cars and trucks based on speed, acceleration,
grade, and vehicle class.

The VERSIT model was developed by Smit et al., [6, 49, 50]. It is intended
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to model hot running emissions of light-duty traffic at a variety of spatial scales.
VERSIT is designed to be sensitive to vehicle dynamics and to capture the effects of
emission control technologies. It is most reliable when driving patterns are recorded
in the region of interest and supplied to the model as input [49]. Traffic patterns
generated through micro-simulation can also be used, however, the quality of these
micro-simulation based models must be considered as they can produce excessive
acceleration rates and unnatural speed fluctuations during constant speed driving
49].

Researchers at the Virginia Tech Transportation Institute developed the VT-Micro
model. VT-Micro is a non-linear regression model based on dynamometer data from
the Oak Ridge National Laboratory [51]. It was implemented in the INTEGRATION
software and calculates emission rates based on instantaneous speed and acceleration
levels for light duty cars and light duty trucks. VT-Micro does not model road grade
directly, however, the instantaneous acceleration rate can be adjusted to account for
it [52]. VT-Micro models fuel consumption, NO, HC, CO, and COs [36], but does
not calculate particulate matter emissions [31].

TRANSIMS is an open-source traffic simulation suite which includes an emis-
sions module that is based on the CMEM model [53]. While it does interact with a
true micro-simulation, the emissions module is not sensitive to technology or policy
changes [54]. Tt is a useful tool for verifying the relative emissions of two network
options; however, it is not appropriate for forecasting and conformity purposes. CO,
NO, non-methane organic gases (NMOG), and fuel consumption are modelled; par-
ticulate matter and CO5 among other pollutants of interest are not.

Busawon and Checkel [55, 56] presented an emissions micro-simulation that creates
traffic motion models based on travel demand modelling. It uses link parameters
including maximum allowable speed, volume delay function, link length and grade, as

well as the average speed, number of vehicles, and cold start fraction for each vehicle
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class. A driving pattern which satisfies the link parameters is created, and power-
based fuel consumption and emission rates are calculated on a second-by-second basis.
The emission rates are functions of vehicle power, speed, and acceleration, and are
based on dynamometer data. They are calibrated against the MOBILEG emission
rates to produce an inventory in line with North American fleet characteristics.

Table 2.1 summarizes the current models discussed and their characteristics.

2.3 Relevant Applications and Studies of Transportation Emission Mod-

elling

Smit et al. [57] point out that validation efforts for transportation emission models
should be increased, and recommends the development of clear guidelines with respect
to model accuracy. They also emphasize the importance of uncertainty analysis for
emissions predictions.

Papson et al. [58] used MOVES2010 to analyze emissions at congested and uncon-
gested intersections, and found that emissions were more sensitive to control delay
than to congestion. Roundabouts were found to produce lower emissions than sig-
nalized intersections because vehicles may yield rather than stop completely, and
therefore accelerate less to return to the free speed.

Panis et al. [59] studied the environmental impacts of speed reduction on ur-
ban streets with both a macro-simulation (COPERT/MEET) and a micro-simulation
(VeTESS). The macro-simulation predicted a moderate increase in particulate matter,
while the micro-simulation predicted a substantial decrease. The authors conclude
that policy makers should not rely exclusively on macro-simulations for decisions
related to speed management policies.

Madireddy et al. [60] used the PARAMICS micro-simulation with the VERSIT+

emissions model of Smit et al. [49] to assess the impact of speed limit reduction
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Model Type Criteria Assessed Sources
MOVES2010A Modal, Fuel Consumption, Hot and cold running,
VSP-based GHG, CO, NO,, evaporative, brake and
Regression SO,, HC, PM, air tire, well to tank
toxics
MOBILEG6.2 VKT Consumption, GHG, Hot and cold running,
CO, NO,, SO,, HC, evaporative, brake and
PM, air toxics tire
EMFAC2007 VKT Fuel Consumption, Hot and cold running,
GHG, CO, NO,, evaporative
SO, HC, Lead, PM,
air toxics
COPERT VKT Fuel Consumption, Hot and cold running,
GHG, CO, NO,, evaporative
SO., HC, Lead, PM,
air toxics
GHGenius VKT GHG components, Life cycle, aggregated
CO, NO,, SO, PM, over vehicle service life
HC
GREET VKT GHG components, Life cycle, aggregated
CO, NO,, SO, PM, over vehicle service life
HC
LEM VKT GHG components, Life cycle, aggregated
CO, NO,, SO, PM, over vehicle service life
HC
ARTEMIS Modal,VKT Fuel Consumption, Hot and cold running,
GHG, CO, NO,, evaporative
SO, HC, PM, air
toxics
MEASURE VKT CO, NO,, HC Hot running
Matzoros/Van Modal, VKT  CO, NO,, HC, Lead Hot running
Vliet
CMEM Micro-sim, Fuel consumption, Hot and cold running
Modal CO, NO,, HC
Regression
POLY Micro-sim, CO, NO,, HC Hot running
Regression
VERSIT+LD Micro-sim, Fuel consumption, Hot and cold running
Regression CO, NO,, HC, PM
VT-MICRO Micro-sim, Fuel consumption, Hot and cold running
Regression CO, NO,, HC, CO2
TRANSIMS Micro-sim Fuel consumption, Hot running
CO, NO,, NMOG
CALMOB6 TDM-based Fuel consumption, Hot and cold running
Micro-sim CO, NO,, HC, PM

Table 2.1: Summary of current transportation emission models
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and traffic signal coordination on vehicle emissions. The study demonstrated that
in a small area (roughly 0.5 square kilometres) of Antwerp, Belgium, CO, and NO,
emissions could be reduced by reducing the speed limit and a using a green wave
signal coordination scheme. The simulation time for this study was set at one hour;
this was a relatively small area and time period.

Ahn et al. [61], investigated the environmental impacts of high-speed roundabouts
using two micro-simulation models (INTEGRATION and VISSIM), and two emissions
models (VT-Micro and CMEM).

Smit et al. [39] published a technical note describing the need for emissions models
to be calibrated to the fleet that is being modelled. This was particularly important
for their study of Australian vehicles, which differed from the vehicles on which the
AIMSUN micro-simulation’s emission model is based. The differences can be sub-
stantial; in their case, NO, was underestimated by a factor of 20, HC by a factor of
1.5, and CO, by a factor of 4 on freeways and by a factor of 1.3 on non-freeways.

Jackson et al. [62] performed a study to determine whether Vehicle Specific Power
(VSP) was a good explanatory variable for traffic emissions, and how lead-driving
behaviour is influenced by road grade and curvature. They emphasize the importance
of road grade and drivers’ response to road grade as important factors in traffic
micro-simulations, particularly for lead vehicles in interaction-based models. They
also emphasize the importance of accurate road grade and acceleration data which
have a strong influence on VSP and thus emissions and fuel consumption estimates.

Zegeye et al. [27] used a model-based predictive traffic control approach to study
emissions reductions. The model consisted of a microscopic traffic simulation model
paired with the COPERT III traffic emissions macro-simulation. The approach
demonstrated that reducing total time spent on the traffic network (which is gen-
erally the priority of transportation planners) does not necessarily reduce emissions.

However, their model predictive control strategy reduced emissions and average travel
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time. In 2009, they presented a similar study that used the VT-Micro traffic emis-
sions micro-simulation [63] and were again able to balance the reduction of emissions
and fuel consumption, and travel time spent on the network.

Wang et al. [64] presented a method of estimating acceleration, fuel consumption,
and emissions from macroscopic traffic flow data. Vehicle trajectories are recon-
structed based on dual-loop detector data using an innovative filtering technique.
This method thus requires extensive empirical data and analysis. While the abil-
ity to reduce congestion was demonstrated, the acceleration profile predicted by the
method was smoothed and would be sharper in reality, and they noted that such
methods should be carefully designed if they are to be used to reduce emissions and

fuel consumption.

2.4 Review Synthesis

This review focused on transportation emissions modelling efforts. The two major
model categories discussed are VKT (for Vehicle Kilometers Travelled) models and
micro-simulation. Relevant applications of current transportation emissions models
are also discussed.

VKT models are well-suited to large geographic areas but are limited in their
sophistication and detail. Emission factors can be adjusted for variables such as
average speed or facility. The aggregation of traffic behaviour within a region of
study must be valid for the VKT model to be valid, and the traffic behaviour must
be similar to that of the underlying emission factors. Ultimately VKT models are
typically not suitable for project-level analyses.

Micro-simulations are more detailed and are generally used for analyses of smaller
scale. For a given region, they generally require greater computational effort than

VKT models. In fact, the scope of the analysis is often limited in part by the com-
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putational resources available. The time steps of micro-simulations which model
vehicle interactions must be small enough to produce realistic acceleration behaviour.
Achtymichuk [35] suggested that 0.2 second time steps were the largest that could be
used with VISSIM to produce vehicle speed records that were acceptable for tractive
power and emissions calculations. There are numerous micro-simulations available,
and some emissions models that either interact with them or can make use of their
results. However, they are limited in scope by their computational and calibration re-
quirements. Additionally, they generally do not account for the effects of traffic shift-
ing and mode shifting even if they are large in scope. The vehicle dynamic behaviour
of micro-simulations should be validated for use with emissions models. Studies have
shown that while power is a reliable indicator of emissions, micro-simulations do not
necessarily produce reliable power distributions.

Ideally, transportation emissions should be modelled over large regions. Models
should respond to travel demand and account for traffic shifting and mode shifting..
It would also be useful for the models to respond to congestion, so that it would be
resolved at a link-level and could be used for project-scale analyses. One way to do
this is to use travel demand model results to define the transportation network and

link-by-link traffic, and micro-simulate this traffic on each link.
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MODEL DESCRIPTION

This chapter describes the structure of the simplified transportation micro-simulation
tool and details the calibration, micro-simulation, and emissions modelling modules.
The classification and unique features of the tool are also discussed.

The goal of the simplified transportation micro-simulation tool is to provide a
large-scale, physics-based emissions model. The tool should efficiently simulate large
transportation networks, and use micro-simulation to respond to road grade, driv-
ing behaviour, and traffic congestion. Four-step models, such as the travel demand
modelling tool EMME, produce results that describe traffic on large scale networks.
These results are formatted for use in the design tool. Vehicle trajectories are micro-
simulated on each link and used to calculate instantaneous power, fuel consumption,
and emission rates. These criteria are then integrated over each trajectory to produce
a link-by-link inventory. The results are stored for each link, and in a summary for
the entire network and any defined sub-areas. Cold start, evaporative, crankcase,
and refuelling emissions are modelled in addition to the running fuel consumption
and emissions. Alternative fuels and hybrid technologies can be modelled, including
emissions that result from use of electrical grid power. Additionally, a post-processor
based on the work of Achtymichuk [65] can be used to generate KML files to display

simulated results in Google Earth.
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3.1 Model Structure

The simplified transportation micro-simulation tool consists of five modules. The user
interface is used to define how the simulation should run, and initiate the simulation.
The simplified micro-simulation module uses link-average traffic network parameters
(average speed, average vehicle flow, etc.) to generate quasi-realistic vehicle trajecto-
ries. The fuel consumption and emissions module uses a physics-based instantaneous
tractive power analysis for each vehicle trajectory, and then uses a power-based model
to estimate fuel consumption and emissions. The calibration module uses the MO-
BILE6.2 database to generate and apply calibration factors for the vehicle fleet that
is being modelled. The inventory module writes files for the link results, simulation
parameters, and inventory summaries.

The model flow chart in figure 3.1 shows the module interactions for a typical
micro-simulation of traffic emissions of a transportation demand model. Alternatively,
the tool can analyze vehicle speed traces that might be produced by a third-party
micro-simulation (such as VISSIM) or by an experimental study of vehicles in traffic.

The following sections of this chapter describe each module of the simplified trans-

portation micro-simulation tool in detail.

3.2 User Interface

The transportation emissions tool uses a series of graphical user interface windows to
define the simulation parameters and report its progress. The following sequence of

windows prompts users to provide information for the simulation:
e an introduction window briefly describes the program

e aregion window allows users to select their geographic location (i.e. Edmonton,

or Calgary, etc.)
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Figure 3.1: Model structure for simulation of four-step model results
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Input Parameter
(from TDM, i.e. EMME) Parameter is used for...

Link location Post processing

Link length Simplified MS, inventory

Link free speed Simplified MS

Link slope Tractive power analysis

Vehicle volumes Simplified MS, inventory

Average speeds Simplified MS

Cold starts Calibration, fuel and emissions, inventory

Table 3.1: TDM-based inputs for simplified micro-simulation

e a classification window to specify custom link types and fleet divisions (discussed

in section 3.5)

e a main window to enter the simulation period, ambient temperature and atmo-
spheric pressure, vehicle fleet composition, cold start and evaporative emissions
parameters, and input files derived from transportation demand models, micro-

simulations, driving cycles, or experimental data.

There are additional windows that can be accessed from the main window to
view and modify the simulation definition parameters. The graphical user interface is
described in more detail in Appendix A. A user guide also includes sample simulation

runs that demonstrate the user interface [66].

3.3 Simplified Emissions Micro-simulation

The simplified emissions micro-simulation module uses link-level transportation sim-
ulation results, such as those produced by a four-step model like EMME, to simulate
vehicle trajectories for each class of vehicle on each link. The input parameters are
shown in table 3.1.

The average speed and cold start fraction for each class of vehicle as well as the link

parameters (location, length, free speed, and grade are among the required inputs.
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Given these inputs, the simplified micro-simulation creates a vehicle trajectory for
each vehicle class. The algorithm attempts to conserve the link behaviour defined by
the input and is representative of real driving behaviour. The simulation algorithm

is designed to the following priorities:

1. Each vehicle trajectory must complete a distance that is equal to the link length

so that all network travel is fulfilled.

2. Vehicle trajectories begin and end at the input-defined free speed for continuity,
except in zones. Half of the vehicles in zones begin from a stop and the other
half end at a stop. On congested links, the free speed may be reduced by the

micro-simulation.

3. Each time a vehicle comes to a complete stop, it may idle for a period of time.
The idle period is limited to a maximum of 30 seconds. If more delay is required
to match the input-defined average speed additional stops or a reduction of the

free speed are used.

4. The average speed of the vehicle trajectory is equal to the input-defined aver-
age speed on the link, unless the average speed must be reduced so that the

trajectory is within the limitations of the vehicle powertrain.

The first priority ensures that the trips simulated by a four-step model are all com-
pleted, by ensuring that the required distance is travelled. The second priority ensures
that trips begin from a stop and ends at a stop, and that vehicle trajectories transi-
tion from link to link in a continuous manner. The third priority ensures that vehicles
that stop will idle for a reasonable period of time, such as one would at a stop light.
The fourth priority ensures that, whenever possible, the average speed of the vehicle
trajectories matches the input-defined link average speed. This requires that the four-

step model results do not specify traffic movements that are outside of the limitations
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of the vehicles that follow them. An example is a steep uphill link; if the four-step
model allows heavy-duty trucks to travel this link they could be limited in their top
speed and acceleration on the link. The simplified micro-simulation will reduce their
free speed, and if necessary average speed, to complete the link distance within the
limitations of their powertrain. A flow chart of the simplified micro-simulation al-
gorithm is shown in Figure 3.2 with sample vehicle trajectories for increasing levels
of congestion. Appendix B shows a more detailed series of vehicle trajectories for

increasing levels of congestion.

3.3.1 Acceleration Profiles

The simplified micro-simulation uses a combination of cruise (steady travel at the free
speed), one or more stops or a partial stop, and idling to generate vehicle trajectories
that satisfy the distance and average speed specified by the model input. Analytical
methods are used to solve for the free speeds, minimum speeds, cruise time, and idle
time that satisfy the time and distance requirements of acceleration and deceleration
events. The simplified micro-simulation makes use of acceleration profiles that define
representative acceleration as a function of vehicle speed. The criteria for choosing
acceleration functions are that they must fit experimental data and yield analytical
solutions to the first order autonomous differential equation that defines acceleration

as a function of vehicle speed:

dv

a = a:f(v) (3.1)

This equation is separable, so it is easily solved by rearranging into the following

integral form, provided a solution exists for the integrand.

dv
(v)

t= +C (3.2)
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Figure 3.2: Simplified micro-simulation flow chart.
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Figure 3.3: Simplified micro-simulation acceleration profiles.

The shape of typical acceleration profiles can be described using two functions:
a quadratic function for low speeds, and an exponential decay for high speeds. The
two functions are joined such that they, and their first derivatives, are continuous.
Since both of these functions are analytically integrable as first-order autonomous
differential equations, they are mathematically convenient in addition to being well-
suited to the definition of acceleration profiles for vehicles. It is also possible to solve
for the distance travelled in addition to the travel time. The two functions are defined

below, up to and above the transition speed vy:

cr-vP4+cp-vtes v<
a(v) = (3.3)

a-exp M V> Vg

The acceleration functions used in the model are fit to large datasets of Canadian

vehicle traces in metropolitan areas. These functions and their fits are discussed
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further in Appendix C. The default acceleration functions are shown in figure 3.3.
This approach to modelling acceleration captures its dependence on speed. It also
allows for numerically efficient analytical solutions to the traffic constraints imposed
by most travel demand model links. Short and highly congested links require some
iteration to find a suitable reduced free speed, however, the number of iterative calcu-
lations and the simulation times are significantly reduced in comparison to previous

versions of this micro-simulation [67].

3.4 Instantaneous Power, Fuel Consumption, and Emission Module

This module consists of two models: an instantaneous tractive power model, and an

instantaneous power-based emissions and fuel consumption model.

3.4.1 Tractive Power Model

This module calculates the tractive power at each time step in each of the vehicle
trajectories supplied by the simplified micro-simulation. Tractive power is the product

of the tractive force required to drive the vehicle, and its speed.

Ptractive = Ftractive - v (34)

There are a variety of methods used to calculate the tractive force of vehicles, however,
the model described by Sovran and Bonn [68] is used in this model. This method is
based on a physical interpretation of vehicle traction and, with an additional term for
link grade, can be applied to vehicle characteristics, trajectory, and link grade. The
model of Sovran and Bonn includes rolling resistance, aerodynamic drag resistance,
and acceleration terms:

dv

Ftractive - M% + R + D (35)
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The rolling resistance term described by Sovran and Bonn consists of two terms:
R=M(ro+m-v) (3.6)

Many models assume that rolling resistance is not a function of speed and set r; equal
to zero [69, 70]. This assumption is appropriate up to and including highway speeds

and is used in the tractive power model. Equation (3.6) is then reduced to:
R=M-Cgr-v (3.7)

The aerodynamic drag term, D, is described as:

2

D:CD-A%-p (3.8)
An additional term must be added to account for slope resistance:
S=M-g-sin(f) (3.9)

The final form of the tractive force model used in the model is then combined from

equations (3.5) and (3.7) to (3.9):

2

d
Ftractive =M <d_z: + CR -V + qg- SIH(G)) -+ CD A % Y (310)

Hence, given a vehicle’s physical characteristics, its speed, and its acceleration, the

instantaneous tractive force is calculated as shown in the above derivation.
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3.4.2 Power-based Fuel Consumption and Emissions Model

Fuel consumption and emission rates are calculated for each time step of every vehicle
trajectory. The functions used are based on correlations to chassis dynamometer test-
ing done at the University of Alberta [56, 71, 72]. The functions return instantaneous
fuel consumption and emission rates given inputs of power and vehicle speed. The
fuel consumption and emission functions for gasoline vehicles are shown in equations
3.11 to 3.15. The complete set of functions is documented in Appendix D. Carbon
dioxide is calculated based on the mass conservation of carbon in the fuel and the
exhaust, and idle consumption and emissions rates are the second values shown in

the maximum functions.

1
Mgasoline = MAX {— - (7 047610g(Prractive) +0-602) _ () 148 4 0.00262 - v - Prractive, 0.496]

3.6
(3.11)
myo, = max [0.001 - 0.675 - (—0.9121 + 1.778 - Pyqctive) , 0.00544] (3.12)
myype = max | —— - e(70-595108(Practive) £3.234) _p 1000933 (3.13)
3600

. 1 _ o .

mco = max [m . 6( 0439108 (Peractive)+4.64) . -R&ractivea 00213:| (314)
. Me . . M¢ Mco,

= — - asoline — - . : 3.15
Mo, { Ve, . (Mgasol MNMHC) Moo mco} Mo (3.15)

3.5 Calibration

The transportation emissions tool uses power-based fuel consumption and emissions
functions. These are derived from experimental studies performed on several vehi-
cles and engines at the University of Alberta [56, 71]. The raw fuel consumption
and emission estimates calculated by the tool must be calibrated to represent the

fleet that is being modelled. The calibration module generates calibration factors for
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each vehicle sub-class modelled that are passed to the power-based fuel consumption
and emissions model. Running, starting, and fugitive emissions are calibrated to the
MOBILE6.2 model. Fuel consumption is calibrated to the NRCan transportation
database [73]. Electrical energy drawn from the grid to power battery electric and
plug-in hybrids is also calibrated. The Alberta Electrical System Operator (AESO)
market share projections are used along with LCA-based emission factors for each
electricity generation technology. Appendix E is a detailed description of the calibra-
tion calculations and their application to fuel consumption and emission estimates.

The calibration factors for a given vehicle type depend on the following:
e simulation year, ambient temperature, and barometric pressure

e vehicle fleet composition

e clectrical grid properties

e hybrid and electric vehicle market shares

The calibration is defined for each of the 21 vehicle types in table 3.2, according
to one of the two schemes shown in the second and third columns.

The default vehicle classes are divided differently than the MOBILEG.2 vehicle
classes because of their sensitivity to mass and drag within the micro-simulation
framework. The LDV class is divided into mini, economy, and large cars since there
are considerable differences in their fuel consumption and emissions. Additionally,
the LDT1 and LDT?2 classes are treated as LDVs in traffic since they behave more
like LDVs than the heavier light trucks. (LDT1 and LDT2 classes include vehicles
like the Toyota RAV4, Chevrolet Equinox, and Volvo XC70 which are used more like
passenger vehicles than light trucks.) Heavy duty trucks are subdivided into Medium-
heavy Duty (MDVs) and Heavy-heavy Duty Vehicles (HDVs) since the lighter medium

duty vehicles are not only used differently, but also have different capabilities. The
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Vehicle Model MOBILE6

Classes Divisions Divisions

LDV - Mini
LDV - Economy LDV*
LDV - Large LDV

LDT1
LDT2
LDT3
LDT4

LDT

LDT

Q0| ~J| O U | W DO| —

HDV2b
9 | HDV3
10 | HDV4
11 | HDV5
12 | HDVG6
13 | HDVT
14 | HDV8a
15 | HDV8b

MDV

HDV

HDV

16 | Small School Bus
17 | Large School Bus
18 | New Transit Bus
19 | Old Transit Bus
20 | Short Transit Bus
21 | Long Transit Bus

Bus Bus

*MOBILEG6 does not differentiate the LDV class
Table 3.2: Vehicle Fleet Class Definitions
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Vehicle Class Mass Frontal Area Drag Coefficient Rolling Coefficient
kg m?
LDV - Mini 1005 1.900 0.300 0.013
LDV - Economy 1295 1.951 0.327 0.013
LDV - Large 1735 2.118 0.313 0.013
LDT1 1606 2.346 0.360 0.013
LDT2 2120 2.633 0.368 0.013
LDT3 2676 3.122 0.390 0.013
LDT4 3025 3.126 0.410 0.013
HDV2b 3260 3.655 0.410 0.010
HDV3 3655 3.800 0.500 0.010
HDV4 4175 3.900 0.600 0.010
HDV5 5025 4.000 0.700 0.010
HDV6 6490 4.200 0.800 0.010
HDVT7 8210 4.500 0.900 0.010
HDV8a 18100 4.960 0.900 0.010
HDV8b 23800 5.160 0.900 0.010
Small School Bus 3600 4.718 0.550 0.010
Large School Bus 11000 5.712 0.550 0.010
New Transit Bus 13595 6.370 0.550 0.010
Old Transit Bus 10955 5.933 0.550 0.010
Short Transit Bus 3750 4.520 0.550 0.010
Long Transit Bus 19945 6.370 0.550 0.010

Table 3.3: Vehicle characteristics by class

buses are also further divided into six classes. The six classes represent bus usage and
characteristics more closely than the MOBILEG.2 divisions, which differ only by fuel
type (gasoline or Diesel). The physical characteristics of the 21 vehicle classes which

are used to calculate power are shown in Table 3.3.

3.6 Inventory Module

The inventory module compiles the simulation results and writes them to files. Raw
results are stored for detailed analysis and further post-processing. An overall sim-
ulation summary is stored, which contains a record of the simulation definition and

summaries for the whole fleet and for each division of the fleet. If a custom link
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classification scheme is used, summaries are stored for each link classification, and
for unclassified links. Evaporative and refuelling emissions breakdowns are summa-
rized in the same manner. Finally, the fleet age distribution used in the simulation is
recorded in a format that can be used as input in subsequent simulation runs. The
files that are created as output for a simulation run are described in Appendix F.
The inventory module also includes a series of calculations that provide additional
functionality to the transportation emissions tool. Adjustments for high-emitters and
alternative fuels are made and non-running fuel consumption and emissions are cal-
culated. Non-running fuel consumption and emissions include those that result from
cold start, evaporative, crankcase, and refuelling. These emissions are calculated ac-
cording the methodology used in the US EPA’s MOBILEG.2 model and are discussed

further in Appendix E.

3.7 Classification of the Simplified Transportation Micro-simulation Tool

The simplified transportation micro-simulation is a micro-simulation of vehicle traffic
based on travel demand model (TDM) results. While it does not model the capacity
of transportation networks like many transportation micro-simulations, it operates at
the vehicular level. Hence, it satisfies the popular definition of a micro-simulation as

one which operates at the level of individual units.

3.8 Unique Features of the Simplified Transportation Micro-simulation

The simplified transportation micro-simulation tool has several features that on their
own are not uncommon, but in combination are rare. The most important feature is
the capability to micro-simulate emissions on large-scale networks with conventional
computational resources. For example, a 24-hour EMME model of the Capital Region

of Alberta (94,210 links) can be micro-simulated in 147 minutes on a 32-bit Windows
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XP computer with a 3 GHz Intel Core 2 Duo E8400 processor and 3 Gb of RAM (using
both processors). Currently, a transportation micro-simulation (such as VISSIM or
PARAMICS) modelling a network of this scale would be impractical as it would
require a supercomputer, a large cluster, or an excessive simulation time.

Another important feature of this tool is that it is physics-based, rather than
regression-based. This lends predictability and explanatory power to the model;
changing vehicle parameters such as mass or frontal area will result in predictable
changes to emissions and fuel consumption. Regression models are inherently less
reliable at responding appropriately to conditions that differ from those of the data
that was used to generate the regression.

Finally, the simplified emissions micro-simulation module models traffic congestion
continuously (rather than in bins) and over a wide range of conditions. It differs
from the project-level mode of MOVES2010 in the way that congestion is modelled
on the links. The simplified micro-simulation uses free speed and average speed to
respond to congestion in a continuous manner, while MOVES2010 uses the facility
type (i.e. freeway, arterial, etc.) and average speed. Appendix G further investigates
the difference between the simplified micro-simulation approach and the MOVES

approach.
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MODEL CONFIDENCE ASSESSMENT

This chapter presents confidence assessment studies for the simplified micro-simulation

module and for the transportation emissions inventory tool.

4.1 Confidence Assessment Overview

The credibility of the simplified transportation micro-simulation is assessed using
confidence assessment techniques described by Knepell and Arangno [74]. Several
methods are used to perform an operational validation of the model. At the micro-
simulation level the model is compared to two experimental datasets. At the aggregate
level, the fuel sales in the Edmonton metropolitan region are compared to the fuel

consumption estimate of the inventory tool.

4.2 Simplified Vehicle Trajectory Micro-simulation Model Validation

The goal of this section is to determine whether the simplified vehicle trajectory
micro-simulation model predicts fuel consumption and emissions that agree with other
emissions predictions for the traffic that it models. This is a fairly specific test that
makes use of more than one of the model modules but tests only the simplified vehicle
trajectory micro-simulation, i.e. the module that creates vehicle trajectories based on

link-averaged parameters described in section 3.3. The tractive power model and the
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power-based fuel consumption and emissions model are also used in these validation
activities, but are not tested.

The question that this section aims to answer is this: Do the vehicle trajectories
generated by the simplified micro-simulation produce: 1) acceleration and tractive ef-
ficiency estimates, and 2) fuel consumption and emission estimates that are similar
to the estimates for measured vehicle trajectories with the same link-averaged param-

eters? Furthermore, any differences in the estimates will be analyzed.

4.2.1 Comparison to Edmonton Data

A study at the University of Alberta collected second-by-second driving data from
light duty vehicles used in Edmonton traffic. The dataset is compared to the inventory
tool model for the Edmonton metropolitan region. This data is used to compare the
driving behaviour generated by simplified micro-simulation to the driving behaviour
of the Edmonton data. Descriptive statistics of this dataset are shown in table 4.1.
The Edmonton dataset was recorded between September 5 and October 9 of 2008,
almost exclusively on weekdays. It is worth noting that 38% of the recording time was
spent idling. Vehicles were considered idling if their speed was less than 2.5 km/hr.

The Edmonton dataset is used to compare the acceleration and tractive efficiency
of the simplified vehicle trajectory micro-simulation. The dataset is compared to the
City of Edmonton traffic model. This comparison is appropriate because the dataset
was recorded in Edmonton and on weekdays in the fall, which matches the City of
Edmonton traffic model.

Figure 4.1 shows histograms of instantaneous speed for both the simplified micro-
simulation and the measured Edmonton driving data. There are three noticeable
differences between the two histograms. It is apparent that drivers spend more time
idling than the simplified micro-simulation model accounts for; about 40% of driving

time is spent idling in the Edmonton data, while the simplified micro-simulation
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Number of Vehicles 4
Vehicle Hours 350
VKT 10,198
Average Speed (km/hr) 29.1
Idle Hours 134
Average Speed without idle (km/hr)  47.1
Weekday Hours 348
Weekend Hours 1.53
Weekday VKT 10,166
Weekend VKT 32

Table 4.1: Edmonton Dataset Summary

predicts about 10% of time is spent idling. This can be partly attributed to real-world
drivers spending some time just idling rather than travelling anywhere; the four-step
transportation model that is used as input to the simplified micro-simulation models
trip time without consideration of idling periods at the start and end of each trip. The
simplified micro-simulation assumes that trips begin and end in zones with 30 seconds
of idling time, but this does not account for the large amount of time spent idling in
the real world. The lower idle fraction can also be partly attributed to the simplified
micro-simulation’s maximum idling time of 30 seconds; if a vehicle must stop and idle
for more than 30 seconds to achieve the desired link speed, the simulation instead
models congested traffic with a reduced free speed and multiple stops. This 30 second
maximum idling time is intended to correspond to typical traffic signal timings for
the region of study, and assumes that traffic congestion is always related to traffic
signals. The second difference between the two histograms is that the simplified
micro-simulation favours common free speeds. This is because the model assumes
that drivers generally accelerate steadily to and maintain the designated free speed
(i.e. speed limit) unless they are limited by traffic signals or congestion. The third
difference is that average speeds are higher in the simplified micro-simulation as a

consequence of the lower idle time than the real driving data. However, the average
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Figure 4.1: Instantaneous speed histogram for simplified micro-simulation of Edmon-
ton metropolitan region (left) and Edmonton dataset (right)

non-zero speeds, i.e. the average speeds without idle, are very similar (50 km/hr
for the simplified micro-simulation and 47.2 km/hr for the real driving data). Hence
the actual driving data is comparable to the simplified micro-simulation data, with
the major difference being the time spent idling and the minor difference that the
simplified micro-simulation favours common free speeds and shows a less continuous
distribution.

These differences in the model speed distribution propagate into the tractive en-
ergy and fuel consumption estimates produced by the inventory tool from each set
of inputs. Figure 4.2 shows the distributions of tractive energy and fuel energy use
with vehicle speed. The trends from the histograms of figure 4.1 are repeated in a
distorted fashion in figure 4.2; since more energy is required at higher speeds, the
distributions maintain the location of their peaks, but grow in magnitude as speed
increases. The overall tractive efficiency implied by the modelled tractive energy
demand and fuel consumed is displayed in the top right corner of each graph; the
simplified micro-simulation yields a tractive efficiency of 19.7%, while the Edmonton
data is estimated to be 16.5% efficient. This difference is a product of the greater
time spent idling, since fuel is consumed at idle but no tractive energy is used.

Acceleration is an important aspect of driving behaviour, especially at lower speeds
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Figure 4.2: Tractive efficiency profile for simplified micro-simulation of Edmonton
metropolitan region (left) and Edmonton dataset (right)

where acceleration contributes heavily to the required vehicle tractive power. Accel-
eration also tends to be a function of speed, since at higher speeds more tractive
power is required to overcome rolling resistance and drag. Figures 4.3 and 4.4 show
histograms of acceleration for the simplified micro-simulation and for the real driving
data. These histograms break down the speed ranges of the data to show the effect
of speed on acceleration.

The simplified micro-simulation uses higher accelerations than those calculated
from the real world driving data, especially at low speeds. The simplified micro-
simulation does capture the reduction of acceleration as speed increases; this is evident
in figure 4.3 where the histograms on the right show lower acceleration levels for higher
speed ranges.

The Edmonton data in general shows lower acceleration levels than the simplified
micro-simulation, but more time is spent at these lower acceleration levels. The real-
world driving data is also more symmetrical (i.e. deceleration levels are about equal
to acceleration levels) at higher speeds; this is intuitive since drivers tend to apply
less braking power at high speeds.

Figures 4.5 and 4.6 show the histograms of fuel and tractive energy with accelera-

tion, and have the overall tractive efficiency for each speed range printed to the right
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of each histogram. As expected, little tractive power is required during deceleration,
although some fuel energy is used to idle the engine. The differences between the ac-
celeration histograms for the Edmonton data and simplified micro-simulation model
carry into the energy histograms. The overall tractive efficiency in each speed range
changes considerably for the Edmonton data; the lowest speed range, which includes
the idling time, has an efficiency of only 6.5%, while the highest speed range of 90-120
km/hr has a tractive efficiency of 29.6%. This is expected, since tractive efficiency
at idle is zero, and since engine efficiency generally increases with tractive power for
moderate power levels. It is notable that the overall tractive efficiency is dramatically
affected by idling; reducing the amount of time spent idling would increase tractive
efficiency considerably. The change in tractive efficiency across the speed ranges is
not as significant for the simplified micro-simulation. This can be partly attributed
to the lower time spent idling, which results in a higher tractive efficiency for the
0-30 km/hr range. Also, the 90-120 km/hr range shows a tractive efficiency of only
21.5%, compared to 29.6% for the Edmonton data. This discrepancy is a result of the
lower acceleration at higher speeds in the Edmonton data, which reduces the tractive

power and increases efficiency.

4.2.2 Comparison to Winnipeg Dataset

A research study conducted by Bibeau et al. [75] of the University of Winnipeg
resulted in a large database of real-world driving records. This database has several
features that make it particularly useful for validating the simplified emissions micro-
simulation: it contains differential’ GPS records, vehicle speed, and most importantly,
speed limit. The sampling rate is 1 Hz, which is well-suited to tractive energy analysis

and emissions estimates. A suitable subset of this dataset was used for the analysis

IThe GPS coordinates were zeroed at the beginning of each trip to protect the privacy of the
participating drivers.
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Figure 4.5: Tractive efficiency histograms for simplified micro-simulation of the Ed-
monton metropolitan region.
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Figure 4.6: Tractive efficiency histograms for simplified micro-simulation for Edmon-
ton dataset.
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Winnipeg Dataset Subset Used

Number of Vehicles 75 75
Vehicle Hours 12,821 9,966
VKT 394,530 269,120
Average Speed (km/hr) 30.8 26.9
Idle Hours 3,769 2,862
Average Speed without idle (km/hr) 43.6 37.7
Weekday Hours 9,006 7,059
Weekend Hours 3,815 2,935
Weekday VKT 272,580 189,800
Weekend VKT 121,940 79,316

Table 4.2: Winnipeg Dataset Summary

in this section. Table 4.2 contains descriptive statistics for this dataset and for the
subset that was used. Data records that did not have a valid speed limit, or exceeded
the speed limit by more than 10 km/hr were not used for this analysis. Vehicles were
considered idling if their speed was less than 2.5 km/hr.

The dataset was analyzed by splitting the trips into sections of constant speed
limit, and then further dividing these sections into link-like entities that occur in
between cornering events. Since the database does not include complete GPS co-
ordinates it isn’t possible to detect every intersection, it is only possible to detect
those at which the vehicles turned. This is a source of uncertainty in the analysis
because vehicles driving on multiple links without turning (i.e. going straight through
intersections) must be assumed to be driving on a single long link since there is no
information to indicate otherwise. The energy, fuel consumption, and emissions for
the link-like sections of data were calculated using the inventory tool to generate the
point clouds, mean data trends, and 95% confidence intervals presented in this sec-
tion. The emissions shown represent those of a fleet-average economy-size LDV in
2006, based on the default fleet age distribution for Edmonton shown in Appendix E.

The Winnipeg dataset is used to compare the effects of traffic congestion on energy,
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emissions, and fuel consumption. It is uniquely well-suited to this because it includes
speed limit data, which allows for a direct comparison with the link parameters used
by the simplified vehicle trajectory micro-simulation.

Energy, fuel consumption, and emissions estimates for the Winnipeg data and the

inventory tool are presented in sections 4.2.2.1 to 4.2.2.6.

4.2.2.1 Energy Consumption Estimates

Figure 4.7 shows the distance-specific energy consumption calculated for trips isolated
from the Winnipeg data, and for trips modelled using the simplified emissions micro-
simulation. The mean and 95% confidence interval trends for the Winnipeg data,
calculated in 5 km/hr bins using a windowing approach, are also plotted in red on
those graphs which contain sufficient data for their estimation. The mean and 95%
confidence interval were calculated for each speed bin which had at least thirty data
points. The data points that exist outside of the 95% confidence intervals are outliers
that would be less common in a smaller dataset. Each individual graph in the figure
shows the distance-specific energy consumption estimates (in units of kWh/km) as a
function of average speed on the link. It is interesting to note that distance-specific
energy consumption does not seem to vary significantly with free speed, i.e. the data
are clustered within similar ranges in each column of graphs. The mean trend of
the Winnipeg data is also consistent in each row of graphs, indicating that the mean
distance-specific energy trend does not vary significantly with link length.

The simplified micro-simulation model estimates remain within the 95% confi-
dence intervals in most of the graphs. The model underestimates energy consumption
for longer links, and overestimates energy consumption for shorter links. All of the
micro-simulation trends overestimate energy consumption for conditions of extreme
congestion, where the average speed on the link is less than 20% of the free speed. The

simplified micro-simulation energy trends show step changes (increases) in energy as
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congestion increases, as a result of the algorithm increasing the number of complete
stops made as the time spent on the link increases with congestion. This response is

discussed in further detail in Appendix B.

4.2.2.2 Gasoline Consumption Estimates

Figure 4.8 shows the distance-specific fuel consumption calculated for the Winnipeg
data. The mean and 95% confidence interval trends for the Winnipeg data, calculated
in 5 km/hr bins using a windowing approach, are also plotted in red. The estimates of
the simplified emissions micro-simulation are plotted in black. There is considerably
less scatter in the gasoline data than the energy data of figure 4.7, because gasoline fuel
is still consumed during periods of negative tractive power demand, i.e. idle periods,
and because spark ignition engines that consume gasoline become more efficient as
power increases. Hence, the gasoline fuel consumption data collapses towards its mean
value because there is considerably less variation between the lowest and highest fuel
consumption rates than there is between the lowest and highest power demand.
The gasoline fuel consumption estimated by the simplified emissions micro-simulation

is within the 95% confidence interval of the Winnipeg data on all of the graphs in

figure 4.8, and is close to the mean values.

4.2.2.3 CO Emissions Estimates

Carbon monoxide emissions also tend to collapse onto their mean in comparison to
the energy consumption data. The slope of the curve that represents CO emissions
as a function of power decreases as power increases, as shown in figure 4.9. CO is also
emitted when tractive power is at or below an idle value, thus the variation between
the highest and lowest value of CO is less than that of the energy and there is less
scatter in the data. This is evident in the Winnipeg data of figure 4.10; the mean

and 95% confidence intervals are again plotted in red, with the simplified emissions
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Figure 4.9: Carbon monoxide emissions as a function of tractive power.

micro-simulation estimate trend plotted in black. The micro-simulation estimates are
within the 95% confidence intervals and generally follow the mean trends closely on

all of the graphs.

4.2.2.4 NMHC Emissions Estimates

Non-methane hydrocarbon (NMHC) emissions follow a power trend with little scatter
compared to the energy data. The NMHC emissions calculated for the Winnipeg data
are shown in figure 4.11; the mean and 95% confidence intervals are also plotted in
red, with the simplified emissions micro-simulation estimate trend plotted in black.
The micro-simulation estimates follow the mean trends of the data closely in all of

the graphs.

4.2.2.5 NO, Emissions Estimates

NO, emissions are strongly dependant on power, and thus behave similarly the energy
estimates. Figure 4.12 shows more scatter in the calculated NO, emissions for the
Winnipeg data than for CO and NMHC emissions; however, there is still less scatter

than the energy estimates because of the minimum idle value of NO, emissions. The
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Figure 4.11: Comparison of distance-specific NMHC emissions calculated for Win-
nipeg dataset and for simplified emissions micro-simulation model
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micro-simulation trends overestimate NO,, emissions for highly congested links, where
the link average speed is less than 20% of the free speed.

The simplified emissions micro-simulation trends resemble the Winnipeg data
mean trends in most of the graphs of figure 4.12. The model results are further
from mean values for shorter links, and in some cases are outside the 95% confidence

intervals.

4.2.2.6 PMj,5 Emissions Estimates

PM, 5 emissions are plotted in figure 4.13 and show considerable scatter. The scatter
is due to the strong correlation of particulate emissions to tractive power. The simpli-
fied emissions micro-simulation trends remain within the 95% confidence interval of
the emissions calculated for the Winnipeg data for most conditions; however, like the
energy estimate data there is more scatter for shorter links and the micro-simulation
trends are underestimated for longer links and overestimated for shorter links. The
micro-simulation trends also tend to overestimate PMs 5 emissions for highly con-

gested links, where the link average speed is less than 20% of the free speed.

4.3 Aggregate Level Inventory Comparisons

The previous section dealt with the validation of the simplified emissions micro-
simulation model for individual links. This section assesses the performance of the
whole transportation emissions inventory tool over a large region of 94,210 links.
Annual fuel sales estimates for the City of Edmonton in 2006 are compared to the
simulation model for the Edmonton Metropolitan Region.

The City of Edmonton records annual fuel sales and has provided their estimates
of the fuel sold in Edmonton in 2006. Gasoline fuel sales totalled 1,182,142,000 litres,

and Diesel fuel sales totalled 572,428,000 litres. The fuel sold in Edmonton is not
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necessarily consumed in Edmonton, and not all of the fuel consumed in Edmonton
is necessarily purchased in Edmonton so the comparison between the fuel sales and
the simulation for the Edmonton Metropolitan Region is not exact. However, the
fuel sales should still be representative of the amount of fuel that is consumed in
Edmonton.

The comparison between the inventory tool simulation for the Edmonton Metropoli-
tan Region and the fuel sales estimate is shown in figure 4.14. The model estimate
is 7% higher than the gasoline fuel sales estimate and the inventory tool gasoline
usage estimate. The model only captures 22% of the Diesel fuel sales estimate. The
inventory tool predictions indicate that 86% of Diesel fuel is consumed by class 6
to class 8b heavy duty trucks; these trucks are likely used for long-distance highway
travel and it is possible that they tend to arrive in the Metropolitan Region with a
partial fuel tank, refill, and depart the Region again. Much of the Diesel fuel may
be consumed off-road or delivered outside the region; however, further investigation
would be required to determine how much of the difference could be attributed to

this.
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4.4 Confidence Assessment Summary

This chapter aimed to provide insight into the performance of the transportation
emissions inventory tool, and the simplified emissions micro-simulation. The inven-
tory tool fuel consumption estimates are similar to the annual fuel sales estimate for
the Edmonton Metropolitan Region in 2006.

The simplified emissions micro-simulation trends fit within the 95% confidence
ranges of the estimates made using the Winnipeg data for the gasoline fuel consump-
tion, CO emissions, and NMHC emissions. There is considerably more scatter in the
Winnipeg data for energy use, NO, emissions, and PMj 5 emissions, and the simplified

micro-simulation overestimates these criteria for shorter links.
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CHAPTER 5

APPLICATION STUDIES

This chapter uses several application studies to emphasize the uses of the simplified
transportation micro-simulation model. Studies of policy, infrastructure design, and
traffic control are presented. The simplified micro-simulation model is also compared
to an interaction-based micro-simulation in a design study application. Partial content
of this chapter was published in a chapter of the book Mitigating Climate Change: The
Emerging Face of Modern Cities [76].

The simplified transportation micro-simulation tool has many uses for transporta-
tion policy analysts, planners, and infrastructure designers. Policy analysts can use
the forecasting and fleet modelling capabilities to inform regulatory and resource al-
location decisions. Infrastructure designers can use the tool to compare the energy,
fuel consumption, and emissions performance of multiple design options. Examples
of such applications are presented in the following sections. The simplified emis-
sions micro-simulation is also compared to VISSIM, a third-party interaction-based
micro-simulation, in an infrastructure design study.

Transportation demand model results were used for the policy application, in-
frastructure design, and traffic control studies. These were EMME models created
by municipal planning staff for the sole purpose of exploring the capabilities of the

simplified micro-simulation model. The models used represent a real traffic network
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but the scenarios presented are hypothetical and not official planning models.

5.1 Policy Application Study

This policy study considers the use of incentive programs to reduce greenhouse gas
(GHG) emissions from the light-duty vehicle fleet. GHG emissions are calculated as
the weighted sum of COy and CHy emissions (by mass) based on the 100-year GWP
(global warming potential) of 25 for CHy specified in the IPCC’s Fourth Assessment
Report [77]. The calculation for GHG is shown in equation 5.1. Two scenarios are
compared to the baseline estimates. The first scenario uses incentives to encour-
age scrapping old vehicles (10 years or older) in favour of new vehicles; the second
considers the use of similar incentives to encourage the purchase of hybrid vehicles
rather than conventional gasoline vehicles. The two scenarios both model three-year
programs beginning in a major Canadian municipality (Edmonton) in 2013, with an
incentive of $3,000 per vehicle. A limited number of drivers are given the incentive
if they choose to participate in the program by purchasing a new vehicle that has a
smaller GHG footprint than their current vehicle. The programs are assumed to have
an incentive budget of $45,000,000 and thus provide incentives to 15,000 vehicle own-
ers, distributed evenly over the three years to 5,000 vehicle owners per year. These
scenarios are hypothetical and are only intended to demonstrate the usefulness of the

micro-simulation model in making an informed policy decision.

GHG = COy + 25 - CH, (5.1)

The base case for both scenarios is a travel demand model (TDM) for the Capital
Region of Alberta. It is estimated that there are approximately 746,000 active light
duty vehicles in the Capital Region and that 37,300 of those are new vehicles. The

traffic demand is assumed to increase at a rate of 2% per year. However, this analysis
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Figure 5.1: Fleet age distribution evolution for incentive programs

does not account for any increases in road capacity or traffic congestion.

The first incentive model involves accelerating scrappage® rates using new vehicle
purchase incentives. For each of the three program years (2013 - 2015), an additional
5,000 new vehicles are introduced into the fleet, and 5,000 vehicles aged more than
10 years are retired. It is assumed that there would be sufficient demand for the
incentives. Figure 5.1 shows the evolution of the fleet age distribution from the base
year through to 2018.

The second incentive model is a hybrid technology program. In this scenario, the
fleet age distribution remains unchanged, but for each of the three years of the pro-

gram (2013 to 2015), the number of new hybrids brought into the fleet is increased

'Scrappage refers to removing a vehicle from the fleet by changing the title status from active to
salvage, and often recycling it.
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by 5,000 as a result of the incentive program. This program does not remove ad-
ditional older vehicles from the fleet, it simply increases the number of new hybrid
vehicles purchased and reduces the number of new conventional vehicles purchased
accordingly.

The results of these incentive program models are shown in figure 5.2. The intro-
duction of more efficient technologies with fleet turnover is expected to lower GHG
emissions for a fixed amount of traffic but the baseline case shows that this is over-
come by the anticipated 2% yearly increase in traffic demand. Both the scrappage
and hybrid incentive programs reduce the overall GHG emissions over the three year
program period. For the parameters chosen, the hybrid incentive program has a
greater effect on GHG emissions than the scrappage program. The anticipated end
of the programs in 2015 results in an upward inflection in their emission trends as the
fleet continues to turn over and age with fleet purchasing decisions reverting to the
baseline conditions.

In general the objective of policy makers is to mitigate the largest quantity of
GHG possible for their given budget. This type of analysis lends itself well to this
goal; the program budget and emissions mitigated can be used to calculate the cost
of reducing GHGs on a $/tonne basis, and then compared to alternative projects.
For these hypothetical programs, the cost effectiveness of the incentive scenario is
$382 per tonne and is more effective than the scrappage incentive scenario at $498
per tonne. However, both programs are relatively expensive compared to typical
carbon prices ranging around $15 per tonne based on energy conservation programs.
The ability to estimate the emissions savings and cost effectiveness of potential GHG
reduction programs allows policy makers to quantify the effects of their concepts and
identify the most efficient ways to use their budgets.

The simplified transportation micro-simulation model gives policy makers a micro-

simulation tool that can be used to rapidly evaluate, compare, and optimize policy
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concepts.

5.2 Infrastructure Design Study

This case demonstrates the effects of infrastructure changes on emissions by modelling
the closure of a major urban bridge. The importance of large-scale simulations that
capture traffic shifting effects as well as local congestion is emphasized.

The bridge that is closed is a major artery into the down town area of Edmonton,
Canada. Figure 5.3 shows distance-specific GHG emission maps for the baseline case
and bridge closure case. The bridge closure causes traffic to shift to alternate river
crossings, and increases congestion at these alternate crossings. Some mode-shifting
is likely to occur as well; that is, some travellers will choose alternate methods such as
public transit and there will be fewer vehicles on the network. Figure 5.4 shows that
average speeds decrease in the vicinity of the bridge, as do VKT. GHG emissions are
lower, however, the distance-specific GHG rate increases in the vicinity of the bridge,
indicating that traffic is less efficient. This illustrates the importance of traffic shifting
and the necessity of large-scale modelling. While the regional model does not show
a significant increase in traffic, travel time, or GHG emissions, the traffic volumes
within a 0.5 km to 1 km radius of the bridge are significantly lower, and vehicle
travel is both slower and less efficient. The results indicate that, for this case, a
minimum radius of 2.5 to 5 km from the closed bridge would be required to capture
the effectors of traffic to alternate crossings. (This radius would be different for
other cases depending on the traffic volume crossing the bridge and the capacity
and proximity of alternative routes). In this case, the displacement of some vehicle
trips to light rail transit roughly balanced the increased distance travelled by vehicles
detouring around the closed bridge so, on a city-wide basis, changes in vehicle mileage

and GHG emissions were minimal. This result would have been difficult to foresee

66



CHAPTER 5. APPLICATION STUDIES

and to confidently predict without the capability to model both traffic and emissions
on a whole-network basis.

This case study demonstrates that the effects of traffic shifting and mode shift-
ing can be modelled using the simplified transportation micro-simulation model with
transportation demand model results. This approach can be used to evaluate the
results over a large area, and determine to what extent local changes in the trans-

portation network affect the surrounding areas.

5.3 Traffic Control Study

The following two scenarios relate to traffic control measures; increasing the speed
limit on a major freeway, and changing from signalized intersections to free flowing
interchanges on a ring road. Each of these case studies includes a baseline case and
the altered case in which the capacity of a major artery is increased and traffic is likely
to shift towards that artery. These case studies demonstrate the advantages of large-
scale micro-simulation models for a complete understanding of the transportation

issues being modelled.

5.3.1 Freeway Speed Limit Increase

In the first case study, a major suburban freeway crosses a metropolitan region outside
the inner core in the East-West direction. The speed limit is 80 km/hr baseline and
might be increased to 90 km/hr. With lower travel time on the freeway, some traffic
that would otherwise use nearby roads is attracted to the faster flowing freeway. The
problem is studied using three boundaries to demonstrate the importance of large-
scale modelling. The narrowest boundary is only the freeway, the second includes
roads in the immediate vicinity, and the largest includes the entire metropolitan

region. The three boundaries are shown graphically in figure 5.5. Figure 5.5 also
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illustrates the resulting link traffic volumes (as line width) and the specific GHG
emission rates (as line colour). Figure 5.6 shows the relative changes in GHG emissions
and traffic for the three different boundaries.

Considering only the freeway, a higher speed limit produces faster travel (by 5%)
and a marginally lower specific GHG emission rate (by 1%) because of vehicle effi-
ciency and smoother flow. However, the increased traffic on the link (up by 7%) raises
overall GHG emissions along the freeway by 6%.

The extra traffic using the freeway is displaced from lower-speed, less-efficient links
but must also drive further to access the freeway. Hence, it is necessary to study a
larger region to determine whether the greater efficiency of the freeway outweighs the
resulting increase in vehicle kilometres travelled. The study is repeated with broader
boundaries to capture the effects of traffic displacement. At the freeway + vicinity
level, overall travel rises by 2% with a corresponding 1% increase in GHG emissions.
This now covers about 3 times as much travel as the freeway itself and the result is
interpreted to indicate that the extra travel of getting vehicles to/from the freeway
still provides an overall increase in GHG emissions. However, at the urban region
level, (encompassing 19 times as much travel as the freeway), the effect of reduced
demand on other links across the region becomes apparent. As a result, the overall
travel distance and overall GHG emissions still increase by a marginal amount but
less than indicated by the freeway vicinity itself.

This case illustrates the advantages of using a micro-simulation in tandem with
a travel demand model. The simplified transportation micro-simulation captures the
increase in efficiency that results from the change to the freeway, and the transporta-
tion demand model results that are used to generate the micro-simulation ensure that
the traffic increase is modelled.

Another interesting result of this study was the change in oxides of nitrogen (NO,)

in relation to the area that was modelled. Figure 5.7 shows the relative changes in
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Figure 5.5: Freeway study model boundaries. Top: freeway only. Centre: freeway
and immediate vicinity. Bottom: metropolitan region

71



CHAPTER 5. APPLICATION STUDIES

8.0%

7.0%

6.0%

5.0%

4.0%

3.0%

2.0%

1.0%

0.0%

-1.0%

-2.0%

Figure

B Freeway Only

B Freeway + Vicinity

= Metropolitan Region

GHG Average Speed VKT

72

GHG/km

5.6: Correlation of changes in traffic and GHG emissions and model area



CHAPTER 5. APPLICATION STUDIES

7.5%
° 6.9% 7.1%
B Freeway Only '
6.5% - W Freeway + Vicinity
m Metropolitan Region
5.5% -
4.5% -
3.5%
2.5% -
1.5%
o% 0.31% 9
0.5% o 0.2% 0.03%
-0.02%
_ 0
0.5% 203%
Average Speed NOx (g/km) VKT NOx

Figure 5.7: Correlation of changes in traffic and NO, emissions and model area

NO, emissions compared with the relative changes in traffic (VKT) and average
speed. The higher speed on the freeway demands more engine power, and results in a
higher per kilometre rate of NO, emissions. However, when accounting for the roads
in the vicinity of the freeway and for the whole region, there are net decreases in the
per kilometre rate of NO, emissions. Ultimately this means that the increased speed
limit results in a more concentrated increase of NO, emissions on the freeway than
over the whole region. This result is only captured by a model that can simulate a
large region and makes use of a realistic emissions model that responds to changes
in vehicle power. If the whole region were modelled without responding to power

appropriately, the NO, emissions on the freeway would be underestimated.
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5.3.2 Ring Road Signalization

The second scenario in traffic control measures examines changing a section of a major
outer ring road from signalized intersections to free flowing interchanges. The distance
specific GHG emission maps are shown in figure 5.8 and the change in traffic and
emissions in the vicinity of the road and within the metropolitan are shown in figure
5.9. This type of development on a high-speed outer ring road is expected to improve
travel times and figure 5.9 confirms the average speed improvement both locally
(5% for the ring road and vicinity) and over the whole metropolitan region (0.6%,
which is significant considering the relatively small area receiving interchanges). The
efficiency of the vehicles on the network also improves as is indicated by reduced
distance-specific GHG emissions (3.2% lower in the vicinity and 0.3% averaged over
the entire region). However, given the peripheral nature of the outer ring road, vehicle
mileage increases significantly to access that increased capacity and thus overall traffic
volume (measured by vehicle kilometres travelled) increases significantly (by 6% for
the vicinity and 1% over the urban region).

Ultimately this case study shows that increasing the capacity and average speed
of the ring road on this network results in a significant increase in overall GHG
emissions. This presents a dilemma for transportation planners; the increases in
capacity and average speed are desirable but the increase in GHG emissions is not.
It is likely that increasing demand as a result of a growing population and urban
footprint would have caused an increase in congestion in the future. This would
be partially alleviated by the improvement in capacity and average speed, and could
lead to lower GHG emissions in future scenarios. The simplified transportation micro-
simulation can efficiently evaluate multiple present and future scenarios and help to

inform decisions that have long-lasting effects.
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Figure 5.8: Distance specific emissions for the ring road study
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5.4 Comparison of Simplified Emissions Micro-simulation to Third-party

Interaction-based Micro-simulation

The case study used to compare the effectiveness of the simplified micro-simulation
to the interaction-based VISSIM micro-simulation is one in which traffic turning onto
a large urban arterial is causing congestion (Design Option 1) and the alternative
design would re-route that traffic to a larger, more efficient neighbouring intersection
(Design Option 2). The case study in this paper aims to answer two questions; (1)
“how does the change in infrastructure design impact the emissions at the link level
when modelled with VISSIM, and with the simplified micro-simulation?”, and (2) “is
the simplified micro-simulation capable of generating equally useful results at the link
and network level”?

The main simulation parameters for the two design options and both micro-
simulations are shown in table 5.1 below. Because the simplified micro-simulation
does not generate trips, but rather generates trajectories based on supplied link char-
acteristics, it requires no warm-up time to fill the network. For the VISSIM simula-
tions a “warm-up time” of 3000 seconds was used to fill the network with a stable
traffic flow, based on the United States Federal Highway Association’s recommen-
dation that the minimum warm-up time for such micro-simulations be no less than
twice the time required for a vehicle to traverse the network unhindered by traffic
[78]. The micro-simulation results eventually showed that this free-flow travel time
was approximately 1400 seconds, making a 3000 second warm-up time slightly con-
servative. The total road length changes little between the two design options, since
the change to the network is small and localized at a single intersection. The number
of links (which includes connectors in VISSIM) is around five times higher for the
more detailed VISSIM model which includes individual lanes and ramps; the average

link length for the simplified micro-simulation is 0.5 km in contrast with the aver-
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Design 1 Design 2
simplified simplified
micro- VISSIM micro- VISSIM
simulation simulation
Simulation period* 6000 s 9000 s 6000 s 9000 s
Runtime** (h:mm:ss) 0:01:06 3:48:18 0:01:05 3:52:25
Number of Links 199 1173 200 1177
Total VKT 247,573 249,168
Average Speed (km/hr) 37.6 40.1

*VISSIM model includes 3000 s warm-up to fill network
**Time for micro-simulation only using Windows XP 32-bit, 3 GHz Intel Core 2 Duo E8400, 3 Gb RAM

Table 5.1: Micro-simulation parameters for micro-simulations applied to two inter-
section design options

age VISSIM link length of 0.09 km. The total VKT and average speed are slightly
higher for Design Option 2, presumably due to the increase in network efficiency. The
run times for the simplified micro-simulation are significantly lower than for VISSIM:
about one minute for the simplified micro-simulation compared to nearly 4 hours for
VISSIM.

The results of the case studies are presented at both aggregate and localized
levels. The aggregated inventory shows the potential improvement of the studied
design options within the complete domain. The localized graphical results show the

improvement in local GHG emissions.

5.4.1 Overall Tractive Energy and GHG Emission Results

Table 5.2 shows the energy and GHG emission results of both design options. Both
the simplified micro-simulation and VISSIM micro-simulations show a slight increase
in tractive energy requirements from Design Option 1 to Design Option 2, presum-
ably because of the increase in average speeds. (Aerodynamic drag increases with
the square of velocity, giving a non-linear increase in tractive effort as speeds rise.)

However, the energy increases are very small (less than 0.4%) and both modelling ap-
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simplified
micro-simulation
Design 1 Design 2 Design 1 Design 2

VISSIM

Tractive Energy (kWh) 43,919 43,951 34,007 34,019
GHG Emissions (kg) 55,561 54,403 47,419 46,351
Relative Tractive Energy 1.00 1.00
Relative GHG Emissions 0.98 0.98

Table 5.2: Micro-simulation results for two intersection design options

proaches show that GHG emissions decrease by 2% from Design Option 1 to Design
Option 2. This apparently contrary result arises because vehicles travelling closer
to the free speed with less congestion are able to operate at higher efficiency. These
results indicate that the simplified micro-simulation provides an equivalent prediction
of the environmental impact of micro-scale design features when compared to a more
detailed interaction-based micro-simulation such as VISSIM. It is notable that the
simplified micro-simulation estimates for tractive energy and GHG emissions are 21%
and 12% higher than those for VISSIM respectively; however, the relative increases

modelled between design options are similar.

5.4.2 Tractive Energy and GHG Emissions by Vehicle Class

The improvement in tractive energy and GHG emissions is more pronounced for small
light duty vehicles (MOBILES6 classes LDV, LDT1, and LDT2) than for larger light
duty vehicles (MOBILEG6 classes LDT3 and LDT4), as the results in tables 5.3 and
5.4 show. In fact, while the tractive energy used and GHG produced by small light
duty vehicles decreases for Design Option 2 in both simulations, the tractive energy

usage for large light duty vehicles increases.
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simplified
micro-simulation
Design 1 Design 2 Design 1 Design 2

VISSIM

Tractive Energy (kWh) 41,211 41,243 32,475 32,469
GHG Emissions (kg) 52,240 51,133 45,372 44,300
Relative Tractive Energy 1.00 1.00
Relative GHG Emissions 0.98 0.98

Table 5.3: Micro-simulation results for LDV, LDT1, and LDT2 vehicles for two in-
tersection design options

simplified
micro-simulation
Design 1 Design 2 Design 1 Design 2

VISSIM

Tractive Energy (kWh) 2,708 2,709 1,532 1,550
GHG Emissions (kg) 3.321 3,270 2,047 2,050
Relative Tractive Energy 1.00 1.01
Relative GHG Emissions 0.98 1.00

Table 5.4: Micro-simulation results for LDT3 and LDT4 vehicles for two intersection
design options

5.4.3 Localized Graphical Results

Figure 5.10 shows emission maps of the intersection from which turning traffic is
rerouted to the neighbouring intersection. The improvement in the network is imme-
diately apparent on several of the short VISSIM links, which change from red (high
emission rate) to orange (moderate emission rate). The improvement is also apparent
in the simplified micro-simulation representations shown in the bottom plots; how-
ever, it is less apparent since fewer links are modelled and the resulting changes are
averaged over fewer, larger links. The more detailed VISSIM model can serve to pin-
point not only relatively large links, but also individual lanes and connectors which
are particularly high emitting. While the simplified micro-simulation is likely a good
candidate for many studies, there is still a need for more detailed micro-simulations if

such fine detail is required in the results. It is for this reason that third-party micro-
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Figure 5.10: VISSIM (top) and simplified micro-simulation (bottom) visualizations
for design option 1 (left) and design option 2 (right)

simulation results can be analyzed by the inventory tool described in this dissertation.

The simplified transportation emissions micro-simulation can be used to model
the effects of changes to infrastructure such as the intersection redesign shown in this
case study. This key capability gives transportation infrastructure designers a tool
that can be used to focus on local projects, and still model large regions to ensure
that traffic shifting, mode shifting, and other effects that affect larger areas are not

overlooked.
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CONCLUSION

This dissertation presents the development of a simplified transportation emissions
micro-simulation tool and its uses for transportation design and planning. Trans-
portation emissions are a substantial contributor to overall air pollution and are
costly in terms of financial burden and quality of life. Hence, it is important to
reduce transportation emissions through informed policy decisions, planning activi-
ties, and infrastructure design. The effects of proposed transportation plans, policies,
and infrastructure projects can be predicted using appropriate transportation mod-
els. Ideally, large-scale transportation micro-simulation models can be used while also
resolving the important effects of traffic congestion and driving behaviour. Current
transportation micro-simulations are too detailed and computationally expensive for
large-scale models such as metropolitan regions. This work presents the development
of a simplified transportation micro-simulation integrated into an inventory tool that
is capable of efficiently modelling metropolitan regions and resolving the effects of
traffic congestion and driving behaviour. The performance of the model was investi-
gated using confidence assessment techniques, and application studies were used to
demonstrate the utility of the tool. The following sections outline specific contribu-

tions of this dissertation.
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6.1 Development of the Simplified Emissions Micro-simulation

The simplified micro-simulation explicitly models congestion on a link-by-link basis.
One vehicle trajectory is generated for each class of vehicle on each link. This ap-
proach efficiently models link-by-link emissions without the complexity of vehicle in-
teractions. The simplified micro-simulation algorithm includes acceleration rates that
vary as a function of vehicle speed, and is analytical rather than iterative. This accel-
eration model is based on real-world driving data. The analytical vehicle movements
are efficiently solved and reduce the iteration required to define driving behaviour
on each link. The simplified micro-simulation has also been coded for task-parallel

processing of links, further improving run times on multi-threaded systems.

6.2 Confidence of the Simplified Emissions Micro-simulation Approach

The confidence assessment carried out in this study indicated several notable differ-
ences between the traffic generated by the simplified micro-simulation for the Ed-
monton Metropolitan Region transportation model and a dataset of recorded driving
behaviour in the same region (the Edmonton dataset). First, the simplified micro-
simulation underestimates the amount of time that vehicles spend idling. Second, it
also tends to favour common free speeds that are associated with the common speed
limits in the model (30, 50, 60, 70, 80, 90, and 100 km/hr). Lastly, the simplified
micro-simulation does not capture the intermediate levels of acceleration that are seen
in real traffic, as vehicles are either cruising (zero acceleration) or accelerating at an
average level.

The simplified micro-simulation was then compared to a large database of driving
data from a major Canadian municipality (the Winnipeg dataset). The tractive
energy, gasoline fuel consumption, CO, NO,, HC, and PM, 5 emissions were calculated

using the tractive power and emissions models built into the inventory tool. This
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dataset includes speed limit data, and allows for a comparison between energy, fuel
consumption and emissions estimates for real driving data and for the simplified
micro-simulation. The comparison showed that the gasoline fuel consumption and CO
and HC emissions estimates for the simplified micro-simulation fit the mean trends of
the Winnipeg dataset within the 95% confidence ranges. The tractive energy and NO,,
and PM, 5 emissions were within the 95% confidence intervals of the mean trends of
the Winnipeg dataset and generally exhibited similar trends. The simplified micro-
simulation algorithm results in small step changes in the tractive energy trend as
congestion increases on links. As a result the NO, and PM, 5 emissions, which are
strongly dependent on engine power, also show these step changes.

This part of the confidence assessment revealed certain limitations of the simpli-
fied emissions micro-simulation. In particular, the energy, NO, emissions, and PM, 5
emissions are overestimated for congested links with an average speed that is less than
20% of their free speed. This level of congestion is extreme, and should be rare in a
transportation model. The study also indicated that these criteria may be overesti-
mated for shorter links, and the limitations of the data available for the assessment
introduced some uncertainty into the comparison for longer links. A database that
includes complete GPS coordinates that can be matched to a transportation demand
model would resolve this source of uncertainty:.

In the final confidence assessment study, the inventory tool as a whole is compared
with the City of Edmonton fuel sales estimates. The model estimate is 8% higher
than the sales estimate for gasoline fuel. Considering the uncertainty inherent of both
estimates, their similarity is encouraging in terms of overall model validation.

In addition to the confidence assessment studies, the simplified micro-simulation
was also compared to the VISSIM micro-simulation. The simplified micro-simulation
estimates of tractive energy and tailpipe CO, emissions were 9% and 19% higher

than those of the more detailed VISSIM micro-simulation. However, both the sim-
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plified micro-simulation and the VISSIM micro-simulation predicted similar changes
in CO4 emissions for simulations which compared two intersection designs. This re-
sult demonstrated the ability of the simplified micro-simulation to resolve localized

changes in transportation infrastructure.

6.3 Simplified Transportation Micro-simulation as a Design Tool

The application studies presented in chapter 5 demonstrate several key features of the
simplified transportation micro-simulation approach and of the inventory tool. The
simplified transportation micro-simulation approach is differentiated from tools cur-
rently used to model transportation emissions by its ability to micro-simulate large-
scale models using conventional computers quickly enough to be useful for design

1. The simplified micro-simulation was over 200 times faster than the com-

studies
mercial interaction-based micro-simulation VISSIM on a model with 250,000 VKT,
and this advantage would increase with model size.

The inventory tool presented in this work can be used to rapidly evaluate, compare,
and optimize policy concepts. This is made possible by the sensitivity of the model to
fleet changes including the technology level and age of vehicles, and by the efficiency
of the simulation. It is practical with the simplified micro-simulation approach to
evaluate several policy cases for an entire metropolitan region, and over several time
periods (for example present-day, 10-year, and 35-year horizon studies).

The effects of traffic shifting and mode shifting that are captured by a trans-
portation demand model can be simulated using the simplified transportation micro-

simulation model. Emissions and energy and fuel consumption can be evaluated over

a large area, and used to determine to what extent infrastructure changes affect the

'The model for the Capital Region of the province of Alberta, Canada contains 94,210 links and
is simulated in 59 minutes using a 32-bit Windows XP computer with a 3 GHz Intel Core 2 Duo
E8400 processor and 3 Gb of RAM.
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surrounding transportation network. Using transportation demand modelling results
also ensures that any increase in demand that results from changes to the trans-
portation network is captured. This is important for environmental inventory since
increases in transportation efficiency often results in increased of use those facilities.
Hence, an improvement to the transportation network may result in an increase in
emissions and fuel consumption despite an improvement of travel efficiency.

Traffic congestion and driving behaviour are captured by the simplified micro-
simulation. This means that it can be used to model a large area, but still resolve
localized changes in traffic and driving behaviour. The simplified micro-simulation is
able to model the combined effects of traffic shifting, mode shifting, traffic congestion,
and driving behaviour in a single and efficient simulation step.

The simplified transportation emissions micro-simulation can be used to model
the environmental effects of potential infrastructure designs. This capability gives
transportation infrastructure designers a tool that can be used to evaluate localized
projects, and ensure the larger-scale effects of traffic shifting, mode shifting, and

increasing demand are not overlooked.

6.4 Future Research

This study has highlighted several areas that merit further investigation to improve
the performance of this model, and to enhance the development and calibration of
this model and other transportation emissions models.

Validation studies would be beneficial towards the development of this model,
and for transportation emission models in general. There are two validation studies
in particular that would provide insight for modellers and model developers: studies of
driving behaviour to validate the vehicle movements predicted by micro-simulations,

and bulk emission measurements that would yield a validation of the model against
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real-world emissions. While both of these types of studies are complex and challeng-
ing, there are current methods that can achieve them.

Tunnel studies are often used to measure emissions in a defined and closed space.
This is useful for emissions modelling because it isolates vehicle emissions from other
sources. An additional level of detail that would allow for a complete validation
of transportation emissions micro-simulations would be to also capture the instan-
taneous speeds of vehicles traversing the tunnel, as well as their make, model, and
age.

Building a database of second-by-second driving records from cars in traffic that
includes, at minimum: GPS coordinates, vehicle speed, and speed limit (or free speed)
would allow for improved calibration of simulation models. Additional useful data
would include coolant temperature, fuel flow rate, and accelerator pedal position
(notably, these parameters are broadcast by the on-board computers of most modern

North American vehicles). Such a database could be used to calibrate and validate:
1. the acceleration behaviour of micro-simulation models,
2. fuel consumption models, and
3. the link-average performance of the simplified micro-simulation model.

This most unique feature of this database would be the inclusion of the speed limit (or
free speed), which can be done with roadside transmitters and in-car receivers, or can
be done off-line by post-processing GPS coordinates. Both methods present unique
challenges; however, the benefits to transportation emission models are considerable.
Many models use a facility type (i.e. freeway or arterial) and average speed to deter-
mine the level of congestion, and would benefit from a more rigorous determination
of congestion. The free speed and average speed are much more powerful variables

in terms of determining congestion, and should be pursued further as parameters
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that can improve estimation of congestion effects on transportation emissions and
fuel consumption. Recording data that can be used to study the interaction of these
parameters is an important step in this regard.

There have been considerable efforts made to model the transportation emissions
of metropolitan areas, and to some extent the Census Divisions in Alberta. How-
ever, a province-wide model would provide an informative comparison to provincial
inventories of transportation emissions. Provincial inventories can be estimated based
on vehicle registration data and VKT models, and a province-wide emissions micro-
simulation would help inform policy decisions regarding the allocation of provincial
transportation resources to most effectively reduce emissions. Modelling an entire
province is not beyond the capability of this micro-simulation. Congested links, which
occur mainly in the metropolitan regions currently modelled, require considerably
more computational effort than the typically free-flowing rural links that make up
the majority of the province.

Finally, particulate emissions regulations and measurement are rapidly evolving
and with the information that is becoming available with these advancements, it is
important to update the particulate emissions models that are in use. Regulations
are moving towards both mass and number restrictions on particles and as vehicle
technology changes as a result of these regulations it will be important to capture

relevant and accurate estimates in transportation emission models.
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APPENDIX A

GRAPHICAL USER INTERFACE

This appendiz introduces the graphical user interface of the simplified micro-simulation
wnventory tool. The model inputs are shown in a brief description of the main simu-

lation description windows.

A.1 Introduction Window

A model run is started by opening CANMOVES.exe. The introductory screen which
gives a brief overview of the model appears, and is shown below. The user continues
by selecting “OK” or cancels the simulation by selecting “Exit”. Selecting “OK” will

close the Introduction window and open the VDF Region window.

A.2 VDF Region Window

The VDF Region window allows users to select their region. This selection determines
the set of default environmental conditions that can be selected later on in the sim-
ulation definition, as well as the Volume Delay Function (VDF) identifier for zones.
The VDF zone identifier is used to differentiate zones from links: by default it is 99;
for the City of Edmonton it is 99; and for the City of Calgary the VDF zone identifier
is 40. Select “Edmonton” for this example, and then select “OK” to close the VDF

Region window and open the Output Classification and Categorization window.
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.
B CANMOVES SR X

CANMOVES (13.03)

INTRODUCTION

CANMOVWES is a program that builds up an inventory of pallutant emission (CO, HC, NOx, CO2 & Particulates) and fuel consumption,
using traffic model output to provide a basic description of the roads and vehicle movements.

The program reads EMME RTM output files as input. The files identify each link/zone, contain their characteristics, the vehicle flow
on them and the speed of each of the vehicle class on the link/zone.

CANMOWVES develops a dynamic traffic simulation (mini-cycle) to match the traffic flow and time spent on each link. It then runs a
typical vehicle subclass through the mini-cycle, and estimates emissions and fuel consumption. Emission and fuel consumption
models have been developed to match typical fleet emission/fuel consumption levels of the present and future vehicle fleets which
contain only gasoline fuelled and diesel fuelled vehicles. Vehicles can be classified in concordance with the MOBILEG
classifications, and light-duty cars can be segregated. Estimates of fuel consumption come from real vehicle properties with
adjustments for future fuel economy improvement. The user selects the fleet year (1990 - 2050), the percentage of vehicle subclass,
the percentage of each fuel type and the percentage of cold starts for LDV's and LDT's. This program adjusts fuel consumption and
emission functions to fit the fleet performance in that year. Emissions are calibrated to MOBILEG rates.

Cumulative emissions and fuel consumption are summed for all vehicles that are on the link in the EMME RTM output file. This
can be an entire metropolitan region or only the links connected to a particular intersection.

CANMOWVES also produces a link-by-link output (CSV file which lists links information and the amount of emissions and fuel
consumption on each link. The output .CSV files produced by CANMOWVES are located in the input file directory. The link-by-link
output .CSV file is in C3V format and is named xooc OUT.CSV to be different from the input. Similarly, a summary of all results
are stored in XLS format. The naming of these files is similar to that of the link-by-link output file.

Figure A.1: Introduction Window

B canmovEs ESEEE™)

Please Select Your Region:

Calgary -

Figure A.2: Region Selection Window
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A.3 Output Categorization and Vehicle Classification and Window

There are two options for vehicle classification: conventional MOBILEG classification
or the default inventory tool classification. MOBILEG includes Mini, Economy, and
Large cars in the LDV class, and LDT1-4 in the LDT class. The default inventory tool
classification moves LDT1 and LDT2 into the LDV category. This better reflects the
car-like driving behaviour of the smaller light duty trucks (LDT1 and LDT2, which
include minivans, crossovers, small SUVs, and some large cars). This classification is
used to model fleet behaviour in greater detail.

Link-by-link categorization allows the creation of separate results summaries for
different kinds of links specified in a single transportation demand model (TDM)
output file. This is useful to analyze specific geographic regions or time periods. For
example, all links in the downtown core of the city could be identified as link category
1, and the AM peak period could be identified as link category 2. An overall results
file will be created in addition to the two files defined for categories 1 and 2. This
option will be discussed later in Model Parameters (Options) and Defaults. Selecting

“OK” will close this window and open the Simulation Definition window.

A.4 Simulation Definition Window

The simulation definition window is used to define the time, environmental conditions,
fleet characteristics, and output file for the run. The temperature will change auto-
matically as a function of the simulation month and city, and can also be manually
set. Atmospheric pressure is a function of elevation and can be manually set.

To run a simulation, a fleet file must be specified by selecting the “Browse” button
and choosing a properly formatted fleet file. The fleet files contain the distribution
of vehicles by class and fuel type, as well as the fraction of full and mild hybrids

in the fleet. A TDM output file must also be specified by selecting the “Browse”
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-
Bl canmoves
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CANMOVES (13.03)

Fleet Classification and Link Categories

and Buses.

Do you want output in the conventional MOBILEG classification?
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Figure A.3: Vehicle Categorization and Link Classification Window

106



APPENDIX A. GRAPHICAL USER INTERFACE

button and choosing a properly formatted TDM output file. This file defines the
network parameters (link location, grade, length, free speed, vehicle flows, average
speeds, cold start percentage, VDF identifier, etc.). An important note here is that
the TDM output files are created with a cold start distance specified during the TDM
run. To fully capture the effects of cold starts, the cold start distance in the TDM
run should be 4.5 km. This cold start distance must match the one in the Cold Start
Distance drop-down list. If it does not, the cold start fractions may be discounted
and concentrated improperly. Selecting the “Run” button will start the simulation.
A progress box will appear and the calibration routines will run for roughly a minute

(depending on the computer), followed by the link analysis.

A.4.1 Fleet Options

The composition of the vehicle fleet can be modified by selecting the “Edit Fleet”
button. The current composition can also be viewed by selecting the “View Fleet
File” button. Note that to access either of these functions a fleet file must have
already been selected through the “Browse” buttons dialog box. The fleet that is
specified in the simulation can also be saved by selecting the “Save Changes to Fleet
as...” button. Selecting the “Edit Fleet” button will bring up the Fleet Editing
window, shown in figure A.5.

The fleet subclasses can then be modified by selecting the appropriate “Edit”
buttons, or can be left out of the simulation by selecting the appropriate “Ignore”

checkbox.

A.4.2 Fleet Age Distribution Window

Selecting the “Fleet Age Distribution” button will open the Fleet Age Distribution
Modifications window. This window is used to change the age distribution of the fleet,

either by directly modifying the age percentages in the edit boxes or by selecting the
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USER INTERFACE

-
Bl canmoves

THECITy OF

CALGARY

CANMOVES (13.03)
Simulation Definition

— Bazics
Period | Qctober «|2005 « Ambient. Temp | 5.4 deg. Atm_Pressure 89 kPa
— Fleet Modification
Fleet file browse: MNo model Fleet file chosen
Basic Fleet Options Adwvanced Fleet Options
( View Fleet File ] ( Fleet Hybridization ]
[ Edit Fleet ] [ Fleet Age Distribution |

[

Sawve Changes to Fleet as...

[

Electrical Generation Options

Saved file access is :

Access to saved model-Fleet file

| EMME Run | VISSIM Run |

EMME output file browse :

[ Evaporative Emissions Options ]
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EMME/2 Cold Start Distance (km|

Cold Start Options

CihUsers\DanielDeskiopi2013 TRR Revamp\CANMOVES 13.03-D

View EMMESZ File Reguirements
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RUN

Figure A.4: Simulation Definition Window
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Bl CANMOVES o | Bt

CANMOVES (13.03)

Fleet Edit
— Edit Fleet

The vehicle fleet is split into Light Duty Vehicles, Light-Duty Trucks, Medium Duty Trucks, Heawy-Duty Trucks and
Buses.

Please click on the appropriate button to either view and/or modify a vehicle fleet or check the boxes to ignore the
vehicle category in the vehicle emissions computation.

1} Light Duty Vehicle Edit [] Ignore
' 2) Light-Duty Truck Edit []Ignore
| 3) Medium-Duty Truck Edit [T Ignore
I 4) Heavy-Duty Truck Edit [7] Ignore
|| 5) Buses Edit [] Ignore

MNote: Be certain not to ignore all vehicle category

|

Figure A.5: Fleet Editing Window

“Load Fleet Age File” button. Changing the fleet manually in the edit boxes requires
that the sum of age distribution percentages is equal to 100. Selecting the “Cancel”
button will return the fleet age distribution to its default. The default fleet age
distribution is based on 2006 vehicle registration data from the City of Edmonton
Region. The distribution is assumed to be the same across all classes of vehicles. It
can be modified, however, to reflect different age distributions for any class of vehicle.
The bus fleet distribution, for example, is quite different for the City of Edmonton
than the default distribution shown below and changes with simulation year. Using
the “Load Fleet Age File” button and a set of pre-determined fleet age distribution

files to model this is an effective approach to capture the dynamic bus fleet.

A.4.3 Fleet Hybridization Options

The Fleet Hybridization options allow for simulation of the effects of increased hybrid

technology in the vehicle fleet. Selecting the “Done” button will return to the Sim-
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Figure A.6: Fleet Age Distribution Window
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ulation Definition window. Selecting the “Run” button in the Simulation Definition

window will run the simulation. The progress bar will appear.

A.4.4 Electrical Generation Options

The electrical generation options allow for modifications to the sources of grid energy
that is used to power electric and plug-in hybrid vehicles. There are a number of
generation options available, as shown in figure A.8. The default values are also
shown, and are based on the Alberta Electrical System Operator’s database for the
Alberta grid. This provides an opportunity to investigate the effect of using electric
vehicles, as well as the impact of changing the source of electricity used for electric

vehicles.

A.4.5 Evaporative Emissions Options

The Evaporative Emissions Options window allows detailed modelling of evapora-
tive emissions and the effects of certain driving behaviour parameters on evaporative
emissions. The defaults shown in figure A.9 are based on a typical simulation run
by the City of Edmonton. The duration is the time in hours that the simulation is
intended to cover, and is generally 24 to represent a full day’s traffic. The number
of trips per day is based on the 2005 Edmonton Household Travel Survey and is the
average number of one-way trips throughout the day for each vehicle simulated. The
default average trip length of 14.5 km is also based on the 2005 Edmonton Household
Travel Survey. The default ratio of resting to active vehicles is based on the number
of vehicles used during the day and the total registration numbers for the City of Ed-
monton Region. Additionally, the duration of stops tends to vary between weekday
and weekend travel, so the time of week should be specified using the radio buttons.

By default, the simulation will calculate evaporative emissions for weekday travel.
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B cANMOVES = et e
Fleet Hybridization Characteristics Advanced Plug-In Hybrid
Characteristics
Simulation Year: 2005
__ Light Duty Vehicles: Average All Electric Range (km): 0
Full Hybrid Fraction: 0 Average Charge/Trip Ratio: 0
Mild Hybrid Fraction: 0
_ _ Fleet Hybridization History
Plug-In Hybrid Fraction: 0
— Light Duty Trucks: YEAR  COMPOSITE HYBRID PERCENTAGE
Full Hybl’id Fraction: 0 1999 0.0025
2000 0.0093
Mild Hybrid Fraction: 0 2001 0.0248
2002 0.0497
Plug-In Hybrid Fraction: 0 2003 0.0846
2004 0.1291
— Medium Duty Vehicles: 2005 0.2145
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Full Hybrid Fraction: 0 5007 05163
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Mild Hybrid Fraction: 0
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. ) . to ensure that the percentages being input are
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ug-in Hyband Fraction: 0 hybrids for the simulation year. In 2007 for
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— Buses: sold that year, however when the composite fleet is
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Figure A.7: Fleet Hybridization Window
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rl] CANMOVES = )
Electricity Generation Technology Shares
Generation Technology: Percentage of Grid Power:
Hydro (Reservoir):. 3.69
Diesel (0.25% S) 0
Heawy il (1.5% S} 0
Hydro (run-of-river): 0
Coal (1% S). 5451
Coal (2% S, modern S0O2 scrubbing): 0
Muclear: 0
MNatural Gas (2000km delivery): 31.63
Fuel Cell (CH4 reforming): 0
Biomass Plantation: 0
Wind Power: 07
Photovoltaic (Solar): 0
Total* 100 =*must be 100 before finizhing
oK l l Load Tech Shares File l l Cancel, use defaults
.

Figure A.8: Electrical Generation Options Window
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B CANMOVES = e
Evaporative Emission Options

MOTES:

Simulation Duration (hrs): 24 Use 24 hours if uncertain.

Trips/Day (per vehicle): 3.63 Edmonton’s 2005 Household Travel Survey
indicates the average number of trips per day

Awverage Trip Length (km): 14 5 i5 3.63 and the average trip length is 14.5 km.

Ratio of Resting to Active Vehicles: 09634 | For 2008 Edmonton-region registration data.

@ Weekday MOBILES hot soak activity aggregation

) Weekend depends on traffic type.

Cancel - Return to Defaults ] [ Done

Figure A.9: Evaporative Emissions Options Window

A.4.6 Cold Start Options

The cold start options are used to specify the percentage of cold start vehicles on
each link manually, and to change the Cold Start Distance. Manually setting the cold
start percentages is only recommended for runs in which the cold start percentages are
not available in the transportation demand model (TDM) output file. An important
note here is that the TDM output files are created with a cold start distance specified
during the TDM run. To fully capture cold start effects, the cold start distance in the
transportation demand model (TDM) run should be 4.5 km. This cold start distance
must match the one in the Cold Start Distance drop-down list. If it does not, the

cold start fractions may be discounted and concentrated improperly.
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rl] CANMOVES = S |
Cold Start Options
EMME/2 Cold Start Distance (km): 45 |
Cold stants specified by EMME/2 File?
% Cold Start on LINKS : 1) Car 2 3) MDT 1 5) BUS 1
ar—— | | | N I |
% Cold Start on ZONES :1) Car| 8 JIMDT 1 5)BUS| 1
A | | | 0N I

Figure A.10: Cold Start Options Window
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APPENDIX B

SIMPLIFIED MICRO-SIMULATION CONGESTION

RESPONSE

This appendiz is a detailed analysis of the response of the simplified micro-simulation
to congestion. It is intended to provide some insight into the energy trends that emerge

as congestion is increased on a single link with a fived length and fized speed limit.

B.1 Test Link Description

The test link chosen to demonstrate the energy trend is 0.5 km long, and has a speed
limit of 50 km/hr. The energy trend is plotted at the top of figure B.1, with numbers
indicating the average link speeds at which seven speed traces are plotted below the
energy trend. As the link average speed decreases (and congestion increases) the

energy trend develops as follows as a result of the simplified micro-simulation logic:

1. The link average speed is equal to the speed limit, so vehicles will cruise through

the link at the speed limit.

2. The link average speed is slightly lower than the speed limit; vehicles slow

momentarily but there is not enough delay to justify a complete stop.

3. There is now enough delay to come to a complete stop; vehicles may also idle
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to satisfy the average delay on the link.

4. The vehicle now idles for nearly 30 seconds, presumably at a stop light; the
energy has decreased slightly from the previous speed trace because the free
speed on link decreases with average link speed, and idling requires no tractive

energy.

5. The delay on the link now exceeds a complete stop and 30 seconds of idle, so
two complete stops are made with idle periods; there is a step change in energy

to this point since the additional stop requires additional tractive energy.

6. The idle periods during the two stops increase to nearly 30 seconds, and the

free speed continues to decrease with link average speed.

7. A third stop is added to the speed trace to produce the required delay without
exceeding the 30 second idle period limit, and there is another step change in

energy to this point as a result.
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Energy Trend for Links 0.5 km in Length and with 50 km/hr Speed Limit
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Figure B.1: Energy Trend and Vehicle Speed Traces for Links 0.5 km long and with
50 km/hr Speed Limit
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ACCELERATION FUNCTIONS

This appendiz describes the acceleration functions used in the simplified micro-simulation
model. The dataset used to define their shape and the methods used to fit the data are
documented.

The acceleration profiles used in this model are described using two functions: a
quadratic function for low speeds, and an exponential decay for high speeds. The
two functions are joined such that they, and their first derivatives, are continuous.
The form of the acceleration profiles is shown in equation C.1. This form is useful
since it can approximate the acceleration distributions observed in real-world driving
data, and can be analytically solved in the simplified micro-simulation. The following
sections detail the data used to estimate acceleration profiles for each class of vehicle

modelled by the simplified micro-simulation.

e vP4cp-vtes v<

a(v) = (C.1)

a-exp M V> Uy
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Number of Vehicles 75
Vehicle Hours 12,821
VKT 394,530
Average Speed (km/hr) 30.8
Idle Hours 3,769
Average Speed without idle (km/hr)  43.6
Weekday Hours 9,006
Weekend Hours 3,815
Weekday VKT 272,580
Weekend VKT 121,940

Table C.1: Winnipeg Data Summary

C.1 Acceleration Data and Profile Fitting

C.1.1 LDV and LDT Acceleration

The acceleration profiles used in the simplified micro-simulation define the default
acceleration of all vehicles in the model. For links with congestion that require a
reduction in free speed and acceleration, a multiplier less than one is applied to the
acceleration profile. Hence it is important that the default acceleration profiles are
representative of average acceleration values in free flowing traffic.

The Winnipeg study provides the most appropriate data for estimating the ac-
celeration profile of light-duty vehicles. It includes a variety of light-duty vehicles
(both LDVs and LDTSs), a variety of drivers, and is recorded over a sufficient range
of vehicle speeds. It is assumed that both LDVs and LDTs have similar acceleration
profiles since they are generally driven in similar conditions and have similar acceler-
ation capabilities. Table C.1 summarizes the characteristics of this data. This data

is plotted in figure C.1.
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Figure C.1: Winnipeg study acceleration data, mean, 85" and 95" percentile, plotted
with the Default Acceleration Profile for the simplified micro-simulation.

C.1.2 MDYV Acceleration

There are no datasets currently available to estimate MDYV acceleration profiles. Since
MDVs are generally similar to LDTs while being both heavier and larger, it is assumed

that MDVs accelerate at 80% of the acceleration level of LDVs.

C.1.3 HDYV Acceleration

There are several North American studies that show the acceleration capabilities of
heavy duty vehicles. However, since the data has not been made publicly available, the
prior research has been analyzed to estimate reasonable acceleration limits for heavy
duty vehicles. The acceleration profile is defined to adhere to these limits. The first
study that was analyzed was that of Grant, Guensler, and Meyer [79]. This study

reported that among the heavy duty fleet, heavier vehicles had lower acceleration

121



APPENDIX C. ACCELERATION FUNCTIONS

limits, and that road characteristics and driver behaviour had a significant influence
on acceleration characteristics of heavy duty vehicles. The data presented in the
study include speeds from 10 mph (16 km/hr) to 50 mph (80 km/hr). It does not
cover all of speed range that the simplified micro-simulation is capable of modelling;
hence there are indicators of limits in the data shown but not enough to estimate a
complete acceleration profile up to 120 km/hr. The data that is presented indicates
that the maximum acceleration for heavy duty vehicles is 2 — 3 mph/s (0.888 — 1.33
m/s?) at a speed of 30 mph (50 km /hr).

The second study that was analyzed is that of Kern [80]. This data was recorded
on a single tractor truck powered by a 435 hp Cummins N14 engine with No. 2 diesel
fuel over three test routes, at a simulated weight of 46,400 lbs (21,090 kg). This study
shows data recorded up to 60 mph (100 km/hr), and indicates that the maximum
acceleration for the truck was 2.5 mph/s (1.11 m/s?) up to 20 mph (32 km/hr), and

the minimum acceleration was -2 mph/s (0.888 m/s?) up to about 30 mph (48 km/hr).

C.1.4 Bus Acceleration

Pelkmans et al. [81] recorded the acceleration capability of a stoichiometric CNG
bus, a lean-burn CNG bus, and a diesel bus under similar conditions. The simplified
micro-simulation profile has been defined to be comparable to the Diesel bus. As such
it peaks at about 1.5 m/s? at 10 km/hr and decays through 0.2 m/s* at 70 km/hr.
The acceleration level from a stop is set at 0.8 m/s? based on this study.

Data collected from two Diesel buses in Edmonton agrees with these observations,
although some higher accelerations at lower speeds were observed. The vehicle speed
was recorded from the CAN-bus through the SAE J1939 socket on the buses. Figure
C.2 shows the acceleration profile for buses defined to adhere to these limitations.
The data from the Edmonton buses is also presented as a point cloud, and the mean

and 95% confidence ranges calculated using a windowing approach are also plotted.
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Figure C.2: Bus default acceleration profile for simplified micro-simulation

C.2 Default Acceleration Profiles

Figure C.3 shows the acceleration profiles for each class of vehicle modelled by the

simplified micro-simulation.
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Figure C.3: Default acceleration profiles for simplified micro-simulation
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POWER-BASED FUEL CONSUMPTION AND EMISSION

MODEL

The advantages of micro-simulation rely on instantaneous fuel consumption and emis-
sion rates. This appendix describes the instantaneous, power-based fuel consumption

and emission functions used in the simplified micro-simulation inventory tool.

D.1 Gasoline Vehicle Fuel Consumption and Emissions Functions

The fuel consumption function for gasoline vehicles in equation D.1 is the work of
Checkel [71]. The emissions function in equations D.2 to D.4 are the work of Busawon
[67] and are correlations to engine dynamometer data.

Carbon dioxide emissions are calculated with the carbon balance described by
equation D.5. It is assumed that gasoline has a hydrogen to carbon ratio of 2 and is
approximated as C,Hy,. It is also assumed that any carbon not emitted in the form

of CO,, CO, and non-methane hydrocarbons is negligible.

_ 0.496 if idling
Mgasoline =
L. (20476 10g(Prractive) £0-602) _ () 148 + 0.00262 - v - Piraetive Otherwise

3.6 D)
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0.00544 if idling
ixo, = (D.2)
§85 - (—0.9121 + 1.778 Pyactive)  Otherwise
0.00933 if idling
MNMHC = (D-3)
ﬁ . e(—0-595 IOg(Ptr'active)+3-234) . Pt'ractive OtherWise
0.0213 if idling
o — (D.4)
s e(~0-43910g(Piractive)+4.64) . p, . otherwise

Me,
MCnHQn

mCOg = : (mgasoline - mNMHC) -

D.2 Diesel Vehicle Fuel Consumption and Emissions Functions

The fuel consumption function for Diesel vehicles in equation D.6 is the work of
Checkel [72]. The emissions function in equations D.7 to D.10 are the work of Busawon
[67] and are correlations to measured emissions data.

The fuel consumption and emissions functions for Diesel vehicles depend on their
rated power P,,q, and their idle fuel consumption rate 1 piesei idgie- Table D.1 shows the
rated power and idle fuel consumption rate for each class of Diesel vehicle modelled.

Carbon dioxide emissions are calculated with the carbon balance described by
equation D.11. It is assumed that Diesel also has a hydrogen to carbon ratio of 2 and
is approximated as C,Hs,,, and that any carbon not emitted in the form of CO,, CO,

and non-methane hydrocarbons is negligible.
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Vehicle Class Rated Power Idle Fuel Consumption Rate
EW g/s

LDV-Mini 120 0.0995
LDV-Economy 120 0.13236
LDV-Large 120 0.16515
LDDT1 150 0.16515
LDDT2 150 0.2143
LDDT3 150 0.277
LDDT4 150 0.290
HDVG2b 250 0.290
HDVG3 250 0.290
HDVG4 250 0.290
HDVGH 250 0.290
HDVG6 250 0.404
HDVGT7 250 0.404
HDVGS8a 375 0.404
HDVGS8b 375 0.404
Small School Bus 225 0.290
Large School Bus 210 0.404
New Transit Bus 210 0.404
Old Transit Bus 170 0.404
Short Transit Bus 225 0.290
Long Transit Bus 210 0.404

Table D.1: Diesel vehicle rated power and idle fuel consumption rates
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mDiesel,idle if 1dhng
mDiesel - (D6)
M pieselidie + 0.05895 Pryacive + 0.00008537 P2, 1ive  Otherwise
(
0.007 if idling, otherwise
o, = o (1:5475-0.030471 log( Ztgactive ) ifa<0

2
Prractive (20.8531 — 402306 Zgetie 4 25,0789 (Lpastioe ) ) if a > 0
\

(D.7)
(
0.0072917 if idling, otherwise
MNMHC = Ptmcmee(_1'12321_'7738 log Dtpactive ) ) ifa<o
2
Piractive (1.41 — 3376 gt 4 2,458 ((Lgast ) ) if a > 0
\
(D.8)
(
0.0085 if idling, otherwise
MCO = Prygeripee *002-0789590108(F51324)) g o < (D-9)
Prractive - (22.04 = 8526 st2 ) if 0> 0
k max
(
0.000025389 if idling, otherwise
Mpi, = Ptmcmee(—2.82697—0.5159821og(Pt};zlc;;ve)) ifa<0 (D.10)

Prractive - (132536 — 117628t ) if a > 0
\ max
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. Mc¢, . .
meco, = : (mdiesel - mNMHc) -
MCnHQn
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FUEL CONSUMPTION AND EMISSIONS CALIBRATION

This appendiz describes the methodology used to calibrate the simplified micro-simulation
inventory tool to the NRCan fuel consumption database and the US EPA’s MO-
BILE6.2C model.

E.1 Fuel Consumption

Fuel consumption estimates are calibrated based on historical data from the Nat-
ural Resources Canada (NRCan) fuel consumption database [73] and on forecast
constraints derived from the work of Heywood et al. [69]. This section details the
methods used to calibrate fuel consumption and includes the Light Duty Vehicle
(LDV) calibration trends as an example. The complete set of calibration functions is
then reported for the LDT, MDV, and HDV classes along with any differences in the

methodology and additional data sources.

E.1.1 NRCan Historical Fuel Consumption

Natural Resources Canada (NRCan) maintains the Comprehensive Energy Use Database,
which includes yearly statistics-based estimates of the average fuel consumption of
Canadian vehicles. The NRCan data goes back to 1981 and is supplemented by

historical corporate average fuel economy characteristics published by the National
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Figure E.1: Light Duty Vehicle (LDV) Historical Gasoline Fuel Consumption Trend

Highway Traffic Safety Administration [82] and in the Transportation Energy Data
Book [83] to extend historical fuel consumption estimates back to 1967 1. Interpo-
lation was used for years for which the fuel consumption data was unavailable. The

historical fuel consumption trend for light duty vehicles is shown in figure E.1.

E.1.2 Fuel Consumption Forecasting Methodology

Fuel consumption is forecast from 2002 to 2050 simulation years by extending the
historical fuel consumption trend based on the improvement predicted by Heywood et
al. [69], and on the minimum fuel consumption that can be expected given reasonable

engine efficiency limits. The forecasting function is thus constrained by the following:

e the forecast function must predict the same fuel consumption as the last his-

torical data point, which in the case of LDVs is the year 2001

e fuel consumption is expected to improve by 41% between 2001 and 2020 [69]

Wehicle fleets from 1990 to 2050 can be modelled, with a maximum age of 23 years (all vehicles
older than 23 years are assumed to be 23 years old; this is typically less than 0.5% of the vehicle
fleet). Hence, annual fuel consumption estimates that date back to 1967 are necessary to calculate
composite fleet fuel consumption from 1990 onwards.
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Figure E.2: Light Duty Vehicle (LDV) Class-average Gasoline Fuel Consumption

e the minimum fuel consumption that can be expected far into the future for in-

ternal combustion engines is calculated assuming a maximum tractive efficiency

of 35%

An exponential decay that passes through the points of the first and second con-
straint, and has an offset equal to the horizontal asymptote predicted by the third
constraint, results in the fuel consumption forecast for the LDV fleet described by

equation E.1 and shown with the historical data in figure E.2.

FC = 4.16 4 3.9008¢ 004745 (year=2000) v oy — [2001, 2050] (E.1)

E.1.3 Fleet Composite Fuel Consumption Calibration Functions

The vehicle fleet for a simulation is defined as a combination of new vehicles and
vehicles aged up to 23 years. This combination is called the fleet age distribution, and

can be user-modified as discussed in Appendix A. The default fleet age distribution,
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Figure E.3: Light Duty Vehicle Default Fleet Age Distribution

which is based on 2005 vehicle registration data for the city of Edmonton, Alberta,
is shown in figure E.3.

The fleet composite fuel consumption, calculated with the default fleet age distri-
bution, is shown in figure E.4. The fleet age distribution can be redefined by the user,
and the fleet composite fuel consumption is calculated at runtime based on the fleet
age distribution selected. The fleet composite fuel consumption function in figure E.4
is for the default fleet age distribution and is shown here purely for reference.

The final step in calibrating fuel consumption is to calculate the fuel consumption
factors for each sub-class of the fleet. In the case of LDVs, factors are required to
calibrate the fuel consumption for Mini, Economy, and Large LDVs. Class-average
fuel consumption for the sub-classes was estimate by a survey of model year 2001
vehicles. The sub-class fuel consumption factors are calculated as shown in equation
E.2 where the index SC denotes the sub-class (Mini, Economy, or Large).

FOFg — Average Fuel Consumptionsc(2001)

E.2
Fuel Consumption Function(2001) (E2)
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Figure E.4: Light Duty Vehicle (LDV) Fleet-composite Gasoline Fuel Consumption

The result of the calibration of each sub-class, using the default fleet age distribu-
tion, is shown in figure E.5. The sub-class calibration factors for gasoline and Diesel
fuelled vehicles of all classes are shown in table E.1. It is assumed that Diesel vehi-
cles follow the same trend as gasoline vehicles. This assumption relies on the mass,
area, and drag and rolling coefficients being similar, and on similar technological
improvements to powertrain efficiency for vehicles of both fuel types.

This methodology is also used to create gasoline fuel consumption functions for the
light duty truck (LDT), medium duty vehicle (MDV), and heavy duty vehicle (HDV)
classes. The resulting fleet-composite gasoline fuel consumption trends are shown in
figures E.6, E.7, and E.8. The MDV and HDV historical data was projected backwards
from 1990 to 1967 using the fuel consumption of trucks relative to their 1990 fuel
consumption reported by the United States Energy Information Administration [84].
The MDV and HDV Diesel fuel consumption functions are generated independently
from the gasoline fuel consumption functions as their market shares are significant and
there is sufficient data available to do so. The default fleet composite fuel consumption

trends for MDV and HDV classes are shown in figures E.9 and E.10.
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Figure E.5: Light Duty Vehicle (LDV) Fleet-Composite Gasoline Fuel Consumption
for Sub-classes

Sub-class Gasoline Calibration Diesel Calibration
LDV - Mini 0.761 0.546
LDV - Economy 1.06 0.761
LDV - Large 1.36 0.977
LDT1 0.913 0.723
LDT2 1.23 0.974
LDT3 1.45 1.15
LDT4 1.50 1.19
HDV2b 0.893 0.843
HDV3 0.963 0.937
HDV4 0.976 1.05
HDV5 1.11 1.10
HDV6 1.12 1.23
HDV7 1.21 1.40
HDV8a 0.660 0.855
HDV8b 0.699 0.906

Table E.1: Sub-class fuel consumption calibration factors
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Figure E.6: Light Duty Truck (LDT) Fleet-composite Gasoline Fuel Consumption
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Figure E.7: Medium Duty Vehicle (MDV) Fleet-composite Gasoline Fuel Consump-
tion
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Figure E.8: Heavy Duty Vehicle (HDV) Fleet-composite Gasoline Fuel Consumption
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Figure E.9: Medium Duty Vehicle (MDV) Fleet-composite Diesel Fuel Consumption
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Figure E.10: Heavy Duty Vehicle (HDV) Fleet-composite Diesel Fuel Consumption

E.1.4 Cold-start Fuel Consumption Temperature Correction

Cold-start fuel consumption increases as ambient temperature decreases; the amount
of fuel required for a cold start at temperatures below 22° Celsius is multiplied by
the temperature dependent correction factors based on the work of Weilenmann et

al. [85] and shown in figure E.11.

E.2 Tailpipe Emissions

Tailpipe emissions are calibrated to the US EPA’s MOBILE6.2C model. MOBILE6.2C
is a Canadian version of MOBILEG6.2, which is based on a vast number vehicle emis-
sions tests that were performed using the standardized federal test procedure (FTP)
cycle. Tailpipe emissions are calculated in two parts; cold-start emissions for vehicles
that have not completed the distance of a cold start, and hot-running emissions for

vehicles which have completed their cold-start distance.
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Figure E.11: Cold Start Fuel Consumption Temperature Correction Functions

E.2.1 Hot Running Emissions

Hot running emissions are calibrated using the MOBILEG6.2C basic emission rates
(BERs) and calibration factors for the power-based emission functions.

E.2.1.1 MOBILE6.2C Base Emission Rates

The Base Emission Rate (BER) of each class of vehicle is calculated based on the
MOBILE6.2C model. The BERs depend on the simulation year and the fleet age

distribution. A typical BER calculation is shown in equation E.3.

BER=ZML+ DR-M (E.3)

In equation E.3, ZML is the Zero Mile Level of emission, or the emission rate
of a new vehicle for the specified simulation year; DR is the deterioration rate of
the vehicle, or the rate at which the emissions increase as the vehicle ages. The

deterioration rate is multiplied by M, the mileage of the vehicle, which is specified in
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the MOBILE6 model based on the vehicle age and class. BERs are calculated for new
vehicles as well as those aged between 1 and 23 years. It is assumed that vehicles older
than 23 years are a small fraction of the fleet that emit similarly to those 23 years
of age, and their fraction of the fleet is included in the fraction of vehicles 23 years
old. Base Emission Rates are calculated according to the MOBILEG.2 documentation
86, 87, 88, 89, 90, 91, 92, 93, 94].

The fleet age distribution is then applied to calculate the fleet composite BER for
each vehicle class. The fraction of each age of vehicle in the fleet is multiplied by
its corresponding BER and summed to produce the composite BER for each vehicle
class.

23

Composite BER = BER(i) - f(i) (E.4)

i=0

Composite BER is the fleet composite BER for a particular vehicle class, BER(7)
is the BER for a vehicle of that class and age i and f(7) is the fraction of vehicles of
that age in the fleet.

The composite BERs for each vehicle class are stored in calibration factors for
use in the program when the emissions have been calculated based on vehicle micro-
simulation.

The BER calculation shown in equation E.4 is adjusted for high altitude simula-
tions by a factor described in the MOBILE6 model. The high altitude criterion for
MOBILESG is set at 4000 feet above sea level; simulations that specify atmospheric

pressures indicating higher altitudes are subject to the high altitude correction.

E.2.1.2 Calibration Factors

The base emission rates (BERs) discussed in section E.2.1.1 are the distance-specific

emission rates expected of vehicles driven through the hot-running sections of an
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FTP cycle. To produce calibration factors a direct, uncalibrated simulation of the
hot-running bags of the FTP cycle is performed, and compared to the result that is
predicted by the MOBILEG6.2C model. The calibration factors are the ratio of the

MOBILE6.2C model and the uncalibrated model, shown below in equation E.5.

B MOBILE6.2C BER
~ Uncalibrated FTP Emissions

CF (E.5)

These calibration factors are then applied to all running emissions estimates made
by the power-based emissions model to yield calibrated results, as shown in equation

E.6.

Calibrated Hot Running Emission Rate = C'F - Uncalibrated Emission Rate
(E.6)

E.2.2 Cold-start Emissions

Cold start emissions are defined in MOBILEG.2C similarly to base emission rates;
there is a zero mile level (ZML) and a deterioration rate (DR). Cold start emissions
are estimated by taking the difference between the cold-start bag 1 of the FTP cycle
and the hot-start bag 3 of the FTP cycle, which are shown in figure E.12. Hence,
cold-start emissions are defined as a mass (in grams) of pollutant rather than a
distance-specific emission rate. There is therefore no calibration necessary for cold-
start emissions, as the mass of pollutant predicted by MOBILE6.2C can be applied

directly to each vehicle that cold-starts in a simulation.

141



APPENDIX E. CALIBRATION

100 \ !

\ \ \ \
Bag 1 - Cold Start Bag 2 - Stabilized Bag 3 - Hot Start

70~ .
60~ .
50/~ .

40 .

sSpeea (km/nr)

N
o
T
|

N
o
T
|

0 \ \ \ \ \ \ \
0 200 400 600 800 1000 1200 1400 1600 1800 20C

Time (s)

Figure E.12: Federal Test Procedure (FTP) cycle. Cold-start emission amounts are
the difference between what is emitted on bag 3 and on bag 1.

E.2.2.1 Cold-start Emissions Temperature Correction

Cold-start emissions increase with lower temperature, and cold-start emissions are
corrected based on the work of Hawirko [95]. Hydrocarbon and carbon monoxide
emissions increase as ambient temperature decreases due to lower combustion effi-
ciency. Oxides of nitrogen do not tend to increase as they depend more on combustion
temperature rather than combustion efficiency. The temperature correction factors

are shown in figure E.13.

E.3 Fugitive Emissions

Fugitive emissions are modelled based on the MOBILE6.2C model. Fugitive emissions
include evaporative, crankcase, and refuelling emissions. These are hydrocarbon emis-
sions that escape the vehicle through a variety of mechanisms. Evaporative emissions

sources include:
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Figure E.13: Cold Start Emissions Temperature Correction Functions

e resting losses: hydrocarbons that escape the vehicle while it is at rest, and
independently of temperature changes (e.g. through permeation of a plastic

fuel tank)

e diurnal losses: hydrocarbons that escape the vehicle due to the change in tem-
perature throughout the course of the day (e.g. through venting of the fuel tank

as the fuel warms with ambient temperature)

e running losses: hydrocarbons that escape the vehicle while it is moving (e.g.

through leaks in pressurized fuel lines)

e hot soak losses: hydrocarbons that escape the vehicle within one hour of being

shut off

The evaporative emission sources and their implementation are described in more
detail in the inventory tool documentation [96].
Crankcase emissions are hydrocarbons that escape the crankcase of the engine.

These emissions are particularly important for vehicles that have failed positive
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crankcase ventilation (PCV) valves. The inventory tool documentation provides fur-
ther description of the crankcase emissions model [97].

Refuelling emissions are hydrocarbons that are lost during refuelling events, such
as drips from fuel nozzles. The refuelling emissions model is also described in the

inventory tool documentation [98].

E.4 Alternative Fuels and High-Emitters

Alternative fuels and high-emitters were modelled in CALMOBG6, an earlier version
of the inventory tool, and are described by Busawon [67]. The fuels that are modelled
include gasoline, Diesel fuel, compressed natural gas (CNG), liquefied petroleum gas

(LPG), M85 methanol and E85 ethanol. Electric and hybrid vehicles also modelled.

E.4.1 Electrical Generation Emissions

The transportation emissions inventory tool uses life cycle assessment (LCA) based
emission factors to calculate the emissions that result from electricity drawn from the
grid to power electric and plug-in hybrid vehicles. The emission profiles of electrical
grids are specific to the technologies used to generate the energy within the region of
interest. For this reason, the grid generation technology shares can be user-modified
to suit the region of interest. Table E.2 lists the generation technologies that are mod-
elled by the inventory tool, and the emissions estimates for each technology based on
a review of life-cycle assessments [99], and the Alberta regulations regarding emis-
sions trading [100]. The default market shares of each of these technologies for 2013
is shown in table E.3 and is based on historical data and future projections of the

Alberta Electrical System Operator.
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Technology COy (kg/kWh) SO, (kg/kWh) NO, (kg/kWh)
Hydro (reservoir) 0.015 0.000007 0
Diesel (0.25% S) 0.778 0.001285 0.006
Heavy Oil (1.5% S) 0.778 0.008013 0.0015
Hydro (run-of-river) 0.002 0.000001 0
Coal (1% S, no scrub) 1.05 0.00072* 0.000621*
Coal (2% S, scrubbed) 0.96 0.00072* 0.000621*
Nuclear 0.015 0.000003 0
Natural Gas (2000 km deliv.) 0.443 0.000314 0.0007
Fuel Cell (H2 from CH4) 0.664 0.00047 0
Biomass Plantation 0.118 0.000026 0.002
Wind Power 0.009 0.000069 0
Solar Photovoltaic 0.013 0.000024 0

*Based on regulatory limits in Alberta [100]

Table E.2: Emission factors for electrical generation technologies

Hydro (with reservoir)  2.97
Diesel 0
Heavy Oil 0
Hydro (run-of-river) 0
Coal (1% S) 55.99
Coal (2% S, scrubbed) 0
Nuclear 0
Natural Gas 40.9
Fuel Cell 0
Biomass plantation 0
Wind power 0.14
Photovoltaic 0

Table E.3: Market Share Percentages of Electrical Generation Technologies in Alberta
in 2013
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SIMULATION OUTPUT FILES

This appendiz describes the output files that are created with each run of the simplified

transportation micro-simulation tool.

F.1 Results Directories

Simulation results are stored in a folder created (or overwriting a previous results
folder) in the directory containing the EMME Output file. The folder will contain
four files and a folder titled CSV Files, as shown below. The Evap Summary and
Results Summary contain the evaporative emissions results and overall inventory
results respectively. The fleet age distribution is documented in the Fleet Ages file,
and the RAW Results file contains raw simulation for documentation and further post-
processing. The CSV Files directory contains link-by-link results for the simulations

and can also be used for further post-processing.

F.2 Overall Results Summary

The overall results summary is saved in the “Results Summary.xls” file and contains
an introduction sheet that summarizes the run parameters and is shown below. It
also has a worksheet for each major type of vehicle (Car, LDT, MDV, HDV, and

Bus), an overall summary worksheet, and three appendices.
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F - E |
@-\;‘;vl .« csvfiles-emme output 2 » LAdapprox » - |¢,| | Search LAdapprox 2 [
Organize « Include in library - Share with = Mew folder =~ [ l@l
- Favorites it Mame : Date modified Typ

=4
4. Downleads 3 , CSV Files 26/07/201311:51 ...  Filg|
£ Recent Places 1 B LAdapprox Evap Summary.xs 05/08/2013 4:35 PM  Mid
Bl Desktop | E] LAdapprox Fleet Ages.csv 05/08/2013 4:35 PM  Mig
EE] LAdapprox RAW Results.csv 05/08/2013 4:35PM Mg
i Libraries B Lagapprox Results Summary.xls 05/08/2013 4:35PM  Mid
3 Documents
rJ"- Music
=] Pictures - 4 i r
5 items

Figure F.1: Results Directory for EMME input file titled “LA4Approx.csv”

The LDT worksheet shown below is similar to the car (LDV), MDV, HDV, and
Bus sheets. Fuel consumption and emissions are reported both in gross emission
(grams or kilograms) and emission rate (grams per vehicle kilometre) for each vehicle
subclass. Note that for this example, no electric, propane, or natural gas vehicles
were modelled and the associated fuel consumption and emissions are zero.

The OA (OverAll) Summary worksheet gives a report of the entire simulation; all
vehicles are summarized on this sheet. The sheet has been rearranged to show on one
screen, and is shown below. Again, both the gross emissions and the emission rates
are summarized. Appendix A contains information regarding the vehicle classification
used, and Appendix B contains the fleet file information. Appendix C records any
links on which the vehicle power limit was exceeded and the link speed was reduced or
the link was simply omitted from the simulation. This may occur when, for example,
a heavy duty truck is climbing a hill and does not have enough power to do so at the

average speed dictated by the link parameters.
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A B C D E F G
CANMOVES
Vehicle Emissions Inventory Report - Introduction

Program Version: 13.03
Report as of: 4/2/201311:55
Elapsed Time: 0 min 484983 sec

1. Basics

Estimation Period: Oct 2008
Estimated ambient temperature: 53
Estimated ambient pressure: 94

2. EMME/2 Output File Link
D:\CANMOVESI\CANMOVES 13.03\csvfiles-emme output 2\LA4approx.csv

Number of lines read: 4
3. Cold-Start
Cold Start Distance: 2 km

Cold Start percentages were read from the EMME 2 file.

4. Note:
* - Emissions that include plant emissions for electric vehicles

5. Model Fleet
Fleet file link access is :
2006_Fleet.csv

§. Cold-Starts

Cold-Start values are indicated for all the vehicle classes, as above.
However, these values are effective for the Light Duty Vehicles and the
Light Duty Trucks, solely.

7. Fuel Rate conversion
1 g/km of Gasoline is equivalent to 0.13 L/100km.
1 g/km of Diesel is equivalent to 0.12 L/100km.

8. GHG Calculation
GHG values are based on (by mass): CO2equivalent = CO2 + 25*CH4.
Reference: IPCC Fourth Assessment Report: Climate Change 2007 (AR4), Page 214

9. Evaporative Emissions Parameters

Simulation Duration: 24 hours
Mean Trip Length: 14.5 km
Trips per Day 363

Ratio of Active to Resting Vehicles: 0.9634

Figure F.2: Introduction sheet of Results Summary
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Hd9-o-|s LAdapprox Results Summai
Home Insert Page Layout Formulas Data Review View Add-Ins
) & Cut Arial S0 - AN o= @ ¥~ = Wrap Text General - c;
143 Copy ~
Paste = axr -m | 5t =3 <0 .00 Conditior
F Format Painter B 7 U-|=- & - A === L LR AR A 8 =0 Eormattin
Clipboard 7} Font [} Alignment 7 Number I
€47 - 5|
A | B | c D E F | J | K L | M
1 |CANMOVES N
2 Overall Summary \
3
4 Pregram Version 13.03
5 Report as of 4/2/2013 11:55 **Evaporative Emissions
6 |Elapsed Time: 0 min 48.4983 sec Amount of NMHC emissions (kg)™ 0.011836
7
8 Total vehicle volumes 66 DISTANCE SPECIFIC FUEL CONSUMPTION:
9 Total vehicle distance (km) 42708 Rate of GASOLINE consumption {g/km) 103.8326
10 Total vehicle drive time (hr) 1.14278 Rate of DIESEL consumption (g/km) 180.1755
11 Average driving speed (km/hr) 37.37202 Rate of NATURAL GAS consumption (g/km’ 168.1701
12 VKT-Weighted driving speed (km/hr) 5344893 Rate of PROPANE consumption {g/km) 119.8785
13 Total vehicle energy (kWh) §.562948 Rate of METHANOL consumption {(g/lkm)  118.9025
14 Rate of ETHANOL consumption {g/km) 91.26572
15  Amount of GASOLINE consumed (kg) 3695404
16  Amount of DIESEL consumed (kg) 1.276846 Rate of GAS consumption (L/100km) 13.84435
17 | Amount of NATURAL GAS consumed (kg) 0.000479 Rate of DIESEL consumption (L/100km) 21.73664
18 | Amount of PROPANE consumed (kg) 0.002731
19 | Amount of METHANOL consumed (kg) 0.000169
20 | Amount of ETHANOL consumed (kg) 0.00039 DISTANCE SPECIFIC TAILPIPE EMISSIONS:
74 Rate of CO2 emissions (g/km) 360.3647
22 |Tailpipe Emissions Rate of CO emissions (g/km) 3461174
23 Amount of CO2 emitted (kg) 15.39045 Rate of NMHC emissions {g/km) 0.237858
24 Amount of CO emitted (kg) 014782 Rate of NOx emissions (g/km) 0.59081
25 Amount of NMHC emitted (kg) 0.010158 Rate of Particulates emissions (mg/km) 6.87511
26 Amount of NOx emitted (kg) 0.025232 Rate of SO2 emissions {g/km) 0.129084
27 Amount of PM10 Particulates (kg) 0.293622 Rate of Brake and Tire Particulate (mg/km) 34.97969
28 Amount of PM2 5 Particulates (kg) 0270132 Rate of Methane Offsets (g/km) 0.057603
29 | Amount of SO2 emitted (kg) 0.005513 Rate of GHG emissions (gC02e/km) 361.8048
30 Amount of Brake and Tire Particulate (kg) 1.493912
31 Amount of Methane Offsets emitted (g) 2460127 *Emission Rates from Electrical Plants
32 |Amount of GHG Produced (kgCO2e) 15.45196 Rate of CO2 emissions {g/km) 0
33 Rate of NOx emissions {g/km) 0
34 *Emissions from Electrical Plants Rate of SO2 emissions {g/km) 0
35 Amount of CO2 emitted (kg)* 0 Rate of GHG emissions (9C02e/km) 0
36 Amount of NOx emitted (kg)* 0
37 |Amount of SO2 emltted kg]' 0 **Evaporative Emission Rate
0

38 Amount of GHG Rate of NMHC emissions {g/km)* 0.332765

39 N

4IJ
* Emissions from elecrical generation plants. for powering electric vehicles
** Evaporative Emissions include Running, Resting, Diurnal, Hot Soak,
Crankcase, and Refueling losses and apply to gasoline vehicles

Figure F.4: OA Summary sheet of Results Summary
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F.3 Evaporative Emissions Summary

Evaporative emissions are hydrocarbons (fuel vapour) that escape the vehicle with-
out passing through the engine. These emissions are summarized in the Evap Sum-
mary.xls file. An introduction sheet identical to that of Figure F.2 summarizes the
simulation definition parameters. The Evaporative Emissions sheet describes the
evaporative emissions by vehicle class and source (crankcase, running loss, etc.) and
is shown in Figure F.5.

The Evaporative Emissions worksheet breaks down the evaporative emissions by
source and vehicle class, and contains both the gross emissions (in grams of pollutant)
and the emission rate (in grams of pollutant per vehicle kilometre). The composite
fleet is reported at the top and is the overall emission rate of the fleet. This data
is presented for all vehicles, and is broken down in to active and passive vehicles in
lower cells of the worksheet. Active vehicles are those which make one or more trips
during the simulation and passive vehicles are those which remain parked during the

simulation.
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Figure F.5: Evaporative Emissions sheet of Evap Summary
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APPENDIX G

COMPARISON OF MOVES2010B TO THE SIMPLIFIED

MICRO-SIMULATION INVENTORY TOOL

This chapter compares the MOVES2010B emission inventory to the simplified micro-

stmulation emissions inventory tool.

G.1 MOVES2010b inventory methods

The US EPAs MOVES2010b model is the latest version of the MOVES model, which
replaces the macro-scale MOBILE model. In addition to macro-scale National and
County modes, the Project mode in MOVES includes two options for smaller scale
emissions calculations. The Project mode allows for transportation demand model
type input (i.e. link length, average speed, and roadway type), and for driving sched-
ule input. When the link average speed is specified, built-in driving cycles are used
to simulate each link in the network. These driving cycles assign a distribution of
vehicle-specific power (VSP) and speed bins to each link, and MOVES2010b applies
bin-average emission rates to calculate the link emissions. Alternatively, second-by-
second driving cycles (such as micro-simulation data, dynamometer schedules, or real
driving data) can be input directly into a MOVES2010b project-level simulation, and

the vehicle specific power and emissions are calculated at each second of each cycle
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to generate the inventory.
The approach used in MOVES differs from the approach used in the simplified

micro-simulation inventory tool in the following ways:

e MOVES uses VSP, while the inventory tool uses tractive power analysis
e Emissions are calculated based on the vehicle speed and VSP

e MOVES calculates emissions using a binning approach, while the inventory tool

uses continuous functions

e MOVES uses five facility types to describe the link, while the inventory tool

uses the speed limit

e When using link average speeds in the project mode, MOVES will interpolate
between the two closest driving cycles, while the inventory tool generates a cycle

matching the link average speed exactly

In terms of congestion modelling, the MOVES model is considerably different
than the inventory tool. The five facility types modelled by MOVES are off-network,
rural restricted, rural unrestricted, urban restricted, and urban unrestricted. The off-
network links are used to model parking lots, restricted facilities are those with traffic
signals, and unrestricted facilities are freeways. Using these definitions is somewhat
restrictive in terms of how a road is described. For example, a large arterial with a
speed limit of 70 km /hr cannot be distinguished from a small feeder link with a speed
limit of 50 km /hr. This is problematic since the two roads are not equally congested if
their average speed is 40 km/hr. However, MOVES will estimate the same emissions
on both links since their description within the simulation definition is identical.

The following sections describe a series of simulations designed to show the dif-
ferences between the modelling approaches used in MOVES2010b and the inventory

tool.
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Mass (kg) 1478.8
Frontal Area (m?) 1.951
Drag Coefficient 0.327

Rolling Resistance Coefficient 0.00765

Table G.1: LDV properties used to simulate a MOVES passenger car (class 21)

G.2 Vehicle definition

To generate comparable simulations, a vehicle class was defined in simplified micro-
simulation inventory tool that would require similar power to the MOVES default
passenger car up to 120 km/hr. The physical characteristics of this vehicle class are
shown in table G.1. The tractive power calculated by the inventory tool and the
vehicle specific power (VSP) calculated by MOVES are compared in figure G.1; the
largest difference between the two power curves is 0.768 kW. For the comparisons in
the following sections, the MOVES simulations model a default passenger car (class
21), while the inventory tool simulations model a light-duty vehicle with the physical

characteristics shown in table G.1.

G.3 Comparison of the inventory tool to MOVES2010b Project mode

with average speeds

This set of simulations compares the response of the simplified micro-simulation tool
and of MOVES2010b to link average speed. The MOVES estimate of COy emissions
for the Urban Restricted facility type are compared to the inventory tool results for
links with speeds limits between 50 and 80 km/hr in figure G.2. The MOVES estimate
increases smoothly as link speed decreases, while the inventory tool estimates increase
with slight steps as the number of stops that vehicles make on the link is incremented.
The inventory tool estimate of COq emissions for an average speed of 50 km /hr is 54%

higher for a link with a speed limit of 80 km/hr than it is for a link with a speed limit
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Figure G.1: MOVES Passenger Car Vehicle Specific Power (VSP) and LDV-Custom

Tractive Power for comparison simulations
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Figure G.2: CO2 emissions estimated for MOVES2010 Urban Restricted facility and
simplified micro-simulation links with 50 - 80 km/hr speed limits

of 50 km/hr. Since MOVES does not differentiate city links beyond the restricted
and unrestricted classification, it cannot capture the difference between these links
when the project mode is used with average link speeds.

Figure G.3 shows a similar comparison for the Urban Unrestricted MOVES facility
type and simplified micro-simulation links with speed limits of 90 - 110 km/hr. The
same observation applies: MOVES cannot capture the difference between links with
different speed limits. It is notable that MOVES predicts higher emissions than the
inventory tool in these two simulations. The following section compares the two
inventories more directly by using the simplified micro-simulation drive schedules to

simulate the same traffic in both models.
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Figure G.3: CO2 emissions estimated for MOVES2010 Urban Unrestricted facility
and simplified micro-simulation links with 90 - 110 km /hr speed limits
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G.4 Comparison of the inventory tool to MOVES2010b Project mode

using simplified micro-simulation drive schedules

The drive schedules generated by the simplified micro-simulation are used as input
for MOVES simulations in the following comparisons. This means that the traffic
patterns used by the two models are the same and the emissions predictions are
compared. Figure G.4 shows the CO, emissions predictions for MOVES for the
drive schedules generated by the simplified micro-simulation at speed limits of 50 -
80 km/hr. These trends overlap and cross over each other, which is detrimental to
a micro-simulation because link-by-link results will not be consistent: it is possible
that a link with higher congestion will be modelled with lower emissions by MOVES.
This makes the use of results at the link level questionable since the model must be
sufficiently aggregated to produce a consistent result.

The simplified micro-simulation inventory tool CO, emission results are shown for
the same simulation data in figure G.5. The trends do have slight steps as conges-
tion increases to the point that vehicles must make multiple stops, but the model
consistently shows that higher congestion levels result in higher CO, emissions; con-
sequently the use of the simplified micro-simulation inventory tool results at the link
level can be expected to model congestion consistently.

Figure G.6 shows a similar set of simulation results for speed limits between 80 and
110 km/hr, and the inconsistency of the trends is further exaggerated at these speeds.
The corresponding simplified micro-simulation inventory tool results are shown in

figure G.7 and once again show that consistent results are expected at the link level.
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Figure G.4: CO2 emissions estimated for MOVES2010b Urban Restricted facility
with drive schedules simulated by the simplified micro-simulation
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Figure G.5: CO2 emissions estimates for simplified micro-simulation links with 50 -
80 km/hr speed limits
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Figure G.6: CO2 emissions estimated for MOVES2010b Urban Unrestricted facility
with simplified micro-simulation drive schedules
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Figure G.7: CO2 emissions estimates for simplified micro-simulation links with 90 -
110 km/hr speed limits
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