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ABSTRACT 

Transportation sector is one of the largest emission sources and is a cause for human 

health concern due to the high dependency on personal vehicle in the U.S. 

Transportation mode choice studies are currently limited to micro- and regional-level 

boundaries, lacking of presenting a complete picture of the issues, and the root causes 

associated with urban passenger transportation choices in the U.S. Hence, system 

dynamics modeling approach is utilized to capture complex causal relationships among 

the critical system parameters affecting alternative transportation mode choices in the 

U.S. as well as to identify possible policy areas to improve alternative transportation 

mode choice rates for future years up to 2050. Considering the high degree of 

uncertainties inherent to the problem, multivariate sensitivity analysis is utilized to 

explore the effectiveness of existing and possible policy implications in dynamic model 

in the terms of their potential to increase transit ridership and locating critical 

parameters that influences the most on mode choice and emission rates. Finally, the 

dissertation advances the current body of knowledge by integrating discrete event 

simulation (multinomial fractional split model) and system dynamics for hybrid urban 

commuter transportation simulation to test new scenarios such as autonomous vehicle 

(AV) adoption along with traditional policy scenarios such as limiting lane-mile increase 

on roadways and introducing carbon tax policy on vehicle owners. Overall, the 



iii 

 

developed simulation models clearly indicate the importance of urban structures to 

secure the future of alternative transportation modes in the U.S. as the prevailing policy 

practices fail to change system behavior. Thus, transportation system needs a paradigm 

shift to radically change current impacts and the market penetration of AVs can be one 

of the reforms to provoke this transition since it is expected to revolutionize mode 

choice, emission trends, and the built environment. 
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CHAPTER ONE: INTRODUCTION 

1.1 Overview 

Urbanization in the U.S. has been rapidly increasing since World War II, but sustainable 

urban development was not considered as an applicable concept with respect to smart 

growth initiatives until Clean Air Act Amendments declaration (Bento et al. 2005). 

Therefore, urban passenger transportation in the U.S. has since become greatly 

dependent on private vehicle use, as demonstrated consistently by the results of the 

National Household Travel Surveys (NHTS) (1990, 1995, 2001, and 2009) for U.S. 

households (Santos et al. 2011). For instance, the average number of vehicle ownership 

per household increased from 1.77 in 1990 to 1.86 in 2009, and 23% of the surveyed 

households owned 3 or more vehicles in 2009 (Santos et al. 2011), which tripled the 

total number of vehicles on the U.S. highway from 1969 to 2009 (U.S. Department of 

Transportation 2015). As a result of this car mode dependency, the level of motorization 

is significantly higher on average in the U.S. compared to the average motorization of 

Europe (EU27), where there are 477 light-duty vehicles (2 axles - 4 tires) for every one 

thousand people in Europe, whereas the corresponding number for the U.S. is 763 light-

duty vehicles for every one thousand people (European Commission 2011). Another 

statistic of car ownership comparison indicates that persons per privately owned vehicle 

rate is around 2 for France and United Kingdom, where U.S. rate is 1.3 (US DOT 2016). 
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As shown in Figure 1, which illustrates survey data from the 2009 National Household 

Travel Survey for approximately 150,000 U.S. households (Santos et al. 2011), the total 

number of personal trips is increasing, but transportation mode shares remain almost 

constant over time. Private vehicle usage decreased from 1995 to 2009, but only by 

about 5.9% of all trips. In order to mitigate traffic congestion impacts due to increasing 

number of vehicles on roadways, the federal and local governments spent 209 billion 

dollars in 2007, 218 billion dollars in 2008, and 160 billion dollars in 2009 to maintain 

and improve roadway systems every year (U.S. Bureau of Transportation Statistics 

2015). In addition, land use is another critical issue; like fossil fuels, land availability for 

roadways is limited. To better sustain available natural resources; there is a need to 

reconsider the use of transportation modes. In addition to walk or cycling mode choices, 

public transportation, for example, could contribute to reduce fossil fuel usage, 

environmental impacts, and land use. Even though most public transportation modes 

use fossil fuels as their primary energy source, they tend to increase the passenger-

miles traveled (PMT) exponentially compared to the corresponding amount of vehicle-

miles traveled (VMT). Figure 1 also indicates that the ridership share of public 

transportation compared to those of other transportation modes is only about 1.7%, 

increasing by only 0.3% from 2001 to 2009. Therefore, it is clear that only a small 

number of people use public transportation in the U.S. as opposed to other 

transportation modes. 
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Figure 1: Transportation mode choice percentages and annual number of person trips 
from 1990 to 2009 

As a result of this car-depended life style, transportation sector accounts for the 27% of 

annual GHG emissions in the US, which makes it second largest emission cause after 

energy generation sector (EPA 2017). In addition to the GHG emissions, combustion of 

fuels also causes conventional air pollutant emissions such as CO, NOx, SOx, PM10, PM2.5, 

and VOC. In addition to the climate change impacts of these emissions, their impacts on 

society can be measured in terms of externalities, which accounts for human health 

impacts, timber loss, and other relevant factors (Muller and Mendelsohn 2006, 2007b), 

which are specifically quantified for light-, medium-, and heavy-duty vehicle operations 

(Ercan et al. 2015; Michalek et al. 2011; Sen et al. 2017; Zhao et al. 2016a; b). Road 

transportation is the largest contributor of premature deaths in the US due to air 
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pollutant emissions by causing 58,000 premature deaths annually (Caiazzo et al. 2013). 

Road transportation is not the largest contributor for total emissions in the air, however 

it is the number one responsible for mortalities due to emission occurrence in highly 

populated urban areas, which affect human health directly compare to mostly rural-

based energy generation plants. In addition to emissions, significant energy 

consumption of inefficient transportation modes is another crucial concern in terms of 

energy insecurity (foreign oil, limited source of fossil fuels, etc.). Alternative fuel use for 

various road transportation vehicles has been studied in literature to propose solutions 

for energy efficiency and emission reductions. (Ercan et al. 2016a; Ercan and Tatari 

2015; Onat et al. 2014b, 2015; Sen et al. 2017; Zhao et al. 2016a; b). Although these 

studies indicated significant emission and energy consumption related reduction results 

by shifting from fossil fuels to alternative fuels, it is an incomplete effort for decreasing 

the trends of vehicle miles traveled (VMT) and air pollutant emissions from 

transportation sector (Ercan et al. 2016c; b). The number of vehicles are increasing on 

the roads with growing population, so the society and infrastructure cannot supply the 

demand to the infinity. Thus, alternative fuel deployment should be merged with 

alternative transportation mode adoption efforts to decrease drive modes.  

As Litman (1999) argues, sustainable transportation measures are not limited to 

mobility measures where most transportation studies account for. Sustainable 

transportation needs to be considered in more holistic perspective so social, health, 
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environmental, and economic impacts of high car dependency as transportation mode 

choice can be presented (Onat et al., 2016a, 2016c). The U.S. society has very limited 

experience with transit-oriented and healthy communities, which cause more resistance 

on changes from behavior or habits of living (Litman 1999). Litman and Burwell's (2006) 

later study also underlines that in order to achieve sustainable transportation goals, 

holistic approach suggests institutional reforms, land use (built environment) changes, 

and economic incentives as opposed to individual technological (vehicle oriented) 

solutions of myopic perspective. The shared-idea in the minds of the society about how 

urban transportation should be (prevailing paradigm) played very important role on the 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƻŘŀȅΩǎ ǳǊōŀƴ ǎǘǊǳŎǘǳǊŜǎ ǳǎƛƴƎ Ǿŀǎǘ ŀƳƻǳƴǘ ƻŦ ƭŀƴŘ ŀƴŘ ǊŜǉǳƛǊƛƴƎ 

excessive trip lengths to meet basic needs, employee commuting, etc. In addition to 

these macro level literatures, some of the survey based studies also presented 

overlaying results as they pointed out the abnormalities in the existing paradigm. 

Rajamani et al. (2003) stated that even non-commute type travels tend to be 

significantly sensitive to urban form. Their study concludes that high residential density 

favors walking and transit modes for non-work travels. Similarly, Zhang (2004) 

emphasized that travel time and monetary cost related influences on mode choice is 

independent from land use related influences. Besides urban infrastructure and 

demographic information, transportation mode choice is a matter of decision making by 

individuals and this decision is affected by psychological behavioral and emotional 
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models. Bamberg and Schmidt (2010) and Carrus et al. (2008) found similar results that 

previous behavior tends to influence later behavior for transportation mode choice 

since it is no longer a decision making but a habit of the person. The question is how are 

these actions become habits over the past decades of urban development in the U.S. 

¢ƘŜǊŜ ƛǎ ŀ ǎƘŀǊŜŘ ƛŘŜŀ ƛƴ ǘƘŜ ǎƻŎƛŜǘȅΩǎ ƳƛƴŘ ŀōƻǳǘ Ƙƻǿ ǳǊōŀƴ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ 

transportation should be, which can be realized by looking at historical trends in urban 

structures and minimal increase in public transportation ridership. Despite the increased 

federal funds and investments in public transportation, the shared-idea, unstated 

assumptions, perceptions push rƛƎƘǘ ǳǇ ŀƎŀƛƴǎǘ ǘƘŜ ŀŎŎŜǇǘŜŘ ƛŘŜŀ ƻŦ άǳǊōŀƴ ǎǘǊǳŎǘǳǊŜέΣ 

ǿƘƛŎƘ ŎƻƴǎǘƛǘǳǘŜǎ ǘƘŜ ǎƻŎƛŜǘȅΩǎ ǇŀǊŀŘƛƎƳΦ !ǘ ǿƘŀǘ ŘŜƎǊŜŜ ǘƘŜǎŜ ŜȄǘŜǊƴŀƭ ŦŀŎǘƻǊǎ 

(exogenous factors) are effective on the transportation mode choice is one of the critical 

questions to be answered in this dissertation. Overarching goal of the systematic 

approach taken in this research is to reveal the underlying mechanisms feeding the 

current paradigm of the society and provide a complete picture of the problem. 

The heavy dependence on privately-owned vŜƘƛŎƭŜǎ ƛƴ ǘƻŘŀȅΩǎ ǎƻŎƛŜǘȅ Ƙŀǎ ōŜŎƻƳŜ ŀ 

particularly important topic to federal and local government agencies, scholars, and 

research institutes over the last few decades, and research efforts on this topic are still 

active today (Curtis and Headicar 1997; McIntosh et al. 2014; Newman and Kenworthy 

2015; Oakil et al. 2014; Wickham and Lohan 1999). Real-world examples of alternative 

transportation mode incentives, congestion pricing policies, and other policy initiatives 
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have demonstrated remarkable decreases in drive mode trends in many different parts 

of the world (Singapore, London, Paris, etc.) (Kim et al. 2013; Poudenx 2008; Sabounchi 

et al. 2014). Although efforts to definitively shift transportation mode choice trends in 

the U.S. using these policies has proven to be more difficult than expected, the 

availability of more drive mode choices has been increasing in recent years (Santos et al. 

2011; US DOT 2016). As indicated in earlier literature studies, most of these research 

studies and policies iƴŘƛŎŀǘŜ ǘƘŜ ǎŀƳŜ ƻōǎǘǊǳŎǘƛƻƴ ŀǎ ǘƘŜ ƭŀŎƪ ƻŦ άǎǳǎǘŀƛƴŀōƭŜ ǳǊōŀƴ 

ŘŜǾŜƭƻǇƳŜƴǘέ (Ewing and Cervero 2001; Poudenx 2008; Saunders et al. 2008), meaning 

that urban sustainability is the only possible marginal solution for a paradigm shift for 

the U.S. transportation sector (Banister 2008; Ercan et al. 2016c). Some of the authors 

of this study also proved this statement with respect to regions where public 

transportation mode shares are not increasing to the desired levels despite extensive 

government support for infrastructure investment and reductions in roadway network 

investments, but where a paradigm shift in urban development is still necessary for 

expanding public transportation networks and utilization rates (Ercan et al. 2016c; b).  

Neither sustainable urban development nor definitive paradigm shifts for urban 

development are easy goals to accomplish, primarily because it may take decades to 

ǊŜŦƻǊƳ ǘƘŜ ǇǊŜŘƻƳƛƴŀƴǘ ά!ƳŜǊƛŎŀƴέ ƭƛŦŜǎǘȅƭŜ ƛƴ ŀƴȅ ƎƛǾŜƴ ǘƛƳŜ ǇŜǊƛƻŘΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜ 

U.S. transportation sector is experiencing a revolution thanks to the combined advances 

in three transportation-related innovations in this generation: electric vehicles (EV), 
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autonomous vehicles (AV), and ride-sharing options. The literature investigated of these 

new technologies and initiatives individually in detail, particularly with respect to their 

related effects on transportation-related environmental (i.e. air pollution emissions), 

economic, and social impacts; for instance, AV taxis have a great deal of potential to 

dramatically reduce the amount of overall light-duty vehicle (LDV) emissions in the U.S. 

(Greenblatt and Saxena 2015).  However, as Fulton et al.'s (2017) recent report suggests, 

these three options should also be analyzed together to gather their potential impacts, 

ŀƴŘ Cǳƭǘƻƴ Ŝǘ ŀƭΦΩǎ ǎǘǳŘȅ ŀƭǎƻ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ŘŜŜǇ ŎŀǊōƻƴƛȊŀǘƛƻƴ ƛǎ ǇƻǎǎƛōƭŜ ŦƻǊ ǘƘŜ ǿƻǊƭŘΩǎ 

transportation-related emissions. Therefore, this study will include fuel economy 

improvement projections and autonomous vehicle additions to the transportation 

network as an additional policy scenario to be tested. 

1.2 Research Objectives 

In order to outreach the transportation related sustainability problems in the U.S. that 

are stated above; this research aims to integrate some of the powerful methods of 

transportation literature. Although numerous studies have looked at different aspects of 

sustainable transportation, no study has been found with a broader system perspective 

in which feedback relationships among climate change, the economy, travel time, and 

transportation mode choice shares are all simultaneously taken into consideration. 
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Discrete event choice methods estimate the impacts of key parameters that affect 

ŎƻƳƳǳǘŜǊǎΩκǎƻŎƛŜǘȅΩǎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ƳƻŘŜ ŎƘƻƛŎŜ ǿƛǘƘ ƭƻƎƛǘ ƳƻŘŜƭǎ ǿƘŜǊŜ {5 ƛǎ ŎŀǇŀōƭŜ 

of quantitatively defining the feedback mechanisms, potential delays, and multi-

dimensional causal relationships. Therefore, it is crucial to study these two powerful 

research άenginesέ for current problem.  

In this regard, this dissertation aims to present future projections to reduce CO2 

emissions by considering increasing the ridership rate of public transportation, as well as 

the complex feedback relationships among key elements of the system as a whole, such 

as climate change and the economy. A combination of SD studies for urban 

development and studies that present factors affecting public transportation ridership 

can be beneficial to extend the literature with realistic and applicable policies (business 

as usual (BAU), marginal scenarios) to reduce transportation-related CO2 emissions. 

Furthermore, the inclusion of various feedback relationships among the public 

transportation system, climate change, the economy, and the population can help to 

reveal the bigger picture and pave the way for future studies in this specific domain.  

As the system boundary expands and new interconnections are introduced, the 

resulting degree of uncertainty in any analysis of the system will dramatically increase, 

ŎƻƳǇǊƻƳƛǎƛƴƎ ŀ ǇƻƭƛŎȅ ƳŀƪŜǊΩǎ ŀōƛƭƛǘȅ ǘƻ ŘŜǾŜƭƻǇ ƳƻǊŜ ŜŦŦŜŎǘƛǾŜ ŦǳǘǳǊŜ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ 

policies to increase adoption of public transportation. Therefore, deep uncertainty 
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ranges for key model parameters can be introduced, followed by multivariate sensitivity 

analysis. The sensitivity analysis is crucial for urban passenger transportation to present 

the most sensitive model parameters that is not responding to prevailing policy efforts. 

The DES method is a broad approach consisting of various methods used to study 

different behaviors with different types of discrete data sets, and has been the most 

widely used method for studying transportation mode choice problems. However, the 

DES method is limited with the given discrete data to estimate mode choice behavior. 

On the other hand, the SD method can model the system being studied in a macro-scale 

environment where endogenous (dynamic) and exogenous (deterministic) parameters 

work together to send and receive feedbacks among all relevant parts of the system. 

However, the SD method is limited to the use of macro-level data sets and may fail to 

capture case-by-case variations in certain parameters due to human-based behavioral 

changes (discrete), which are easy to model in DES. Therefore, a combination of the DES 

and SD methods as part of a hybrid simulation method would be ideal for simulating 

problems such as those associated with transportation mode choice, which consists of 

both individual human behaviors and macro-level system dynamics. The literature 

studied for this research includes studies on such hybrid modeling approaches, including 

applications in health care, operational research, and construction management 

problems (Alvanchi et al. 2011; Brailsford et al. 2010; Helal et al. 2007; Morecroft and 

Robinson 2005; Peña-Mora et al. 2008). IƻǿŜǾŜǊΣ ǘƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ŦŜǿ 
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literature studies thus far have applied any such hybrid simulation methodology to 

transportation problems (Mueller and Sgouris 2011; Struben and Sterman 2008). To do 

so, following tasks are defined and explained below for this dissertation.  

 Task 1: Developing a model with SD approach to simulate scenarios of CO2 

mitigation in the U.S. urban areas by adopting public transportation policies for future 

years. Based on the historical data and model validation processes, transportation 

behavior of the U.S. and transit ǘǊŀƴǎǇƻǊǘŀǘƛƻƴΩǎ ǇƻǘŜƴǘƛŀƭ ŦƻǊ /h2 emission mitigation 

forecasted for 2050 with several policy scenarios. (Chapter 3) 

 Task 2: Extending the developed SD model with social impacts consideration (i.e. 

air pollution externalities) and assigning uncertainty ranges for key model parameters to 

forecast mid-term and long-term sustainability impacts of urban passenger 

transportation (Chapter 4). 

 Task 3: Perform multivariate sensitivity analysis on developed SD model to 

present the effectiveness of prevailing public transportation policies and the root causes 

of inefficiencies. Besides, investigating the policy leverage points that influence drive 

mode, public transportation ridership, and urban passenger transportation related 

sustainability impacts (Chapter 4). 
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 Task 4: Estimate the transportation mode choices of metro/micropolitan area 

commuters from the American Community Survey dataset by utilizing multinomial 

fractional split model (Chapter 5). 

 Task 5: Developing a novel hybrid simulation model that integrates DES and SD 

methods for transportation mode choice estimation of the U.S. metro/micropolitan area 

commuters to test and compare prevailing policy practices with AV adoption scenarios 

(Chapter 6). 

1.3 Dissertation Organization 

This proposal is organized as follows: Chapter two, following this chapter summarizes 

literature on system dynamics model and discrete event simulation model 

methodologies. Chapter three provides SD model development steps and finally 

scenarios analyses for (e.g. increasing capital investment funds of public transportation 

system and hypothetical transit ridership increase) CO2 emissions mitigation results by 

switching private vehicle modes to public transportation in the U.S. Continuation of the 

model developed in chapter three, new policy practices of public transportation 

investment and fuel tax increase are developed as well as uncertainty and multivariate 

sensitivity analysis of overall system in Chapter four. Transportation mode choice of the 

metro/micropolitan area commuters and their demographic data is processed and 
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multinomial fractional split model is developed in Chapter five. Finally, Chapter six 

integrate the DES model in Chapter five with SD modeling approach for hybrid modeling 

ŀƴŘ ŦƻǊŜŎŀǎǘƛƴƎ !±Ωǎ ƳŀǊƪŜǘ ǇŜƴŜǘǊŀǘƛƻƴ ǎŎŜƴŀǊƛƻ ƛƳǇŀŎǘǎ ƻƴ Ƴƻde choice and emission 

impacts. The overall findings and implications of policy practices, future of the U.S. 

urban transport, future study ideas, and study limitations are discussed in Chapter 

seven. Figure 2 summarizes the organization of the dissertation with a graphical 

illustration.  

 

Figure 2: Organization scheme of dissertation 
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CHAPTER TWO: BACKGROUND INFORMATION ON URBAN 
SUSTAINABILITY SIMULATION MODELS 

The possibility of increasing public transportation ridership for more environmental 

friendly cities has been investigated with various methods. Taylor and Fink (2003) stated 

the most of the factors that affect ridership are beyond the control of transit agencies, 

while factors under the control of such agencies (on-time performance, ride fare, etc.) 

have an insignificant effect on ridership rates. Vincent and Jerram (2006) studied the 

potential of Bus Rapid Transit (BRT) to reduce CO2 emissions with the energy intensity of 

transportation modes as a functional unit. Paulley et al. (2006) investigated four factors 

(fare, quality of service, income, and car ownership) that could affect public 

transportation ridership demand, and found income and quality of service to be crucial 

contributing factors to public transportation ridership rates. A report submitted to the 

American Bus Association (M.J. Bradley & Associates LLC 2008) provided information on 

the energy intensity and CO2 emissions of different transportation modes, which could 

be used to show the potential of public transportation as a sustainable transportation 

alternative. Taylor et al. (2009) outlined the external factors that affect ridership rates 

(regional geography, metropolitan economy, population characteristics, and 

auto/highway characteristics) as well internal factors (fare, service frequency, etc.), the 

latter of which were found to significantly increase public transportation ridership. A 

multi-criteria decision making method is applied to a similar focus to that of this study, 
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investigating mode choice behaviors in switching from private vehicle usage to transit 

transportation (Jain et al. 2014). Lastly, Song et al. (2015) studied the environmental 

efficiency performance of high-speed rail transportation in China and indicated 

significant environmental efficiency results for rail transportation with regional 

differences. 

2.1 System Dynamics Method for Transportation Mode Choice 

System Dynamics (SD) was introduced to the research community by Jay Forrester in 

1969 and since then it has been utilized in various research areas such as policymaking, 

sustainable development, healthcare management, etc. (Egilmez and Tatari 2012; Fong 

et al. 2009; Forrester 1969; Haghani et al. 2002; Han and Hayashi 2008; Laurenti et al. 

2014; Onat et al. 2014a; Shen et al. 2009). Moreover, predicting or simulating the 

behavior of society as a whole in terms of transportation mode choice requires robust 

analysis, which may connect many different factors influencing such decision via 

complex relationships and feedback mechanisms (Struben and Sterman 2008). SD 

method is capable of doing such robust analysis and it has been utilized for some 

transportation mode choice models and these models provide a crucial perspective for 

selecting regional study boundaries (Fong et al. 2009; Han and Hayashi 2008; Shen et al. 

2009; Wang et al. 2008). SD modeling approach fit to the concept of investigating such 
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complex issues since it provides describing ability of feedback mechanisms, delays in 

system algorithm, and quantitative causal relations between attributes (Onat et al. 

2014a). Quantitatively defining causal loops and feedback mechanism between 

variables also allow performing scenarios analysis on such complex models. Laurenti et 

al. (2014) also highlighted the importance of this modeling approach for scenario 

ŀƴŀƭȅǎƛǎΦ 5ǳŜ ǘƻ {5 ŀǇǇǊƻŀŎƘΩǎ ŎŀǇŀōƛƭƛǘȅ ƻŦ ŎƻƴǘǊƻƭƭƛƴƎ ǎǳŎƘ ŎƻƳǇƭŜȄ ƛǎǎǳŜǎΣ ǇƻƭƛŎȅ 

studies involving urban development and transportation related land use have utilized 

the SD approach for various scenario analyses in literature. As Abbas and Bell (1994) 

stated, the relation between environment impacts assessment and transportation 

system can be studied with SD modeling approach. SD modeling approach is utilized for 

transportation systems research in such areas of alternative fuel vehicles, supply chain 

management, infrastructure construction and maintenance, urban, regional or national 

scale policy making, air transportation, safety since 1994 (Shepherd 2014).  

Increasing the share of transportation modes other than drive alone option is one of the 

major areas of focus in most urban development studies. Available literature on the 

subject includes a study by Haghani et al. (2002), who developed a holistic system 

dynamics model to analyze the relationship between transportation and land use.  In a 

similar manner, Wang et al. (2008) concluded that sustainable urban development is 

possible if private vehicle ownership is restricted and the use of public transportation is 

encouraged. Han and Hayashi (2008) used a system dynamics approach to study the CO2 
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mitigation potential of public transportation for inter-city travel in China while 

considering all possible scenarios. Fong et al.'s (2009) study implemented a 50% public 

transportation share for all transportation modes as a possible scenario, and their 

simulation results indicated that such a scenario could provide significant CO2 mitigation 

compared to other aggressive policies tested in the study. Shen et al. (2009) 

recommended expanding rail transport for even compact city developments. Lastly, 

recent studies extended the literature by considering the whole U.S. transportation 

mode choice behavior, transportation emissions impacts, and sensitivity analysis of the 

system (Ercan et al. 2016c; b). 

2.2 Discrete Event Choice Model Applications for Transportation Mode Choice 

There are numerous transportation mode choice studies that utilized discrete event 

models which can include detailed behavior of certain modes (i.e. cycling in a small 

community) or consider all mode choices in regional scales. This section only discusses 

some of the recent literature that includes multiple mode choices as follows. Whalen et 

al. (2013) investigated the decision-making mechanism of Canadian university 

commuters and the results indicated interesting findings that affects decision such as 

psychological decision (i.e. joy of cycling, etc.), travel time, built environment (street, 

sidewalks, etc.). Schneider (2013) conducted a research to understand how to switch 
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ǘƘŜ ǊƻǳǘƛƴŜ ƻŦ ŎƻƳƳǳǘŜǊǎΩ ŦǊƻƳ ŘǊƛǾƛƴƎ ǘƻ ŀƭǘŜǊƴŀǘƛǾŜ ƳƻŘŜǎ ōȅ ƛŘŜƴǘƛŦȅƛƴƎ ǘƘŜ ŦƛǾŜ ƪŜȅ 

steps of leading a routine such as; awareness & availability, basic safety & security, 

convenience & cost, enjoyment, and habits. Chakrabarti's (2017) recent study also 

investigates how to improve transit ridership by shifting drive mode user in Los Angeles 

area. Sun et al. (2015) advanced the literature by using Copula-based method and their 

study indicated that built environment (residential and work-place density) has 

significant correlation with mode choice behavior. Similarly, Ding et al. (2017) also found 

that built environment should be designed for reducing drive modes, since the results 

indicate higher population and employment density areas are more likely to use 

alternative modes.   

2.3 Hybrid Simulation Modeling of Discrete Event and System Dynamics 

The method of this dissertation combines two widely utilized simulation and forecasting 

tools for transportation system problems. The use of the DES method allows the 

ǊŜǎŜŀǊŎƘŜǊǎ ǘƻ ǇǊŜǎŜƴǘ άsample pathsέ ƻŦ ǘƘŜ ŘŜǎƛǊŜŘ ŘƛǎŎǊŜǘŜ ōŜƘŀǾƛƻǊŀƭ Řŀǘŀ ŦƻǊ ƛǘǎ 

behavior (Fishman 2013); Brailsford and Hilton (2001) describes the DES method as a 

stochastic approach that allocates distinct entities, scheduled activities, queues, and 

decision rules within a relatively narrow context. On the other hand, the SD method can 

ŎƻǾŜǊ ŀ ōǊƻŀŘŜǊ ŎƻƴǘŜȄǘ ŀƴŘ ŀƭƭƻŎŀǘŜ ŜȄǘŜǊƴŀƭ άƻǳǘǎƛŘŜ ǿƻǊƭŘέ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ 
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system being analyzed over longer periods of time (Brailsford and Hilton 2001). 

Consequently, Brailsford et al. (2010) has referred to the combined use of these two 

ǇƻǿŜǊŦǳƭ ƳŜǘƘƻŘǎ ŀǎ ǇŀǊǘ ƻŦ ŀ ƘȅōǊƛŘ ƳƻŘŜƭƛƴƎ ŀǇǇǊƻŀŎƘ ŀǎ ŀ άƘƻƭȅ ƎǊŀƛƭέ ƻŦ ǎƛƳǳƭŀǘƛƻƴ 

modeling. 

SD and DES models are compared in Mak's (1992) dissertation and initialized an effort to 

develop a prototype computer based simulation. Sweetser (1999) also compared these 

two models and states that SD method fit well with continues events and feedbacks 

ƛƴŦƭǳŜƴŎŜ ǘƘŜ ōŜƘŀǾƛƻǊ ǿƛǘƘ ŘȅƴŀƳƛŎ ŎƘŀƴƎŜǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ {ǿŜŜǘǎŜǊΩǎ όмфффύ ǎǘǳŘȅ 

defines DES approach a better method for providing more detail analysis of linear 

algorithms, which includes discrete changes in system. Therefore, the study concludes 

that both methods has large area of overlapping concept and could have much more 

potential together. Similarly, Morecroft and Robinson (2005) compared both methods 

with a case study of fishery design. Their result comparison of both methods indicates 

that these methods are not opponents but could be complementary. Tako and Robinson 

(2010) also compared two models by simulating the same problem with 10 modeling 

experts (5 of each). Their study implied the difference between modelers use for the 

way of approaching the problem, however, the results of simulations did not present 

significant differences. Finally, as it mentioned above sections, Brailsford et al. (2010) 

compared both models for health care management system and named their 

ƛƴǘŜƎǊŀǘƛƻƴ ŀǎ άƘƻƭȅ ƎǊŀƛƭέ ŦƻǊ ǘƘŜƛǊ ƎǊŜŀǘ ǇƻǘŜƴǘƛŀƭΦ  
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In addition to the comparison studies, hybrid simulation method framework is 

successfully integrated for manufacturing enterprise system (Helal et al. 2007). Another 

industry that deals with great amount of discrete and continuous events, construction 

management also benefited from this hybrid approach (Peña-Mora et al. 2008). Another 

example of hybrid model for construction management provided a framework to 

simulate real-world situation of mega construction projects for time and money 

constraints (Alvanchi et al. 2011). Borshchev and Filippov (2004) took a step forward in 

literature for hybrid simulation and introduced the combination of DES, SD, and Agent-

based (AB) models. Similarly, Shafiei et al. (2013) combined SD and AB approaches for 

urban transportation problem simulation.  

In the light of the findings and methods available from these literature, this dissertation 

chooses to use of the DES and SD modeling approaches to surpass the limitations of the 

modeling efforts in Section 3 and 4, which only use SD modeling for transportation 

mode choice problems, thereby limiting previous studies to only two mode choices 

being taken into account while also being unable to sufficiently account for the effects 

of behavioral changŜǎ ƻƴ ŎƻƳƳǳǘŜǊǎΩ ƳƻŘŜ ŎƘƻƛŎŜ ŘŜŎƛǎƛƻƴΦ Section 4 concludes that 

sustainable mobility is extremely sensitive to trip generation parameters, which also 

explains why current policy efforts have so far been unsuccessful in reaching sustainable 

mobility goals. It must therefore be noted that transportation-related impacts cannot be 

addressed with only subsidized or myopic policies, but should instead be addressed 
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using policies that would actively involve all stakeholders in the transportation sectors. 

Similarly, Banister (2008) highlights the importance of stakeholder involvement at all 

possible levels in order to achieve the desired sustainabiƭƛǘȅ Ƴƻōƛƭƛǘȅ ƎƻŀƭǎΦ .ŀƴƛǎǘŜǊΩǎ 

research is an important overlaying literature for this study, since it reinforces the 

ŘƛǎǎŜǊǘŀǘƛƻƴΩǎ Ǉƻƛƴǘ ŀǎ ǘƻ ǘƘŜ ƴŜŎŜǎǎƛǘȅ ƻŦ {5 ƳƻŘŜƭƛƴƎΣ ǿƘƛŎƘ Ŏŀƴ ƛƴǘŜƎǊŀǘŜ ǘƘŜ ƛƳǇŀŎǘǎ 

and feedbacks of these stakeholders and other possible contributors into a macro-level 

simulation of the transportation sector as it applies to this problem. In other words, the 

stakeholders of this network complete the system loop by providing feedback with 

respect to discrete events corresponding to mode choice behavior.  

Although transportation system modeling requires an interconnected macro-level 

design, the key component of the modeled system for purposes of this dissertation is 

travel mode choice, which is a personal behavior that can vary widely due to a variety of 

factors. A qualitative survey approach has provided valuable insight with respect to 

ŎƻƳƳǳǘŜǊǎΩ ŘǊƛǾƛƴƎκǘǊŀƴǎƛǘ ŎƘƻƛŎŜǎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ŀŦŦŜŎǘŜŘ ōȅ ƭŜǾŜƭ ƻŦ ǎŜǊǾƛŎŜΣ ŎƻƳŦƻǊǘΣ 

availability, and ƻǘƘŜǊ ǊŜƭŀǘŜŘ ŦŀŎǘƻǊǎΣ ōǳǘ ƛǎ ǎǘƛƭƭ Ƴŀƛƴƭȅ ŀ ǇŜǊǎƻƴΩǎ ŎƘƻƛŎŜ (Beirão and 

Sarsfield Cabral 2007). This finding is also in agreement with Innocenti et al.'s (2013) 

study, which likewise found that mode choice is not always a rational behavior but can 

still be affected by psychological (mental) models that may cause heuristic and biased 

decisions. Therefore, it is also crucial to include discrete event modeling estimations in 

this research with respect to mode choice behaviors. 
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CHAPTER THREE: A SYSTEM DYNAMICS MODEL TO INVESTIGATE 
CARBON FOOTPRINT REDUCTION POTENTIAL OF PUBLIC 

TRANSPORTATION 

A partial work of this chapter has been published in the Journal of Cleaner Production 

ǿƛǘƘ ǘƘŜ ǘƛǘƭŜ ƻŦ άInvestigating carbon footprint reduction potential of public 

transportation in United States: A system dynamics approachέ (Ercan et al. 2016b). 

3.1 Model Development 

3.1.1 Problem Identification 

Based on Taylor et al.'s (2009) defined factors that affect public transportation ridership 

(please see Section 2 for these factors), increasing ridership is expected to decrease 

private vehicle use, but using private vehicles generates tax revenues for the 

ƎƻǾŜǊƴƳŜƴǘ ŦǊƻƳ ŦǳŜƭ ǇǳǊŎƘŀǎŜǎΣ ǾŜƘƛŎƭŜ ǊŜƎƛǎǘǊŀǘƛƻƴ ŦŜŜǎΣ ŀƴŘ ŘǊƛǾŜǊΩǎ ƭƛŎŜƴǎŜ ŦŜŜǎΦ 

Moreover, the government needs funds in addition to public transportation fare 

revenues to sustain public transportation infrastructure, meaning that private vehicle 

ridership cannot rapidly decrease, or such a decrease will result in a collapse of the 

transportation mode system as a whole unless the government found another way to 

afford operation expenses of the transportation sector.  
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The relationship between the transportation modes and the total CO2 emissions could 

be linked with the energy intensity of each mode, which is represented by the energy 

consumption required for each vehicle to move passengers a distance of one mile. The 

majority of current public transportation vehicles have large engines and body sizes, and 

so more energy is required to move these vehicles than that required to move private 

(i.e. light-duty) vehicles the same distance. However, the vehicle occupancy rate 

regulates energy intensity by dividing the total energy consumption by the number of 

passengers. Figure 3 illustrates transit bus occupancy and the energy intensity of light-

duty vehicles and transit buses in the U.S. from 1990 to 2012 (U.S. Bureau of 

Transportation Statistics 2015). Until 2009, the energy intensity of transit buses was 

higher than that of passenger vehicles, which could be due to two main factors. First, 

the vehicle occupancy and PMT of transit buses was too low before then, making transit 

buses a non-efficient transportation mode option in term of energy consumption. 

Second, fuel economy technologies have been developed since 1990, after which even 

heavy-duty vehicles could be operated with less energy (fuel) required for the same 

travel demand. In addition, transit bus authorities have been adopting alternative fuel 

options for their fleet, whereas the per-gallon energy equivalents of alternative fuel 

options are less than those of gasoline or diesel. It is also especially crucial to highlight 

the relationship between transit bus occupancy and energy intensity, as the gap 

between energy intensities of different transportation modes becomes greater as 
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transit bus occupancy decreases. As the Figure 3 indicated, the increase on transit bus 

ridership after 2008 resulted in more efficient points for energy intensity of transit 

buses.  

 

Figure 3: Energy intensity (EI) of light duty vehicles (passenger vehicles) and transit motor 
buses per passenger-mile, and average transit motor bus occupancy, from 1990 to 2012 

The American Public Transportation Association (APTA) announced that public 

transportation ridership has reached its highest value in the last 57 years (American 

Public Transportation Association 2014). However, while public transportation ridership 

increased in 2008 following rapid increases in fuel prices, this ridership increase was not 

as much as that of last year. The reason behind that the U.S. employment rate is still 

recovering from its decline 2008, whereas the total number of workers has increased 

with respect to population growth, and the resulting growth in the workforce would 

lead to a possible increase in public transportation ridership. Figure 4 depicts the 
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relationship between the number of employees, the total public transit ridership, and 

gasoline prices from 1990 to 2013. In this figure, the workforce exhibited a nearly 

constant linear increase over the course of 23 years. A slight decrease in the workforce 

can be seen from 2008 to 2009, corresponding to the 2008 U.S. economic crisis. 

However, the total public transportation ridership has an increasing trend, albeit closely 

related to gasoline prices. Figure 4, which will be used as the reference mode of this 

chapter, clearly indicates that any extraordinary changes in gasoline prices can likewise 

cause public transportation ridership to fluctuate. As explained in the previous sections, 

public transportation ridership has the potential to decrease private vehicle usage and 

CO2 emissions, and so any important factor that could increase public transit ridership 

will be taken into consideration so as to yield a realistic simulation model (American 

Public Transportation Association Public Transportation Statistics 2015; U.S. Department 

of Labor Bureau of Labor Statistics 2015). 
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Figure 4: Reference Mode - Labor force statistics (in thousands), total ridership (in tens of 
thousands), and gasoline price ($) in the U.S. 

 

3.1.2 Identification of Parameters 

Parameters that could affect public transportation ridership are summarized in Table 1, 

along with their descriptions, types, and units.  These parameters can be classified as 

ŜƛǘƘŜǊ ΨŜƴŘƻƎŜƴƻǳǎΩ ƻǊ ΨŜȄƻƎŜƴƻǳǎΩΤ ǇŀǊŀƳŜǘŜǊǎ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ŀŦŦŜŎǘŜŘ ōȅ ƛƴǘŜǊƴŀƭ 

factors and/or other parameters within the defined system are classified as 

ΨŜƴŘƻƎŜƴƻǳǎΩΣ ǿƘƛƭŜ ǇŀǊŀƳŜǘŜǊǎ ŀŦŦŜŎǘŜŘ ƻƴƭȅ ōȅ ŜȄǘŜǊƴŀƭ ŦŀŎtors beyond the scope of 

ǘƘŜ ǎȅǎǘŜƳ ŀǎ ŘŜŦƛƴŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ŀǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ΨŜȄƻƎŜƴƻǳǎΩΦ 
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Table 1: Descriptions and units of first SD model parameters 
Parameter Description Type Unit 

Private Vehicle Ridership Percentage of person trip with private vehicle in 

transportation modes 

Endogenous Percentage 

Public Transportation Ridership Percentage of person trip with public 

transportation in transportation modes 

Endogenous Percentage 

Traffic Congestion Extra time that could be spent on traffic by 

commuters due to traffic congestion 

Endogenous - (Index) 

CO2 emissions Vehicle use related annual CO2 emissions Endogenous Ton 

Tax Revenue Tax related government revenue Endogenous Million $ 

Public transportation investments Infrastructure or fleet investments Endogenous Million $ 

Public transportation travel time 

reliability and accessibility 

Reliability of travel time and accessibility rate of 

public transportation  

Endogenous - (Index) 

Public transportation revenue tǳōƭƛŎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ŀƎŜƴŎȅΩǎ ǊŜǾŜƴǳŜ Endogenous Million $ 

Annual number of person trips  Population increases annual number of person 

trips 

Endogenous Person trips 

Health effects of climate change Human health impacts of GHG emissions in a given 

disability-adjusted life year (DALY) 

Endogenous - 

Economic damage of climate 

change 

Climate change impacts on the growth rate of the 

U.S. GDP 

Endogenous - 

Labor force population The employed U.S. population Exogenous Person 

Alternative fuel adoption for 

public transportation vehicles 

Percentage of public transportation vehicles that 

operates with alternative fuel source 

Exogenous Percentage  

 

3.1.3 System Conceptualization 

Based on the information and parameter definitions previously discussed, a causal loop 

diagram (CLD) is developed. Figure 5 presents the developed CLD with the 

corresponding relationships of each parameter. There are five loops that could be 

detected in the CLD, which are presented in Table 2 as follows. 
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Table 2: Feedback loop relations of causal-loop diagram 

Feedback Loops Relations 

  Public Transportation Revenues  

    Reinforcing Loop 1 (R1) ς  

    Revenue 

Public Transportation Ridership ­ + Public 

Transportation Revenue ­ + Public Transportation 

Investments ­ (Delay)+ Public Transportation 

Travel Time Reliability/Accessibility ­ + Public 
Transportation Ridership 

    Balancing Loop 2 (B2) ς  

    Fuel Tax 

Private Vehicle Trips ­ + Tax Revenue ­ + Public 

Transportation Investments ­ (Delay)+ Public 
Transportation Travel Time Reliability/Accessibility 

­ + Public Transportation Ridership ­ - Private 
Vehicle Trips 

  Traffic Congestion Effects  

    Balancing Loop 1 (B1) ς  

    Congestion 

Private Vehicle Trips ­ + Traffic Congestion ­ + 

Public Transportation Ridership ­ - Private Vehicle 
Trips 

  Environmental and Economic 
Impacts 

 

    Reinforcing Loop 2 (R2) ς  

    Transit Emissions 

Annual Number of Person Trips ­ + Private Vehicle 

Trips ­ + Tax Revenue ­ + Public Transportation 

Investment ­ + Public Transportation Travel Time 

Reliability/Accessibility ­ + Public Transportation 

Ridership ­ - CO2 Emissions ­ + Economic 

Damage of Climate Change ­ - Labor Force 

Population ­ + Annual Number of Person Trips 

    Reinforcing Loop 3 (R3) ς  

    Transportation Emissions 

[Reinforcing Loop-3] Annual Number of Person 

Trips ­ + Public Transportation Ridership ­ - 

Private Vehicle Trips ­ + CO2 Emissions ­ + Health 

Effects of Climate Change ­ - Labor Force 

Population ­ + Annual Number of Person Trips 
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Figure 5: Causal-loop diagram for first SD model (impacts of transportation modes on CO2 
mitigation 

3.2. Model Formulation 

Based on the CLD presented and explained above, the model designed for this section 

must be formulated and developed iteratively. The stock and flow diagram of the model 

is preǎŜƴǘŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦƛǾŜ ǎǳōǎŜŎǘƛƻƴǎΣ ŀǎ ǘƘŜ ƳƻŘŜƭΩǎ ǎǘƻŎƪ ŀƴŘ Ŧƭƻǿ ŘƛŀƎǊŀƳ ƛǎ 

too large to show in one figure and had to be broken down into multiple sub-models. 

The following stock and flow figures illustrate the visual expression of model 
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relationships as developed using the software VENSIM (please see Appendix Table for 

the meanings of each symbols on stock-flow diagrams). The highlighted variables 

όΨǇǳōƭƛŎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ǊƛŘŜǊǎƘƛǇΩΣ ΨŦǳŜƭ ŎƻƴǎǳƳǇǘƛƻƴ ƻŦ ǇǊƛǾŀǘŜ ǾŜƘƛŎƭŜǎ ŀƴŘ ǘǊŀƴǎƛǘ 

ǘǊŀƴǎǇƻǊǘŀǘƛƻƴΩΣ etc.) are the crucial variables used in this study to validate the model. 

3.2.1 Population Sub-Model 

The total population is the origin point for this model to start from, since people could 

use various transportation modes to make trips as needed. Figure 6 depicts the 

developed population sub-model with which to recreate the historical behaviors and 

values of the population in past years and also to project expected population values in 

ŦǳǘǳǊŜ ȅŜŀǊǎΦ ¢Ƙƛǎ ǎȅǎǘŜƳΩǎ ŎŜƴǘǊŀƭ ŦƻŎǳǎ ƛǎ ƻƴ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ƭŀōƻǊ ŦƻǊŎŜΣ ǿƘƛŎƘ 

could be represented by the number of people between the ages of 15 and 65. It is 

assumed that the people within this age group generate the majority of trips, since 

people could start driving after the age of 16 and employed people typically make at 

least a two-way trip from home to work and back again. However, the labor force 

population could in turn be affected by various factors, including the Gross Domestic 

Product (GDP) of the U.S. economy, life expectancy, birth and mortality rates, and 

(indirectly) net migration rates. In addition, life expectancy determines the mortality 

rates at different age groups, which is also affected by the Disability-Adjusted Life Year 
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(DALY) due to CO2 emissions. This model is adopted from the WORLD3 model (Bossel 

2007; Meadows et al. 2004), and has been modified for the U.S. 

 

Figure 6: Population sub-model stock and flow diagram 

3.2.2. Trip Generation and Public Transportation Ridership Sub-Model 

The labor force population and the average trip rate of urban commuters could be used 

to generate the average daily number of trips made in the U.S. According to Santos et 

ŀƭΦΩǎ (2011) study, each person generates almost 4 trips per day. Therefore, it could be 

stated that the product of the labor force population, the per-person trip rate, and the 

number of workdays per year could be closely equal to the actual number of trips made 
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in the U.S. per year. Beyond that, how a person chooses to make his or her trip 

considering all available transportation modes is a matter of preference. Some 

transportation modes (walking, bicycling, etc.) have been excluded from the model of 

this section for simplification purposes. Unfortunately, private vehicle usage per person 

per trip has dominated total ridership in the past with a ridership share of 90%; for the 

22-year period covered in this study, this share has been decreased by almost 1%. The 

relative dominance of private vehicle usage and the ridership share of 3.5% for public 

transportation are then used to calculate the average number of trips completed with 

each transportation mode, which in turn provides the necessary information to 

determine the PMT and VMT by each transportation mode. Multiplying the average trip 

length of each transportation mode in this model by the number of trips yields the 

corresponding VMT for each mode. It is important to note that public transportation 

ridership is equal to the number of trips by the public transit mode specifically. As 

described in the above sections, transit ridership is the key variable for implementing 

policies in this model. 

As can be seen in Figure 7Σ άtǳōƭƛŎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ǊƛŘŜǊǎƘƛǇέ ŎƻǳƭŘ ƛƴŎǊŜŀǎŜ ƭƛƴŜŀǊƭȅ ǿƛǘƘ 

any increase in the number of trips or in the labor force population. However, the mode 

choice share (percentage) for public transportation and private vehicle usage would 

remain constant. The annual revenue of the public transportation system could 

reinforce itself to extend its service, but it would not be enough to switch a given 
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ŎƻƳƳǳǘŜǊΩǎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ƳƻŘŜ ŦǊƻƳ ǇǊƛǾŀǘŜ ǾŜƘƛŎƭŜ ǘƻ ǘǊŀƴǎƛǘ ƻƴ ŀ ƳŀǊƎƛƴŀƭ ōŀǎƛǎΦ 

Therefore, ridership could be increased significantly by introducing new marginal policy 

scenarios into the system; these policies are explained in further detail in following 

sections for policy development.  

 

Figure 7: Trip generation and public transportation ridership sub-model stock and flow 
diagram 

3.2.3 Private Vehicle Use and Traffic Congestion Sub-Model 

The trip generation sub-model leads the system to generate private vehicle trips. The 

public transportation mode choice percentage regulates the percent share of private 

vehicle usage as a mode of transportation. In other words, the percent usage of private 

vehicles subtracts from the corresponding percent usage of public transportation from 

1, with adjustments from the total set made as necessary for walking, cycling, etc. 
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Private vehicle usage is also regulated by traffic congestion, since people tend to switch 

from driving to using public transportation at some level of traffic congestion. Figure 8 

depicts the relationships between these parameters. Traffic congestion impacts on 

ǇŜƻǇƭŜΩǎ ƳƻŘŜ ŎƘƻƛŎŜ ǇǊƻǾƛŘŜ ŀ ōŀƭŀƴŎƛƴƎ ŦŀŎǘƻǊ ǘƻ ǘƘŜ ǎȅǎǘŜƳΣ ǎƛƴŎŜ ǇǊƛǾŀǘŜ ǾŜƘƛŎƭŜ 

VMT cannot increase linearly with respect to population growth because lane-mile 

growth is limited. Light-duty vehicle (LDV) fuel economy values are assumed to 

represent the fuel economy values of private vehicles in the U.S., which could determine 

the annual fuel consumption of private vehicles in the following sub-model.  

 

Figure 8: Private vehicle use and traffic congestion sub-model stock and flow diagram 

3.2.4 Energy Consumption of Public Transportation Modes Sub-Model 

The main energy consumers of the public transportation system are defined in this 

model as buses, heavy-and-light railways, commuter railways, and demand response. It 

is more complicated to determine the fuel consumption of transit modes, since available 
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fuel types for public transit vehicles can include electricity, diesel, natural gas, and other 

fuel sources, compared to private vehicles, most of which are powered by gasoline 

powered. It is also important to note that each of these energy sources is used in 

different portions, and that the emission impacts of each source are likewise 

significantly varied. In order to overcome this variety issue, the energy equivalence of 

ŜŀŎƘ ŦǳŜƭ ǎƻǳǊŎŜǎΩ ŎƻƴǎǳƳǇǘƛƻƴ rates are gathered from historical data for public 

transportation operation (U.S. Bureau of Transportation Statistics 2015). This 

consumption per gallon of fuel or per kWh of electricity is then multiplied by the 

appropriate energy equivalence factor for each fuel source and by 9t!Ωǎ corresponding 

conversion factor in order to determine CO2 emissions; applicable rates and reference 

information are given in Table 3 below. Therefore, Figure 9 is used to present and 

generate the overall fuel consumption and CO2 emissions of different energy sources. 
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Figure 9: Public transportation related energy consumption sub-model stock and flow 
diagram 

3.2.5 Transportation-related CO2 Emissions and Climate Change Impacts on Economy 

Sub-Model 

Private vehicle VMT values and average fuel economy values of Light Duty Vehicles 

(LDV) are used to determine the annual fuel consumption of private vehicles as 

previously explained in Section 3.2.3 the annual fuel consumption of private vehicles can 

be converted into CO2 ŜƳƛǎǎƛƻƴǎ ǾŀƭǳŜǎ ōŀǎŜŘ ƻƴ 9t!Ωǎ ŀǾŜǊŀƎŜ ƎŀǎƻƭƛƴŜ ŎƻƴǎǳƳǇǘƛƻƴ 

CO2 emission conversion rate; this rate and other relevant information is provided in 

Table 3. Public transportation related CO2 emissions are the other component of the 
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total transportation-related CO2 ŜƳƛǎǎƛƻƴǎΣ ŀƴŘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ōŀǎŜŘ ƻƴ ŜŀŎƘ ŦǳŜƭ ǘȅǇŜΩǎ 

CO2 emission rates, which are explained in further detail in Section 3.2.4. Therefore, the 

sum of the respective CO2 emissions from private vehicles and from public 

ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ƳƻŘŜǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ŦƛƴŘ ǘƘŜ ǘƻǘŀƭ ǾŀƭǳŜ ƻŦ άthe U.S. transportation 

related CO2 emissionsέΦ ¢ƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ between these values is shown in Figure 10.  

Transportation-related CO2 emissions are one of the main contributors to global CO2 

emissions, but to fully capture the impacts of climate change on economic and health 

indicators, the total global CO2 emission rate should also be considered. For this 

ǇǳǊǇƻǎŜΣ ¢ƘŜ ²ƻǊƭŘ .ŀƴƪΩǎ World Development Indicators database is used in this 

model to gather data for total global CO2 emissions (The World Bank 2014).   

After the annual rate of total CO2 emissions is calculated, their economic impact on the 

U.S. GDP is calculated using a modified version of the DICE model (Nordhaus 2006). The 

economic damages from climate change include dislocations resulting from higher sea 

levels, losses in agricultural productivity, and the dollar-equivalent costs of increases in 

mortality, morbidity, and social disruption (Pindyck 2011). In current literature, most 

studies quantify the economic damage of climate change as a direct impact on GDP and 

consumption. However, these approaches fail to capture the permanent or long-term 

impacts of climate change. Similarly, the DICE model also assumes that increases in 

global temperature will affect GDP. On the other hand, Pindyck (2011) claims that global 

warming can have a permanent effect on future GDP values, and that the effects of 
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climate change should therefore be modeled in such a way that climate change impacts 

in future years can also be taken into consideration. In the climate change model 

presented in this paper, the DICE model has been modified so that the impacts of 

increasing temperatures affect ǘƘŜ D5t ƎǊƻǿǘƘ ǊŀǘŜ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ tƛƴŘȅŎƪΩǎ 

equations. This modified climate change model was first applied in (Onat et al. 2016c).  

 

Figure 10: Overall transportation related CO2 emissions and emissions-related climate 
change impacts sub-model stock and flow diagram 

 



39 

 

Some of the parameters seen and explained in the above-mentioned sub-models can be 

found in Table 3, with their values, units, types, and relevant reference information 

included as applicable. The model consists of parameters found in currently available 

literature and from the reports of government agencies. Most of the parameters is to 

model transportation behavior are gathered from the website of the U.S. Department of 

Transportation Research and Innovative Technology Administration Bureau of 

Transportation Statistics (2015). In addition, corresponding factors are used to convert 

fuel consumption values to energy equivalent values and CO2 emissions. Since some 

parameters have been changed over the study period, these parameters are defined as 

ΨŀǳȄƛƭƛŀǊȅΩ ǾŀǊƛŀōƭŜǎ ƛƴ ǘƘŜ ƳƻŘŜƭΦ 
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Table 3: Model parameters with unit and references 

Parameter Value Type Unit Reference 

Private Vehicle Occupancy 1.62 ς 1.39 Auxiliary person 

U.S. Department of 

Transportation 

Research and 

Innovative Technology 

Administration Bureau 

of Transportation 

Statistics (2015) 

Fuel Economy of Private Vehicles 20.3 ς 23.3 Auxiliary mpg 

Public Transportation Preference  3.5 Constant percentage 

Private Vehicle Preference 90 Constant percentage 

Average transit unlinked fare 0.67 ς 1.33 Auxiliary $/trip  

Diesel Share of Energy Consumption (EC) 82 ς 62 Auxiliary percentage 

Electricity Share of EC 16.2 ς 14 Constant percentage 

Natural Gas (NG) Share of EC 13.5 ς 0 Auxiliary percentage 

Gasoline and Others Share of EC 9 ς 2 Auxiliary percentage 

Average trip length 8.2 - 8.67 Auxiliary mile Santos, et al. (2011) 

Average trip rate 3.76 ς 4.30 Auxiliary trip/day 

Average transit trip length 5.4 Constant mile 

Per gallon tax rate 0.54 Constant $/gallon 

(U.S. Energy 

Information 

Administration 2015a) 

Per PMT expense to transit authority 0.6 Constant $/PMT 

American Public 

Transportation 

Association (2014) 

(Energy eq. and CO2 emission conversion factors) 

Electricity - Energy eq. factor 3,412 Constant BTU/kWh 
U.S. Energy 

Information 

Administration (2015) 

Gasoline - Energy eq. factor 125,000 Constant BTU/gallon 

Diesel - Energy eq. factor 138,700 Constant BTU/gallon 

Natural Gas (NG) - Energy eq. factor 22,500 Constant BTU/gallon 

CO2 eq. - Electricity/kWh factor 6.89E-04 Constant t CO2 eq./kWh 
(U.S. Environmental 

Protection Agency 

2014a) 

CO2 eq. - Gasoline/gallon factor 6.66E-03 Constant t CO2 eq./gallon 

CO2 eq. - Diesel/gallon factor 1.02E-02 Constant t CO2 eq./gallon 

CO2 eq. - NG/gallon factor 8.89E-03 Constant t CO2 eq./gallon 
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3.3 Model Validation 

The overall development of this model is not complete without first presenting the 

ƳƻŘŜƭΩǎ ǾŀƭƛŘŀǘƛƻƴ ǊŜǎǳƭǘǎΣ ǿƘƛŎƘ Ƴǳǎǘ ǇǊƻǾŜ ǘƘŀǘ ǘƘŜ ƳƻŘŜƭ ƛǎ ŀŘŜǉǳŀǘŜ ŦƻǊ ǇƻƭƛŎȅ 

implementation and testing. In other words, the model should be valid and correct with 

respect to applicable literature and historical data before it can be used for forecasting.  

With the development of system dynamics in literature, model validation has since 

become the topic of several important articles. Barlas (1996) highlighted and defined 

the model validation process, and his work has been cited in most system dynamics 

articles today. Qudrat-Ullah and Seong (2010) summarized the validation methods in 

light of the work of Barlas (1996). Moreover, this paper will follow the validation steps 

described by Qudrat-Ullah and Seong (2010). 

3.3.1 Structural Validation 

The first step consists of five specific structural validation (or verification) tests; 

boundary adequacy, structure verification, dimensional consistency, parameter 

verification, and extreme conditions. Structural validation tests whether or not the 

model is an adequate representation of the real-life situation(s) being modeled, and 

therefore refers to the point where the model is first developed with the causal-loop 

diagram. Since this dissertation has provided some references with different 



42 

 

perspectives regarding transportation mode problems, it can be safely stated that this 

model includes all of the necessary variables that affect the modeled system in reality. 

Furthermore, as a part of structural validation, providing references for the model 

boundary and variables affirms that this model meets the requirements of the 

άboundary adequacyέ ǘŜǎǘΦ  

The causal-loop diagram of the model shows that this model consists of feedback loops 

that affect the reference mode. Moreover, the developed stock and flow diagram as a 

whole was developed with variable relations and formulations that run on VENSIM 

ǿƛǘƘƻǳǘ ŀƴȅ ŜǊǊƻǊǎΦ  ¢ƘǳǎΣ ǘƘƛǎ ƳƻŘŜƭ ǇŀǎǎŜǎ ǘƘŜ άstructural verificationέ ǘŜǎǘ ŀǎ ǿŜƭƭΦ   

After adding all formulas and relations between variables of the model, it is also crucial 

ǘƻ ƛƴŎƭǳŘŜ ǘƘŜƛǊ ŘƛƳŜƴǎƛƻƴǎΦ 5ŜŦƛƴƛƴƎ ǘƘŜ ŜȄƻƎŜƴƻǳǎ ǾŀǊƛŀōƭŜǎΩ ŘƛƳŜƴǎƛƻƴǎ ŀƭƭƻǿǎ 

ǎȅǎǘŜƳ ǘƘƛƴƪŜǊǎ ǘƻ ƎŜƴŜǊŀǘŜ ǘƘŜ ŜƴŘƻƎŜƴƻǳǎ ǾŀǊƛŀōƭŜǎΩ ŘƛƳŜƴǎƛƻƴǎ ƛƴ ƻǊŘŜǊ ǘƻ ŎƘŜŎƪ ǘƘŜ 

real-life dimensions of these same endogenous variables. Table 3, as previously 

explained, defines the dimensions of the model and confirms that the model passes 

άdimensional consistencyέ ǾŀƭƛŘŀǘƛƻƴ ǘŜǎǘΦ ¢ƘŜ ǇŀǊŀƳŜǘŜǊǎ of the model defined in Table 

3 ŀǊŜ ƎŀǘƘŜǊŜŘ ŦǊƻƳ ǊŜƭƛŀōƭŜ ǊŜŦŜǊŜƴŎŜǎΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜ άparameter verificationέ test 

is satisfied. Finally, some of the historically defined parameters used in the model 

include extreme conditions such as rapid increases or decreases for some years, such as 

нллуΩǎ ŜŎƻƴƻƳƛŎ ŎǊƛǎƛǎ ƛƴ ǘƘŜ ¦Φ{Φ ŀƴŘ ƛǘǎ ǎǳōǎŜǉǳŜƴǘ ƛƳǇŀŎǘǎ ƻƴ transportation modes. 
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IƻǿŜǾŜǊΣ ƴŜƛǘƘŜǊ ǇŀǊŀƳŜǘŜǊǎ ƴƻǊ ŜƴŘƻƎŜƴƻǳǎ ǾŀǊƛŀōƭŜǎ ǊŜŦƭŜŎǘŜŘ ŀƴȅ άextreme 

conditionsέ ǿƛǘƘ ǎǳŎƘ ƴŜƎŀǘƛǾŜ ƻǊ ȊŜǊƻ Řŀǘŀ ǇƻƛƴǘǎΦ  

3.3.2 Behavioral Validation 

The structural validation process ensures that the model is developed correctly and is 

working properly, but does not determine whether or not the model exhibits the same 

behavior as the real-world historical data of the reference mode. Although behavioral 

validation could be simply presented with graphs, it should also be scientifically 

supported with statistical analyses. Figure 11 ǇǊŜǎŜƴǘǎ ǘƘŜ άbehavioral reproductionέ 

test results with respect to public transportation ridership, and it is clear from the figure 

that the simulation behavior of the model is fairly similar to the historical behavior of 

the real-life data. The actual data for transit transportation ridership was gathered from 

the U.S. Department of Transportation Research and Innovative Technology 

Administration Bureau of Transportation Statistics (2015). The statistical relationship 

between the public transportation ridership data for the model simulation and for the 

reference mode is explained below.  



44 

 

 

Figure 11: Behavioral Reproduction of Public Transportation Ridership 

Fuel consumption is one the key components of the model, since it generates the 

energy consumption and CO2 emissions previously discussed with respect to the 

modeled system. Therefore, Figure 12 depicts the behavioral reproduction test results 

for the annual fuel consumption of LDVs. The historical fuel consumption data from 

1990 to 2012 was also gathered from the U.S. Department of Transportation Research 

and Innovative Technology Administration Bureau of Transportation Statistics (2015). 

Figure 12 indicates a significantly close relationship between the historical data and the 

simulation results.  
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