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Abstract: Combined bus rapid transit and buses in a dedicated bus lane (CBBD) is a measure that bus
rapid transit (BRT) operators implement to reduce overlapping routes between BRT and fixed-route
buses. The CBBD measure can combine the passengers of both systems on the same route, which
helps increase passenger demand for the BRT, and reduce fuel consumption and emissions from
utilizing the exclusive lanes for the combined route. However, the CBBD could affect some bus and
BRT passengers in terms of either losing or gaining travel time-saving benefits depending on their
travel pattern. This research proposed a methodology to determine the travel distance initiating
disadvantage for BRT passengers (DDB) to justify the potential success of the CBBD operations.
The number of passengers gaining a benefit from the CBBD was sensitive to the distance between
the CBBD stops and the operational period of the CBBD. The CBBD reform would be beneficial to
transit agencies to improve the travel time of passengers and be able to promote environmental
sustainability for the public transportation system in urban cities.

Keywords: breaking acceleration delay; BRT and bus reform; combined BRT and bus routes in a
dedicated bus lane (CBBD); distance initiating disadvantage for BRT passengers (DDB); overlapping
route reduction

1. Introduction

Buses are economically competitive for low passenger levels when compared to the
rail system. Therefore, the use of a bus-based public transit system has been in favor of
both large and small cities [1,2]. However, under pre-coronavirus disease 2019 (COVID-19)
conditions, the bus operations in most capital cities experienced considerable travel delays
for passengers due to traffic controls, road congestion, bus activities near and at bus stops,
etc. [3-5]. While breaking-acceleration delay and passenger’s getting on-off delay are
common delay types for buses, a significant delay from traffic usually occurs in the a.m.
and the p.m. peak hours. Therefore, bus services typically experience uncertainty for
travel time and headway, particularly during the rush hours [6,7]. Many metropolitan
administrations tried to resolve the delays for buses by introducing bus rapid transit
(BRT) systems. A BRT can increase the level of service for passengers by avoiding traffic
congestion in mixed-flow lanes and reducing the crowd level at the BRT stops. Therefore,
a BRT could be an attractive option that encourages travelers to shift their travel mode
choice from private vehicles. Some other indirect benefits of BRTs include a reduction of
air pollution in the road network due to a shift from other motorized modes [8-10] and the
increased value of land and property within 50 m of the BRT terminals [11].

The BRT has been of interest to many cities because it has lower construction costs
than elevated trains or subways [12]. Different agencies operate BRT under various en-
vironments that could affect the BRT speed, such as, turbo roundabouts, with/without
traffic light control, lane change frequency, type and quantity of private vehicles in the
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BRT lanes, etc., [13,14]. Furthermore, the distance between stops for BRTs and buses varies
from country to country, which could result in different operational speeds. In general,
the spacing between the BRT stops ranges between 300 and 1800 m, and the average BRT
speed is 1660 km/h [15-17] while the spacing between the bus stops ranges between 200
and 500 m [18].

Another challenge for successful BRT operations mainly involves the day-to-day
administration of the BRT operators. The system alignments and population density in
each area contribute to most of the travel demand [19]. The improved BRT route structure is
one of the key success factors for BRT system management. Some BRT operators choose to
combine the BRT system with regular buses and operate them in exclusive bus lanes when
the two systems have partial or full overlapping routes. The combined bus rapid transit
and buses in a dedicated bus lane (CBBD) could reduce the headway of the buses and
BRTs, the number of fleets, and energy consumption. The BRT systems in China, Turkey,
South Korea, and Colombia, which served approximately 7595-57,654 passengers/km per
day, showed significant improvements for their operations after reducing the overlapping
routes between BRT and buses [20-23]. Meanwhile, the BRT system in Bangkok, Thailand,
has been operating without the CBBD measure. As a result, the number of Bangkok BRT
passengers was as low as 1000 passengers/km per day because it also competed with the
regular bus system for passengers in their overlapping routes [24].

The CBBD measure has been widely used as a hybrid system between buses and BRT.
It can combine bus and BRT passenger demand in the same route with a shorter distance
between stops while still providing travel time-saving benefit from using the BRT lanes.
The similar methodology for combining routes or facilities was also conducted for other
transportation networks such as bus, container, and airline networks [25-28]. In [29], the
Rama 2 Road in Bangkok is reported to have a reduction of the overlapping of the route
between regular buses. Meanwhile in this study, the effect of overlapping route reduction
between bus and BRT is discussed. The CBBD implementation would have both positive
and negative impacts on passenger’s travel time based on their travel distance. This study
aims to identify decision criteria for the CBBD reform by analyzing the travel distance
initiating disadvantage for BRT passengers (DDB). The analysis results from this study
include 5 parts. The first part is the field data collection survey to analyze the BRT travel
time components such as passengers’ getting on-off delay, breaking and acceleration delay,
and free-flow travel time as shown in Section 4.1. The second part analyzes the average
speed for different BRT stop distances as shown in Section 4.2. The third part illustrates the
BRT passenger’s effects with the CBBD reform on Rama 3 Road as shown in Section 4.3.
The fourth part illustrates the sensitivity of the distance between BRT stops on the BRT
passenger’s effects with the CBBD reform as shown in Section 4.4. This part also exhibits
the criteria for choosing the CBBD reform based on passenger’s travel time benefits. The
last part illustrates the environmental benefits from the CBBD reform including energy
saving and greenhouse gas (GHG) reduction potential as shown in Section 4.5. The analysis
procedure of this research is shown in Figure 1.
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Step 1 Analyse data from field survey

. 4
Step 2 Analyse BRT speed

A 4

Step 3 Analyse CBBD effect on Rama 3 Road

A 4

Step 4 Analyse CBBD effect with BRT stop distance sensitivity

A 4
Step 5 Environmental benefit estimation

Figure 1. Research procedure.

2. Bus Rapid Transit (BRT) Operations in Bangkok

Bangkok has one BRT route operating on major roads including Ratchadaphisek Road,
Rama 3 Road, and Naradhiwas Rajanagarindra Road. The partial BRT route on Rama 3
Road was selected for this research because it operates without intersection delay. Public
transportation that serves passengers on Rama 3 Road consists of bus line No. 205 and BRT.
The two transit lines have an approximately 7.8 km overlapping section from Chong Nonsi

temple to Rama 3 Bridge as shown in Figure 2 [30,31].
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Figure 2. Overlapping section of bus No.205 and bus rapid transit (BRT) routes between Chong Nonsi Temple and Rama 3
Bridge (Adapted from Google Map, 2020).

The overlapping section between BRT and bus No. 205 on Rama 3 is located in the
urban area of Bangkok (Yan Nawa and Bang Kho Laem districts). The population density in
Yan Nawa and Bang Kho Laem districts was 4776 and 8276 persons/ km?, respectively [32].
Within the overlapping section, the BRT operates in the dedicated lane (lane no. 4) next to
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the median while bus No. 205 serves as a regular fixed-route transit in mixed-flow lanes
(lane no. 1-3). The major differences between bus No. 205 and the BRT are the accessibility
and speed of each service type. The spacing between stops for bus No. 205 is 325 m while
BRT stops are 1300 m apart from each other. Therefore, passengers have access to bus No.
205 more frequently than the BRT. The average speed of the BRT is higher than the buses
because the number of stops for the BRT is less than bus No. 205 and the BRT also operates
in the dedicated lane. The problem of the overlapping routes between the BRT and bus No.
205 on Rama 3 Road causes the two systems to compete with each other for passengers.
The solution to resolve this problem is to share the BRT lane with the bus to increase lane
utilization [33].

This research study illustrates the DDB analysis methodology to develop the decision
criteria for choosing the CBBD measure. With the CBBD implementation, all BRT and bus
No. 205 passengers must travel with the combined system in the existing BRT lane between
Chong Nonsi temple and Rama 3 Bridge. The distance between the BRT stops with the
CBBD reform was reduced from 1300 to 325 m and all passengers of bus No. 205 and the
BRT could access the modified BRT stops as shown in Figure 3.
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Figure 3. Bus rapid transit (BRT) and bus operational structure with and without the Combined bus rapid transit and buses
in a dedicated bus lane (CBBD) between Chong Nonsi temple and Rama 3 Bridge.

The CBBD implementation could affect different passenger groups including bus
passengers and BRT passengers who travel for a short or long distance and with or without
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transferring to connected routes. In this study, all passengers were classified into 2 types,
which are the passengers gaining and those losing travel time benefit with the CBBD reform.
The analysis for passenger benefit is useful for BRT operators in that they can choose the
CBBD when the majority of the passengers would obtain travel time benefit.

3. Methodology

The research procedure was divided into 5 steps.

3.1. Step 1 Analysis of BRT Travel Time Components

Travel time components of the BRT vary with time throughout the day. Private vehicles
can travel in the BRT lane during the p.m. peak. During off-peak hours, only the BRT
traveled in their dedicated lane without private vehicles, which is similar to normal BRT
operation in other countries. To avoid the uncertainty due to traffic congestion during the
p-m. peak, the travel time component during the off-peak periods was used to calculate
free-flow travel time, get on-off delay, and breaking-acceleration delay.

3.1.1. Total Travel Time

Total travel time is the overall travel time that comprises free-flow travel time, get
on-off delay, and breaking-acceleration delay. In this research, 30 samples of the BRT’s
travel time on Rama 3 Road (between Chong Nonsi temple and Rama 3 Bridge) were
collected from 18 September to 6 December 2018.

3.1.2. Free-Flow Travel Time

Free-flow travel time for the BRT is the travel time excluding get on-off delay and
breaking-acceleration delay. Free-flow travel time can be calculated as shown in the
equation Tfreeflow = S/ Viree-flow, Where Tgee-flow 15 the free-flow travel time (hour), s is
the distance between Chong Nonsi temple and Rama 3 Bridge (km), and Vee-fiow is the
free-flow operational speed (km/h). From the field survey, the maximum speed of the BRT
was systematically fixed at 60 km/h for passenger safety as shown in Figure 4.

Figure 4. Speed limit for Bangkok BRT.
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3.1.3. Get On-Off Delay
The Relationship between Get On-Off Delay and the Number of Passengers at BRT Stop

In this study, 97 samples of passenger count at each BRT stop (x-variable) and time
spent for getting on-off at the BRT platform (y-variable) were recorded from random BRT
stops to analyze their relationship using a simple linear regression as shown in Equation (1).

toet on-off = ap + b;p=>1 (1)

teet on-off = Get on-off delay (sec)

a = Slope of the simple linear regression

b = Y-intercept of simple linear regression

p = Number of BRT passengers getting on-off at BRT stop (passengers).

Get On-Off Delay Prediction

The time spent for getting on-off at the BRT-platform (Get on-off delay) depends
on the number of passengers during each time period. In general, passenger demand
during the rush hours (6.00-9.00 a.m. and 5.00-8.00 p.m.) is higher than the off-peak hours
(9.00 a.m.—5.00 p.m.) for up to 2-3 times [34-36]. In this research, 30 samples of BRT travel
demand count at the BRT stops were collected from 18 September to 6 December 2018.
The total travel time spent for getting on-off at the BRT platform can be calculated using
Equation (2).

Tget on-off =N [a(p/n) +b];p > 1 ()

where n is the number of BRT stop (parking for passengers), Tget on-off = Overall get on-off
delay (sec).

3.1.4. Breaking-Acceleration Delay

The breaking-acceleration delay at the BRT stop is composed of 3 stages. In the first
stage, the BRT decelerates from 60 to 0 km /h before parking. In the second stage, the BRT
stops, and passengers get on-off at the BRT stop. In the third stage, the BRT accelerates
from 0 to 60 km/h to approach the next BRT stop. The detail of the breaking-acceleration
delay is shown in Figure 5.

Velocity (km/hr)

60

Eiesd Tail

1.Breaking 3.Acceleration

2.Get on/off
at BRT-stop

Ii Breaking-acceleration delay —I

Time (sec)

Figure 5. Characteristics of getting on-off delay and breaking-acceleration delay.
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The breaking-acceleration delay is considered as the lost time for the BRT immediately
before and after parking at BRT stops. The breaking-acceleration delay is related to other
time components as shown in Equation (3).

tbreaking-acceleration = (Thotal travel time — Tfree-flow — Tget on-off) /10 3)

threaking-acceleration = 10tal lost time due to breaking-acceleration activities before and after
stops/BRT stop (min)

Tiotal travel ime = Total travel time of BRT between Chong Nonsi temple and Rama
3 Bridge (min)

Ttree-flow = Total free-flow travel time between Chong Nonsi temple and Rama 3 Bridge (min)
Tget on-off = Total get on-off delay of passengers between Chong Nonsi temple and Rama 3
Bridge (min)

n = Number of BRT stops between Chong Nonsi temple and Rama 3 Bridge. There are 6
BRT stops (1 = 6) at Rama 3 Bridge, Chareon Rat, Rama 9 Bridge, Wat Dokmai, Wat Parivas,
Wat Dan.

3.2. Step 2 Analysis of Average BRT Speed

In this section, a relationship between BRT speed and its stop distance was exhibited.
The effect of BRT stop distance on the speed can be calculated by substituting the variables
from step 1 (Ttree-flow Tbreaking—accelerationr Tget on-off) into Equation (4) as shown below.

V =5/Toverall travel time = 8/ {Tfree-flow + Tbreaking-acceleration + Tget on-off} OF (@)
V =58/{Tfree-flow + 1'Vfbreaking-acceleration +n [a(P /m)+bl}; p= 1

V = BRT speed (km/h)

s = Distance between Chong Nonsi temple and Rama 3 Bridge (7.8 km)
Toverall travel time = Overall travel time of BRT passengers (hour)
Threaking-acceleration = Overall breaking-acceleration delay (hour)

3.3. Step 3 Analysis of BRT Passengers’ Effects for the Combined Bus Rapid Transit and Buses in a
Dedicated Bus Lane (CBBD) on Rama 3 Road

The BRT system in Bangkok has a distance between stops of 1300 m. If the BRT
operator reduces the distance of the BRT stop to 325 m to be accessible by all BRT and
bus passengers, the BRT operator can combine the BRT and bus routes (CBBD), which
would lower the waiting time for the BRT passengers. However, the average speed of
the BRT would be decreased due to the increasing number of stops. Therefore, the BRT
passengers who travel for a long distance will not receive the benefit. The distance initiating
disadvantage for BRT passengers (DDB) is the distance that the BRT passengers do not
gain and lose the benefit with CBBD reform. The DDB can be evaluated using Equation (5).

DDB = (V1V2At12)/ (V1 — Va) @)

DDB = Distance initiating disadvantage for BRT passengers (km)

V1 = BRT speed without the CBBD reform based on the average BRT stop distance of
1300 m (km/h)

V, = BRT speed with the CBBD reform based on the average BRT stop distance of
325 m (km/h)

Aty = Different waiting times between with and without the CBBD reform (hour)

Another indicator that is able to categorize the passenger group with the CBBD reform
is the travel delay of the bus in mixed-flow lanes. The total travel time difference between
the off-peak and the p.m. peak was used to estimate the delay on Rama 3 Road. The total
travel time data, including 28 trips during the off-peak and 47 trips during the p.m. peak,
was collected from 18 September to 6 December 2018.
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3.4. Step 4 Sensitivity Analysis for Distance Initiating Disadvantage for BRT Passengers
(DDB) Distance

This step illustrates the relationship between the DDB distance and the BRT stop
distance without the CBBD reform, which varies between 200 and 1800 m. The BRT speed
with the CBBD reform (V;) was calculated based on the modified stop distance with the
reform at 200, 300, 400, and 500 m, which is close to the regular bus stop spacing. The BRT
speed with (V;) and without (V1) the CBBD reform can be estimated using the analysis
results from step 2 in Section 3.2 and the DDB distance can be estimated using Equation (5).

3.5. Step 5 Environmental Benefits

The buses on Rama 3 Road are equipped with diesel engines [37]. If all of them shift
to the dedicated lanes with the CBBD reform, the operations under uncongested traffic con-
ditions would improve fuel economy efficiency, which results in less fuel consumption of
the bus system [38]. The quantity of fuel consumption reduction with the CBBD operations
can be calculated using Equation (6).

A = ND/(FCyithout cBBD — FCyith CBBD) (6)

A = Quantity of fuel consumption reduction (liter/time period).

N = Number of buses on Rama 3 Road (buses/time period),

D = Travel distance from Chong Nonsi temple to Rama 3 Bridge (7.8 km).

FC.yjithout cBBD = Fuel consumption rate of bus without the CBBD reform (km/liter).
FCyitn cBD = Fuel consumption rate of bus with the CBBD reform (km/liter).

The total GHG emission reduction depends on the quantity of fuel consumption
reduction and emission factors. The relationship between each factor can be calculated
using the Tier 1 emission estimation according to the Intergovernmental Panel on Climate
Change (IPCC)’s 2006 guidelines E = A x EF [39,40], where E is the total GHG emission
reduction (kgCO, /time period), A is the quantity of fuel consumption reduction (liter/time
period), and EF is the emission factor (kgCO,/liter) that can be calculated using emission
factor per heating value of fuel proportion (kgCO, /TJ) and energy content value (M]/liter).
The emission factor per heating value and energy content of diesel is 74,100 kgCO, /T]
and 36.42 M]J/liter, respectively. As a result, the emission factor of diesel engines is
(74,100 kgCO, /T]) (36.42 M] /liter) = 2.70 kgCO, /liter of diesel [40,41].

4. Results
4.1. Step 1 Analysis of BRT Travel Time Components
4.1.1. Total Travel Time

From the field survey data, 30 samples of the total travel time between Chong Nonsi
temple and Rama 3 Bridge were recorded during the off-peak time. The total travel time
along the 7.8 km section was 12.57 min with a range between 11.52-14.04 min and a
standard variation of 0.61 min.

4.1.2. Free-Flow Travel Time

For the study section, the distance between Chong Nonsi temple and Rama 3 Bridge
was 7.8 km and the observed free-flow speed for the BRT was 60 km/h. Therefore, the free-
flow travel time for the study section calculated using the formula Tgee-fiow = 5/ Vree-flow
was (7.8 km)/(60 km/h) = 0.13 h or 7.8 min.

4.1.3. Get On-Off Delay
The Relationship between Get On-Off Delay and the Number of Passengers at the
BRT Stop

Get on-off delay is directly related to the number of passengers on the BRT platform.
As shown in Figure 6, 97 samples of the BRT parking at each BRT stop were recorded for the
getting on-off time and the number of passengers. The relationship through least square
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method between the getting on-off delay at the BRT stops and the number of passengers
Was tget on-off = 0.8654 p + 3.2177; p > 1, where tget on-off is the getting on-off delay at the BRT
stops (sec) and p is the number of passengers getting on-off at the BRT stops (passengers).
The coefficient of determination (r2) was equal to 0.7421 (r = 0.86) indicating a strong
correlation between the two variables. The variation of getting on-off time depends on
personal characteristics such as age, gender, rush, etc. For example, teenagers are likely to
walk faster than elderly passengers, women wearing high heels are likely to walk slower
than others, etc.

35
30
25

20 ¢

15 $ o0
o o * toet on-off = 0.8654p +3.2177

10 R2=0.7421

Get on-off delay (sec)

0 3 6 9 12 15 18 21 24 27 30
The number of BRT passengers

Figure 6. The relationship between getting on-off delay and the number of passengers at BRT stops.

Get On-Off Delay Prediction

According to 30 samples of travel demand count during the off-peak hour, the total
number of passengers getting on-off at all 6 BRT stops was 24 passengers or 4 passen-
gers/BRT stop. Therefore, the get on-off delay/BRT stop (tget on-off) Was 0.8654 (4) + 3.2177
= 6.68 sec/BRT stop or Tget on-off = 40.08 sec for all 6 stops combined along the study section
on Rama 3 Road.

4.1.4. Breaking-Acceleration Delay

The breaking-acceleration delay could be calculated by substituting free-flow travel
time, get on-off delay, and total travel time into Equation (3). As a result, the total breaking-
acceleration delay for all 6 stops along Rama 3 Road (Tpreaking-acceleration) Was 12.57 — 7.80
— 0.67 = 4.10 min. Therefore, breaking-acceleration delay/BRT stop (tpreaking-acceleration)
was 4.10/6 = 0.67 min or 41 sec/BRT stop.

4.2. Step 2 Analysis of Average BRT Speed

From the 30 samples of travel demand count, the total number of BRT passengers
getting on-off along Rama 3 Road was 24 passengers during the off-peak hours and 49 pas-
sengers during the p.m. peak hours. The BRT speed could be calculated by substituting
the variable Tgee flow, Tget on-off, a1d Threaking-acceleration iNto Equation (4). The procedure to
calculate the BRT speed was illustrated in Section 3.2. The relationship between BRT speed
(variable VpRr.speed, km/h) and the BRT stop distance (variable Dggr stop, meter) is shown
in a logarithm form with R? > 0.99 as shown in Figure 7. The effective boundary of the BRT
stop distance was 200-1800 m. The relationships between the BRT speed and the BRT stop
distance during each period are shown in Equations (7)—(9).
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BRT velocity (km/h)

PM. peak hour (overall get on-off passenger = 49 passengers)
VBRT-speed (PM. peak) = 12.749 In(DpgRrr stop) — 55.576; 200 m < DpRrrstop < 1800m  (7)
Off-peak hour (overall get on-off passenger = 24 passengers)
VBRT-speed(Off-peak) = 13.253 In(DpRT stop) — 58.212; 200 m< Dprrstop < 1800m  (8)
No passenger loading (overall get on-off passenger = 0 passengers)

VBRT-speed (No loading) = 13.768 In(Dgrr stop) — 60.913; 200 m < Dggr stop <1800m (9)

y —o—Off-peak
r ] —a—P.M. peak
No loading
400 600 800 1000 1200 1400 1600 1800

BRT stop distance (meter)

Figure 7. The relationship between BRT speed and BRT stop distance.

4.3. Step 3 Analysis of BRT Passengers’ Effects for the Combined Bus Rapid Transit and Buses in a
Dedicated Bus Lane (CBBD) on Rama 3 Road

From the field survey data, bus and BRT frequency during the off-peak and the p.m.
peak periods was in a different setting. As a result, the effects of the CBBD reform on the

BRT passengers would be independent depending on the analysis period as shown in
Sections 4.3.1 and 4.3.2.

4.3.1. Off-Peak Hour

The BRT passengers’ travel distance and the total travel time with and without the
CBBD reform are illustrated in Figure 8. From the field survey data, the existing BRT
frequency without the CBBD reform was 4 buses/hour and the average waiting time
for the BRT passengers was 60/4 = 15 min. During normal operations, the BRT could
travel at an average speed of 36.81 km/h with the BRT stop distance of 1300 m as es-
timated in Equation (8). With the reform, if the combined BRT and bus routes oper-
ated at the same frequency of 15 buses/hour (BRT frequency = 4 buses/hour and bus
frequency = 11 buses/hour), the waiting time for the BRT and the bus passengers would
reduce to 60/15 = 4 min. The combined BRT and buses would travel at an average speed
of 18.44 km/h with a CBBD stop distance of 325 m as estimated in Equation (8). From
the result in Figure 8, the distance initiating disadvantage for BRT passengers (DDB) was
6.77 km.
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Figure 8. BRT Passenger effects from the combined bus rapid transit and buses in a dedicated bus lane (CBBD) model

during the off-peak time.

4.3.2. PM. Peak Hour

Figure 9 illustrates the travel distance and the total travel time for the BRT passengers
with and without the CBBD reform during the p.m. peak hour. From the field survey data,
the frequency of the BRT without and with the CBBD reform was 9 and 20 buses/hour,
respectively. Therefore, the waiting time for the BRT passengers without and with the
CBBD reform was 6.67 and 3 min, respectively. From Equation (7), the BRT speed without
and with the CBBD reform was 35.84 and 18.16 km/h, respectively. With the specified
conditions, the DDB distance was 2.25 km.

The CBBD reform would affect 4 groups of passengers. Group 1 passengers are all bus
passengers. Group 2 is the BRT passengers who travel shorter than the DDB distance and
without transferring to connected routes. Group 3 is the BRT passengers who travel longer
than the DDB distance. Group 4 is the BRT passengers who transfer to connected routes.

The affected bus passengers (Group 1) from the regular bus system could be divided
into 2 groups depending on a transfer requirement. If the bus passengers do not require
a transfer to connected routes, the waiting time for bus passengers can be reduced due
to more frequent services from the combined routes. Furthermore, they can avoid traffic
congestion that mainly contributes to a travel time delay. For the bus passengers who
require a transfer to connected routes, they would still get the benefit from traffic delay
avoidance but would experience longer waiting time at both routine BRT stop and the
stop of the connected route combined. From the field survey data, the total travel time of
regular buses in mixed-flow lanes during the rush hours and the off-peak hours was 25.31
and 17.20 min, respectively, for the study section of 7.8 km. This could be calculated for a
traffic delay of (25.31 — 17.20 min) /(7.8 km) = 1.04 min/km, which would be considered a
direct travel time saving from the CBBD system. From the results in Figures 8 and 9, the
waiting time for passengers at the CBBD stop was estimated at 3 min (p.m. peak) and 4 min
(off-peak), respectively. This is equivalent to a delay of 0.38-0.51 min/km for passengers
transferring to the connected routes. By comparing both types of delay, the traffic delay
would be a greater influence on passenger’s travel time than the transferring delay from
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the connecting routes. Consequently, the bus passengers on the connected routes would
still get the travel time saving benefit from the CBBD reform.

25 ¢ DDB = (V,V,At, )/ (V, - V,) =225 km

P
$

——With CBBD
—o— Without CBBD

Waiting time = 3 min,
? | V,=18.16 km/h,
CBBD stop distance = 325 m

1 ¢ o o
Waiting time = 6.67 min,

V, = 35.84 km/h,

Travel distance(km)
p—
(@] ]

0.5 ¢
BRT stop distance = 1300 m
0 —o—= r——0—
0 ‘ 4 6 8 10 12 14

Total Travel time (minute)
Figure 9. BRT Passenger effects from the CBBD model during the p.m. peak hour.

The BRT passengers (Group 2) would gain the travel time saving benefit from the
CBBD reform because the total waiting time reduction would still be higher than time
spent from more frequent passenger loading due to the closer distance between the CBBD
stops. On the other hand, Group 3 passengers would lose travel time saving benefit since
the waiting time reduction was lower than the increased overall parking time. Group 4
passengers would lose travel time saving benefit due to longer waiting time at both routine
and connected route stops, including longer travel time from more frequent stops in the
CBBD system.

4.4. Step 4 Sensitivity Analysis for DDB

Figures 10 and 11 illustrate the relationship between the DDB values and the BRT
stop distance with and without the CBBD reform. The DDB value could be calculated by
substituting the waiting time and speed differences between with and without the CBBD
reform into Equation (5). The waiting time without the CBBD reform during the p.m. peak
hour and off-peak hour was obtained from the survey data for the BRT frequency on Rama
3 Road. The waiting time with the CBBD reform was drawn from the survey data of the
BRT and bus frequencies on Rama 3 Road. The BRT speed with and without the reform
could be calculated as shown in Equations (7) and (8). BRT speed varies across different
BRT operators depending on the BRT stop distance. In this study, The BRT speed with
the CBBD reform was calculated for CBBD stop distance of 200, 300, 400, and 500 m by
using Equations (7) and (8). The result of the CBBD reform can be divided into 2 conditions
depending on the difference of the BRT stop distance with and without the CBBD reform
as shown in Sections 4.4.1 and 4.4.2.
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Figure 10. Relationship between BRT stop distance adjustment and the travel distance initiating disadvantage for BRT
passengers (DDB) during the off-peak hour.
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Figure 11. Relationship between BRT stop distance adjustment and the distance initiating disadvantage for BRT passengers
(DDB) during the p.m. peak hour.
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4.4.1. CBBD Stop Distance with the Reform Less Than BRT Stop Distance without
the Reform

In the case that the distance between the CBBD stops with the reform is less than the
distance between the BRT stops without the reform, the DDB would be low. As a result, all
bus passengers and the BRT passengers who travel for a short distance (less than the DDB
distance) without transferring to the connected routes (Group 1 and Group 2 passengers)
would gain the travel time-saving benefit with the reform. Meanwhile, the BRT passengers
who travel longer than the DDB distance and who transfer to the connected routes (Group
3 and Group 4 passengers) would lose the travel time benefit. If BRT operators plan to
combine BRT and bus routes using the CBBD reform, they need to know the travel distance
of their passengers prior to the implementation. The BRT operators should apply the CBBD
reform based on conditions that the number of Group 1 and Group 2 passengers is higher
than Group 3 and Group 4 passengers. To apply the CBBD in Bangkok, which has the
distance between BRT stops of 1300 m, the distance between the CBBD stops could be
adjusted to 200, 300, 400, or 500 m. This would result in getting the DDB distance of 3.27,
6.04, 9.16, and 12.87 km for the off-peak and 1.10, 2.01, 3.03, and 4.25 km for the p.m. peak.

4.4.2. CBBD Stop Distance with the Reform Equal or Proximate to BRT Stop Distance
without the Reform

In case that the distance between the CBBD stops distance with the reform and the
distance between the BRT stops without the reform is equal or proximate, the DDB would
be very high (DDB distance > 20 km). In general, the travel distance of the BRT and bus
passengers did not exceed 18 km based on the observations [42], thus, Group 3 passengers
were expected to be very small. The CBBD should be applied if the number of Group 1 and
2 passengers is higher than Group 4 passengers.

The comparative results between the BRT stop distance and the DDB distance indicate
that the magnitude of the travel time saving benefit would depend on the time of day. The
DDB distance for the p.m. peak was lower than that for the off-peak time. As a result,
the passengers gaining benefit from the CBBD reform (Group 1 and Group 2 passengers)
during the off-peak were higher than those during the p.m. peak. In general, similar
operations to the CBBD in other countries would be effective throughout the day across
peak and off-peak hours. It would be more conservative for the BRT operators to use the
sensitivity analysis results for DDB distance during the p.m. peak (Figure 11) to identify the
number of passengers who would gain the travel time benefit from the CBBD operations.

The criteria for applying the CBBD measure depend on the BRT stop distance, the
DDB distance, and the number of passengers with connected routes. Figure 12 shows the
steps of the determination including:

(1) Define the BRT stop distance with and without the CBBD reform.

(2) Find the DDB by using the DDB analysis in Figure 11.

(3) Survey for passengers’ travel patterns, such as travel distance, travel routes with /without
connections, and travel mode.

(4) Choose the CBBD reform based on the majority of the travel pattern identified in the
previous step. BRT operators should apply the CBBD measure when the number
of advantaged passengers (Group 1 and Group 2) is greater than the number of
disadvantaged passengers (Group 3 and Group 4).
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Define BRT stop distance
before & after the CBBD

BRT stop distance BRT stop distance
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Figure 12. The analysis steps for determining a number of advantage /disadvantage passengers from the CBBD implementation.

4.5. Environmental Benefits

The advantage of the CBBD reform is not only reducing the travel time of buses but
also reducing energy consumption due to higher fuel economy efficiency. For example,
the energy consumption rate of the bus was 0.51 L/km under conditions that the average
bus speed in the mixed-flow lanes was 18.49 km/h. The energy consumption rate of the
bus in the BRT lanes (CBBD operations) was 0.41 L/km with an average bus speed of
27.21 km/h [38]. The assumptions for the evaluation of fuel and GHG reduction were
based on 6 conditions including:

(1) Bus frequency on Rama 3 Road was 11 buses/hour.

(2) The time period during the p.m. peak (5.00-8.00 p.m.) was 3 h/day.

(3) Distance from Chong Nonsi temple to Rama 3 Bridge was 7.8 km /trip.

(4) Annual weekdays were 243 days/year.

(5) The market price of diesel on 2 February 2021 was 29.56 Thai baht (THB)/liter [43].
(6) The exchange rate on 2 February 2021 was 30.00 THB/USD [44].

From the analysis results for comparing between with and without the CBBD measure
on Rama 3 Road, the fuel cost and GHG reduction with the CBBD reform was 779 USD/km-
year and 2135 kgCO, /km-year, respectively. The sustainability analysis with and without
the CBBD reform is shown in Table 1.
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Table 1. Energy saving and greenhouse gas (GHG) reduction potential for the CBBD measure on Rama 3 Road.

. Buses in Mixed-Flow Lanes Buses in BRT Lanes o . .

Analysis Data (without CBBD) (with CBBD) % Saving Potential
Total travel time from Chong Nonsi
temple to Rama 3 Bridge (min) 2531 17.20 32.04
Speed (km/h) 18.49 27.21 47.16
Energy consumption rate (liter/km) 0.51 0.41 19.61
Apnual energy consumption 31,967 25,798 19.30
(liters/year)
Annual GHG emission
(kgCO, /km-year) 11,065 8930 19.30
Fuel cost (USD/year) 31,498 25,419 19.30
Fuel cost (USD/km-year) 4038 3259 19.30

5. Conclusions

The combined bus rapid transit and buses in a dedicated bus lane (CBBD) is the
method that a number of BRT operators use to minimize the travel time of passengers
in both systems. The CBBD measure could be beneficial to BRT and bus systems in both
direct and indirect ways. The direct benefits of the CBBD are the increase in BRT lane
utilization and time saving for bus passengers while the indirect benefits are the energy
saving and GHG reduction due to the improved operational speed of the regular buses
from using the BRT lanes. However, the analysis results suggest that some passengers who
would gain or lose travel time benefit from the CBBD implementation based on their travel
distance within the combined route section. The BRT operators should have knowledge
of the passenger’s travel pattern and the travel distance initiating disadvantage for BRT
passengers (DDB) prior to making a decision on the CBBD reform.

The DDB values used in this research are limited to similar settings for the free-flow
speed (maximum allowable BRT speed of 60 km/h), and the frequency (BRT and buses) on
the Rama 3 Road section. The DDB could vary when either or all parameters change under
different conditions. For example, the CBBD application in higher-density areas such as
the central business district would result in more frequent service for the combined BRT
and buses than that on Rama 3 Road and thus affect the DDB values. The BRT operators
should recalculate the DDB values to decide on the CBBD reform potential.

This research could be useful for the BRT operators to achieve successful operations
of the CBBD measure, which could also promote sustainable development of urban public
transportation systems in the long term. Further studies could explore opportunities to
increase the load factor of the BRT fleets with the CBBD reform using similar methodol-
ogy to the study on Rama 2 Road [29] to extend the reduction of energy consumption
and emissions.
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