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Abstract: In many large cities in developing countries, investments in transportation infrastructure
are insufficient for the growing population, resulting in chronic traffic congestion and overcrowding.
The urban population of developing countries is expected to increase further toward the middle of
this century, and urban planning and transportation policies that foresee future population changes
and economic growth are necessary to make these cities more sustainable. Bangkok is one of the
most congested metropolitan areas in the world, and transport projects such as the extension of
the public transportation system are being implemented. However, due to the monocentric urban
structure, both road and rail traffic is extremely congested during peak hours, which impedes some
economic activities and personal interaction. In this study, we simulate the impact of urban and
transportation measures in Bangkok from today to 2050. In addition to the expansion of the planned
rail transit network, we evaluate the effects of a land use scenario in which sub-centers are established
to develop a polycentric urban structure. The impact of alternative zoning and transportation policies
and projects in Bangkok is discussed. Although this study is focused on Bangkok, the findings are
assumed to be transferable to other large cities in developing countries.

Keywords: urban transport; agent-based model; MATSim; integrated land use/transport model;
developing countries; traffic congestion; public transport; decentralization; population increase

1. Introduction

Many large cities in developing countries continue to suffer from chronic traffic
congestion and overcrowding due to inadequate investment in transportation infrastructure
for their growing populations [1]. Urban populations in developing countries are expected
to increase further towards the middle of the century [2], and in order to make these cities
more sustainable, urban planning and transportation policies need to anticipate future
population changes and economic growth. Due to its high density and inadequate road
system, Bangkok is one of the most congested metropolitan areas in the world [3,4], and
measures such as extending public transportation are underway [5]. However, due to its
monocentric urban structure, both roads and railroads are extremely congested during
peak hours, interfering with economic activities and daily life.

Bangkok metropolitan region (BMR), covering the 7762 square-kilometer area with
the registered population in 2021 of 11 million persons and 5.9 million households [6],
comprises Bangkok (the country’s capital governed by the Bangkok Metropolitan Adminis-
tration: BMA) and five surrounding provinces, namely, Nonthaburi, Pathum Thani, Samut
Prakan, Samut Sakhon, and Nakhon Pathom. BMR is rather a monocentric city with a
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large urban core in the center where high density commercial and residential areas are
concentrated. The population of Bangkok is expected to increase by about 35% between
2015 and 2035 [2], and continue to grow at least until 2050 [7]. The chronic traffic congestion
on the roads and the congestion of public transportation during peak hours leads to long
delay times, which impedes economic growth and reduces the quality of life for the people.
The traffic congestion would cause an economic loss of more than 11 billion Thai Baht
(approximately 180 million USD) per year [8].

Modal shift from road transport to railway is one of the effective countermeasures
to the road congestion. Being endorsed by the Commission for the Management of Land
Traffic in 2010, the Mass Rapid Transit Master Plan (M-Map) designates a railway network
of 12 lines with a total length of 509 km covering the urbanized area of BMR [6]. Among the
12 railway lines, five of them are heavy urban railway lines, two heavy suburban railway
lines, airport rail link, and four feeder railway lines. As of September 2021, 7 railway lines
of 208 km are in operation: dark green, light green, blue, purple, dark red, and light red
lines. The additional three lines of 99.4 km are under construction and scheduled to open
by 2023: orange, yellow, and pink lines. The preparation of the rest lines is currently at
different stages. The complete network is scheduled in 2029, when the total ridership
is forecasted to be 7,680,000 person-trips/day and the public transport mode share will
reduce to 39.2% (from 45.3% in 2008) [9].

In addition to the mass transit network development, the Ministry of Transport’s
20-year strategic plan (2017 to 2036) aims the transport development towards green and
safe, efficient, and inclusive transportation system. The action plan in Bangkok Metropoli-
tan region includes bus improvement, road network development, travel demand manage-
ment measures to reduce car traffic, traffic safety improvement, transit-oriented develop-
ment, electric-vehicles (EV) promotion, accessible transport for elderly and disable people,
etc. The key performance indices to be accomplished in 2036 include a reduction of green-
house gases emission by 20% from the base scenario, a reduction of energy consumption
by 15% from the base scenario, a reduction of logistic cost to 11.9% of GDP (was 14.2% in
2015), a share of cargo transport by rail of 10% (was 1.4% in 2015), public transport mode
share of 50.36% (was 31.28% in 2015), etc.

Recently, the government has started to develop the second mass rapid transit master
plan (M-Map2) [9] where additional railway lines are being considered and to be proposed.
The development of these railways is expected to reduce congestion on the roads and
improve the reliability of travel time, thereby improving the environment for economic
activities, as road traffic is expected to be shifted to rail use.

The development of railways will improve access from the suburbs to the city center.
However, as the city continues to grow and most urban functions are concentrated in
central areas, traffic volumes flowing into the city center will increase. The provision of
more railway services alone is expected to be insufficient to effectively reduce congestion,
due to the growth of the area. According to the draft Bangkok comprehensive plan (4th
revision), Bangkok is envisioned to be polycentric in which the main central business
district (CBD), is designed to be surrounded by several urban nodes, so-called urban sub-
centers and sub-urban sub-centers [10]. Centers and sub-centers would be linked by the
railway network. Such city structure would provide a better job and housing balance. One
of the sub-centers being planned is Minburi sub-center. It is located approximately 23 km to
the east of the city center, and it is the terminal station of the orange and pink railway lines,
being under construction. This makes travel in the east-west corridor through Bangkok
CBD very convenient and possible within a short travel time. The land use regulations
in the Minburi area were changed from the low- and medium-density residential in the
previous plan to the commercial land in the soon-to-be enacted 4th revision BMA land
use plan. More variety of commercial and residential development is allowed such as
office buildings, high-rise condominiums, hotels, a large-scale shopping mall, or mixed-use
development. The area is expected to be a new employment center where workers could
live nearby and conveniently travel to the CBD by rail.
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For this reason, the decentralization of urban core functions and the formation of
sub-centers are analyzed. The formation of such sub-centers is expected to spatially decen-
tralize commuter and business traffic and alleviate traffic congestion [11]. Theoretical study
also indicates that the job decentralization will achieve the city-wide welfare gains [12].
However, if the polycentric development is not linked to the development of rail infras-
tructure, the sub-centers will be best accessible by automobiles, which likely will lead to
more road traffic congestion.

This study analyzes the impact of the development of railway network and sub-centers
on travel time in the Bangkok metropolitan area in 2050 using a microsimulation land use
and transportation model. The purpose of this study is to discuss the direction of urban
and transportation policies that can improve the future transportation situation based on
the analytical results.

2. Literature Review

In order to alleviate road congestion in large cities, a vast amount of research and
practice has been conducted around the world, and various approaches have been taken to
this problem. Already in the 1960s, it was recognized that road transport alone could not
adequately meet the traffic demands of such large cities [13–16]. Therefore, mass transit
system [17] and land use [18] policies have been incorporated into the development of
transportation systems.

Clearly, neither modal shift nor the integration of land use and transportation are direct
measures to control the road congestion, either in research or in practice. People’s travel
behaviors are influenced by a variety of factors, including transportation fares [19–21], travel
time and frequency [22], transit time [23], road pricing [24], gasoline prices [25,26], and
psychological factors [27]. Therefore, the impact of public transport policies on transport
demand depends on the situation, which consists of physical and perceptual attributes [28].
The former attributes, such as travel time, network connectivity, and fares, can be directly
observed, while the latter attributes, such as comfort, safety, and convenience, can be measured
by passenger responses. Of course, all of these factors can influence mode choice behavior,
but a comprehensive study of these factors would require considerable effort and cost. In
developing countries, such studies are limited, and analysis usually has to be done under
data limitations, so the analytical models are sometimes primitive.

The interaction between transportation and land use has been considered as one of
the main determinants of transportation demand. A number of Land Use Transportation
Integration (LUTI) models have been developed and applied in policy practice to assess
the impact of transportation infrastructure and development in urban areas (as review
papers, [18,29–31]). The basic idea of the LUTI model is the interaction between travel
behavior and choice of activity location. Mobility behaviors such as trip generation,
destination choice, and transportation mode choice are determined by the level of service
of the transportation system and the location of activities such as residence, work, and
leisure, along with personal attributes. On the other hand, the choice of location for these
activities is influenced by accessibility, which is determined by the level of service of the
transportation system. In such analyses, the location of business activity is sometimes
given a priori, because the self-organizing nature of the location of activity caused by
agglomeration economies makes it difficult to represent the observed spatial patterns.
While theoretical studies have attempted to explain and represent polycentric urban forms
in the field of new economic geography [12,32,33], the formation of subcenters is not only
determined by the market, but is also influenced by policies, planning, and a variety of other
constraints. Those factors are not often taken into account in theoretical models [34–36].
Several studies have been conducted to analyze the impact of pre-defined sub-centers on
traffic. Polycentricity is expected to reduce road congestion because it can shift some of the
travel demand concentrated in urban centers to sub-centers [37–41], while some researchers
believe that decentralization increases travel distances due to cross-commuting [42–44].
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A statistical analysis of Chinese cities shows that polycentricity is negatively related to
congestion, but the relationship becomes weaker with urban population [45].

It is easy to imagine that the impact of transportation and land use factors on travel
demand depends not only on their scale, but also on their quality and configuration. For
example, if a given subcenter is located in an area with poor transportation infrastructure,
it will cause severe congestion. On the other hand, if a subcenter is located adjacent to an
accessible rail transit station, people can use railway to get to the subcenter, thus reducing
road traffic congestion.

Therefore, in order to assess the impact of policies such as transit service provision and
development of sub-centers, it is necessary to consider detailed conditions and situations
such as transportation systems and locations of urban activities. In this study, we adopted a
microsimulation land use and transportation model, which is a powerful tool for reflecting
and analyzing detailed urban and transportation conditions.

3. Data

The target area in this study was Bangkok Metropolitan Region (BMR) as mentioned
above. Figure 1 shows the target area. Table 1 summarizes the data used in this study.
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Table 1. Data used in this study (reproduced from Reference [46]).

Name Provider Description

Household Travel Survey (HTS)

The Office of Transport and Traffic Policy
and planning (OTP)

Travel survey data of 18,833 households
accounting for 38,054 people conducted in 2017

Traffic analysis zone (TAZ) 846 zones

Public transport GTFS data for rail lines, bus routes,
and ferry (2019)

Population and household
National Statistical Office

Number of population and household (2010)

Employment Number of employment (2014)

Population
MapFan DB Data Model

Population estimates of subdistrict by age
and gender (2017)

Road network Road link attributes (2018)
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The population, households, employees, and transportation-related data around 2015
were the same as in Ref. [46]. A list of the data presented in Reference [46] is reproduced in
Table 1 for reference.

It should be noted that this study was conducted under data constraints. As shown in
the table, the sample size of the household travel survey is not sufficient to represent the
origin-destination travel patterns in the metropolitan area. In the aforementioned literature,
we proposed a method of incorporating other relevant data, such as population and number
of workers by zone, to estimate OD patterns, destination choice models, and mode choice
models. In this paper, a brief explanation is given in Section 4.2. See [46] for details.

4. Methodology

In this study, we analyze the effects of land use and transportation policies and projects
in Bangkok in 2050 with agent-based simulation models, namely the land use model
SILO [47] and the traffic assignment model MATSim [48]. Land use and transportation
interact with each other in the long term, as the location of households and firms defines
origins and destinations of most trips, while the levels of congestion affect location choice
of households and firms.

We first use the integrated model SILO/MATSim to represent the changes of the
population of the BMR during the period 2015–2050. Next, we simulate the travel demand
in 2015 and 2050. We calculate the traffic volume by transportation mode under different
scenarios (job redistribution and public transportation extension), and assign it to the
network using MATSim, to calculate the travel distance, travel time and speed, among
other indicators.

4.1. SILO

The agent-based land use model SILO (Simple Land Use Orchestrator) simulates
changes of a synthetic population [47]. SILO microscopically represents the relocation of
households and demographic events, such as aging, having a child, marriage/divorce or
death, among others. For relocation, the choices of households depend on accessibility,
costs or quality of the candidate dwellings. The travel time to work by mode of each
household worker is considered explicitly. SILO is tightly integrated with MATSim (see
Section 4.3), to represent the land use/transport feedback cycle [49].

SILO is applied to the metropolitan area of Bangkok. A synthetic population for the
base year (2015) was generated using the data from the Household Travel Survey and the
Census. In subsequent years (2015–2050), the synthetic population was estimated based on
the fertility, mortality, and migration rates assumed by SILO, in line with the population
scenarios presented in Section 5. Every 10 years, trips to work are simulated in MATSim.
After that, travel times are updated and fed back to the relocation model.

4.2. Trip Distribution and Modal Share Estimation

The OD traffic volume by transportation mode is estimated based on the model in [46].
In this paper, we have developed a transportation choice model and a destination choice
model for each gender and age group. The mode choice model parameters are estimated
based on Household Travel Survey (HTS) data, but due to data constraints, the model uses
only the travel time as an explanatory variable. The destination choice model is based on a
variant of the gravity model that satisfies the trip generation constraint. Although the OD
patterns are not observed in the data, a likelihood function is established from both the OD
patterns estimated by the gravity model, the Fratar method and the distance distribution
observed by the HTS. The parameters are estimated to maximize the likelihood function.
This estimate does not reflect the home-schooling or working from home, which are seen
during pandemics. For details, please refer to [46].
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4.3. MATSim

MATSim is an agent-based transport simulation framework that can be used as a
Dynamic Traffic Assignment (DTA) model. Given a set of daily plans of the agents, it
simulates route choices in both the road and public transport networks. The workflow
of MATSim is based on an evolutionary algorithm. At every iteration, agents score their
plans (based on travel time and arrival time and duration to activities). Agents who are
unsatisfied change their plans (e.g., change routes) in the next iteration. The process is
repeated until further improvements of the scoring are not relevant. Using this approach,
MATSim can simulate mode choice between cars and public transportation (see [50] for an
application example). However, for simplicity, in this study, MATSim has been applied
separately to private cars and public transportation. This is because we want to simulate
dynamic route selection behavior on a large public transportation network including all
bus routes in the Bangkok metropolitan area, which requires large computational resources.

Firstly, we use MATSim as part of the integrated SILO/MATSim model to simulate
trips to work and update car travel times every 10 years, as defined in Section 4.1. Secondly,
we use MATSim to simulate multimodal travel demand in the base year and in 2050, under
different scenarios.

Based on the OD traffic volumes and HTS data for each traffic mode created in
Section 4.2, we create a daily travel plan for each agent when using private cars and public
transportation and use it as input for MATSim. Other inputs include the road network, for
private passenger cars, and timetable and vehicle data, for public transportation.

5. Scenarios for Transport Policy Measures

In this section, we set up scenarios for the total population, the railway network, and
the sub-centers in 2050. The total population and its distribution are the output of the
SILO/MATSim model, and therefore it is the same for all scenarios. We have prepared
two patterns for the railway network and two patterns for job location. By analyzing the
different impacts of these scenarios on traffic conditions, we will examine the effects of
land use and transportation policies.

The total population of the Bangkok metropolitan area in 2050 is based on the Shared
Socioeconomic Pathways (SSP)1 estimates from the reference [7]. Figure 2a shows the
population from the UN World Urbanization Prospects until 2015 and the estimates from
the reference [7] after 2015, adjusted so that the population in 2015 matches the population
of the region in this study. Under this scenario, the population of the Bangkok metropolitan
area is expected to increase from 15.1 million in 2015 to 22.3 million in 2050, an increase
of 47%. The total population is used as an exogenous assumption to run the land use
model SILO. Under such assumption, SILO models demographic changes and relocation
of households during this period.

Figure 2b shows the urban rail lines as of 2015 (green), the planned lines shown in
M-Map2 (yellow), and the assumed sub-center areas (blue zones). Note that some of the
planned lines in yellow are already in operation as of 2021. The total length of urban
railway lines in 2015 was 156 km, and the total length of planned lines was 874 km. The
timetable of the new route is set to be the same frequency as the current route.

Based on the actual urban and transportation plans of BMR, this study selected some
zones as sub-centers for the analysis. These zones are: (1) far from the current city center,
(2) located along the planned railway lines, and (3) expected to have a high concentration
of urban functions. We assume that the number of employees in the future will change
to reflect changes in the working-age population. The growth rate of the working-age
population between 2015 and 2050 is estimated to be 23%. As a result, the number of
employees is assumed to increase from 7.99 million in 2015 to 9.83 million in 2050. In the
sub-center scenario, we assume that 20% of the employees in all zones will relocate to the
sub-centers. The spatial distribution of employee density for the BAU case in 2015 and
2050 and the sub-center scenario in 2050 is shown in Figure 3.
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In the following, we analyze a combination of cases in which the urban rail network
is fixed to the 2015 lines (current network scenario) and all planned lines in M-Map2 are
supplied (future network scenario), as well as a case in which the distribution of employees
changes with the trend (business as usual (BAU) scenario) and sub-centers are formed
(sub-center scenario). The differences in traffic conditions between these scenarios will be
analyzed to examine the effects of transportation and land use policies.

6. Results
6.1. Future Population

Figure 4 shows the population of the Bangkok metropolitan area by gender and age
in 2015 and SILO’s estimate of the population in 2050. Fifteen million people in 2015 are
expected to increase to 22 million people in 2050. However, the number of young people
under 20 years old will decrease, while the working-age population (20–59 years old) will
slightly increase. On the other hand, the number of elderly people aged 60 and above is
expected to increase significantly. In Bangkok, the population continues to flow in due
to the many employment opportunities. If people’s life expectancy increases with the
improvement of medical care, and if they continue to live in Bangkok after retirement, it is
estimated that the population will rapidly age in the future.
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These figures are based on estimates of fertility, mortality, and assumed migration. In
this study, the total population of the Bangkok metropolitan area was given by the scenario,
and the gap between the closed cohort population estimates and the total population by
scenario was filled with migrants from outside the metropolitan area. The age structure
of the migrants was assumed to be proportional to the age structure of the metropolitan
region in the previous year. Changing these assumptions may result in different future
demographic figures, but we believe that the assumptions we have made are moderate and
that rapid aging, as observed in some developed countries, is likely to occur.

Figure 5 shows the spatial distribution of population density in 2015 and 2050. It can
be seen that with the increase in total population, areas with very high population density
are expanding in the city center, while in the suburbs, population density is increasing in
zones with good access to business districts. In this study, we use the nighttime population
distribution shown in Figure 5b for all scenarios.
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6.2. Travel Time and Congestion by Scenario

Table 2 shows the key transport indicators in 2015 and 2050 as estimated by the
simulation. In the MATSim simulations here, we assume a sampling rate of 5% for road
transportation and 1% for public transportation. This is a reasonable approach in agent-
based modeling to economize on runtime [51]. First, between 2015 and 2050, the total
distance traveled by automobiles will increase by about 40%, while the total distance
traveled by public transportation will increase by about 50–70%. As shown in Figure 2,
the total population will increase by 47% during the same period, but the total distance
traveled by automobiles and public transportation combined will increase by 40–43% due
to changes in the age structure, spatial distribution of residence and employment, and
distance traveled per capita.

Table 2. Transportation indicators in 2015 and 2050.

2015 2050

Current Network Future Network

BAU Sub-Center BAU Sub-Center

Car

Number of trips
(million trips/day) 17.5 25.2 25.3 25.2 25.3

total travel length
(million km/day) 327 458 459 464 465

average travel distance
(km) 18.6 18.1 18.1 18.4 18.4

average travel time
(minutes) 46 109 104 114 110

average travel speed
(km/h) 24 10 10 10 10

Public
transport

Number of trips
(million trips/day) 6.0 9.4 9.4 9.5 9.5

total travel length
(million km/day) 57 87 89 95 96

average travel distance
(km) 9.4 9.2 9.5 10.0 10.1

average travel time
(minutes) 66 63 65 62 63

average travel speed
(km/h) 9 9 9 10 10
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For public transportation, the range of increase in travel distance differs depending
on the scenario. In the future network scenario, the per capita travel distance will increase
due to route detours caused by transfers from buses to railways as urban railways are
expanded. The rate of increase in the total distance traveled will also be higher because the
number of users will increase due to the improved convenience of public transportation.

The most significant changes between 2015 and 2050 are in the time of car use and
the average speed. The average speed of cars in 2015 is estimated to be 24 km/h, but in
2050 the average speed drops significantly to about 10 km/h due to the increase in traffic.
For average speed, there is little difference between the scenarios. The average travel time
for all scenarios in 2050 is more than double that of 2015, but travel times differ slightly
among the 2050 scenarios. The future network scenario is five to six minutes longer than
the current network scenario. This is due to the increased accessibility along the railroad
lines as a result of the expansion of public transportation, and the increased centrality of
the city center, which changes its attractiveness as a destination zone and increases travel
time. On the other hand, the sub-center scenario is four to five minutes shorter than the
BAU scenario. Since the total distance traveled in these scenarios is not much different,
the difference can be attributed to the spatial demand shift from the congested central
area to the relatively less congested sub-centers. On the other hand, the time required for
public transportation will decrease slightly in 2050 compared to 2015 in both scenarios.
In the future network scenario, the speed of public transportation will increase due to
the concentration of the residential population around the transit-friendly areas and the
extension of railways, which are faster than buses. As a result, in the future network
scenario, the average travel time will decrease even though the average travel distance will
increase. The average travel time in the subcenter scenario is slightly longer than in the
BAU scenario. This implies that the access to the sub-center is longer in distance and a
larger proportion of buses that are slower than trains.

Next, Figure 6 shows the difference in average travel time by car between the current
network/BAU scenario and each scenario in 2050, by origin. Travel times are aggre-
gated based on MATSim’s output, which reflects simulated road congestion. Figure 6a,b
shows the difference between the current network/sub-center scenario and the current
network/BAU scenario, with blue indicating shorter travel time in the former and red
indicating shorter travel time in the latter. We can see that the travel time for the sub-center
scenario is shorter in the city center and suburban areas. This reflects the fact that in the
sub-center scenario, there is an increase in the number of journeys with destinations in the
suburbs, where traffic congestion is relatively low, reducing the amount of traffic in the
city center by dispersing traffic demand to the suburbs and, in some cases, shortening the
travel distance by changing the destination from the city center to the sub-center.

Figure 6c,d shows the difference between the current network/BAU scenario and the
future network/BAU scenario. The travel time in the center and suburbs of the urban area
increases in the future network scenario. We estimate that the improvement of the public
transportation network will increase the accessibility to the city center, which will in turn
increase the amount of concentrated traffic by automobiles as well as public transportation.
This means that access to the city center from distant places will increase, and at the same
time, travel time will increase due to worsening traffic congestion.

Figure 6e,f shows the difference between the current network/BAU scenario and
the future network/sub-center scenario. In this case, the time required in the suburbs of
the metropolitan area increases. In the north and east part of the central and near suburbs,
the time required decreases, while in the south part it increases. The sub-centers increase
the number of trips that make them a destination. This leads to longer travel distances
in the outer suburbs. In the northern near suburbs, travel distances are reduced due to
the larger size of sub-centers and greater proximity to destinations than in the southern
suburbs. In addition, the northern area has a relatively good railway network in the future
scenario, which helps to reduce road traffic and road congestion.
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Figure 7 similarly shows the average difference in travel time by car between the
current network/BAU scenario and each scenario in 2050 by destination zone. Figure 7a,b
show that the travel time to the city center zones is shorter and the travel time to the
subcenters is longer. The difference between the current network/subcenter scenario and
the current network/BAU scenario shown in Figure 7a,b shows that the travel time to the
city center zone is shorter and the travel time to the sub-center is longer. This reflects the
change in travel distance and congestion by destination. This result supports the fact that
the concentration of traffic is shifting from the city center to the subcenter. As a result, we
can see that while travel time to the city center is getting shorter and traffic congestion to
the city center is easing, travel time to the subcenter is getting longer and congestion at the
subcenter is getting worse.

Figure 7c,d shows the average travel time difference between the current and future
network/BAU scenarios by destination zone. As explained in the case of the aggregation
by origin, trips will be concentrated in the city center due to the improved accessibility
provided by the future rail network. On the other hand, some zones will become relatively
less attractive for travel, leaving only short trips. Thus, trips in some of the suburban zones
will have shorter travel times compared to the case of the current network.

Figure 7e,f shows the difference between the current network/BAU scenario and
the future network/subcenter scenario. Comparing with Figure 6e,f, we can see that the
travel time in the subcenter zone is longer. It can also be seen from the comparison with
Figure 7a,b that the travel time for some zones along the new rail line is longer than that
for the current network. This indicates that the construction of the railroad will induce
demand for car travel, which will increase the travel time and traffic volume to those zones.

Figure 8 shows the average difference in travel time by public transport for each
scenario. Looking at the difference between the current network/sub-center scenario and
the current network/BAU scenario shown in Figure 8a,b, there is a mixture of zones with
decreasing and increasing travel times, with no significant change in travel times for the
center zones. On the other hand, travel time has decreased in the sub-centers and its
adjacent zones. The demand shift of the destination from the city center to the sub-centers
has contributed to the reduction in travel time.

Looking at the difference between the current network/BAU scenario and the future
network/BAU scenario in Figure 8c,d, we can see that travel time decreases in many
zones by future network. As the future network of urban railways will improve public
transportation services, travel time will decrease or at least remain the same if the traffic
OD pattern remains the same. The results shown in this figure indicate that the expansion
of urban railways will affect the travel time of public transport widely. On the other hand,
in the zones where travel time has increased, travel to more distant locations has increased
due to the improved mobility of public transportation.

Looking at Figure 8e,f, there are many zones in the future network/sub-center scenario
where the travel time will be longer than in the future network/BAU scenario. At the same
time, the travel time in the zones near the sub-center is significantly reduced. This is due to
the fact that the connectivity to the sub-centers by public transportation varies greatly from
zone to zone due to the limited public transportation routes compared to automobiles. In
the peri-urban area, there are corridor-like zones in the southwestern and northwestern
parts where travel time is longer. In these zones, there is no public transportation in the
direction to the sub-center, and the detour is expected to increase the travel time. On the
other hand, there are zones where the travel time will be shortened only in the future
network/sub-center scenario. In these areas, the combined effect of the expansion of the
urban rail network and the development of the sub-centers is expected to improve the
convenience of public transportation.
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Figure 9 shows the aggregation of those differences by destination zone. The differ-
ences between the current network/sub-center scenario and the current network/BAU
scenario are shown in Figure 9a,b. In contrast to Figure 8, travel times are shorter in many
destination zones, reflecting the shift of trip destinations to the subcenter. The travel times
aggregated in the sub-center zones are longer to attract longer distance trips.

In Figure 9c,d, which show the differences between the current and future net-
work/BAU scenarios, there appears to be a spatial mix of zones where travel time decreases
and zones where it increases. As the future public transportation network improves the
level of service of public transportation, the attractiveness of each destination will change,
as we have discussed. Some zones along the new rail lines will attract longer distance trips,
so travel times in these zones will be longer than in the current network scenario.

Figure 9e,f shows the difference in the average travel times aggregated for the des-
tination zones of the current network/BAU scenario and the future network/sub-center
scenario. It can be seen that in some sub-center zones, the travel time is longer in the future
network/BAU scenario, while in many zones in the city center, the travel time is shorter in
the scenario. This result reflects the mixed effect of railroad development and subcenter
development. Therefore, this figure looks like a mixture of the former two scenarios.

Figure 10 compares the difference in road traffic volume for each scenario with the
current network/BAU scenario. The blue color link in the figure indicates that the traffic
volume of each scenario is higher than the current network/BAU scenario, and the red color
indicates the opposite. Looking at the current network/BAU scenario in Figure 10a,b, it can
be seen that there are many links in the city center where the traffic volume decreases. The
traffic volume of the links in the sub-center zone is increasing, but we can see that in some
places the traffic volume is decreasing significantly on the links near the sub-center zone.

Next, looking at the future network/BAU scenarios in Figure 10c,d, we can see that the
traffic volume in the city center and the ring direction bypassing the city center is increasing,
and there are few links where the traffic volume is decreasing. These results indicate that
the expansion of the public transportation network will increase the attractiveness of the
city center, promote the concentration of road traffic as well, and increase the traffic volume
in the ring direction bypassing the city center.

The future network/sub-center scenarios in Figure 10e,f show that the pattern of
traffic volume change in the northern suburbs is similar to that in Figure 10c, while the
pattern in the central area is a mixture of increase and decrease. This is due to the existence
of both the dispersion effect of the sub-centers and the concentration effect of the expansion
of the public transportation network. As a result, the pattern of traffic volume change is
intermediate between Figure 10a,c.

Figure 11 shows the public transport link traffic in 2050 under the BAU scenario and
the difference between the BAU and sub-center scenarios for urban rail link traffic. Here,
Figure 11a,c,e are the results of the current network scenario, and Figure 11b,d,f are the
results of the future network scenario.
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First of all, under the current urban rail network, buses are responsible for a substantial
part of public transportation, while in the future network, railways cover a large part of
the densely populated area in the Bangkok metropolitan area. As a result, in the current
network/BAU scenario in 2050, the traffic demand of urban rail is estimated to be 2.42 mil-
lion person-km/day and that of bus is estimated to be 81.15 million person-km/day, while
in the future network/BAU scenario, the traffic demand of urban rail is estimated to be
19.37 million person-km/day and that of bus is estimated to be 72.88 million person-km/day.

Comparing Figure 11c,d, we can see that the future network increases the demand for
some bus routes that connect to the terminals of the urban railways indicated by the green
lines. In other words, the expansion of the urban rail network increases the demand for
bus connections from the suburbs.

Figure 11e,f shows the difference in urban rail demand between the BAU scenario
and the sub-centers scenario. The current network shown in Figure 11e is connected to
only one sub-center, and the overall urban rail demand is estimated to decrease as the
sub-centers developed. This reduced traffic volume will be covered by road transportation
such as buses and private cars. On the other hand, in the future network scenario, urban
rail demand will decrease on lines heading to the city center but will increase substantially
on lines connecting to the sub-centers.

7. Discussion and Conclusions

In this study, it is estimated that traffic demand will increase substantially by 2050
due to population growth, and as a result, traffic congestion will become more serious. In
particular, the average speed of automobile traffic is estimated to decrease from 24 km/h
in 2015 to 10 km/h in 2050. The scenario of expansion of the urban rail network and
formation of sub-centers assumed in this study contributed to increase rail demand and
disperse congestion but had little effect on improving the average road speed. This reflects
the fact that the expansion of the urban rail network and the formation of sub-centers alone
will not reduce the overall road traffic volume under the condition of a significant increase
in traffic demand.

First, as seen in Table 1, the traffic demand in person-kilometers is slightly higher in
the sub-center scenario than in BAU. This suggests that the decentralization of destinations
causes excess traffic demand. Although the decentralization of traffic demand contributes
to alleviating congestion in the central area (Figure 6), it may worsen congestion in the
suburban areas and increase the amount of travel by excess traffic. Therefore, it is necessary
to guide the location of housing in response to the formation of sub-centers.

In the future network scenario, automobile traffic will increase compared to the current
network scenario. In the future network scenario, accessibility to the city center will be im-
proved, making the city center more attractive. As a result, not only public transport demand
but also automobile traffic will be concentrated in the city center. As a result, congestion
will worsen, detour traffic will increase, and the total distance traveled will increase.

In this analysis, we estimated the average daily ridership of urban railroads by count-
ing the number of agents riding in each transit vehicle based on the output of MATSim.
The ridership was 50 passengers per train in 2015, while it was estimated to be about
100 passengers with the current network/BAU scenario in 2050 and 170 passengers in
the future network/BAU scenario in 2050. In the future network/sub-center scenario, the
average number of passengers is slightly lower at 160. Before the COVID-19 outbreak,
Bangkok’s urban railways were extremely crowded during the peak hours in the morning
and evening, and it was common for passengers to wait for several trains on the platform
until they could board a train. The estimated large increase in the average ridership of the
urban railways indicates that such congestion may worsen further.
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This presumed future intensification of road and rail congestion will reduce the
sustainability of the city and worsen the quality of people’s lives. It will be difficult to solve
these congestion problems simply by developing sub-centers or expanding the railway
network as envisioned in this paper. However, if we look at the analytical results in spatial
detail, we can get a hint of a solution.

First, the development of sub-centers will reduce congestion on both roads and rail-
ways in the city center. Bangkok’s urban structure is monocentric, and the city center is
already densely developed, making it difficult to reserve land and space for transportation
facilities. If the city center is to accommodate the increased traffic demand that will accom-
pany future population growth, large-scale investment in transportation infrastructure and
eviction to acquire land will be necessary to alleviate traffic congestion. This approach is
questionable from a sustainability perspective because it requires a large input of mate-
rials and energy. On the other hand, in the area assumed to be the sub-centers, there are
many agricultural lands and unused land, which can be used to develop the necessary
transportation infrastructure at a relatively low cost. However, the expansion of cities will
result in longer travel distances, which will consume more energy for travel.

This study found that the sub-center scenario may generate excessive traffic. One
reason for this may be that the same spatial distribution of population is used for all
scenarios (the output of the SILO/MATSim model). If the distribution of residential areas
changes in line with the development of the sub-center, it is expected that the excess traffic
will be reduced to some extent.

With the completion of the planned rail lines, the demand for urban railway is expected
to increase significantly. Urban railways are faster than buses, and as the network expands,
mobility within cities will be greatly enhanced. Therefore, there will be a modal shift
from buses to rail along new urban rail lines. On the other hand, it is estimated that the
demand for buses to reach railway stations from areas not served by railways will also
increase. In this study, bus routes are fixed in all scenarios, but the reorganization of the bus
network in conjunction with the development of railways may improve the convenience of
public transportation in a wider area and contribute to reduce automobile use and road
congestion. However, in the current situation in 2021, railway stations, trains, as well
as buses are already very crowded during peak hours, and it is essential to increase the
capacity by, for example, extending the length of trains. The sub-centers scenario will also
have the effect of reducing the demand for railways in the city center, so there is a strong
need to coordinate transportation policies with land development policies.

In the literature, the effects of transit and sub-center development have been analyzed.
In Porto, it is estimated that the opening of the metro will reduce car travel by 2–3% for
residents living near the stations [52]. In Beijing, it has been estimated that private car own-
ership will decrease by 6.6% to 7.7% among households living near subway stations [53].
However, this effect is only for those living near subway stations; in other words, the city-
wide impact is more modest. In our analysis, we find that the impact of the rail expansion
is very marginal, ranging from a 0.15% to a 0.3% increase in trip share, due to the limited
proportion of the population affected by the rail expansion.

A study that analyzed the impact of polycentricity on road congestion in about 90 Chinese
cities showed that polycentric urban forms tend to reduce congestion. However, congestion
worsens when the number of sub-centers increases to four or more, and it is estimated that
polycentricity increases congestion in cities with a population of 6 million or more [45]. Other
studies analyzing the effect of polycentricity on traffic congestion in Chinese cities have shown
that polycentricity always has a significant effect on reducing congestion [54]. That study
estimated the elasticity of congestion to polycentricity to be 0.687.

As discussed in Section 2, the impact of polycentricity depends on the configuration of
the city. Our results show that the development of sub-centers does not significantly affect
the average road speed of the entire urban area, but its impact varies spatially, as shown
in Figures 6–11. This suggests the need for more careful consideration in the integrated
design of transportation and urban development.
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In summary, we have shown that the expansion of urban railways and the develop-
ment of employment sub-centers, as envisioned in this study, are not sufficient to alleviate
traffic congestion in Bangkok, which is expected to become extremely severe in the future.
However, spatially detailed analysis suggests that a combination of more sophisticated
policy instruments, such as the linkage of sub-centers development with residential land
development and the reorganization of the bus network in response to the rail network,
can contribute to the alleviation of traffic congestion.

However, some items were not taken into account in this study, and there is room
for improvement in the analysis. In this study, the spatial distribution of residential
areas in 2050 is estimated by the integrated model SILO/MATSim. However, only road
traffic is updated within the simulated period, and only the BAU scenario is given for the
distribution of employees. For a more accurate assessment, we could estimate the location
of the houses for each scenario. Additionally, the travel time estimated by MATSim could
be fed back into the estimation of the modal share.

Another issue to consider is education-related traffic. In Bangkok, education-related
traffic is experienced to have a significant impact on peak hour traffic. In the quest for
better education, parents must take their young children to schools located far from their
homes before going to work. In most cases, those schools are located in the suburbs. This
is perceived as the major cause of traffic congestion. In this sense, simply changing the
location of work does not directly help but creates excessive traffic. Our analysis implicitly
assumes that these educational facilities will also be relocated in line with the development
of the sub-center, but in practice, education-related mobility needs to be taken into account
in the implementation of sub center policies.

In addition, the coordinates of the origin and destination are currently given randomly
within the zone, but they could be set considering the distance from the transportation
node, as addressed in the TOD concept. Urban policies also require evaluation from
a more micro perspective, such as considering access transportation modes to stations.
Consideration for the departure time shift to avoid congestion at peak hour [55] would
also be valuable. It would also be useful to analyze the combination of these policies with
other transportation policies, such as road pricing [56], park-and-ride [57], promotion of
active travel modes [58], and travel demand management through education [59].

To overcome these limitations, detailed multimodal transport simulations in MATSim
(such as the ones we ran for 2015 and 2050) should be performed during the intermediate
years as well. More importantly, travel times and costs should be recalculated after the
transport simulations and fed back into the housing relocation model of SILO. The results of
this paper are valid to anticipate the effects of the scenarios, especially because they reflect
the short-term transportation changes that may occur after implementing the scenarios.
In addition, it should be noted that the results may not be completely accurate because
the analysis was conducted under data limitations. Verifying the certainty of the results
obtained by this method will also be a subject of future research.
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