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1. Introduction

1.1. Background

The volume of traffic has been increasing. Traffic congestion is caused by
increasing volume approaching roads' capacity. Congestion adversely affects
mobility, safety, and air quality. The CO, emissions account for 88.6% of
the total emissions of greenhouse gases. The ministry of land, transport and
maritime affairs in Korea said that CO, emissions in transportation sector
account for 20% of the total greenhouse gases-emission and CO, emissions
emitted on roads account for approximately 80% of transportation emissions.
To solve these problems, many studies have suggested how efficiency of
highway could be/ improved and how greenhouse gas emissions could be
reduced by intelligent transportation systems (ITS). An advanced vehicle and
highway system (AVHS) within ITS can be expected to bring benefits in
terms of safety, efficiency, and environment. IVHS incorporates information
processing, communications, - control,  and electronics. If ‘advanced safety
vehicle (ASV) drives “on the automated highway, ASV -and highway
infrastructure will exchange information. ASV also communicates with other
vehicles continuously. ASV can recognize maneuver of the other vehicle
such as speed, acceleration, and position through a communication
technologies based on vehicle to vehicle (V2V) and vehicle to infrastructure
(V2I). ASV can automatically follow leading vehicle at the same lane while

keeping safe distance between vehicles by adaptive cruise control(ACC). To



execute lane changing, ASV considers whether gap between vehicles is
longer than safe distance or not. If gap between vehicles is shorter than
safe distance, ASV can control automatically to create a sufficient gap. ACC
and lane changing technologies within advanced vehicle control systems
(AVCS) is executed to avoid collision and improve efficiency of road.
However, it is not obvious how greenhouse gas emissions of ASV could be
reduced.

This paper presents a methodology to evaluate an environmental impact
for ASV. An environmental impact of ACC and lane changing technologies

is evaluated.

1.2. Goal and Objectives

The goal of this study is to develop a methodology to evaluate an
environmental impact for future advanced safety @vehicle. 'When @ ASV
executes car following, an environmental impact was evaluated. ACC car
following model was compared with a human driven car following model.
The headway, capacity and CO, emissions were estimated in manual traffic
where a human driven car following is represented as.a Pipes-model. Those
were estimated in ACC traffic where ACC- car following is represented as
full velocity and acceleration difference model. The CO, emissions in ACC
traffic are compared with the CO, emissions in manual traffic. When ASV
executes lane changing from or to a faster lane, an environmental impact
was evaluated. The CO, emissions for automated driving are compared with

CO; emissions for manual driving.



1.3. Scope

Smart highway project has been progressing. Smart highway is a next
generation road that significantly improves the traffic flow, convenience, and
safety by ITS technologies. This project was launched in 2007 and it is
expected to be completed by 2017. In 2020, ASV can drive on the
automated highway in Korea. So, this paper assumes ASV drives on the
automated highway. ASV communicates with other vehicles and highway
infrastructure. ASV exchanges information such as speed, acceleration, and
position. ASV and smart highway incorporate processing information,
warning, and control. ASV_.-is equipped with AVCS which incorporates
ACC, lane departure, and lane changing technologies.

In this paper, when a vehicle executes car ‘following and lane changing, a
maneuver for automated  driving is compared ‘with a maneuver for manual
driving. We evaluate an environmental impact for car following and lane

changing.

1.4. Flow of Study

We understanded the recent trend on study and reviewed the relevant
literature on baseline methodology, emission factor, traffic flow, ACC, and
lane changing. In this paper, we developed a methodology to evaluate an
environmental impact for ASV. We evaluated maneuver of manual vehicle

and ASV which executes car following and lane changing automatically.



When ASV executes car following and lane changing, CO, emissions for

automated driving condition are compared with CO; emissions for manual

driving condition.

Purpose of establishment

Literature review

# Emissions factor # Adaptive Cruise Control
e Traffic flow @ Lane changing

Development of a methodology to demonstrate an

environmental impact for ASV

| Adaptive cruise control |
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“

Figure 1.1. Flow chart of study




2. Literature Review

2.1. Baseline Methodology and Emission Factor

To develop a methodology to evaluate an environmental impact for ASV,
we reviewed baseline methodology approved by UNFCCC (United Nations
Framework Convention on Climate Change). To an environmental impact for
ASV, we reviewed studies on emission factor.

UNFCCC (2006) provides a baseline methodology for BRT (Bus Rapid
Transit) projects. BRT system has—an effect on reduction of greenhouse gas
emissions. The fuel efficiency is improved by the availability of a more
efficient and attractive public transport system. Baseline emissions ‘determine
emissions per passenger transported per vehicle . category. The baseline
emissions factor focuses on potential changes in trip distance and type of
fuel used by passenger. Leakage emissions address upstream emissions
because of construction, reduced life-span, life-cycle effect of reduced fuel
usage, change of load factor of the baseline transport .system; reduced
congestion in remaining road, and rebound effect.

UNFCCC (2009) provides baseline_methodology for MRT (Mass Rapid
Transit) projects. Baseline emissions include the emissions that happen due
to the transportation of the passengers. Baseline emissions are calculated per
passenger surveyed. Leakage emissions address emissions due to changes of
the load factor of taxis and buses of the baseline transport system, reduced

congestion on affected roads, and a rebound effect.



The national institute of environmental research (2009) studied on CO;
emission factor using real data which is consider characteristics of
greenhouse gas emissions for vehicle such as vehicle type, fuel, and speed.
The CO, emission factor equation was developed and reduction effects of
greenhouse gases were evaluated.

Armb Bose et al (2000) investigated the environmental performance of the
Intelligent Cruise Control (ICC) system. The environmental evaluation of
ICC vehicles shows that they have potential to reduce air pollution and fuel
consumption in order to accelerate smoothly.

Matthew Barth (2000) studied emissions and fuel consumption between
AHS (Automated Highway System) and non-automated highway system.
AHS emissions and fuel-consumption-are¢ compared to non-autemated traffic
at different levels /of congestion and idealized traffic flow. An AHS
operating at 60mph has Jlower /emissions than non-automated ' traffic ‘at the
same average speed because of its smoother traffic flow. And AHS platoon

has fuel savings and emission ‘reduction.

2.2. Traffic Flow  Theory

The manual traffic is different than the automated traffic. We reviewed
studies on traffic flow to understand travel time, speed, volume, and
capacity relation for automated driving.

YUN, Seongsoon et al (2004) developed a truck trip assignment

methodology for use in the urban travel demand forecasting process. This



paper presented the development of speed-flow relationships with truck
impact based on CORSIM simulation results for freeways and urban arterial.
The congested speed was calculated by free flow speed, volume, and
capacity on the basis of BPR function. And parameters determined by a
multiple linear regression analysis are applied to BPR function.

Jun Ma (2000) presented the relationships between traffic flow, travel
speed and density in the scenario of automated highway system. The traffic
volume was calculated by time headway. The capacity was analyzed by
average time headway-traffic flow relationship and speed-density relationship.

Jason Carbaugh et al (1998) clarified comparison safety between
automated highway and manual highway. The capacity -was calculated by the
speed, vehicle length, and separation as a function of the. speed. The
capacity is 2500 vphpl in the automated highway where vehicle ‘drives at
30m/s. But, the capacity is less than 1600vphpl in the manual vehicle' where

vehicle drives near the same speed.

2.3. Adaptive Cruise Control Model

To understand maneuver of- ACC technology ‘and evaluate an
environmental impact, we reviewed studies on ACC.
Masko Bando et al (1998) analyzed the optimal velocity model (OVM)
with explicit delay. The properties of congestion and the delay time of car
motion were investigated by analytical and numerical methods. It was show

that the small explicit delay time has almost no effects. In the case of the



large explicit delay time, a new phase of congestion pattern of OVM seems
to appear.

X. Zhao et al (2005) developed a full velocity and acceleration difference
model (FVADM). The main improvement upon the previous models is that
the FVADM can exactly describe the driver's behavior under an urgent case,
where no collision occurs and no unrealistic deceleration appears. The model
was investigated by numerical methods. the simulation results indicated that
the acceleration difference has an important impact on the traffic dynamics,
especially under urgent conditions.

Zhao Xiaomei et al (2007) analyzed the stable conditions of the full
velocity and acceleration difference model (FVADM), which is proposed by
introducing the acceleration difference term based on the optimal velocity
model (OVM) and the full velocity difference model (FVDM). By numerical
simulations, it is found that when the traffic flow is. unstable, the traffic jam
in the FVADM is weaker than that in the FVDM. Also it is observed that
the spreading speed of the jam is slower in the FVADM than that in the
FVDM and the fluctuations of ‘wehicles in' the FVADM are smaller than

those in the FVDM.

2.4. Lane Changing Model

To understand maneuver of lane changing technology and evaluate an
environmental impact, we reviewed studies on lane changing.

Peter Hidas (2002) presented the lane changing and merging algorithms



developed for the Simulation of Intelligent TRAnsport Systems (SITRAS)
model. This model incorporates procedures for “forced” and ‘“cooperative”
lane changing, which are both essential for changing lanes in congested
traffic conditions. The paper described the algorithms and presents simulation
examples to demonstrate the effects of the implemented models. The results
indicated that only the forced and cooperative lane changing models can
produce realistic flow-speed relationships during congested traffic conditions.

Peter Hidas (2005) proposed free, forced and cooperative lane changing
based on his collected data. A new lane changing model was developed,
that incorporates explicit modeling of wvehicle interactions using intelligent
agent concepts. The model was simulated and several hypothetical test
studies were conducted .to demonstrate the capabilities of the. new model.
The results show that the model can reproduce the observed behavior of
individual vehicles' in terms of speed, gap acceptance, and conflict-resolution

in all three types of lane changing.



3. Methodology: Car Following Condition

3.1. Evaluation Methodology

A vehicle equipped with adaptive cruise control(ACC) can automatically
follow a leading vehicle at the same lane while keeping a safe spacing
between vehicles. An environmental impact methodology for ACC was
developed in this paper. To evaluate the environmental impact, an ACC car
following model is compared with a human driven car following model. We
consider how the efficiency of highway is enhanced-by ACC vehicle. To
evaluate the efficiency of highways, the capacity is calculated “at the LOS E
(Level of Service E). the LOS E is traffic condition which volume reaches
capacity. Under LOS E, behavier of vehicles is a platoon which group of
vehicles drives while keeping close spacing between vehicles. The capacity
is related to headway and speed. The speed|in manual traffic and automated
traffic is estimated respectively.” The headway is estimated in the ‘'human
driven car following “model :and the ACC car following model at'the LOS
E. The capacity in manual. traffic_and automated.traffic is calculated by the
headway and speed at the LOS E.-The travel time is estimated by V/C
ratio. The speed is estimated per LOS into which highway congestion in
categorized. The leading vehicle travels at an estimated speed and the speed
of the following vehicles is estimated from the human driven car following
model and the automated cruise controlled car following model. The CO,

emissions are calculated in manual/automated traffic. The independent



variable of the CO, emission factor equation is speed. The CO, emissions
from the human driven car following model are compared with the CO.
emissions from the ACC car following model. The CO, emission reduction

rate was calculated.

Headway Estimation

sEstimation under LOS E

-Headway in manual traffic
-Headway in ACC traffic

|

Capacity Estimation

-Capacity in.manual traffic
-Capacityin ACC traffic

Travel time Estimation

*Estimation by BPR Function
-Travel time in manual traffic
-Travel time in ACC traffic

Speed Estimation

-Speed in manual traffic
-Speed in ACC traffic

CO, Emissions Estimation

=Estimation by CO, Emissions factor
-CO, emissions in manual traffic
-CO, emissions in ACC traffic

Figure 3.1. Flow chart of the environmental impact methodology



3.1.1 Car Following Model

For manual driving, following vehicle follows leading vehicle by pipes
model. Pipes model is a simple car following model. The model responds to
speed difference between the leading vehicle and following vehicles and
driver reaction times. Pipes model represents the human driven car following
condition in this paper. This model is as follows:

A
ap = [ LVE=7) = FV(t=7) )
where
LV = Leading vehicle's speed(m/s),
FV = Following vehicle's speed(m/s),

ay = Following vehicle's acceleration(m/s’),

M = Mass of following vehicle, and

A = Sensitivity factor.

For automated ' driving, following vehicle follows leading vehicle by
FVADM(Full Velocity and Acceleration Difference Model). X. Zhao and Z.
Gao (2005) proposed FVADM. “The model incorporates “an acceleration
difference and a safe distance:~Zhao Xiaomi and  Gao Ziyou (2007)
estimated parameters (K, a, b, ¢, d, and S¢) when FVADM was stable. This
model represents the adaptive cruise controlled car following in this paper.
This model is as follows:

ap = KIFV(S.(t)) = FV@E)] +AAFV(t) +kg(Aap(t—1),a, () Aap(t—1) )



g(Aapt—1),a,(t) = {— l,ap(t—1)>0anda; <0

1, others
_a, S < SC
b, 8>S,
v ¢, S < SC
|, 5> 8.
Where
K = 0385,
U° = Desired speed(m/s),
Sy, = The minimum distance between leading vehicle and following

vehicle (m),

X, = Leading vehicle's travel distance(m),

X, = Following vehicle's travel distance(m),
[, = Leading vehicle's length(m),

Aayp = Acceleration difference between the leading vehicle and the

following vehicle(m/s’)



a; = Leading vehicle's acceleration(m/sz),
ap = Following vehicle's acceleration(m/s),

U, = Following vehicle's speed(m/s),

S, = 100(m),
a = 0.8(s"),
b =0,

c = 0.4(s'1), and

Q,
I

0.

The Minimum distance between the leading vehicle and following vehicles
was fixed at 1m in conventional studies. It is an unrealistic-distance without
regard to speed transition. So, we consider the reaction-time and-speed and
apply those to the’ minimum distance. The minimum distance is calculated
by the following equation:

Sy(t) = BEV+NXFEV? 3)

Where

(B = Reaction time(s), and

v = The maximum average-deceleration of a following™ vehicle

(=0.075s>/m).

3.1.2. Estimation of Headway in Manual/Automated Traffic

All vehicles drive as a platoon at LOS E. Speed and headway at LOS E

are related to the capacity estimate. To estimate the speed at LOS E, travel



time is estimated by a BPR function. Parameters(a,3) of the BPR function
were validated using real data based on the KTDB (Korea Transport
Database) by Yong-Tae Lim et al (2008). The BPR function is described by
the following equation:
t=t,1+a(V/0)") 4)
Where
t = Travel time(hour),

t, = Free flow time (hour),

V = Volume(veh/h),
C = Capacity of a single lane(veh/h),

3931, and

Q
I

5.316.

=
Il

The speed at LOS E is related to travel distance and estimated time. The

speed is estimated by the following equation:
U=— (5)
Where
U = Speed (km/h),

L = Travel distance (km), and

t = Travel time(hour).

The headway between vehicles is estimated at LOS E. The headway in

Pipes model was estimated by the following equation:

h=Uxt+l1 (6)



Where
h = Headway under LOS E(m),

U = Speed under LOS E (m/s),

t = Reaction time (s), and

1 = Vehicle's length.

To estimate headway in FVADM, the minimum distance was estimated by

the following equation:
S, FUxtxr ™)
Where
Sy, = The minimum distance between leading vehicle and following
vehicle(m),

U = Speed under LOS E (m/s),and

r = Safe rate(=7).
3.1.3. Estimation of Capacity in Manual/Automated Traffic

Capacity is related to speed and headway at LOS <E.. The capacity is

estimated in manual/automated.. traffic. The capacity' is- described by the

following equation:
C=1000% ®)

Where
C = Capacity of a single lane(veh/h),



U = Speed(km/h),and

h = Headway(m).

3.1.4. Estimation of Leading Vehicle's Speed in Manual/Automated

Traffic

Travel time is calculated by a BPR function applied to the estimated
capacity. Travel time per LOS can be estimated as a variable V/C ratio.
Speed can be calculated by a distance-time relation. Speed per LOS is
estimated by equation (5). The leading vehicle in Pipes model and FVADM

travels on the basis of an estimated speed.

3.1.5. Estimation of CO, Emissions

The CO, emissions of ASV are compared with the CO, emissions of
manual vehicles. The CO, emissions are estimated by a CO, emission  factor
equation. Table 1 shows the CO, emission factor equations developed at the
National Institute of Environmental Research in Korea. The CO; emission
factor equation was developed by real data considering the-characteristics of

greenhouse gas emissions for vehicles such as vehicle type, fuel and speed.



Table 3.1 CO, Emission factor equation

Vehicle Type Fuel Speed CO, Emission Factor Equation
U<65.4km/h Y= 1313.7U "¢
Gasoline
Small U>65.4km/h Y=0.5447U+ 78.746
size U<65.4km/h Y=1133.1U 587
Diesel
U>65.4km/h Y=0.6175U+62.478
U<65.4km/h Y=1555.5U" "™
Gasoline
v U>65.4km/h Y=0.0797U+ 144.19
& | Medium U<65.4km/h Y=1818.17 0643
g ) Diesel
§ S1ze U>65.4km/h Y=0.3184U+ 95.66
& . U<65.4km/h Y=1539.417 05748
LP
U>65.4km/h Y=0.5056U+117.39
U<65.4km/h Y=1970.1U %6187
Diesel
Large U>654km/h Y=0.1791U+.145.07
size \ U<65.4km/h Y= 1849.80 7° 85
LP
U=>65.4km/h Y=—0.1348U+159.9




3.2. Results

3.2.1. Simulation Condition

The environmental impact of automated traffic in comparison with manual
traffic is evaluated. We apply the Pipes model to simulate the manual
vehicle behaviors and the FVADM to simulate the ASV behaviors.

The simulation condition assumes that all vehicles equipped with ACC
systems drive on automated highways. For all vehicles it is assumed that
the vehicle type is small and it uses gasoline.—A platoon including 10
vehicles drives at constant“speed along a Skm section. 9 wvehicles follow a
leading vehicle in a.single lane without overtaking. The response time of
Pipes model is 2.5s and FVADM is 0.05s. To estimate the capacity, the
free flow speed is assumed to/be 100km/h (27.8m/s).

3.2.2. Simulation Results

The results of the simulation were. as follows:«The headway in manual
traffic and automated traffic was “ecalculated under-LOS E for which the
speed was 20km/h. In manual traffic, the headway between following
vehicle and leading vehicle was 19m and the capacity was 1,053veh/h. In
automated traffic, the headway was 9m and the capacity was 2,564veh/h.
Travel times were calculated by a BPR function based on each capacity.

The volume ranged from Oveh/h to 1300veh/h at increments of 50veh/h.



Table 3.2. Simulation results

Manually driven vehicles cases ACC driven vehicles cases
Volume Travel Speed Travel Speed
(veh/h) LOS time (h) (km/h) LOS time (h) (km/h)
700 D 0.07 69 B 0.05 99
750 D 0.08 61 B 0.05 99
800 D 0.10 52 B 0.05 98
850 D 0.11 44 B 0.05 98
900 E 0.14 37 B 0.05 98
950 E 0.16 31 B 0.05 97
1,000 E 0.20 25 B 0.05 96
1,050 E 0.24 21 B 0.05 95
1,100 F 0.30 17 B 0.05 93
1,150 F 0.36 14 B 0.06 91
1,200 F 0.44 11 C 0.06 89
1,250 F 0.54 9 C 0.06 84
1,300 F 0:65 8 c 0.06 81

The CO, emissions were estimated about 10 ‘vehicles per LOS. When the
volume was 850veh/h, the LOS in manual traffic was shown as D and the
speed in manual traffic was 44km/h. LOS in automated traffic was shown
as B and the speed in. automated traffic was 98km/h. In-manual traffic, the
total CO, emission was 563,125g-when the leading vehicle traveled at
44km/h. In automated traffic, the total CO, emission was 503,795g when the
leading vehicle traveled at 98km/h.

When the volume was 1,050veh/h, the LOS in manual traffic was shown
as E and the speed in manual traffic was 21km/h. The LOS in automated

traffic was shown as B and the speed in automated traffic was 95km/h. In



manual traffic, the total CO, emission was 1,227,345g when the leading
vehicle drove at 21km/h. In automated traffic, the total CO, emission was
677,145g when the leading vehicle drove at 95km/h.

When the volume was 1,300veh/h, the LOS in manual traffic was shown
as F and the speed in manual traffic was 8km/h. The LOS in automated
traffic was shown as C and the speed in automated traffic was 8lkm/h. In
manual traffic, the total CO, emission was 2,292,940g when the leading
vehicle traveled at 8km/h. In automated traffic, the total CO, emission was
794,950g.

The CO, reduction rate is given in Table 3. When the volume was 850
veh/h, the CO, emissions of vehicles equipped with ACC could be reduced
by approximately 11%." When the~volume was 1,050veh/h, the CO;
emissions in automated traffic could be reduced by approximately 45%.
When the volume was 1,300veh/h, the CO, emissions in automated ' traffic

could be reduced by approximately 65%.

Table 3.3. CO; Reduction rate between automated traffic and manual traffic

Manual traffic Automated traffic CO; reduction rate
850 veh/h 563,125¢ 503,795¢ 11%
1,050 velvh 1,227,345g 677,145¢ 45%
1,300 veh/h 2,292,940g 794,950g 65%




4. Methodology: Lane Changing Condition

4.1. Evaluation Methodology

Lane changing is classified as either mandatory or discretionary. A driver
performs mandatory lane changing when he/she must leave the current lane
because of events such as accidents and road construction. A driver executes
a discretionary lane change when he/she wants to drive at a desired speed.
In this paper, mandatory lane changing assumes that-host vehicle executes a
lane change from the fast-lane to the slow lane. Discretionary-lane changing
assumes that the driver of the host vehicle executes a lane change: from the
slow lane to the fast lane.

The driver of a host vehicle who wants to change lanes recognizes
relative speed and gaps. A lane changing is considered feasible if there is a
sufficient gap between the host vehicle and adjacent vehicle, so that host
vehicle can move into the target lane safely. In this paper, a lane‘changing
maneuver is proposed for. manual “driving conditionsands automated driving
conditions. The vehicles that follow_are inthe current lane and the target
lane and are following the lead vehicle. When the host vehicle executes
lane changes, the environmental impact was evaluated for manual driving
conditions and automated driving conditions. To evaluate the environmental

impact, CO, emissions were estimated by CO, emission factor equations.



4.1.1. Lane Changing for the Manual Driving

Figure 4.1 shows that a driver can change from or to a faster lane. The
host vehicle determines whether the initial gap between adjacent vehicles is
enough or not. If the gap is enough, the vehicle can execute lane changing.
If the gap is shorter than a safe distance, the following vehicle in the target
lane decelerates to create a sufficient gap. When the gap is longer than a
safe distance, the vehicle can enter the target lane. The following vehicles
in the current lane and the target lane follow the leading vehicle according
to the Pipes model, a simple car following model. The CO, emissions of
the host vehicle, leading vehicle, and following vehicles—in the current and

target lanes are estimated by the CO, emission factor equation.

FagtersSlower

Mo

al Gap = Safety distance
Car following ||__,ne thanging

io" higlipr et r_.y fD"-::l',l,.l |'|L_a

Lane changing

Gar-following

(0 emissions

Car following

COs emissions

Figure 4.1. Flow chart of a methodology to evaluate an environmental impact for

manual driving.



If an event such as an accident and construction happens, the host vehicle

in the fast lane executes a lane change into the slower lane.
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Figure 4.2. Manual vehicle of lane changing from the fast lane to the slow lane.

The vehicle makes a judgment as to whether the initial gap(DO) between
the host vehicle and the leading vehicle in the target lane and the initial
gap(D1) between the host vehicle and the following vehicle in the target
lane are safe distance or not. The safe distance is calculated by the
following equation (3). The vehicle decelerates and executes a lane changing
when the sum of DO .and DI is longer than the safe distance. The host
vehicle decides whether to execute a lane changing or not-by the following

equation (9);

(DO+LV><t)—(Hth+%><d><t2)=SU 9)

(D1+(HV><t+%><d><t2))—(FV>< £) —st

S0+S1 > SD
Where
DO = Inital gap between LV and HV(m),
D1 = Initial gap between HV and FV(m),

LV = Speed of LV(m/s),



HV = Speed of HV(m/s),
FV = Speed of FV(m/s),

d = Deceleration(m/ sz),

S0 = Gap between LV and HV when HV executes lane changing(m), and

S1 = Gap between HV and FV when HV executes lane changing(m).

If the gap between adjacent vehicles is smaller than a safe distance, the
following vehicle decelerates to assure a safe distance. The host vehicle
executes a lane change when the gap between adjacent vehicles is longer
than a safe distance.
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Figure 4.3. Manual vehicle of lane changing from the slow lane to the fast lane.

A driver who ‘wants to drive at a desired speed changes into the faster
lane. This lane changing is  permitted. when [the sum of the ‘initial gap (DO)
between the host vehicle and-the leading vehicle and the initial gap (D1)
between the host vehicle and- the following vehicle-are longer than a safe
distance. Changes are prohibited when DO and D1 are shorter than a safe

distance according to the following equation:

(DU+LV><t)—(HV><t+%><a><t2)=SU (10)

(D1+(HVXt+%XaXt2))—(FVX {)=s1



S0+ 51 = SD

If the gap between adjacent vehicles is shorter than a safe distance, the
following vehicle decelerates to assure a safe distance. After the following
vehicle decelerates and the gap between adjacent vehicles is longer than a

safe distance, the host vehicle executes a lane change.

4.1.2. Lane Changing for the Automated Driving

If an ASV drives on an automated-highway, the vehicle and the highway
will exchange information.-The automated highway will have.a set of lanes
on which vehicles with proper sensors and wireless communications systems
can travel under automated control. The vehicle ecan continuously exchange
information with other vehicles and the ' infrastructure about speed,
acceleration, position, obstacles, road conditions, etc. The vehicle can
recognize the maneuvers ' of other vehicles and traffic conditions and then
determine whether to, execute-a lane change or not.

Figure 4.4 shows that. a driver-can change from or to faster lane. The
host vehicle recognizes whether the initial gap between the  adjacent
vehicles is enough or not. If the gap is enough, the vehicle can execute a
lane changing. If the gap is shorter than a safe distance, the following
vehicle in the target lane decelerates to create a sufficient gap. When the
gap is longer than a safe distance, the vehicle can enter the target lane. The

following vehicles in the current lane and target lane follow the leading



vehicle by FVADM. The CO, emissions of host vehicle, leading vehicle,
and following vehicles at the current lane and the target lane are estimated

by CO, emission factor equation.
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Figure 4.4. Flow chart of a methodology to evaluate an environmental ‘impact for

automated driving.

An ASV can be controlled automatically through communication systems
based on V2V and V2I. The vehicle that wants to change into a slower
lane sends a “courtesy” request to subsequent vehicles in the slow lane. The
request is evaluated by each' vehicle depending on the speed, position, and
gap between adjacent vehicles. When  the -host wehicle sends a “courtesy”
message to the leading and following vehicles-inthe target lane, the leading
vehicle in the target lane accelerates and the following vehicle in the target
lane decelerates to ensure that a sufficient gap is created during the next

few seconds for the lane change.
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Figure 4.5. ASV of lane changing from the fast lane to the slow lane.

The host vehicle decides whether to execute a lane change or not by the

following equation:

((Lth+%Xaxt2)+D0)—(Hth+%xdxt2):SU (11)

1 1
(Hth+5xdxt2)—(Fth+5xdxt2) =Sl

S0+ .51-=>-5P

If the gap between adjacent vehicles is shorter than a safe “distance, the
following vehicle in the slow lane will decelerate and give way “and the
leading vehicle in' the slow lane will accelerate to allow the host vehicle to
move to the slow lane. When the gap between adjacent vehicles is
sufficient, the host vehicle changes to the slow lane.
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Figure 4.6. ASV of lane changing from the slow laneto the fast lane.

When the host vehicle that is driving in the slow lane is about to change
to the fast lane, the following vehicle in the fast lane decelerates to allow
the host vehicle to move into the fast lane. The host vehicle evaluates

whether the gap between adjacent vehicles is longer than a safe distance or



not by following equation:
(LV><t+D0>—(HV><t+%><a><t2>=SU (12)

((HV><t+%Xaxt2)+D1)—(FV><t+%xdxt2) =Sl

S0+ 51 = SD

In this case, the gap is shorter than a safe distance and the following

vehicle in the fast lane is forced to slow down to created a safe distance



4.2. Results

4.2.1. Simulation Condition

The simulation condition assumes the following: All vehicle types are
midsize and use gasoline. The host vehicle and five other vehicles drive in
the current lane. The leading vehicle and five other vehicles drive in the
target lane. The following vehicle follows the leading vehicle by the Pipes
model for manual driving. For automated driving, the following vehicle
follows according to FVADM. The minimum deceleration is 3m/s’ and the
maximum acceleration is 2m/s”This is a safe and suitable acceleration range
for drivers comfort according to Heejin Jung et al (2005). Changing lanes
from the fast lane 'to the slow lane and changing from the slow lane to the
fast lane are simulated. CO, emissions were estimated by the CO, emissions
factor equation.

Scenario 1 and' Scenario 2 describes how the vehicle in fast lane’ wants
to change to the slow lane.- Vehicles in the current lane accelerate up to
15m/s. Vehicles in the target-lane-accelerate up -to.10m/s. In-200 seconds,
the host vehicle considers whether the gap between -adjacent vehicles and
the target vehicle is a safe distance or not. If the gap is wide enough, the
host vehicle enters the target lane. All vehicles drive without acceleration
after the host vehicle changing lanes.

In scenario 1, gap between leading vehicle at the target lane (LV) and

host vehicle (HV) and gap between HV and following vehicle at the target



lane (FV6) which drives on the target lane are 60m respectively. Gaps
between following vehicles are 10m respectively.

In scenario 2, all gaps between vehicles are 10m.

FV5 Fvd Fv3 FV2 FV1 HV
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Figure 4.7. Lane changing of scenario 1 and scenario 2.

Scenario 3 and Scenario 4 describes how the host vehicle changes to a
faster lane. Vehicles in the current lane accelerate up to 10m/s. Vehicles in
the target lane accelerate up to 15m/s. In 200 seconds, the host vehicle
decides whether or not to enter the gap between the leading vehicle and the
following vehicle in the target lane. If the gap is enough, the- HV executes
lane changing.

In scenario 3, gap between LV and HV and gap between HV and FV6
are 60m respectively. Gaps between following vehicles are 10m respectively.

In scenario 4, all gaps between vehicles are 10m.
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Figure 4.8. Lane changing-of scenario 3.-and scenario 4.



Table 4.1. Simulation scenario.

scenario 1 scenario 2 scenario 3 scenario 4

Lane Changing time In 200s In 200s In 200s In 200s
Vehicles in the HV 15m/s 15m/s 10m/s 10m/s
current lane FV1234,5 15m/s 15m/s 10m/s 10m/s
Vehicles in the LV 10m/s 10m/s 15m/s 15m/s
target lane FVv6,7,8,9,10 10m/s 10m/s 15m/s 15m/s
LV-HV 60m 10m 60m 10m
HV-FV6 60m 10m 60m 10m
HV-FV1 10m 10m 10m 10m
FVI-FV2 10m 10m 10m 10m
FV2-FV3 10m 10m 10m 10m
Gap b.etween FV3-Fv4 10m 10m 10m 10m

vehicles

FV4-FV5 10m 10m 10m 10m
FV6-FV7 10m 10m 10m 10m
EV7-FV§ 10m 10m 10m 10m
FV8-FV9 10m 10m 10m 10m
FV9-FV10 10m 10m 10m 10m

4.2.2. Simulation Results

Simulation results of scenario 1 for the manual driving are as follow: The
sum of the gap between the LV and HV and the gap between the HV and

FV6 is 120m. The safe distance is 55m. The HV executes lane changing



because the sum of the gap between the LV and HV and the gap between
the HV and FV6 is longer than a safe distance. Figure 4.9 shows that the
LV drives at 10m/s without acceleration. Figure 4.10 shows that the HV
drives at 15m/s and decelerates to change into the target lane. The HV
decelerates up to 7.5m/s and executes lane changing. After the HV enters
the target lane, the vehicle drives without acceleration. Figure 4.11 shows
that FV1, FV2, FV3, FV4, and FV5 which are vehicles in the current lane
drive at 15m/s without acceleration. Figure 4.12 shows that FV6 drives at

10m/s and FV7, FV8, FV9, and FV10 which are vehicles in the target lane

follow FV6.
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Simulation results of scenario 1 for the automated driving are as follows:
The sum of the gap between the LV and HV and the gap between the HV
and FV6 is 120m. The safe distance is 25m. The gap allows the HV to
move into the target lane. Figure 4.13 shows that LV drives at 10m/s and
accelerates to create a sufficient gap between the LV and HV. When the
HV executes lane changing, the speed of the LV is 10.1m/s. Figure 4.14
shows that HV drives at 15m/s and decelerates to change into the target
lane. The HV decelerates up to 10.05m/s and executes lane changing. After
the HV enters the target lane, the vehicle drives without acceleration. Figure
4.15 shows that FV1, FV2, FV3, FV4, and FVS5 drive at 15m/s without
acceleration. Figure 4.16 shows that FV6 drives at 10m/s and decelerates to
create a sufficient gap between the HV and FV6. When the~HV executes
lane changing, the speed of the FV6 is 9.85m/s. FV7, FV8, FV9, and FV10
follow FV6.
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There are not difference of CO, emissions. between manual driving and
automated driving, When the gap between adjacent vehicles is longer than a
safe distance, the HV can execute lane changing without delay. So, the CO;
emissions in manual™. driving are similar than the .CQO, emissions in
automated driving because the speed-of vehicles hardly changes.

Simulation results of scenario 2 for the manual driving are as follow: The
sum of the gap between the LV and HV and the gap between the HV and
FV6 is 20m. The safe distance is 55m. The HV can not execute lane
changing because the sum of the gap between the LV and HV and the gap

between the HV and FV6 is shorter than the safe distance. The FV6



decelerates for 19 seconds to create a safe distance. Figure 4.17 shows that
LV drives at 10m/s without acceleration. Figure 4.18 shows that HV drives
at 15m/s and decelerates to change into the target lane. The HV decelerates
up to 7.5m/s and executes lane changing. After the HV enters the target
lane, the vehicle drives without acceleration. Figure 4.19 shows that FVI,
FV2, FV3, FV4, and FV5 which are vehicles in the current lane drive at
15m/s without acceleration. Figure 4.20 shows that FV6 drives at 10m/s and
decelerates by Om/s to ensure a safe distance. FV7, FV8, FV9, and FV10
decelerate and delay. After the HV executes lane changing, FV6 accelerates

up to 10m/s and FV7, FV8, FV9, and FV10 drive at the speed of FV6.
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Simulation results of scenario 2 for the automated driving are as follow:
The sum of the gap between the LV and HV and the gap between the HV
and FV6 is 20m. The safe distance is 25m. The HV is not able to execute
lane changing because the gap is shorter than a safe distance. Figure 4.21
shows that LV drives at 10m/s and accelerates to create a sufficient gap
between the LV and HV. When the HV executes lane changing, the speed
of LV is 12m/s. Figure 4.22 shows that HV drives at 15m/s and decelerates
up to 10.05m/s to execute lane changing. The HV decelerates up to
10.05m/s and executes lane changing. After the HV enters on the target
lane, the vehicle drives without acceleration. To ensure a safe distance, the
FV6 decelerates for 1 second. Figure 4.23 shows that FV1, FV2, FV3, FV4,
and FV5 drive at 15m/s” without acceleration. Figure 4.24 shows that FV6
drives at 10m/s and decelerates by 7m/s to_ create a safe distance. After

FV6 accelerates up to 10m/s. FV7, FV8, FV9, and FV10 follow FVé6.
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In scenario 2, CO. emissions of manual driving and automated driving
are as follows: The CO; emissions of LV for automated driving are reduced
6.6%. The CO; emissions of HV for automated driving are reduced 2.1%.
The CO: emissions of“ FVI, FV2, FV3, FV4, and FV5 -hardly differ
between manual driving and automated driving. The CO, emissions of FV6
are increased 7.8%. Because FV6 for manual driving reaches Om/s to create
a safe distance and CO, emissions in idle condition emit few emissions.
However, FV6 for automated driving can assure a safe distance although
FV6 does not decelerate by Om/s. So, CO, emissions of FV6 for automated

driving are more than CO, emissions of FV6 for manual driving. For



automated driving, CO, emissions of FV7 are reduced 85.3%. CO, emissions
of FV8 are lowered 69.1%. CO; emissions of FV9 decline 54% and CO:

emissions of FV10 decrease 42.2%.

Table 4.2. CO, emissions in scenario 2.

Vehicle Manual vehicle ASV Reduction rate
LV 705,716 g/h 658,871 gh 6.6% decrease
HV 714,170 gh 562,649 g/h 2.1% decrease
FV1 558,276 gh 558,276 gh 0%

FV2 558,276 gh 558,276 gh 0%
FV3 558,276 g/h 558,275 gh 0%
Fv4 558,276 g/h 558,272 g/h 0%
FV5 558,276 g/h 558,261 gh 0%
FV6 655,615 g/h 706,936 g/h 7.8% increase
FV7 4,831,500 g/h 706,530 g/h 85.3% decrease
FV8 2283433 g/ 706,566 g/h 69.1% decrease
FV9 153,6957 g/h 706,771 g/h 54.0% decrease
FV10 122,4656 g/h 707,286 g/h 42.2% decrease

Simulation results of scenario 3 for-the manual-driving are as follow: The
sum of the gap between the LV and HV and the gap between the HV and
FV6 is 120m. The safe distance is 109m. The HV executes lane changing
because the sum of the gap between the LV and HV and the gap between
the HV and FV6 is longer than a safe distance. Figure 4.25 shows that LV

drives at 15m/s without acceleration. Figure 4.26 shows that HV drives at



10m/s and accelerates to change into the target lane. Figure 4.27 shows that
FV1, FV2, FV3, FV4, and FVS5 drive at 10m/s without acceleration. Figure

428 shows that FV6 drives at 15m/s. FV7, FV8, FV9, and FV10 follow
FVe.
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Simulation results of scenario 3 for the automated driving are as follow:
The sum of the gap between the LV and HV and the gap between the HV
and FV6 is 121m. The safe distance is 25m. The gap allows the HV to
move into the target lane. Figure 4.29 shows that LV drives at 15m/s.

Figure 4.30 shows that HV drives at 10m/s and accelerates to change into



the target lane. The HV accelerates up to 10.05m/s and executes lane
changing. After the HV enters the target lane, the vehicle drives without
acceleration. Figure 4.31 shows that FVI1, FV2, FV3, FV4, and FV5 drive
at 10m/s without acceleration. Figure 4.32 shows that FV6 drives at 15m/s

and decelerates by 14.85m/s to create a sufficient gap. FV7, FV8, FV9, and
FV10 follow FV6.
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There are not difference of CO, emissions between manual driving and
automated driving. When the gap between adjacent vehicles is longer than a
safe distance, the HV can execute lane changing without delay. So, the CO;

emissions for manual driving are similar than the CO, emissions for



automated driving because the speed of vehicles hardly changes.

Simulation results of scenario 4 for the manual driving are as follow: The
sum of the gap between the LV and HV and the gap between the HV and
FV6 is 20m. The safe distance is 109m. The HV can not execute lane
changing because the sum of the gap between the LV and HV and the gap
between the HV and FV6 is shorter than a safety distance. The FV6
decelerates for 8 seconds to create a safe distance. Figure 4.33 shows that
LV drives at 15m/s without acceleration. Figure 4.34 shows that HV drives
at 10m/s and accelerates to change into the target lane. When the HV
executes lane changing, the speed of HV is 15m/s. After the HV enters the
target lane, the vehicle drives without acceleration. Figure 4.35 shows that
FV1, FV2, FV3, FV4, and FVS5 drive at 10m/s without acceleration. Figure
4.36 shows that FV6 drives at 15m/s and decelerates by Om/s to “ensure a
safe distance. FV7, FV8, FV9, and FV10 decelerate and delay. After the
HV executes lane changing, FV6 accelerates up to 15m/s and FV7, FVS,
FV9, and FV10 drive at the speed of FV6.
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Simulation results of scenario 4 for the automated driving are as follow:
The sum of the gap between the LV and HV and the gap between the HV
and FV6 is 2Im. The safe distance is 25m. The HV is not able to execute
lane changing because the-gapis .shorter than a safe’ distance: The FV6 has
to decelerate to create a sufficient—gap. To ensure a safe distance, FV6
decelerates for 2 seconds. Figure 4.37 shows that LV drives at 15m/s.
Figure 4.38 shows that HV drives at 10m/s and accelerates to change into
the target lane. When the HV executes lane changing, the speed of HV is
10.1m/s. After the HV enters the target lane, the vehicle drives without

acceleration. Figure 4.39 shows that FV1, FV2, FV3, FV4, and FV5 drive



at 11m/s which is the desired speed of FVADM. Figure 4.40 shows that
FV6 drives at 15m/s and decelerates by 9m/s to create a sufficient gap. The
FV6 accelerates up to 15m/s after HV executes lane changing. FV7, FVS§,
FV9, and FV10 follow FVé6.

16 LV speed 156 ———— HV speed

14+ 1 14 1
12H 1 12 1
10H 1 10 ]

L L . L n . : L
50 100 150 200 250 300 (s) 50 100 150 200 250 300 (s)

Figure 4.37. Speed of LV Figure 4.38. Speed of HV

:

L " 4 . s L
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Figure 4.39. Speed of following Figure 4.40. Speed of. following

vehicles in the. current lane vehicles in the target lane

In scenario 4, the CO, emissions of manual driving and automated
driving are as follows: The CO, emissions of LV, HV, and following
vehicles (FV1, FV2, FV3, FV4, and FV5) in the current lane for automated
driving hardly differ between manual driving and automated driving. The
CO; emissions of FV6 are increased 4.6%. Because the FV6 for manual

driving reaches Om/s to create a sufficient gap and CO, emissions in idle



condition are lower. However, FV6 for automated driving can assure safety
distance although FV6 does not decelerate by Om/s. So, CO, emissions of
FV6 for automated driving ensure a safe distance though FV6 does not
decelerate by Om/s. So, the CO, emissions of FV6 for automated driving
emit more than CO, emissions of FV6 for manual driving. For automated
driving, CO, emissions of FV7 fall 47.3%, CO, emissions of FV8 drop
30%. CO, emissions of FV9 decrease 21.4%, and CO, emissions of FV10
decline 17.1%.

Table 4.3. CO, emissions of scenario 4.

Emissions Manual vehicle ASV Reduction rate
LV 558,276 g/h 558,276 g/h 0%
HV 607,423 g/h 608,496 g/h 0%
FV1 705,716 g/h 685,821 g/h 2.7% decrease
Fv2 705,716 gh 696,657 g/h 1.2% decrease
FV3 705,716 gh 701,774 g/h 1% decrease
Fv4 705,716 g/h 704,855 g/h 0%
FV5 705,716 g/h 707,083 g/h 0.%
FV6 536,505 g/h 561,045 g/h 4.6% increase
Fv7 1,063,858 “g/h 560,535 g/h 47.3% decrease
FV8 797,214 gh 560,475 g/ 30.0% decrease
FV9 712,649 g/h 560,448 g/h 21.4% decrease
FV10 676,006 g/h 560,370 g/h 17.1% decrease




5. Conclusion

This paper presents a methodology to evaluate the environmental impact
for an ASV. The environmental impact is evaluated when ASV executes
ACC and lane changing. To evaluate the environmental impact of ACC, we
estimated headway, capacity, and CO, emission in manual traffic where the
manually driven vehicles case was represented by Pipes model. We also
estimated headway, capacity and CO, emission in automated traffic where
the ACC driven vehicles case was represented by FVADM. The CO;
emission in automated traffic was compared with the-CO, emission in
manual traffic. Thus;” vehicles equipped with —~ACC evaluated an
environmental impact. Under LOS-~E, the headway and capacity were
calculated in manual traffic and automated traffic. Capacity in the automated
traffic could be increased because gap between vehicles equipped with ACC
was closer than gap ‘between manually driven vehicles. 'So, vehicles
equipped with ACC can support 'a platoon in which vehicles travel in
closely spaced groups. The study demonstrated that .speed of vehicles
equipped with ACC is higher than-the speed of manually driven vehicles
under congested traffic conditions because of the extended capacity and
closer spacing. When the volume approaches capacity, the speed was close
to Okm/h in manual traffic where vehicles almost stop. However, the speed
was 17km/h in ACC traffic where vehicles move slowly. Thus, vehicles

equipped with ACC can travel without stopping. This study demonstrated



that CO, emissions of vehicles equipped with ACC can be reduced. When
the volume was 850veh/h, 1,050veh/h, and 1,300veh/h, CO, emissions were
reduced by 59,330g, 550,200g, and 1,497,990g respectively. The more traffic
is crowded, the more reduced the CO, emissions of vehicles equipped with
ACC become. Therefore, vehicles equipped with ACC can expect that the
efficiency of roads is enhanced due to the close gap between vehicles. CO,
emissions can also be decreased under congested traffic conditions.

We evaluated the environmental impact when the ASV executes lane
changing. For manual driving conditions, the following vehicles in the
current lane and the target lane follow leading vehicle through the Pipes
model. An environmental impact-is evaluated when the. ASV changes from
or to a faster lane. For automated -driving, the following vehicles in the
current lane and the ‘target lane follow the leading vehicle through FVADM.
The CO, emissions for manual driving are compared with the CO,
emissions for automated driving. When the ASV in the fast lane enters a
large gap between the leading' vehicle and the following vehicle in the slow
lane, there is not ‘'much difference .in CO, emissions between the ASV and
the manual vehicle. “When ;the ASV in the fast lane enters a .Small gap
between the leading vehicle and the"following vehicle in theslow lane, the
total CO; emissions of the ASV are reduced by-7,196,457g. When the ASV
in the slow lane enters a large gap between the leading vehicle and the
following vehicle in the fast lane, there are not difference of CO, emissions
between the ASV and the manual vehicle. When the ASV in the slow lane

enters small gap between the leading vehicle and the following vehicle in



the fast lane, the total CO, emissions of the ASV are reduced by
1,014,732g. So, this study demonstrated that the CO, emissions of the ASV
can be reduced. The ASV can be expected to improve efficiency, safety,

and the environment.



References

Arnab Bose and Petros Ioannoul., 2001, Evaulation of the environmental effects of
intelligent cruise control vehicle. Transportation Research Record 1774, Paper
No. 01-2203, pp. 90-97.

Gabor Orosz, Bernd Krauskopf, and R. Eddie Wilson., 2005, Bifurcations and
Multiple Traffic Jams in a Car-Following Model with Reaction Time Delay.
Physica D:Nonlinear phenomena, Volume 211, Issues 3-4, pp.277-293.

Heejin Jung., 2006. Development of integrated simulation model for intelligent
vehicle control under the ubiquitous computing environment. Department of
satellite Information science, Gruduate school Pukong-National University.

Hesham Rakh, Michel Van Aerde, K. Ahn, and Antonio A. Trani, 2000,
Requirements for” Evaluating Traffic Signal Control Impacts on Energy and
Emissions Based on  Instantaneous Speed | and: Acceleration Measurements.
Transportation Research Record 1738, Paper No. 00-1133, pp.56-67

Huaxin Gong, Hongchao Liu. Bing-Hong Wang, 2008, An Asymmetric Full Velocity
Difference Car-Following Model. Physica A: Statical Mechanics and its
Applications, Volume 387, Issue 11,pp.2595-2602.

Nathan Gartner, Carroll“J. Messer, and Ajay K. Rathi.,, 1997. Traffic flow theory,
Transportation Research-Board National ;Research Council ‘Washington, D.C.

National institute of environmental research., 2009. Establishment of climate change
responding system for transportation sector(Il), Development of bottom-up
type GHGs emission factor for vehicles. p.64.

Mattew Barth.,, 2000, An emissions and energy comparison between a simulated
automated highway system and current traffic conditions, 2000 IEEE

Intelligent Transportation Systems Conference Proceedings, pp.358-363.



Matthew Barth, Kanok Boriboonsomsin. 2008, Real-World CO, Impacts of Traffic
Congestion. Transportation Research Record, pp.1-18.

Pipes, Louis., 1953. An operational analysis of traffic dynamics. Journal of applied
physics, vol.24, pp.271-281.

Peter., 2002. Modelling lane changing and merging in microscopic traffic simulation.
Transportation Research Part C 10, pp.351-371.

Peter., 2005. Modelling vehicle interactions in microscopic simulation of merging
and weaving. Transportation Research Part C 13, pp.37-62.

UNFCCC, 2006, Baseline Methodology for Bus Rapid Transit Projects,
http://cdm.unfccc.int/EB/025/eb25 repan01.pdf

UNFCCC, 2009, Baseline Methodology for Mass Rapid Transit Projects,
http://cdm.unfcce.int/methodologies/PAmethodologies/approved.html.

William R. Mcshane, Roger P. Roess, Elena S. Prassas. 1998. Traffic Engineering.
Prentice hall, Inc:

X. Zho and Z. Gao., 2005. A new car-following: full velocity ‘and acceleration
difference model, The European physical journal B, voli47, issue 1,
pp-145-150.

Yong-Tack Lim, Min-Goo Kang, Sang-Min Lee, and Sang-Ho Choo, 2008, A
Volume-Delay ' Function. Parameter Estimation and Validation for Traffic
Assignment. Journal of ~Korean Society of Transportation Vol.26, No3,
pp-17-29.

Zhao Xiaoei, Gao Ziyou. 2007, The Stability -Analysis of the Full Velocity and
Acceleration Velocity Model. Physica A: Statistical Mechanics and its

Applications, Volume 375, Issue 2, 2007, pp.679-686.



#A 2

£ oA

3} Az

N

=
=

A

ol

~
;00

oy
5
N

ol

Saeich

wPe ARAFAA A

al7
Tor

=
o

AL
00

!
A+
B
A+
ﬁo
!
!
A=
B
w0

olo

31:!
0
B

ofo
ol
o
ol
B
N

ols

il

A el AAe] A4+ AU

e,

8l A

=z
LN

RN

I
H

WA

ul
=

alg
W)

T

e

o

554

2 vy e, A7t

o

olskE

=
=

A4

LR

el

%



Ajm
<A

™

fite)
X7

X
Hr

)

of, Awmvt

o]l & W
T

3]
i
Al .
-

DA
1] =5 o] A

A
A

A

oA Bogh &

DR

L =
- T

B

al

ol
)

A QA

th=

[e3]
2R

al

—_
fite)

o
olo

au

A & A vrba = e, w

o

A
A

4
A

™
fite)
X7

3
el

b

Anl
1o] 4] whk Btk A, el AAd, SE, mu, e

Q

AFAL B-A ), A, oAl A

1A A 7k

9]

AlaL A

"o

H
ey
N

AR

B

0]
S

7}

I~

|

A7AA w2 AU

a1z
of

285 SFlA

St EHEY HFojFAIL 7

o

o]

e}

=

]

<

o
ko138
H

d

s

)
b oo

—
=

°

]

<

=
i

Ayt A7)
7t

A

o

s
b

A



	1. Introduction
	1.1. Background
	1.2. Goal and Objectives
	1.3. Scope
	1.4. Flow of Study

	2. Literature Review
	2.1. Baseline Methodology and Emission Factor
	2.2. Traffic Flow Theory
	2.3. Adaptive Cruise Control Model
	2.4. Lane Changing Model

	3. Methodology: Car Following Condition
	3.1. Evaluation Methodology
	3.1.1 Car Following Model
	3.1.2. Estimation of Headway in Manual/Automated Traffic
	3.1.3. Estimation of Capacity in Manual/Automated Traffic
	3.1.4. Estimation of Leading Vehicle's Speed in Manual/Automated Traffic
	3.1.5. Estimation of CO2 Emissions

	3.2. Results
	3.2.1. Simulation Condition
	3.2.2. Simulation Results


	4. Methodology: Lane Changing Condition
	4.1. Evaluation Methodology
	4.1.1. Lane Changing for the Manual Driving
	4.1.2. Lane Changing for the Automated Driving

	4.2. Results
	4.2.1. Simulation Condition
	4.2.2. Simulation Results


	5. Conclusion
	References


<startpage>10
1. Introduction 1
 1.1. Background 1
 1.2. Goal and Objectives 2
 1.3. Scope 3
 1.4. Flow of Study 3
2. Literature Review 5
 2.1. Baseline Methodology and Emission Factor 5
 2.2. Traffic Flow Theory 6
 2.3. Adaptive Cruise Control Model 7
 2.4. Lane Changing Model 8
3. Methodology: Car Following Condition 10
 3.1. Evaluation Methodology 10
  3.1.1 Car Following Model 12
  3.1.2. Estimation of Headway in Manual/Automated Traffic 14
  3.1.3. Estimation of Capacity in Manual/Automated Traffic 16
  3.1.4. Estimation of Leading Vehicle's Speed in Manual/Automated Traffic 17
  3.1.5. Estimation of CO2 Emissions 17
 3.2. Results 19
  3.2.1. Simulation Condition 19
  3.2.2. Simulation Results 19
4. Methodology: Lane Changing Condition 22
 4.1. Evaluation Methodology 22
  4.1.1. Lane Changing for the Manual Driving 23
  4.1.2. Lane Changing for the Automated Driving 26
 4.2. Results 30
  4.2.1. Simulation Condition 30
  4.2.2. Simulation Results 32
5. Conclusion 46
References 49
</body>

