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periods during mornings and afternoons and the scheduling of drivers for shorter periods than the minimum
working hour restriction. The objective of this paper is to study the effect of the number of buses needed (and
hence the operating cost) during peak hours when adjusting the bus departure times. The study also analyses the
increase in public transport supply and the number of boarding passengers if the cost reduction is re-invested.
The analysis is based on case studies and simulated scenarios of possible adjustments in departure times for
buses. The results show that by marginally adjusting the departure times, fewer buses are needed which leads to
decreased operating costs. Further, the results show that the reduction in costs can be used to improve public
transport in the area by expanding the supply of public transport in the long run.

1. Introduction

Traffic flow is unevenly distributed over the day. This is because the
general travel pattern in society is mainly constricted by working hours
for schools and workplaces. Generally, the demand is highest around
7-9.15 a.m. and 4-7.30 p.m. (Hale & Charles, 2009). There are some
variations between countries though. In Sweden, the typical starting
time for schools and office work is 8 a.m. and the travel demand is
highest around 7-8 a.m. and 3.30-5 p.m. This concentration in travel
demand is called peak-hour traffic. For public transport, during the peak
hours, there is crowding and a higher number of passengers per hour
compared to other hours of the day.

In recent years in Sweden, the cost of public transport has increased
more than the supply (Eriksson et al., 2017; Swedish Association of Local
Authorities and Regions, 2017). One of the main cost drivers identified is
the peak-hour traffic (Cameén & Lidestam, 2016; Lidestam et al., 2018)
since the total number of drivers and buses in a traffic area is dimen-
sioned after the high demand during the short morning peak (Camén &
Lidestam, 2016; Vigren, 2016). There is also an interest from society and
public authorities to increase the market share of public transport as a
sustainable transport measure (e.g., Stjernborg & Mattisson, 2016),

which potentially will add more passengers to the peak hours. The main
cost drivers identified for the peak-hour traffic are bus driver’s working
time regulations (in Sweden the drivers have to be scheduled for a
minimum of 3 h, which is longer than the main peak period), that the
vehicles are dimensioned to carry more passengers than the average
route demand, and that the large bus fleet is not fully utilised outside
peak hours (Camén & Lidestam, 2016; Lidestam et al., 2018). The in-
crease in costs for the bus operators leads to increased contract costs for
the public transport authorities (PTAs) (Camén & Lidestam, 2016). The
large bus fleet also has a negative impact on the environment, e.g., the
emissions per passenger can be reduced with buses dimensioned after
average demand.

In connection to discussions of introducing measures to spread out
the peak-hour travel demand the question usually arises regarding the
cost effectiveness. The effects and costs concern both the traveller in
terms of adjustments such as changed waiting time but also effects for
the operator in the number of busses etc.

Previous research regarding lowering public transport costs by
optimising timetables by adjusting departure times is commonly focused
on model development. For example, Zhang et al. (2021) developed a
model that slightly adjusts bus departure times intending to reduce
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passenger travel time, Gao et al. (2019) optimised the bus timetable by
allowing uneven headway that reduces operation costs, Tang et al.
(2021) developed a model with the aim to optimise the bus timetable
with regards to the number of departure times and passengers waiting
time, Schmid and Ehmke (2015) modelled an increase in departure time
flexibility to minimise costs of operation, and Shang and Liu (2019)
developed a vehicle scheduling model intending to improve the match
between the number of vehicles needed and passenger’s waiting time.

Cost of operation is essential (and increasingly so) for the public
transport system in times of tougher economic constraints (e.g., in-
creases in fuel prices and salaries). Though the research carried out so
far concerning the effects of adjusted departure times there is still a lack
of studies analysing the effects on operation costs based on marginal
changes in the timetable. This type of research could serve as an illus-
tration for public transport operators and public transport authorities
and serve as a base for future discussions on peak hour measures.

Thus, the purpose of this study is to analyse the impact on operator
costs if the departure time of buses were to be adjusted marginally. This
empirical contribution is done by studying whether the number of ve-
hicles needed, and hence the costs, can be reduced by adjusting the
scheduled bus timetable. Through scenario simulations in a bus plan-
ning system, the bus departure times are adjusted marginally. Adjusting
the departure times makes it possible to utilise the vehicle fleet more
effectively and reduce the number of vehicles needed. This study eval-
uates the effects of the proposed adjustment of bus departure times from
two economic perspectives; partly how the change affects the costs for
the bus operator when fewer vehicles are needed and drivers can be
scheduled more effectively, and partly how the PTA can use the cost
reduction to potentially increase the overall public transport supply.
This study is conducted through two case studies in Sweden with in-
formation and help from a bus operator and a regional PTA based in the
studied traffic areas. Due to business secrecy, the cases are not
geographically identified in this paper. In order to gain further insights,
the result of the study was presented and discussed with representatives
from the regional PTA and the bus operator.

In the study, the following research questions are answered:

1. What are the effects on the operating costs of adjusting the bus de-
parture times by up to between 2 and 30 min?

2. What is the potential increase in the overall public transport supply
and the number of boarding passengers if the identified cost reduc-
tion were to be re-invested in the public transport system?

The Swedish regional public transport system consists of 21 regional
PTAs, governed by politicians, which are responsible for the public
transport within the region. The traffic is most commonly publicly
procured and is run by a public transport operator. Traffic planning,
regarding vehicle type, vehicle circulation, and frequency, is usually
regulated through the contract. Although this study is related to Swedish
conditions, the results could be of interest to local, regional, or national
governments and operators with similar problem definitions and travel
patterns. The problem of high costs due to peak-hour traffic is relevant to
other regions and countries, as well as the possibility to lower the costs
by adjusting departure times marginally. It is important to emphasize
that only operational costs regarding bus drivers and buses are consid-
ered in this study. Other socio-economical costs like costs for delays,
individual behavioural change or increased crowding on the bus are not
considered. The study is conducted to show the potential of adjusting
bus departure times, not to generate a full cost assessment. To be
effective the adjusting of bus departure times must be combined with an
implemented effort to cut the demand in peak hours, such as staggering
school hours.

To be able to adjust the departure times there is a need to spread out
the travel demand during peak hours. For instance, in Sweden, measures
to spread out the peak demand can be implemented by the PTA them-
selves or in collaboration with actors such as bus operators or
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municipalities. Previously conducted research proposes a series of
measures in this area. Globally, the need to spread out the travel demand
is mainly due to capacity and crowding problems (e.g., Currie, 2010;
Halvorsen et al., 2016; Tang et al., 2020). Regardless of the origin of the
problem, the same type of solutions can be effectively used. Various
measures for reducing travel demand during peak hours have previously
been identified, such as ticket price differentiation based on the time of
day you are travelling, increase in parking fees in cities, as well as,
spreading out working hours for schools and workplaces (e.g., Kamel
et al., 2020; Ljungberg, 2009; Noordegraaf & Annema, 2012; Qian &
Rajagopal, 2015).

This paper is organised as follows. Section 2 shortly describes the
central concepts used in the study. Section 3 describes the methodology
used for the two case studies, for the calculations of the potential to use
the cost reduction to increase the overall supply and the number of
boarding passengers, and for the interviews with public transport actors.
In Section 4 the results are presented. Section 5 discusses the results and
finally, conclusions are drawn in Section 6.

2. Central concepts
2.1. Bus runs and public transport planning optimisation

The bus run is the daily assignment for a specific bus, which routes it
will take and when. Fig. 1 illustrates examples of different bus runs
during a traffic day, where some buses run during the whole day and
some just during the morning and afternoon peaks. Bus run number 3 is
an example of the latter and consists of two work blocks, one in the
morning between 7 and 8 a.m. and one in the afternoon between 2 and 7
p.m. The peak hour demand is specifically relevant for the regional
traffic, with a high ratio of students travelling to school, resulting in
many routes having a similar departure time.

A bus line is defined as the planned route between two geographical
locations on which passengers can travel, with a number of bus stops in
between. A bus trip is a one-way journey on a bus line when the bus goes
from one end stop to the other. In this study, a school bus is defined as a
bus line paid for by the municipality on which only pupils are allowed to
travel. A school bus is only run in the morning and in the afternoon,
going to and from school. If the pupils live close to a bus line, they are
usually given a public transport ticket and get to travel with the regular
public transport to and from school.

Fig. 2a and b illustrate an example of the potential of adjusting the
departure times and how this affects the number of buses needed. In
Fig. 2a, there is an overlap between two bus trips in location D, which
results in the need for two bus runs. By adjusting the departure times
slightly, as illustrated in Fig. 2b, only one bus run is required to cover the
two trips. In total, fewer buses are needed and the planning can be done
more effectively.

The schedule for the bus runs and the drivers is optimised regarding
different cost factors and preferences, usually by using a public transport
planning software. For the bus runs the factors include how different
routes should connect, type of vehicle, length of a run for a specific
vehicle type, dwell time (time spent at each stop), and layover time
(time in between two trips). The optimisation process aims to reduce
unproductive time and kilometres (i.e., when the vehicle is not used on a
bus line).

2.2. Increase in passengers when there is an increase in public transport
supply

Resources saved by adjusting departure times may be used as re-
investments in the public transport system, i.e., to increase public
transport supply. The Mohring effect (Mohring, 1972) states that an
increase in public transport supply due to an increase in public transport
demand will lead to a further increase in the demand since the increase
in frequency (and hence reduction in waiting time) reduces the total
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Fig. 1. Examples of bus runs during a traffic day (4 a.m. to midnight), with one row representing a specific numbered bus run (1, 2, 3, etc.). The time of day is along

the horizontal axis and the numbered bus runs are on the vertical axis.

travel cost for the passengers. Further research has shown that the
Mohring effect is more significant for buses and off-peak travel,
compared to rail and subway and peak hours, respectively (Silva, 2021).
Another study supporting the Mohring effect is Balcombe et al. (2004, p.
246) showing that changes in supply will lead to a change in demand. It
may, however, take several years for the market to reach a new equi-
librium state.

The relationship between changes in the number of passengers and
the public transport supply can also be described using elasticities. The
concept of elasticity is used to describe how a change in a factor affects
the demand, e.g., the ratio between a percentage change in the supply of
public transport and the corresponding percentage change of boarding
passengers. The supply elasticity formula is:

%AN
%AS

&= 1)
Where ¢; is the supply elasticity, %AN is the percentage change of the
number of boarding passengers, and %AS is the percentage change of
the public transport supply. For example, a supply elasticity of 0.4
means that if the supply of public transport increases by 10% the number
of boarding passengers will increase by 4%. The public transport supply
elasticity is usually measured with regards to either vehicle kilometres,
bus frequency, or total travel time (Dickinson & Wretstrand, 2015) and
will vary with respect to e.g., peak or off-peak travel, the existing level of
service, and if the effect is measured in the short or long run (Balcombe
et al., 2004). A review of elasticity studies mainly made in Great Britain
concludes that the elasticity of bus demand with respect to total vehicle
kilometres is 0.38 in the short run and 0.66 in the long run (Balcombe
etal., 2004). A selection of other studies concludes a supply elasticity of
0.4-0.7 depending on vehicle kilometres or frequency (Dickinson &
Wretstrand, 2015), 0.38-0.45 with regards to traffic supply in a Nor-
wegian and Swedish context (Nilsson et al., 2017), 0.2-0.3 for traffic
supply per urban area in Sweden during the years 1985-2004 (Tegnér

2]

et al., 2006), and 0.17-0.67 in the short and long run, respectively, in a
review of Swedish studies (K2 et al., 2017). A recent Swedish case study
concludes that an increase in off-peak frequency for rural public trans-
port results in substantial growth in passengers, mostly during peak
hours, with long-term supply elasticities for the studied cases being
higher than 1 (Hansson et al., 2022).

3. Method

The study was divided into three steps. First, scenario simulations
were made regarding the possibility to adjust the departure times for
buses within two case studies (separate traffic areas located in Sweden).
Different scenarios were simulated and optimised with information from
and with the help of a bus operator and a regional public transport au-
thority (PTA). Based on these results, the cost reduction, and the po-
tential bus fleet efficiency (defined in Section 3.1) were calculated.
Second, based on the bus fleet efficiency documented in the two case
studies, calculations were made regarding the potential increase in the
overall supply of public transport and the yearly number of boarding
passengers if the cost reduction is re-invested. These calculations were
applied to a larger traffic area in order to illustrate the potential of a full-
scale implementation of adjusting peak-hour traffic.

The traffic areas used for the simulations were chosen together with
the bus operator and the PTA. Initially, in the first case study a small
traffic area, one simulation scenario, and one evaluation parameter
(number of vehicles) were chosen. In the second case study, the simu-
lation was expanded to a larger traffic area with six scenarios simulated
and including more parameters for evaluation. The two case study areas
complemented each other in size.

In the final step, through interviews, the results of the study were
discussed with and validated by persons with expert knowledge from a
bus operator and a regional PTA based in the studied traffic areas.
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Fig. 2a, b. An illustration of the potential of marginally adjusting the departure times with respect to the number of bus runs needed. The capital letters (A, B, C, etc)
represent geographical locations, the buses represent a bus run, and the horizontal lines represent a one-way trip on a bus line.
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3.1. Simulations of adjusted departure times for buses

The public transport planning software Hastus (Giro, n.d.) was used
to simulate different scenarios of adjustments in bus departure times.
The software is based on optimisation modules which run based on
preferences and constraints fed in by the planner. Blais and Rousseau
(1988) and Blais et al. (1990) present an overview of Hastus. The soft-
ware is one of the main planning tools on the market and is used by
authorities and operators around the world. In research, the software
has for example been used in a study by Salicrt et al. (2011). The
number of vehicles needed and the cost for working time and distance
are included as base parameters in a scenario simulation and weighed
against each other. The objective function aims to minimise unproduc-
tive kilometres and time (e.g., deadhead and layover time) and the
number of vehicles needed. Parameters that are taken into consideration
when running the optimisation are for example the type of vehicle
needed on a specific bus line, the length of a bus run, layover time, and
constraints connected to working hours.

The effect of adjusting the bus departure times was studied through
different scenarios. The base scenario is the timetable and bus runs of the
traffic running in the area during the time the simulations were made.
The simulation was made with traffic data from a weekday since peak
hour traffic occurs on weekdays and the traffic flow during a weekday is
used to dimension the size of the bus fleet. In the simulated scenarios, all
factors and conditions were kept the same as the base scenario except for
the possibility for the software to adjust the departure times. Hourly,
distance-based, and yearly operating costs (e.g., salary, maintenance
costs, and cost of capital) used in the study are the same as the bus
operator use in their daily planning. Increasing the degree of freedom for
the software regarding the departure times resulted in a change in fre-
quency and headway. In this case, having a set timetable was not pri-
oritised, i.e., there was no penalty imposed in the optimisation process
with regards to the software’s possibility to adjust a departure time with
respect to keeping a set headway. The main goal of the simulations was
to reduce costs, by using fewer buses, and keep or increase the effec-
tiveness. The different scenarios contributed to the evaluation of how
many fewer buses could be used during peak hours, based on different
degrees of freedom for adjusting departure times.

The results from the simulations regarding the reduction in the
number of vehicles needed, hence the reduction in costs, were translated
into a percentage for possible bus fleet efficiency. This relates to the
operational costs for the bus operator by for example needing fewer
buses and a smaller depot, consequently lowering the costs for the PTA.
The possible bus fleet efficiency BFE was set to be the ratio between the
number of buses in the simulated scenario and the number of buses in
the base scenario.

Number of buses in simulated scenario

BFE=1— 2
Number of buses in base scenario &)

The number of buses needed reflects all the vehicles needed to cover
all the bus runs in the area. This includes meeting all set conditions, for
example, the type of vehicle, departure time, and layover time.

In future studies, a larger traffic area could be included to be able to
investigate how the effects can be implemented when scaled up.

3.1.1. Case study 1

The first case study is set in an urban area with approximately 7 000
inhabitants. Close to the urban area lies a city with approximately 110
000 inhabitants (in a Swedish context a large city). Regional and school
buses serve the traffic area. There are two lines which on a weekday are
served by nine buses. Approximately 1 100 boarding passengers travel
with public transport on a weekday, of which 30% board during the
morning peak hour (7-8 a.m.). During the morning peak hour, the share
of students among the passengers is 55%. On the two lines, the headway
is on average 30 min.

The simulations were made on timetable data and passenger

Research in Transportation Economics 100 (2023) 101327

information from the year 2018. The focus of this case study is the
possible reduction in the number of vehicles needed.

3.1.2. Case study 2

The second case study is set in a mid-sized municipality, including a
few neighbouring urban areas, with a total of approximately 50 000
inhabitants. The municipality has twelve urban areas, and the traffic
area is served by local, regional, and school buses. Within the traffic
area, there are 50 bus lines which are served by 75 buses on a weekday.
Many of the lines are only trafficked to and from schools in the area,
hence only have departures in the morning and the afternoon. Some
lines are more frequently run with a headway of 10 min.

The chosen traffic day for the case study was a Monday. The simu-
lations were made on timetable data and passenger information from the
year 2018. The focus of this case study is on the possible reduction in the
number of vehicles needed and on the number of driver’s shifts that are
shorter than 3 h.

3.2. Increased number of boarding passengers

The results from the simulations made in the two case studies were
utilised in the calculations of the potential effects of re-investing the
identified cost reduction. The re-investment results in an increase in
public transport supply, leading to an increase in the number of
boarding passengers (according to the Mohring effect and previous
research regarding supply elasticity, see Section 2). An increase in the
number of boarding passengers further results in an increase in fare
revenues, which also can be re-invested to increase the supply of public
transport and additional increase the number of passengers.

Since the two case study areas are small, the calculations were per-
formed on a larger traffic area by using passenger numbers, fare reve-
nues, and traffic costs from the bus traffic from this area. In this traffic
area, the number of boarding passengers was approximately 11.1
million people, the fare revenue was 105.5 million SEK, and the cost for
the traffic was 232.9 million SEK in 2017. Resulting in a cost recovery
rate (CRR) of 45.3% (the ratio of fare revenue to total operating costs) in
this larger area. In Sweden, the average cost recovery rate is 50%
(Trafikanalys, 2019). The cost recovery rate was assumed to be fixed
over the years. When the PTA’s budget for public transport is increased
(due to an increase in fare revenue), there is a possibility to increase the
supply further in the coming year, thus keeping the ratio of fare revenue
to total operating costs the same. It is assumed that the increase in
passengers and fare revenue occurs during the following year to be able
to instantly add the increase in the number of passengers to the calcu-
lations of the possible increase in supply the following year.

The bus fleet efficiency BFE was utilised to make re-investment in the
public transport system, hence increasing the supply by the same order
of magnitude. The supply elasticity &; was set to 0.4 since the literature
review (Section 2.2) suggests that it is a commonly used value for effects
occurring in the short run. The chosen elasticity represents the general
increase of departures during the traffic day as the supply is assumed to
increase throughout the day. Furthermore, a sensitivity analysis was
performed where the supply elasticity was set to 0.15 and 0.7, respec-
tively, also including in the study values in the lower and upper part of
the range concluded in the literature review. With the supply elasticity
set to 0.4, there is an increase in the percentage of boarding passengers
by:

ay=BFE e¢;, = BFE ¢ 0.4 3)

Where a, equals the percentage increase in the number of boarding
passengers of year n. The number of passengers increases to:
Ni=Nye (a+1) @

Where N, equals the number of boarding passengers year n after the first
bus fleet efficiency and re-investment. An increase in passengers leads to
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an increase in fare revenue to:

R =Ry+ (N; —Ny) o R, %)

Where R, equals the fare revenue of year n, and R; is the average ticket
revenue from an adult boarding a bus in the traffic area. In the calcu-
lations, it is assumed that the increase in passengers will be mostly
adults. Ticket sales data shows that the average ticket revenue from an
adult boarding public transport in the traffic area is 11.43 SEK (Ry).

For the cost recovery rate to remain the same there is a need for the
PTA to increase the budget. This leads to a total traffic cost, or traffic
budget, of:

(Ri — Ry)

Ci=Cot—rrR

(6)
Where C, equals the traffic cost of year n, and CRR equals the cost re-
covery rate. The increase in traffic costs is translated into a percentage
increase in the supply of:

Cl - C()

A\ :T ()

Where S, equals the percentage supply increase of year n. The increase
in public transport supply leads to a percentage increase in the boarding
passengers by:

a; =S, ¢ 8

In the second year of increase in supply, the number of passengers in-
creases to:

Ny=Nyea, +N, (C)]

The yearly increase in passengers is related to the number of pas-
sengers in year zero. This is done with the motivation to keep the cal-
culations and the potential increase in the number of passengers as
conservative as possible. Continued calculations of the increase in the
number of passengers are conducted iteratively.

3.3. Interviews with public transport actors

In order to seek insights and opinions from experts in public trans-
port planning based on their experience, knowledge and understanding
of the subject, representatives from the regional public transport au-
thority (PTA) and the bus operator were interviewed, one from each
organisation. The aim of the interviews was to discuss the results of the
study and to have the credibility of the calculations and the realism of
the estimated effects assessed.

The person interviewed from the PTA works with the strategic
development of regional public transport. The person interviewed rep-
resenting the bus operator works as a senior traffic planner. The in-
terviews took place in June 2022 and lasted an hour each.

The interviews were unstructured with open-ended questions to
encourage an informal conversation where the interviewees had the
opportunity to expand their answers. The unstructured interview
method was chosen to be able to understand the challenges and op-
portunities the two actors see regarding this study’s approach to
reducing the cost of public transport during peak hours. Starting the
interview sessions, the background, method, results, and conclusions of
the study were presented to the interviewees. The questions regarded
among others general comments on the results, the feasibility of
adjusting the departure times, consequences, barriers and opportunities
connected to the adjustment, if the calculated increase in the number of
passengers is probable, and if the size of the increase in passengers is a
notable effect.
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4. Results
4.1. Case study 1: Reduction in the number of buses needed

In the first case study, one scenario was simulated. The degree of
freedom for adjusting the departure times was set to up to 30 min. The
bus runs for the morning peak hours are illustrated in Fig. 3, with Fig. 3a
showing the bus runs for the base scenario and Fig. 3b showing the result
from the simulation. The two bus lines are indicated in blue and red, and
the dashed green line is the bus driving back to the first bus stop of the
line (either in traffic or as a deadhead trip). In the base scenario, there
are two departure times on the red line (07.05 and 07.28 a.m.) that are
operated by three and two buses, respectively. The result from the
simulation evens out the departure time during the peak hours and in-
creases the number of departures to choose from (eleven departures in
the base scenario and fourteen departures in the simulated scenario) and
there is an increase in frequency. Furthermore, fewer vehicles are
needed. In the base scenario, nine bus runs were needed, and the
simulated scenario uses seven bus runs.

4.2. Case study 2: Reduction in the number of buses and short driver shifts
needed

In the second case study, six scenarios were simulated. In the sce-
narios, it was possible to adjust the departure times by up to 2, 5, 15, 20,
25, and 30 min respectively. The results are presented in Table 1. For the
base scenario and all six simulated scenarios, the planned operating time
(number of hours in traffic) is 496.35 h, the planned operating distance
(distance in traffic) is 17 937.8 km, and the total number of one-way
trips is 788.

The two main outcomes of the scenario simulations are the number
of buses needed for all runs during a day in the traffic area and how
many of the driver’s shifts are shorter than 3 h. The reduction in the
number of buses needed is used to determine the bus fleet efficiency of
the proposed adjustment of departure times.

Allowing departure times to be adjusted by up to 2 min resulted in an
adjustment of five bus trips divided on to five different bus lines. This
resulted in an infrequent timetable rather than a change in headway and
the need for one less bus. When allowing departure times to be adjusted
up to 5 min the majority of the adjusted departure times occurred on two
bus lines and during the morning peak. There was a reduction of five
buses needed and one shift shorter than 3 h.

When simulating an adjustment of departure times up to 15 min
there were changes made also during the afternoon peak. When allowing
adjustments shorter than 15 min the morning peak was dimensioning,
however with a 15-min adjustment in departure time trips during the
afternoon peak also needed to be adjusted to avoid the afternoon peak
getting dimensioning. In total, 14 of the 88 changed departure times got
adjusted the maximum allowed 15 min, which affects the headway. If
the frequency is low to start with this can have a big effect and in
extreme cases lead to a longer gap between departing buses. Neverthe-
less, in most instances, the headway during peak hours is kept fairly
straight and the adjustment in departure times in some instances leads to
a gap when changing timetable headway. The change in the number of
vehicles needed is shown in Fig. 4 for the three scenarios where the
departure time is adjusted by up to 2, 5, and 15 min.

In the scenarios above 15 min (where the departure times are
allowed to adjust up to 20, 25, and 30 min), there is a decline in the
possibility to reduce the number of vehicles needed in comparison to
other cost factors. Adjusting the departure times by up to 20 and 25 min
results in that one more bus being needed compared to the 15-min
scenario, but there is an increase of ten percentage points with regards
to time effectiveness (ratio of planned operating time and total working
time). This increase in effectiveness might compensate for the cost of an
extra bus. The difference between the scenarios of adjusting the depar-
ture times by up to 20 or 25 min is that in the latter, fewer departure
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Fig. 3. a, b. Illustration of the two bus lines in the traffic area, represented by blue and red lines. The dashed, green line is the bus driving back to the first bus stop.
Fig. 3a shows the base scenario and Fig. 3b shows the simulated scenario. Departure times were allowed to be adjusted up to 30 min.

Table 1
Result from running the six scenario simulations. Departure times on a one-way trip were allowed to be adjusted by up to 2, 5, 15, 20, 25, and 30 min respectively.
Base Adjust 0-2 Adjust 0-5 Adjust 0-15 Adjust 0-20 Adjust 0-25 Adjust 0-30
scenario min min min min min min
Total working time — Include operating, deadhead, and 636.45 636.75 632.80 622.35 552.78 557.62 550.80
layover time (h)
Time effectiveness — Ratio of planned operating time and total ~ 77.99 77.95 78.44 79.75 89.79 89.01 90.11
working time (%)
The number of vehicles needed 75 74 70 67 68 68 67
The number of one-way trips adjusted - 5 48 88 72 40 70
Total time/average time per one-way trip changed when -/- 8/1.6 126/2.6 417/4.7 367/5.1 182/4.6 430/6.1
adjusting departures (min)
The number of shifts shorter than 3 h 61 64 60 47 44 54 43
The average length of shifts shorter than 3 h (min) 106 103 110 108 108 112 112

Effects of adjusting the bus departure times

8
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Fig. 4. The effect with regards to the number of vehicles needed when adjusting the departure times by up to 2, 5, and 15 min. The highest peak is reduced, and the
curve is slightly flattened.
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times are adjusted and additional shifts are shorter than 3 h. In the
scenario when the departure time is allowed to be adjusted by up to 30
min there are 67 buses needed, the same number as when adjusting the
departure times by up to 15 min, and a further increase in time effec-
tiveness. When the optimisation process no longer can reduce the
number of buses needed there is instead a focus on reducing the total
working time and distance, thus increasing the time effectiveness.

The result indicates that the increase in effect is small, for example,
when comparing the number of vehicles needed in the different sce-
narios. Adjusting the departure time by up to 15 min results in the
reduction of the highest peak demand. When adjusting departure times
by more than 15 min the peak-hour traffic starts to have the same
headway as the off-peak traffic and that would require a decrease in
demand to be possible to implement.

4.3. Increased overall public transport supply

The reduction in the number of buses needed in the second case
study and the scenario of adjusting bus departures up to 15 min was
chosen as a base for the calculation of increased overall public transport
supply and the number of boarding passengers. The second case study is
conducted in a larger traffic area than case study 1 and is operated by a
larger bus fleet. The chosen scenario is assumed to be easier to imple-
ment because the frequency was kept mainly the same as in the base
scenario.

In case study 2 the simulations of adjusting the departure times by up
to 15 min resulted in a reduction in the number of vehicles needed from
75 to 67. This is translated into a bus fleet efficiency BFE of:

67
BFE=1—-—=10. 1
7 0.7% (10)

The bus fleet efficiency BFE was then assumed to be utilised as re-
investment in the public transport system, hence increasing the sup-
ply, increasing the percentage of boarding passengers by:

oyp=BFEeg; =0.107004 =4.3% (11)
The number of boarding passengers increases to:
Ny =Ny e (ap+1)=11100000 e 1.043 =11 573 600 passengers (12)
The increase in boarding passengers leads to an increase in fare
revenue to:
Ri =R+ (N; —No) ® R, =105 500 000 + (11 573 600 — 11 100 000)
¢ 11.43=110 913 248 SEK (13)

For the cost recovery rate to remain the same the total traffic cost, or
traffic budget, should increase to:

(R —Ro):232 900000+(110913 248 — 105 500 000)

Ci=Cot—crr 0.453

The increase in traffic cost is translated into a percentage increase in
the supply by:

€y —Cy 244850 194 — 232 900 000

5 C 232900 000

=5.1% (15)

The increase in public transport supply leads to a percentage increase
in the boarding passengers by:

a =S ee=51004=21% 16)

In the second year of increase in supply the number of passengers
increases to:
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N,=Nyea; +N; =11100000e 1.02+ 11573 600
= 11 801 418 passengers a7

Continued calculations of the increase in the number of passengers
are conducted iteratively. There will be a declining trend in the increase
in the number of passengers since the supply elasticity is 0.4, and the
iteration was continued until year six. The resulting number of boarding
passengers per year is presented in Fig. 5. In total over six years, there is
an increase of approximately 900 000 boarding passengers (+8.1%).
There is a total increase in fare revenue of approximately 10.3 million
SEK (+9.8%) and the traffic cost increases by approximately 22.7
million SEK (4-9.8%). Furthermore, the PTA must increase the budget by
12.4 million SEK in tax funding to be able to maintain the cost recovery
rate at the same level as the base scenario (year zero).

4.3.1. Sensitivity analysis

In the sensitivity analysis, the supply elasticity &, was set to 0.15 and
0.7, respectively, also including in the study values in the lower and
upper part of the range concluded in the literature review (Section 2.2).
The calculations were performed in the same manner and with the same
input values as in Section 4.3

With a supply elasticity of 0.15, there is a smaller increase in the
number of boarding passengers, compared to the calculations in Section
4.3, resulting in a less increase in the traffic budget and a smaller in-
crease in the public transport supply in the upcoming year. Already in
year 2 the increase in the number of boarding passengers comes to a halt.
The resulting number of boarding passengers per year is presented in
Fig. 6. In total over six years, there is an increase of approximately 220
000 boarding passengers (+1.95%). There is a total increase in fare
revenue of approximately 2.5 million SEK (42.35%) and the traffic cost
increases by approximately 5.5 million SEK (+2.35%). Furthermore, the
PTA must increase the budget by 3.0 million SEK in tax funding to be
able to maintain the cost recovery rate at the same level as the base
scenario (year zero).

With a supply elasticity of 0.7, there is a larger increase in the
number of boarding passengers, compared to the calculations in Section
4.3, resulting in a greater increase in the traffic budget and a larger
increase in the public transport supply in the upcoming year. In year 6
the increase in passengers is still ongoing. The resulting number of
boarding passengers per year is presented in Fig. 7. In total over six
years, there is an increase of approximately 3 370 000 boarding pas-
sengers (+30.4%). There is a total increase in fare revenue of approxi-
mately 38.6 million SEK (+36.6%) and the traffic cost increases by
approximately 85.2 million SEK (+36.6%). Furthermore, the PTA must
increase the budget by 346.6 million SEK in tax funding to be able to
maintain the cost recovery rate at the same level as the base scenario

=244 850 194 SEK a14)

(year zero).

4.4. Interviews with public transport actors

The results of the study and the feasibility of the proposed adjust-
ments in bus departure times were discussed with representatives from a
bus operator and a regional PTA. The interviewed persons deemed,
based on their expertise, that adjustments of the departure times up to
15 min are feasible regarding vehicle scheduling, tender process, current
contracts (bus operator), finances, budgeting, and decision process
(PTA). If the departure times are adjusted up to 5 min it is assumed that
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Potential increase in the number of boarding passengers
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Fig. 5. The potential increase in the number of boarding passengers, when re-investing the bus fleet efficiency gained if being able to adjust bus departure times up to

15 min.

no major travel behavioural change is needed. However, to be able to
make bigger changes in the timetable there is a need for the passengers
to change their departure times to even out the peak demand, which
likely makes such a change in the timetable more difficult to carry
through. Measures to spread out the travel demand have been previously
implemented by the bus operator, however, the measures were small in
scale and resulted in limited behavioural changes. Furthermore, the
experience is that it is difficult to change the passenger’s peak-hour
departure times which are restricted by working hours. The

interviewees underline that the size of the traffic area affects the pos-
sibility to adjust the departure times. A larger traffic area with many
departures, frequent headway, and a certain number of bus lines result
in a higher degree of flexibility. However, if a certain headway is to be
maintained the possibility of adjustments in the timetable is reduced.
The interviewees emphasized different aspects of the effect of
adjusting departure times up to 5 min (small bus fleet efficiency im-
provements) in contrast to being able to adjust them for a longer period
of time. The interviewee from the bus operator underlined that adjusting

Potential increase in the number of boarding passengers
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11200 000
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Fig. 6. The potential increase in the number of boarding passengers when the supply elasticity is set to 0.15.
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Fig. 7. The potential increase in the number of boarding passengers when the supply elasticity is set to 0.7.
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the departure times by up to 5 min is easily executed and results in the
sharpest peak being cut. Additionally, a larger change in bus departure
times during peak hours has a greater impact and usually involves
communication with more actors, such as schools and the municipality.
The PTA interviewee reasoned that larger adjustments are a political
question and are outside the scope of what is possible to mandate a bus
operator to be responsible for. Changes in the public transport supply
and travel time are acknowledged as the two most important parameters
within traffic planning regarding impacting the number of boarding
passengers.

Both interviewees point out that additional actors need to be
included if adjustments over a few minutes are to be implemented. This
includes especially municipalities and schools since pupils travelling
with the buses will be affected. A large share of the passengers during
peak hours are pupils, resulting in governmental actors having signifi-
cant power over the possibility to spread out the peak demand. The
experience is that these actors are difficult to get involved because they
do not see the whole picture of the larger traffic system and its costs,
instead, they focus on their departmental costs and planning. A small
number of municipalities actively work with staggered school starting
hours as a way to enable an adjusted bus timetable where fewer vehicles
are needed.

Both interviewees agreed with the results regarding the possibility to
reduce the number of buses needed and that if reinvesting saved re-
sources an increase in boarding passengers is a probable effect. The
interviewee from the bus operator indicates that the increase in pas-
sengers results in a high effect in relation to the input. However, both
interviewees did express a concern regarding how easy it is to translate
the bus fleet efficiency into an increase in supply. The level of general-
izability is dependent on the traffic area and demographics, with the
need for a certain lowest level of base traffic.

5. Discussion

The purpose of this study was to analyse the impact on operating
costs if the departure times of buses were to be adjusted up to 30 min.
The effects of the proposed changes were evaluated from two economic
perspectives: resulting bus fleet efficiency and how re-investing it can
lead to an increase in the number of boarding passengers. The study
demonstrates a possible reduction in the number of vehicles needed if
the bus departure times can be adjusted marginally. Resulting in a
reduction in the cost of operations. Furthermore, if the cost reduction is
re-invested to increase the public transport supply there will be an in-
crease in the number of boarding passengers. The results indicate that
even small changes in departure times within a limited area can result in
cost reductions. Moreover, the assumption is made that the result can be
extrapolated to larger traffic areas, such as whole regions and countries.

There are several challenges linked to being able to marginally adjust
the bus departure times. The largest issue is assumed to be the need to
spread out the peak travel demand. Furthermore, there is a challenge in
making sure that the sharpest peak demand is spread out and just not
moved in time, to be able to reduce the number of vehicles needed in a
traffic area. When trying to create a more even traffic flow with less
difference between peak and off-peak hour traffic, for both car traffic
and public transport, there is a need to consider the big picture. An even
traffic flow contributes to more optimal use of vehicles and working
schedules that are more convenient for bus drivers.

The high demand during peak hours is partly related to students
travelling to school. The interviewees mentioned the school starting
hours several times as a reason for the travel demand being so high
during peak hours and that departure times are adapted to fit the school
schedule. The school buses are ordered by the municipality, which does
not consider the whole traffic system but only focuses on the school
starting hours. However, since the municipality decides the school hours
it is perceived as easier to affect than the hours at private workplaces.
Staggered school starting hours can contribute to cutting the peaks in
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traffic and levelling out the use of buses during the day (Ljungberg,
2009). A study by Ljungberg (2009) concludes that a change in school
starting hours of 15 min can result in an increase in social welfare (with
respect to buses not needed, cost of public funds, and costs for the pu-
pils). Several attempts to change the school starting hours have been
implemented in Sweden, however, most of them were interrupted or
terminated after a while (Swedish Association of Local Authorities and
Regions, 2019). More communication between different actors has been
requested to support these initiatives as well as additional evidence
regarding the effects of the costs for small adjustments in time.
Furthermore, a change in school hours can affect office hours and
change people’s travel behaviour and patterns in the long run. More-
over, the Covid-19 pandemic has actualized the question of changing
school starting hours, as well as the starting times at workplaces. For
example, bus operators in the Netherlands successfully implemented
staggered school starting hours in 2020 and 2021 (Keolis, 2022). By
increasing the general understanding and awareness of the high costs
related to high and sharp travel demand peaks, measures to change the
behaviour of the individual passenger can be further motivated.

A reduction in travel demand during peak hours for all travel modes
can increase accessibility, leading to reduced travel time for both public
transport and cars. Changing people’s travel patterns also creates a de-
mand for the new departures generated when re-investing the bus fleet
efficiency. Further studies should include which challenges and possi-
bilities the municipalities and school principals see with staggering the
school starting hours. Furthermore, how a change in school working
hours affects the overall use of the school facilities, personnel, activities
for students after school, and staff meetings.

A drawback with adjusting the departure times a few minutes is the
risk of losing a set headway. This can be perceived as negative by the
passengers since it can be harder to keep track of the departure times
when it is not a rolling timetable. This can be partly helped by that most
timetables today are accessible digitally and passengers can check the
departure times through an app. Digital access to a timetable might lead
to that a set headway is not as important in the future, since there is no
need to learn the timetable by heart. If the buses depart with a high
frequency, there is also less need for a set timetable since the passengers
just head to the bus stop and wait for the next bus to arrive.

In this study, the calculated bus fleet efficiency is 10.7%, with
regards to the reduction of the number of buses needed when being able
to adjust the departure times up to 15 min. Similar studies have found a
cost reduction of 4.54-12.84% when optimising a bus timetable (Gao
et al., 2019), or a reduction of the total cost of passenger waiting time
and vehicle operation (number of vehicles) by 16.90% (Shang & Liu,
2019). In comparison to these two studies, the calculated bus fleet ef-
ficiency seems probable. The fully allocated cost model defined by
Fielding (1987) also includes peak vehicle costs that relate to the fleet
size and its associated infrastructure (e.g., depot size) and general
administration. Savage (1989) describes and compares two bus costing
methodologies: the British National Bus Company model and the
Australian Adelaide model. Both models point to a higher than the mean
production cost for peak hour traffic, related to the number of vehicles
needed and overhead costs related to the fleet size. Taking these cost
models into account might result in an even higher possible bus fleet
efficiency for this study. The interviewee from the bus operator dis-
cussed the results regarding the ongoing introduction of electric vehicles
in the bus fleet, resulting in a reduction of the variable costs and an
increase in the set costs. This might affect the results of this type of study
within a decade.

The calculated potential increase in the number of boarding pas-
sengers and ticket revenues is dependent on the chosen value of the
supply elasticity. The value of the supply elasticity depends on several
factors, e.g., change in frequency and headway, if the increase in supply
has a corresponding demand, and how large the increase in supply is
compared to the base scenario. The performed sensitivity analysis pro-
vides a range of potential increases in the number of boarding
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passengers. Furthermore, the reduction in peak demand might not be
equal to or larger than the increase in off-peak demand.

6. Conclusions

The results from the study showed that by adjusting the bus depar-
ture times by up to 15 min, fewer buses are needed and the peaks in
traffic can be cut. Even adjusting the departure times up to 5 min leads to
a decrease in operating costs. The reduction in costs mainly originates
from a reduction in the number of vehicles and drivers needed, and more
effective use of the resources. The operating cost reduction can be
translated into a bus fleet efficiency, which potentially can be used to
improve public transport in the area by expanding the supply in the long
run. The scenario simulations made in the two case studies include local
traffic areas, however, the results indicate the possible reductions in cost
for regional public transport systems by adjusting the departure times by
a few minutes. To be able to implement an adjustment of bus departure
times it is necessary to spread out the travel demand during peak hours,
for example by staggering school start hours. These results should be
studied further regarding the design of the public procurement process
and the effects of built-in flexibility in contracts.

The use of fewer vehicles also has positive environmental effects
since fewer buses must be manufactured and the buses are used more
effectively. Furthermore, the need for fewer buses leads to less space
needed for a bus depot. When the cost reduction can be utilised to in-
crease the overall supply of public transport, the increase in passengers
leads to a higher passenger ratio of the bus and a reduction in envi-
ronmental impact per passenger.
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