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ABSTRACT

Transportation is a rapidly changing field that aofs all members of society in this country.
One of the controversial and more dangerous wayshich transportation impacts society is through
high carbon dioxide emissions and fuel consumptitich are believed to cause global warming and
climate change. IntelliDrive is a U.S. DepartmehtToansportation funded program that aims to use
wireless communication between vehicles and infuatiire to make the transportation system safer,
more efficient, and reduce environmental impacts.

Studies on IntelliDrive applications have focusagtimarily on feasibility,
implementation, and mobility improvements; few hasamined environmental impacts. This study
examines a cooperative vehicle-infrastructure sysbe a corridor of intersections to determine what
environmental improvements are possible. Sevéiffekent volume cases were tested and in all cises
improvements to mobility, environmental and safetpact were clearly significant.

The study then broadens the scope of analysisrtsider what the environmental impacts of the
vehicle and infrastructure both have on societynfra life cycle perspective. A cooperative vehicle-
infrastructure system is made possible by advammedputing and communications technology and
equipment. Such electronics require energy intenshanufacturing and a wide variety of natural
resource inputs.

In order to evaluate life cycle G@missions and energy use for the vehicle andneesiection
infrastructure, a life cycle assessment (LCA) wasdticted on each the vehicle and the infrastructure
equipment. An LCA helps quantify the environmernapacts of a product including the raw materials
acquisition, manufacturing, use, and disposal. Wthe life time energy inputs and g€@utputs of both
the vehicle and the infrastructure are taken inbmsweration the environmental impacts change
somewhat; however, are still ultimately governedabtomobile use.

This report described a method for using microscepnulation to evaluate vehicles operating in
a cooperative vehicle-infrastructure environment drow both process life cycle assessment and
economic input-output life cycle assessment caruded in transportation to help better understand
environmental impacts and facilitate decision mgkin



Table of Contents

(1 F=T o] =1 gl I [ 1o [1 Tox 1o o [P 1
IO O |V o 1)Y= [0 ] [ PP TP 1
2 T - 1 PR 2

Chapter 2. LItErature REVIEW .........iiiiiiiiieeeeeiii et e e e e e et ee s e e et s eeeeanenneeeeenes 3
2.1 Traffic Signal CONIOL..........uuiiiiiet e e e e e e e e e e e e e s et ee e e ettt eeeesasnaneeeeeaes 3
2.2 Cruise CONLIOl SYSEIMS .....uuiiiiireee o e e reett s s eaeeatas s e eeetee e e eeanaeereesnn s aeeeeennn s 4

2.2.1 Adaptive CruiSE CONMIOL...........cciiimemmme e e e eee et e e e ee et s e e e s et e e e e e tteeeeetaaaeeeeeranans 5
2.2.2 Cooperative Adaptive Cruise CONtrOl....ccccuerrevveiiiiiiiiii e e e 5
R B I O N 2 T 1 [T 8
2.3.1. ISO LCA PrOCEAUIE .....cceeiiiiiiiiie e ettt ettt eeeee b 9
2.3.2. LCA Methods and TOOIS ........coeiiiiiiieemm e e e e ern e e e eaaans 11
2.4 Life Cycle Assessment in TranSPOMaAtiON. wmm .. oeeeerreieeereiinseeeeeiinreeeeeieeeeeannnnns 13
2.5 SUMMIAIY oottt nme ettt e e et et e e e et ee et e eaaeeaa s e et aeaan et neetne et e eanneanaes 14

(O gF=T o] (=T e T 1V =7 i oo o] (oo Y20 16
3.1. Microscopic Traffic Simulation for CVIS-bas@dntrol ..............ccccceevveevivii i, 16
3.2 Safety IMPact ASSESSIMENT.........uu it iecemcccee et e e e et e e s e e eera e eeenes 19
3.3. Comparative Life CyCle ASSESSIMENT ......cceeeee i e e e e e eea e 20

3.3.1 Process LCA Exercise: Traffic Signal LightlfBu...............ccooevevviiiiiiiiiiiiiieeeees 20
IR T CToT- L= TaTo IS Tolo] o= R 28
3.3.3. INVENTOIY ANAIYSIS: . iiiiiiie e e e e 28
3.3 4, IMPACT ASSESSIMENT. ..ttt e e e e e e e a e r e aes 30
3.4 Automobile Use as Stage Of LCA ... e e e 30

(O T o] (=Y g B o =Y U] (PPN 32
4.1. Microscopic Traffic SIMUIAtION...........ccummrieeieei e 32
4.2. Comparative Life CyCle ASSESSMENT ... .cceueceiiiiii e era e eeaen 36
4.3. Automobile Use as Stage Of LCA ... .o e e 38

Chapter 5. DISCUSSION ....uuiiiiiiii e eeeitmmm e e e e e e e e e e e et e e e e e et e e e e ataeaeestan e e eeartnaeeeennes 41
5.1. CVIS-based CONtIOl........ccouuuiiieiiiiceeiee e e e eeeeae e e e e e e e eaees 41
5.2. Comparative Life CyYCle ASSESSIMENT ......cuieeee it e e e e e eean e e e 43
5.3. Automobile Use as Stage Of LCA ... oo 43

Chapter 6. Conclusion and RecommendationS.....ac.ciooiecieiiiiiieiieiin e, 44
6.1 CONCIUSIONS ...ttt ettt e e e e et ettt e e e e e e e et baababn s 44
I = (=Yoo T 0910 =T o F= L To] o 1 44

RETEIEINCES ... e e e et ettt e e e e e e e e e e e aeeanb b s 46



Y o] o 1=1 Vo | P 50
List of Figures

Figure 1 Use of Added Initial to modify Minimum @re. ...........ccoovviiiiiiiiiiie v 4
Figure 2 The impact of fuel price on alternativenBportation USErS ............ccovuvvniiees e eeeeeenenns 8
Figure 3 GENEriC LIfE CYCIE .ouvuiiiii e e e e e e et e e e e 9
Figure 4 1SO standard procedure for performing &LC...........coooiiiiiiiiiiiii e e e 9
Figure 5 lllustration of Vehicle Trajectory Overlapan intersection ....Error! Bookmark not defined.
Figure 6 SSAM program vehicle INTEraction ........c...ccooiiiiiiiiiiiiii e e 19
Figure 7 Conceptual WOTKFIOW .........uuii e e e e e e et 20
Figure 8 Halogen Incandescent light bulb produstesm. ...........ccoiiii i e 1
Figure 9 Light Emitted Diode dIagram ...... ..o ieeiieiiiieee i ee s e e e e e e e e et e s e e e e ent e e e e eeana s 23
Figure 10 LCA of Halogen Incandescent Light Bulld &f&D light bulbs excluding use stage......... 25.
Figure 11 LCA of Halogen Incandescent Light buld &&D light bulbs. ...t e 26

Figure 12 LCA of Halogen Incandescent light bulld &&D light bulbs normalized to LED lifetime. ... 26
Figure 13 Lifecycle costs of each light bulb ovee tifetime of one LED signal face...........cccee....... 27

Figure 14 Current Automobile and Intersection Isfracture EIOLCA resultS..........c.ccoovvvvvicememeenns 37
Figure 15 Cooperative Automobile and Intersectitmalstructure EIOLCA results.............cooveceeeeen. 37
Figure 16 Cooperative Automobile and Conversiorrsection Infrastructure EIOLCA results ....... 37.
Figure 17 Task 2 SUMMAIY FESUILS ........iiiiiiii e e e e e e e aaeaas 38
Figure 18 Current vehicle and intersection infrastire life cycle C@and energy use.........cccceeveeeeeeee. 39

Figure 19 Cooperative vehicle and intersectiorestiucture life cycle CO2 and energy use ..........39

Figure 20 Cooperative vehicle and conversion imfuasure life cycle CO2 and energy use ............39

Figure 21 Task 3 SUMMAIY FESUILS ........i i i e e e e e e e e e eaeans 40
Figure 22 CQemissions with signal delay .............c.ueimemi e, 42

Figure 23 Fuel consumption with Signal delay .cceceeeioeveeiiiiiiiece e 42
Figure 24 Fuel economy With Signal delay .....cccccceevveiiiiiiiii e 42



List of Tables

Table 1 Eight VOIUME CaseS tESIEU. ........uceeeer i ee et e e e e e e e e ae e e e e areaneaeees 18
Table 2 Case 1 results and statistiCal analySIiS.........ccuueiiiiiiiiiin e e 32
Table 3 Case 2 results and statistical analySiS............coiiiiiiiiiii e e 32
Table 4 Case 3 results and statistical analySiS...........coiiiiiiiiiii i e 33
Table 5 Case 4 results and statistical analySiS.........ccuueiiiiiiiiiii e e 33
Table 6 Case 5 results and statistical analySiS.........c.uueiiiiiiiiiin e e 33
Table 7 Case 6 results and statistical analySiS...........coiiiiiiiiiii e e 34
Table 8 Case 7 results and statistical analySiS.........c.uueiiiiiiiiiin e e 34
Table 9 Case 8 results and statistical analySiS............coiiiiiiiiiii e e 34
Table 10 CVIS control safety imMpPrOoVEMENTS ... e e e e e ee e 36






Chapter 1. Introduction

Sustainability has emerged as a key issue in toatadpn. Carbon dioxide and greenhouse gas
emissions from the transportation sector are damgeatje atmosphere and the environment. This damage
is having noticeable ramifications worldwide. Atcans have done nothing to change their
transportation habits and curb their fuel usageéhéuing national dependency on foreign oil.

While the world wrestles with issues of sustairigbdnd greenhouse gas emissions, technology
is advancing in the communications, computing, sadsportation fields that could transform how the
transportation system operates in the United StatieelliDrive-based vehicle-infrastructure cortro
systems are one application at the center of tlagmisformation. This report examines a cooperative
vehicle-infrastructure control system and analyizdsr potential life time impacts on the environmbe
which are not limited to vehicle fuel usage andesiifraveled. This analysis will use microscopédfitc
simulation and life cycle assessment to achievgdsss.

This report is organized into six chapters. Thmaming sections of chapter 1 describe the
motivation and specific goals of this project imts of three tasks. Chapter 2 is a literatureesg\af the
various topics that make up this project, ChapteleS8cribes the methodology, Chapter 4 presents the
results, Chapter 5 is a discussion of the resaiitd, Chapter 6 summarizes the research, the résuitd
and presents some potential future research tisgphject has offered.

1.1. Motivation

In 2007 the United States emitted 5,838,381 thadisaetric tons of C@from human related
sources (1). This made up almost 20% of, @®issions from human sources worldwide (1). 1620
the U.S. Environmental Protection Agency releassthiement stating that greenhouse gases, spégifica
carbon dioxide are harmful to the environment angdublic health (2). Carbon dioxide, specifically,
cited as being a major factor contributing to cliemahange (2). Furthermore, this announcement also
clearly states that ‘on-road vehicles contributéhie threat’ due to GHG emissions generated byihgr
gasoline to power vehicles (2). In 2006, the gpamtation sector was second in &nissions due to
human related sources in the United States, prdcedly by the electricity sector (3). Within GO
emissions from transportation, two-thirds of endasi were from non-freight sources, i.e. personal
transportation.

Fortunately, the EPA is not the only governmentagedaking notice of the high G@missions
being caused by transportation. IntelliDrive i&J&. Department of Transportation (DOT) supported
program that is focused on improving transportatibhmough vehicle to vehicle and vehicle to
infrastructure communication (4). The goals of lifttelliDrive program include improving transportat
safety, efficiency, and reducing impacts on theiremment through vehicle communication. One arfea o
research that IntelliDrive will be working on hasem titled AERIS, Applications for the Environment:
Real-time Information Synthesis. The basic objectf AERIS is to understand how the acquisitiod an
use of real-time ITS data can positively influetr@asportation impacts on the environment (5).

Although this clearly explains the importance ofdatigating IntelliDrive applications and the
role they will play in the future of transportatiab does not address the importance of examinud s
applications from a life cycle standpoint. Life 6By Assessment (LCA) is a method for quantifying
environmental impacts of a product or process aveentire life cycle. The life cycle begins at raw
materials acquisition and ends with the disposahefproduct. This is a much broader scope toysaud
product over than what is typically chosen. Thisduer scope is a more accurate illustration of
environmental impacts than looking solely at the w§ a product. The best example of this in
transportation is the electric vehicle. The electrehicle may look like the more environmentally
friendly choice if one only considers the impactsidving an electric vehicle verses driving a daso
powered vehicle. The electric vehicle has zerbpigie emissions while the gasoline powered vehicle
undoubtedly emits dangerous greenhouse gases daraliljgée matter into the atmosphere. The obvious



choice appears to be the electric vehicle. Howdf/éne scope of the analysis is broadened théoolv
choice becomes unclear. The electric vehicle vggped by electricity which, the majority of the giris
produced by burning coal. This results in higheglteouse gas and particulate matter emissions &s wel
In 2006, the electricity sector was first in €@missions by human sources in the United Stafes (3
Another factor impacting the environmental friendks of electric vehicles is in the battery proidunct
Some processes associated with battery manufdotuaa electric vehicle and gasoline powered velicl
are different and could alter the environmentalaotp of the vehicle as a whole.

One manufacturing issue of particular interest tlis study is the impact of manufacturing
electronic parts and semiconductors that would deessary for extensive communication and vehicle
control equipment. The belief that manufacturiegnzonductors and other electronic parts are agourd
on the environment is best described by Eric WiikZ6). If every vehicle in the United States amndry
signalized intersection required new, additionactbnics in order to operate in the cooperative
transportation system then that may change howpatation is impacting the environment.

1.2 Goal

The goal of this research is to examine an IntelNi® based cooperative vehicle-infrastructure
control system as an alternative to current trariapon infrastructure, and determine the betteroop
from an environmental perspective. Transportaisoheavily associated with greenhouse gas emissions
and global warming, therefore, the better optiomidde the one that results in lower Sfnissions and
fuel consumption.

This goal will be achieved through the followingka:
1. Determination of the benefits of IntelliDrive basembperative vehicle-infrastructure control
systems in terms of mobility and environmental iatpa

2. Comparative Life Cycle Assessment of cooperatived amaditional transportation
infrastructure systems including both vehicles mfichstructure.

3. Integration of Task 1 results into Task 2, Life &y@&ssessment results. To determine
whether additional cooperative equipment impacts loa offset by savings in fuel from
improved fuel economy.



Chapter 2. LiteratureReview

The cooperative vehicle-infrastructure control egstthat has been described could be made
possible using an IntelliDrive application, Coopista Adaptive Cruise Control (CACC). For that
reason, the focus of the literature review will die CACC research and innovations, and examples of
how CACC can be used in communication with traffignals to improve the quality of transportation.
This chapter is divided into five sections desaripthe research in the following areas: trafficnsig
control, cruise control systems, life cycle assesgpiife cycle assessment applications in trartagion,
and finally a summary of the literatures reviewed.

2.1 Traffic Signal Control

Traffic signals have been around since the mid-480). Over the last 150 years there have
been major innovations in how traffic signals ammteolled and the methods behind deciding when
vehicles can get the green light. The origindfitraignal was controlled by a police officer stimg at
the intersection using their best judgment to meskicles throughout a city. The police officeribj
was made easier by constructing a traffic towerctvithe officer could stand on to increase theiibility
of the roads and allow them to better manage ¢tréfij.

In the 1920s these towers began to hold 4-way G itjnals, which were eventually pretimed,;
traffic control was no longer responsive to traffienditions. However, in 1928 the first horn attda
signal was installed in Baltimore, MD (7). Thisase of the first attempted to make traffic signals
responsive to traffic without the presence of aperto tell the signal when to change. This wéevied
by other inventions that used sound waves to aléuffic signal about the presences of a vehi€llem
this point to the present, vehicle presence ahtarsection is the only way for a vehicle to cominate
to the traffic signal that they would like to preckethrough an intersection. Devices that allowtfis
today include inductive loops which use a magnfiaid to detect vehicles, or video detection whiztm
detect important changes in a video image to detdttle presence at a signal. The most commagn wa
to predict, rather than detect, a vehicle at aprésiction would be to install inductive loops om th
roadway some distance prior to an intersection.

Although traffic signals cannot solve all trafficoblems, using traffic signals does have some
benefits (8):

1. Provide for the orderly and efficient movement ebple

2. Effectively maximize the volume movements servethatintersection

3. Reduce the frequency and severity of certain tgbesashes

4. Provide appropriate levels of accessibility for @atdans and side street traffic.

Actuated traffic signals make up the majority dffic signals used today in the United States.
These signals are an improvement on pre-timedidraffjinals because the signal timing at an actuated
signal can change from one phase to the next. dllis/is approaches with higher traffic volumes to
receive more green time than other approacheslaiter volumes. The way that signals do this isheac
signal phase has a minimum and a maximum allowgitden time. All phases will initially provide the
minimum green time, however it can be extendedeatcies approaching the intersection are detected.
reasonable vehicle extension time is about 3 sextordan approaching vehicle, but should be adjuste
so that it is appropriate for the vehicle placihg tall to travel from the detector to the stopdrad safely
cross the intersection. Vehicles can continueldgepcalls resulting in extensions until the maximu
green time is reached. Figure 1 illustrates thrgcept.
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Figure 1 Use of Added Initial to modify minimum gre(8).

The advantage to this system is that vehicles ranact with the traffic signal to help determine
an ideal phase time. The drawback is that altemnghase times are very limited and if the sigealot
properly maintained and utilizing an up-to-datensigtiming plan then the benefits may be limite8l.
more interactive traffic signal that can use a nfterible timing plan, or none at all, would be raor
effective.

More recently, wireless communication based systemzh as IntelliDrive, have lead researchers
to begin exploring the benefits of predicting anacking vehicles as they approach intersections and
optimizing traffic signal cycles for optimum thrduygut (9, 10).

2.2 Cruise Control Systems

Cooperative Adaptive Cruise Control is a vehicligastructure communication control system
currently being developed as an IntelliDrive apgiien. Although IntelliDrive is a relatively new
USDOT program, established in the summer of 20@9rdots are in an older program called Vehicle
Infrastructure Integration (VII). VII is a prograniat started in the 1990s. Much like VII, the
IntelliDrive program has the goals of making trams$ation “safer, smarter, greener” (4). These goal
will be achieved by developing applications for tmeelliDrive program that can perform different
functions for drivers and help them make decisitmoughout the driving process. The basis for
achieving these goals is the integration of wirgle@mmunication into transportation.

The IntelliDrive program is made up of many apgimas (11, 12, 13) that use communication of
vehicle data and advancements in communicatiomt#oby to help vehicles take on some driving tasks
from the driver and complete them with greatertyadmd efficiency. The decisions that they widlin
to make include whether or not to perform a spedifiving maneuver (e.g. lane change), what roote t
take, and what speed to travel to reach a certdtiréition. IntelliDrive research is supportedtbg
USDOT, private industries and academia. This igasitive step towards the integration of
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communication into vehicles and infrastructurentpiiove the quality of everyday driving. The spiecif
IntelliDrive application that will be discussedG®operative Adaptive Cruise Control.

Cruise control is an older concept that is famit@mmost drivers and is a fairly standard feature
on recently purchased vehicles. This simple sys¢etine basis for two newer concepts being develope
and researched as a part of the IntelliDrive pnogrd hese concepts are Adaptive Cruise Control, ACC
and Cooperative Adaptive Cruise Control, CACC, toofil of the ACC system.

2.2.1 Adaptive Cruise Control

Cruise control systems allow drivers to pick a dabhighway cruising speed, set their vehicle to
move at that speed, and let the vehicle drive. s Hyistem assists drivers by taking on the task of
powering the vehicle while the driver is still resgible for controlling the direction of the veldchnd
being aware of possible dangers in the roadwayrdwtire a speed reduction. Adaptive Cruise Cbntro
was designed to be safer than traditional cruisgreb ACC also allows drivers to set a desireghiiay
cruising speed, and let the vehicle drive froméheFhe difference between ACC and a traditionaiser
control system is that ACC systems have much greatgrol over the engine and braking system. This
allows the ACC system to speed up or slow downvétecle if needed. The way that a vehicle knows to
slow down or speed up is through the use of sensdhe front and rear of the vehicle. The best fas
this application is in the case of two vehiclese dollowing the other. Assuming the vehicle eqeigp
with ACC is a following vehicle, it can detect clggs in the space in front of it as the followindniote
approaches the leading vehicle. If the vehiclgw@gch too close to one another the following ACC
equipped vehicle can safely slow itself down toidwopotential collision with the leading vehiclé/hen
the time gap between vehicles has returned to @ digtance the vehicle can return to the desired
traveling speed set by the driver. All of thestoas are carried out by the vehicle without bemtjated
by the driver as long as the ACC is set.

The safety improvements that ACC could potentiglgld are obvious. By taking responsibility
of maintaining a following distance out of the hanof the driver human error can be avoided and
collisions, specifically rear end collisions coulé avoided. ACC additionally has potential to diel
improvements in mobility, particularly in highwagttings. Because the automobile has greater dontro
over speed and better reaction time to possiblgatanthe following gap between vehicles can be
reduced. The following gap is the time gap betwealnicles measured in seconds. The following gap,
like the travel speed, can also be selected bydther and can range from 1.1-2.2 seconds (14). 3
seconds is considered a safe following time gapvédricles (15). At gaps of 3 seconds, vehicles are
considered to only take up a small percentageefdhdway thus making for very inefficient use lud t
roadway (16). If the time gap between vehicles lbarreduced the capacity of the nation’s highways
could be substantially increased, possibly doufilé€dl.

Adaptive Cruise Control is currently available iemnand high end vehicles. As ACC begins to
penetrate the market there will certainly be furtfesearch and information available on how wethity
or may not be performing. Cooperative Adaptive i€¥uControl, however, is the next generation of
cruise control systems under research and is nawgglable on the road.

2.2.2 Cooperative Adaptive Cruise Control

Cooperative Adaptive Cruise Control, CACC, buildgtlier on the ACC and application
described. CACC systems are an ACC system withatidition of communication hardware. CACC
also controls the vehicle speed with the goal ofntaming the speed set by the driver, and als® use
sensors to help detect changes in the gap betvesehand following vehicles. The major difference
between ACC and CACC systems is CACC uses a wirglesimunication system to share key vehicle
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and travel information that is primarily used to kmaravel speed decisions. Dedicated Short Range
Communication, DSRC, is one method for establishimgless communication and works much like
transmitting a radio signal or a Wi-Fi signal frarpoint out over a range where vehicles can picipit
DSRC allows for vehicle to vehicle communicatiord arehicle to infrastructure communication. The
vehicle to vehicle communication system allows ¢kds to share information about speed, location,
acceleration, deceleration, braking pressure, aadway alerts, just to name a few. Not only does
CACC provide more information about each vehicletigers, it also can provide it much sooner. The
range of the DSRC as compared to the range of sensmunted on the front of a vehicle is much gmreate
That translates into more data at faster speetis ifformation can be shared among vehicles tadn
following distances and speeds, anticipate dangesituations or be used to help vehicles form plago
for improved mobility.

Vehicle-infrastructure communication provides faerthbenefits to drivers.  Vehicle to
infrastructure communication allows any piece dfastructure equipped with communications hardware
to exchange information with the vehicles usingriseedway. For example, a communication point along
the roadway could inform incoming vehicles thatr¢hes an accident and congestion coming up and
suggest possible actions to be taken. Anotherildeasse for vehicle to infrastructure communicatis
at traffic signals; a traffic signal could informvahicle about cycle lengths and green times se¢hele
could adjust its traveling speed for the best attivne.

Just as with ACC, drivers can set the cruising dpaed following gap times that are both
maintained with CACC. Gap distances for CACC dmerter because of the increased speed and quality
of vehicle data that wireless communication all@and can range from 0.6-1.1 seconds (14). The lehic
still operates in the same general manner as th€ A&Guipped vehicle, however, better informed
decisions can be made about route choices, actietgrar decelerating relative to the previous scirs.
More route options and greater control over vehsgleed opens up opportunities for increased mgbilit
and improvements in fuel consumption and environtaldmpact. Much of the research in the area of
CACC is ongoing as a part the IntelliDrive programd many of the results are preliminary. The
following studies begin to show the great impaet BACC technology can have on transportation.

The University of California Berkeley PATH progrdamas done a large volume of research and
development work on CACC technology. In a studyoréed on in 2009, the PATH program developed
two vehicles that use CACC technology and ran tesitsg them to determine how CACC would change
driving. The researchers were able to determine @ACC enabled vehicles had faster response times
than ACC enabled vehicles when changes to speeatitade made. This improved response time is due
to the cooperation between vehicles who are exéhgrdata, rather than using sensors to collect afata
the time it is needed (14). Because vehiclestterdfivith CACC technology have faster reaction rtee
changes by a lead vehicle, the expectation isstifaty using this system will improve over thestajuo
at least as much as use of the ACC system peimits, possibly more.

The PATH program also addressed the issue of nyhitid examined how CACC can improve
mobility for vehicles through successful developimeh a CACC prototype vehicle. This vehicle
successfully followed and responded to speed clsaimge lead vehicle, just as an ACC vehicle, bubhwi
greater precision (14). As noted earlier, vehieleing CACC systems can chose to follow vehicles at
time gaps of 0.6-1.1 seconds as compared to th2.2.4econd gaps used in the ACC system. Thefbelie
is that the shorter CACC gaps would increase rogdeepacity if enough vehicles used the shorter
following gaps. Depending on the length of the,dhjs could double roadway capacity in some places
Increases in capacity of this magnitude would subel able to increase mobility on highways (14).

Experiments conducted by the PATH program usingadop/pe vehicle and 12 subjects show
that drivers are comfortable using short drivingg#or low to moderate volume conditions, however,
drivers tend not to use the application for corggslriving conditions (16).



In a 2006 study by van Arem et al., microscopic wation was used to evaluate mobility
improvements made possible with cooperative adaptiwise control (17). For this study a 4 lane
highway that merges to become a 3 lane highwaymadeled. The number of shockwaves that formed
was counted and used as a measure for evaluagrgulity of mobility. This study found that asnket
penetration rose the number of shockwaves droppedhat generally the average speed of vehiclekrav
rose (17). Shockwaves are considered a dangeitoatien for travelers due to major changes in dpee
and acceleration. A reduction in the number ofckinaves could be seen as a safety improvement;
however, that conclusion was not made becausealatehicle control is also required for safe lane
merging which was not addressed by this study.

Most recently, Lee has used a cooperative vehidtastructure system (CVIS) test-bed to
simulate a cooperative vehicle control system #waild be representative of cooperative adaptiveseru
control (18). This test-bed was made up of anatsal intersection with single lane approaches and
departures on all four legs. This study resultedreductions of stop delay of 99%, travel time
improvements of 33%, and carbon dioxide emissiedsictions and energy savings of 44% (18). This
test-bed is the basis for the simulation work dionthis research project. For this project thé-besd was
expanded upon to optimized more than a singletstlatersection.

Another study conducted at UC Berkeley attemptstest the vehicle to infrastructure
communication capabilities of a CACC system and twie greater benefits of its use could be,
specifically environmental impact benefits. Thdiddeis that better speed choices would lead to a
smoother ride, improved mobility and possibly reslutiel consumption. High acceleration and
deceleration rates cause increased fuel consumaidfCQ emissions. A simulation study was done on
a corridor made up of 10 signalized intersectiofise vehicle in this simulation was able to commate
with the upcoming traffic signals and was told wbalor the light was going to be during their aatiat
the stop bar. Given this information, the CACCteys could change the vehicle speed to help thecheehi
reduce accelerations and decelerations and arritteeastop bar on a green light. By using CACC to
communicate with the traffic signal the vehicle watde to reduce travel times by about 1% (19),
suggesting insignificant improvements to mobilitwhat is impressive about the results is the fuel a
emissions savings. Fuel savings using this agmitavere about 12% and carbon dioxide savings tabou
14%. However, this simulation was conducted fosirgle vehicle and does not show significant
improvements in mobility.

Literature available on cooperative adaptive craigetrol is limited to studies on development
and feasibility of this technology, driver willingas to use this technology and the possible mpbilit
improvements that could be seen by implementindgy susystem. Safety is likely not studied in detail
because safety is very challenging to assess asimgation for typical conditions, and this techogy is
not widely available for testing on road. Althoughvironmental impacts and “greener” solutions in
transportation is also an IntelliDrive goal, veigited research has been done in this area with the
exception of Mandava et al. (19).

As stated, the transportation sector is responéilslduge vehicle emissions and needs to make
changes in order to prevent doing further damagbeanvironment. The public in this country has n
shown an interest in changing their transportatiabits. Even during periods when fuel prices sky-
rocketed, Americans were not very receptive to ipuibhnsit options, and in many places they are not
available with the connectivity necessary for mominmuters. Figure 2 shows that regardless of fuel
prices, plotted on the left axis, Americans tramgimn habits remain unchanged.
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Figure 2 The impact of fuel price on alternativengportation users (20,21)

Cooperative adaptive cruise control could dradiicaiange how driver look at infrastructure and
their vehicle and how they operate. If IntelliDgigystems could improve mobility to the point where
significant reductions in environmental impacts evpossible then Americans could continue to usie the
personal vehicles, which is what the current rogdiwirastructure lends itself to allowing.

This research project expands upon research dornedy18) by using principles and control
methodology proposed for use on an isolated intémse over an entire corridor. Also, this study Iwil
expand upon studies by Mandava et al. (19) by axaqia corridor of intersections operating at vagyi
volume conditions from low to moderately high. §hésearch will also broaden the typical evaluation
transportation impacts on the environment. Wheopeaatively equipped vehicles and infrastructure
become the norm on the nation’s roadways it witlerdy drive differently, they will be made diffarty.

One potential drawback to cooperative technologythie great deal of additional, new
communications and electronic parts that every clehand intersection will need in order to bring
benefits to the system. Some IntelliDrive applmad, such as CACC, would require full market
penetration to yield the maximum benefits that h#demn found. The semiconductor industry in
particular has come under scrutiny for extremebhhénergy and natural resource use in the productio
of its products. Generally speaking, this is cdusg taking naturally occurring resources and gurd
them extremely high levels in order to produce Hgghlity electronics with low failure rates (6).

2.3LCA Basics

Life Cycle Assessment (LCA) is an emerging tooldus® determine the greater environmental
impacts of a product or process. LCA answers guressuch as: Paper bags or plastic bags? Papgr cu
plastic cups, or ceramic cups? The Internationgla@zation for Standardization defines LCA in ISO
14040:2006(E) as “compilation and evaluation ofitiputs, outputs and potential environmental impact
of a product system throughout its life cycle” (22Yhis standard also defines a life cycle as being
“consecutive and interlinked stages of a produstesy, from raw material acquisition or generatiamf
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natural resources to final disposal’ (22). Raw emats acquisition would include such processes as
mining of iron ore in order to produce steel or théting down of trees in order to produce paper
products. To clarify the standard “...generationnfrmatural resources...” addresses the need for
electricity or other forms of energy to operate maery and factories that are necessary for the
acquisition of materials and manufacturing that sgémto producing a product. Lastly, “... final
disposal...” takes into consideration the end of difea product, be it disposal to a landfill, inqiaton,
recycling, or reuse, among other options. Figusb@ws these steps in an example of a genericyldie
(23).

Recycle

Primary Secondary
Mine material material Fabrication Use Disposal Landfill
processing processing

Reuse

Figure 3 Generic Life Cycle (23).

When all stages of the life cycle are taken intasideration the environmental impact of a
product or process can be better understood. ftes, products or processes are evaluated for
environmental benefit on a very narrow scale, aergig only the benefits that come from using a
product or implementing a process. When the naseand energy that are required from the firgesta
of production to the ultimate disposal of a prodaie considered the impact may be very differean th
what was originally expected. LCA has also beesfulsfor predicting environmental impacts. If a
product can be evaluated for environmental impaébrie mass production then more environmentally
conscious decisions can be made for a better reghlt basic framework for completing a LCA is simow
in Figure 4.

Goaland
scope «—>
definition

\_¢_/

)

Inventory
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\_r/

)

Impact
assessment

— S

<—> | Interpretation

Figure 4 ISO standard procedure for performing & 1(22).

2.3.1. ISO LCA Procedure



The following is an outline of the life cycle asse®nt procedure described by the International
Standards Organization (22).

2.3.1.1. Goal and Scope Definition

The goal and scope definition stage in life cydsessment is the starting point of any LCA. The
goal portion involves determining the purpose o thCA, what concern is being addressed by
performing this LCA, and for whom are the resulitehded. The goal also involves deciding what
environmental impacts will be tracked (e.g., carborissions, greenhouse gas emissions, other emgssio
to air, soil or water, and so on). As many or festential environmental impacts can be studiedsas i
needed. The only limitations are in data avaiighil Scoping is the process of determining whages
of the product life cycle will be accounted fortire LCA. Generally speaking, an LCA that accodiots
materials and energy input to a product for alyetaof the life cycle is most accurate. The gualit
available data plays a major role in the accuraoyell, and could severely hurt the accuracy ofiGA.
That will be discussed later. Scoping will estsiblithe system boundaries and ultimately, what
information will be necessary to complete the LCPhe final step in the goal and scope definitiaygst
is to determine the functional unit that will beidied. The functional unit is the product thatlvaié
tracked through a life cycle. Given earlier exagspthis functional unit could be a bag- paperlasti,
or a cup- paper, plastic or ceramic. If one wasmpgaring various processes rather than products the
functional unit still needs to be a product. Fearaple, if one were to test various end-of-lifesufm fly
ash then a mass of fly ash would be the functianéland the LCA would entail processing the fli &s
different ways for each alternative end-of-life use

2.3.1.2. Inventory Analysis

Inventory analysis, also referred to as life cyokentory (LCI), is the process of collecting data
as required by the scope of the LCA and makingimieary calculations about the resulting impact.
Data collection means determining the input angwttalues for each step in the life cycle. Thauis
are generally categorized as materials and enéfgg. more accurate the materials and energy irgrats
the more accurate the resulting outputs will bem& of this data can be easily observed and egtiimat
(e.g. material mass) while other data is often nurellenging to obtain, (e.g. the energy needed to
process raw paper pulp into heavy paper for a payger

Material and energy data are tabulated or, evererminply, input to a tool that will evaluate
each step and track environmental outputs. Therenaltiple tools available to help facilitate fhecess
of collecting and calculating data with accuratyeste will be discussed in greater detail later.

2.3.1.3. Impact Assessment

The final step in LCA is the life cycle impact assment (LCIA). LCIA is the method for
evaluating what outputs are generated by the LdIfeow they may impact the environment. During
Impact Assessment the material and energy inputsayeslated into environmental pollutant outputs f
each stage. The list of possible outputs from @hit an ever growing list as more and more chelsica
and pollutants are found in by-products and wastamols that facilitate the LCI process generally
facilitate the LCIA process as well. Some of thechnisms that are used to do that are grouping and
weighting. Grouping helps to divide pollutantsoimtifferent groups based on the type of impact ave
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the environment. Pollutants related to global wagmare generally grouped together, as are heavy
metals, emissions to water, and so on. Weighsng process of assigning value to pollutants te tak
weighted sum of pollutants to more appropriatefient the impacts to the environment. The procdss
assessing these various impacts is also not agtafoaward as simply adding up toxins. For exampl
one gram of carbon dioxide (GOdoes not have the same environmental implicatas®ne gram of
nitrogen oxides (N@. This is where a unit such as £@quivalent is useful for emissions that are
relevant in the area of global warming. Many tosl$ suggest a weighting scheme that is approeriat
for the desired outputs of the LCA.

2.3.1.4. Interpretation

This step in the LCA framework is always preserd apcessary after every step to ensure that
the LCA is meeting the goals established. As the way arrows in Figure 4 suggest, it is often
necessary to revisit prior steps and make chartgeaghout the LCA process. Interpretation is teg s
that allows for evaluating and making changes &déveloping LCA. There are many instances when
one may need to return to a previous step and olzkeges.

2.3.2. LCA Methods and Tools

Life cycle assessment can be simplified by usinfwswe tools available for organizing,
collecting, calculating, and analyzing data. Beftrese useful tools can be explained, the tworgéne
methods for conducting an LCA must be understodtie two general methods are process LCA and
economic input-output LCA. The former more obviguslates to the LCA framework that has been
explained. Economic input-output LCA (EIO LCA) acaplishes the same goal in a way that does not
rely on the individual stages of the life cycle wimoin Figure 3, rather it requires economic data.
Additionally, a third method is to perform a hybti€A; which combines the process and EIO methods
in an attempt to yield a more accurate result.

2.3.2.1. Process Life Cycle Assessment

The key concepts behind a process LCA have alrdshn described in the Life Cycle
Assessment Basics section. To summarize, a prageasrequires mapping the entire life cycle of a
product, in detail, including all processes anchdportation between life cycle stages, all material
entering the life cycle, all energy inputs to thystem, and all outputs. This method is also catlted
process sum method. The key to this method igmé@ieg the outputs to the environment that result
from each stage in the life cycle and summing théthe end.

This can quickly become a tedious process. Wisaflftavare tool will do to facilitate is organize
inventory data and help build life cycle stageshwiisual tools. After data collection, softwarelscan
also help with the calculation of different outpugsouping, weighting, and analysis such as seitgiti
and uncertainty analysis and simple reporting. hSsaftware packages include SimaPro by Product
Ecology Consultants, PRé (24), OpenLCA (25), anBiGaftware from PE International (26).

What software packages alone lack is data. Iteavery challenging to determine with accuracy
how much electricity is required for a manufactgrioperation, or how much, iron ore is needed to
produce a steel beam. There are multiple databiasgisoose from depending on the goal of an LCA;
however, the Ecoinvent database is a well knowricen@7). This database of impact information
includes a wide range of industry processes, natarid energy inputs, and transportation processes.
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The Ecoinvent database does not contain data &y @rocess possible, but this database will eagghm
of the data mining typically needed. Another bértef using this or another database is transpgrenc
Using a database makes an LCA easier for othdadléev and trust the result.

One drawback to choosing to do a process LCA isitlaere is any missing data or a process is
neglected then there are emissions missing from file result and the resulting impacts are
underestimated. Because companies want to maithteincompetitive edge they are often reluctant to
release information about their processes for vuderl analysis. Another drawback has already been
suggested, that is the intensive data needs toletergprocess LCA. EIO LCA provides some soligion
to these problems.

2.3.2.2. Economic Input-Output Life Cycle Assessimen

EIOLCA uses information about the national econdmyletermine what emissions production
looks like for a product. Leontief first suggestats model in 1970 (28). Leontief was an econdmhiat
studied interactions between sectors of the econoByincluding environmental pollution data inghi
economic interactions model, predictions could l@@enregarding impacts as a result of economic input
to a sector.

In process, LCA material and energy inputs werea tsdind the resulting impact output for that
stage in the life cycle. This model uses dolldugaof a final product as the input and assigrs ia
particular sector of the economy (23). Each sdsttied to the impact it is responsible for, ahd bther
sectors of the economy which it makes necessamghpses from, interacts with. The interacting gscto
will help account for material and energy inputor Example, the Paperboard container manufacturing
sector, which would include paper cup manufacthes high contributions from the following sectors:
Paper and paperboard mills, Logging, Truck trartspion, and Power generation and supply (29). &hes
interactions show material input from logging andperboard, and energy input from the power
generation sector. These interactions are baseldtanfrom the 1997 U.S. economic model. Thesa dat
tables divide the economy into 491 different sextdvlore economic sectors allows for greater aagura
At this time the 1992, 1997 and 2002 national eoonanodels are available. The 2002 tables only
divide the economy into 428 sectors, so the 199@eahalividing the economy into 491 sectors, is used
The basic form of the EIOLCA model is shown in dipuas 1 and 2 (23).

x=0U-A)1y (Eq. 1)
b, =R;x (Eq. 2)

Where,| is the identity matrixA is the matrix of inputs-outputs in the U.S. ecogpm constant
unique to the national model being used, wigl the matrix of dollar values adjusted for inftat to the
year of the national model being used, and thelteegux, is the total economic output over all sectors
and accounting for the interactions between althef sectors. In the second equation provigethe
environmental impact of producingdollars of goods and services based orRlmeatrix of impacts per
dollar, a constanti designates which impact is being solved for; tle@eeover 30 environmental impacts
that can be determined. Hendrickson et al provéghesxcellent tutorial for using this tool (23).

The process LCA method requires understandingttges of a lifecycle; the EIOLCA method
requires understanding all cost requirements aasativith a final product and the economic sedteyt
are associated with based on the national modet ETOLCA method uses dollar amounts as an input to
derive the same output results as the process mhelliis method is much less data intensive. The
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results however, are highly aggregated and mayt parague picture of impacts as compared to a psoce
LCA. Another drawback is that the EIOLCA methodyoprovides data up to product use, not the use
stage itself or disposal.

As with process LCA, there are tools available eétptperform an EIOLCA. Most commonly the
Carnegie Mellon tool found at www.eiolca.net israef tool that will provide output data for many
greenhouse gases and chemical toxins that resuit éiconomic activity in the US (29). This tool dam
used on the web or as a MATLAB program for use gesonal computer. The MATLAB tool allows
multiple sectors to be analyzed at once with resift spreadsheet format. The output shows
contributions from all 491 sectors. It is impottan remember when using these tools that economic
input data must be converted to the value of tHudm the model year. In other words, to acosisat
use the 1997 model only 1997 prices should be in@anverting prices to remove inflation can bealon
using the Consumer Price Index (23, 30).

Another widely available tool that can be useddaduct an EIOLCA is Eco-LCA, from Ohio
State University (31). This tool uses only the 2@8onomic model to compute results but also tadtes
consideration ecosystem goods and services thatafigtassist in the control of pollutants (e.gtural
CO, sequestration by plants). The determination diipon and emissions are still calculated using th
EIOLCA model with additional caveats that reduceef the final impacts. Depending on the goal of
the LCA, having ecological data could be beneficidldditionally, this tool allows the user to egsil
search all 491 sectors with a description of th##aseand quickly visualize and customize the rssin
the browser.

2.3.2.3. Hybrid LCA

Hybrid LCA takes elements from both methods tadrachieve a more accurate result. The task
of acquiring enough high quality data for a prodeG# could be very challenging, time consuming, and
expensive. On the other hand, if the LCA is toecHic (i.e. comparing near identical products or
processes) then EIO data may be too aggregatekote meal differences. These are advantages and
disadvantages to both methods; the goal of theidwyhethod it to reduce uncertainty and error from
either method yielding a more accurate result.2006, Facanha used hybrid LCA to analyze freight
transportation and was able to determine that tylb@A could be used in transportation LCA, and was
able to show that, as a mode, rail had the smaestonmental impact followed by road and air (32)

2.4 Life Cycle Assessment in Transportation

Life Cycle Assessment (LCA) is an emerging toolduse determine the greater environmental
impacts of a product or process. As concerns Her énvironmental impacts of many products and
services are becoming a greater priority to socikeGA is making its way into new fields. Life cgcl
assessment is a tool commonly associated withiglhe df industrial ecology; however, researchess ar
finding that LCA can be applied to any field, trpogation included. One common application of LCA
in transportation is the comparison of vehiclewiifferent fuel types (33).

Other areas of the transportation field that haggulm to consider LCA applications include
transportation planning, pavement and materialensei, and construction or work zone management.
These examples will be discussed briefly to shoroua applications of LCA.

Although initial LCA applications dealt primarilyith vehicles, LCAs in transportation can also
extend to the infrastructure. Norman et al. (ZBdILCA to study the impacts of high and low degnsit
housing communities on planning. Two communitie$dronto, Canada, one high density and that other
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low density were studied to determine how greenb@as emissions and energy use between the two
communities (34).

Three facets of the communities were examined; kieweonly ‘construction materials’ and
‘transportation’ relate to the topics discussedhis report. The construction materials requirechlt
segments of the infrastructure (buildings and raag) were listed, quantified and analyzed using
EIOLCA. The transportation analysis dealt spealfic with the use stage of transportation. Use or
operations refers only to driving the vehicle. \h manufacture or maintenance was not considered.
This study only evaluated the emissions creategdbhycles during their use phase. This resulted in
comparison of the impacts of personal vehiclesoin Hensity communities to the impacts of public
transit service in high density communities. Otkgamples of using LCA to evaluate vehicles and
infrastructure for emissions and energy use aveoitk zone management.

Huang et al. examined how shutting down sectionfreadway during pavement construction
impacts traffic (35). A process LCA was implemehte examine the impact of pavement construction
through all lifecycle stages, and a microscopicusation was used to evaluate the impacts of traffic
congestion that is caused by construction. It feaad that the traffic congestion and backups chige
the construction were far more detrimental to theirenment in terms of COemissions than the
construction. Burning fossil fuels is a tremendsasrce of C@emissions.

Finally, a study conducted by Zhou in 2010 investtg sustainable traffic management
strategies including high occupancy vehicle laned aublic transit availability against sustainable
construction based on the Greenroads credit systes@e where the greatest benefits could be fodBd (
The Greenroads credit system is a method for rathaglway construction for sustainability through a
credit system (37). Traffic management was exathinsing a microscopic traffic simulator and
construction was evaluated using EIOLCA. Once rggactual traffic operations caused far greater
emissions than the construction. The author sugdkat understanding the source of carbon emission
across various areas of transportation will helfiebeprioritize projects and help decision maketew
the opportunity to pursue such projects arises.

Analyzing vehicles and infrastructure together besn a more recent practice, and a very useful
one. Vehicle emissions can be greatly improvedninastructure that improves mobility and supports
vehicle movements. There is no clear methodologyhalyzing vehicles and infrastructure together.
summary, this research intends to expand uponutrent simulation evaluations of cooperative adepti
cruise control by analyzing a corridor of interges for mobility and environmental benefits of ngi
CACC technology, the results of which will be usesipart of a comparative life cycle assessment of
cooperatively equipped vehicles and infrastructagainst traditional vehicles and actuated signdlize
intersection.

2.5 Summary

This literature review discussed traffic signal ol cruise control systems, life cycle
assessment, and finally, life cycle assessmenicapipins in transportation. Traffic signal conttws
changed very much since the mid-1800s when poliieecs first began managing traffic (7). Today,
research is focusing on different ways to optimsignal timings for improved throughput by using
vehicle-infrastructure communication (9, 10). Ttésearch takes that idea a step further by examni
communication connection between vehicle-infrastme that eliminates the need to communicate the
signal timings to a driver, therefore, eliminatihg need for a traffic signal all together.

IntelliDrive vehicle-infrastructure control is aehwiable through Cooperative Adaptive Cruise
Control (CACC) and communication based traffic coh$ystems as intersections. CACC uses DSRC to
wirelessly communicate between vehicles and betweshicles and the infrastructure to operative
cooperatively. Many studies have focused on dewedp prototypes or test beds for operating such
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vehicles (14, 16). These studies have also focasatie possibility of safety or mobility improvente
with this application. Lee completed a study tpabposes algorithms and methods for simulating
vehicle-infrastructure traffic at an isolated iection (18). Using this algorithm, vehicles saw
significant improvement in their delay, travel timend environmental impact. This study does not
consider life cycle environmental impacts and stddinly an isolated intersection. Overall, thesdiss
have a limited focus on the environmental impattsansportation under this new style of management
Mandava et al (19) is one study that does taketivdonment into consideration using simulatiorhisT
study, however, does not show significant trauvaletimprovements and studied an unrealistically low
volume condition.

Life cycle assessment is a tool that is gaining popularity, including in the field of
transportation. Three examples of LCA applicationgransportation were discussed here. Noneef th
examples took into consideration the life cycldahef automobile. However, none of these studiesemak
alterations to a vehicle that would warrant a dieti CA of the automobile. For the infrastructside
Huang (35) used process LCA with cooperative frbenlocal industry while Norman (34) and Zhou (36)
used EIOLCA. None of these studies has tried @luate intersection infrastructure for life cycle
impacts.
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Chapter 3. Methodology

3.1. Microscopic Traffic Simulation for CVIS-based Control

To determine the possible benefits that an Inteli® based cooperative vehicle-infrastructure
system may have on transportation an Autonomousiciéebhased Intersection Control Algorithm
Simulation Test-bed developed by Lee was usedtalate operations at an intersection (18). This te
bed uses the microscopic traffic simulator VISSIB8)Y and MATLAB (39) to optimize the algorithms
utilized in this test bed. A C# language interfaoenmunicates between the two programs to model
traffic flows at an isolated intersection. The lgoathe algorithm optimization is to minimize pat&l
overlaps in vehicle trajectories while crossingititersection (18).

The goal of Lee's program is to determine the idezlbcity and acceleration trajectory for
vehicles approaching an intersection. Assuming\etuicles approaching from conflicting streets o a
intersection, Figure 5 illustrates the vehicledi@pated trajectories that would likely resultancrash in
the intersection area. The length of the trajectorgrlap is given by Equations 1 and 2. With vedstl
driving information such as locations, speeds, andeleration/deceleration rates obtaining through
connected vehicles environment, CVIS control syspeojects individual vehicles traveling trajectarie
and identifies whether potential crashes would petuhe intersection or not by examining the cvesl
of trajectories. In case trajectory overlaps areated as shown in Figure 5, the CVIS control syste
seeks optimal trajectories to avoid the crash.

\ .‘xj(t)
x ()"
\ = max(t; (0), t; (0))
q
‘_ (—k_\ l; :f /1 + x; (w)?dw
é Ny (0) L (O) / Intersection begin
8 .. // ] TIME (1)
?_ﬁ - L 1w
% / HH“*}._MHH t; (d) Intersectionend
2 / ?@M} """
q . —_—
ﬂi}ﬁl+xﬂwﬁdw q = min(t;(d), t;(d))

Figure 2 lllustration of Vehicle Trajectory Overlapan intersection (18)

if a,# 0,

| = JZ‘/“ X (W) 2 dw 1)

otherwise,

| =y(a- p)? +(Iw-x(p))® 2)
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where:
x,(t): Predicted remaining distance to the intersectitup bar of vehicle n at time t

(=x,(0)-05a,t*-v,t)
x,(0): Current (t=0) remaining distance to the intergecstop bar of vehicle n at

p: Arrival time at the beginning of intersection

g: Arrival time at the end of intersection

Iw: Intersection length in meters

&, : Acceleration or Deceleration rate of vehicle n
Vv, : Current speed of vehicle n

t :time

To seek the optimal trajectories, the CVIS contsystem utilizes non-linear constraint
optimization techniques, which are designed toes@m optimization problem given the Equations 3
through 6. With optimal acceleration/deceleratiaterfor each vehicle approaching to the intersectio
the overlapping trajectory for each vehicle is atfd to safely cross the intersection without stapihe
need for a traffic signal. In case no feasible thohs are found, however, the CVIS control systansrin
a recovery mode, a traffic signal-based specialogedesigned to be quickly returned to normal
optimization-based control mode (18).

N

3 [ K (W)l 3

P

such that,
2 2 .2
aikm > mw{amin’ Vikm , umin Vikm ) DI, k, m (4)
2% (0) 2(Xikm (0) = Xim (t))
. uz — V2 J .
w<mina, ———mx Tk i, k,m (5)
e [ 2(Xikm (0) ~ Xim (t))

S(05(a, 4 1 =81 JRE = (@ D=V, +Visrsn) RS>0 Di k and m=12,..N,, -1 (6)

where,
P : Total phase numbers
i, j : Phase number indices (1 if phases andlicted, O otherwise)
k, I: Lane identifier
m, n: Vehicle identifier
L, Lj: Total number of lanes of phase i,j, respectively
Nik, Nj: Total number vehicles on lane k and | of phaased j respectively.

p: Arrival time at the beginning of intersectionr(rax(ti’km(0),t]-’lyn(o)))
g: Arrival time at the end of intersectionmin(ti’k’m(d),tjJ’n (d)))
tim(0), §,,n(0) : Arrival times at the beginning of the intezBen of vehicle m(n) on lane k(l) in phase
i)
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tkm(d), thn(d) : Arrival times at the end of the intersectifrvehicle m(n) on lane k(I) in phase i(j)

S= 0-531,k,mh2 ViD= Xm0 + %14 0)

-1

R= a1'+l,k,m(_ Vi+:l.,k,m + \/Vi2+1,k,m + 2ai,k,mxi+:|_,k,m (O))

Before testing a series of volume cases, the @idiest bed is expanded upon to simulate a
corridor of intersections rather than an isolamgérsection. This decision was made because aaorr
of intersections provides a slightly more realispiicture of regular operations than an isolated
intersection. As discussed, Lee’s work providesre® code and a detailed explanation of how the
various components of the test bed operate (1&ch Ehtersection is a one lane approach and departu
on each of the four legs. The volume of vehiclesed in each case.

Ultimately, a 4 intersection corridor about 2800tene long is used for simulation. Expanding
the test-bed to accommodate more intersectionsirestjiexpansion of the VISSIM network and
additional logic in the C# interface. The intedagow has arrays of data store in most variables as
opposed to single values. Intersections are opticdhbne at a time during each simulation secorel; th
method for optimization has not changed. Lee'skwopvides source code and a detailed explanafion o
how the various components of the test bed opéi&e Each intersection is a one lane approach and
departure on each of the four legs. The volumesblfcles varied in each case.

Once the cooperative vehicle-infrastructure tedtwas expanded upon and ready for simulation,
8 different volume cases were developed. The gban selecting volume cases to be tested was to
select a variety of volume cases that would refsesteral volume-to-capacity (v/c) ratios and Levkl
Service (LOS) ratings. Both of these measuredased on traditional operations using non-cooperati
infrastructure. In order to assess these measeaeh, potential volume case is modeled using Sgnchr
(40). In Synchro, the optimized signal timing etermined and the resulting v/c ratio and LOS. hBadt
ratio and LOS are used because the v/c ratio isnarmon indicator for how well an intersection is
operating, however, variations in signal timinglweihsily change the v/c ratio. LOS is based gnali
delay therefore, average signal delay is substittdeLOS when developing volume cases. Tableal th
follows shows the 8 volume cases selected for sitiaul.

Table 1 Eight Volume Cases tested

Scenario Major Volume Cross Volume
1 900 500
2 900 600
3 800 500
4 800 400
5 600 500
6 600 400
7 400 400
8 400 300

Each volume case was run 5 times in the cooperagtwork and 5 times in the actuated signals
network. Each repetition was 1860 simulation sdedaong; the first 60 simulation seconds were wsed
a warm up period to populate the network (41). réhgere a total of 7 measures of effectiveness that
were tested with each repetition, 4 for mobilityda® for the environment. The mobility measures are
tested to ensure that results are consistent whir studies and do not have an impact on theclifde
assessment. The mobility MOEs are total delayoar$, number of stops, average speed in kilometers
per hour, and total travel time in hours. The smvinental MOEs are carbon dioxide emissions in
kilograms, fuel consumption in liters, and fuel @omy in miles per gallon.
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3.2 Safety I mpact Assessment

Transportation safety is challenging to evaluatee ost straightforward way to evaluate safety
would be through archived crash data analysis. Mewebtaining such archived data would require
tremendous efforts. To overcome such a challengénm@n and Head (42) proposed a simulation-based
safety surrogate assessment model (SSAM). Giventrtjectory record of each individual vehicle
obtained from microscopic traffic simulation moddlee SSAM program evaluates i) surrogate measures
such as time to collision (TTC), post encroachmémie (PET), maximum speeds, and maximum
decelerations to determine crash events, and aghcangles to determine crash types as depicted in
Figure 6. The performance of the SSAM program wasrgned through simulation-based case studies

covering various intersection geometries, traffinditions, and operational strategies, and denetestr
remarkable performances.
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Figure 3 SSAM program vehicle interaction (43)

This research incorporated two software prograinsn ilntelliDrive simulation test-bed utilizing
VISSIM, a commercial microscopic traffic simulat@8) and ii) the SSAM software for evaluating the
safety impacts of the CVIS-based intersection aimtrThe latter was developed by the Federal
Highways Administration (FHWA) based on the framekvof Gettman’s research (43). The former was
developed to assess the potential benefits of MkS-®ased intersection control algorithm (18). dt i
assumed that all vehicles in the test-bed can carwate with one another and with the infrastructure
addition, all vehicles are assumed to be equippidu tve necessary cooperative adaptive cruise aontr
device to allow the vehicle to manipulate its oyweed, acceleration, and deceleration.

Once the simulations were complete, the resuttimjgctory data of each individual vehicle was
run through the SSAM software to determine whaetyafssues may exist. The way in which SSAM
software identifies conflicts is that it analyzeacle vehicle interaction found in the trajectoryams
from the microscopic traffic simulation softwarehel two measures that are evaluated are i) time to
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collision (TTC) and ii) post encroachment time (PETime to collision is a measure of seconds that
vehicles would have to continue behaving as they tar collide with one another. The maximum
threshold value of TTC to identify a crash wasatetl.5 seconds. The post encroachment time isritee t
required for the lead vehicle to leave a positind the following vehicle to occupy that positiomdger
post encroachment times are more dangerous. A PBIseconds was used as a maximum threshold
value (43). The conceptual workflow of the simuwdatis illustrated in Figure 7.

MPORT

Si lati
imulation :D SSAM —>

Event File(s)

Figure 7 Conceptual Workflow (43)

Five repetitions of each volume case were simdlatéach repetition was 30 simulation-minutes
long. To compare the performance of the CVIS-basedrol, actuated control system was used for each
volume scenario. The timing plans for the actuamégrsection controls were developed by the Synchro
program (40)

3.3. Comparative Life Cycle Assessment

The second task is to conduct a comparative lillecpssessment of a cooperative vehicle-
infrastructure system control at intersection idalg automobiles to the current intersection
infrastructure and automobiles. As discussed énliterature review, there are two major types GRls
that could be used, process or economic input-outpBoth types have their advantages and
disadvantages, so deciding which one to use idectgihg. To help in this decision making process a
comparative LCA exercise is presented. For ther@se a process LCA is done comparing halogen
incandescent light bulbs, the former industry staddor traffic signals, to LED signal faces, whish
becoming the popular choice.

3.3.1 Process LCA Exercise: Traffic Signal Lighttu

Before conducting the life cycle assessment desdrib the goals of this research this exercise
on process LCA of traffic signal light bulbs wasndacted. The goal of this exercise was to better
understand process of life cycle assessment apdnieke key decisions regarding the methodology of
the vehicle-intersection LCA which follows.

Incandescent bulbs have been used in traffic sigsalce the origin of the traffic signal.
Currently, incandescent bulbs that are still in irsdraffic signals are halogen incandescent bulbs,
although many have been switched over to LED sigaaks. The benefit of using a halogen
incandescent bulb over other incandescent bultisaisthese bulbs are less likely to blacken dutise.
Typical incandescent bulbs blacken over time. TDaskening is caused by deposits of tungsten heavi
the hot filament for the cooler bulb and stickihgre on the bulb surface. Halogen incandescebsbul
have a small volume of halogen gas, on the ordéfobf the total volume, in the bulb while the rebt
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the volume is filled with inert gas. This 1% hadoggas is enough to cause a halogen cycle to lbdwgn

the light is turned on (44). The halogen cycleibggvhen tungsten molecules leave the filamentthWi
the halogen gas in the bulb, the tungsten combivitts the halogen molecules and forms a tungsten
halide which by nature stays near the filamenterathan sticking to the inner bulb surface (44heT
obvious benefit of using an incandescent light bwbuld be the initial purchase price which is
approximately $12 per bulb (45) compared to the Ldfhal faces which range from $37 to $70 in price
based on the color (45). Also, there was a timenll traffic signals were outfitted for incandest
bulbs so that could be perceived as a benefitiofjuacandescent bulbs.

Light emitting diodes give off light produced by wiog electrons and the principles of
electroluminescence rather than by heating a naqtgt6). LEDs are a product of the semiconductor
sector and require similar high grade materialstegal’y manufacturing (46). The benefit to usindsE
where incandescent bulbs were once used is thatsUiE#Ye a much longer life (45). None of the
problems with blackening bulbs happens with LEdso, LEDs can withstand environmental hazards
that incandescent bulbs do not cope well with. &amample, traffic signals have to withstand shaking
during inclement weather conditions and this oftamages incandescent bulbs.

The drawback to LEDs is that to achieve the sawe lgf brightness or luminous intensity as an
incandescent bulb “several hundreds” of LEDs arpiired (47). For this analysis a General Electric
Model: DR6-GCFB-20A green LED traffic signal facaswdisassembled to determine that the signal face
requires 120 5mm LED lights to achieve the brighsnimat the ITE requires for a traffic signal fé48).

With this information, conducting a comparative LOGA halogen incandescent traffic signal light
bulbs verses the equivalent LED traffic signal faeemed relevant and useful for transportatiorséeei
makers.

3.3.1.1. Goal and Scope

The goal of the LCA is to determine which light lIbuhalogen incandescent or LED, is the best
option for traffic signal faces based on the lifgle global warming potential of each. Other non-
guantitative benefits and drawbacks of each optithalso be addressed. The scope of this LCAois t
account for all emissions to air that have globatming potential overall lifecycle stages. Basedtan
generic lifecycle shown in Figure 3, this LCA acntad for raw materials acquisition, manufacturing,
use, and disposal. As stated, a process LCA waducted using SimaPro (24) and the Ecoinvent
database (27). Additionally, an analysis of costsoaiated with each of these technologies was also
discussed.

3.3.1.2. Inventory Analysis:

To begin the inventory analysis the product systéeach light bulb type must be determined. A
product system consists of all of the processegssaey to acquire raw materials and manufacture a
product with its components. Figure 8 shows tharpct system for a halogen incandescent light bulb.
This diagram shows all of the steps from raw matgracquisition, through the entire manufacturing
process, right up to the completed product. Tigisré is lacking some detail in how raw materiaks a
acquired, what machines are being used at vari@mufacturing steps, the mass of materials required,
and the magnitude of energy input at each stepes@idata requirements were able to be overlooked
because SimaPro software and the Ecoinvent databeseultimately used to conduct the LCA. It will
be explained how SimaPro and the Ecoinvent databasle this possible in greater detail.
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The product system for manufacturing an LED is momire complicated. LEDs have become
very popular in recent years and now can be foundwmnerous electronics, in automobiles, on everyday
signs, and in homes. Improvements are still beiade to the manufacture and production of LEDs with
companies competing to find the most efficient aost effective solution. For these reasons it veayg
challenging to find specific information about fhecesses necessary to produce an LED. However, an
overview of the necessary processes is presented (4

Light emitting diodes are a semiconductor technplibgt works on the principle that as electrons
move around they generate a small amount of ligkpipropriately, the first step in making an LED is
making a semiconductor wafer. Simply speakings fitocess consists of mixing together a solution of
gallium, arsenic, and phosphor in a high heat agll pressure chamber (46). Liquid boron oxidesisdu
to seal the solution so that the elements of thisa are forced together. Finally, a rod is gldén the
solution and slowly removed and cools forming dngdfical crystal ingot better known as a boule, ahhi
is sliced into thin wafers (46). After this poitite wafers are polished and cleaned to remove any
imperfections that will prevent the LED from workiproperly.

Once the initial wafer is produced it goes throagprocess called Liquid Phase Epitaxy (46).
This process allows for new layers of semicondutbogrow on the initial layer with 1) the correct
crystalline orientation and 2) the necessary imjasribuilt to create an environment where electraitls
want to move around, creating light while they do(46). While this is happening, the entire wager
drawn through a molten gallium, arsenic, phospbart®n on a graphite plate.

Once the semiconductor is finished, metal contacts added through a process of using
photoresist patterns to protect the wafer, evaparanetal into the unprotected areas and ultimately
removing the photoresist (46). The semicondudtentgoes through an annealing process so that the
metal bonds to the semiconductor. The wafer is nomplete and may be cut into smaller segments
called dies which will be used to make the LED.eThe can then be mounted on metal lead wires and
sealed inside a plastic bulb.

Figure 9 Light Emitted Diode diagram (46).
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Both of the product systems show how quickly a $ntife cycle assessment of two light bulbs
can become a tedious and timely endeavor. To Kaspexercise relatively simple, a unit process for
each of these products was found in SimaPro, mueeifscally in the ETH-ESU 96 database and the
Ecoinvent database. The ETH-ESU 96 database waprétursor for the Ecoinvent database, and the
ecoinvent database still references some procésseETH-ESU 96. For the purposes of this exercise
using the unit processes with alterations was@afit for modeling the overall product system.

To model the halogen incandescent light bulb th& process for producing a 60 watt
incandescent bulb was used as a starting poinis it process provided the elements necessary to
produce an incandescent light bulb and what quaotieach element. The major differences between a
typical incandescent bulb and the halogen incamaédmulb are the type of glass the bulb is made fro
the mixture of gases in the bulb, and the quanfittungsten making up the filament. A higher sgthn
glass was substituted for the original glass, logpgas and bromine gas were substituted for thenarg
gas used in the incandescent bulb, and the malaroént elements was doubled to represent the caoll
filament of the halogen incandescent bulb as opptséhe straight wire filament. Looking back teth
generic life cycle, this LCA is complete througle tfabrication stage. However, this unit process al
includes processes to account for disposal ofigie bulb, so that information is also accounteddb
this time. It is assumed that the light bulb i$ mxycled or reused, simply disposed to a landfill

To model the LED light an LED unit process was uséthout alteration. This unit process is
specifically for 5 mm LED lights which is the sarsige LED light used in a typical LED traffic signal
face. This was determined by disassembling a GBE tr&ffic signal face model DR6-GCFB-20A. This
is enough information to illustrate the productteys of the LED bulb through the fabrication stagiéke
the incandescent bulb, the unit process for the bEID also accounts for disposal so that infornmaiso
also accounted for at this time. Once again,assumed that the light bulb is disposed of tandfli.

The use stage for both light bulbs is simply deteesh. The halogen incandescent bulb draws
about 150 watts and has a useful life of about@¥ liours (49). Although each bulb draws 150 watts,
only one bulb is on at a time so the traffic sigasla whole draws about 150 watts of power. Gilaen
information, a halogen incandescent traffic sigmsgs about 2250 kWh of electricity in its lifetina,
9180 megajoules of energy.

On the other hand, the LED signal face, comprised20 LED bulbs uses 10 watts of energy for
the red signal face, 22 watts for yellow, and 12tsvaf electricity for the green face (50). Toetetine
how many watts of electricity are used per sigaakfa fictitious signal timing was used to deteamin
what proportion of the time each light is on duragycle. If one phase consists of 23 secondsgBee
seconds yellow, and 24 seconds of red and a tpti &ength of 50 seconds then the light is greg#t 4
of the time, yellow 6% of the time, and red 48%taf time. A weighted averaged is then taken respult
in just until 12 watts of electricity per signatta For simplicity it is assumed that each sidaet uses
12 watts of electricity. With a 50,000 hour lifeé0j, and each face drawing 12 watts of electrittity
traffic signal uses about 600 kWh of electricity 2k60 megajoules of energy. The global warming
potential of the use stage is dependent on howeldwtricity is produced. Over 50% of electricitythe
United States is produced using coal (51). Fa tbason, electricity generation using hard coal the
unit process found in SimaPro, also a member oEtt@nvent database, to model the global warming
potential of the use stage for each light bulbecElcity generation is measured in megajoules.

As stated in the Goal and Scope, a brief cost aitaly also being done to better understand how
product cost may affect the decision making pracéssjuote from RGA Inc. revealed that incandescent
bulbs cost approximately $12 per bulb, while thstad one LED signal face can range from $37 to $70
depending on the color of the signal face and duyaf®3). Economies of scale will affect the cost
either bulb type. $53 was assumed to be the azquace per signal face for LED signals. Also, tost
of electricity had to be determined to accountthar lifetime cost of each bulb. The cost of eieittr is
about $0.10/kWh (51).

24



3.3.1.3. Impact Assessment
As stated, each light bulb is being analyzed fergiobal warming potential (GWP).

warming potential is measured in kg €€quivalents and is a weighted average of the faoita that
contribute to global warming with carbon dioxideths standard for comparison. The weight of each
pollutant that contributes to global warming isetetined by how much impact a mass of that compound
has on global warming compared to carbon dioxiger example, the damaging environmental impact of
nitrous oxide is 289 times that of carbon dioxideeg a 20 year outlook (52). Therefore global wiagnm
potential is a weighted sum of the greenhouse gam®sibuting to global warming. Table 2.14 fronet
Intergovernmental Panel on Climate Control's fousdsessment report, work group 1, 2007 lists the
gases that are considered in the calculation dfaylovarming potential (52). SimaPro offers several
methods for users to evaluate their LCA, one ofcwhis the IPCC 2007 GWP 20a, which is global
warming potential based on the IPCC 2007 assessi@ntear outlook. This is the method that was
used to evaluate the results of this LCA. The tesufl this analysis are shown in Figure 10, the dijcle
before use is included. It is very apparent thatfabrication of and LED light bulb is much moresy
intensive than that of the halogen incandescent. blhe description of the product system convhis t
point very well. In addition, Figure 11 shows thdire life cycle including the use stage. Thikesathe

fabrication energy seem insignificant compareceénergy required to operate the signal.

Lifecycle without Use
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Figure 10 LCA of Halogen Incandescent Light Bulld &fD light bulbs excluding use stage.
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Lifecycle Impacts: One Signal
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Figure 11 LCA of Halogen Incandescent Light bulld &&D light bulbs.

Figure 12 makes it clear that the higher wattagaridescent light bulbs have a greater impact on
the environment over a life time of use. Howevhese Figures do not take into consideration that o
incandescent bulb does not last as long as onedifital face. Field experience suggests that tHe LE
signal face last about 5 years while the halogearidescent bulbs only last about 1 year (45). Some
reasons for this are that incandescent bulbs det¢ei faster due to frequently being turned on @ffid
(45). Another common problem that incandescertidsuffer from is the shaking and jarring movement
of the traffic signal, which easily breaks the indascent bulb (45). Knowing that the LED signaefa
last five times longer than incandescent bulbs gbeaithe results of this LCA, shown in Figure 10.

Lifecycle Impacts: One Signal, duration of LED Signal Life
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Figure 12 LCA of Halogen Incandescent light bulld &&D light bulbs normalized to LED lifetime.

Finally, a lifetime cost analysis was done for edight bulb type. The cost of the halogen
incandescent bulb is the cost of the lifetime & tED signal face, and that is represented in Eid
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illustrating the life cycle cost of each option.€Ttotal cost is a sum of the product cost and lbetrecity

cost.

Lifecycle Costs: One Signal, duration of LED Signal Life
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Figure 13 Lifecycle costs of each light bulb ovee tifetime of one LED signal face.

3.3.1.4. Interpretation

As the results show, despite the higher fabricatiemands in terms of energy and emissions to
the environment, LED light bulbs are the betterichdor traffic signals. These signal faces achithe
same brightness as its incandescent predecessmutvihe blackening or the fragility resulting ifife
that is five times longer. Furthermore, these dulbquire less than one tenth the energy of the
incandescent bulb, and those savings add up olfetiene. The results of this case study are tgpimf
new technology. Digital technologies often willquére greater manufacturing and fabrication energy
while using less energy over the product lifetime.

In terms of life cycle assessment as a methodvaluating the environmental impact of various
products or services, this LCA exercise has ilateti how great the attention to detail must bedleoto
arrive at a solution that can accurately reflecdpict impacts. The time, detail, and researchireduo
complete this exercise was taken into consideratioen developing a methodology for assessing the li
cycle environmental impacts of cooperative vehégid infrastructure technology.

In order to complete an LCA on an infrastructurstegn using the process LCA method, the
attention to detail shown here has to be givenattheand every intersection component. This poses a
challenge because some components, hamely theosliestand computing devices, are not available to
examine, and the producers of these components hialy will not be cooperative in sharing
information about their product. Completing a mssLCA on every light bulb, wire, traffic cabinahd
DSRC device (to list a few) is not feasible in tirae limits of this project. Additionally, thers ino
promise that investing all of the additional tinmatt would be needed to complete a process LCA would
lead to an increased understanding of vehiclefoastructure lifecycle impacts.

EIOLCA is an appropriate choice for this studytioree reasons. First, EIOLCA is more suitable
for evaluating large scale projects; entering tbenemic value of something as small as a light halb
the EIOLCA function would not produce noticeablepiuts. Roadway projects worth hundreds of
thousands of dollars could be better evaluateaor®k the process LCA shows impacts for each sihge
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the product life. If one were studying the chandasgng a single stage of a product’s productioa th
granularity of the process LCA would be necessarhis project, however, is substituting whole
components for one another, this can be analyzedigh EIOLCA. Third, the accuracy of any LCA is
based on the accuracy of data input. Studies baea done on the cost and benefits of implementing
IntelliDrive systems in the US. Accurate pricingta from reliable sources is available to inputhie
EIOLCA. Therefore, economic input-output life oy@dssessment is the chosen method of LCA for this
study.

The sections that follow detail the methods usedamplete the EIOLCA on the cooperative
vehicle-infrastructure system and the current partation system.

3.3.2. Goal and Scope

The goal of this LCA is to determine how the tramfial transportation infrastructure system
compares to a cooperative vehicle-infrastructustesy in terms of C@emissions and energy use. The
traditional infrastructure system is made up ofiglels whose movements are governed by a traffic
signal, likely an actuated one. The cooperativi@ale-infrastructure system is made up of coopeeati
vehicles whose movements are governed by a roadsiile Carbon dioxide and energy use will be
referred to as the impacts. Both of these scepassume that there is no intersection controbdyre
present, which is unlikely. A third scenario calesid is the conversion of the current transponati
infrastructure to a cooperative system. Realifjicgeaking, this is probably the most likely saga to
occur if cooperative infrastructure were implemente These comparisons are valuable because
IntelliDrive technology has potential to reducelfaensumption during vehicle use; however, requires
greater communications electronics and computingepon order to make mobility improvements
possible.

The scope accounts for the lifecycle from mater@ttraction through the use portion of the
lifecycle. The remaining stages, disposal, retesgycling, and landfill, will not be addressed listLCA
because those stages are identical for both sosnaiThe vehicle, current or cooperative, would be
scrapped for recycle and reuse. The OBU woulddsed in the same way as any of the other eldéctron
components that make up vehicles today. In ternisfrastructure, controller equipment is repaigetl
refurbished many times over its very long life &@8U equipment would see the same treatment. Also,
the assumption were made that all components adfillad once they can no longer be refurbishechthe
that would not impact greenhouse gases emissioesangy use. Because the end-of-life processes in
each scenario are the same, they will not be aedlyZor the current and cooperative vehicles, glesin
vehicle will be the functional unit. For the indections a complete intersection is the functiamat.
Ultimately, the impacts of the intersection LCA Mille divided over the number of vehicles that are
estimated to use each intersection.

3.3.3. Inventory Analysis:

The primary task in inventory analysis is dataextibn. Three reports were the key to the data
collection process (14, 53, 54). Each of theseethiesources provides very detailed informatioruabo
the components, installation and pricing for the WDBnd RSU. The Virginia Department of
Transportation (VDOT) Bid database was used forerurinfrastructure pricing estimates (55).

This analysis consists of three possible scenarios.
1. Current Scenario: a current vehicle operatingsigaalized intersection.

2. Cooperative scenario: cooperative vehicle-infrattme system, an OBU equipped
vehicle operating at a cooperative intersectiom \RSU.
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3. Conversion scenario: Result of converting tradaioinfrastructure to cooperative. This
scenario assumes cooperative vehicles.

The assumption to test scenarios with 100% codpehatequipped vehicles was necessary for
the CVIS test-bed to work properly. Additionaltitjs assumption is not an unreasonable one given th
the USDOT is moving towards mandating that new aleki being manufactured come equipped with
IntelliDrive communications equipment so that thesdl be vehicles ready to use IntelliDrive
infrastructure once installed. This mandate catgat as soon as 2013 (56).

The difference between the current vehicle and dbeperative vehicle is quite simple, the
cooperative vehicle is outfit with an OBU. Theiiridual components of the OBU are explained in this
section. The differences between the currentsetdion and the cooperative intersection may be les
apparent. A signalized intersection consists @f thovious traffic signals, mast arms, poles, and a
controller box, as well as, lengths of pipe andewibelow ground that allow the system to operdtee
cooperative, IntelliDrive equipped scenario, wonidd require the same components. Because thel@ehic
and the infrastructure are communicating, traffignal heads are obsolete. The cooperative system
would require only an RSU, which is comprised ofegal electronic components housed in a cabinet,
and a pole to mount an antenna on in order to arddeceive information.

To simplify the analysis, the various elements did into subsystems: automobile, OBU,
signalized intersection, cooperative intersectarg conversion intersection. The conversion istdign
reflects the costs of removing unnecessary infuagire and installing the components necessary for
cooperative operations. Pricing was determineduisystem as described below. Tables showing the
complete list of items evaluated can be found eappendix.

3.3.3.1. Automobile

First, the price of the vehicle is the Kelley BIBeok base invoice price of an average 2009
passenger vehicle, represented by the Ford Tabiv)is This price eliminates unnecessary taxes aod p
hikes that do not reflect emissions, simply profits

The only difference between the current availabl®mobile and a cooperative automobile is the
fuel efficiency, mpg, of each and the addition lbé tOBU to the cooperative vehicle. The general
framework for an automobile EIOLCA was found in X28nd built upon with the cooperative technology
components.

3.3.3.2. OBU

The OBU has been priced at $50 for an LCD dispgagdio antenna, a positioning device, and a
data processing unit. This estimate is from th®O$% cost benefit analysis (53) and represents tisé ¢
at the assembly line.

3.3.3.3. Signalized Intersection

Pricing for all of the components of the curreneisection was found in the Virginia Department
of Transportation Bid database (55). This datalmae itemized record of what contractors haveftid
jobs statewide for the last three years.

The total cost of each intersection scenario shoatbe taken as an appropriate estimate for the
cost of constructing a signalized intersection. ewdoing a comparative LCA it is entirely approfwito
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ignore redundant costs, costs that are necessafyofh scenarios. Many redundant costs have been
ignored as well as costs related to design workpeliminary engineering. The components that make
up the current intersection and the cooperativersetction for this study are alternatives for onetlaer.

A final note about ignoring redundant costs, far #utomobile section of this analysis it would hbgen
completely appropriate to ignore the cost of th@obile, maintenance, and insurance, howevergthos
costs were included as part of this study to béttetrate EIOLCA.

3.3.3.4. RSU:

The RSU pricing estimates came primarily from khiellimotion article mentioned earlier (54).
This article provides average pricing for the neaeg components to install a working RSU. The ones
described were constructed for a test corridoratif@nia. Only one key cooperative componentas n
specifically listed in this article is the multibdheonfigurable networking unit, MCNU. This compahe
is the ‘brains’ of the RSU operations. Becauseipgi data for this component was not available from
any retailer, it was estimated at $5,000 a pric tme may expect to pay for a highly sophisticated
computer with a great deal of computing capacity.

3.3.3.5. Conversion:

The conversion scenario assumes cooperative vehidonversion describes the components
needed to change a signalized intersection intooperative, IntelliDrive equipped intersection. eTh
majority of the construction costs are no longezdesl because wiring, electricity, and foundatioms a
already present. This scenario is most likely whidit occur as IntelliDrive technologies are depaoly
The pricing for this scenario draws from the sigread and cooperative scenarios.

3.3.4. Impact Assessment

Once costs for all components of all subsystem® i@ind, they are converted to 1997 dollars
so they can be input into the Carnegie Mellon’seBrBesign Institute EIOLCA tool (29). Both the web
based tool and the MATLAB function tool were usedcomplete this process. The tool requires 1997
dollar costs to an economic sector and outputsocegimissions data and total energy data. The bigtpu
tabulated to see where potential weaknesses exidi@v improvements could be made.

3.4 Automobile Use as Stage of LCA

The first step to integrating the results from taskto the LCA was to develop an aggregate fuel
economy. Task 1 tested 8 different volume casdsobly one fuel economy can be taken into
consideration. The aggregate fuel economy is tsegtermine how much fuel must be purchased over
the lifetime of the vehicle. Fuel production mbst taken into consideration as part of the lifeleyc
assessment because that process also contribugesetthouse gas emissions and global warming. The
aggregate fuel economy was determined by doingightexl average of all 8 volume cases. Weights
represented the portion of time each day that &icpdar volume case might be taking place at an
intersection.

In order to estimate the price of gasoline, siaistbout the wholesale price of gas were found in
the Energy Information Administration (EIA) Shoerin energy outlook report. The price per gallon of
fuel was found to be $1.761 in 2009 (58). Thisuea¢xcludes taxes and small price hikes by gasoline
providers for profit, leaving only the producerqgai Taxes and price hikes inflate the outputshif t
analysis. The price of gasoline is so variablenflane year to the next that the 2009 price is asduim
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be constant over the entire lifetime of the vehickRegardless of the price of fuel in a year, bt
convert to approximately the same value in 199Tadolfor using the EIOLCA tool. Lifetime vehicle
miles traveled was determined using AAA informat{68). Given the fuel economy calculated and that
the average life of an automobile is about 16.T e total lifetime costs of a vehicle can becakdted
(60).

To maintain consistency throughout the LCA, the,@@issions and fuel consumption of both
the control and cooperative vehicles was calculbted on the number of gallons of gas that thieleeh
is assumed to use over its lifetime. One gallonegiilar, unleaded gasoline emits 8,788 grams of CO
into the atmosphere (61). Similarly, the energg bg the vehicle can be calculated using the tifeti
gasoline use multiplied by 120381.890 kilojouleseokrgy per gallon of gasoline (62). By using this
method it is clear that the amount of gasoline dpgaid for is the same as is being used over teefi
the vehicle.

Finally, the last two costs that need to be acamirfor over the vehicle use period are
maintenance and repair costs and insurance cdstsociation, AAA, has released a 2009 edition of
“Your Driving Costs” outlining other costs of drivg (59). This resource was used to estimate the
average cost of annual maintenance and insuraneedidver.

One additional assumption is that the owner woalgehto replace the OBU once in the life of the
vehicle; this is not unreasonable because mankeofrtechanical parts of the vehicle are fully repthc
one or more times. Also, maintenance costs aimastd at approximately $1 per year (53).
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Chapter 4. Results
4.1. Microscopic Traffic Simulation

This section involves simulating and analyzing &iste-infrastructure communication network
that is made up of Cooperative Adaptive Cruise @brtCACC) and wireless communication enabled
vehicles operating in communication with Roadsideité) (RSUs). To test the potential of this
technology, 8 volume cases of varying volume-toacity (v/c) ratios, were tested for the following 7
measures of effectiveness: total delay, numbertapss average speed, travel time, carbon dioxide
emissions, fuel consumption, and fuel economy. r FEduithese measures address mobility and the last
three address environmental impacts. The lisbafme cases is listed previously in Table 1.

The following Tables 2 through 9 summarize the ltsxf each case tested.

Table 2 Case 1 results and statistical analysis

Case 1: Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. DeV D Improve
Average speed [km/h] 48.4 2.4 40.7 0.2 0.002 19%
Number of Stops 1123.6 977.8 4826.2 287.5 0.001 77%
Total delay time [h] 3.5 4.1 19.3 0.8 0.001 82%
Total travel time [h] 66.4 4.3 79.1 2.3 0.001 16%
Emissions CO2 [kg] 808.4 81.5 1094.8 36.5 0.001 26%
Fuel Consumption [kg] 373.6 40.5 508.5 17.4 0.001 7%2
Fuel Economy[mpg] 19.0 1.8 14.9 0.105 0.000 22%

Table 3 Case 2 results and statistical analysis

Case 2 Cooperative Control Actuated Control
v/c ratio = 1.01 Mean Std. Dev Mean Std. DeV p Improve
Average speed [km/h] 44.4 3.1 40.2 0.3 0.040 10%
Number of Stops 2598.4 1162.2 4229.6 130.2 0.034 9% 3
Total delay time [h] 0.9 2.1 20.8 0.7 0.000 96%
Total travel time [h] 76.4 6.1 84.9 15 0.033 10%
Emissions CO2 [kg] 991.9 113.9 11314 20.1 0.051 2%1
Fuel Consumption [kg] 464.5 57.1 523.0 9.4 0.083 1%1
Fuel Economy[mpg] 16.2 1.4 15.4 0.1 0.047 5%
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Table 4 Case 3 results and statistical analysis

Case 3: Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. DeV p Improve
Average speed [km/h] 50.8 1.3 40.3 0.1 0.000 26%
Number of Stops 442.8 271.3 4302.4 1924 0.000 90%
Total delay time [h] 0.5 0.9 18.2 0.4 0.000 97%
Total travel time [h] 59.2 2.1 73.7 1.2 0.000 20%
Emissions CO2 [kg] 681.6 50.6 1009.7 17.0 0.000 %33
Fuel Consumption [kg] 310.6 25.9 468.4 7.8 0.000 4%3
Fuel Economy[mpg] 22.4 1.4 14.9 0.1 0.000 33%
Table 5 Case 4 results and statistical analysis
Case 4 Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. DeV p Improve
Average speed [km/h] 51.6 0.5 42.0 0.2 0.000 23%
Number of Stops 170.0 78.3 3691.4 198.4 0.000 95%
Total delay time [h] 0.0 0.0 15.1 0.4 0.000 100%
Total travel time [h] 53.3 1.7 66.7 0.7 0.000 20%
Emissions CO2 [kg] 606.0 21.4 923.4 11.8 0.000 34%
Fuel Consumption [kg] 275.5 10.2 428.5 5.8 0.000 6%3
Fuel Economy[mpg] 23.7 1.1 15.4 0.1 0.000 35%
Table 6 Case 5 results and statistical analysis
Case 5: Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. DeV p Improve
Average speed [km/h] 52.0 0.5 40.3 0.2 0.000 29%
Number of Stops 129.6 84.7 3340.6 77.4 0.000 96%
Total delay time [h] 0.0 0.0 14.4 0.2 0.000 100%
Total travel time [h] 50.1 0.7 61.5 0.6 0.000 19%
Emissions CO2 [kg] 551.3 18.8 833.2 10.0 0.000 34%
Fuel Consumption [kg] 248.3 10.0 385.5 4.7 0.000 6%3
Fuel Economy[mpg] 24.6 0.9 15.1 0.1 0.000 39%
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Table 7 Case 6 results and statistical analysis

Case 6: Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. DeV p Improve
Average speed [km/h] 52.1 0.5 41.7 0.1 0.000 25%
Number of Stops 98.0 85.5 2824.8 43.1 0.000 97%
Total delay time [h] 0.0 0.0 12.3 0.1 0.000 100%
Total travel time [h] 44.7 1.1 56.2 0.2 0.000 21%
Emissions CO2 [kq] 493.2 16.6 762.8 3.1 0.000 35%
Fuel Consumption [kg] 222.2 8.2 352.6 15 0.000 %37
Fuel Economy[mpg] 24.8 0.4 15.7 0.1 0.000 37%

Table 8 Case 7 results and statistical analysis

Case 7 Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. Dey p Improve
Average speed [km/h] 51.8 0.2 40.9 0.3 0.000 27%
Number of Stops 6.8 5.5 2360.0 59.9 0.000 100%
Total delay time [h] 0.0 0.0 9.5 0.2 0.000 100%
Total travel time [h] 35.8 1.1 441 0.7 0.000 19%
Emissions CO2 [kg] 389.0 11.8 606.8 11.9 0.000 36%
Fuel Consumption [kg] 173.9 54 280.8 5.7 0.000 %38
Fuel Economy[mpg] 24.7 0.4 15.1 0.1 0.000 39%
Table 9 Case 8 results and statistical analysis
Case 8 Cooperative Control Actuated Control
v/c ratio = 0.97 Mean Std. Dev Mean Std. DeV p Improve
Average speed [km/h] 51.6 0.3 42.2 0.3 0.000 22%
Number of Stops 7.0 6.9 1927.4 31.8 0.000 100%
Total delay time [h] 0.0 0.0 7.7 0.1 0.000 100%
Total travel time [h] 29.9 0.7 37.5 0.6 0.000 20%
Emissions CO2 [kg] 333.1 8.0 516.9 9.4 0.000 36%
Fuel Consumption [kg] 150.0 3.7 239.0 4.3 0.000 %37
Fuel Economy[mpg] 24.1 0.3 15.5 0.1 0.000 36%

These tables show that most of MOEs showed stailsti significant improvement in the
cooperative infrastructure scenario. This analisibased on an unpaired t-test of two populatioins
unequal variance. The improvement percentage sdoais the absolute value of the change in mean over
the mean of the control scenario. Finally, theimim required sample size was determined for 95%
confidence based on a 2.41 kph acceptable errcavierage speed. This calculation for average speed
sample size suggested that only 4 samples wouldetaired for 95% confidence in speed. After
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completing 5 repetitions, this minimum required plamsize made it clear that no further repetitions
would be required for statistically significant ués. Since all MOEs had low standard deviatidnis t
number of repetitions was accepted.

Compared to the actuated control system, the C\dk®th control dramatically reduced the total
delay times for each volume case: i.e., from 82%00% delay time savings observed. Total travettim
improvements ranged from 10% to 20%, dependingatumnve conditions. Note that the total delay times
are defined as a sum of the standstill times dueotmestion at the intersection. Given that the £VI
control algorithm is designed to keep vehicles sirgsthe intersection without any risks of crasisesh
huge savings obtained from the total delays prakespromising benefits of the proposed CVIS-based
control algorithm.

The CVIS-based control algorithm improved air qyalind energy consumption. As a result,
ranging from approximately 12% to 36% of €€mission reductions were estimated for the voloases
considered. In addition, it was assessed that abitdtto 37% of fuel savings were expected. Obvigusl
such benefits would result from the reduction aigestion at the intersection.

Despite the promising benefits shown in the mabdihd sustainability performances, the CVIS-
based control appeared to decrease the intersesafety as summarized in Table 10. For each volume
case, the average TTC of the CVIS control is rapdiom 0.25 to 0.82 seconds, whereas that of the
actuated control is from 1.29 to 1.41 seconds. I&ityithe PET values of CVIS control are all lekart
the actuated controls. Note that shorter TTC and@l PHicate more dangerous situation. However, the
number of crash events for each volume case waseddexcept the Case 1, which is appeared to be
statistically insignificant. As a result, the numlwd crashes was dramatically decreased by the €VIS
based control dramatically, ranging from 33% to 8dé&pending on traffic congestion conditions. Note
that the number of crash events means the likelihafopotential crashes and it increases when the
frequency of TTC less than the maximum TTC thredhiotreases. Thus, while the CVIS-based control
incurred more dangerous situations, its frequengie®e remarkably reduced, resulting in better gafet
conditions. This might be because the CVIS-basetdrabis designed to manipulate the maneuver of
each individual vehicle to guarantee its safetyditbion even when crossing the intersection at high
speeds.
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Table 10 CVIS control safety improvements

Case Mean TTC Mean PET Rear-End
(Sec) (Sec) Crashes

CVIS 0.82 1.23 1028

1 AC 1.41 3.08 732
Improvement (%) -42% -60% -40%

t-value 44.51 41.94 1.86

CVIS 0.76 1.79 536

5 AC 1.23 3.08 796
Improvement (%) -38% -42% 33%

t-value 37.34 40.41 1.88

CVIS 0.70 151 268

3 AC 1.24 3.07 679
Improvement (%) -44% -51% 61%

t-value 30.81 36.22 7.36

CVIS 0.56 1.04 172

4 AC 1.25 3.07 549
Improvement (%) -55% -66% 69%

t-value 31.48 42.57 14.03

CVIS 0.53 0.99 109

5 AC 1.26 3.07 492
Improvement (%) -58% -68% 78%

t-value 26.62 34.85 26.26

CVIS 0.47 0.88 94

6 AC 1.26 3.04 372
Improvement (%) -63% -71% 75%

t-value 26.85 34.50 10.06

CVIS 0.28 0.30 37

7 AC 1.28 3.13 287
Improvement (%) -78% -90% 87%

t-value 24.95 56.62 18.50

CVIS 0.25 0.27 29

8 AC 1.29 3.12 217
Improvement (%) -81% -91% 87%

t-value 24.19 52.90 28.17

4.2. Comparative Life Cycle Assessment

This task involves completing a life cycle assesgméautomobiles and infrastructure. This was
done through Economic Input-Output Life Cycle Assaent (EIOLCA). EIOLCA requires cost data for
each component of the product. The following pkitew each of the three scenarios tested: 1) Qurren
vehicle and infrastructure in Figure 14, 2) Coofiegavehicle and infrastructure in Figure 15, and 3
Cooperative vehicle and additional components redutio convert to cooperative infrastructure inure
16. The bar dividing the chart into a left andhtigsection separates vehicle from infrastructure
contributions. All cost data is located in the aypgix.
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Scenario 1: Current Automobile & Signalized Intersection
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Figure 14 Current Automobile and Intersection Isfracture EIOLCA results
Scenario 2: Cooperative Automobile & RSU Intersection
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Figure 15 Cooperative Automobile and Intersectitfnastructure EIOLCA results
Scenario 3: Cooperative Auto. & Converted Intersection
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Figure 16 Cooperative Automobile and Conversioersgction Infrastructure EIOLCA results
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Figure 17 Task 2 summary results

4.3. Automobile Use as Stage of LCA

Task 3 integrates the results from task 1 into fasls the use stage. In order to derive a single
fuel economy from the 8 cases tested a weightechgeavas taken of the 8 cases to simulate 24 lodurs
driving conditions. This resulted in a fuel econpoofi 15.94 miles per gallon for the current scemarid
23.021 miles per gallon for cooperative scenarigimy. The following three bar charts in Figure® 1
through 20 show how task 2 results are diminishethk high impact of automobile use. These charts
also show how important vehicle fuel economy ighte® environmental impacts of transportation. The

current transportation scenario has by far theekstrgmpact on the environment.
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Scenario 1: Current Automobile & Signalized Intersection
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Figure 18 Current vehicle and intersection infractiure life cycle C@and energy use
Scenario 2: Cooperative Automobile & RSU Intersection
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Figure 19 Cooperative vehicle and intersectioragifiucture life cycle CO2 and energy use

Scenario 3: Cooperative Auto. & Converted Intersection
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Figure 20 Cooperative vehicle and conversion itifuasure life cycle CO2 and energy use
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Figure 21 Task 3 summary results

Given that there are approximately 300,000 sigedlintersections in the United States (61) and
254.4 million vehicles (62), the per vehicle £@missions reductions and energy savings can be
calculated. Finally, Figure 21 shows how scendriadhe current operations, compares to both the
cooperative infrastructure scenario and the coiecenario, scenario 3.

The difference between scenarios is mostly depdraethe automobile fuel economy; therefore,
scenarios 2 and 3 are very similar to one anoth@rgpear very similar when compared to scenario 1.

To provide some perspective, for maple trees toesqgr this level of COemissions, 36 maple
trees would require 75 years to do o] (63).
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Chapter 5. Discussion

The results of this study show that implementinglatelliDrive based cooperative vehicle-
infrastructure control system could bring greatdfgro the environment in terms of carbon dioxide
emissions and energy use over the life cycle oflicle and the infrastructure components. An atmos
30% reduction in carbon dioxide emissions natiommbuld reduce COemissions by over 1 billion
metric tons per year.

5.1. CVIS-based Control

In all 8 volume cases tested as part of task lifgignt improvements were seen in all 7 MOEs:
total delay, number of stops, average speed, ttame| carbon dioxide emissions, fuel consumptanrg
fuel economy. Mobility improvements are unquesdiole. Total delay time is reduced to 0 hours in
some cases, and down 97% or more in more congeases. Number of stops has similarly high levels
of improvement over all cases. Average speed aaklt time have inconsistent, though always
significant, improvements under congested condstiom lower volume cases, average speed and travel
time improve by approximately 25%.

Taking into consideration that these improvemengsewobtained from the adjustment of the
driving maneuver of each individual vehicle to emshigh speed crossing at intersection, the CVIS
control would likely to result in dangerous siteais in terms of the safety aspect as indicatedwed
TTC and PET values in Table 10. However, the CMiStwl reduced the frequency of such dangerous
situations, resulting in 33% to 87% of rear-endshravents reductions. Such huge safety improvements
obviously came from the managed movements of iddali vehicle ensuring the safety gap between
vehicles provided by the CVIS control.

Carbon dioxide emissions reductions range from 1@%6%, with savings in increasing delay
during actuated operations increases. Fuel consommgductions range from 11%-38%, with savings in
increasing delay during actuated operations ineseaguel economy improved in all cases. Volume-to
capacity ratios below 1.0 showed larger improvesménfuel economy that the case over 1.0. However,
cases with low volumes, such as below 0.85, alswvet less impressive fuel economy improvements.
These trends are illustrated in Figures 22 thrd#fggh

One limitation to this research, however, is thegse values represent only tail pipe emissions.
This limitation is due to the nature of the VT Micmodel. This model uses a formula and a series of
coefficients to determine vehicle emissions. Thby @ariables that it takes into account are speed
acceleration. All other variables are assumedtaohs Other variables that could impact the eroissi
are environmental, the characteristics of the emwvirent in which vehicles are operating. A
predominantly rural environment can rely more higamn nature to help sequester carbon emissions and
results in overall lower emissions. A highly urkemvironment that is paved and exceedingly builbag
much lower potential for environmental carbon setpa¢ion, giving vehicle emissions their maximum
impact.
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5.2. Comparative Life Cycle Assessment

The motivation for this study was concern that adeitional production of semiconductors and
electronics required to implement an IntelliDriwestem would offset the benefits of IntelliDrive nility
improvements. What was not originally consideredswhow high the impact of infrastructure
construction would be on environmental impacts rofaistructure from a life cycle perspective. The
items that make up current actuated signalizeddatéion infrastructure are numerous. All of these
products have to be manufactured and installed;iwigiads to very high Gemissions and energy use.
The cooperative equipment is much less construgtiemsive requiring only a cabinet of computing
equipment and a mast pole with antenna.

5.3. Automobile Use as Stage of LCA

Finally, the integration of task 1 into task 2 ésth in substantial savings in G@missions and
fuel consumption. These savings come directly fthenimproved fuel economy that was determined in
task 1. The fuel economy for the cooperative sterveas 7 miles per gallon higher than for the entr
scenario. As stated in the previous section, &@issions and energy use resulting from semicdoduc
and electronics production in the cooperative stenwere already countered by the extensive
construction required by the current scenario. Kirogp at the bar charts, it is clear that the autbileause
stage dominates the emissions and energy useiddiféhcycle assessment. The LED exercise tumed
to be very telling of how the current and coopegrtvehicle-infrastructure scenarios were going to
impact the environment. In both cases the diffegein impact to manufacture the parts necessary for
each scenario was negligible. However, in bothegsathe improved product use was key to
understanding the impact of the product.

The sector that contributes the second most tosemis and energy use is petroleum refining,
also directly connected to miles per gallon of eis. Each vehicle operating in this system ccalke
up to 53 metric tons of carbon dioxide and over gdf&joules of energy over the vehicle lifetimen |
other words, almost 3300 kg of G@missions per vehicle each year and 47 gigajmflesergy use per
vehicle each year.

Another limitation of this study is that it only msiders a present vehicle and engine technology
for fuel economy determination. As the governmeiscusses future changes to the allowable fuel
economy of passenger vehicles, the results of thdysmay vary (64). Corporate Average Fuel
Economy, CAFE, standards for vehicle fuel econosgising. As vehicles achieve better fuel economy
the fuel usage for the control scenario will rissimilarly, the fuel economy for the cooperativersario
should rise also since both scenarios assume the satomobile. Ultimately, it is unclear how the
results may change, and whether the improvementsrshere would be diminished by overall improved
fuel economy.

43



Chapter 6. Conclusion and Recommendations
6.1 Conclusions

This research has shown the potential for Intelli®rbased cooperative vehicle-infrastructure
control systems to improve the environmental impaift transportation in the United States. As the
number 2 sector in emissions of carbon dioxide frmman related sources (3), the improvements shown
here could seriously change how the sector is Weared how the nation approaches issues of climate
change and global warming.

This research examined the performances of mylalid sustainability and assessed the safety
impacts of IntelliDrive-based urban traffic contsyistem. The CVIS-based control algorithm under the
IntelliDrive environment dramatically improved bdtte mobility and the environmental performances of
the urban corridor.

Up to this point there is little clear evidence tthatelliDrive applications will provide the
necessary change to achieve the “greener” godlst thas set for itself (4). Furthermore, therdirisited
research showing that IntelliDrive applications Idoimprove intersection operations. This research
shows that with mobility improvements on signalizetérsections corridors, the environmental impacts
of transportation will be reduced. The environmaérnimprovements are directly related to the delay
during actuated operations, higher delay allowsgf@ater opportunity to improve operations. Maagin
mobility improvements will provide marginal envinmental improvements.

To further challenge the true environmental impaxdt$ntelliDrive based cooperative vehicle-
infrastructure system technologies a life cycleeasment of the vehicle and infrastructure was cctedu
and showed that the two scenarios have similaastucture impacts, and that the automobile ugge sta
governs the environmental impact. Few studies liged life cycle assessment to evaluate infrastreict
Typically, LCA is used to evaluate individual prads, or alternative processes. This study budgated
intersection construction project for each intetise¢ an actuated signal and a cooperative intéosec
This information was then analyzed using econompui-output life cycle assessment. This method
could very easily be utilized by practitioners whe looking to better understand the environmental
impacts of comparable projects.

6.2 Recommendations

The report attempted many firsts for the field rinsportation and while it has answered many
guestions, the results also pose many new quedtiabsare recommended as future works. Generally
speaking, this attempt as using life cycle assessr® help quantify environmental impacts of
IntelliDrive technology successfully showed the higmpacts that automobile use has on the
environment. The transportation field should coni to pay special attention to environmental irtgpac
because, as this study shows, seemingly small gazian contribute in a big way. Further exploratio
into the use of LCA and other environmental impaatds in transportation is needed.

The first suggestion is that the cooperative vehiafrastructure test-bed used for this research
continues to be expanded upon so that the improvep@ential of this and other similar IntelliDrive
applications can be better understood. This rebeatlded some features, but there are still mae th
could be added for more realistic driving simulatio

Another opportunity for future works on this rep@tto test the impact that this system would
have on safety. As one of the three goals ofrtkaliDrive program, safety is another importardeaof
transportation that could have a strong positivpaat on society if it is improved. Though studis
suggest that safety could be improved, this hadaenh tested in an environment where the majofity o
vehicles are operating in a cooperative way.
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A suggestion for future work that related more diseto the work done here is to improve the
guantification of fuel economy. Fuel economy isdmaip of 55% city driving and 45% highway driving.
This study quantifies a facet of city driving; howge, it neglects highway driving. On a similar eot
changing traffic characteristics such as speed linaly or may not change the resulting impacts th bo
mobility and environmental impact.

Another option for future works is to integrate gees LCA into the analysis to create a hybrid
approach. Hybrid LCA utilizes both Economic Iniittput LCA and process LCA to achieve a result
that has some level of detail where it is needatiamtinues to use EIOLCA for areas that requiss le
detail. A more detailed analysis of scenario 3ldddomprove the understanding of where emissions are
derived from so informed decisions about how tolement IntelliDrive infrastructure can be made for
the benefit of the environment.

Lastly, further research should focus on the emwirental impacts of semiconductors and
electronics. This study focuses on the greenh@mase emissions and global warming impacts of
semiconductor and electronics production and matwfag. Though this is very important to society,
other forms of pollution should not be over lookeetause those forms are just as important to gociet
and need to be taken into consideration. Semiarincki require over 100 different material inputs,
including lead, mercury, arsenic, and other cagéms. If such metals and toxins are not propexgd
for then the risk is that these metals enter thems water and eventually the water supply thaiespts
built upon. Research should be done to understdrad impact mass production and disposal of RSU
and OBU equipment could have on the environmettiérfuture. Also, a plan for acquisition and prmope
reuse of these items after their perceived usiéuld over should be considered.

Although there are some new questions that needetanswered, this research still clearly
outlines some of the impressive greenhouse gasirggbenefits the IntelliDrive technology can hawe
transportation. C@®emissions have been linked to global warming. r&jucing CQ emissions in the
transportation sector by 30% dramatic change cbeldchieved without asking for dramatic changes by
commuters. Finally, this research illustrates ppliaation of life cycle assessment in transpaootati
which could open new opportunities for transpootagngineers to focus on environmental impacts when
planning and making decisions regarding transgortabfrastructure.
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Appendix

Task 2 and Task 3 results: Pricing chart

Note: a: (28); b: (53, 54, 55); c: (53); d: X5& (50, 5)

Economic Sector Code Cooper ative Automobile ° Code Cost (1997)
Architectural and engineering services 541300 Martufarty 336110 $ 17,900.0
Automobiles and light truck manufacturing 336110 FRelduction 324110 $ 18,473.6
Automotive repair and maintenance 8111A0 Maintenarmkrepair 8111A0$ 9,630.d0
Broadcast and wireless communications equipment 28342 Insurance 524100 $ 11,755.0
Electronic computer manufacturing 334111 On-Board Unit ® Code Cost (1997)
Highway, street, bridge, and tunnel construction 2380 OBU 334220 $ 80.00
Electronic equipment repair and maintenance 811200 intéimance and repair 811208 13{00
Fabricated structural metal manufacturing 332312 Roadside Unit © Code Cost (1997)
Computer Systems Design Services 541512 Junction Box 230230 $ 662.0
Insurance carriers 524100 Install: Mast Arm Pole 230239 1,470j00
Lighting fixure manufacturing 335120 Install: Maintenance 230230 $ 745.01
Petroleum refineries 324110 Base Plate for MCNU and NEMA Box 230230 15¢.00
Ready-mix concrete manufacturing 327320 Install: Balsee etc 230230 1,045.90
Mast Arm Pole Foundation 3272289 588100
Automohile” Code Cost (1997)  |Mast Arm Poles 332312 $ 6,473.0
Manufacturing 336110 $ 17,900.0p MCNU 334111 $ 3,680.0
Fuel Production 324110 $ 26,680.1ft DSRC/WAVE Antenna 334226 75.00
Maintenance and repair 8111A% 9,630{0DSRC/WAVE Antenna Mounts 33422 3700
Insurance 524100 $ 11,755.0p GPS (unit plus antenna) 334280 378.00
GPS Mount 334220 $ 56.04
Signalized Inter section © Code Cost (1997)  |Fiber Converter 334220 $ 745.0!
Controller, Cabinet, and related equipment 3348%11 15400| Fiber Connectors 334220 $ 89.04
Install: Controller, Cabinet, etc 230239 4,415(08ignal Sensing Circuit, etc. 334230 100
Signal Heads 335120 $ 1,325.00 Install Electronics 541512 $ 7,454.01
Hanger Assembly 230230 $ 1,177.00Convert Inter section Code Cost (1997)
Mast Arms 332312 $ 8,240.00 Remove existing signal poles and heads 3023 $ 5,740.0¢
Mast Arm Poles 332312 $ 25,900.0p MCNU 334111 $ 3,680.0
Mast Arm Pole Foundation 327228 2,350|0DSRC/WAVE Antenna 334228 7500
Junction Box 230230 $ 2,650.00 DSRC/WAVE Antenna Mounts 33422 37100
saw cut 230230 $ 4,560.00 GPS (unit plus antenna) 334280 378.00
Conduit PVC 1" 230230 $ 2,355.00 GPS Mount 334220 $ 56.0
Install: Mast arm & pole 23023 5,885.pFFiber Converter 334220 $ 745.01
Install: Engineering 541300 $ 3,680.09 Fiber Connectors 334220 $ 89.0d
Signal Sensing Circuit, etc. 334229 1,490.00
Instal:Computing Equipment 541518 7,45400
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