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Abstract

In this research, a method of estimating the system overall life cycle CO2 emissions including vehicle traveling, infrastructure
construction, and new manufacture of vehicles is constructed in order to comprehensively evaluate the change in CO2 emissions
associated with transport system development. In particular, congestion of automobiles due to traffic signals and turning left and
right, etc., and the detailed driving behavior of vehicles including mixing of light rail transit (LRT) and automobiles on the road
can be analyzed by micro-traffic flow simulation. A framework is presented for the introduction of LRT that enables conversion
from parallel fixed route buses and the increase in congestion of automobiles due to the reduction in the number of traffic lanes to
be taken into consideration. As a result of application of this estimation method to a case study, the effect of automobile congestion
brought about by the reduction in the number of traffic lanes and the introduction of LRT priority signals on CO2 emissions was
quantitatively determined.
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1. Introduction

In the urban traffic field, a modal shift from private transport to public transport is considered to be effective for
energy efficiency and reduction in CO; emissions. In order to evaluate the effect of a modal shift, in addition to the
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transport efficiency aspect of public transport, constructing a method of estimating the overall system life cycle CO,
emissions and evaluating the change in CO; emissions associated with a traffic system development is an important
aspect!-).

In this research, the introduction of LRT is taken as a case study, and a methodology is constructed for evaluating
the life cycle environmental load before and after development, taking into consideration the driving behavior of
vehicles expressed using micro-traffic flow simulation. Vehicles traveling on the road network near the LRT line were
included in the scope of evaluation, and the ripple effect of the development on the surroundings was evaluated. The
factors affecting emissions originating from vehicles were analyzed by investigating in detail the driving behavior of
1 vehicle and the driving mode.

2. Method of Estimating CO2 Emissions
2.1. Setting the scope of evaluation

In this research, the life cycle CO, emissions were estimated for a project to replace a fixed route bus with a new
LRT as a case study. In addition to the fixed route bus and LRT traffic systems, automobiles were included in the
scope of evaluation. LRT can be considered to be a system consisting of infrastructure (main structure such as tracks,
etc., and ancillary structures such as stops, etc.) and vehicles. On the other hand, for conventionally operated fixed
route buses the infrastructure (roads, stops, etc.) already exists, so it is not included in the estimate, so the CO; is
evaluated for vehicle manufacture, renewal, and operation. The methodology described in this research can also be
applied in the same way to the development of modes of transport other than LRT, so for reference an example of
BRT is shown in Fig. 1 and described in the next section.

It was assumed that the life time of the system is 60 years for both LRT and fixed route bus, and it was assumed
that vehicles are renewed every 30 years for the LRT and every 10 years for fixed route buses. Also, the change in the
environmental load originating from automobiles (passenger cars, trucks) whose traffic flow is changed by the
development of the LRT and elimination of the fixed route buses was taken into consideration. The type of
environment load considered was CO,. The scope of evaluation is shown in Fig. 1. In this research, the life cycle CO,
of LRT and fixed route buses is referred to as SyLC-CO; (System Life Cycle CO), and the extended life cycle CO,
that includes automobiles is referred to as ELC-CO; (Extended Life Cycle CO»).

Evaluation scope in this research (extended life cycle CO2)

LRT life cycle CO»

Bus life cycle CO»
Vehicles (manufacture, operation)

Vehicles (manufacture, operation)
Infrastructure (tracks, stops)

Fig. 1. Evaluation scope setting

The flow of estimation is shown in Fig. 2. CO, emission factors are used for each of the constituent elements of
fixed route buses, LRT vehicles, and infrastructure. The CO, originating from fixed route buses, LRT, and automobiles
was obtained from micro-traffic flow simulation. The details are described from the next section onwards. Also, in
research carried out in the past, a method using the fuel and electricity consumption of buses or LRT, or a method of
obtaining the CO, from operation of automobiles from, for example, fuel consumption equations using the average
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traveling speed as an explanatory variable by Dohi et al.®, have been frequently used. However, in this research,
micro-traffic flow simulation was used as an alternative to these methods.
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Fig. 2. Life cycle CO; estimation flow

2.2. Method of estimation for vehicle manufacture, infrastructure construction and maintenance stages

For both the LRT and the fixed route bus systems, the CO, emissions are obtained for vehicle manufacture and for
infrastructure (LRT only). Estimation values from previous research” were used for vehicle manufacture. LRT
infrastructure construction is broadly divided into tracks and stops, and CO, emission factors for each developed in
previous research? were used. LRT infrastructure maintenance and repair was assumed to be carried out every year,
and rails were assumed to be replaced once every 20 years. Table 1 summarizes these estimation setting values.

Table 1. CO; emission factors for LRT and fixed route bus”

System Constituent element Stage CO: emission factor

Vehicles a) Manufacture [t-COz/train] 39.3

LRT b) Tracks [t-CO2/km] 1,070
Infrastructure c) Stops [t-COq/stop] 14.4

d) Maintenance and repair [t-COa/year] 4

Fixed route bus Vehicles e) Manufacture [t-CO2/vehicle] 36.4
(Reference) Vehicles Manufacture [t-CO2/train] 39.3
BRT Infrastructure Stops [t-CO2/stop] 14.4
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Also, instead of introducing LRT tracks, if BRT is developed using 1 lane as a dedicated bus lane, the CO, emission
factors required for estimation are also shown in Table 1. Installation of compartment lines is small compared with
other constituent elements, so it is omitted.

2.3. Method of estimation in the vehicle operation stage using micro-traffic flow simulation

In this research, an urban traffic simulator developed by the National Traffic Safety and Environment Laboratory
was used to obtain the CO, emissions for operation of conventional fixed route buses, automobiles, and newly installed
LRT. An outline of the simulator is shown in Table 2, and an example of simulation execution display screen is shown
in Fig. 3. This simulator is capable of calculating the effect on automobile traffic of introduction of LRT by setting
the LRT route on a map, and carrying out mock operation in parallel with operation of road traffic (automobiles,
buses). LRT is given a vehicle performance curve, a limiting velocity, and a curve passage velocity, and obtain the
energy consumption from line power and regenerative power when operating in accordance with the traffic signals.
For automobiles, micro-traffic flow simulation was carried out based on a vehicle to vehicle tracking behavior model,
for traveling on the road network with a predetermined destination with each individual vehicle complying with the
signals.

Therefore, it was possible to reproduce running modes such as accelerating, decelerating, and stopping (idling),
and to obtain positional data for each vehicle every 0.5 seconds. Ordinary gasoline automobiles and large bus and
diesel vehicles are handled by this simulator, and from each vehicle the CO, emissions were calculated by calculating
the instantaneous fuel consumption in accordance with the running mode, and multiplying it by the CO, emission
coefficients determined by the Ministry of the Environment.

Table 2. Outline of the urban traffic simulator

Function Setting parameters
Road Network configured from intersection nodes Simulation target area
Signal Reproduction of automobile traffic in accordance with | Cycle length, offset, also simulates green arrow
signals
Automobile | Route assumed for each individual vehicle Traffic OD table from point of origin to point of
Drives in accordance with the speed of the automobile | disappearance
in front Distance between vehicles
Simulates multiple lanes in the same direction No. of lanes
Other traffic | Simultaneous running with LRT Route, vehicle parameters
Simultaneous running with buses Route, timetable, bus stops

| Automobiles |

mtersection

Fig. 3. Example of simulation execution display screen
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3. Estimation of CO: emissions in the case study
3.1. Outline of the case study

The LRT introduction scheme that was the subject of the evaluation was in a government ordinance city in the
Tokai region that was actually planned around the central station. An outline of the scheme is shown in Table 3 and
in Fig. 4. It was envisaged that as a result of introduction of the LRT the fixed route buses that formerly operated on
the same route would be eliminated, and that the users would all convert to the LRT. With the installation of dedicated
tracks the number of lanes on which automobiles can run is reduced. Also here conversion of automobile traffic
running on the route alongside the LRT is not taken into consideration. In the actual scheme, besides the reduction in
the number of lanes on the roads on which the LRT is introduced, modification of the road network is not envisaged.
In this research, the estimates were carried out in accordance with this concept, and modifications or other postulated
concepts were not considered.

Table 3. LRT scheme and existing bus route evaluated

Fixed route bus (existing) LRT (scheme)
Vehicle weight [t/vehicle (train)] 10.7 25.0
No. operations [No./day] 450 320
Scheduled speed [km/h] 10.2 16.8
No. stops [No.] 50 36
Total length [km] 14.5 14.5
No. transported [passengers/day] 27,000 27,000
No. vehicles 15 [No.] 20 [trains]
Capacity [passengers] 80 150
Central station 14 5km
m ,_ﬂ\ i 2km 1o .
L SC el o o M : Signalized intersection
Scope in this research O : Stop

Fig. 4 Outline of simulation area

3.2. Micro-traffic flow simulation setting conditions

The automobile driving conditions were reproduced using the traffic volumes in the simulation area at each
intersections going straight, turning left, and turning right, based on the Ministry of Land, Infrastructure, Transport
and Tourism’s 2005 General Road Traffic Survey Data. The simulation setting conditions are shown in Table 4.

The estimation by simulation was carried out in 1 hour units. For each 1 hour time band in 0 to 24 hours, traffic
volumes were applied, simulation was carried out, and the CO, emissions were estimated, with reference to the
changes in the trip aggregated distribution for each aggregated time in the PT survey. The estimated results for each
hour were added to calculate the CO, emissions in 1 day, and converted to a life time of 60 years.
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Table 4. Simulation setting conditions

Dedicated tracks were installed on a normal national road having 3 lanes (in part 2 lanes) per direction,
LRT route . . . . . ;
connecting the central station of a certain government ordinance city to the outskirts
OD data 2005 Road Traffic Census: Survey of traffic volumes at the main intersections
Traffic signals Application of Public Transportation Priority System (PTPS) to the LRT
Calculation time 1 hour (repeated for each 1 hour time band from 0 to 24 hours)

3.3. Estimated ELC-CO:; result for the whole traffic network

The estimated ELC-CO; result for the whole traffic network is shown in Fig. 5. Although the CO, emissions
originating from infrastructure are higher for LRT development compared with the conventional case (fixed route
bus), the CO, from operation is smaller, so the SyLC-CO; is reduced, although by a small amount. However, the
emissions due to the surrounding traffic flow (CO, emissions originating from driving automobiles) increased by 528
kt-CO,/60 years, and if this amount is included the result obtained is that the ELC-CO; increases. In other words, by
just converting bus users to LRT users, the ELC-CO; increases for the whole traffic network.

This estimate incorporating micro-traffic flow simulation takes into consideration the change in the driving
situation (reduction of speeds due to congestion, etc.) for automobiles traveling alongside the LRT, associated with
the reduction in the number of lanes due to installation of the dedicated tracks and the introduction of LRT priority
signals. However, it is not possible to know how development of the LRT affects automobiles by just comparing the
change in total ELC-CO». Therefore, in the next section the driving behavior of the automobiles is analyzed in detail,
to verify how the surrounding traffic congestion or the effect of the LRT priority signal is expressed in the micro-
traffic flow simulation, and how the ELC-CO; is affected.
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Fig. 5. CO, estimation results for the whole traffic network
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4. Detailed Analysis of Driving Behavior
4.1. Analysis of the factors affecting CO; emissions of automobiles during operation

The CO, from automobile operation in 1 hour and the average traveling speed obtained from the micro-traffic flow
simulation are shown in Table 5. Here the CO, emissions are the total CO, emissions due to automobile operation in
1 hour including the surrounding traffic flow. In the area under consideration, congestion occurs near one intersections
going towards the central station only. Therefore, the analysis of automobiles was carried out separately for the 2
directions. In the direction away from the central station in the LRT development, congestion occurs outside the area
under consideration, and the total number of vehicles traveling is reduced. As a result, the total CO, emissions in 1
hour is small, even though the CO, emissions per vehicle-km is large.

Table 5. Estimation results for automobile CO, emissions and average traveling speed in the area under
consideration based on the simulation

CO:z emissions Average traveling speed
[kg-CO2/hour] [kg-CO2/vehicle-km] [km/h]
Towards central station Conventional 188 0.094 18.5
LRT development 180 0.092 14.7
Away from central station Conventional 173 0.083 24.4
LRT development 113 0.088 20.9

In Section 3, the result that CO, emissions for the whole traffic network increased due to the LRT development
was obtained, but in the estimate for this part of the area the CO, emissions for the LRT development were smaller
compared with the conventional case in both directions. The area under consideration in this section is a city center
area close to the central station where the traffic volume is high, so it is considered that the road conditions are greatly
affected by the introduction of LRT. Therefore, there is a possibility that the change in the automobile driving
circumstances is different from the trend shown in Section 3 which includes the outskirts. In particular, it is considered
that the effect of introduction of LRT priority signals is greater in the city center area where there is congestion at the
intersections. Moreover, although the average traveling speed reduced by about 3 km/h in both directions, the CO,
emissions per vehicle-km reduced in the direction away from the central station. It is known that in the speed range
on normal roads, reducing the average traveling speed increases the CO, emissions, which is different from this result.

As a result of road congestion associated with the LRT development, the speeds of both the LRT and the
automobiles traveling alongside the LRT are reduced, but due to the effect of the LRT priority signal an increase in
vehicles traveling smoothly is seen (the proportion of acceleration and deceleration is shorter and the proportion at
constant speed is longer). As a result, CO, emissions are reduced by the development of the LRT.

4.2. Discussion regarding the necessity of traffic flow simulation

In the previous section it was shown that even though the amount of change in the average traveling speed
associated with the LRT development was the same in both directions, the details of the traveling modes were different.
Also, a case was seen in which CO, emissions did not increase even though the average traveling speed was reduced.
The method of estimation using fuel consumption equations with the average traveling speed as an explanatory
variable in accordance with Dohi et al.?), for example, is frequently used to estimate the CO; emissions due to operation
of automobiles. These fuel consumption equations are regression equations for environmental load emissions obtained
by carrying out driving tests in accordance with driving modes set postulating driving on normal national roads in
predetermined speed zones. In other words, in a case in which there is special signal control and local congestion is
produced, as in this example, driving behavior that is greatly different from the envisaged driving mode occurs, which
indicates that it is necessary to carry out estimation by simulation.

The same applies to the LRT, macro data such as electricity consumption cannot include the effects of stops and
slopes. Although not investigated in this research, energy efficiency can be increased by introducing hybrid systems
to buses and automobiles, in the same way as regenerative braking in the LRT. Estimation by simulation is also
effective to verify this effect.
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5. Sensitivity Analysis on the Effect of Conversion of Demand from Automobiles to LRT

From the estimate in Section 3, the results obtained indicate that to reduce the CO, associated with the LRT
development, it is necessary to convert demand from automobiles to LRT. Therefore, a sensitivity analysis was carried
out for the change in CO; due to automobile operation when there is conversion of demand. Research has been carried
out in the past investigating how much conversion is required to enable CO; to be reduced by development of the
LRT. Therefore, in this research the focus was on the road conditions, to determine how the sensitivity to demand
conversion differed in the direction towards the central station where there was congestion and the direction away
from the central station where there was no congestion. The CO, emissions were estimated for a case in which 10 to
50% of automobiles traveling on the road alongside the LRT converted to the LRT. Here the CO, emissions are the
total CO; emissions originating from automobiles including the surrounding traffic in 1 hour, the same as in Section 4.

Fig. 6 shows the analysis results in the direction towards the central station for the area under consideration. The
CO; emissions generated by automobiles driving through the area under consideration and the corresponding average
traveling speed obtained from the 1 hour simulation are shown. If 20% of the automobile demand is converted to the
LRT, it can be seen that the CO» emission reduction is greater than the reduction in volume of traffic indicated by the
dotted line. The reason for this is considered to be because the effect of congestion at the intersections being cleared
and the improvement in the vehicle driving environment is predominant.
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Fig. 6. Sensitivity analysis for conversion of demand from automobiles (towards central station)
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On the other hand, in the analysis results for the direction away from the central station in the same area, the extent
of the reduction in the CO, emissions is small compared with the direction towards the central station (Fig. 7). This is
because originally there was no congestion in the direction away from the central station so even though the volume
of traffic is reduced by conversion there is no major change in vehicle behavior, and because the volume of traffic on
the road under consideration increases due to conversion of traffic from other routes.

It has been shown that the road traffic also greatly affects the sensitivity analysis results for conversion of demand.
This section dealt with the amount of conversion of demand, but it is also possible to carry out a sensitivity analysis
for the postulated total amount of demand. For example, it is possible to investigate the case that all bus users convert
to the LRT or the volume of automobile traffic increases to a level higher than previously.

6. Conclusions

In this research, micro-traffic flow simulation was applied to the evaluation of the life cycle change in
environmental load associated with an LRT development project. For estimation in the operation stage, which
accounts for a large percentage of the environmental load emissions, it was possible to take into consideration the
detailed driving behavior (acceleration, deceleration, stopping, etc.) of automobiles and LRT, which is a major factor
in determining the environmental load.

It was possible to take into consideration factors which affect the driving environment such as the state of
congestion and signal controls for estimating the changes in CO» emissions of fixed route buses, LRT, and automobiles
traveling alongside the LRT, using the method constructed in this research. By incorporating micro-traffic flow
simulation, it was possible to reflect the changes in detailed driving behavior in the CO; estimates. Therefore, it was
possible to evaluate in more detail the environmental aspects of measures such as the introduction of public transport
priority signals or resolving congestion by improvement of intersections, which change the local driving environment.
This methodology can likewise be applied to the evaluation of BRT and other transport mode developments, and such
estimating is a task for the future.
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