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Abstract: The often-discussed issue of parental escorting of children to school and its potential
disruption of traffic flow has been extensively examined in the literature. Still, the specific effects of
traffic congestion remain understudied. To fill this gap, this study addresses the impacts of school
trips on traffic congestion. An agent-based model is applied to simulate various scenarios and assess
their impact. Our findings indicate that the traffic speed without school trips is higher speed during
peak hours by around 8% and average travel time in the city is reduced significantly. We examine
countermeasures: Firstly, flexible working hours can lead to a morning traffic speed improvement
of approximately 1.9%. Secondly, staggered school schedules can result in a 6.9% increase in traffic
speed at 7 a.m. Optimizing school loading spaces can also enhance road capacity, mitigating road
lane blockages during drop-off and pick-up periods. This research sheds light on the impact of
parent-escorting travel existence and offers potential solutions to alleviate traffic congestion.

Keywords: education trip; agent-based model; traffic assignment; trip chain; MATSim; Bangkok

1. Introduction

Traffic congestion poses a significant and widespread challenge. Bangkok, as the
bustling capital of Thailand is no exception. The city’s rapid growth and economic devel-
opment have led to a notable increase in vehicle ownership, outpacing the expansion of
road infrastructure [1]. As a result, Bangkok’s streets frequently experience extreme traffic
jams during peak hours, resulting in delays, frustration, and environmental concerns.

A key contributor to this congestion is the limited availability of public transportation
services in certain parts of the city. Despite the substantial improvements in Bangkok’s
urban rail transit system extended to a substantial 291 km [2], which has been remarkably
extended during the past 20 years, it still struggles to meet the high transport demand.
Consequently, many areas of the city face inadequate accessibility, forcing residents to rely
heavily on private vehicles for their daily commutes [3].

The issue of parents escorting their children to school has become a significant concern
in recent years which consists of three factors. (1) A key factor in this problem is the rapid
increase in car ownership. As more families own vehicles, the roads leading to schools have
become increasingly congested during drop-off and pick-up times [4,5]. This congestion
exacerbates traffic-related issues and negatively impacts the environment due to increased
emissions. (2) Another aspect is the inadequacy of public transport (PT) services, such
as low-frequency services, no coverage area, and fully occupied coaches. This lack of
convenient public transportation options places a heavy burden on parents who must
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arrange daily transportation for themselves and their children, further contributing to the
escorting problem. (3) Additionally, suitable schools are not located close to their houses,
and their accessibility by walking or biking is impossible for long distances. Parents
understandably opt to drive their children to ensure their safety, even if it contributes to
traffic congestion and discourages active transportation [6–8].

This study aims to examine and assess policies to ease traffic congestion caused
by school-related travel. From the viewpoint of “Physical Urban Design”, changing the
locations of schools or restricting school selection to within walking distance from home
would be effective in substantially reducing school trip distance. However, it would be
quite challenging to implement due to the cost of removal, change of habits, and preferences
of parents on prestigious schools that may not be close to home. Additionally, schools in
suburban areas may be located beyond the distance reachable by active transport either
on foot or by bicycle. To address these challenges, we look into another dimension, “Time
Urban Design”, an essential aspect of urban planning, to influence behavior without costly
infrastructure improvement. By strategically managing the timing of activities, existing
transport infrastructure should be efficiently used, but how?

“Time Urban Design” means shifting the time of activities under the severe constraints
of existing infrastructure capacity. In other words, we must strategically redistribute
activities and encourage off-peak utilization. Adjusting daily routines can also improve
overall quality of life, illustrating that “Time Urban Design” is cost-effective for shaping
behavior and promoting sustainable urban development. To analyze the effectiveness of
“Time Urban Design”, we introduce an agent-based model to simulate individual behaviors.
This study aims to discuss the transportation policies, such as flexible work and school
time, that can alleviate traffic congestion based on the agent-based simulations.

The remaining part of the paper comprises a literature review of related studies
in Section 2, followed by the methodology and data in Section 3. Section 4 compares
alternative policy cases such as (a) case of no school trip, (b) work starting time shift, and
(c) school starting time shift compared with the Business as Usual (BAU) case. Finally,
Section 5 concludes the paper by summarizing key findings and acknowledging limitations.

2. Literature Review

Over the past decade, agent-based modeling and simulation have emerged as in-
valuable tools for observing and analyzing the intricate interactions between agents and
regulatory mechanisms. Leveraging the granular unit of individual movement, these mod-
els can capture an exhaustive array of details within network simulations, enabling precise
calculations of metrics such as commuter volumes and average speeds for specific network
segments across various periods. Numerous studies have harnessed MATSim’s power to
address diverse research questions, from autonomous vehicles to traffic signal optimization.

In this section, we explore research on school trips within urban areas and their en-
vironmental impact, emphasizing the utility of agent-based modeling and introducing
relevant tools. Within the context of Bangkok, we also investigate studies employing time
shift scenarios, offering valuable insights into the temporal variations shaping transporta-
tion dynamics in this bustling metropolis.

2.1. School Trips on Urban Congestion and Pollution

School trips significantly contribute to urban traffic congestion and pollution, as evi-
denced by several studies in the literature. In a case study conducted in Beijing, Lu et al. [4]
highlighted the adverse consequences of driving-to-school trips on the city’s congestion
and environmental costs and emphasized the need for policymakers to optimize the spatial
balance between school supply and demand to alleviate extra congestion and mitigate
environmental impacts. Similarly, the longer school distance encourages the school escort
trips from the households with car ownership [9].

Furthermore, the impact of school trips extends beyond traffic congestion to influ-
ence parental decisions and transportation practices. Yeung et al. [8] explored the factors
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influencing parental decisions regarding their child’s active transport to school. Their
findings revealed that safe walking paths, adult supervision, commuting distance, and
the child’s age were among the frequently reported factors shaping parental choices. This
insight underscores the importance of enhancing pedestrian-friendly infrastructure and
implementing safety education to encourage active commuting options. Moreover, Rojas
López and Wong [10] conducted a review and analysis of children’s active trips to school,
highlighting the benefits of such trips for both children and parents. By advocating for
active school transportation, they emphasized its positive impact on physical health, envi-
ronmental sustainability, and reduced traffic congestion. Overall, the literature consistently
emphasizes the crucial role of school trips in shaping urban transportation patterns and the
need for targeted interventions to address their impact on traffic congestion and pollution.

2.2. Agent-Based Model

The agent-based model (ABM) is a powerful and flexible simulation methodology
that has found applications across a multitude of research domains, ranging from social
sciences to environmental studies and healthcare systems. ABM allows for the representa-
tion of complex systems through the modeling of individual agents and their interactions
within a simulated environment. Among the commonly used ABM platforms are NetLogo
and AnyLogic, which are recognized for their versatility and applicability in various re-
search areas. NetLogo, an open-source platform, offers a visually intuitive environment for
creating agent-based models, which are widely used for general and transport purposes
due to its flexibility [11]. Chiou and Bayer [12] applied NetLogo for microscopic modeling
of pedestrian movements in Taiwan. AnyLogic, on the other hand, is a commercial simu-
lation platform that extends ABM by incorporating discrete-event modeling to simulate
dynamic systems. AnyLogic also can perform microscopic simulations with a high level
of detail. The agent’s behavior on these platforms is pre-defined with a set of rules in the
form of a flowchart [13].

While these general-purpose ABM platforms have proven to be invaluable in diverse
research contexts, our primary focus lies in the specialized domain of transportation analy-
sis, where the Multi-Agent Transport Simulation (MATSim) [14] is the agent-based model
tool inherited from Transportation Analysis and Simulation System (TRANSIMS) [15],
which is the open-source software that many researchers adopt and developed modules
to support their research and designed for large-scale scenarios due to its adaption of the
computationally efficient queue-based approach. TRANSIMS, on the other hand, is an
open-source microscopic simulation model used to model travel behavior in large-scale
road networks and large populations due to the limitations of four-stage models that are
unable to capture demand and supply variations in space and time within a day. However,
MATSim is a mesoscopic simulation model and is faster than TRANSIMS. Its agent’s be-
havior is based on a stochastic, co-evolutionary algorithm, which is optimized for the best
score of agents’ plans. MATSim is also the most popular agent-based simulation framework
used in urban transport simulation [16].

The conventional and widely used four-step model considers aggregate data, makes
assumptions about traveler behavior, and provides a macroscopic overview of travel
demand and distribution [17]. It is suitable for regional planning and forecasting but often
lacks the fine-grained detail required to understand individual-level decision-making and
interactions within the transportation system. On the other hand, the agent-based model
focuses on individual travel behaviors with unique personal attributes and interactions
within the transportation system [18]. This level of detail is crucial in capturing the
complexity of school commute behavior, as it accounts for the diverse motivations and
constraints that different commuters face.
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MATSim is used to analyze the effects of traffic management policies such as road
tolls or introducing a new travel mode. He et al. [19] proposed a test bed to evaluate
congestion pricing policies on population segments in New York City, and car trips have
significantly fallen after the congestion policy. The population within Manhattan mainly
benefits from the policy. The agents with demographic attributes react to the test policies
and adapt their dynamic movement. Kii et al. [20] investigated two demand management
scenarios which are peak time shift and workplace decentralization, and found that travel
distances declined by 1% for cars but inclined by 0.7% for public transport in the time
shift scenario. Hörl et al. [21] implemented the automated taxi services in the MATSim to
identify different operational policies and their advantages in Zurich city. Ciari et al. [22]
introduced a methodology for estimating travel demand for car-sharing within MATSim.
The model is validated by using customer data from a car-sharing operator in Zurich,
and the results show that it can accurately capture the distribution of distances, mode
choice, and destination locations for car-sharing trips. To our knowledge, applications of
an agent-based model to studying school travel-related policies remain limited and have
not yet focused on the impact of school trips.

2.3. Time Shift Scenario

Urban transportation reaches its limit, and transportation experts realize that more
transport facilities are not always the best solution. Goodman [23] proposed a non-capital
improvement, the concept of time shift. The timeshift scenario is a strategy to alleviate con-
gestion by encouraging individuals and businesses to adjust their travel times to off-peak
hours. The potential benefits of implementing staggered working hours include reducing
traffic congestion during peak hours [24]. It increases traffic speed by spreading out the de-
mand for transportation services more evenly throughout the day. Yildirimoglu et al. [25]
proposed the optimal staggered work schedules strategy accounting for commuters’ depar-
ture trip time choice, and it can significantly reduce traffic congestion in urban networks.
Motivated by prior works, this approach is low in cost and offers promising results theoret-
ically for reducing peak congestion. We will apply this concept in our study to examine the
effectiveness of the time shift scenario.

3. Methodology and Data

This section outlines the key elements of our work, detailing the data requirements
and our workflow. We employ MATSim as our agent-based simulation model, which
relies on several essential environmental components such as network data, vehicle spec-
ifications, facilities, and agent travel plans. Since these data are not publicly available,
we are responsible for generating our dataset and leveraging any accessible resources
to configure our simulation model accurately. Following the meticulous setup, a critical
phase entails calibrating our simulation results to match the actual data on our network
closely. This calibration step assumes a pivotal role in ensuring the confidence of our
model, allowing it to represent the real-world scenario. Such alignment between simula-
tion outcomes and empirical data is essential, as it supports the credibility and relevance
of our computational approach, ultimately enriching its applicability within the scope of
our academic research.

3.1. Methodology

In this study, an agent-based model was employed to assess the effect of school
trips on traffic congestion. We generated the synthetic population, including household,
personal attributes, dwelling locations, and job locations. The travel plans were generated
based on their household conditions, such as vehicle ownership, age, and gender. The
resulting travel plans were then delegated onto a road network using MATSim, as shown
in Figure 1.
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Figure 1. Flow chart of the workflow of MATSim simulation in this study.

MATSim is a micro-level, agent-based transportation simulation and analysis platform.
Unlike trip-based aggregation techniques, travel demand in MATSim is derived from
agents’ simulated daily activities. It uses a co-evolutionary approach to reach an equilibrium
state where each agent aims to optimize their score by adapting to current transportation
conditions. Agents earn higher scores by spending time on planned activities and lower scores
by traveling or waiting. The simulation is iterative and requires initial demand, modeled as a
collection of individual agents with daily activities and plans as shown in Figure 1.

Demand generation options are available, but each agent must have at least one plan
specifying activity durations and locations. During the assignment phase, each agent
executes its selected plan, and the resulting demand is loaded onto the network. For
explicitly simulated modes, MATSim uses a queue-based traffic flow simulation that tracks
the number of cars waiting at a link and limits the resultant volume based on the link’s
capacity. Upstream congestion spillback can be detected if the storage capacity is exceeded.
The queue-based approach enables the simulation of large numbers of agents efficiently but
does not consider detailed intersection logic or car-following behavior. MATSim calculates
travel times for each trip and each plan and uses them to score operations. Scores are
determined based on a utility function [26]. A plan’s utility score decreases if the activity
duration decreases and travel time increases. In the next round, some agents modify their
plans by changing transport mode, route, departure time, or activity duration. Finally,
MATSim’s co-evolutionary algorithm selects plans based on predefined strategies. The
number of iterations is also predefined and resulted from many trials when validating with
the reference data. The results of the simulation include final travel plans, activity events
for agents, mode distribution, average plan scores, and total passenger kilometers and
hours traveled per mode.

In this simulation, we have opted for a scaled sample population size of 1% to get a
balance between computational efficiency and accuracy [27]. This judicious choice ensures
that our computational resources are used efficiently while still providing meaningful
insights into network congestion dynamics. To mitigate congestion effectively within this
1% scaled population, we meticulously fine-tuned two critical factors: the flow and storage
capacity factors. Various experiments were conducted using factor values of 0.01, 0.10, 0.15,
0.20, and 0.30. Among these numbers, the factor of 0.15 emerged as the best option for our
simulation since the average travel time of agents is roughly 34.2 min. In comparison, the
reported travel time by OTP is about 36 min [28]. Therefore, the simulation result has a
5% deviation, which is an acceptable disparity. In Table 1, QSim is the default mobility
simulation of MATSim. In order to compare between scenarios, the agent activity plan
should remain unchanged. We adopted the “KeepLastSelected” strategy at about 95%.
The re-routing strategy is 30% to ensure their travel route alteration. Our traffic model is
predicated on the queue traffic dynamic, where vehicles operate at their free-flow speeds
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until they encounter a queue. When a vehicle reaches the end of a queue, it transitions to
the subsequent link. This dynamic modeling approach aligns with actual traffic behavior,
enhancing the authenticity of our simulation by accounting for the interplay between
unobstructed traffic flow and queuing phenomena.

Table 1. Configuration parameters for MATSim simulation.

Modules Parameters Values

QSim
Flow capacity factor 0.15
Storage capacity factor 0.15
Traffic dynamics queue

Strategy Keep-last-selected probability 0.95
Re-route probability 0.3

3.2. Spatial Data
3.2.1. School Locations

School data from 1277 locations, including name, address, and geographical location,
was recorded in 2020 and provided by the Open Government Data of Thailand. The
school location is categorized into primary school, high school, and university. The spatial
distribution of school locations is shown in Figure 2 with their respective Traffic Analysis
Zone (TAZ). In this study, the primary school is for students ranging from 3 to 11, while the
high school is starting from 12 up to 18. The university is for students over 18. The school
locations are used to assign the school trips to the agents with respective ages.

Figure 2. TAZs and spatial distributions of school locations.

The unequal distribution of schools in certain areas has significant consequences,
posing challenges to students and families. Limited access to education due to the scarcity
of nearby schools can lead to long-distance commutes. For some families, renting rooms
near institutions or relocating becomes necessary, incurring additional financial burdens.
Overcrowding in certain schools can lead to excessive demand, while disparities can widen
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between those who can afford to relocate and those who cannot. Moreover, students may
face social isolation if they must live near their school, resulting in parents preferring to
escort their children to school instead.

3.2.2. Road Network

The study area is the Bangkok metropolitan region (BMR), which consists of Bangkok,
Nakhon Pathom, Pathum Thani, Nonthaburi, Samut Prakan, and Samut Sakhon. The total
area is about 7762 km2. The network data are derived from OpenStreetMap (OSM) within
the region of BMR. It is crucial to recognize the inherent incompleteness within the OSM
network dataset. As a result, there is a clear need for manual intervention to improve the
accuracy and completeness of the network data. Figure 3 shows our network data with the
free flow speed highlight on the road link.

Figure 3. Road network of the study area.

The MATSim network is characterized by several attributes associated with its links,
including link length, capacity, free flow velocity, lane count, and available transportation
modes. Additionally, the network’s links have been categorized into two distinct classes:
express links and ordinary links. This classification is based on the unobstructed velocity
attributed to each link. Specifically, if a particular link’s unobstructed velocity exceeds
80 km/h, it is appropriately designated as an express link. Conversely, if the free flow
velocity falls below this threshold, the link is classified as an ordinary link. In this road
network, there are 886 express links and 35,972 ordinary links.

3.2.3. Traffic Data

In 2018, Thailand’s historical traffic information was sourced from the Thai Intelligent
Traffic Information Center (iTIC), offering invaluable insights into the state of traffic during
that period. This dataset consists of an array of traffic-related parameters, such as traffic
speed and estimated capacity, ranging from unobstructed traffic flow (1) to congested
conditions (3) as shown in Table 2. The frequency of this data is at a 5-min interval;
however, it is imperative to note that not all traffic links are reported at each time point.



Sustainability 2023, 15, 16244 8 of 21

Table 2. Data example of traffic information from iTIC.

From To Link Speed Quantity

1506 1507 47.3 1

3222 3223 30.88 2

3223 3222 10.2 3

To derive meaningful insights, a careful approach is undertaken. Specifically, each
traffic link undergoes sampling at hourly intervals, allowing for calculating the mean aver-
age speed. This process ensures a robust and representative depiction of traffic conditions.
Furthermore, data points with frequencies falling below the mean frequency are filtered
out, resulting in a trustable dataset that prioritizes the most reliable resources for each road.

For analytical purposes, the weekday data in December 2018 are aggregated, yielding
an average speed value. The statistics of these data are shown in Table 3, and the minimum
and maximum values are within acceptable ranges, indicating no outliers in the dataset. The
decreasing trend in mean values suggests a consistent pattern of traffic congestion during
peak hours. This average speed is a crucial reference point for subsequent comparisons
between the iTIC data and the simulation results. Such a comparative analysis holds
significant academic value in assessing the accuracy and applicability of the iTIC dataset
within the context of traffic simulations.

Table 3. Statistics of hourly iTIC network speed in km/h.

Hour Std Mean Min Max

6 13.50 40.47 12 98

7 14.28 36.41 11 93

8 14.08 35.99 10 91

16 14.02 35.14 9 92

17 13.79 32.97 8 90

18 13.81 31.89 8 89

3.3. Preparation for MATSim Simulation
3.3.1. Generating Agents

Initially, we created the synthetic population for the BMR by using a survey sample
of households with attributes at the household level, such as household size and number
of vehicles, or at the person level, such as gender, age, role, and employment status.
The control attributes, such as the number of population, households, and employment,
are required for each zone. In Figure 1, we used the household travel survey (HTS) as
a foundation to create travel plans for our synthetic population. This HTS consists of
18,833 households accounting for 38,054 people conducted in 2017 and provided by the
Office of Transport and Traffic Policy and Planning (OTP). The data records contain each
household profile and each person’s daily trip behavior including origin zone, destination
zone, departure time, duration, and transportation mode. Since our synthetic population
lacked travel plans at this stage, we aligned the HTS data with our target population by
identifying similarities in attributes like age, gender, and income levels. We employed the
Iterative Proportional Fitting (IPF) method [29] to assign appropriate weights to individuals
within the survey data. This ensured that the weighted population distribution matched the
marginal distributions of key attributes. Consequently, we integrated the complete daily
activity schedules and trip chains from the HTS data into our synthesized population. This
approach leveraged the assumption that sociodemographic attributes correlate with daily
activity patterns, thus enriching our synthetic population with realistic and behaviorally
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consistent travel plans. The trip length distribution by kernel density estimation (KDE) in
Figure 4a shows that the average trip length for the variability of education trips is high,
which indicates that people who live in suburban need to move into the city to go to school
due to the school site limitation. While in developed countries like Japan, the school site
is available within the district area. The peak value of all trip purposes is located around
7.5 km. However, the peak value of the education trip is a little bit higher, which means that
the education trip’s distance is quite far. There are four activity types defined: Home (H),
Work (W), Education (E), and Other (O), as seen in the trip pattern distribution in Figure 4b.
Home-based work trip (HWH) is the most common trip in the simulation. Home-based
education trip (HEW) contains both students and parents. Trip chaining, such as going
from home to school to work to other to home (HEWOH) or going from home to school to
work to home (HEWH), is also included in agent plans.

(a)

(b)

Figure 4. Trip characteristics of the synthetic population: (a) trip length distribution by trip purpose
and (b) distribution of top 6 trip patterns.
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3.3.2. Network Calibration

As the simulation network model relies on the free flow speed and these network
data are already simplified to support our computation resources, we need to calibrate
the network data to match the actual traffic conditions. We also observed that the traffic
congestion in the BMR has characteristics of traffic speed depending on the regional area
starting from the city center. Within our network framework, we decided to classify
network links into inner, intermediate, and outer categories to reflect that relation. Each
link type is associated with a specific factor number, serving as a control parameter to
regulate traffic speed during designated time periods as Equation (1).

f v f = vo (1)

where v f is the free flow speed, vo is the observed speed, and f is the factor number. These
factor numbers come into play during the morning and evening peak hours, effectively
scaling down the free flow speed of the respective network links. The morning peak hours
start from 7 a.m. to 8 a.m., and the evening peak hours begin from 4 p.m. to 6 p.m.

The implementation of these adjustments occurs through the activation of a time-
variant network configuration within the MATSim platform. This dynamic approach
empowers us to manipulate essential link attributes, including flow capacity, free speed,
and the number of lanes. Through this method, we gain precise control over the net-
work’s characteristics, allowing us to simulate and analyze traffic conditions under varying
scenarios with high accuracy and granularity.

The queue-based traffic flow simulation involves treating a network link as a discrete
point queue. Upon a vehicle’s entry into a link, it is appended to the tail of a waiting queue
situated at the link’s initiation. The travel duration along this link is established on the free
flow speed. In addition, the queue-based model streamlines computational processes by
neglecting intra-link interactions. In instances of link saturation, the flow within MATSim
remains constant, contingent upon the downstream link being unobstructed. This contrasts
with real-world scenarios where flow diminishes with increasing density. The underlying
assumption is that MATSim equilibrium unfolds within a persistent state devoid of traffic
oversaturation. It is imperative to acknowledge that additional variables, such as traffic
volume and non-residential excursions, have been omitted due to data limitations. The
calibration of road free flow speed becomes imperative in light of these considerations.

The calibration was run for ten iterations, and the standard deviation was around
0.001 km/h. The average results presented in Figure 5 show a comparison of iTIC and our
network speed with calibration for both express and ordinary links during peak hours. For
the express links, the relative error of the model with calibration is equivalent to 3.54%
on average, with the highest at 7.13%. In the case of the ordinary links, the relative error
is 3.74% on average, with the highest at 5.81%. The average speed of both iTIC and the
model shows that the speed patterns during evening peak hours exhibit a consistent trend
of lower speeds compared to the morning peak hours. This phenomenon is observed for
both express and ordinary links. Such a pattern aligns with typical traffic behavior in urban
areas, where traffic congestion intensifies during evening rush hours due to increased
travel demand.

3.3.3. Model Validation

The BAU scenario’s result was compared with the observed data from OTP’s HTS
data to ensure the accuracy of our modeling. Table 4 shows the travel statistics of the
observation and simulated data [30]. It is crucial to note that the average trip length in the
model was smaller by 20% compared to the observation. This discrepancy is attributed
to the combination of car and motorcycle modes and the simplification of the network
structure. Furthermore, the travel time in our simulation was found to be lower than
that observed in the HTS dataset. This variance can be attributed to the model’s higher
average speed, exceeding the HTS average by 16%, influenced by the integration of iTIC
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traffic data. The model validation process underscores the effectiveness of our simulation
in capturing the essence of travel patterns within the study area. The slight disparities
observed in trip length and travel time are justifiable, given the complexities involved in
merging distinct modes of transportation and the influence of external traffic data. The
overall alignment of trip numbers and age distribution reaffirms the reliability of our model,
providing confidence in its utility for further analyses and scenario evaluations.

Figure 5. Comparison of iTIC and calibrated network on express and ordinary links in peak hours.

Table 4. Comparison of travel statistics between observation and simulation.

Travel Statistics
Observation Simulation

Car Motorcycle Car

Average trip length (km/trip) 16 10 12.9

Travel time (min) 36 24 34.2

Average Speed (km/h) 26 25 30.4

4. Comparison of Alternative Scenarios
4.1. Setting up Scenarios

We observed the travel plans in the HTS, which consist of trip chain activities, such as
home, work, education, and other activities. The education activity is the school trip, which
is the focus of this study. The escorted trip chain is the shared mobility from home; the next
destination is the school, and its following destination is the workplace. The trip solely
made for escorting students also indicates the necessity of accompanying trips. Therefore,
we designed the following cases to analyze the impact of school trips: (1) BAU is the
baseline scenario consisting of working, education, and other trip activities. (2) School Trips
Elimination is the scenario that excludes the education activity for analyzing the impact of
school trips. (3) Work Time Shift is the scenario that randomly adjusts the schedules of half
of the workers by moving their daily activities 25% earlier or 25% later in many consecutive
iterations to diversify their commuting times. For example, if the usual departure time
was around 6 a.m., that individual’s departure will be shifted to either 5 a.m. or 7 a.m.
(4) School Time Shift is the scenario that changes schools’ starting times later and results
in a need for students and their parents to adapt their schedules to match the new school
start times. By allowing flexible work for their parents, parents’ and students’ departure
times are shifted to compromise the school starting time. (5) Work From Home (WFH) is
the scenario that allows a particular portion of workers to do their work at home.



Sustainability 2023, 15, 16244 12 of 21

4.2. Effects of School Trip Reduction on Urban Traffic Congestion

Figure 6 presents school locations and the road average speed difference between the
BAU and the BAU without school trips. It is evident from Figure 6a in the morning peak that,
on average, the traffic speed gets higher in almost all areas close to the school locations. Around
the border of the inner area, the average speed is higher than 20 km/h, which is significantly
higher than the BAU case. This highlights the effects of school trips on traffic congestion.

Figure 6b shows the evening peak period; the average speed is higher than 20 km/h
in the inner area and the intermediate area. This result is consistent with the morning
peak hour. The absence of school trips has a positive impact on traffic congestion, even in
the most congested period, because workers finish their jobs around 5 p.m. and start to
commute back home. Therefore, it marked a more remarkable improvement compared to
the morning peak hour and the substantial role of school trips in shaping traffic.

(a)

(b)

Figure 6. Spatial distribution of road network speed difference between BAU with school trips and
BAU without school trips: (a) average road network speed on 7 a.m. and (b) average road network
speed on 6 p.m. School locations are shown in pink dots.

4.3. Average Travel Time per Trip among TAZs

In the BAU, the average travel time’s high-value areas are located around the suburban
areas of the city, as shown in Figure 7a. The red areas are pretty far away in suburban
areas, indicating that commuters must move to the central areas. People in the city area
are not always long-distance travelers, but suburban people move towards the city center
since school locations are not around their residences. The BAU excluding school trips in
Figure 7b shows that almost all suburban long-distance trips have disappeared, which leads
to the average travel time reduction from this comparison. This finding is consistent with
the travel distance distribution, where the school areas are primarily located in the inner
area. This phenomenon can be attributed to the high demand for travel in the outer area,
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leading to traffic congestion. Conversely, in the BAU excluding school trips, the average
travel time in the inner area is relatively lower, as the school trips are missing. This finding
corroborates the relationship between traffic congestion and school trips because school
trips compete mainly with work trips during peak hours.

(a)

(b)

Figure 7. Average travel time per trip in minutes for all travelers in the TAZs for each scenario:
(a) BAU and (b) BAU excluding school trips. School locations are shown in green dots.
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4.4. Comparison of Average Speed over All Links between Scenarios

Figure 8 presents a detailed overview of average speed over all links variations
throughout a day, offering insights into the effects on traffic congestion of eight scenarios
as follows: (1) in the BAU case, the average speed on 7 a.m. is 38.11 km/h, and the average
speed on 6 p.m. is 34.55 km/h. (2) in the BAU without school trips, the average 7 a.m.
and 6 p.m. speed is 41.20 km/h and 37.70 km/h, respectively. This clearly shows the
effectiveness of school trip absence due to the speed increment at 7 a.m. and 6 p.m., about
8.1% and 9.1%, respectively, over the baseline. (3) in the Work Time Shift one-hour scenario,
the average speed at 7 a.m. and 6 p.m. is 38.85 km/h and 34.29 km/h, respectively, and
its differences to the baseline are 1.9% and −0.7%. (4) in the Work Time Shift two-hour
scenario, the average 7 a.m. and 6 p.m. speed is 39.48 km/h and 34.49 km/h, respectively,
and its differences to the baseline are 3.5% and −0.1%. (5) in School Time Shift one hour,
the average 7 a.m. and 6 p.m. speed is 39.49 km/h and 33.38 km/h, respectively. The
speed difference compared to the baseline at 7 a.m. and 6 p.m. is around 3.6% and −3.3%.
(6) in the School Time Shift two-hour scenario, the average speed at 7 a.m. and 6 p.m.
is 40.78 km/h and 33.18 km/h, respectively, and its differences to the baseline are 6.9%
and −3.9%. (7) in WFH 10%, the average 7 a.m. and 6 p.m. speed is 38.35 km/h and
34.83 km/h, respectively. The speed difference compared to the baseline at 7 a.m. and
6 p.m. is around 0.6% and 0.8%. (8) in the WFH 20% scenario, the average speed at 7 a.m.
and 6 p.m. is 38.68 km/h and 35.14 km/h, respectively, and its differences to the baseline
are 1.4% and 1.7%.

In the morning peak hours, we observe that the BAU case has the lowest speeds,
while the BAU case, excluding school trips, records the highest speeds in the morning and
evening peaks. This highlights an 8.1% and 9.1% reduction in congestion when school-
related travel is absent. The WFH cases have a higher speed than the BAU cases during the
whole day. This reflects the importance of demand reduction, which is the best practical
solution against congestion. However, during the evening peak hours, the “School Time
Shift” scenarios consistently exhibit a slow speed with −3.3%.

In the School Time Shift scenarios, the traffic speed is improved during non-peak
hours by around 4.32%. This emphasizes the significance of the timing of school-related
travel in influencing evening traffic congestion. The “Work Time Shift” scenarios demon-
strate a unique traffic pattern with 1.9% and 1.0% improvement during the morning and
evening peak hours, respectively. While these scenarios experience improved speeds
during peak hours, they concurrently witness reduced speeds during other times of
the day. This trade-off underscores the complexity of traffic management, where at-
tempts to alleviate congestion during specific hours can impact traffic conditions at
different times.

With results from various scenarios, the time shift scenario alone is not as effective
as the combination of the work-from-home scenario and the time shift scenario. When
applying a time shift scenario, traffic in a specific timeframe tends to flow more smoothly,
while later, it becomes congested. Contrastingly, the work-from-home scenario has the
most impact on overall timelines. Reducing the demand for physical commuting by
enabling remote work has a noticeable effect on mitigating traffic congestion across
multiple periods. Therefore, when proposing a flexible working time policy, it is crucial
to consider the location of workplaces and school timing because they proved to be
a more comprehensive and practical approach for addressing and alleviating traffic
congestion issues.
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(a)

(b)

Figure 8. Comparison of average speed over all links in BMR between scenarios for each hour in a
day: (a) speed and (b) percentage difference compared with the BAU case.

4.5. Total Travel Time

The comparison of total travel time is a critical indicator in assessing the efficiency and
effectiveness of various scenarios to alleviate traffic congestion. The result presented here
reveals compelling insights into the potential impact of different strategies on reducing total
travel time within the metropolitan road network. First and foremost, the BAU scenario,
representing the typical traffic conditions, demonstrates a total travel time of approximately
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243,419 h, as shown in Figure 9. This baseline scenario serves as a crucial reference point
for evaluating the effectiveness of proposed interventions. Notably, when school trips are
excluded, the total travel time falls 72.78% to roughly 66,260 h, underscoring the significant
influence of school-related travel on congestion.

Figure 9. Comparison of total travel time in minutes between scenarios.

On the other hand, the introduction of work time shifts, whether by one or
two hours, results in 30.32% and 38.62% reductions in total travel time. The “Work Time
Shift 1 h” scenario, for instance, demonstrates a marked decrease to approximately 169,626 h,
suggesting that staggered work hours have the potential to alleviate congestion during peak
hours. Similarly, the “School Time Shift 1 h” and “School Time Shift 2 h” scenarios illustrate
26.04% and 31.76% reductions in total travel time, highlighting the importance of adjusting
school start times to optimize traffic flow. Lastly, the “WFH 10%” and “WFH 20%” scenarios
yield reductions of 32.25% and 40.08% in total travel time. These findings underscore the
potential benefits of time-based interventions and location-based interventions in reducing
traffic congestion and enhancing urban mobility.

4.6. CO2 Emission

This result comprehensively compares carbon dioxide (CO2) emissions as shown in
Figure 10, measured in kilograms, across scenarios to mitigate emissions in the urban
environment. Each scenario represents distinct strategies to address emissions, offering
valuable insights into their potential environmental impact.

CO2 =
d

s × 10
2.007 (2)

where d is the distance in kilometers, s is the speed in km/h, 10 is the assumed kilometers
per liter, and 2.007 is the fuel consumption rate in kgCO2eq/L [31]. The individual traveler’s
distance and travel time are calculated with Equation (2) from the simulation results to get
each commuter emitted CO2 emission.

The BAU scenario, serving as the baseline, reveals substantial CO2 emissions of
approximately 2.23 kilotonnes. It underscores the significance of emissions in typical traffic
conditions, framing subsequent comparisons. When school-related travel is excluded,
CO2 emissions decrease 77.08% to about 0.5 kilotonnes. It also highlights the substantial
contribution of school-related commuting to urban CO2 emissions, pinpointing a key focus
area for emission reduction.
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Figure 10. Comparison of CO2 emission between scenarios.

Promisingly, alternative strategies yield noteworthy reductions in CO2 emissions.
“Work Time Shift 1 h” and “Work Time Shift 2 h” scenarios demonstrate 15.27% and 33.28%
reductions of CO2 emissions, emphasizing the potential of staggered work hours in re-
ducing greenhouse gas emissions. Similarly, scenarios involving adjustments to school
start times, such as “School Time Shift 1 h” and “School Time Shift 2 h”, exhibit 5.53%
and 17.18% CO2 reductions, underlining the environmental benefits of these interventions.
“WFH 10%” and “WFH 20%” scenarios yield CO2 reductions of 16.56% and 30.84%. Sur-
prisingly, the reduction amount of “School Time Shift 2 h” and “WFH 10%” is very close.
These findings underscore the feasibility of a comprehensive strategy that combines both
time-based strategies and location-based strategies in mitigating CO2 emissions within
urban transportation towards sustainability, offering a more robust and adaptable strategy.

5. Conclusions
5.1. Effects of Alternative Scenarios

In this study, as a metropolitan comprehensive scenario, we look into the time design
dimension to explore its potential in distributing travel demand. As a local scenario, we
also examine the effect of preparation of unloading spaces inside school sites and the benefit
of working from home.

According to the results of Section 4 and Figure 8, we conclude this research as follows:

5.1.1. Flexible Working Time (Time Design, Scenario 3 and 4)

Several policy measures can be proposed to alleviate congestion resulting from school
trips. One effective solution is the implementation of flexible work hours for parents.
By allowing parents to adjust their work schedules by one hour (Scenario 3), the traffic
speed can be increased by 1.9% at 7 a.m. and 1.0% at 6 p.m. While adjusting their work
schedules two hours (Scenario 4) has the traffic speed at 7 a.m. and 6 p.m. as 3.5% and
−0.1% compared to the baseline. These effects are limited.

5.1.2. Staggered School Start Times (Time Design, Scenario 5 and 6)

The introduction of staggered school start times and corresponding parent working
hours can help distribute traffic more evenly than Scenarios 3 and 4 throughout the morning
and evening, diminishing the stress on road infrastructure during rush hours. Scenario 5
(students commuting to school later one hour) can lead to an even more congested situation
during peak hours. Still, the traffic speed during off-peak hours is 4.3%, increased from the
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BAU, which is higher than in other cases. Scenario 6 (students commuting to school later
two hours) has the same effect as Scenario 5 but better speed improvement at 7 a.m.

5.1.3. Work from Home (Physical Urban Design, Scenario 7 and 8)

The introduction of the work-from-home scenario not only reduced the travel demand
in the network but also shed light on remote working benefits. The flexible working
location was proved to be eligible for most employers due to the pandemic. With only 10%
of workers applying this policy, the improvement in road network speed and total travel
time for commuters in the network prevailed. Even though the staggered activity time
scenario is efficient, the unchanged activity location will hinder its effectiveness. Therefore,
remote working will be possible if work from home is allowed, and it can empower another
policy greatly.

5.1.4. Local Physical Design

School escorting cars surge in traffic is primarily attributed to parents dropping off
their children on the road in front of schools, causing road demand to spike and often
leading to road lane blockages. This evidence is shown in our result when comparing the
average road network speed. The network speed is significantly increased around the
school locations during both morning and evening peak hours in case of excluding school-
related trips (Scenario 2). This reminds us that schools have to prepare adequate loading
spaces inside their sites. This is the matter on roadside sites. Local design modifications
should be explored to facilitate seamless drop-off and pick-up points at schools. For
example, if the school site has access from at least two adjacent roads, it can distribute the
traffic entering and exiting the site. An adequate driveway on site is also an important
factor to support stacking cars which should be able to support the maximum queue lengths
during drop-off and pick-up periods to prevent spillback on adjacent roads.

5.2. Policy Implication

The Bangkok Metropolitan Administration (BMA) ordered officers of around 20,000
to utilize staggered working hours to start their work at 10 a.m. instead of 8 a.m. BMA
suspended education classes due to unhealthy smog levels in Bangkok. BMA believed that
staggered working hours would lead to a reduction of vehicles during rush hours and the
use of private cars by parents [32]. Flexible working time policy was already implemented in
the government and widely adopted in the private sector by counting the required number
of working hours regardless of their starting time. Cabinet approved working guidelines
to support the new way of living and working as a result of the pandemic period [33]. The
guidelines contain three topics: staggered working hours, dynamic working hours, and
remote working. Firstly, the operating hours are divided into four options: 7:30 a.m. to
3:30 p.m., 8:00 a.m. to 4:00 p.m., 8:30 a.m. to 4:30 p.m. and 9:30 a.m. to 5:30 p.m. Secondly,
the total working hours within a week must be at least 40 h. Thirdly, working outside the
working office is allowed.

As mentioned earlier, the Thai government recognized the potential benefits of these
interventions in the short and long term. However, workers who have children still need
to work on their limitations since the school starting time is fixed. Most of them followed
their usual behavior, which led to the same congestion. The integration of staggered school
times should also be considered since it aligns with the goal of reducing vehicles during
peak hours. Moreover, remote working would have significant benefits to the parents since
the school may be located in the opposite direction of the work office, and they need to
detour across the city. Achariyaviriya et al. [28] simulated the space-time distribution with
the idea of introducing co-working spaces and flexible working hours, which proved to be
effective in reducing traffic congestion during peak hours. Therefore, as seen in the result
of this study, the combination of space and time design is very crucial even though they are
separated, but considering these two matters can shape the final policy to be as effective as
possible to overcome these persistent challenges.
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The advantage of staggered working and school hours is to reduce congestion dur-
ing peak hours and lower levels of CO2 emissions. Workers who value flexibility and
understand the benefits of reduced commute times might appreciate the changes. Citizens
who suffer from daily traffic jams and consider consequences as a positive step toward
improving the quality of life will likely support these policies. However, individuals with a
conservative mindset, those resistant to change or affected negatively, may oppose these
measures. Workers or students who have established routines may find it challenging to
adapt to flexible hours, leading to dissatisfaction and potential disruptions to productiv-
ity. Working parents and single individuals may be concerned about fairness regarding
individual circumstances and work balance. Therefore, the policymaker should implement
these measures within a controlled environment to identify potential challenges and make
necessary adjustments.

To effectively alleviate traffic congestion more sustainably, it is imperative to re-
duce excessive car traffic significantly. This study revealed the significant contribution of
education-related escorted trips to congestion. While young children still require parental
accompaniment, encouraging higher-level students to use public transport, particularly
urban railways, is crucial. This shift aligns with Bangkok’s evolution into a polycentric
city, anticipating the emergence of employment and education hubs around subcenters
connected by railways [34].

5.3. Study Limitation and Future Research

Our study confronts several limitations that impact the depth and precision of our
analysis, primarily stemming from data scarcity. The reliance on traffic counter data for
benchmark road analysis in our simulation model is hindered by the limited availability
of such data. The number of survey samples is also a small portion compared to the
whole population number, which needs more trip diversity and business-to-business
trips. To calibrate the model, we are constrained to using traffic speed data solely from
the iTIC dataset, which is not exhaustive. The iTIC dataset’s collection is restricted to a
specific number of traffic links, and the inconsistent frequency of data collection further
compounds this limitation. Crucially, the absence of data on critical metrics, such as traffic
volume and vehicle composition in link data, impedes a comprehensive validation of our
simulation model.

We employed the synthetic population method, incorporating survey data to deal with
data availability. For travel mode choice and activity planning, we aligned our synthetic
population with travel plans from the HTS, leveraging sociodemographic attributes to
enhance consistency. However, a limitation arises from the fact that HTS data is derived
from a limited number of respondents, and its sample size only offers a representative
cross-section of the entire population. Additionally, the temporal focus of HTS data on daily
commuter activities from morning to evening raises concerns about the limited diversity in
travel patterns. As noted by Ramadan and Sisiopiku [35], these limitations can potentially
impact the accuracy of our simulation model, limiting its ability to capture the complexities
of real-world scenarios fully and consequently affecting the generalizability of our results.

In light of these limitations, it is imperative to shape policies that address the challenges
associated with traffic congestion, particularly concerning school-escorted trips. Local
authorities should consider amending the regulation to allow the usage of mobile phone
data, especially in the context of research. Bassolas et al. [36] reconstructed the activity
plans from the mobile phone records in Barcelona. With the usage of mobile devices, the
mobile application can track personal movements through a global positioning system
(GPS) and local interaction by Bluetooth. If the local authorities utilized the collection
of mobility information, the big data would be available in each district to be analyzed.
Simultaneously, qualitative data on travel behavior can be enriched through more extensive
and representative surveys. By enhancing the quality and quantity of available data, these
measures can contribute to more robust and precise findings. The development of mobility
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simulation in the context of Bangkok is also crucial to emphasize the travel characteristics
and structures that ensure the actual traffic situation in the simulation.

In our future studies, we want to investigate the impact of both staggered activity time
and remote working and the introduction of transport modes such as public transport or
school bus service. With the integration of public transport, bus services in Bangkok run
on the road network, while in developed countries, the bus has its dedicated road. Bus
routes need to be mapped into the current road network to experience the congestion. The
school bus is not common in Bangkok due to its cost of operation, but it is also one of the
mass transport vehicles to escort children to school, which can reduce the usage of private
vehicles directly.
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