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SUMMARY

As managers of extensive vehicle fleets and transportation infrastructures, public transit

agencies present unique opportunities for reducing greenhouse gas (GHG) emissions from the

transportatiorsector. To achieve substantial and esfstctive GHG emissions reductions from

their activities, public transit agencies need tools and resources that enable effective GHG

emissions management. This research thesis psabenbackground, methodology, caresults
of the author's development of a public transit agdaegllife cycle GHG emissions alculator.
The dvelopmen of the calculator involved a series oésearch effortsaimed at
identifying and addressing the needdrahsit agency GHG emissismanagementa review of
background information on climate change
a review of existing GHG emissions calculators for public transit agereiesyiew of the
methodologies follife cycle GHG emissios analysis; integration anadaptionof existing
calculation resources; developmentoafculator spreadsheefisr estimatingrelevant lifecycle
GHG emissionsand quantifyingGHG emission reduction cesffectivenessapplication of the
developed calculator to a carbon footprint analysis foypacal midsize to largesize transit
agency; and application of the developed calculator to the evaluation ajdteffectiveness of

various potential strategies for redagitransit agency GHG emissions.

The developed calculator provides an integrative resource for quantifying GHG

emissions and costs of public transit agency activities, including GHG emission reduction

strategies. Further research is needed to calibratestmation of upstream life cycle GHG

emissions, particularly for vehicle manufacture and maintenance

xviii



CHAPTER 1

INTRODUCTION

This thesis presents the development of a calculator for the estimation and management
of greeahouse gas (GHG) emissions from public transit agency operafibrss.introductory
chapter provides an overview of the motivation, research need, and objective of the research, as
well as background information on the context and importance of GHG emissioctions

from public transportation.

1.1. Thesis Overview
1.1.1. Motivation

Public transportation systems offer unique and significant opportunities for mitigation of
transportation sectddHG emissions. Effective management of GHG emissions associated with
public transportation systems is important for several reasons. As operatoigor vehicle
fleets andextensive infrastructure systems, public transit agencies have an opportunity to
demonstrate and highlight the benefits of a wide range of GHG emission reduction practices
through both their dajo-day operationgindtheir capital programs. Since the 09Clean Air
Act the nationds transit agenci es have serve
technologies. In the current context of climate change mitigation, transit agencies can provide
expanded | eader ship i n snvionremntalybenige trahspartatiesn t o d
systemg3). In addition to providing energy and emissions efficiency benefits to sotiktrge,
successful carbon management practices can bring some immediate rewards to the transit agency

itself by helping to market services to environmentally conscious riders, reducing the costs of

1



purchased energy, making the agency more attractivederdegrant program¢4, 5, and
preparing the agency for participation in climate change regigBie®) and carbonrading
schemeg8), which offer funding opportunities for GHG emissions reductions. Finally, the need
for GHG emissions management will likely increase as transit agencies face impending U.S.
federal or state regulations and/or legislation.

Many stakeholders concerned with climate change, transportation sustainability, and
energy efficiency are looking to public transportation as a means for reducing transportation
GHG emissions and energy consumption. Public transportation can reduce GH®rerasd
energy consumption through its accommodation of mode shift, congestion relief, and more
travelefficient land use(9, 10. It should be noted that the potential magnitude of GHG
emissions r@uctionsfrom public transportation is limited. Transportation GHG emissions are
generally proportional to vehicle miles of travel (VMT), and in the U.S. in 2007, public
transportation VMT was approximately 0.1 to 0.2 percent of all highway VM) The limited
total impact of GHG emissiormeductions through public transportation is reflected in the much
discussed and debatéddoving Coolerreport, which indicates that between 2010 and 2050
Atransi-t capital i nvest ment s, such-sgeadrail,r ban
could produce cumulative GHG reductions ranging from 0.4 to 1.1 percent of baseline
emi ss(l2Zpnso

Despite limitations in total impact, the unique efficienc@spublic transit vehicle
capacities and alternative fuel technologies represent considerable opportunities for improving
transportation GHG emissions performance. By managing the procurement, maintenance, and
operation of extensive vehicle fleets andastructures, public transit agencies provide an ideal

test bed for implementing and evaluating more carbon efficient passenger transportation systems.
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It is likely that transportation system GHG emissions performance standards (measured in terms
of GHGgpassengemile) will be imposed through federal legislation, regulation, and/or public
funding eligibility requirements. As highly subsidized enterprises, public transit agencies may be
required to evaluate and report their GHG emissions performance.

Publictransit agencies are faced with the challenge of meeting increasing public demands
with, in many cases, resources constrained by decreasing revenues. Therefore, a framework for
evaluating and managing cesffective public transit GHG emissions reductionsst not only
help agencies identify economically viable opportunities, it must also g gaplemented by
personnel whohave limited time and resources available for additional management
responsibilitiesTo improve the GHG emissions performance of transit agencies, transit agency
personnel need effective tools for managing t
manage what you candét measureo IS no lmss tru
Measurement of transit agency GHG emissions requires tools for the quantification of GHGs
from transit agency activities, and such tools should be appropriate to the unique context and

needs of public transit agencies.

1.1.2. Research Objective

The purposeof this research is to develop an integrative calculation tool for the
estimation and management of public transit agdéeesl life cycle GHG emissions. An
Ai ntegrativeodo calculation tool I's one that <co
resource and the intent of this research is to integrate calculation resources for the estimation of
direct GHG emissions, life cycle GHG emissions, and the costs asdogiitecGHG emission

reductions.



The primary function of the calculation tool is toamntify the GHG emissions associated
with consumptive agency activities. In broad terms, these activities include the provision of
mobility services and the use of supporting services and facilities. The calculator may be applied
to any scale of agency aaty, from the operation of a single vehicle, to a complete footprint of
an agencyod6s GHG emissions. At the very | east,
guantify and evaluate the GHG emissions impact of core activities, such as thHevaseus
types of vehicles and fuels.

Additionally, the calculator is intended for the quantification of life cycle GHG emissions
of agency activities. Although upstream and downstream siughalyn GHG emissions are
generally not the responsibility of trsit agency managers, it is important for agency managers
to quantify and thus better understand the impact of their resource consumption decisions.
Quantification of life cycle GHG emissions enables accounting and management of the broader
supply-chain inpacts of agency activities. Quantification of displaced emissions (through mode
shift, congestion relief, and land use change) is beyond the scope of this research.

An important objegve of this research is to develop a calculation tool for managing cost
effective reductions in GHG emissions from public transportatitwe. tdol is designed tbelp
agencies identify strategies that have the most GHG reduction impathadace the most cost
effective. By helping agencies to identify the most @&tctve GHG emission reduction
strategies, the calculator will support the management of not only GHG emissions, but also the
associated asset costs. The quantification ofefbsttiveness will be based on the practice of
incremental GHG emissions reduction emission reduction strategies that provide marginal

benefits relative tabaseline.



Transit agency managers have a multitude of tasks and responsibilities beyond the
management of GHG emissions. This research aims to provide a GHG emissions estirdation an
management tool that is easy to use and understand. In the interest of transparency and
accessibility, the calculation tool is a spreadsiwastd model developed for use in Microsoft
Office Excel®. The calculation tool is intended to help agencies lesdctiheir emission baseline
and identify the best use of available funds for the reduction of GHG emissions from agency

assets and activities.

1.1.3. Methodology

The development of the public transit GHG emissions calculation tool employed a
methodological appach consisting of research need identification and objective definition,
literature review, design and synthesis, and finally assessment.

The research need and objective of the research were explairieis chapter The
research literature review, whidh detailed in the following chapter, investigated methods,
studies, and data related to public transit agency GHG emissions estimation and cost evaluation
for vehicles, fuels, and infrastructure. Based on findings in the existing literature, the relevant
existing or yet to be developed evaluation capabilities were identified for integration into the
calculation tool. The calculation tool was then created to accommodate life cycle assessment and
costeffectiveness evaluation of agency GHG emissibrescounting for needed outputs and
available data inputs. Upon creation of the calculation tool, the calculator was applied to an
annual GHG emissions inventory of a medium largesize public transit agency to assess the
calculator, both as an estimator ofnaal GHG emissions and as a tool for GHG emissions

management. The calculator was then also applied to case studies of public transit agency GHG



emission reductions. The results of the GHG inventory and the case study calculations provide
for a discussiorof opportunities for improving the management of public transit agency GHG

emission reductions.

1.2. Background
1.2.1. Climate Change

The Earthdés climate i s changing, and soci e

individuals around the world are looking farays to manage this changehe most prevalent

change, both measured and predicted, i n the E
average surface temperature. This <chicategre i s ¢
that both clarifieand obscures the issue of climate char

more precise characterization of the issue of climate change, in that it identifies the primary
intrinsic variable (temperature or heat) and defines the positive direction othemwise

ambi guous change. Yet Agl obal war mingo as a
changes that are expected to occur as global average surface temperatures increase. Such changes
include but are not limited to more extreme high and $easonal temperatures, more frequent

and more intense storm systermsgdmore intenselroughts. In addition to thesématic changes

are other significant Earth system changes, such as the melting of glacial ice, the rising of sea
levels,watershed floodhig, the dryingand erosion of soils, and a vast and largely uncertain array

of associated ecological impacts. New extremes in the climatic and natural environment bring
considerable threats to humanity, such as flooding of communities, accelerated deymidat
critical infrastructure, reduced access to freshwater, reduced agricultural productivity, and the

loss of many important ecosystem services that sustain humanity. Although the negative impacts



of climate change will vary significantly across diffieregeographies, the overall extent of the
impacts is generally global in scale.

Most climate scientists today support the theory of anthropogenic, or kinchared,
climate changeAl t hough Earthoés climate systems, are
there is a significant body of evidence indicating that human activities are alteriothéhneise
natural state orflux cdEar t hdo s c | (L13mnkdurel belgwsshowvsithe historical global

mean surface temperatures in the modern industrial era.

Global Mean Temperature
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Figure 1: Historical global meansurfacetemperatures in the modern industrial era(13).

Although considerable variabilitgxistsin annual global mean temperatures, and despite
various sukcycles of increasing and decreasing trends, it is apparent that the annual global mean
temperatures have been increasing since the beginning of the modern industrial era. The modern

industial era has been ofpiod of intense industrial activity, powered largely by the combustion



of fossil fuels. The combustion of fossil fuels, and other industrial pracaffest the climate
systemprimarily by altering the quantity ofjfreenhouse gaséSHGS) in theatmosphereGHGs
are radiatively important trace gas@ITGs)t h at trap sol ar heat i n

Figure2 belowillustratesthe historical atmospheric concentration of GHGs from 0 to 2005 CE.
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Figure 2. Atmospheric concentrations of GHGs from 0 to 2005 CEL3).

Figure1 and Figure 2 provide a basic illustration of the correlation between the rise in
atmospheric concentrations of GHGs and tise in global mean surface temperatures (global
warming). There are many diverse factors affecting global warming, and there are many impacts
resulting from global warmingNevertheless, atmospheric emissions and concentrations of
anthropogenic GHGs haween identified by the climate science community as a critical factor

affecting climate change.



The United Nations Framework Convention on Climate Change and the Kyoto Protocol
define six major types of GHG emissions: carbon dioxide JC@ethane (Chj, nitrous oxide
(N20), hydrofluorocarbons (HEs), perfluorocarbons (PFCs), asulfur hexafluoride (S§f (14).
Carbon dioxide constitutes thargest proportion of GHG emissions, yet the other five Kyoto
Protocol GHGshave a higherglobal warming potential (GWP). The GWP measuties
warming effect relative to C£bver a 100 year periodhe weighted emissions of various types
of GHGs may be expssed by multiplying the total mass of each emission type by the respective
GWP. The result is the GHG emissions expressed in carbon dioxide equivalepts.(CO

Climate science has introduced to the world a new paradigm for interpreting, evaluating,
and improving modern industrial activitiedncreasingly, existing and planned activities are
assessed in terms of their impact on the climate sySteeprocess of reducing human impact
on the climate systeis referredta s ficl i mat e c Miggatigneprinmafilytinvajvast i on o .
the reduction of GHG emissions and the preservation of carbon sinks, such as forests.
Alternatively, the process ahanagingthe negativeimpacs of the changing lonate system on
societyi s referred to @4 afidajaioa primarilg ihvalveg makirgd a
necessary infrastructurand development changés response to more hostile environmental
conditions. The mitigation/adaptation dichotomprovides a simplifiedcategorization of
soci et y 6s¢o the enflepgesiad @imate change. It should be noted that this dichotomy
obscuresnitigation and adaptation synergies that may exist for particular development activities.
For example, the development of advanced biofuel feedstocks aimedtigating GHG
emissioms from the transportation sectaray (orshould be especially adaptable to a changing
climate, thereby addressing both mitigation and adaptation concerns. Nevertlieéess,

mitigation/adaptation dichotomy is a weltablished framework used in climat@ange



literature.Iln terms of this established dichotomigistthesis is focused on activitipsrtainingto
climate change mitigation

There is a general understanding in the climate science community, as well as in many
political circles, that major redtions in anthropogenic GHG emissions will be necessary to
forestall devastating c¢ hahcommehdnsive, tegally biedang t h 6 s
international agreement has yet to emeygémany local, state, and even natiogal’ernments
are enating climate change mitigation requirements. These requirements are typically structured
on an overall mitigation goal of reducing annual GHG emissions 80 percent below 1990 levels
by the year 2050 ( c¢commo n Ictpns)rAehiegeemeneofl such@oala s 1 8 (
invariably involvessignificantchanges to existing behavior and technologies within and across
multiple economic sectors. The trangjation sector in particulgresents uniquehallenges for

achieving climate change mitigatigoals.

1.2.2. Climate Change Mitigation and Transportation

The transportation sect@ a major parof the climde change mitigation challenge. First
and foremost, the transportation sector as a whole is a major source of GHG emissions,
accounting for approxiately 28% of all annual GHG emissions in the W1%). Figure3 below

shows the 2007 U.S. GHG emissions (EYallocated to economic sectors.
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Figure 3: 2007 U.S. GHG Emission$COze) Allocated to Economic Sedairs. Based on(16).

Due in large part to its large proportion of GHG emissions in modern iralustri
economies, the transportation sector is being called upon to achieve major reductions in GHG
emissionsA national climate change mitigation framework has yet to emerge from the federal
legislative or executive branches, but it is reasonable to ex@gangjor reductions on the order
of A80 in 500 wil.% trabsportatiengactgd7)ed f r om t he

The majority of GHG emissions from the transportation sector are produced from the
combustion of petroleum fuel$his fact helps to explain not only why the transportation sector
is a major emitter of GHGs, but also why mitigating GHG emissions from the transportation
sector is so challenging. The transportation sector, an enormous element and enabler of modern

industrial economies, is almost completely dependent upon eetrofuels as an energy source
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T approximately 95 percent of transportation sector energy consunptiba U.S.is supplied
by petroleum fuel$18).

The transpor t gdonsomptios & petrobeundfeels diredlywinfluences the
types and proportions of GHG emissioRggure 4 shows the 2007 U.S. transportation setter

direct GHG emissions.

CH4 N20 HFCs
0.194_1:4%3.4%

Figure 4. 2007U.S.transportation sectordirect GHG emissions, CQe. Based on(16).

The proportions of GHG emissions shownFigure 4 are expressed in terms of ¢
thus the higher GWPs of ng€bO, GHGs are accounted for in the percentages shown. Given that
CO;is a primary product of complete combustion of hydrocarbons, Figure 4 underscores the role
of the combustion of hydrocarbons, notably petroleum fuielsthe production of GHG
emissions from the transportation sector.

Given that the transportation sectera major source of GHG emissions, and that much

of these emissionsire produced from the combustion of petwoin fuels, ti is clear that
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aggressive reductions in GHG emissions will necessitate substantial reductions in petroleum
combustion. Yet the pattoward realization of a lowarbon (or low petroleum) future is not

entirely clear. Nesingletechnological developmenahs y et emer ged t hat <can
GHG emission reductionfsom the transportation sectdn fact, reductions in GHG emissions

from the transportation sector are widely regarded as a-proltiged effort.Figure 5 below

s hows -ltehgeg efidd asgpopalar meétaphor for thategories of GHG emission reduction

strategies in the transportation sector.

" GHGReductions
\._from Transportation

Figure 5. The 4-legged stool of GHG reductions from transportation(19).

The-l B4gged stool 0 i-lsegeed vetdodIrd,m whhiec i 3c on
fuel, and VMT legsFigure5 shows the introduction of vehicle/system operations as a category
of GHG emission reductions (reducing emissions by reducing fuel wasted in congested or
otherwise slowmoving traffic). The philosophy behind theriginalid egged stool 0 |
vehicles, fuels, and VMT represent the primary opportunities for reducing GHG emissions and
that GHG emission reductions in only ometwo areds) (or legs) areinsufficientfor sugporting
major GHG emission reductions from transportation (analogous to the stability of a circular
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platform supported by three equaipaced, equalfong circumferential columns). The strength
of the analogy is weakened by the reality that GHG emigeductions in each of the three main
categories will likely be unequal in degreeor example, state departments of transportation
(DOTs) in the U.S. expect (or favor) GHG emission reductions primarily from improved vehicle
and fuel technologie$20). For each of the legef it h e ,0s tboechlavi or change,
technological change, is necessary for the successful implementation of GHG emission reduction
strategies.Specifically, he use of improvedrehicles and fuels will require both advanced
technological development and a shift in consumer behavior; reductions in VMT and system
inefficiency will require both behavior that is less consumption and technology that supports the
selection of more effient modes or means of accessing goods, services, and activities.

The feasibility of a panacea (maorGHGr e i nf
emission reductions in the transportation sectdminglerednot only bythe limited degree of
reductions pssible within each of the legs of the stdmit also by the diversity dfansportation
modes Different types of modes in the transportation sector are each comprised of unique types
of vehicle, fuel, and infrastructure systems that are not amenaaleriesizefits-all approach
to transportation GHG emission reductioAspicture of this modal diversity is illustrated by
Figure 6 below, which shows the proportion dil.S. transportation GHG emissions by various

mode sources.
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Figure 6: 2003U.S.transportation GHG emissions, by surce (21).

The emssion sourcescluded inFigure6 encompasshe full spectrum ofransportation
modes. onroad, rail, aviation, maritime, and pipeline. The above figure shows thetaon
vehicles are the dominant source of GHG emissionm ftbe transportation sector. This
dominance in the proportion of GHG emissions is mostly explained by the large proportion of
vehicle miles of travel (VMT) associated with-omad vehiclesThus, there is little doubt that
major reductions in GHG emissiofrem transportation must include a significant proportion of
reductions from omoad vehiclesThis is not to say that modes with lesser levels of VMT do not
(or will not) play in important role in climate change mitigation. The public transportatioor sect
which includes several of the source types in Figijrprovides unique and arguably essential

opportunities for successful climate change mitigation.
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123. Public Transportationds Role in Climate Ch

Public transportation plays a particularly unique role in mitigating climate change. Public
transportation can help to mitigate climate change by reducing GHG emissions an twee
very different ways: 1) educing the emissions produced by public trargency (and
supporting) operations andfrastructuresand 2) @splacing the emissions produced fyvate
automobile tripsFigure7 below providesa visual representation of this typology, as advocated

by the American Public Transportation Association (APTA).

Emissions Produced Emissions Displaced
by Transit by Transit
Emissions from Mode Shift Congestion Land-Use
Transit to Transit [®| Relief €] Multiplier
Tallpipe emissions from Avolded car Improved fus! Compact
transit vehicles fn'ps from efficiency from fand-use. =
Electricity use far traction pryals ALioR reduceq SHARED 5
congestion more walkibike
Maintenance vards, irips
stations, offices and other . o
Trip chalning

stationary sources

Lowerno car
ownership

Dehit Credit

h 4
Greenhouse Gas
Impacts of Transit

Figure 7: Typology of GHG impacts of public transportation (9).
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1.2.3.1. Emissions Displaced by Transit

Public transit agencies can play a role limate change mitigation by displacing GHG
emissions produced by private automobile trips. GHG emissions displacement is essentially the
estimated quantity of private automobile GHG emissions avoided by the provision of public
transportation services. Sesk studies have explored how public transportation may reduce
energy consumption and GHG emissidns reducingprivate vehicle activity(10, 22, 23.
Referring back toFigure 7, APTA estimates displaced GHG emissions under thnaén
categories: 1) Mode shift to transit; 2) Congestion relief; and 3) Land use multiplier effect. Mode
shift to transit accounts for the trips taken by transit that would have otherwise been taken by
private automobile. Congestion relief accounts fer ltlenefit that public transit may provide by
reducing orroad congestion levels and the associated wasteful emissions produced by congested
traffic conditions. The land use multiplier effect is a quantification of how public transit supports
more efficientand use in terms of shorter and fewer private automobile trips.

Quantification of the emissions displaced by transit has beaomsgor focus for public
transportation advocates, but the quantification methods are still in their infancy and subject to
considerable uncertaintypue in part to thenethodological challenges facing theantification
of GHG emissions displaced by public transit, this thesis focuses on the emissions produced by

public transit.

1.2.3.2. Emissions Produced by Transit

The GHG emissions produced by transit arise from a considerably wide spectrum of
activities supporting the provision of mobility services. Tingority of agency GHG emissions

are produced from the combustion of fuels for vehicle propulsion. These fakiddarboth on
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board liquid and gaseous fuels typicallsed to powebuses, vans, commuter locomotiviesyy
boats and nonrevenue vehicles, as well atectrical power generation fuels typically used for
heavy rail and light rail vehicles. In additioa bperating extensive fleets of various types of
vehicles, public transit agencies also typically manage extensive infrastructures that support
agency operations, such as stations, maintenance facilities, administrative offices, arthgo on.
operation ofagency infrastructures involves the consumption of considerable amounts of energy
for heating, ventilating, air conditioning, lighting, and other processes, which in most cases
produce (directly or indirectly) GHG emissiodtogether, he opportunitiegor transit agencies
to reduce GHG emissions from their operations are quite numerous if the diverse array of transit
agency activities is considered

The array of opportunities for reducing GHG emissions produced by tggosis larger
with consideratio of the upstream and downstream GHG emissions associated with transit
agency activities. In other words, a life cycle perspective on the vehicle, fuel, and infrastructure
systems that support agency activities captures a broader set of opportunitiasdgimg GHG
emissions from public transportation. A life cycle perspective accounts for the-toaptheve
supply chain activities related to a particular product or service. For example, the provision of
mobility services by bus involves many upstream downstream processes with GHG emission
implications including but not limited to: the extraction, refining, distribution, storage, and
dispensing of the fuel; the material extraction, parts manufacture, assembly, and delivery of the
vehicle; the maintgance of the vehicle; the disposal of the vehicle and vehicle padseven
the construction and maintenance of the roadwhg. life cycle perspectiveffers an integrative
analysis of GHG emissiareduction strategies, and life cycle analysis has beamestablished

framework for evaluating GHG emission performance and reductions in transpof24jion
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Understanding the potential for reducing GHG emissions produced by public
transportation requires consideration of the potential efficiencies of public transportation. Public
transit modes are capable of higher levels of vehicle occupancy than are rneostootipeting
surface modes. Higher vehicle occupancies enable more efficient energy use on a per passenger
mile basis. Thuswhen considering the productive output of public transitséenger miles of
mobility) public transit can provide improve@HG emisions performancefigure 8 below
shows a general comparison of estimated, @@issions per passenger mile for transit and

private automobiles.
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Figure 8: Estimated CO, emissions per passenger mile for transit and private autd23).

The above figure is based on averagmsit vehicle occupanciesand it should be
emphasized that the actual GHG emissions performance of a given\edmelé or operation is
sensitive to ridership and vehicle occupancy

In addition to the inherent vehicle capacity efficiencies of public transit modes, public

transit agencies have helped to play a leading roléeld testing alternative fuevehicles
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(AFVs). Since the 1970 Clean Air Act, U.S. transit agencies have served as test beds for
emissions reducing vehicle technologies. Several of these technologies tested in public transit
applications, such as diesel hybdkkctric and hydrogen fuel cell pnaigion (3), show that

public transit agenciesanplay a leading role in the development and application of technologies
that help to mitigate climate change in the transportation s€bhas. role has recentlbeen
expanded by public transit energy efficiency and GHG reduction grants awarded through the

American Recovery and Reinvestment &)t
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CHAPTER 2

LITERATURE REVIEW
This chapter presents literature review of previous reports, frameworks, guides, and
calculation tools relevant to the development of a transit GHG emissions estimation and
management toolThis literature review is organized into key categories of GHG emissions
estimation andmanage ment |l iterature: 1) the authoro
management compendium; 2) environmental management systems; 3) life cycle analysis of
GHG emissions; 4) studies of transit GHG emissions and costs; 5) and GHG emissions

calculators.

2.1. Transit GHG Emissions Management Compendium

Considerable attention and support exists for reducing GHG emissions from public
transportation, yet managing GHG emission reductions is nonetheless a challenge for public
transit agencies. Public transit agencwarmagers have many responsibilitiaed tasks, and
incorporating GHG emissions management into agency activities inevitably brings new
responsibility and complexity to agency management. The Federal Transit Administration (FTA)
recognizes this fact and halsus contracted the development offTeansit Greenhouse Gas
Emissions Management Compendiunan informational guidebook designed to assist transit
agencies with managing their GHG emissi¢25). The forthcomingcompendiumwill include
information on potential GHG emissions reduction strategies, case studies of successful GHG

emission reduction practices, and information omssions quantification metho@6).
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2.1.1. DecisionMaking Contexts for Managing Public Transit GHG Emissions

The

Compendi umods

decision making contexts:

1.

2.

Fleet Procurement Practices;

approach t

and employee commuting programs)

Figure 9 below details the decisieamaking contexts for managing GHG emission

reductions from public transit agencies.
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Figure 9: Decisionmaking contexts for managing GHG emission reductions from public

transit agencies(26).
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2.1.1.1. Planning for System Expansions and Major Construction Projects

Transit agencies are responsible for the planning and construction of major capital
projects. Example projects include fixgdideway infrastructure expansion, pankdride lots,
bus or rail terminals, maintenance garages, vehicle or fuel storage facilities, and administrative
offices. Many capital project infrastructures involve considerable life cycle GHG emissions over
multi-decadal service lives. Therefore, accounting for GHG emissions in the planning of system
expansions and major construction projects can help an agency manage its GHG emissions over
the long term. An example scenario is the evaluation of a light railtt(aRSI') expansion vs. an
alternative bus rapid transit (LRT) expansion. Taking into account the unique infrastructures
fuels, vehiclesand planned operation of each of the mode technologies, these system expansion
projects would most likely have diffete GHG emissions performance. GHG emissions
reduction is certainly not an overriding consideration in the planning of major capital projects,
but unique and significant opportunities for GHG emission reductions may be realized by

targeting reduction oppamities during system planning.

2.1.1.2. Fleet Procurement Practices

In general, the combustion of fuels for the propulsion of transit vehicles constitutes the
greatest source of GHG emissions from transit agencies. Improvements in the GHG emissions
performance ofransit vehicle fleets may be realized through the procurement of more carbon
efficient vehicles and fuels. For example, many agencies have recognized the improved fuel
efficiency of diesel hybriglectric buses vs. conventional diesel buses, which equates
improved carbon efficiency. The fleet procurement process represents a critical opportunity for

reducing much of the dap-day energy consumption and GHG emissions of transit agencies.
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2.1.1.3. Fleet Operations and Maintenance Practices

Agency fleet operatianand maintenance practicaf$ecting GHG emissions encompass

a variety of activities, including but not limited to vehicle capacity/demand matching, route
restruct-dirii mign g @ ,e ctrams engine/drivedrain tunimgng velucte idling
reduction (through transit signal priority, passenger boarding/alighting efficiency improvements,
auxiliary power systems for hotel loads, and vehicle operator shutdown policies). Operation and
maintenance practices can help to improve GHG emission paficerby either: 1) Maximizing

the productive service output per unit of energy; or 2) Minimizing energy losses. Fleet operation
and maintenance practices can offer opportunities to reduce GHG emissions without major

financial investments in new vehicle iafrastructure systems.

2.1.1.4. Other Activities

The AOt her Act i v-madkingecontext framework ancludeesonesof tioen
most promising strategies for reducing agency GHG emissions, most notably the retrofit of
buil dings in accorEEd® (Leademshiptith Enérgy ramdeEnvironneental L
Design) building practices. In the U.S., buildings account for approximately 38 percent of direct
domestic CQ@ emissions (27). Agencies that manage extensive builfrastructures may
substantially reduce their carbon footprint through retrofits that improve building energy
efficiency. The AOthero category also includ
scheduling, ridesharing, and transit pass subsidiesmalelp to reduce the carbon footprint of

employee commuting.
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2.2. Environmental ManagementSystems

Anthropogenic GHGs are essentially environmental pollutants, not in the sense that they
are toxic, but in the sense that they engender changes in the d¢haiagéee harmful to human
Earth systems. The humaontrolled and induced processes that produce GHG emissions, such
as the combustion of fossil fuels, are very often the same processes that produce toxic emissions,
such as criteria air pollutants (CAP3)he close relationship between the production of GHG
emissions and other regulateeimissions suggests aommon management framework.
Frameworksaddressing the management of emissions or pollutants from organizational activities
are referred to in the literature and in industry as Environmental Management Systems (EMSSs).
The International Organization for Standardization (ISO) offers a robust EMS framework
for the management of environmental emissions from commercial or intlesgaizations
the 1ISO 14000 management standard. ISO 14D08® a Amanagement t ool
organization of any size or type to:
e |dentify and control the environmental impact of its activities, products or
services, and to
e Improve its environmental permance continually, and to
¢ Implement a systematic approach to setting environmental objectives and targets,
to achieving these and to den@Bnstrating
APTA has incorporated the use of ISO 14000 EMS in its recently developed
ASustainabil ity Commi28).neerAPTA ShstminabilityrCamnstinentisa g e n ¢
a framework available for transit agencies to define and tpaofress towardsustainability

initiatives such as reducing water usage, CAPs, GHGs, energgnaseaterial wast€29).

25



The 1ISO 14000 management standard by itself does not provide specific guidance on
managing GHG emissions, but it does provide i
the organization's envirome nt a | pol i cy, (2%.ISpenifc guddande oa lcotvitoo n s O
estimate and reporGHG emissions from an organization is provided thg ISO 14064
Greenhouse Gases series of standardslGHG emissions inventory protocol similar to those

covered inSection2.5AGHG Emissions Calculatarso

2.3. Life Cycle Analysis of GHG Emissions

The environmental anagement of GHG emissions is meaningful for organizations like
transit agencies; however, the GHG emissions implications of organizational activities
oftentimes extend beyond the control boundary (financial or managerial) of a given organization.
Expressd another way, transit agencies may do well to manage emission produced directly from
their consumptive activities, but these activities likely result in upstream or downstream
emissions in mat&l and energy supply chains. Thus, the identification a@propriate system
boundary for agency GHG emission impacts is msaefor emissions managementin& GHG
emissions have a globatale impact, management of only local emissiomsy neglect
potentially relevant system effects

A life cycle analysis pspective is becoming the viewpoint of choice among researchers
interested in comprehensive quantifications of GHG emissions from products and s@4jjces
30,3). The term rnalliyfsd s@y c lass Resis, isiirclusivesoé libth lifencycke h i st
inventory (LCI) and life cycle assessment (LCA). Life cycle inventerthe quantification of a
metric of concern (e.g. GHG emissions) over a product or service lifetime. Life cycle assessment

is the characterization of the impact(s) of the inventoried metric, and involves the incorporation
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of value judgments in assessitig impact(s). The calculator developed in thissis is focused
on the LCI aspects of life cycle analysis.

Despite considerable popularity and technical complexity in the life cycle analysis of
products and services, there exists no standard methodfwogpantifying life cycle GHG
emissions.However, the literature does include a schematic framework for developing a life
cycle analysis for a product or servicANSI/ISO 14040Environmental managemeitLife
Cycle Assessmeiit Principles and framework32). This standard provides a methodological
framework thatlirectsusers to define the goal and scope of their assessment. The scope includes
the product system to be studied, the product system boundaries, and the functigB3). uni&
functional unit is a measure of the performantéhe functional outputs of the product system.

The primary purpose of a functional unit is to provide a reference to whiahpilms and outputs

are related (32). For assessment of GHG emissions produced by trafSitAthas established

the followingf unct i onal units (referred to as fdperfo
GHGs per revenue vehicle hour, and GHGs per passengel(Qnil&/ith respect to analysis
boundariesAPTA recommends that transit agencies focus their GHG emissiahsianwithin

the organizational boundaries of the age(®y This focus is consistent with GHG emissions
reporting protocol s, whGHG Emissions Cattiulagacsi s sed i n t

In the research literature, life cycle assessments follow one of three main calculation
approacheg§33):

1. Procesdased life cycle assessment;
2. Economic Input Output life cycle assessment {ECA); or

3. Hybrid life cycle assessment.
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A processhased LCAi s a met hod of model ing each
product system for which data are collecte(B3). For some product systems that contain a
plethora of parts and components, (e.g. a transit lsafulation data on the GHG emissions of
each portion of the product system may not be available. In such a case,-B8AKpproach

may be used. EIQCA uses economic input tables to link the money sp@na given product

system with the industrial sectors that played a role in creating or delivering the product system.

Average reported GHG emissions of the supporting sectors are waextabe angggregate the
GHG emissions for the given product ®ym. This approach offers a convenient alternative for
products or services that lack adequate data for a prbasssl LCA; however, the use of
industrial sector average emissions limits the utility of compamaggrially differentproducts
classified uder the same sectofFor example, the manufacture ofdaéesel bus and a diesel
electric hybrid buswvould reasonably result in different levels of GHG emissions, since the
hybrid bus has a much larger large mass of batteries (typicalhat@dar Liion). Yet, the EIO-
LCA-estimateddifference inGHG emissiondetween the manufacture of a hybrid bus and the
manufacture of a conventional diesel mia function only the difference ipurchase coshot
the difference in materidypes or quantities.

Comgex life cycle assessments, such as a GHG footprint of a transit agency, may have
data available for procesmsed calculations for some but not all portions of the system. In such
cases, a hybrid life cyclassessment approach may be Lseth approach uizing process

based life cycle assessments that are augmented byE@ACalculations
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2.4. Studiesof Transit GHG Emissionsand Costs

An example in the literature of a complex life cycle assessment using a hybrid LCA
approach and one of the most extensisiidies of transportation life cycle emissiqbsit not
costs) is the Environmental Lifecycle Assessment of Passenger Transportdijo@hester and
Horvath(24). This study used a hybrid approach for a crosslal GHG emissions performance
life cycle assessment, which included bus, heavy rail, and light rail transit nfdaeanalysis
boundary of the study was quitarge, encompassing vehicle operation, manufacturing,
maintenance, and insurance, as well as the construction, operation and maintenancefef right
way infrastructure. Thetudy usd nationatlevel and agencievel data to calculatdirect and
indirect enissionsand utilized many calculation assumptions regardiragiousGHG emission
producing processes, from vehicle idling to the vacuum cleaning of vehicle int&éhersesults
indicate that the relative GHG emissions performance of public transit endemp upon mode,
fuellenergy supply chain, and ridershiphe study contributes a holistic perspective and
framework to the literature on estimating GHG emissions from passenger transportation, but the
applicability of the st@dgmbss diimmdsd ngs F omi tme
assumptions and data are not representative of the diversity of operational contexts among all
transit agenci es, and thus the studyds esti ma
not applicable toagencieswith vehicle and fuel systems that differ from those included in the
study The calculation methodology/data firo per at i ono emi ssi ons ( GHG
combustion of fuels for vehicle propulsiotpes not follow APTA Recommended Practi¢@s
For exampl ecalculéidn ef the tlectdicaléesergy supply chain emissions associated
with heavy and light rail transit propulsia@oes not account for emissions generated for non

usefulheatenergy (electrical generation plant efficiencies are not accounted for).
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Both emissias and costs are a concern for transit agency managershearkckderal
Transit Administration (FTA) has conducted a detailed study of the life cycle costs and
emissions of public transit bus technolog{d4). This report evaluates compressed natural gas
(CNG), ultra low sulfur diesel (ULSD), biodiesel (B20), and diesel hybrid bus life cycle cost and
emissions using 2007 natiodalel data (and predictions) omsts and efficiency. The costs
considered i1nclude: Acapital costs (bus proc
and operation costs (fuel, propulsicriated system maintenance, facility maintenance, and
battery r 4. Fekgm@HGtenidsions are evaluated on both a-teethnk and
tank-to-wheels basis. The report indicates that for aydar life cycle, hybrid diesel buses
produce thdeast GHG emissions, but are most expensive. The nat@redlanalysis does not
account for local variations in cost and efficiency, i.e. the results are specific to the contexts for
the cost data sources. Thus, the inputs and results may not beldepbdfie unique operational
context of a given agency seeking to identify the mosteidsttive bus (or notus) alternative.

More recently, the Transit Cooperative Research Program (TCRP) of the Transportation
Research Board (TRB) has provided an sssent of hybrietlectric transit bus technolog$5),
one of the more popular bus technologies for reducing fuel costs and emissions. This report
evaluates CNG, diesel, diesel hybrid, and gasoline hybrid life cycle costs,nagiogatievel
data and agency case study data, and provides estimated defaults for both historical and projected
costs. With federal funding and lespeed duty cycles, hybrid buses are found to have the lowest
life-cycle cost to the agency. The reporbpdes a robust LCCA calculation methodology for
transit buses and a spreadsHmsted calculation tool is provided in the appendix. The
calculation tool includes many cost, activity, and efficiency inputs and allows users to modify the

default inputs. Thenodel provides only an LCCA, and thus emissions performance is neglected.
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Table 1 below provides a summary of the main studies of transit GHG emissions and
costs. Overall, these findings in the literature indicate that generalized studies of the GHG

emissions performance of various modes of public transit provide limited utility #r th

management of specific public transit agency activities.

Table 1: Studies of Transit GHG Emissions and Costs

Study Purpose / Methods Findings / Synthesis

FTA 2006 | Compiles quantitative and Recognizes importance of lifecycle analysi

(36) qualitative data on costs, of costs (LCCA) and total &l cycle
emissions, and implementation | emissions (WTW), but no such analysis is
barriers of AFVs for transit. provided.

U.S. DOT | Assesses GHG emissions benef Emissions benefits vary depending upon

2005(37) of heavy duty NG vehicles in thgl vehicle wt., model year, and drive cycle.
U.S. using test data from WVU | Data support only highly aggregated

emission factors. Universal conclusions on
relative benefits of NG vs. diesel are limite

FTA 2007 | Evaluates CNG, ULSD, B20, an{ For a 12year life cycle, hybrid diesel lsas

(39 diesel hybrid bus life cycle cost | produce the least GHG emissions, but are
and emissions using 2007 most expensive. The natioralel analysis
nationatlevel data (and does not account for local variations in cos
predictions) on costs and and efficiency.
efficiency.

Hodges Evaluates GHG emissions Relative GHG emissions performance is

2009(23), | performance of transit relative tq dependent upon mode, fuel/energy supply

Chestei& other commuter modes.s&s chain,and ridership. Cost of alternatives n

Horvath national and agenehgvel data. assessed.

2008(24)
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2.5. GHG Emissions Calculators

The literature contains a variety of publicly available GHG emissions calculators that
may be utilized for the estimation of transit agency emissions. The literature search presented
here recognizes a fAcal cul at or oOeetaoslineaapplcationc ul at i
or downloadable software toolhe guidance reports typically provide instructions on how to
perform GHG emission calculations for various combinations of input data. These instructions
normally include guidance on the preferrecerbrchy of calculation methods; calculation
formulae; default emissions factors by vehicle and fuel technology; and example calculations.
Spreadsheet resources, such as the U/(38. EPAOG
generally enable calculations through biunltformulae and default or usentered emission
factors. Online calculators, for example The Climate Registry Information SY3@mprovide
similar functionality through an internet web browser, while downloadable software programs
typically provide a calculation capability based on a significantly larger number of usés, inpu
selections, or reference data sets.

Publicly available GHG emissions calculators fall under two main categories, each one

reflecting different emerging needs of transit agencies for GHG reporting:

1. Registry/inventory based calculators, most suitable standardized voluntary
reporting, carbon trading, and regulatory compliance.
2. Life cycle analysis (LCA) calculators, most suitable falistic comparisons of

theadvanages of one trangmode, vehicle type, or fuel type over another.

Inventory calculadrs are designed for a broad ubese of corporations and

municipalities and support the quantification of total agencyusedGHG emissions, which may
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be reported to a voluntary data registry (U.
carboncredit trading (such as the Chicago Climate Exchange). The inventory calculators that are
based on a reporting protocol are designed to be consistent in their approach to GHG emissions
estimation(6, 38, 40, 41, 42

The inventory calculators that are based on a reporting protocol follow what has become

a standcacopedbhdeéevi sion of emissions:

1. Scope 1: rect emissions aurolled by the agency;

2. Scope 2: ndirect combustion emissions that occur outside of the agency
(primarily the emissions produced from the generation of purchased elegtricity

3. Scope 3: I ndirect Aopti on adwastrearmof&rs i on s

organi zationds activities or control

With respect to revenue transit vehicle emissions, vehicle fuel combustion and refrigerant
leaks fall under Scope 1, purchased electrical energy falls under Scope 2, and upstream and
downstream vehicland fuel life cycle emissions fall under Scope 3. The assumptiSoage3
is that these emissions would be accounted for as Scope 1 emissions by the organizations or
enties that directly control themfn illustration of how these three scopes relatdife cycle
GHG emissions of transit agency vehicle fleet operations is provid&igbye 24 in Appendix
A.

The standard approach for calculating public transit agency GHG emissions is defined by
the Recommended Practice published by the American Public Transportation Assd@jation

This industry standardofiows inventory protocol$6, 40, 4) for defining the recommended
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calculation and reporting methods for public transit agencies. The inventory protocols provide a
comprehensive accounting framework for estimating GHG emissions from both mobile and
stationary sourcedhowever very little technical guidance is provided for estimating upstream
fuel-cycle, vehiclecycle, or infrastructureycle emissions(Scope 3) The APTA standard
defines the preferred data and required performance metrics (functional units) farGitdGsi
emissions estimation and comparison. The specified performance metrics include emissions per
vehicle mile, emissions per revenue vehicle hour, and emissions per passenger mile. According
to the executive summary of the APTA recommended practicesAA®Turrently developing
an online or spreadsheefised calculation tool, but there is no indication that the tool will
account for costs or total life cycle GHG emissions.

Table2 below shows a summary of the main GHG esiss estimation frameworks and

protocols applicable to public transit agencies.
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Table 2: GHG Emissions Estimation Frameworks and Protocols

Framework Purpose / Methods Findings / Synthesis

ANSI 1997 Outlines a methodological The definition of the goal and scope o

(32 framework for performing life an LCA is an iterative process. Key
cycle assessment studies. elements include the aption of a

functional unit, system boundaries, an
the requirements and limitations of

data.
TCR 2009 Defines standardized A comprehensive framework of
(39, methodologies for calculating calculation methods, default data
WRI 2009 organization/corporatkevel GHG | quality tiers and sources, and account
(40), emission inventories. categories are defined. Although life
CCAR 2009 cycle upstream emissions are
(4D, acknowledged, guidance is lacking.
ICLEI 2009
(42), 1ISO 2006
(43
APTA 2009 Follows inventory protocols for Preferred data and required
9 defining the recommended performance metrics (functional units

calculation and reporting methodsg| for transit are defined.
for public transit agencies

For a more detailed listing of inventory GHG emission estimation protocols and
calculators, sedable 21 in the appendix.Table 21 outlines tle format and outputs ahe
inventory calculators. Foa similar outline of life cycle GHG emission estimation calculators,
seeTable22in the appenid.

For the most part, the calculation methodology and formulae of the inventory protocols
adequately account for direct combustion emissibassupplemental calculations are necessary
to estimate GHG emissions in supply chains. For exampleough inventory calculators
account for plant efficiency losses in the production of purchased electricity, considerable
upstream GHG emissions are neglected. For purchased electricity emissions, inventory

calculators wutili ze dlB daabaterob efectricdd powdd geBeratiok P A0 s
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emission factorg44). The eGRID emission factors include neither upstrearh dxgaction,
refining, and transportatierelated GHG emissions, nor GHG emissions associated with
electrical energy transmission and distribution (T&D) losses. GHG emission registry protocols
stipulate that that energy transmission and distribution doase to be reported only if the
reporting organization controls the transmission and distribution net{@pd0, 42. Electrical

T&D networks experience line losses on the order of 10 percent of plant generated4xs)wer

and the effect is a net increase in GHG emissions per MWh of electrical energy delivered to the
agency. Transit agencies have little control over T&Bses on power grids. However, the
emissions associated with such losses must be understood in order to evaluate properly mode and
vehicle technology alternatives during the planning of fixed guideway services or to evaluate the
development of onsite p@aw~ generation alternatives.

Life cycle analysis calculators account for a larger array of upstream and downstream
processes and emissiomnd are thus considerably more complex in their calculation
methodology.The preeminent, publicly availableesourcesfor calculating life cycle GHG
emissions from U.S. eroad transportation modes are the GREET models from the Argonne
National Laboratory of the U.S. Department of Engidfy, 47, 48 and GHGenius from Natural
Resources Canadd9). These procesbased, spreadsheet calculators enable estimation ef fuel
cycle and vehicle cycle energy consumption and GHG emissions for primarily passenger cars
and light duty vehicles. The modeitilize national and regional data for default emission factor
and consider GHG emission credits of displaced emissionsGREET model inputsputputs
(and fuelcycle model user interfacgyovide limited functionality for emissions estimation from
public transportation modeblniquely, the GHGenius modeicludes heavy duty vehicles and

buses, and it provides $/tonne ceffectiveness of GHG reductions of fuel/energy alternatives.
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The costeffectiveness of GHG reductions are calculated by dividing the capitalized additional

cost per vehicle km by the GHG reducts per vehicle km. For buses, the additional costs and
emissions reductions are relative to a petrol diesel baseline. Thefieasiveness is calculated
separately for t he Aupstream fuel cycle, o
material/assembly/tranpor t . 06 Cost s are <categorized as Vv
maintenance costs, fuel costs, and other/additional chs¢ésGHGenius model iBcensed for

limited personal use, and it derived from the larger Lifecycl&missions Model (LENI

developed by Mark Delucci{b0). The LEM model includes a broader range of transit modes

and GHG emission processésit the model is not publicly avallke.

A spreadshedbased calculation tool for estimating both the life cycle costs and
emissions of various types of transit bus propulsion technologies has recently been developed at
the Chicago Transit Authority (CTA), but it is not publicly availafd&). The costs considered
in the tool include vehicle purchase costs, refueling station costs, depot modification costs,
emissions equipment cost, driver cost, vehicle maintenance cost, facility maintenance cost, and
fuel cost. The cost framewordoes not account for subsidies, and similar to FTA and TCRP
research, it does not account for any equipment salvage (3dlud5, 5). Costs are reported on
a per passenger mile basis and total-byele GHG emissions (WTW, WTT, and TTW) are
reported, but it is unknown what emission calculation methodology is used.

Table 3 shows asamplesummary of main calculation tools for GHG emissions/cost

estimation that are applicable to public transit agencies.
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Table 3: Example Calculation Toolsfor GHG Emissionsand/or Cost Estimation

Tool

Methods

Findings / Synthesis

Climate
Leaders 2009
(39)

Processhased, spreadsheet calculation
direct GHG emissions, with separate
accounting for biogenic emissions

Direct emissions estimation
capability for both road and nen
road transit modes, however life
cycle emissions and transit
performance metricare neglected.

GREET Processhased, spreadsheet calculation| User interface, inputs, and output

V1.0 Fleet fuel-cycle and veltle cycle energy provide limited functionality fo

2009(48), consumption and GHG emissioper emissions estimation from public

GREET vehicle mile Utilizes national and transportation modes.

V1.8c Fuel regional data for default emission facto

Cycle (46), Considers GHG emission credits of

GREET V2.7 | displaced emissions.

Vehicle

Cycle (47)

GHGenius Similar to GREET. GHGenius Isased Similar to GREET, yet provides

2009(49), primarily on data from/for CanadeEM | $/tonne coseffectiveness of GHG

LEM (50) includes a broader range of GHG reductions of fuel/energy
emission processes and transit modes.| alternatives.

Green Economic Input Outpubased calculatior] Provides results for vehicleycle

Design of average industrial sector GHG emissions of any transit vehicle

Institute emissions associated with product valu| type, although data resolution is

2009(52) limited to industrial sector

averages.
Clark et. al Evaluates CNG, diesel, diesel high With federal funding and lovgpeed
2009(35) and gasoline hybrid life cycle costs, duty cycles, hybrid buses are mos

using nationalevel data and agency cas
study data.

costeffective. Provides a LCCA
calculation methodology, but
emissions performance is
neglected.

Many other calculation tools, in addition to those presentedable 3: Example

Calculation Tooldor GHG Emissionsandor Cost Estimatiopare availal# forestimatingGHG

emissions. As part dhis research, the author has conducted an extensive review of calculators

for estimating GHG emissions from public transit vehicle fleet operafi@se23 andTable24

38



in the appendiyrovide a detailed listing of the vehicle types and tyeés covered by available
GHG emissions calculators. Althoughlarge number of vehicle and fuel types are included in
these calculators, ost calculators are not designed specifically for quantifyingsgions from

transit modes.

2.6. Synthesis ofExisting Calculation Capabilities and Needs

Many calculation data sources, frameworks, and tools exist. However, no one resource
provides integrative life cycle GHG emissions estimation capability that is appropriate to the
context of transit agency emissions mamaget. A number of tools are available to transit
agencies for either developing a carbon emissions inventory that is consistent with the
accounting standards of several carbon emissions registries, or for analyzing relevant vehicle and
fuel life cycle GHGemissions. Quantifying GHG emissions that occur upstream or outside of the
operations controlled by the agency is generally much more complex, and much more data
intensive, than doing the same for direct emissions based only wsenvioe vehicle energy
consumption. To estimate upstream/downstream emissions transit agencies would need to obtain
additional data on fleet vehicle technologies/components and fuel/energy feedstocks, or use
national and regional defaults, which may not be representative ofr & pac ul ar agen
operation. Nevertheless, estimating GHG emissions from external processes like electrical power
generation is vital for characterizing the emissions implications of transit agency decisions. The
emissions produced by these external pmaes ar e often referred to a
it should be understood that these emissions are in fact the direct result of transit agency
activities 7 the boundaries of responsibility should not be confused with the boundaries of

consequence.

39



Though many existing calculators may be drawn upon to develop vehicle and fuel GHG
emissions, a fully specified transit LCA calculator that can be adapted easily to handle the wide
range of transit vehicles and modes does not currently exist. An impral@dator should
model and compile manufacturing, maintenance, and disposal emissions for each of the types of
vehicles reported to thdational Transit Databas&TD). Existing LCA calculators have made
some progress, but much more capability is needgzkcslly for maintenance emissions and
for the life cycle of nofroad vehicles. A similar compilation or simplification of upstream
fuel/energy feedstock data would help to distill existing probesed upstream fuel emissions
calculators down to a levaf complexity that is more compatible with the level of detail of
fuel/lenergy feedstock data available to fuel procurement personnel. Compilation of life cycle
emissions would reduce the data gathering burden on transit fleet managers and would develop
consistency in vehicle LCA GHG emissions estimates.

Existing calculators are generally consistent in their approach to estimating emissions
from purchased electricity, but the accuracy of the calculators would be much impravey i
accounted for T&D losseand accounted for temporal variations in peak anghefik emission
rates. Improvements in the geographic and temporal accuracy of electrical power emissions
calculations would benefit the GHG emissions estimation efforts of many organizations beyond
the public transportation sector. Unfortunately, such improvements are currently limited by the
aggregation of reported power generation emissions data.

One of the important considerations to transit officials is the cost of achieving GHG
emissions reductions whi ch are often measured by <cost
CO,e reduced. Only one of the calculators identified in this review contained an analysis or

estimation of emission reduction cost effectivend®}. To be more useful to agency decision
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makers,an improved calculator should support such considerations of cost effectiveness by
either estimating cost or allowing users to input estimates of the component costs of alternative
fleet management decisions.

The calculator frameworldevelopedand presemd in this thesis is not (and cannbe)
comprehensive for all decision alternatives and aspects. A robust management framework must
account for considerations beyond the management of costs associated with GHG emission
reductions, such as the realizatiohother system benefits that meet organizational objectives.
The life cycle cost LCCA method, the method used in the recent TCRP evaluation report for
hybrid buses(35), does not account for benefits, such as the benefits d& @hhissions
reductions or the benefits of quieter bus operation. A-efsttiveness metric merely allows
agencies to identify strategies that present the lowest incremental cost for an incremental
decrease in GHG emissions.

Incremental analysis requirése determination of meaningful baselines, and meaningful
comparison requires normalization of emissions by a performance metric. Appropriate baselines
will vary substantially between various transit agency activities. For example, in the case of
crossmodal GHG emissions reduction comparison, a single occupant private automobile
emission rate may serve as a meaningful baseline. For comparison of alternative busueghicle
systems, a 40 ft diesel bus emission rate may serve as a meaningful baselink.dhtkase
vehicle comparison contexts, the appropriate normalizing performance metric-msilpaxor
vehicle miles. Normalization by pamiles provides the most direct characterization of the
emissions and cost efficiency of a given vehioésed stratgy; however, this metric makes
strategy performance dependent upon ridership, which may vary between strategies that offer

equivalent capacities and quality of service. In other words, strategy comparisons normalized by
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paxmiles are sensitive to confoumdj factors that cause disparate levels of ridership between
the alternatives being considered. Furthermore ridership data for specific vehicles or specific
vehicle types may be limited do to agency data collection or accounting methods. Alternatively,
normalization by vehicle miles eliminates the confounding effect of disparities in ridership, but a
vehiclemiles metric may unfairly bias evaluations in the favor of smaller lighter vehicles that
provide inadequate capacity to serve ridership demand. Thogacsons based on vehicle

miles must represent fair comparisons of supplied capacity. For example, a comparison of 40 ft
buses to 60 ft. buses should account for the higher frequency of 40 ft bus trips needed to supply
the capacity of (or the demand seahl®y) 60 ft buses.

In the context of facilitybased strategies, a different performance metric and baseline is
required. The architecture/engineering industry typically normalizes energy and emissions
performance by facility square foota@3). This normalizing metric may be applied to the many
fixed infrastructures that transit agencies manage: bugemgraus maintenance facilities, railcar
maintenance facilities, stations, terminals, park and ride lots and garages, administrative office
buildings, etc. A per SF normalizing metric allows congzn of costs and emissionséegy
across different facilt types and sizes, but is does not account for the unique service benefits
garnered by investments in different facility types. For example, a facility efficiency investment
for a transit station may be more expensive than a facility efficiency investonenbus garage,
but the transit station may uniquely result in a positive gain in passenger satisfaction or ridership.
Nevertheless, in consideration of the fact that facilities can constitute a considerable proportion
of agency GHG emissions (and corsa@ble potential for GHG emission reductions), effective
management of agency GHG emissions requires an integrative GHG emissions reduction

evaluation framework that accounts for per SF facility investment costs and savings.

42



Fair comparison of the cesftfectiveness of vehiclbased and facilifpased emission
reduction strategies is possible once a $/tonneeftsttiveness for vehiclbased and facility
based strategies and their respective baselass been establishedhis research aims to
develop acalculation tool that allows users to enter several unique cost and activity
profiles/inventories and to select their preferred baselines for védasked and facilitpased
emission reduction strategies.

The existing literature does not offer an inteig@tramework or tool for managing cest
effective GHG emissions reductions from public transit; however, the literature does provide a

point of departure for defining the relevant calculation capabilities needed.
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CHAPTER 3

CALCULATOR DESIGN AND SYNTHESIS

3.1. Purpose and Capabilities

The general purpose of the calculator developed in this thesi®mabdequantification
and management o6HG emissios from public transit activities Toward this end, the

developed calculator provides several distinct capigsilfor the user:

I.  Estimationand inventoryof agency GHG emissions (carbon footprint) that is
consistent with standard GHG inventory protocols;
o0 Use of input data tiers and output scopes;
[I.  Estimation of upstream suppthain GHG emissions;
[ll.  Estimation of tke costeffectiveness odgencyGHG emission reduction strategies
(relative to baseline activities);
o Accounting of costs associated with different types of vehicles and

facilities.

The calculator incorporates the methodologies and data of several calculation resources
identified in the literature review and thus provides an integrative calculation resource for transit
agency manager3his cdhaper details the architecture @nd themethodologies and data used

by, the developed calculator.
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3.2. Calculator Architecture

The architecture of the calculator is a product of both established GHG accounting
frameworks and the software platform. With respect to GHG accounting frameworks, the

calaulator is partitioned betwedhe main types of GHG emission sources

e Mobile sources;
e Stationary sources;
o Onsite combustion;

o Purchased electricity;

The mobile source / stationary source distinction is founded in part on the methodological
differences incalculating GHG emissions from these two main types of GHG emission sources.
This distinction roughly correspond with the organizational separation between facilities
management and fleet management within public transit agemgtesone notable excepin i
electrically powered fleets produce propulsi@iated GHG emissions at stationary sources.
Vehicle fleet emissions are thus associated with both mobile and stationary sources. For vehicle
fleet emissions, the calculator is divided into different maogees, each of which require a
slightly or substantially different calculation methodology for estimating GHG emissities

modes currently built into calculator include:

e Bus and paratransit;
e Light rail (LR) and heavy rail (HR) transit;

¢ Nonrevenue velules
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Measured in terms of passenger miles of travel (PNOUE, paratransit, LR, and HR
represent over threguarters of all public transit activity in the U.&3). Due to research time
constraints, commuter rail was not included in the developed calcildtowever, commuter
rail GHG emissions estimationill be included in a posthesis versiomf the calculatar

The calculatoorganizes GHG emissions into the accounting scopes (1, 2, and 3) utilized
by GHG emission inventoryprotocols. These scopes identify the relationship between a
particular GHG emission producing activity and the organizational control boundary of the
agency.Table4 below indicates the inventory scopes for each type of modal or facility activity

accounted for in the calculator.

Table 4: GHG Emission Inventory Scopes and Associated Modal and Facility Activity

GHG Emission | Modal or Facility Activity
Inventory Scope

Scope 1 Mobile combustion(direct) Bus, paratransit, nerevenue vehicles,
commuter rail etc.;

Stationarycombustion(direct) Facility boilers and heaters;

Fugitive leakqdirect) Refrigerants from air cofttbning equipment,
methane from refueling facilitiete@ksto be included in a later version of
the calculator);

Scope 2 Purchased electricity: HR and LR transit, as well as facility energy
consumption
Scope 3 Upstream life cycle processesiaterial/energy extraction, refining,

manufacturing, transportation, distribution, and storage.

The calculator is built upon a spreadsheet platform and consists of several calculation and
data worksheets. Each modal or facility element of an agenewntiony (bus, paratransit, facility
electricity, etc.) is calculated on a separate worksheet within the calcufatiure 10 illustrates

the organizabn and scopes of the GHG emissions inventory worksheets.
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Figure 10: Organization and scopes of GHG emissions inventory worksheets.

The horizontal band# Figure 10 indicate whattype/scopeof GHG emissions are
calculated by the underlying worksheets. Tdigision of inventory elements into separate
worksheets accommodates a useful disaggregation ohtoryerecord types and facilitates
consistency in theolumns(input, calculation, and outpuit) each of the worksheetSigure11

shows thegeneral @inctional layout of an inventory worksheet
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Figure 11: General functional layout of an inventory worksheet

The inventory worksheets contain rows of inventory records and columns of various
input, calculation, and output data. In general, the worksheets contain most of the user input cells
on the lefthand side and most of the calculation output cells on tie-m@nd side. Occupying
many of the irbetween columns are various, essential intermediate calculations. These
intermediate calculations include estimations of activity (e.g. estimation of VMT from fuel
consumption and fuel efficiency inputs) and queriéglefault emission factor data. Default
emission factor data stored on other worksheets within the spreadsheet calculator are linked to
the inventory calculations in response to
(entered by the user amcplained later in this chapter) are linked to the inventory calculations
and user inputs to generate eeffectiveness outputs. The GHG emission outputs from each of
the inventory worksheets are compiled on a single output worksheet containing suniesry ta
and graphs of the GHG emissions inventory.

Appendix Bcontainsfigures of theinventoryworksheetdor transit busesand shows the

calculation formulae contained within the cel3ells wih a dashed or single solautline are
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user inputs, hatchecelis are unusethputs oroutputs as determined bipitial user inputs, grey

cells are intermediate outtsi and cells with a doubleutline are main output§he figures in
Appendix B show the details of the calculation formulbaet some important featas and
functions of the inventory worksheets are not -seltlent in the figures. The inventory
wor ksheets wutilize data validation for many
whereby the user may select the input from a alown list (®efuel typeoptions listed at the
bottom of column D irFigure 25). Parts of the inventory worksheets provide data validations
lists that are conditnal on other user inputs (see columns W, X, Y and Figare 27). Also,

the inventory worksheets employ conditional formatting (cell hatching) to reveal to the user
which cells require input and which cells provide an optional output based on useossldair
example, if the user seledisita tier Al for a bus CQemission factor (see column F kigure

25), then thehatching on user input cells ftwel heat content and carbon content are removed
(see columns AA, AB, AF, and AG ikigure 28). Default calculation data such as fuel and
vehide emssion factors are stored hamed rangesnoother worksheets and are referenced in
the formulae of the inventory worksheekdost, but no all of the calculationnput cells are
located at the far left of the worksheets. The optional Scope -8yuakd andvehiclecycle inputs

are locatedfor conveniencepear the outputs toward the righand side of the worksheeEach

row in aninventoryworksheetmay be used to record the activity and calculate the emissions
associated with a particulaehiclebasedor facility-basedGHG emission inventory,reduction

strategy or baseline.
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3.3. Calculation Methodologies

The calculator incorporates a variety of calculation methodologies to estimate GHG
emissions from direct and life cycle GHG emissions from the vadategjories of transit agency
activities. Direct GHG emissions are estimated in accordance with APTA recommended
practiceq9) and upstream GHG missions are estimated through incorporation of temjrent
life cycle calculation methods and assumptiohtheU . S . DOE 6 s -c&R Bm&ddl(46f u e |
and the Green DelCA qodel (62). Fheiincaupbratéddife &ytleDanalysis
calculatons provide a increased level of sophistication and robustness to transit agency GHG
emissions estimation, but interpretation of the meaning of these life cycle calculations requires a

clear understanding of the methods and assumptions used.

3.3.1. Life Cycle Analysis Approach

Thecalculator presented in this thesitilizes dife cycle analysis approadhat attempts
to capture all of the relevant and quantifiable GHG emission activities. These activities include
various upstream and downstregarocesses inhe supply chainFigure 24 in the appendix
provides a simplified diagram of life cycle GHG emissions producing activities related to transit
agency vahicle fleet operationg=igure 24 depicts the many elements and processes comprising
life cycle GHG emissions, andhighlights the limited focus oftandard protocol GHG emission
inventory calculators. The calculator presented in this thesis goes well beyond this limited focus
for both transit fleet and facility GHG emissions. Howewduwe to limitations in available
research time and datthe boundar and scope of the developed calculator does not include

every (all) life cycle GHG emission process(es).
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3.3.1.1. Boundary and Scope

Identification of the boundary and scope is an essesitglin conducting a life cycle
assessmenin that it defines the processes included in the life cycle inven(8ty 39. The
calculator is designed to estimate 8ie major types of GHG emissions defined by the Kyoto
Protocd: carbon dioxide (C@, methane (Ch), nitrous oxide (NO), hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), asdlfur hexafluoride (S§ (14). The majority of GHG
emissions from transit agencies arises from fossil fuel combustion and thus is comprised mainly
of CO,, CH,;, and NO. For this reason, only these three types of GHGsxalkcitly inventoried
and totaled.

The LCA process bounda of the developed calculatas designed to capture GHG
emissionsdirectly or indirectly controlled by agency activitieszigure 12 below shows the

processes included within the life cycle analysis boundary of the developed calculator.

Vehicle Fleet Operations Facility Operations
T T T T T T T T T T T T T T T T T T T | T T T T T T T T T T T T T T T T T 1
Scope 3 | Scope 1 : | :
——  —— Lo !
I ! I !
I : I :
Upstream ! Mobile Mobility | : Support |
Fuel-Cycle i Combustion Services : | Services :
I L !
I ! I :
|

Upstream : Procurement, | : |
hl? s Rebuild, and lﬁr_l ! I l—y—’ Stationary |
Vehicle-Cycle | Maintenance : | : Scope 1 :
| Scope 1 | | Scope 1 Combustion |
Downstream I | : |
Vehicle-Cycle | Electric | | Electricity :
: Propulsion | : Consumption |
| L e ___1

Scope 3

Electric Power Fuel-Cycle Upst Fuel
pstream Fuel-
Extraction / Harvesting Generatlc.)n / Distribution Cycle
and Transport Combustion
Scope 3 Scope 2 Scope 3 Scope 3

Figure 122 Processes included within the life cycl@analysis boundary of the developed
calculator.
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The dashed line ifrigure 12 encloses the activities that are directly controlled by the
agencyi the drect emissions arising from these activities are all counted as Scope 1 emissions.
Estimation of fugitive leaks from refrigerants has not yet been included in the calculator, but will
be added later. The calculation method for fugitive refrigerant leakshisr straightforwardand
in many (if not most) cases refrigerant leaks will comprise less than 5% of agency GHG
emi ssions, I n which case #AdAsimpli(®ibDueltothet hods
relatively low level of fugitive leaks and more importarithe limited avaibbility of refrigerant
inventory data for applying the calculator (see Chapter 4), Scope 1 fugitive leaks have not yet
been included in the calculator (although fugitive leaks are included in the Scopec$ctael
and vehiclecycle calculations).

The avdability of data plays a key role in the calculation methods used for estimating
life cycle GHG emissions. For most of the direct and indirect activities, data is available to
support a procedsased estimation of GHG emissions. However, for the manufagtand
maintenance activities associated with the vehicle life cycle, pri®esisdata was unavailable.

This data is particularly scarce for heavy dutyroad and rail vehicleg the types of vehick
typically used by public transit agenci@hese data limitationeesulted in the use of a hybrid
LCA approach an approach consisting of both proebassed and EIQCA-based calculations.
EIO-LCA-based calculations were applied exclusively to vehkiglde manufacturing and
maintenance activitge

It should be noted fronfFigure 12 that GHG emissions from the construction and
maintenance of fixed infrastructures such as sigitway, stations and other support facilities
are not included in the LCAThis omission is due to a paucity of data (both emission factor data

and infrastructure material inventory data) for estimating GHG emissions from capital projects.
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Some basic default GHG emissitattor data is available for building materié® 24 and for
construction sector%?2), but it is very unlikely that this data is representative of the diversity of
construction methods used in transit agency infrastructures. The limited availability of material
inventory data (or matei al -ofif akedat a, as It I S commonl
architecture/engineering industries) would ha
cycleo calculation module within the devel ope
unique to the development of this transiHG emissions calculator. The LCA and GHG
emissions estimation literature does not effectively account for the emissions associated with
fixed-infrastructures. For example, several calculation resources are avdibaldstimate

upstream GHG emissions in the fuel or energy supply dd&in49, 50, but these resources do

not estimate the GHG emissions associated with the construction and maintenance of the supply
chain infrastructure (e.g. refineries, pipelines, power plants, transmission lines, etcig. fdtis

to say that the literatur®r the calculator developed by this reseaishdeficient in its GHG

emissions estimation methods. Rather, the LCA boundary oémiciother calculators is simply
constrained by available dataydawhat is perhaps momaportant than attempting to account for

all GHG emission impacts is to delineate the scope and boundary of the accounting.

3.3.1.2. Functional Units

Meaningful life cycle analysis of GHG emissions from activities requires consideration
of the productive output ahose activities. In the LCA literature, the productive outparts
related to emission inventories through the usefidf un ct i o (83.l Thisucalcukatero
empl oys APTAOGs recommdmpeed ofmenta o udiced iaTablebni t s,

below.
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Table 5: APTA Required Performance Metrics (9)

The required performance metrics listedTiable 5 include emissions per vehicle mile
(E/VM), emissions per revenue vehicle hour (E/RH), and emissions per passenger mile (E/PM).
An emissions per passenger nplerformance metric allows comparison of the GHG emissions
performancenot only between different public transit modésit alsobetween public transit and
nonpublic transit modesAlthough APTA does not endorse the use of any performance metrics
for statbnary sources, the calculatpresented in this thesis employs an emissperssquare
foot (E/SF) performance metric. As mentioned previously in Chapter 3, this performance metric
is necessary for calculating the ce$fectiveness of facilifbased GHG emission reduction
strategies.

The GHG emission calculations described iis tbhapter estimate a particular GHG
(CO,, CH,, or NO). For each vehicle and facility inventory, the calculator aggregates these
emissions into carbon dioxide equivalents ¢(€Obased on the global warming potentials
( GWPs) publ i shed ™AssessmaneRepoR: @ DOG25 HIOCHE7and4298 for

N2O.
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