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PREFACE 

Portions of this thesis consist of text from the authorôs Transportation Research Board 

conference paper and Transportation Research Record journal paper ñCalculators for Estimating 

Greenhouse Gas Emissions from Public Transit Agency Vehicle Fleet Operationsò (1, 2). 
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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 

transportation sector. To achieve substantial and cost-effective GHG emissions reductions from 

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

emissions management. This research thesis presents the background, methodology, and results 

of the author's development of a public transit agency-level life cycle GHG emissions calculator. 

The development of the calculator involved a series of research efforts aimed at 

identifying and addressing the needs of transit agency GHG emissions management:  a review of 

background information on climate change and public transitôs role in mitigating climate change; 

a review of existing GHG emissions calculators for public transit agencies, a review of the 

methodologies for life cycle GHG emissions analysis; integration and adaption of existing 

calculation resources; development of calculator spreadsheets for estimating relevant lifecycle 

GHG emissions and quantifying GHG emission reduction cost-effectiveness; application of the 

developed calculator to a carbon footprint analysis for a typical mid-size to large-size transit 

agency; and application of the developed calculator to the evaluation of the cost-effectiveness of 

various potential strategies for reducing transit 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 calibrate the estimation of upstream life cycle GHG 

emissions, particularly for vehicle manufacture and maintenance. 



1 

CHAPTER 1  
 

INTRODUCTION  

 

This thesis presents the development of a calculator for the estimation and management 

of greenhouse gas (GHG) emissions from public transit agency operations. This 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 emission reductions 

from public transportation. 

 

1.1. Thesis Overview 

1.1.1. Motivation  

Public transportation systems offer unique and significant opportunities for mitigation of 

transportation sector GHG emissions. Effective management of GHG emissions associated with 

public transportation systems is important for several reasons. As operators of major vehicle 

fleets and extensive 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 day-to-day operations and their capital programs.  Since the 1970 Clean Air 

Act the nationôs transit agencies have served as test beds for emissions reducing vehicle 

technologies. In the current context of climate change mitigation, transit agencies can provide 

expanded leadership in societyôs efforts to develop more environmentally benign transportation 

systems (3). In addition to providing energy and emissions efficiency benefits to society at large, 

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 
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purchased energy, making the agency more attractive to federal grant programs (4, 5), and 

preparing the agency for participation in climate change registries (6, 7)  and carbon trading 

schemes (8), 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 GHG emissions and 

energy consumption through its accommodation of mode shift, congestion relief, and more 

travel-efficient land use (9, 10). It should be noted that the potential magnitude of GHG 

emissions reductions from 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 VMT (11). The limited 

total impact of GHG emissions reductions through public transportation is reflected in the much 

discussed and debated Moving Cooler report, which indicates that between 2010 and 2050 

ñtransit capital investments, such as urban transit expansion and intercity and high-speed rail, 

could produce cumulative GHG reductions ranging from 0.4 to 1.1 percent of baseline 

emissionsò (12). 

Despite limitations in total impact, the unique efficiencies of public 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 and infrastructures, 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 GHGs/passenger-mile) 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. 

Public transit 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 cost-effective public transit GHG emissions reductions must not only 

help agencies identify economically viable opportunities, it must also be easily implemented by 

personnel who have limited time and resources available for additional management 

responsibilities. To improve the GHG emissions performance of transit agencies, transit agency 

personnel need effective tools for managing their emissions. The managerial adage ñYou canôt 

manage what you canôt measureò is no less true in the context of GHG emissions management. 

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 purpose of this research is to develop an integrative calculation tool for the 

estimation and management of public transit agency-level life cycle GHG emissions. An 

ñintegrativeò calculation tool is one that consolidates calculation data and methods into a single 

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 associated with GHG emission 

reductions. 
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The primary function of the calculation tool is to quantify 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 activity, from the operation of a single vehicle, to a complete footprint of 

an agencyôs GHG emissions. At the very least, the calculator is intended to help transit agencies 

quantify and evaluate the GHG emissions impact of core activities, such as the use of various 

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 supply-chain GHG emissions are 

generally not the responsibility of transit 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 impacts 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 objective of this research is to develop a calculation tool for managing cost-

effective reductions in GHG emissions from public transportation. The tool is designed to help 

agencies identify strategies that have the most GHG reduction impact, and that are the most cost-

effective. By helping agencies to identify the most cost-effective GHG emission reduction 

strategies, the calculator will support the management of not only GHG emissions, but also the 

associated asset costs. The quantification of cost-effectiveness will be based on the practice of 

incremental GHG emissions reduction ï emission reduction strategies that provide marginal 

benefits relative to a baseline. 
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Transit agency managers have a multitude of tasks and responsibilities beyond the 

management of GHG emissions. This research aims to provide a GHG emissions estimation and 

management tool that is easy to use and understand. In the interest of transparency and 

accessibility, the calculation tool is a spreadsheet-based model developed for use in Microsoft 

Office Excel®. The calculation tool is intended to help agencies calculate their 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 approach 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 explained in this chapter. The 

research literature review, which is 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 

cost-effectiveness evaluation of agency GHG emissions ï accounting 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- to large-size public transit agency to assess the 

calculator, both as an estimator of annual GHG emissions and as a tool for GHG emissions 

management. The calculator was then also applied to case studies of public transit agency GHG 
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emission reductions. The results of the GHG inventory and the case study calculations provide 

for a discussion of opportunities for improving the management of public transit agency GHG 

emission reductions. 

 

1.2. Background 

1.2.1. Climate Change 

The Earthôs climate is changing, and societies, nations, communities, corporations, and 

individuals around the world are looking for ways to manage this change. The most prevalent 

change, both measured and predicted, in the Earthôs climate system is an increase in the global 

average surface temperature. This change is commonly referred to as ñglobal warmingò ï a term 

that both clarifies and obscures the issue of climate change. In one sense, ñglobal warmingò is a 

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 of an otherwise 

ambiguous change. Yet ñglobal warmingò as a term ignores the array of significant climatic 

changes that are expected to occur as global average surface temperatures increase. Such changes 

include but are not limited to more extreme high and low seasonal temperatures, more frequent 

and more intense storm systems, and more intense droughts. In addition to these climatic changes 

are other significant Earth system changes, such as the melting of glacial ice, the rising of sea 

levels, watershed flooding, the drying and 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 degradation of 

critical infrastructure, reduced access to freshwater, reduced agricultural productivity, and the 

loss of many important ecosystem services that sustain humanity. Although the negative impacts 
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of climate change will vary significantly across different geographies, the overall extent of the 

impacts is generally global in scale. 

Most climate scientists today support the theory of anthropogenic, or human-induced, 

climate change. Although Earthôs climate systems are naturally in a continuous state of flux, 

there is a significant body of evidence indicating that human activities are altering the otherwise 

natural state or flux of Earthôs climate system (13). Figure 1 below shows the historical global 

mean surface temperatures in the modern industrial era. 

 

 

Figure 1:  Historical global mean surface temperatures in the modern industrial era (13). 

 

Although considerable variability exists in annual global mean temperatures, and despite 

various sub-cycles 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 

industrial era has been of period of intense industrial activity, powered largely by the combustion 
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of fossil fuels. The combustion of fossil fuels, and other industrial practices, affect the climate 

system primarily by altering the quantity of greenhouse gases (GHGs) in the atmosphere. GHGs 

are radiatively important trace gases (RITGs) that trap solar heat in the Earthôs atmosphere. 

Figure 2 below illustrates the historical atmospheric concentration of GHGs from 0 to 2005 CE. 

 

 

Figure 2:  Atmospheric concentrations of GHGs from 0 to 2005 CE (13). 

 

Figure 1 and Figure 2 provide a basic illustration of the correlation between the rise in 

atmospheric concentrations of GHGs and the rise in global mean surface temperatures (global 

warming). There are many diverse factors affecting global warming, and there are many impacts 

resulting from global warming. Nevertheless, atmospheric emissions and concentrations of 

anthropogenic GHGs have been identified by the climate science community as a critical factor 

affecting climate change. 
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The United Nations Framework Convention on Climate Change and the Kyoto Protocol 

define six major types of GHG emissions: carbon dioxide (CO2), methane (CH4), nitrous oxide 

(N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6) (14). 

Carbon dioxide constitutes the largest proportion of GHG emissions, yet the other five Kyoto 

Protocol GHGs have a higher global warming potential (GWP). The GWP measures the 

warming effect relative to CO2 over a 100 year period. The weighted emissions of various types 

of GHGs may be expressed by multiplying the total mass of each emission type by the respective 

GWP. The result is the GHG emissions expressed in carbon dioxide equivalents (CO2e). 

 Climate science has introduced to the world a new paradigm for interpreting, evaluating, 

and improving modern industrial activities. Increasingly, existing and planned activities are 

assessed in terms of their impact on the climate system. The process of reducing human impact 

on the climate system is referred to as ñclimate change mitigationò. Mitigation primarily involves 

the reduction of GHG emissions and the preservation of carbon sinks, such as forests. 

Alternatively, the process of managing the negative impacts of the changing climate system on 

society is referred to as ñclimate change adaptationò. Adaptation primarily involves making 

necessary infrastructure and development changes in response to more hostile environmental 

conditions. The mitigation/adaptation dichotomy provides a simplified categorization of 

societyôs responses to the challenges of climate change. It should be noted that this dichotomy 

obscures mitigation and adaptation synergies that may exist for particular development activities. 

For example, the development of advanced biofuel feedstocks aimed at mitigating GHG 

emissions from the transportation sector may (or should) be especially adaptable to a changing 

climate, thereby addressing both mitigation and adaptation concerns. Nevertheless, the 

mitigation/adaptation dichotomy is a well-established framework used in climate change 



10 

literature. In terms of this established dichotomy, this thesis is focused on activities pertaining to 

climate change mitigation. 

There is a general understanding in the climate science community, as well as in many 

political circles, that major reductions in anthropogenic GHG emissions will be necessary to 

forestall devastating changes in the Earthôs climate system. A comprehensive, legally binding 

international agreement has yet to emerge, yet many local, state, and even national governments 

are enacting 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 (commonly referred to as ñ80 in 50ò reductions). Achievement of such goals 

invariably involves significant changes to existing behavior and technologies within and across 

multiple economic sectors. The transportation sector in particular presents unique challenges for 

achieving climate change mitigation goals. 

 

1.2.2. Climate Change Mitigation and Transportation 

The transportation sector is a major part of the climate change mitigation challenge. First 

and foremost, the transportation sector as a whole is a major source of GHG emissions, 

accounting for approximately 28% of all annual GHG emissions in the U.S. (15). Figure 3 below 

shows the 2007 U.S. GHG emissions (CO2e) allocated to economic sectors. 
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Figure 3: 2007 U.S. GHG Emissions (CO2e) Allocated to Economic Sectors. Based on (16). 

 

Due in large part to its large proportion of GHG emissions in modern industrial 

economies, the transportation sector is being called upon to achieve major reductions in GHG 

emissions. A national climate change mitigation framework has yet to emerge from the federal 

legislative or executive branches, but it is reasonable to expect that major reductions on the order 

of ñ80 in 50ò will be required from the U.S. transportation sector (17). 

The majority of GHG emissions from the transportation sector are produced from the 

combustion of petroleum fuels. This 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 petroleum fuels as an energy source 
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ï approximately 95 percent of transportation sector energy consumption in the U.S. is supplied 

by petroleum fuels (18). 

The transportation sectorôs heavy consumption of petroleum fuels directly influences the 

types and proportions of GHG emissions. Figure 4 shows the 2007 U.S. transportation sectorôs 

direct GHG emissions. 

 

 

Figure 4:  2007 U.S. transportation  sector direct GHG emissions, CO2e. Based on (16). 

 

The proportions of GHG emissions shown in Figure 4 are expressed in terms of CO2e; 

thus the higher GWPs of non-CO2 GHGs are accounted for in the percentages shown. Given that 

CO2 is a primary product of complete combustion of hydrocarbons, Figure 4 underscores the role 

of the combustion of hydrocarbons, notably petroleum fuels, in the production of GHG 

emissions from the transportation sector. 

Given that the transportation sector is a major source of GHG emissions, and that much 

of these emissions are produced from the combustion of petroleum fuels, it is clear that 
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aggressive reductions in GHG emissions will necessitate substantial reductions in petroleum 

combustion. Yet the path toward realization of a low-carbon (or low petroleum) future is not 

entirely clear. No single technological development has yet emerged that can achieve ñ80 in 50ò 

GHG emission reductions from the transportation sector. In fact, reductions in GHG emissions 

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

shows the ñ4-legged stoolò ï a popular metaphor for the categories of GHG emission reduction 

strategies in the transportation sector. 

 

 

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

 

The ñ4-legged stoolò is derived from the ñ3-legged stoolò, which consisted of the vehicle, 

fuel, and VMT legs. Figure 5 shows the introduction of vehicle/system operations as a category 

of GHG emission reductions (reducing emissions by reducing fuel wasted in congested or 

otherwise slow-moving traffic). The philosophy behind the original ñ3-legged stoolò is that 

vehicles, fuels, and VMT represent the primary opportunities for reducing GHG emissions and 

that GHG emission reductions in only one or two area(s) (or legs) are insufficient for supporting 

major GHG emission reductions from transportation (analogous to the stability of a circular 
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platform supported by three equally-spaced, equally-long circumferential columns). The strength 

of the analogy is weakened by the reality that GHG emission reductions in each of the three main 

categories will likely be unequal in degree. For example, state departments of transportation 

(DOTs) in the U.S. expect (or favor) GHG emission reductions primarily from improved vehicle 

and fuel technologies (20). For each of the legs of ñthe stool,ò behavior change, not just 

technological change, is necessary for the successful implementation of GHG emission reduction 

strategies. Specifically, the use of improved vehicles 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 efficient modes or means of accessing goods, services, and activities. 

The feasibility of a panacea (or more informally, a ñsilver bulletò) for major GHG 

emission reductions in the transportation sector is hindered not only by the limited degree of 

reductions possible within each of the legs of the stool, but also by the diversity of transportation 

modes. Different types of modes in the transportation sector are each comprised of unique types 

of vehicle, fuel, and infrastructure systems that are not amenable to a one-size-fits-all approach 

to transportation GHG emission reductions. A picture of this modal diversity is illustrated by 

Figure 6 below, which shows the proportion of U.S. transportation GHG emissions by various 

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

 

The emission sources included in Figure 6 encompass the full spectrum of transportation 

modes: on-road, rail, aviation, maritime, and pipeline. The above figure shows that on-road 

vehicles are the dominant source of GHG emissions from the 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 on-road vehicles. Thus, there is little doubt that 

major reductions in GHG emissions from transportation must include a significant proportion of 

reductions from on-road vehicles. This 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 transportation sector, 

which includes several of the source types in Figure 6, provides unique and arguably essential 

opportunities for successful climate change mitigation. 
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1.2.3. Public Transportationôs Role in Climate Change Mitigation 

Public transportation plays a particularly unique role in mitigating climate change. Public 

transportation can help to mitigate climate change by reducing GHG emissions in one of two 

very different ways: 1) reducing the emissions produced by public transit agency (and 

supporting) operations and infrastructures; and 2) displacing the emissions produced by private 

automobile trips. Figure 7 below provides a visual representation of this typology, as advocated 

by the American Public Transportation Association (APTA). 

 

 

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 in climate 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. Several studies have explored how public transportation may reduce 

energy consumption and GHG emissions by reducing private vehicle activity (10, 22, 23). 

Referring back to Figure 7, APTA estimates displaced GHG emissions under three main 

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 for the benefit that public transit may provide by 

reducing on-road 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 efficient land use in terms of shorter and fewer private automobile trips. 

Quantification of the emissions displaced by transit has become a major focus for public 

transportation advocates, but the quantification methods are still in their infancy and subject to 

considerable uncertainty. Due in part to the methodological challenges facing the quantification 

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. The majority of agency GHG emissions 

are produced from the combustion of fuels for vehicle propulsion. These fuels include both on-
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board liquid and gaseous fuels typically used to power buses, vans, commuter locomotives, ferry 

boats, and non-revenue vehicles, as well as electrical power generation fuels typically used for 

heavy rail and light rail vehicles. In addition to operating 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, and so on. The 

operation of agency 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 emissions. Altogether, the opportunities for 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 transit grows larger 

with consideration 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 opportunities for managing GHG 

emissions from public transportation. A life cycle perspective accounts for the cradle-to-grave 

supply chain activities related to a particular product or service. For example, the provision of 

mobility services by bus involves many upstream and 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 maintenance of the vehicle; the disposal of the vehicle and vehicle parts; and even 

the construction and maintenance of the roadway. The life cycle perspective offers an integrative 

analysis of GHG emission reduction strategies, and life cycle analysis has become an established 

framework for evaluating GHG emission performance and reductions in transportation (24). 
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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 most other competing 

surface modes. Higher vehicle occupancies enable more efficient energy use on a per passenger 

mile basis. Thus, when considering the productive output of public transit (passenger miles of 

mobility) public transit can provide improved GHG emissions performance. Figure 8 below 

shows a general comparison of estimated CO2 emissions per passenger mile for transit and 

private automobiles. 

 

 

Figure 8:  Estimated CO2 emissions per passenger mile for transit and private autos (23). 

 

The above figure is based on average transit vehicle occupancies, and it should be 

emphasized that the actual GHG emissions performance of a given transit vehicle 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 role in field testing alternative fuel vehicles 
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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 hybrid-electric and hydrogen fuel cell propulsion (3), show that 

public transit agencies can play a leading role in the development and application of technologies 

that help to mitigate climate change in the transportation sector. This role has recently been 

expanded by public transit energy efficiency and GHG reduction grants awarded through the 

American Recovery and Reinvestment Act (5). 
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CHAPTER 2  
 

L ITERATURE REVIEW  

This chapter presents a literature review of previous reports, frameworks, guides, and 

calculation tools relevant to the development of a transit GHG emissions estimation and 

management tool. This literature review is organized into key categories of GHG emissions 

estimation and management literature: 1) the authorôs work on a transit GHG emissions 

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 agency managers have many responsibilities and 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 has thus contracted the development of a Transit Greenhouse Gas 

Emissions Management Compendium ï an informational guidebook designed to assist transit 

agencies with managing their GHG emissions (25). The forthcoming compendium will include 

information on potential GHG emissions reduction strategies, case studies of successful GHG 

emission reduction practices, and information on emissions quantification methods (26). 
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2.1.1. Decision-Maki ng Contexts for Managing Public Transit GHG Emissions 

The Compendiumôs approach to GHG emissions management is structured on four main 

decision making contexts: 

1. Planning for System Expansions and Major Construction Projects; 

2. Fleet Procurement Practices; 

3. Fleet Operations and Maintenance Practices; and 

4. Other Activities (including green building retrofit practices for support facilities 

and employee commuting programs) 

Figure 9 below details the decision-making contexts for managing GHG emission 

reductions from public transit agencies. 

 

Figure 9:  Decision-making 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 fixed-guideway infrastructure expansion, park-and-ride 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 rail transit (LRT) expansion vs. an 

alternative bus rapid transit (LRT) expansion. Taking into account the unique infrastructures, 

fuels, vehicles, and planned operation of each of the mode technologies, these system expansion 

projects would most likely have different 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 opportunities 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 of transit 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 hybrid-electric buses vs. conventional diesel buses, which equates to 

improved carbon efficiency. The fleet procurement process represents a critical opportunity for 

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

Agency fleet operations and maintenance practices affecting GHG emissions encompass 

a variety of activities, including but not limited to vehicle capacity/demand matching, route 

restructuring, ñeco-drivingò, tire inflation programs, engine/drivetrain tuning, and vehicle 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 performance by 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 or infrastructure systems. 

2.1.1.4. Other Activities 

The ñOther Activitiesò in the decision-making context framework include some of the 

most promising strategies for reducing agency GHG emissions, most notably the retrofit of 

buildings in accordance with ñgreenò or LEED® (Leadership in Energy and Environmental 

Design) building practices. In the U.S., buildings account for approximately 38 percent of direct 

domestic CO2 emissions (27). Agencies that manage extensive built infrastructures may 

substantially reduce their carbon footprint through retrofits that improve building energy 

efficiency. The ñOtherò category also includes employee commute programs, such as flex 

scheduling, ridesharing, and transit pass subsidies that can help to reduce the carbon footprint of 

employee commuting. 
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2.2. Environmental Management Systems 

Anthropogenic GHGs are essentially environmental pollutants, not in the sense that they 

are toxic, but in the sense that they engender changes in the climate that are harmful to human-

Earth systems. The human-controlled and ïinduced 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 (CAPs). The close relationship between the production of GHG 

emissions and other regulated emissions suggests a common management framework. 

Frameworks addressing the management of emissions or pollutants from organizational activities 

are referred to in the literature and in industry as Environmental Management Systems (EMSs). 

The International Organization for Standardization (ISO) offers a robust EMS framework 

for the management of environmental emissions from commercial or industrial organizations ï 

the ISO 14000 management standard. ISO 14000 is a ñmanagement tool enabling an 

organization of any size or type to: 

 Identify and control the environmental impact of its activities, products or 

services, and to 

 Improve its environmental performance continually, and to 

 Implement a systematic approach to setting environmental objectives and targets, 

to achieving these and to demonstrating that they have been achievedò (28). 

APTA has incorporated the use of ISO 14000 EMS in its recently developed 

ñSustainability Commitmentò for transit agencies (29). The APTA Sustainability Commitment is 

a framework available for transit agencies to define and track progress toward sustainability 

initiatives such as reducing water usage, CAPs, GHGs, energy use, and material waste (29).  
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The ISO 14000 management standard by itself does not provide specific guidance on 

managing GHG emissions, but it does provide ña framework for a holistic, strategic approach to 

the organization's environmental policy, plans and actionsò (28). Specific guidance on how to 

estimate and report GHG emissions from an organization is provided by the ISO 14064 

Greenhouse Gases series of standards ï a GHG emissions inventory protocol similar to those 

covered in Section 2.5 ñGHG Emissions Calculators.ò 

 

2.3. Life Cycle Analysis of GHG Emissions 

The environmental management 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. 

Expressed 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 material and energy supply chains. Thus, the identification of an appropriate system 

boundary for agency GHG emission impacts is essential for emissions management. Since GHG 

emissions have a global-scale impact, management of only local emissions may neglect 

potentially relevant system effects.  

A life cycle analysis perspective is becoming the viewpoint of choice among researchers 

interested in comprehensive quantifications of GHG emissions from products and services (24, 

30, 31). The term ñlife cycle analysisò, as it is used in this thesis, is inclusive of both life cycle 

inventory (LCI) and life cycle assessment (LCA). Life cycle inventory is the 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 assessing the impact(s). The calculator developed in this thesis 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 methodology for quantifying life cycle GHG 

emissions. However, the literature does include a schematic framework for developing a life 

cycle analysis for a product or service:  ANSI/ISO 14040 Environmental management ï Life 

Cycle Assessment ï Principles and framework (32). This standard provides a methodological 

framework that directs users to define the goal and scope of their assessment. The scope includes 

the product system to be studied, the product system boundaries, and the functional unit (32). ñA 

functional unit is a measure of the performance of the functional outputs of the product system. 

The primary purpose of a functional unit is to provide a reference to which the inputs and outputs 

are relatedò (32). For assessment of GHG emissions produced by transit APTA has established 

the following functional units (referred to as ñperformance metricsò):  GHGs per vehicle mile, 

GHGs per revenue vehicle hour, and GHGs per passenger mile (9). With respect to analysis 

boundaries, APTA recommends that transit agencies focus their GHG emissions analysis within 

the organizational boundaries of the agency (9). This focus is consistent with GHG emissions 

reporting protocols, which are discussed in the section ñGHG Emissions Calculators.ò 

In the research literature, life cycle assessments follow one of three main calculation 

approaches (33): 

1. Process-based life cycle assessment; 

2. Economic Input Output life cycle assessment (EIO-LCA); or 

3. Hybrid life cycle assessment. 
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A process-based LCA is a method of modeling each of the ñsmallest portion[s] of a 

product system for which data are collectedò (33). For some product systems that contain a 

plethora of parts and components, (e.g. a transit bus), calculation data on the GHG emissions of 

each portion of the product system may not be available. In such a case, an EIO-LCA approach 

may be used. EIO-LCA uses economic input tables to link the money spent on a 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 used to allocate and aggregate the 

GHG emissions for the given product system. This approach offers a convenient alternative for 

products or services that lack adequate data for a process-based LCA; however, the use of 

industrial sector average emissions limits the utility of comparing materially different products 

classified under the same sector. For example, the manufacture of a diesel bus and a diesel 

electric hybrid bus would reasonably result in different levels of GHG emissions, since the 

hybrid bus has a much larger large mass of batteries (typically lead-acid or Li-ion). Yet, the EIO-

LCA-estimated difference in GHG emissions between the manufacture of a hybrid bus and the 

manufacture of a conventional diesel bus is a function of only the difference in purchase cost, not 

the difference in material types or quantities. 

Complex life cycle assessments, such as a GHG footprint of a transit agency, may have 

data available for process-based calculations for some but not all portions of the system. In such 

cases, a hybrid life cycle assessment approach may be used ï an approach utilizing process-

based life cycle assessments that are augmented by EIO-LCA calculations 

 

 

 



29 

2.4. Studies of Transit GHG Emissions and Costs 

An example in the literature of a complex life cycle assessment using a hybrid LCA 

approach, and one of the most extensive studies of transportation life cycle emissions (but not 

costs), is the Environmental Life-cycle Assessment of Passenger Transportation by Chester and 

Horvath (24). This study used a hybrid approach for a cross-modal GHG emissions performance 

life cycle assessment, which included bus, heavy rail, and light rail transit modes. The analysis 

boundary of the study was quite large, encompassing vehicle operation, manufacturing, 

maintenance, and insurance, as well as the construction, operation and maintenance of right-of-

way infrastructure. The study used national-level and agency-level data to calculate direct and 

indirect emissions and utilized many calculation assumptions regarding various GHG emission 

producing processes, from vehicle idling to the vacuum cleaning of vehicle interiors. The results 

indicate that the relative GHG emissions performance of public transit is dependent upon mode, 

fuel/energy supply chain, and ridership. The study contributes a holistic perspective and 

framework to the literature on estimating GHG emissions from passenger transportation, but the 

applicability of the studyôs findings for managing GHG emissions is limited. The studyôs 

assumptions and data are not representative of the diversity of operational contexts among all 

transit agencies, and thus the studyôs estimated GHGs per mile for transit modes are very likely 

not applicable to agencies with vehicle and fuel systems that differ from those included in the 

study. The calculation methodology/data for ñoperationò emissions (GHGs produced from the 

combustion of fuels for vehicle propulsion) does not follow APTA Recommended Practices (9) 

For example, the studyôs calculation of the electrical energy supply chain emissions associated 

with heavy and light rail transit propulsion does not account for emissions generated for non-

useful heat energy (electrical generation plant efficiencies are not accounted for).  
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Both emissions and costs are a concern for transit agency managers, and the Federal 

Transit Administration (FTA) has conducted a detailed study of the life cycle costs and 

emissions of public transit bus technologies (34). 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 national-level data (and predictions) on costs and efficiency. The costs 

considered include:  ñcapital costs (bus procurement, infrastructure, and emissions equipment) 

and operation costs (fuel, propulsion-related system maintenance, facility maintenance, and 

battery replacement)ò (34). Fuel-cycle GHG emissions are evaluated on both a well-to-tank and 

tank-to-wheels basis. The report indicates that for a 12-year life cycle, hybrid diesel buses 

produce the least GHG emissions, but are most expensive. The national-level analysis 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 be applicable to the unique operational 

context of a given agency seeking to identify the most cost-effective bus (or non-bus) alternative. 

More recently, the Transit Cooperative Research Program (TCRP) of the Transportation 

Research Board (TRB) has provided an assessment of hybrid-electric transit bus technology (35), 

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, using national-level 

data and agency case study data, and provides estimated defaults for both historical and projected 

costs. With federal funding and low-speed duty cycles, hybrid buses are found to have the lowest 

life-cycle cost to the agency. The report provides a robust LCCA calculation methodology for 

transit buses and a spreadsheet-based 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. The model 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 for the 

management of specific public transit agency activities. 

 

Table 1:  Studies of Transit GHG Emissions and Costs 

Study Purpose / Methods Findings / Synthesis 

FTA 2006 

(36) 

Compiles quantitative and 

qualitative data on costs, 

emissions, and implementation 

barriers of AFVs for transit. 

Recognizes importance of lifecycle analysis 

of costs (LCCA) and total fuel cycle 

emissions (WTW), but no such analysis is 

provided. 

U.S. DOT 

2005 (37) 

Assesses GHG emissions benefits 

of heavy duty NG vehicles in the 

U.S. using test data from WVU 

Emissions benefits vary depending upon 

vehicle wt., model year, and drive cycle. 

Data support only highly aggregated 

emission factors. Universal conclusions on 

relative benefits of NG vs. diesel are limited. 

FTA 2007 

(34) 

Evaluates CNG, ULSD, B20, and 

diesel hybrid bus life cycle cost 

and emissions using 2007 

national-level data (and 

predictions) on costs and 

efficiency. 

For a 12-year life cycle, hybrid diesel buses 

produce the least GHG emissions, but are 

most expensive.  The national-level analysis 

does not account for local variations in cost 

and efficiency. 

Hodges 

2009 (23), 

Chester & 

Horvath 

2008 (24) 

Evaluates GHG emissions 

performance of transit relative to 

other commuter modes. Uses 

national and agency-level data. 

Relative GHG emissions performance is 

dependent upon mode, fuel/energy supply 

chain, and ridership.  Cost of alternatives not 

assessed. 
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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 ñcalculatorò as a calculation guidance report, spreadsheet, online application, 

or downloadable software tool. The 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 preferred hierarchy of calculation methods; calculation 

formulae; default emissions factors by vehicle and fuel technology; and example calculations. 

Spreadsheet resources, such as the U.S. EPAôs Simplified GHG Emissions Calculators (38), 

generally enable calculations through built-in formulae and default or user-entered emission 

factors. Online calculators, for example The Climate Registry Information System (39),  provide 

similar functionality through an internet web browser, while downloadable software programs 

typically provide a calculation capability based on a significantly larger number of user inputs, 

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 for standardized voluntary 

reporting, carbon trading, and regulatory compliance. 

2. Life cycle analysis (LCA) calculators, most suitable for holistic comparisons of 

the advantages of one transit mode, vehicle type, or fuel type over another. 

 

Inventory calculators are designed for a broad user-base of corporations and 

municipalities and support the quantification of total agency end-use GHG emissions, which may 
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be reported to a voluntary data registry (U.S. EPAôs Climate Leaders program) or a registry for 

carbon credit 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 standard ñthree-scopeò division of emissions: 

 

1. Scope 1: Direct emissions controlled by the agency; 

2. Scope 2: Indirect combustion emissions that occur outside of the agency 

(primarily the emissions produced from the generation of purchased electricity); 

3. Scope 3: Indirect ñoptionalò emissions produced upstream or downstream of an 

organizationôs 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 vehicle and fuel life cycle emissions fall under Scope 3. The assumption of Scope 3 

is that these emissions would be accounted for as Scope 1 emissions by the organizations or 

entities that directly control them. An illustration of how these three scopes relate to life cycle 

GHG emissions of transit agency vehicle fleet operations is provided by Figure 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 Association (9). 

This industry standard follows inventory protocols (6, 40, 41) 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 sources, however very little technical guidance is provided for estimating upstream 

fuel-cycle, vehicle-cycle, or infrastructure-cycle emissions (Scope 3). The APTA standard 

defines the preferred data and required performance metrics (functional units) for transit GHG 

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 practices, APTA is currently developing 

an online or spreadsheet-based calculation tool, but there is no indication that the tool will 

account for costs or total life cycle GHG emissions. 

Table 2 below shows a summary of the main GHG emissions estimation frameworks and 

protocols applicable to public transit agencies. 

  



35 

Table 2:  GHG Emissions Estimation Frameworks and Protocols 

Framework  Purpose / Methods  Findings / Synthesis  

ANSI 1997 

(32)  

Outlines a methodological 

framework for performing life 

cycle assessment studies.  

The definition of the goal and scope of 

an LCA is an iterative process. Key 

elements include the adoption of a 

functional unit, system boundaries, and 

the requirements and limitations of 

data.  

TCR 2009 

(39), 

WRI 2009 

(40), 

CCAR 2009 

(41), 

ICLEI 2009 

(42), ISO 2006 

(43) 

Defines standardized 

methodologies for calculating 

organization/corporate-level GHG 

emission inventories.  

A comprehensive framework of 

calculation methods, default data 

quality tiers and sources, and accounted 

categories are defined. Although life 

cycle upstream emissions are 

acknowledged, guidance is lacking.  

APTA 2009 

(9)  

Follows inventory protocols for 

defining the recommended 

calculation and reporting methods 

for public transit agencies  

Preferred data and required 

performance metrics (functional units) 

for transit are defined.  

 

For a more detailed listing of inventory GHG emission estimation protocols and 

calculators, see Table 21 in the appendix. Table 21 outlines the format and outputs of the 

inventory calculators. For a similar outline of life cycle GHG emission estimation calculators, 

see Table 22 in the appendix. 

For the most part, the calculation methodology and formulae of the inventory protocols 

adequately account for direct combustion emissions, but supplemental calculations are necessary 

to estimate GHG emissions in supply chains. For example, although 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 utilize data from the U.S. EPAôs eGRID database of electrical power generation 
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emission factors (44). The eGRID emission factors include neither upstream fuel extraction, 

refining, and transportation-related 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 losses are to be reported only if the 

reporting organization controls the transmission and distribution network (6, 40, 42). Electrical 

T&D networks experience line losses on the order of 10 percent of plant generated power (45) 

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&D losses 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 power generation alternatives. 

Life cycle analysis calculators account for a larger array of upstream and downstream 

processes and emission, and are thus considerably more complex in their calculation 

methodology. The pre-eminent, publicly available resources for calculating life cycle GHG 

emissions from U.S. on-road transportation modes are the GREET models from the Argonne 

National Laboratory of the U.S. Department of Energy (46, 47, 48) and GHGenius from Natural 

Resources Canada (49). These process-based, spreadsheet calculators enable estimation of fuel-

cycle and vehicle cycle energy consumption and GHG emissions for primarily passenger cars 

and light duty vehicles. The models utilize national and regional data for default emission factors 

and consider GHG emission credits of displaced emissions. The GREET model inputs, outputs, 

(and fuel-cycle model user interface) provide limited functionality for emissions estimation from 

public transportation modes. Uniquely, the GHGenius model includes heavy duty vehicles and 

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

cost per vehicle km by the GHG reductions per vehicle km. For buses, the additional costs and 

emissions reductions are relative to a petrol diesel baseline. The cost-effectiveness is calculated 

separately for the ñupstream fuel cycle,ò the ñvehicle use,ò and the ñvehicle 

material/assembly/transport.ò Costs are categorized as vehicle purchase cost, operation & 

maintenance costs, fuel costs, and other/additional costs. The GHGenius model is licensed for 

limited personal use, and it is derived from the larger Lifecycle Emissions Model (LEM) 

developed by Mark Delucchi (50). The LEM model includes a broader range of transit modes 

and GHG emission processes, but the model is not publicly available. 

 A spreadsheet-based 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 available (51). 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 framework does not account for subsidies, and similar to FTA and TCRP 

research, it does not account for any equipment salvage value (34, 35, 51). Costs are reported on 

a per passenger mile basis and total fuel-cycle GHG emissions (WTW, WTT, and TTW) are 

reported, but it is unknown what emission calculation methodology is used. 

Table 3 shows a sample summary of main calculation tools for GHG emissions/cost 

estimation that are applicable to public transit agencies. 
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Table 3:  Example Calculation Tools for GHG Emissions and/or Cost Estimation 

Tool  Methods  Findings / Synthesis  

Climate 

Leaders 2009 

(38)  

Process-based, spreadsheet calculation of 

direct GHG emissions, with separate 

accounting for biogenic emissions  

Direct emissions estimation 

capability for both road and non-

road transit modes, however life 

cycle emissions and  transit 

performance metrics are neglected.  

GREET  

V1.0 Fleet 

2009 (48),  

GREET 

V1.8c Fuel-

Cycle (46), 

GREET V2.7 

Vehicle 

Cycle (47)  

Process-based, spreadsheet calculation of 

fuel-cycle and vehicle cycle energy 

consumption and GHG emissions per 

vehicle mile. Utilizes national and 

regional data for default emission factors. 

Considers GHG emission credits of 

displaced emissions.  

User interface, inputs, and outputs 

provide limited functionality for 

emissions estimation from public 

transportation modes. 

GHGenius 

2009 (49), 

LEM (50) 

Similar to GREET. GHGenius is based 

primarily on data from/for Canada. LEM 

includes a broader range of GHG 

emission processes and transit modes. 

Similar to GREET, yet provides 

$/tonne cost-effectiveness of GHG 

reductions of fuel/energy 

alternatives.  

Green 

Design 

Institute 

2009 (52) 

Economic Input Output-based calculation 

of average industrial sector GHG 

emissions associated with product values.  

Provides results for vehicle-cycle 

emissions of any transit vehicle 

type, although data resolution is 

limited to industrial sector 

averages.  

Clark et. al 

2009 (35)  

Evaluates CNG, diesel, diesel  hybrid, 

and gasoline hybrid  life cycle costs, 

using national-level data and agency case 

study data.  

With federal funding and low-speed 

duty cycles, hybrid buses are most 

cost-effective. Provides a LCCA 

calculation methodology, but 

emissions performance is 

neglected.  

 

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

Calculation Tools for GHG Emissions and/or Cost Estimation, are available for estimating GHG 

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

for estimating GHG emissions from public transit vehicle fleet operations. Table 23 and Table 24 
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in the appendix provide a detailed listing of the vehicle types and fuel types covered by available 

GHG emissions calculators. Although a large number of vehicle and fuel types are included in 

these calculators, most calculators are not designed specifically for quantifying emissions from 

transit modes. 

 

2.6. Synthesis of Existing 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 management. 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 GHG emissions. 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 upon in-service 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 of a particular agencyôs 

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 processes are often referred to as ñindirectò emissions, but 

it should be understood that these emissions are in fact the direct result of transit agency 

activities ï the boundaries of responsibility should not be confused with the boundaries of 

consequence. 
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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 improved calculator should 

model and compile manufacturing, maintenance, and disposal emissions for each of the types of 

vehicles reported to the National Transit Database (NTD). Existing LCA calculators have made 

some progress, but much more capability is needed, especially for maintenance emissions and 

for the life cycle of non-road vehicles. A similar compilation or simplification of upstream 

fuel/energy feedstock data would help to distill existing process-based upstream fuel emissions 

calculators down to a level of complexity that is more compatible with the level of detail of 

fuel/energy 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 improved if they 

accounted for T&D losses and accounted for temporal variations in peak and off-peak 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, which are often measured by cost effectiveness in units of $ôs/tonne of 

CO2e reduced. Only one of the calculators identified in this review contained an analysis or 

estimation of emission reduction cost effectiveness (49). 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 framework developed and presented in this thesis is not (and cannot be) 

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 realization of other 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 of GHG emissions 

reductions or the benefits of quieter bus operation. A cost-effectiveness metric merely allows 

agencies to identify strategies that present the lowest incremental cost for an incremental 

decrease in GHG emissions. 

Incremental analysis requires the 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 

cross-modal GHG emissions reduction comparison, a single occupant private automobile 

emission rate may serve as a meaningful baseline. For comparison of alternative bus vehicle-fuel 

systems, a 40 ft diesel bus emission rate may serve as a meaningful baseline. In each of these 

vehicle comparison contexts, the appropriate normalizing performance metric is pax-miles or 

vehicle miles. Normalization by pax-miles provides the most direct characterization of the 

emissions and cost efficiency of a given vehicle-based strategy; 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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pax-miles are sensitive to confounding 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 

vehicle-miles metric may unfairly bias evaluations in the favor of smaller lighter vehicles that 

provide inadequate capacity to serve ridership demand. Thus, comparisons 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 served by) 60 ft buses. 

In the context of facility-based strategies, a different performance metric and baseline is 

required. The architecture/engineering industry typically normalizes energy and emissions 

performance by facility square footage (53). This normalizing metric may be applied to the many 

fixed infrastructures that transit agencies manage: bus garages, bus maintenance facilities, railcar 

maintenance facilities, stations, terminals, park and ride lots and garages, administrative office 

buildings, etc. A per SF normalizing metric allows comparison of costs and emissions/energy 

across different facility 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 investment for a bus 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 considerable 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. 
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Fair comparison of the cost-effectiveness of vehicle-based and facility-based emission 

reduction strategies is possible once a $/tonne cost-effectiveness for vehicle-based and facility-

based strategies and their respective baselines has been established. This research aims to 

develop a calculation tool that allows users to enter several unique cost and activity 

profiles/inventories and to select their preferred baselines for vehicle-based and facility-based 

emission reduction strategies. 

The existing literature does not offer an integrative framework or tool for managing cost-

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 thesis is to enable quantification 

and management of GHG emissions from public transit activities. Toward this end, the 

developed calculator provides several distinct capabilities for the user: 

 

I. Estimation and inventory of agency GHG emissions (carbon footprint) that is 

consistent with standard GHG inventory protocols; 

o Use of input data tiers and output scopes; 

II.  Estimation of upstream supply-chain GHG emissions; 

III.  Estimation of the cost-effectiveness of agency GHG 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 managers. This chapter details the architecture of, and the methodologies 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 

calculator is partitioned between the main types of GHG emission sources: 

 

 Mobile sources; 

 Stationary sources; 

o Onsite combustion; 

o Purchased electricity; 

 

The mobile source / stationary source distinction is founded in part on the methodological 

differences in calculating GHG emissions from these two main types of GHG emission sources. 

This distinction roughly corresponds with the organizational separation between facilities 

management and fleet management within public transit agencies, with one notable exception ï 

electrically powered fleets produce propulsion-related 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 mode types, each of which require a 

slightly or substantially different calculation methodology for estimating GHG emissions. The 

modes currently built into calculator include: 

 

 Bus and paratransit; 

 Light rail (LR) and heavy rail (HR) transit; 

 Non-revenue vehicles 
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Measured in terms of passenger miles of travel (PMT), bus, paratransit, LR, and HR 

represent over three-quarters of all public transit activity in the U.S. (23). Due to research time 

constraints, commuter rail was not included in the developed calculator ï however, commuter 

rail GHG emissions estimation will be included in a post-thesis version of the calculator. 

The calculator organizes GHG emissions into the accounting scopes (1, 2, and 3) utilized 

by GHG emission inventory protocols. These scopes identify the relationship between a 

particular GHG emission producing activity and the organizational control boundary of the 

agency. Table 4 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 

Inventory Scope 

Modal or Facility Activity  

Scope 1 Mobile combustion (direct):  Bus, paratransit, non-revenue vehicles, 

commuter rail etc.; 

Stationary combustion (direct):  Facility boilers and heaters; 

Fugitive leaks (direct):  Refrigerants from air conditioning equipment, 

methane from refueling facilities (leaks to 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 processes:  material/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 agency inventory (bus, paratransit, facility 

electricity, etc.) is calculated on a separate worksheet within the calculator.  Figure 10 illustrates 

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

 

The horizontal bands in Figure 10 indicate what type/scope of GHG emissions are 

calculated by the underlying worksheets. The division of inventory elements into separate 

worksheets accommodates a useful disaggregation of inventory record types and facilitates 

consistency in the columns (input, calculation, and output) in each of the worksheets. Figure 11 

shows the general functional 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 left-hand side and most of the calculation output cells on the right-hand side. Occupying 

many of the in-between 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 queries of default emission factor data. Default 

emission factor data stored on other worksheets within the spreadsheet calculator are linked to 

the inventory calculations in response to selected user inputs. Similarly, ñcost profile dataò 

(entered by the user and explained later in this chapter) are linked to the inventory calculations 

and user inputs to generate cost-effectiveness outputs. The GHG emission outputs from each of 

the inventory worksheets are compiled on a single output worksheet containing summary tables 

and graphs of the GHG emissions inventory. 

Appendix B contains figures of the inventory worksheets for transit buses, and shows the 

calculation formulae contained within the cells. Cells with a dashed or single solid outline are 
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user inputs, hatched cells are unused inputs or outputs, as determined by initial user inputs, grey 

cells are intermediate outputs, and cells with a double outline are main outputs. The figures in 

Appendix B show the details of the calculation formulae, but some important features and 

functions of the inventory worksheets are not self-evident in the figures. The inventory 

worksheets utilize data validation for many of the user inputs, such as ñfuel typeò in column D, 

whereby the user may select the input from a drop-down list (see fuel type options listed at the 

bottom of column D in Figure 25). Parts of the inventory worksheets provide data validations 

lists that are conditional on other user inputs (see columns W, X, Y and Z in Figure 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 user selections. For 

example, if the user selects data tier A1 for a bus CO2 emission factor (see column F in Figure 

25), then the hatching on user input cells for fuel heat content and carbon content are removed 

(see columns AA, AB, AF, and AG in Figure 28). Default calculation data such as fuel and 

vehicle emission factors are stored in named ranges on other worksheets and are referenced in 

the formulae of the inventory worksheets. Most, but not all of the calculation input cells are 

located at the far left of the worksheets. The optional Scope 3 fuel-cycle and vehicle-cycle inputs 

are located (for convenience) near the outputs toward the right-hand side of the worksheets. Each 

row in an inventory worksheet may be used to record the activity and calculate the emissions 

associated with a particular vehicle-based or facility-based GHG emissions 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 various categories of transit agency 

activities. Direct GHG emissions are estimated in accordance with APTA recommended 

practices (9) and upstream GHG missions are estimated through incorporation of the pre-eminent 

life cycle calculation methods and assumptions of the U.S. DOEôs GREET fuel-cycle model (46) 

and the Green Design Instituteôs EIO-LCA model (52). The incorporated life cycle analysis 

calculations provide an 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 

The calculator presented in this thesis utilizes a life cycle analysis approach that attempts 

to capture all of the relevant and quantifiable GHG emission activities. These activities include 

various upstream and downstream processes in the supply chain. Figure 24 in the appendix 

provides a simplified diagram of life cycle GHG emissions producing activities related to transit 

agency vehicle fleet operations. Figure 24 depicts the many elements and processes comprising 

life cycle GHG emissions, and it highlights the limited focus of standard 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. However, due to limitations in available 

research time and data, the boundary 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 essential step in conducting a life cycle 

assessment, in that it defines the processes included in the life cycle inventory  (31, 32). The 

calculator is designed to estimate the six major types of GHG emissions defined by the Kyoto 

Protocol: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons 

(HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6) (14). The majority of GHG 

emissions from transit agencies arises from fossil fuel combustion and thus is comprised mainly 

of CO2, CH4, and N2O. For this reason, only these three types of GHGs are explicitly inventoried 

and totaled. 

The LCA process boundary of the developed calculator is designed to capture GHG 

emissions directly or indirectly controlled by agency activities. Figure 12 below shows the 

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

 

 

Figure 12:  Processes included within the life cycle analysis boundary of the developed 

calculator. 
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The dashed line in Figure 12 encloses the activities that are directly controlled by the 

agency ï the direct 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 leaks is rather straightforward, and 

in many (if not most) cases refrigerant leaks will comprise less than 5% of agency GHG 

emissions, in which case ñsimplified methodsò may be used for estimation (9). Due to the 

relatively low level of fugitive leaks and more importantly the limited availability 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 Scope 3 fuel-cycle 

and vehicle-cycle calculations).  

The availability 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 process-based estimation of GHG emissions. However, for the manufacturing and 

maintenance activities associated with the vehicle life cycle, process-level data was unavailable. 

This data is particularly scarce for heavy duty on-road and rail vehicles ï the types of vehicles 

typically used by public transit agencies. These data limitations resulted in the use of a hybrid 

LCA approach ï an approach consisting of both process-based and EIO-LCA-based calculations. 

EIO-LCA-based calculations were applied exclusively to vehicle-cycle manufacturing and 

maintenance activities. 

It should be noted from Figure 12 that GHG emissions from the construction and 

maintenance of fixed infrastructures such as rights-of-way, stations, and other support facilities 

are not included in the LCA. This 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 emission factor data is available for building materials (9, 24) and for 

construction sectors (52), 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 material ñtake-offò data, as it is commonly referred to in the 

architecture/engineering industries) would have forestalled the application of an ñinfrastructure-

cycleò calculation module within the developed calculator. These data limitation issues are not 

unique to the development of this transit GHG 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 available to estimate 

upstream GHG emissions in the fuel or energy supply chain (46, 49, 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, etc.). This is not 

to say that the literature, or the calculator developed by this research, is deficient in its GHG 

emissions estimation methods. Rather, the LCA boundary of this and other calculators is simply 

constrained by available data, and what is perhaps more important 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 of those activities. In the LCA literature, the productive outputs are 

related to emission inventories through the use of ñfunctional unitsò (32). This calculator 

employs APTAôs recommended functional units, or ñperformance metrics,ò outlined in Table 5 

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

 

 

The required performance metrics listed in Table 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 mile performance metric allows comparison of the GHG emissions 

performance not only between different public transit modes, but also between public transit and 

non-public transit modes. Although APTA does not endorse the use of any performance metrics 

for stationary sources, the calculator presented in this thesis employs an emissions per square 

foot (E/SF) performance metric. As mentioned previously in Chapter 3, this performance metric 

is necessary for calculating the cost-effectiveness of facility-based GHG emission reduction 

strategies. 

The GHG emission calculations described in this chapter estimate a particular GHG 

(CO2, CH4, or N2O). For each vehicle and facility inventory, the calculator aggregates these 

emissions into carbon dioxide equivalents (CO2e) based on the global warming potentials 

(GWPs) published in the IPCCôs 2007 4
th
 Assessment Report: 1 for CO2, 25 for CH4, and 298 for 

N2O. 

 


