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The dominance of motorcycles in mixed transport systems in developing cities and countries might
lead to several problems such as traffic congestion and accident. To solve these challenges and
increase the modal share of public transport (PT), several new PT projects have been invested in
these countries. However, there seems to be very little evidence on evaluation methods of all
transport modes to analyse the feasibility of a new PT mode and identify the most cost-effective
mixed transport system. Therefore, it is essential to have a comprehensive evaluation method for
motorcycle, car, Demand Responsive Transit (DRT) and PT in mixed transport environments.

Hence, the main aim of this thesis is to develop a comparative economic assessment for
evaluating the feasibility of a new PT mode and choosing the best mixed transport system based
on the PT technologies’ characteristics and the conditions of local transport networks. The
comparative economic assessment is integrated from four models: Social Cost Model, Incremental
Elasticity Analysis, Incremental Multinomial/Nested Logit Model and Microscopic Simulation
Model. The Social Cost Model calculates the social costs of exclusive private transport (PRV),
segregated PT, exclusive DRT and mixed transport at a strategic planning level. The Incremental
Elasticity Analysis evaluates endogenous changes in total general demand of all transport modes
by using the demand elasticity with respect to a composite cost (a logsum). The Incremental
Multinomial/Nested Logit Model estimates the choices of passengers in favour of all transport
modes with respect to generalised costs. The Microscopic Simulation Model simulates all existing
transport modes’ flows on the local network by using a microscopic simulation model in VISSIM,
which is developed, calibrated and validated based on the data collected from one real urban
corridor in Hanoi, the capital of Vietnam.

The comparative economic assessment was applied to compare the existing mixed transport
situation and twelve transport infrastructure options with a new PT technology (Bus Rapid Transit,
elevated Metro or Monorail) replacing the existing bus services; either wholly or partially, and with
or without a congestion charge scheme for PRV on the chosen corridor in Hanoi, in terms of average
social cost, total general demand and PT share. The results show that eight options with Bus Rapid
Transit or Monorail or Metro are feasible. In addition, the BRT option that replaces all existing buses
with a congestion charging scheme is the best alternative in terms of average social cost. Transport
planners and decision makers in Hanoi can draw on the findings of this thesis. Moreover, the
methodology of the comparative economic assessment might be applied and modified to various
transport networks with an abundance of motorcycles to assess the costs and benefits of each new
PT technology and mixed transport systems with or without the congestion charge. However,
various limitations are identified and further work is suggested.
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Chapter 1 Introduction

Chapter1 Introduction

1.1 Background and Research Questions

Due to the rapid development of technology and increase in travel demands in urban areas,
innovative Public Transport (PT) technologies and Demand Responsive Transit (DRT), rather than
conventional bus and heavy rail transit, have come into focus, in particular in low- and middle-
income countries (LMICs).! The background trend is a significant increase in private vehicle (car and
motorcycle) users in mixed traffic environments in developing countries, especially in urban areas
of Asia (e.g. Taiwan, Indonesia, Malaysia, Thailand and Vietnam). The dominance of motorcycles in
mixed transport causes transport problems such as traffic congestion, air pollution, noise pollution
and traffic accidents (Chang and Yeh, 2006; Nguyen and Sano, 2012; Bray and Holyoak, 2015). To
solve these issues and to raise the modal share of PT, several PT projects have been invested in
these countries as Bus Rapid Transit (BRT), Metro and Monorail (Malaysia Economic Planning Unit,
2010; Taipei Department of Transportation, 2013; Government of Vietnam, 2016). However, an
important question is whether improving PT can lead to improvements in system efficiency given
motorcycle dominance. In other words, transport planners and decision makers need to analyse
the feasibility of a new innovative PT technology for a local network. Furthermore, when several PT
modes are feasible, it can be difficult for them to determine the most cost-effective mixed transport
system where transport modes share infrastructure facilities with the dominance of motorcycle, in
terms of given criteria such as average cost per passenger, modal share of public transport or
increases in total general demand. However, there seems to be very little evidence on combined
evaluation methods for motorcycles, cars, Demand Responsive Transit (DRT) and PT technologies,
which cover the benefits and costs involving travellers, operators, traffic accident, transport-related
air and noise pollution, climate change and congestion. As a result, a more comprehensive
evaluation method for these transport modes needs to be formulated. This will be shown in more

detail in Section 1.3.

1.2 Introduction of Transport Modes

To supply the high demand for travelling in the urban areas, there is a range of transport modes

including private transport, PT and DRT, which are briefly reviewed below.

L As of 1st July, 2019, LMICs are defined as those with a Gross National Income per capita, calculated using
the Atlas method, of USS$ 12,375 or less in 2018 (World Bank, 2019).

1



Chapter 1 Introduction

1.2.1 Private transport (PRV)

Motorcycles

According to Directive 2002/24/EC of the European Parliament and of the Council of 18 March 2002,
motorcycles are defined into two types. Firstly, two-wheel vehicles with an internal combustion
engine having a cylinder capacity of not more than 50 cm? if of the internal combustion type and/or
having a maximum design speed of not more than 45 km/h. Secondly, two-wheel vehicles with an
internal combustion engine having a cylinder capacity of more than 50 cm?®if of the internal
combustion type and/or having a maximum design speed of more than 45 km/h. Motorcycles with
small engines ranging from 100 to 150 cm? are especially popular in developing Asian countries,
such as Taiwan (Chang and Yeh, 2006), Malaysia (Hussain, Radin Umar and Ahmad Farhan, 2011)
and Vietnam (Bray and Holyoak, 2015).

Passenger cars

Based on Directive 2007/46/EC of the European Parliament and of the Council of 5 September 2007,
passenger cars are defined as four-wheel vehicles designed and constructed for the carriage of

passengers, comprising no more than eight seats in addition to the driver’s seat.

1.2.2 Public transport

Public transport plays an important role in daily travelling in all countries around the world.
Currently, more and more PT technologies have attracted the interest of operators and decision
makers. In addition, several new innovative PT forms have been developed to meet various

passenger requirements. This section shows the main transit modes below.

Conventional bus

The conventional bus as a PT mode which is operated by rubber-tyred vehicles that follow fixed
routes and schedules along roadways where buses and private vehicles share infrastructure
facilities (Transportation Research Board, 2010). The conventional bus is the most popular PT mode
in the world and has the highest percentage of PT passenger share and/or passenger miles
travelled. For example, in 2012, approximately 51% of all transit passengers in the United States

used the buses (Federal Transit Administration, 2012).

Bus rapid transit (BRT)

‘BRT is a flexible, rubber-tired form of rapid transit that combines stations, vehicles, services,
running ways, and Intelligent Transport System (ITS) elements into an integrated system with strong

identity’ (Levinson et al., 2003).
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Danaher et al. (2007) stated the main features of BRT systems as follows: (i) Dedicated (bus-only)
running ways (preferably, physically separated from other traffic); (ii) Accessible, safe, secure, and
attractive stations; (iii) Easy-to-board, attractive, and environmentally friendly vehicles;
(iv) Efficient (e.g., off-board) fare collection; (v) ITS applications can provide real-time passenger
information, signal priority, and service control; (vi) Frequent, all-day service; and (vii) Distinctive

system identity.

All BRT systems must have running ways, stations, and vehicles. Other major components consist
of service design, the fare collection system, the application of ITS technology, and branding. Of
these, service design is the key to system design. All components must be compatible and must

support the service design (Danaher et al., 2007).

Urban railway transit (URT)

The Office of Rail and Road (n.d.) determines the most popular urban railway transit to be light rail

transit (LRT), tram system and underground system.

A tram system, tramway or tram is a railway on which streetcars or trolleys run. It is typically built
at street level, sharing roads with traffic. This is defined as transit right-of-way (ROW) Category C
(Vuchic, 2007).

Light rail transit is an urban rail transportation system that uses electric-powered rail cars along
exclusive ROW at ground level, on aerial structures, in tunnels, or occasionally in streets. The
operation is under full signal control and the current UK systems have full automatic train
protection. As the name suggests, the term ‘light’ refers to operations carried out under a less
rigorous set of regulations, using lighter equipment at lower speeds than those used by heavy rail,
such as services provided by train operating companies. The ROW of light rail transit is also classified

into Category B (Vuchic, 2007).

An underground system is defined as an electric railway public transport network (a metro or
subway system) that runs both above and underground. The ROW of an underground system is
classified into Category A, which is a fully controlled ROW where other vehicles and persons cannot

access it (Vuchic, 2007).

Monorail

There are two types of monorail systems developed from the early stages of development below

(Timan, 2015).
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(i) The suspension railway systems on which the vehicle hangs under the fixed track-originally
designed as freight transportation. The earliest urban application was the Wuppertal Monorail that

was installed in 1901 and is still in use today (Wuppertal, n.d.).

Figure 1-1 The suspension Schwebebahn Wuppertal, Germany

Source: Wuppertal (n.d.)

(ii) The straddle-beam monorail system uses a vehicle that straddles a reinforced beam. In the
1950s, a German company by the name of ALWEG pioneered this technology, and installed its first
system at Walt Disneyland in California. Most successful wheeled monorails today can trace their
roots to the straddle beam ALWEG type monorail technology including the extensive Chongqing

Monorail as well as Hitachi, Scomi and Bombardier Monorail (Timan, 2015).

1.23 Demand Responsive Transit (DRT)

DRT services provide transport “on demand” from passengers using fleets of vehicles scheduled in
order to pick up and drop off people according to their needs. DRT is an intermediate form of
transport, somewhere between bus and taxi which covers a wide range of transport services
ranging from less formal community transport through to area-wide service networks (Mageean

and Nelson, 2003). Currently, the most popular DRT are Taxi and ‘Ridesourcing’.

Taxi

Taxi can be categorised into the following types: taxi ranks; hailed taxis; dispatched taxi;
Limousines; and shared Jitney and taxibus. Of these, the first three types seem to be common.
Firstly, the primary objective of the taxi rank is to define a location at which prospective passengers
may engage a taxi. Secondly, the concept of hailing a taxi has an equally long standing to taxis at
ranks. Hailed taxis ply for hire and are engaged by an intending passenger flagging down an
unoccupied taxi. Thirdly, for dispatched taxis, taxis available for pre-booking are a more recent
innovation arising from the development and widespread use of telephone and radio technologies

(Cooper and Mundy, 2010).
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Ridesourcing (Uber and Lyft)

‘Ridesourcing’, also named as on-demand and app-based ride services, are rapidly expanding
mobility options in many cities. Ridesourcing companies (e.g. Uber, Lyft and Sidecar) have made it
possible for non-professional drivers of private vehicles to offer safe, reliable, affordable point-to-
point rides, and allow the fare-paying public to efficiently summon a ride with a tap on a
smartphone. These ridesourcing companies connect available private vehicle owners with
travellers. Their smartphone apps also provide real-time location and navigation information,
decreasing probabilities drivers will take circuitous routes or become lost, and informing travellers
exactly when and where to expect their ride. In addition, riders choose the quality and size of the
vehicle, and whether or not to share their ride with other travellers. The ridesourcing companies
can pair travellers with overlapping routes into the same ride, and can suggest pick up points,
dramatically cutting service cost, decreasing wait times and increasing vehicle occupancy. Flexible
pricing ensures vehicles remain available late at night or in bad weather and automatic payment
eliminates the need for passengers to carry cash or negotiate tips. The personal details of both
passengers and drivers, as well as the history of their encounter, are recorded, reducing the
likelihood of crime and facilitating the resolution of disputes. Passengers and drivers rate each
other, and these ratings affect the ability of both to access future rides, creating an incentive system
designed to reward civil interactions. This combination of features sets ridesourcing apart from

traditional taxis and not-for-profit ridesharing (Flores and Rayle, 2017).

Ridesourcing services were first launched without legal authorization. Sidecar began testing its
ridesourcing app in February 2012 and Zimride (later known as Lyft) began testing its app in May
2012. Sidecar launched publicly in June 2012, and Lyft in August 2012 whilst UberCab launched in

San Francisco in June 2010 (Flores and Rayle, 2017).

1.3 Aims and Objectives

Given the above, the main aims of this thesis are:

- Analyse the feasibility of new public transport technologies in a mixed traffic environment

with a dominance of motorcycles.

- Identify the most cost-effective mixed transport system in terms of given criteria where

transport modes share infrastructure facilities.

To achieve these aims for the thesis, the research objectives can be specified as follows:
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- Assess social costs including operator costs, user costs and external costs of the fixed line
PT technologies, private transport (PRV), DRT and mixed transport for different user demand

levels.

- Develop traffic simulation models of mixed transport with a dominance of motorcycles, to
present their interactions and congestion effects in an existing mixed traffic environment.
These models can evaluate the performance of each transport mode such as vehicle travel

time.

- Develop transport demand models to evaluate changes in total demand of each transport
mode and all transport modes after introduction of a new PT mode and/or a transport policy
in an existing mixed traffic environment. These models can find out how the performance of
the PT system and the transport policy might affect level of service of each transport modes,

and therefore the total user demand levels.

- Integrate the social cost model, microscopic simulation model and demand models into the
comparative economic assessment. Apply this assessment to a case study in Hanoi, Vietnam
where a new PT mode and/or a transport policy are introduced. This application might
demonstrate the usefulness of the comparative economic assessment in analysing the
feasibility of a new PT technology and determining the most cost-effective mixed transport

system.

1.4 Comparative Economic Assessment Structure

To obtain these objectives stated above, a Social Cost Model (SCM), an Incremental Elasticity
Analysis (IEA), an Incremental Multinomial/Nested Logit Model (ILM) and a Microscopic Simulation
Model (MSM) are developed for the first stage. These four models are then integrated into a
comparative economic assessment (CEA). The integrated assessment compares mixed transport
systems with the introduction of a new PT mode and/or transport policy in terms of average social
cost (ASC), hence, the SCM is the core model. The SCM is developed for PT, PRV, DRT and mixed
transport, which include operating costs, capital costs, user costs, accident costs, air pollution cost,
noise pollution cost and climate change cost for different user demand levels. However, a stand-
alone SCM has some disadvantages. First, as a strategic level model, the SCM considers an isolated
corridor without any interactions of different modes and any junctions. This could be not true for
mixed traffic environments where several transport modes share infrastructure facilities such as
cars, motorcycles and buses. The MSM can overcome the first drawback because the MSM
simulates all existing transport modes’ flows on the local network and therefore represent the

vehicle interactions to obtain traffic data such as operating speed and travel time. Second, the

6
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demand for each transport mode would vary rather than be fixed. The IEA appears to solve this
disadvantage because the IEA can evaluate endogenous changes in demand levels according to any
change to existing transport conditions by using the demand elasticity with respect to a composite
cost for general traffic. The changes in the total demand are caused by changes in parameters such
as travel time, waiting time, fuel cost, alternative specific constant, etc. Third, the modal choice of
users among all alternative modes is not taken into account in the SCM. The ILM overcomes this
issue because it analyses preferences of users for all alternative transport modes with respect to
generalised costs. As a result, the four models are needed to be integrated into a comprehensive

assessment of urban mixed transport options. The structure of the CEA is shown in Figure 1-2.

3. Incremental Elasticity Analysis
- Composite cost for general traffic (logsum)
- Change in utility and logsum

©H (1) VT data for PRV ﬂ
and bus
(3)
(2) 1. Simulation model New total
IVT and WTT - Real network data endogenous
data for new - Local parameters for inputs of simulation package demand
PT mode; = VT data f
WTT data for New demand (7) 1r ﬂ (4) hata dor i
bus for PRV = SE— :
4. Incremental
(6) . . .

2. Transport social cost models New PT multinomial/nested logit model
- Fixed demand demand
- Cost functions of transport modes: Car Motorcycle Existing mode: bus
* Public transport: Bus, BRT, URT, Monorail = .
* Private transport: Motorcycle, Car (5) N';W al nTIOd'\j' BRY,
- S TR onorail, Metro

DRT: Taxi, Uber IVT data

- for PT
Apply with final (9) (8) Final demand if convergence
demands for all modes i of PT demand occurs

Final outputs
- Social costs
- Demand data

Figure 1-2 Operating procedure of completed assessment

The comparative economic assessment begins with providing existing passenger demand levels for
all transport modes and required PT service frequency data, as well as an introduction of a new PT
technology and/or a transport policy. The MSM simulating the existing mixed transport system and
the SCM evaluating in-vehicle time and waiting time of new PT users provide required data (travel
time, operating speed, etc.) for the IEA to estimate changes in total demand of all transport modes.
The required data obtained from the MSM and SCM; and the new endogenous demand from the
IEA are input to the ILM to estimate new modal share and demand level of each transport mode.
These new demand levels are used as inputs for the MSM and the SCM for the next iteration of the

CEA. Once the endogenous PT demand is converged, final outputs will be produced from the SCM
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to show the total social cost and average cost of each transport mode, as well as for the mixed

transport system on the local transport network.

1.5 Thesis Structure

This study is divided into nine chapters. The contents of each chapter are summarised below to

provide a brief introduction and guide through the research.

Chapter 1 Introduction

Chapter 1 is divided into five parts. The first part introduces a background trend and research
problems. The second part introduces generally a range of existing urban transport modes including
PRV (e.g. car and motorcycle), PT (e.g. conventional bus, BRT, URT and Monorail) and DRT (e.g. Taxi
and Uber/Lyft). The third part lists Research Aims and Objectives. The fourth part illustrates the

structure of the comparative economic assessment. The final part shows the structure of the thesis.

Chapter 2 Literature Review of Transport Supply

Chapter 2 summarises the key findings from a literature review of evaluation methods for
infrastructure transport projects and transport cost models to find gaps. Firstly, it critically reviews
economic and non-economic analysis techniques of transport infrastructure options and thereby
identifies their drawbacks. These techniques include cost-benefit analysis, cost-effectiveness
analysis and multi-criteria analysis. Of these, the cost-effectiveness analysis is selected for this
study. Secondly, it critically reviews transport cost models to justify that social cost models for
motorcycle, DRT (e.g. Uber and Taxi) and new PT technologies (e.g. Monorail) need to be studied
deeply, as well as for a mixed transport system where many transport modes share infrastructure

facilities.

Chapter 3 Literature Review of Transport Demand

Chapter 3 summarises the key findings from a literature review of transport demand models and
traffic simulation models. Firstly, transport demand models are reviewed to determine which
demand models are suitable for a situation where a new public transport technology is introduced
in an existing mixed transport system. Secondly, different traffic simulation approaches are
reviewed and a traffic simulation package is selected as the most appropriate modelling software

for a mixed transport environment with the dominance of motorcycles.
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Chapter 4 Methodological Framework

This chapter shows how the methodological framework seeks to fill the gaps in the literature.
Therefore, a comparative economic assessment of a four-model structure is described. The four-
model structure includes the Social Cost Model, the Incremental Elasticity Analysis, the Incremental

Multinomial/Nested Logit Model and the Microscopic Simulation Model.

In addition, this chapter justifies the choice of a case study approach based on Hanoi, the capital of
Vietnam. Then, Chapter 4 also explains the reasons for determining types of data in a real case

study to be collected for filling the gaps and the comparative economic assessment.

Chapter 5 Transport Social Cost Model

Chapter 5 demonstrates social cost models for PT, PRV, DRT and mixed transport. The total social
costs of each transport mode are the sum of three main components covering total operator costs,
total user costs and total external costs. The total social costs for mixed transport are the sum of
total social costs for PT, PRV and DRT, except infrastructure costs, which are shared by all transport
modes. The infrastructure costs are calculated separately. In addition, the operating speed of all

transport modes sharing infrastructure facilities is discussed.

The Hanoi case study is also shown in this chapter. The basic parameters and unit costs for the
Hanoi case study are estimated. Additionally, the four cost models above are calculated for

different infrastructure options and the results of these models are then discussed.

Chapter 6 Traffic Microscopic Simulation Model

Chapter 6 contains three main sections. Firstly, the data collection process for the Hanoi case study
is summarised and the data analysis for inputs simulation models is then discussed. Secondly, the
simulation models are developed in the VISSIM package to simulate the detailed traffic networks.

Finally, the calibration and validation of the simulation models are implemented.

Chapter 7 Incremental Demand Model

Chapter 7 explains the reasons for choosing appropriate demand models for existing mixed
transport environments. The Incremental Elasticity Analysis is used to estimate endogenous
changes in total general traffic after an introduction of a new PT mode and/or a transport policy.
The Incremental Multinomial Logit model is selected for situations where the new PT technology
replaces all existing bus services while the Incremental Nested Logit model is chosen when the
partial current bus services are replaced by the new PT mode. The outlines of these models are

described in this chapter.



Chapter 1 Introduction

Chapter 8 Comparative Economic Assessment Application

This chapter illustrates the application of the comparative economic assessment. One main corridor
in Hanoi, Vietnam is chosen as a case study of this CEA, where the existing mixed transport situation
is compared to twelve transport infrastructure options with an introduction of a new PT technology
(Bus Rapid Transit, elevated Metro or Monorail) replacing the whole or partial existing bus services;
and with or without a congestion charge scheme for PRV in terms of ASC, total general demand and

PT share.

Chapter 9 Conclusion

The final chapter summarises the whole study and discusses the main findings and contributions.

The limitations of the study are identified and the future work is suggested.
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Chapter 2 Literature Review of Transport Supply

2.1 Introduction

Transport has played an important role in social and economic development. Building and
upgrading transport infrastructure stimulates economic activity and development. Increasing and
improving the quality of the supply of transport services would benefit such a change (Cowie, 2009).
As a result, the evaluation of transport schemes is vital for decision makers to choose the best
option on the basis of an agreed criterion or set of criteria. The best alternative can maximise utility
to society, which can be defined as maximising revenue, environmental benefits, the number of
employed people, road safety, modal share of public transport, or any combination of these and
many other factors. The two types of evaluation method for transport infrastructure projects
including economic and non-economic analysis techniques are reviewed in the next part of this

chapter.

The form of evaluation method varies considerably between countries. Because this study focuses
on infrastructure options of all transport modes in urban areas in LMICs where motorcycles are
dominant, the cost-effectiveness analysis is chosen. The reason for that will be explained below.
For this analysis, all relevant costs are measured in monetary terms and the project outputs are
expressed per unit cost. Therefore, cost functions for PT, PRV and DRT are reviewed separately in

the third part of this chapter.

2.2 Transport Assessment

There are two distinct types of assessment for transport infrastructure projects including economic
analysis and non-economic analysis techniques. The economic analysis methods are involved in
conventional microeconomics, where small segments of the economy (e.g. individual company or
public organisations), are calculated. Cost-benefit analysis (CBA) and cost-effectiveness analysis are
the most popular economic analysis methods. The most common non-economic analysis method

is the multi-criteria technique that goes beyond economic terms (Rogers and Duffy, 2012).

2.2.1 Economic analysis methods
2.2.1.1 Cost-benefit analysis

Cost-benefit analysis attempts to measure the net social benefit of a development project. The

analysis thus tends to choose those projects for which there is a high surplus of social benefit over
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cost. The analysis framework can cover relevant costs and benefits, which are then expressed in
monetary terms (Cowie, 2009; Rogers and Duffy, 2012). CBA guides decision makers through two
main types of decision as follows. Firstly, a ‘yes/no’ decision determines whether a development
scheme should be undertaken or not. Secondly, an ‘either/or’ decision identifies a situation, either
where one of several proposed options is chosen for implementation, or where there is a choice
between two or more alternative paths to achieving some agreed objectives (Rogers and Duffy,

2012).

CBA considers all costs and benefits that can be monetised. Each country or international
organisation defines its own components in CBA. In UK transport practice, the costs include capital
and operating costs such as maintenance, drivers’ wages and operating power supply whilst the
main benefits cover time savings, accident reductions, decreases in operating costs, reductions in
noise, air pollution and greenhouse gases (Cowie, 2009; Department for Transport, 2018a).
However, in the CBA framework of the World Bank Bus Rapid Transit project in Ho Chi Minh City,
Vietnam, the benefits include time savings, improved traffic safety and reductions in vehicle
operating costs because transport-related air pollution, noise reduction and other wider benefits

cannot be monetised with enough certainty (World Bank, 2015a).

CBA is one popular approach for assessing transport projects in developing countries funded by the
Asian Development Bank’s loans (Asian Development Bank, 2017). For example, CBA is required for
feasibility studies of Bus Rapid Transit (Asian Development Bank, 2008). Transport demand forecast
is an important and critical element in CBA. In practice, the demand forecast seems to be simple in
most Asian Development Bank appraisals. In addition, using the ‘rule of half’ in CBA cannot be
appropriate in projects involving a modal shift such as an investment in a new PT mode (BRT, LRT
or Metro) (Asian Development Bank, 2013). Hence, Asian Development Bank (2013) suggested that
sophisticated multi-modal transport models (e.g. variable demand models) would be required for
large transport projects with significant effects on the mode choice, travel time and origin-

destination flows (e.g. Metro systems).

Asian Development Bank (2007) proposed a road improvement project in Vietham and Cambodia,
which is an integral part of the large Southern Economic Corridor from Bangkok, Thailand across
Cambodia to Nam Canin Vietnam. The improved road option was chosen because neither improved
rail nor water corridor were feasible. The main reason is that great capital investment was required
for improving rail networks while goods movement by water is very slow. Then, using a basic cost-
effectiveness calculation, initial project screening for three improved road options was conducted
to choose the most efficient alternative one for detailed appraisal. CBA was implemented for the

selected option in the initial project screening. The project’s costs included construction costs,
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maintenance costs and costs arising from land acquisition and resettlement compensation. The
benefits include reductions in vehicle operating costs and travel time due to an improvement in the
existing road network. The benefits were calculated from the differences between the costs in the
with- and without-project scenarios. The results of CBA showed that the project should go ahead.
However, there are the following drawbacks of the CBA in the project. Firstly, the shifts between
transport modes were not considered. Secondly, traffic accidents costs and environmental costs

were not included in CBA.

In a different study, Grimaldi, Laurino and Beria (2010) developed a stylised CBA model to evaluate
the choice between conventional bus and upgrading towards a light rail transit (LRT) system in an
urban corridor where different bus services superimpose their routes while having different paths
in the outskirts (see Figure 2-1). An alternative would be upgrading to a light rail system on the
corridor where existing bus lines overlap. By using the investment cost of a 30 years lifetime light
rail system, fixed maintenance and operating costs and passengers’ generalised time costs
consisting of in-vehicle time, delay time, waiting time and modal interchange time, Grimaldi,
Laurino and Beria (2010) evaluated the total costs and benefits of the two options (existing bus
services and new light rail system) in terms of Net Present Value (NPV). The benefits of the
introduction of LRT include decreases congestion external cost due to a shift from car users to PT

and improved regularity of the systems. Some obvious findings of this study are shown below.
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Figure 2-1 Stylised network with existing bus services (left) and alternative LRT (right)
Source: Grimaldi, Laurino and Beria (2010)

- The new (generated and diverted) demand due to an introduction of LRT is important only in case

of extreme congestion.

- When demand is high, replacing from bus to LRT can lead to lower operating costs.

13



Chapter 2 Literature Review of Transport Supply

- LRT can be reasonable with the short average journey length if the investment cost of LRT is

extremely cheap.

- If the demand is below 6 Million passengers/year, LRT is feasible only under very special
conditions: cost less than €200 Million and (i) no interchange users, or (ii) generated demand
represents over 50% of the total demand, or (iii) the average trip length is higher than 10 km, or (iv)
more than 50% of streets are under congestion conditions, or (v) operating speed above 25 km/h,

or (vi) extreme reduction in operating costs.

- If the investment cost is higher than €800 million, LRT is feasible only under very particular cases:
demand of more than 20 Million pax/year and (i) no interchange users or (ii) a reduction of
operating cost of more than 50%, or (iii) diverted demand from cars is above 50%, or (iv) average
journey length is greater than 15 km, or (v) more than 80% of streets and hours of a day are under

congestion condition, or (vi) average operating speed is above 30 km/h.

However, there are some issues with CBA. Firstly, a major drawback is that any costs and benefits
that cannot practicably be quantified in monetary terms are excluded from the framework. When
several relevant benefits of the comparative option cannot be monetised, the cost-effectiveness
analysis can overcome this issue (Independent Evaluation Group, 2010; Asian Development Bank,
2017). Secondly, the potential lack of a clear direct relationship in CBA between the outputs and
objectives of transport schemes is another disadvantage. This can be solved by multi-criteria
analysis in such situations (Cowie, 2009). Moreover, CBA of a completed project can be troubled by
the failure to collect relevant data, in particular, this might occur in LMICs (Independent Evaluation

Group, 2010).

2.2.1.2 Cost-effectiveness analysis

The cost-effectiveness analysis is an important variant of CBA, which retains half the basic structure
of CBA. This is especially useful in situations where the relevant benefits of the comparative options
are not quantified in monetary terms and/or an objective of the project is not measurable in
monetary terms (Mackie, Nellthorp and Laird, 2005). Indeed, all relevant costs are measured in
monetary terms, whilst the expected benefits of a proposed project are quantified as some
measure of effectiveness. The project outputs are described in physical terms and expressed per
unit cost. These outputs are then compared with some base cases such as a ‘do nothing’ scenario

(Rogers and Duffy, 2012).

The most important step in the cost-effectiveness analysis is to select which measure or measures
of effectiveness to use in the process. The measures of effectiveness in this analysis for transport

projects can be an average cost per passenger, transport passenger demand, reductions in accident
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levels, reductions in noise level, savings in travel time and improvement in air quality. Of these, the
number of actual public transport users that will be attracted by each option is fundamental to the

feasibility of any transit system, as well as the average cost per passenger (Rogers and Duffy, 2012).

As detailed in Preston (2021), several studies on comparative costs of transport modes have been
conducted following the pioneering study of Meyer, Kain and Wohl (1965). This original study
analysed comparative costs for different transit modes (rail, express bus, flier bus) and automobile
for three scenarios (6-mile, 10-mile and 15-mile service) in both medium population densities and
high population densities. The output measure in this study was the average passenger trip cost.
The results showed that costs for all PT services decrease as a function of hourly passenger volume
along the corridor. At the lowest passenger demand of around 5,000 passenger/direction-hour,
automobile is the cheapest mode. The rail systems are the cost-effective modes in high population

densities, whilst bus systems have the lowest cost in the low population density areas.

Brand and Preston (2003) studied the Tools for Evaluating Strategically Integrated Public Transport
(TEST) project, which developed a strategic evaluation tool for integrated PT. The prototype
software helps users to explore the most appropriate PT technology (or technologies) for urban and
short distance inter-urban corridors. In the TEST project, the authors developed a stand-alone
model to compare total social costs of 15 different PT modes including conventional bus, light rail
and heavy rail system, and personal rapid transit at a strategic planning level. In conjunction with
the stand-alone model, an integrated model was also developed to evaluate alternative options in
a case study of a guided bus system on a busy urban/inter-urban corridor in Oxfordshire, UK

(Abingdon - Kidlington).

In the stand-alone model, the total social costs of the 15 conventional and advanced PT
technologies were calculated for a single 12 km route corridor rather than a complete network. The
demand was assumed to be fixed demand ranging from 1,000 to 200,000 daily passenger. Final
outputs of the stand-alone model included ASCs, marginal operating costs and marginal external
costs of congestion (in pence per passenger-km). The results showed that the conventional bus has
advantages for low daily demand of less than 40,000 passengers/day, while suburban heavy rail is
the best mode when demand ranges from 40,000 to 88,000 passengers/day. Underground has

advantages when demand is higher than around 100,000 passengers/day.

In the integrated model, three alternative networks for the case study were coded in the VIPS

software, which is now part of the wider VISUM package (Brand and Preston, 2003):

- Option 1, or default: simulating existing public transport supply for the Abingdon — Kidlington

corridor.
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- Option 2: simulating alternative supply, which was based around the proposed guideway, with a
city centre loop to connect to the same zones as in the default option. Three busy services re-routed
via Guided Transit Express, which enter the road network located to the South of Oxford Railway

Station. Simulated corridors for Options 1 and 2 are shown in Figure 2-2.

- Option 3: simulating alternative supply, which is based around the proposed guideway, with direct
routing past the railway station. There is no city centre loop and the average additional walk time

from/to city centre is assumed as 7.5 minutes.

The stand-alone model was linked with a public transport network model (VIPS) and with highway
network models (CONTRAM, SATURN) to develop an appraisal spreadsheet broadly consistent with
Transport User Benefit Assessment (TUBA). The default option was compared to Options 2 and 3 in
terms of main performance (e.g. total trips, PT boardings and trips per vehicle-hour) and cost
indicators (e.g. generalised costs, operating costs and capital costs). The findings for this evaluation

are shown as follows (Brand and Preston, 2003):

- The guided bus system causes modest reductions in operating costs and, at least for Option 2,

increases in revenue.

- PT passengers travelling from Kidlington and Abingdon to the City Centre and P&R users at
Peartree and Redbridge have advantages whilst PT travellers that have origins or destinations in

Oxford (not the City Centre) experience disadvantages due to reduced bus frequencies.

- The limited mode shift from cars to PT leads to modest non-user benefits.

- The corridor does not seem to be appropriate for a relatively capital intensive guided bus system

due to the daily demand of less than 30,000 passengers per day.
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Figure 2-2 Simulated corridor in Oxfordshire, UK for Option 1 (left) vs. Option 2 (right)

Source: Brand and Preston (2003)

In addition, Jakob, Craig and Fisher (2006) assessed the total costs of private transport (passenger
car) versus public transport (bus) in the Auckland region of New Zealand. The total costs included
the external and internal costs. The former consists of accident costs, air pollution cost and climate
change cost while the latter is directly spent by the government to run the transport system. That
study did not consider vehicle capital cost and other costs such as congested-related delay costs.
The results showed that the external costs of cars and buses account for around 53% of the total
costs. In addition, the total costs of cars per passenger-kilometre are twice those numbers of buses

in Auckland.

Moreover, Tirachini, Hensher and Jara-Diaz (2010) compared bus rapid transit, light rail and heavy
rail transit over a radial trunk network with the objective of minimising the total costs (operator
and user costs). The route length and the average trip distance were 30 km and 10 km
correspondingly. The optimisation of the total costs was based on the frequency and number of PT
lines, which impact on walking, waiting and in-vehicle time for PT users as well as on the total
operator costs (a combination of land, infrastructure and operating costs). Based on data from
Australian cities, the results suggested that BRT is the most cost-effective mode in most of the

scenarios analysed due to lower operator costs, access time cost and waiting time cost. Light rail
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(heavy rail) transit is more cost effective than BRT only if the speed of these technologies is at least

five (nine) km/h than the BRT speed of 31 km/h.

In a different study, Wang (2011) compares the full costs of seven passenger modes in large Chinese
cities. The seven modes, which include heavy rail transit, light rail transit, arterial bus, bus rapid
transit, expressway bus flier, automobiles and bicycles, are evaluated at varied traffic volumes in
hypothetical radial and circumferential commuting corridors (see Figure 2-3). Using detailed
estimates of private and social costs, the full costs of each mode covering capital, operation, user
time, safety and environmental costs, are minimised by optimising infrastructure investment and
operational plans. Firstly, public transport vehicle size and train length are optimised within given
ranges in addition to service frequency, and a maximum service frequency is applied to single-route
operation of each public transport mode. Secondly, road widths at different segments of the
corridors are optimised in accordance with the traffic volume of the respective section. Finally, the

operating speed of transit is estimated as a function of passenger volume.
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Some of the key outcomes of the study were shown below. On all corridors and across different
social discount rates scenarios, commuting by one or more forms of bus transit or bicycle is cheaper
than automobile or rail in terms of average cost per passenger-km. However, in ring corridors, rail
can be almost as cheap as bus under certain conditions, and bicycle can be less cost-effective than
bus in some cases. Commuting by automobile is more expensive than bus transportation at low

traffic volumes (Wang, 2011).
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2.2.2 Non-economic evaluation methods

Among non-economic evaluation methods, multi-criteria analysis is the most common methods for
evaluating transport alternative options. The multi-criteria analysis (MCA) can be used in situations
where there are several different kinds of impacts and objectives of projects that cannot readily be
valued (Department for Transport, 2018a). This type of decision model is particularly relevant to
the appraisal process for a public sector based engineering proposal where environmental and

social criteria are as important as the economic considerations (Rogers and Duffy, 2012).

The overall strategy within multi-criteria decision models includes decomposition and aggregation.
The decomposition process breaks a problem down into a number of smaller problems, which
involves each of the individual criteria. This division of a problem into a number of smaller problems
helps the decision maker to analyse the information that comes from varied origins. The
aggregation process combines all the individual pieces of information together to make a final
decision. In the multi-criteria technique, the aggregation process involves either the use of
information or the making of certain assumptions, which considers the relative importance
weightings of dissimilar criteria. The process is one that enables inclusion of all possible factors,
rather than one that causes the exclusion or marginalisation of certain classes of attribute, and
therefore makes it easier to gain public acceptance of the appraisal findings (Rogers and Duffy,

2012).

The application of multi-criteria analysis in the transport sector covers the evaluation of policy
measures in passenger transport, strategic decisions, technologies, and infrastructure projects.
Generally, the multi-criteria analysis includes the seven following steps: (i) Step 1: Define
alternatives; (ii) Step 2: Stakeholder analysis; (iii) Step 3: Define criteria and weights; (iv) Step 4:
Choose criteria, indicators and measurement methods; (v) Step 5: Overall analysis and ranking; (vi)
Step 6: Show results; (vii) Step 7: Implementation (Macharis, De Witte and Ampe, 2009). For
example, Tzeng, Lin and Opricovic (2005) use a multi-criteria analysis of alternative-fuel buses to
improve environmental quality in Taiwan. In this study, the authors assessed 12 alternative fuels
(e.g. electricity, hydrogen, and methanol). Then, 11 evaluation criteria including energy supply,
energy efficiency, air pollution, noise pollution, industrial relationship, costs of implementation,
costs of maintenance, vehicle capability, road facility, speed of traffic flow and sense of comfort are
established and assessed by the relevant decision-marking experts, who are from the electric bus
manufacturing, academic institutes, research organisation, and bus operations sectors. Two
multiple-criteria analyses, called the Technique for Order Preference by Similarity to an Ideal
Solution (TOPSIS) and the compromise ranking (VIKOR) methods, are then used for analysis and

ranking. The results of this study showed that the hybrid electric bus is more suitable at present for
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public transport to improve environmental quality. However, it appears that many believe that the
impacts of transport infrastructure project are mainly economic (i.e. quantifiable) in nature and
therefore the multi-criteria analysis has rarely been used in the transport sector (Mackie, Nellthorp
and Laird, 2005). Similarly, Broniewicz and Ogrodnik (2020) examined the possibility of using multi-
criteria methods to select the best route variant in terms of the environment. After reviewing the
literature of MCA in the transport sector, those authors selected four methods including Analytic
Hierarchy Process, Fuzzy Analytic Hierarchy Process, TOPSIS and PROMETHEE (a method
encompassed in the so-called European trend) for evaluating the variant of the expressway section
in north-eastern Poland. The results of the analysis were compared results of the analysis with the
choice made in the analysed environmental impact report produced by the Polish General
Directorate for National Roads and Motorways. The results of the conducted multi-criteria analysis

almost overlap with the results of the analysed report for the selected undertaking.

Moreover, Ward, Dimitriou and Dean (2016) developed a generic multi-criteria analysis framework
and attendant processes, which emphasise policy leadership within multi-stakeholder decision-
making. This is termed as Policy-led Multi-criteria Analysis (PLMCA). The framework is applied to
mega transport projects by using appropriate appraisal criteria to achieve sustainable development
goals. This analysis focuses on both quantitative and qualitative dimensions and concerns of
multiple stakeholders including feedback between appraisal and policy. Policy-led Multi-criteria
Analysis was then applied to the appraisal of a mega transport project in the form of the Northern
Line Extension in London (Ward et al., 2016). This application might help to identify the distribution
of costs and benefits of projects, as well as the possible ‘winners’ and ‘losers’ over space and time,
and under given scenarios. However, the results of this application do not present outcomes from
an appraisal of the Northern Line Extension Project (NLE Project). In the study, the ‘NLE Project’
constitutes the ‘Preferred Option’ together with its envisaged related developments. The three
main stakeholders consist of the public sector, private sector and civil society that involve local,
regional, national and international ones. Eight different project dimensions include overall vision,
economic, financial, transport, environment, regeneration, social and implementation. A PLMCA
implemented a series of three multi-sector stakeholder role-playing workshops at three phases:
project analysis and problem structuring, model building and model use. Three considered
scenarios were under the policy guidance of the Greater London Authority with the support of the
Treasury of the UK Government as follows. Scenario 1 is a ‘business as usual’ scenario that is based
on projected improved current economic conditions that reflect past trends. Scenario 2 is a
‘prolonged economic downturn’ scenario that is aggravated by an unexpected pull-out of a key
major investor or by some other unexpected major economic/political event. Scenario 3 is an

‘unexpected economic boom’ scenario where localised real estate and passenger patronage
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revenues well exceed those predicted. To conclude, it is proved that PLMCA can help determine
the most relevant policies, related plans and stakeholder agendas affecting the project. In addition,
this information platform might identify (i) areas of shared with a view to capitalise on where
advantageous and/or (ii) divergent stakeholder interests with a vision of mitigating their risks where

possible.

In another study, Barbosa et al. (2017) developed a multi-criteria model to assess urban public
transport by focusing on user perceptions. The model combining the Multiple Criteria Decision
Making/Aiding (MCDM/A) can identify the objective and subjective factors which determine a
user’s opinion of the service. The proposed method combines the MCDM/A techniques focused on
the assessment of the transport services. The method includes seven steps: (1) development of the
user journey map, (2) identification of evaluation items, (3) grouping the items, (4) setting the
weights for items, (5) obtaining descriptors, (6) creation of scales for descriptors, and (7) obtaining
the final tree and the overall equation. The model was then applied for the Integrated Public
Transport System in Floriandpolis, Brasil. The data were collected from 260 users of the
Floriandpolis transport service through a survey and interviews, as well as an expert on public
transport service through interviews. Ten groups of users’ opinions include comfort, vehicles,
customer service, information, reliability, security, payment, entertainment, accessibility, and
terminal infrastructure. These ten groups include 30 items, that were produced in the structure of
a tree with weights for each item. The results proved that the evaluation model might provide
support to public transport operators for improvements of transport services by offering a
comprehensive view. This evaluation model can be used as a reference to understand whether or

not there have been service improvements over time.

2.2.3 Summary

When building or upgrading transport infrastructure is identified as a solution for meeting specific
objectives of government, community or other involved parties, then choosing an evaluation
method is very important for decision makers in order to select the best option. Multi-criteria
analysis, cost-benefit analysis and cost-effectiveness analysis have been reviewed. Scope of
application and issues of each method have been also discussed. CBA might be used in situations
when all costs and benefits can be monetised. Multi-criteria analysis can be used in situations where
several types of project impacts and objectives cannot readily be valued (Department for Transport,
2018a). In particular, public sector engineering projects have environmental and social criteria that
are as important as the economic considerations (Rogers and Duffy, 2012). The cost-effectiveness

analysis is especially useful for transport projects where some relevant benefits of the comparative
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options are not monetised and/or another objective of the project is not measured in monetary

terms such as the number of public transport passengers (Mackie, Nellthorp and Laird, 2005).

Because the topic of this thesis is about urban transport infrastructure options in LMICs, the cost-
effectiveness analysis is chosen because of the following reasons. Firstly, there are several
alternatives of new PT technologies (e.g. BRT, Monorail and Metro) for existing mixed traffic
environments with many modes such as motorcycles, cars, DRT and conventional bus. In
conjunction with the introduction of the new PT mode, some transport policy can be introduced
such as a congestion charge scheme or air pollution charge scheme for private transport. This leads
to a huge range of options, which will be compared with the base case, in terms of criteria such as
an average cost per passenger, increases in modal share of PT or general traffic. Therefore, the cost-
effectiveness analysis might be most consistent with these kinds of projects because this analysis
helps simplify analysis, especially across a range of transport modes. The drawback of the ‘rule of
half’ in CBA is overcome by CEA. Secondly, in LMICs, there seems to be a lack of available data for
monetising benefits for projects, which involve transport-related air and noise pollution and climate
change impacts for certain urban transport modes. Moreover, the failure for collecting relevant
data might cause trouble for CBA of a completed project in LMICs (Independent Evaluation Group,
2010). This means that the CEA approach might be better than the CBA approach. Thirdly, there are
a few drawbacks of MCA for the study context. Since major policy decisions that have far-reaching
consequences with regard to both space and time, the identification of all the potential
stakeholders and their agendas seems to be a problem and is made even more difficult by time and
budget constraints to undertake the analysis in many cases (Mouter, 2020). In addition, weights
appear to be one of the most controversial aspects of any MCA exercise. In the course of time,
difficulties in determining suitable weighting schemes have hampered the use of MCA in several
countries (Annema, Mouter and Razaei, 2015). Moreover, the overall score obtained by combining
scores and weights might not indicate the possible net social benefits generated by the study
options (Dobes and Bennett, 2009). Hence, the ‘best’ option, which is the one with the highest
overall performance score, might establish an economically inefficient allocation of resources and
cause a reduction in overall welfare within society (Mouter, 2020). Finally, more informed,
transparent and holistic decision-making is required in MCA for mega infrastructure projects
(Dimitriou, Ward and Dean, 2016) but might not easily be achieved in low- and middle-income
countries. As a result, cost functions of different types of transport modes, which are included in

the cost-effectiveness analysis, are going to be discussed in the next section.
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2.3 Transport Cost Models

Litman and Doherty (2011) stated that there are 23 cost categories in cost-benefit analysis in the
transport sector. These include vehicle ownership, vehicle operation, operation subsidies, travel
time, internal crash, external crash, internal activity benefits, external activity benefits, internal
parking, external parking, congestion, road facilities, land value, traffic services, transport diversity,
air pollution, greenhouse gas pollution, noise, resource externalities, barrier effect, land-use
impacts, water pollution and waste. However, total costs for PT, PRV and DRT have different cost
elements and dissimilar estimation of these cost elements. Furthermore, available data can dictate
which cost elements can be considered for the evaluation of the transport project. Therefore, in
order to understand cost functions for each transport mode group in more detail, the following

subsections will review the cost functions of PT, PRV and DRT separately.

23.1 Cost functions of public transport

The social costs generated by PT modes and borne by society include operator costs, user costs and
external costs (Brand and Preston, 2003). In addition, ‘wider economic impact’ of a new transport
scheme is guided by the Department for Transport (2018b). Elements of each cost group are

detailed below.

23.1.1 Operator cost

The evaluation of the total operator cost may be classified in three ways: engineering approach,
accounting approach and statistical approach. Firstly, an engineering cost model utilises cost-
estimating equations proportional to the main resources consumed in support of specific service
(Bruun, 2007). Secondly, an accounting approach is a cost model where cost is assumed to be a
linear function of intermediate outputs such as Route-Miles, Peak Vehicles, Vehicle-Hours and
Vehicle-Miles. This method involves a Fully Allocated Costs model, in the sense that all cost objects
are distributed to one and only one output: there are no fixed costs and no shared costs (Small and
Verhoef, 2007). Finally, the statistical cost method collects data from numerous transit agencies
and/or time periods and uses statistical inference to estimate the parameters of cost functions
(Small and Verhoef, 2007). In practice, the boundaries between engineering, accounting and
statistical approaches might be unclear. Furthermore, the available descriptive data has a strong

influence on cost modelling decisions and the precise definitions of the resource variables.
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Fully Allocated Costs (FAC) Model

Studies using the ‘FAC’ model usually assume that cost is a linear function of a few measures of
intermediate outputs such as Route-Miles, Peak Vehicle, Vehicle-Hours and Vehicle-Miles (Small
and Verhoef, 2007). The US Department of Transportation (1987) provided a step-by-step summary
of the cost allocation process using a three-variable, fully allocated, unit cost model, which is shown
in Figure 2-4. The three variables used for allocation are Vehicle-Hours (VH), Vehicle-Distance (VKM)

and Peak Vehicle (PV).

Step 1. Assign expense object classes to allocation variables

l

Step 2. Calculate total costs assigned to each allocation variable

l

Step 3. Calculate unit costs

l

Step 4. Calculate route-specific values for each allocation variable

l

Step 5. Calculate fully allocated cost estimate

Figure 2-4 Summary of the cost allocation process using a unit cost model
Source: US Department of Transportation (1987)

Similarly, White (2002) gives an example of a systematic method for assigning the total short-term
expenditures to three variables of bus service (VH, VKM and PV). In step 5 of Figure 2-4, the

operator costs of transit systems (OC) are expressed as follows:

0C = ctVH + ¢, VKM + c3 PV (2-1)
Where,

c1, C3, czare the unit costs, which are calculated in Step 3 of Figure 2-4;

VH, VKM, PV are the outputs, which are calculated in Step 4 of Figure 2-4;

Note that accounting practices vary from agency to agency and country to country, and occasionally

inaccurately reflect the economic costs (Small and Verhoef, 2007).
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Engineering approach

The study by Meyer, Kain and Wohl (1965) used the engineering approach, supplemented by the
accounting approach and the statistical approach. The operator cost of several public transport

forms is estimated as.

TC = anU+ BM + yL+S (2-2)
Where,

TCis the total cost for some specified time period (usually, taken to be one year);

Uis the number of basic vehicle groups needed;

Mis the miles of vehicle travel during the period;

Lis the lane-miles or track-miles of roadway or roadbed needed;

S is the structure and related costs (for example, highways, roadbed, right-of-way), which is the

sum of the annual maintenance cost and capital cost obtained by using a capital recovery factor;
nis the number of vehicular units operating as a coordinated group or train;

a is the cost per period per vehicular unit employed;

B is direct costs assignable on the basis of miles of travel performed;

y is cost assignable on the basis of miles of roadway or roadbed required.

Data for the engineering approach are from public transport operators’ accounts, statistical analysis

and from actual price quotes (Small and Verhoef, 2007).
Statistical approach

Different to the accounting approach, statistical studies use not only linear cost function but also
other forms such as products, quadratic, logarithms and exponentials of the variables. For example,
Wunsch (1996) compiled cost data from a cross-section of 178 different operating agencies in
Western and Northern Europe. The author assumed that the cost per km travelled for each mode
is equal to the sum of following variables: (i) A constant which does not depend on wages such as
fuel; (ii) A constant which depends on wages such as administration cost; (iii) Costs that depend on
the inverse of speed and wages such as drivers costs; and (iv) Costs that depend on vehicle capacity
and wages such as maintenance costs. Then, the local wage rate and average wage rate over the

sample are taken into account in the cost estimation.
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2.3.1.2 User cost

Transit users spend time accessing the services, waiting for vehicles, riding in vehicles, probably
transferring between vehicles, and walking to their final destinations (Small and Verhoef, 2007;
Kittelson & Associates et al., 2013). The total costs of PT users are converted from generalised time

as per the following equation (Brand and Preston, 2003):

TUC = Wyaik * TTwaik + Wwait * TTwaie + TTiy) * VoT (2-3)
Where,

TUC is the total annual user cost (£/year);

Wuwa, Wuair are the factors to represent the weighting perception of walking time and wait time

relative to in-vehicle time.

TTwaik, TTwait, TTiv are the total annual walking time, wait time and in-vehicle time correspondingly

(hours);
VoT is the value of IVT for the PT technology (£/hour);
Transit walking time

Transit walking time is defined as the total time taken to access from the origin to the nearest transit
stop/station and to walk from the alighting stop/station to the destination. Service coverage is the
area located within walking distance of the transit service. For a planning analysis, the service
coverage of a bus stop can be defined as falling within a 400-m radius, while for rapid transit (rail
or BRT) this radius is 800 m (Kittelson & Associates et al., 2013). According to the results of a survey
sample of 20,000 households, which were implemented for the Hanoi Transportation Master Plan
by the Transport Engineering Design Incorporated in 2012, the service coverage of a bus stop in the
main districts of Hanoi is 480 m (Transport Engineering Design Incorporated, 2013). For a more
detailed analysis, the service coverage of a transit stop can be decreased in proportion to the
additional time required to climb hills, cross streets, etc. (Kittelson & Associates et al., 2013). Brand
and Preston (2003) suggested an equation to evaluate the walking distance from/to a stop based
on the average service coverage and the average distance between stops/stations. The walking

time is then calculated by taking into account an average walking speed.
Transit waiting time
Simply, the average transit waiting time can be estimated as one-half the headway between

successive public transport vehicles at stops/stations (Mohring, 1972; Small and Verhoef, 2007).
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When the PT service frequency is high (around 10 min or less), passengers will arrive at
stops/stations randomly. If public transport vehicles with perfect depart reliability and capacity are
sufficient to avoid pass-ups, the average passenger wait time is half the average headway (Kittelson
& Associates et al., 2013). However, if actual transit departures are not perfectly reliable, the
average waiting time is longer than half the average headway and needs to be taken into account
in the spread of the headway distribution (Kittelson & Associates et al., 2013). The service frequency
and dwell time are considered to estimate the average passenger wait time by assuming all transit

passengers are evenly distributed (Brand and Preston, 2003).

Transit in-vehicle time

The IVT of PT passengers is estimated by dividing the trip length by the average operating speed.

Average transit operating speed

Brand and Preston (2003) defined transit operating speed, which accounts for the stop density

restraint without capacity restraints, is estimated as:

Vmax*A*Dstop *1000

VNoCap = ( (2-4)

v 2 v
—;”gx) +A*(Dsmp*1ooo+rdwe”* 73"2")

Where,

Viocap is the transit operating speed (km/h);

A is the acceleration and deceleration of the vehicle (m/s?);
Dstop is an average distance between stops/stations (km);

Tawen is an average vehicle dwell time per stop/station, including time required to open and close

the doors; and passenger boarding/alighting time (seconds);
Vmax is the maximum possible running speed (km/h).

Then, Li (2015) revised the equation of operating speed by considering two cases: traffic volume is
smaller than capacity and traffic volume is higher than capacity. Li (2015) improved the equation in

the study of Small (1983), which is shown in Equation ( 2-11 ). Li’s revised equation is shown as

follows:
Viocap if F < Crac (= f * Ciny)

Va” = VNoCap . F > C _ C (2-5)
1+(1/0'15)*(C;t _1) if fac(= [ * Cinf)

Where,

27



Chapter 2 Literature Review of Transport Supply

F is the required service frequency (vehicles/hour);
Ciny is the infrastructure capacity;

fis capacity percentages, as listed in the following Table.

Table 2-1 Facility capacity as % of a base condition in different operating environments

Transit | Mixed traffic | Semi- Exclusive Exclusive Grade-separated
type (urban exclusive (street (private right- | (busway or
street) (transit lane) |median) of-way) subway)

Bus 38% 52% 61% 87% 100%
Rail 41% 67% 100% 92% 100%

Source: Li (2015), adapted from Kittelson & Associates et al. (2013)
Transfer time

If the origin and destination of a passenger are not located in one PT service route, this passenger
needs to transfer to other PT service. Hence, transfers appear to be a necessary part of a transit
trip and transfer time is a part of the passenger’s total trip time. Transfers can increase the
possibility that a missed connection occurs, which might cause longer the total trip time of PT users
(Kittelson & Associates et al., 2013). However, if the ratio of transit trips is minor, the transfer time
can be ignored. Because this thesis focuses on only one transport infrastructure corridor rather

than a complete network, the transfer time will be not considered.
The value of time

The value of time (VoT) is very important and sensitive to estimate user costs. ‘““The value of saving
a given amount and type of travel time by a particular person is the amount that person could pay,
after receiving the saving, and be just as well off as before. This amount, divided by the time saving,
is that person’s average the value of time saved for that particular change” (Small and Verhoef,
2007). These authors reviewed the literature on empirical estimates of the value of time over the
world. The Transport Canada (1994) and the US Department of Transportation (1997)
recommended using a value for personal travel by car equal to 50% of the average wage rate. In
the UK, Wardman (1998) found that an average VoT in late 1994 prices is equal to 52% of the wage
rate. Additionally, Mackie et al (2003) estimated that the VoT for commuting and other trips is 51%
of the relevant wage rate. To conclude from empirical evidence, it seems to be evident that the
value of time for personal journeys varies widely by circumstances, usually between 20% and 90%

of the gross wage rate and averaging around 50% (Small and Verhoef, 2007).
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Value of working time and non-working time

Value of travel time savings is derived on a Willingness-To-Pay basis by using stated preference
evidence. Value of travel time savings can be categorised by journey purpose, specifically between
values for journeys made on employers business (or working time) and non-working time values

including commuting and all other leisure purposes (Department for Transport, 2017b).

The value of working time (excluding professional and freight drivers) varies significantly over a
number of characteristics, such as traveller income, trip time, trip cost and trip distance. However,
based on the recommendation from the 2015 Value of Travel Time Savings study, the value of
working time is recommended for appraisal varies with distance and mode only. In addition, in a
very limited number of cases (e.g. link-based), a single average of the value of time may be proper

(Department for Transport, 2017b).

In terms of non-working trips, passengers put a value on their own time in that they will trade a
cheaper, slower journey against a faster and more expensive one. Value of non-working time can

vary in two following ways (Department for Transport, 2017b):

- Time spent on the same activity by dissimilar passengers, who have different income and journey

characteristics; and
- Time spent on the same people on different journeys or parts of journeys.

Sensitivity testing should be carried out separately for both working time value and non-working

time value (Department for Transport, 2017b).

For LMICs, World Bank (2005b) and Asian Development Bank (2013) recommended using the cost
savings or wage rate approach for estimating working time value. A stated or revealed preference
analysis is required to evaluate non-working time value. If the analysis is not conducted, the non-
working time value for adults can be equal to 30% of household income per head while the number
for children is 15%. Additionally, a study, which estimated the value of time in developing countries,
was conducted in Bangladesh from 2000 to 2002 by the IT Transport (UK) with financial support
from the Department for International Development (UK). The results showed that the average
values of working time and non-working time were about 75% and 63% of the estimated wage rate
in Bangladesh respectively (IT Transport, 2002). A subsequent study by the IT Transport was
undertaken in Ghana and Tanzania in 2004. The key findings illustrated that the average base values
of in-vehicle time were 64% and 49% of the wage rates for Ghana and Tanzania correspondingly (IT

Transport, 2005).
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Value of walking time, waiting time and in-vehicle time

Value of walking and waiting time can be greater than value of in-vehicle time. The values of time
in the TAG Data Book should be multiplied by 2.0 for time spent waiting for public transport, as well
as the value of time spent accessing or interchanging between modes of transport by walking or
cycling. This applies to all journey purposes (Department for Transport, 2017b). Similarly, the value
of walking and waiting time are slightly less than twice the value of in-vehicle time (Abrantes and
Wardman, 2011). The value of walking and waiting time for transit journeys is 1.6 to 2.0 times that
of in-vehicle time (Small and Verhoef, 2007). A ratio of the value of walking/waiting time to the
value of in-vehicle time is recommended as 1.5 for developing countries (World Bank, 2005b; Asian

Development Bank, 2013). This ratio was equal to 1.77 for Ghana in the study of IT Transport (2005).

The value of time for different transport modes

Wardman, Chintakayala and de Jong (2016) used an estimated meta-model for the value of in-
vehicle time (IVT) for European countries. The results showed that the value of IVT might vary by
mode due to differences in comfort, privacy, the ability to use travel time in a worthwhile manner,
externalities due to the environment and security. Moreover, the value of IVT by car commuters is
higher than by bus commuters in urban areas for all objective European countries. For example, in
the UK, the value of IVT by car commuters in urban areas with free flow situation and congestion
situation are €7.12 and €10.13 per hour correspondingly, whilst that number by bus commuters is

only €5.41 per hour.

The value of time transfer over time and location

Value of travel time can be converted over time and prices in line with the growth in income (with
GDP/capita elasticity of 1) and changes in prices (using the GDP deflator) between time periods.
Both the value of working time and non-working time are assumed to increase with income over
time with an elasticity of 1.0 (Department for Transport, 2017b). In terms of traffic congestion
measurement, transfer of the value of time from one country to another country in Europe
generally reflect WTP values rather than unit costs derived from macro-economic indicators
(Maibach et al., 2007). For evaluation of transport projects in LMICs, Asian Development Bank
(2013) suggested the value of working time should increase with rising productivity while the value

of non-working time rises with increases in average income over time.

2.3.13 External cost

In several previous studies, external costs are included in total social costs. The main external cost

components are accident cost, noise pollution, air pollution, climate change and congestion cost
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(Sansom et al., 2001; Brand and Preston, 2003; Maibach et al., 2007; Litman and Doherty, 2011).
As those cost components are associated with levels of traffic volume (vehicle-kilometre), the total
external costs are calculated by using the sum of the external unit cost of each PT mode to multiply
the total vehicle kilometre. In these studies, several public transport modes are studied, which
include bus and rail transit. Table 2-2 shows external unit costs by impact category in the UK. There
appears to be very little evidence on external costs in LMICs, therefore, the benefit transfer method
can be used for LMICs based on available evidence in developed countries (Asian Development

Bank, 2013).

Table 2-2 External unit costs by impact category in the UK

Air pollution: Noise pollution: Climate change: Accidents: p/vkm
Technology p/vkm p/vkm p/vkm

Low |Central | High | Low |Central | High | Low |Central | High | Low |Central | High

Single bus 145 | 276 | 421 | 2.8 11.8 [ 139 | 2.1 2.4 28 | 03 1.7 3.2

Single bus on| () o o6 1421 ] 28 | 118 |139| 1.8 | 21 |25 | 03| 17 | 32

busway
'r\;'i?dem light! 21 | 133 | 236|100 218 |336| 37 | 75 |149]| - 0.0 ;
Underground - 24.8 - - 26.3 - - 8.3 - - 0.0 -

Source: Adapted from Sansom et al. (2001) and cited from Li and Preston (2015).

Additionally, there seem to be very few studies relating external costs of Monorail because
Monorail might be less popular than bus, BRT, light right and underground. Regarding air pollution
and climate change by Monorail, Manoratna, Kawata and Yoshida (2017) estimated the
environmental impact for commuters who travel to Colombo city in Sri Lanka when the proposed
Monorail system is in place to solve traffic congestion situation. These authors established a mono-
centric city model with symmetrically distributed radial highways where traffic congestion occurs
frequently. Then, those authors estimated the environmental impacts of introducing a monorail
along the highway by comparing the total CO, emission from traffic. The results showed that CO,
emission unit for Monorail users is equal to 23.6 g/passenger-km. Therefore, based on this number

and the value per tonne of CO,, the climate change cost of Monorail can be estimated.
Vehicle occupancy rate

In order to take into account vehicle occupancy, external unit costs of each PT mode should be
transferred from pence/vehicle-distance into pence/passenger-distance. Private vehicle occupancy
is the sum of driver occupancy (always 1.0) and passenger occupancy in the vehicle. Dissimilarly,

train and bus figures are based on the percentage of seats occupied (ratio of seats occupied to
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person capacity). The mean of train occupancy rates in 14 European countries is about 35%

(European Environment Agency, 2015).
Transfer external costs from one country into another country

When required data for estimation of external cost are not available in a developing country,
Willingness To Pay approach can be used in order to transfer from a transfer country where the
required data available (Gwilliam, Kojima and Johnson, 2004; Nellthorp, Bristow and Day, 2007,
Asian Development Bank, 2013). The WTP estimate from the transfer country is calculated by the

following formula (Gwilliam, Kojima and Johnson, 2004; World Bank, 2005a).

Income
[rcomes)

WTP; = WTPs x (2-6)

Incomeg
where,

WTP;, WTPs are the willingness to pay estimate from the transfer country and study country

correspondingly (£);

Incomer, Incomes are the Purchasing Power Parity income per capita in transfer country and study
country correspondingly (£/year). A Purchasing Power Parity is a price index, which provides a
measure of price level differences across countries and should be used to convert expenditures in

national currencies to a common currency,

€ is the income elasticity of WTP — the percentage change in WTP corresponding to a one percent
change in income. An approach to benefits transfer is to use an income elasticity of 1.0, including
smaller and larger values for sensitivity analysis (Gwilliam, Kojima and Johnson, 2004; Bickel et al.,

2005; World Bank, 2005a; Maibach et al., 2007).

23.14 Wider economic impact

‘Wider economic impact’ is defined as economic impacts, which are additional to transport user
benefits. These occur due to market failures in secondary markets (non-transport market), such as
the labour and land markets. This means that the full welfare impact of a transport investment

cannot be reflected in the transport market (Department for Transport, 2018b).

There may be a huge of data sources for a wider economic impact appraisal, which involves
transport network, private vehicles, public transport, employers and jobs (Department for
Transport, 2018b). Therefore, the wider economic impacts are ignored in this thesis due to a lack

of economic data required to be collected at a network scale.
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2.3.15 Summary

The PT operator costs should cover capital investment costs for both vehicles and infrastructure
and costs incurred through the operation stage. To estimate the PT operator costs, there are three
approaches including engineering approach, accounting approach and statistical approach.
However, the boundaries between these methods might be unclear in practice. Furthermore,
choosing a suitable approach for one local situation is based on the available descriptive data and
the precise definitions of the resource variables. The selection of a suitable approach for this thesis

will be shown in more detail in Section 5.2 in Chapter 5.

The PT user costs should include walking time, waiting time and in-vehicle time while transfer time
is not considered for one transport infrastructure corridor rather than a complete network. The
value of time, which is very important to calculate the user costs, differs from transport modes to
transport modes (Wardman, Chintakayala and de Jong, 2016). Additionally, the value of time is
different among walking time, waiting time and in-vehicle time (Department for Transport, 2017b).
Moreover, the value of time can be transferred from one country into another country by using the
WTP values (Maibach et al., 2007). Furthermore, the value of travel time can be converted over

time and prices in line with income growth and changes in prices between time periods.

Many previous studies stated that the four main external cost components are accident cost, noise
pollution, air pollution and climate change (Sansom et al., 2001; Brand and Preston, 2003; Maibach
et al., 2007; Litman and Doherty, 2011). When the required data for calculating external costs are
not available in a developing country, external costs can be transferred from another country with
the available required data by using a WTP approach (Gwilliam, Kojima and Johnson, 2004,
Nellthorp, Bristow and Day, 2007; Asian Development Bank, 2013). In addition, unit external costs
of each mode are transferred from pence/vehicle-distance into pence/passenger-distance by taking

into account the vehicle occupancy. These transfers can be applied to private transport and DRT.

2.3.2 Cost functions of private transport

Total social costs of private transport are the sum of operating costs for users, vehicle capital costs,
user costs presenting travel time, schedule delay costs, government services, external costs,

infrastructure costs and parking costs (Small and Verhoef, 2007).

2.3.2.1 Operating costs for users

Operating costs for private transport users include fuel and non-fuel costs. Fuel costs for cars are

calculated by multiplying the price of fuel by fuel consumption, which depends on vehicle speed
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and vehicle types. Non-fuel operating costs for cars cover oil, tyres, maintenance and mileage-

related depreciation, which is estimated as a function of speed (Department for Transport, 2017b).

However, there appear to be few studies on operating costs for motorcyclists. Karathodorou,
Graham and Noland (2010) estimated the ratio of motorcycle fuel consumption per km to car fuel
consumption per km for each of the regions of the world by using the 2000 reference values of the
International Energy Agency and Sustainable Mobility Project. The results are shown in Table 2-3.
Furthermore, Sugiyanto et al. (2011) estimated congestion cost of motorcycles in Malioboro,
Yogyakarty, Indonesia, as well as calculated the vehicle operating costs for motorcycles as a

function of motorcycle speed, which is as:

OC=0.0921 * V*—8.8647 * V + 555.51 (2-7)
Where,

OC is the motorcycle operating cost (Indonesian Rupiah-IDR per kilometre);

Vs the speed of motorcycle (km per hour).

Table 2-3 Ratio of motorcycle fuel consumption per km to car fuel consumption per km for each

region over the world

Region Ratio
OECD North America 0.44
OECD Europe 0.55
OECD Pacific 0.33
Former Soviet Union 0.24
Eastern Europe 0.27
China 0.12
Other Asia 0.12
India 0.12
Middle East 0.21
Latin America 0.21
Africa 0.1

Source: Karathodorou, Graham and Noland (2010)

2.3.2.2 Private vehicle capital cost

Private vehicle capital costs, which can be estimated by combining interest and depreciation costs,
might be averaged over the life of the private vehicle by applying the Capital Recovery Factor to the
price of a new vehicle (Small and Verhoef, 2007). Therefore, the vehicle capital costs can be

estimated from actual price quotes in local conditions.
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2.3.2.3 Travel time

Private vehicle users spend time accessing the vehicle at parking areas, riding in vehicle, walking
from parking areas to final destinations. In-vehicle time, which accounts for the main part of travel
time of private transport users, depends on the speed and speed-flow relationship. There are three
basic established forms for the shape of the speed-density relationships including the linear,
logarithmic and exponential curves. Firstly, Greenberg (1959) cited that Greenshields (1934) first
proposed the simple linear speed-density model. However, most recent studies have indicated that
speed-density data are not perfectly linear. Secondly, Greenberg (1959) suggested a logarithmic
shape for the speed-density relationship. In this study, traffic was assumed to behave as a
continuous fluid. This methods of fluid dynamics can be used except for the lowest densities of
traffic because the speed can be extremely high at the lowest density. Thirdly, Underwood (1961)
suggested an exponential model of speed-density. This model seems to be reasonable at low
densities, but can be unreliable because the speed can asymptotically approach zero without ever

reaching it (cited in the study of Hussain, Radin Umar and Ahmad Farhan (2011)).

In the Greenberg model, the flow g and the speed v relationship is shown as follows (Greenberg,

1959):

V.

q=kj*ve™d (2-8)
Where,

vis the speed;

k;is the density for a traffic jam (or jam density);

c is a constant that is determined from the state of the fluid. This parameter must be obtained for

a particular roadway;

Small and Verhoef (2007) stated that travel time as a power function of the volume-capacity ratio:
— Vb

T—Tf*[1+a*(v—k)] (2-9)

Where,

T denotes travel time per mile (the inverse of speed).

Tris the average travel time at free flow (hour), which is:

Ty =L/Ss (2-10)
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Where,
L is the length of the highway (miles).
Tris the speed at free flow (miles/h).

a, b are parameters. Parameter b typically is assumed to be between 2.5 and 5.0. With parameter
values a = 0.15 and b = 4, it is known as the Bureau of Public Roads (BPR) function, used widely in
US transportation planning. With values a = 0.2 (freeways) or 0.05 (arterials), and b = 10, it is known

as the ‘updated BPR function’.

However, the equation above does not account for how long traffic exceeds capacity. This drawback
is improved in a duration-dependent function derived by Small (1983) to express the average travel
time over a peak of fixed duration W, when peak-period inflow V is at a uniform rate and delay
results from queuing behind a single bottleneck with a constant capacity C. An average travel time

(in minutes) along the fixed length (L) of highway can be estimated as follows (Small, 1983):

60 * L/S, ifv<c
T:{ (2-11)

60+ [L/So+5+W(2-1)]  ifv>cC
Where,
Vis a traffic volume (vehicle/hour);
So is a fixed constant speed when volume V cannot exceed the capacity C;

However, the disadvantage of the equation above is that average speed is unchanged if flow does
not exceed capacity. Then, the Department of Transport in the UK produced a general form of the
speed-flow (V) relationship for a variety of link types in urban, suburban and inter-urban roads as

follows (Ortuzar and Willumsen, 2011):

(So ifV<F
50—51 .
5=J Som g VoR) RSV R (2-12)
S/ + )« (L1 if V> F
| S/ + G+ (7 1)) if V> F,
Where,

So, S1 are the free flow speed and the speed at capacity flow F;;

F; is the maximum flow at which free-flow conditions prevail;

d is the distance or length of the link.
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The speed-flow relationship in the previous studies mainly focuses on passenger cars rather than
motorcycles. A few research have studied on the speed-flow relationship of motorcycle for
exclusive motorcycle road and mixed traffic. Hussain, Radin Umar and Ahmad Farhan (2011)
established motorcycle speed-flow-density relationships and capacities of exclusive motorcycle
lanes in Malaysia, where motorcycles account for 47% of the total vehicles. The authors reviewed
three basic speed-density models, namely the Greenshields model, the Greenberg model and the
Underwood model. The data for these models are examined using multiple linear regression
analysis. For their study, Greenberg’s model was selected for developing the motorcycle speed-
flow-density relationships in the case study in Malaysia. For motorcycle space riding pattern with
total lane width of more than 1.7 m, the motorcycle speed (S)-flow (F) relationship is shown as

follows:
F = 0.45 % S % ¢~5/13:330 (2-13)

For mixed traffic where motorcycle and other modes share facilities, the speed-flow-density
relationships were investigated by using a motorcycle equivalent unit model (Chu, Sano and
Matsumoto, 2005; Nguyen and Sano, 2012). To convert other transport modes into Dynamic

Motorcycle Unit (MCU) by using a formula as follows:

MCU; = ‘;;"JZ (2-14)

Where,
MCU; is the Motorcycle Equivalent Unit of vehicle type i;
Vme, Vi are the mean speed of motorcycles and vehicle type i, respectively (km/h);

Sme, Si are effective space for one motorcycle and one vehicle type i respectively (m?). The effective
space for one vehicle is defined as the necessary space for this vehicle to maintain its desired speed.
The effective space for vehicle type k can be calculated as the following equation (Nguyen, Sano

and Chu, 2007):

Sk = Siok X Siak (2-15)
Where,

S« is the effective space for vehicle type k (m?);

Siok, Siak are the effective longitudinal space and effective lateral space of running vehicle inclusive

of vehicle length respectively (m);
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Speed of different vehicle types are dissimilar, therefore, the weighted mean speed is defined as

the stream speed and calculated by the following equation:

Tk vy
m = —z’-‘l — (2-16)
i=1"'"
Where,

k is the total number of vehicle types in the stream;

Vm (Vi) is the mean stream speed (mean speed for vehicle type i) (km/h);

n; is the number of vehicle type i in the stream.

Following this approach for establishing the flow-speed-density relationship, Nguyen and Sano
(2012) revised the effective space for one vehicle in Equation 2-15 by including speed of
surrounding vehicles in the real situation. The main purposes of that study are to establish the flow-
speed-density relationship and to estimate road capacity for mixed traffic environments with a
dominance of motorcycles. Two lanes, three lanes and four lanes per direction streets were
considered in the study. The logarithmic equation from Greenberg (1959) was used to establish the
shape of the mean stream speed-density relationship for these types of streets. The results of
estimating capacity on the basis of MCU values of vehicles are shown in Table 2-4, as well as the

speed-density relationship.

Table 2-4 Flow-speed relationship and capacity of corridors based on motorcycle equivalent unit

Four lanes per each|Three lanes per each|Two lanes per each
traffic direction traffic direction traffic direction

Traffic flow (F) and mean stream |F =5,852*S*exp(-S/11.3) |F =5,271*S*exp(-S/11.2) | F =2,951*S*exp(-5/12.3)
speed (S) relationship

¢ parameter in Equation ( 2-8) 11.3 11.2 12.3

Capacity (MCU/direction/hour) 24,335 21,725 13,358

Source: Nguyen and Sano (2012)

For one mixed traffic lane per direction road, with a land width of 3.25 m, the mean speed is
calculated as (Chu, Sano and Matsumoto, 2005):

S =—0.0018  F + 28.29 (2-17)

Where,
Sis the mean stream speed (km/h);
Fis the flow (MCU/h).

In addition, for exclusive motorcycle flow in a two-lane per direction divided road with a lane width
of 3.75 m, the mean stream speed is estimated as follows (Chu, Sano and Matsumoto, 2005):
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S =-0.0018+ F + 37.90 (2-18)

Where,
Sis the mean stream speed (km/h);
F is the flow (MCU/h).

23.24 Congested-related delay cost

The trade-off between non-ideal travel schedules and money defines the cost of tolerating those
schedules, which is called as schedule-delay costs (Small and Verhoef, 2007). An example of
schedule delay calculation is based on the full frequency distribution, which is shown below. Of the
527 commuters, 318 people arrive an average of 17.0 minutes early and 22 travellers arrive an
average of 7.27 minutes late. Schedule-delay cost for the 187 punctual people is assumed as zero.
Each minute of early or late schedule delay is estimated equal to 0.61 minutes or 2.40 minutes of
travel time, correspondingly. As a result, the average commuter’s schedule delay is equal to 7.0

minutes of travel time (Small and Verhoef, 2007).

Many research studies were implemented in urban areas in the UK to develop the travel time
variability relationships for a wide sample of urban routes. The recommended form of model
forecasts the Coefficient of Variation (CV) from Distance (d) and Congestion Index (ci) terms for
each origin to destination flow in the urban area. The CV is the ratio of the standard deviation of
travel time to the mean travel time, which is shown in the following equation (Department for

Transport, 2017b):
CV = 0.16 ci10? 4039 (2-19)

The Congestion Index (ci) is determined as the ratio of mean travel time to free flow travel time.
Hence, it can be rearranged to predict the Standard Deviation of Travel Time (Journey Time) from

Travel Time (t) and Distance (d).

2.3.25 Government services

Government services include three components: (i) maintenance and traffic service; (ii)
administration and research; and (iii) highway law enforcement and safety. For example, the
average government services cost of $0.019/vehicle-mile is calculated by dividing total costs of
$55.7 billion by the total vehicle-miles of 2990 billion (in 2005 values), of which the majority is for
highway maintenance (Small and Verhoef, 2007). As a result, only maintenance cost is considered

in this thesis. However, the average highway maintenance cost, which can be estimated by dividing
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annual highway maintenance costs by annual all vehicles kilometre travelled, varies from country

to country. This cost should be estimated by using available data from local firms and government.

2.3.2.6 Infrastructure cost

Capital infrastructure costs vary greatly with terrain (e.g. flat, rolling, or mountainous) and with the
degree of urbanization. The reasons for this is that terrain and degree of urbanization affect the
following factors such as the number and types of structures required (e.g. bridges, overpasses,
intersections, drainage facilities, retaining walls, sound walls), ease of access to construction sites,

difficulties of grading, extents of demolition, and land prices (Small and Verhoef, 2007).

Meyer, Kain and Wohl (1965) estimated a cost function based on engineering standards, assuming
scale economies due to fixed costs of administration and fixed land requirements. The estimates of
highway construction used in the study of Meyer Kain and Wohl (1965) were based on a predictive
equation obtained for the Chicago area by Joseph (1960). The author fitted least squares
regressions to data on construction costs of Congress Street, Edens, and Calument-Kingery
Expressways as a function of net residential density (thousands of persons per square mile of
residential land). Construction costs for facilities with various numbers of lanes can be estimated
by assuming that all but base and paving costs are proportional to width, and that base and paving
costs are proportional to the number of lanes. Based on data of many cities rather than those of
Chicago alone, the costs of constructing a mixed-traffic expressway facility with varying numbers of

lanes thus can be derived as follows (Meyer, Kain and Wohl, 1965):
Y, = W, ($311,000 + $70,800 * X) + $86,000 * k (2-20)

Where,
Yy is the construction cost in dollars per mile for k lanes,
X is net residential density in thousands of persons per square mile,

W, is 0.65, 0.77, 0.88 and 1.0 for 2-lane highway, 4-lane highway, 6-lane highway and 8-lane
highway respectively.

However, an issue of their assumption is that the right of way needed for median and shoulders is
independent of the number of traffic lanes because the physical separation of traffic and provision
for stopped vehicles are often used to maintain safety in the face of high total traffic levels. In order
to estimate the capital infrastructure costs in local conditions, a good way is to adapt data from
local terms and actual price quotes. For example, based on data provided by the People’s
Committee of Hanoi and T&D Vietnam Highway Consultancy Company, the unit infrastructure costs
for 2-lane and 4-lane divided arterials are calculated as 9 and 15 million £/km in 2015 prices

respectively.
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Percentage of total infrastructure costs allocated to each vehicle type

The question is how to identify allocations of infrastructure costs for each transport mode in mixed
traffic environments. Percentage of total infrastructure costs to each vehicle type reflects their cost
responsibility. The cost responsibility of different vehicles for pavement, bridge, and certain other
types of agency costs vary to the relative amount of travel on dissimilar highway functional classes.
Average cost responsibilities for different vehicle types can be estimated based on their travel and
operating weight distributions on different highway functional classes in each State and
characteristics of pavements and bridges on each highway class in each State (U.S. Department of
Transportation, 1997). For example, Small and Verhoef (2007) stated an illustration of the United

States where 71% of the total entire United States highway cost are allocated to passenger vehicles.

Sansom et al. (2001) suggested the following three steps for calculating the infrastructure capital
costs by using a fully allocated cost analysis as follows: (i) Estimate the net value of road
infrastructure assets; (ii) Apply the public sector discount rate of 6%; and (iii) Allocate to vehicle
types on the basis of Passenger Car Unit-km (85% of the total allocation) and gross maximum vehicle

weight-km (15% of the total allocation).

2.3.2.7 External cost

External cost by passenger cars

Using FAC analysis, Sansom et al. (2001) estimated external costs for cars including air pollution,
noise pollution, climate change and accidents in low and high cost sensitivities, which are shown in

Table 2-5.

Table 2-5 External unit cost by passenger car in the UK (p/vehicle-km in 1998 prices)

Mod Air pollution Noise pollution Climate change Accidents
ode
Low High Low Low High Low High
Car 0.18 0.88 0.16 0.12 0.47 0.07 0.82

Source: Sansom et al. (2001)
Air pollution cost and climate change cost by motorcycles

Several empirical studies have estimated pollutant emission by motorcycles. Tsai et al. (2005)
developed a localised driving cycle in Kaohsiung, Taiwan to estimate fuel consumption and
pollutant emission from motorcycles; and compared with Economic Commissions of Europe Driving
Cycle using a case study of Kaohsiung. In this study, two routes with exclusive motorcycle lane and
two mixed traffic routes were selected for collecting data, as well as ten 2-stroke 50 cm? (three new

and seven in-use) and nine 4-stroke 125 cm? (three new and six in-use).
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Similarly, Chen et al. (2003) tested a sampling of motorcycle on-road driving cycles in urban and
rural environments and developed representative driving cycles estimate fuel consumption and
pollutant emission using the principle of the least total variance in five regions in Taiwan.
Motorcycle emission factors for carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx)
and carbon dioxide (CO;) were estimated by using a chassis dynamometer on the four-stroke

motorcycle with engine capacity of 150cc.

Vu et al. (2013) studied on the air quality and pollution caused by road traffic in five main districts
in Hanoi, Vietnam, as well as the related health outcomes due to particulate matters (PMo and
PM3s). Air quality monitoring data including information of air pollutants (CO, SO,, NO; and total
suspended particles) were obtained from the Environmental Monitoring Centre of the National
Environmental Agency and measured quarterly during the period 2005-2009 at five monitoring

locations in these districts.

However, air pollution costs and climate change cost by motorcycle are still not calculated in these
studies above. Therefore, in order to estimate air pollution in monetary terms in a study country,
the values per tonne of pollutant emission and a PPP factor need to be used. Maibach et al. (2007)
stated the values per tonne of PMo and volatile organic compounds while the values per tonne of

NOy and CO; are shown on the Web Transport Analysis Guidance (WebTAG) Unit A3.
Noise cost by motorcycle

Based on the dense traffic situations in urban road networks, unit values for marginal noise costs
for motorcycles during day time and night time in Europe are €ct 1.53/vehicle-km and €ct

2.78/vehicle-km respectively (in 2002 prices) (Maibach et al., 2007).
Accident cost by motorcycle

Accident unit costs for passenger cars and motorcycles in urban road networks in the UK are €ct

2.61/vehicle-km and €ct 19.19/vehicle-km correspondingly (in 2000 prices) (Maibach et al., 2007).

To conclude, most of studies on external costs by private transport have been implemented in
developed countries. Therefore, to estimate these costs for LMICs, the Willingness To Pay approach

can be used by transferring from a developed country where the required data available.

2.3.2.8 Congestion charge

Congestion charge for private transport is going to be reviewed separately in this subsection. The
charging-relevant measure of congestion costs is the marginal external congestion cost, which is

the difference between social marginal cost and private marginal cost. The marginal time cost
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accounts for the major portion of congestion costs, compared to additional fuel cost and
environmental costs. The marginal external time cost can be estimated as the difference in journey
time caused by one extra vehicle on the road multiplied by the value of time for this vehicle type.
One major methodological issue is to estimate the marginal congestion costs after the introduction
of a congestion charge by taking into account responses of travellers. An optimal congestion charge
can be identified at the optimal traffic level. A second methodological issue is to measure how
congestion costs rise with an increase in traffic. Several approaches for estimating the change in
journey time are suggested such as speed-flow relationships and aggregate approximations (Link et
al., 2016). Walters (1961) suggested an estimation of a toll or tax for a single route. The toll or tax,
which is the difference between social marginal cost and private marginal cost, should be equal to
the marginal private cost multiplied by the elasticity of marginal private cost. The Marginal
Congestion Cost (MCC) can be estimated as (Walters, 1961; Santos and Shaffer, 2004; Link et al.,
2016):

MCC = —E,.

“wl<

(2-21)

Where,

MCC is the marginal congestion cost (£/vehicle-km);

Esis the elasticity of speed with respect to traffic;

Vis the value of time and additional operating costs (£/vehicle-hour);

Sis the speed (km/hour).

Issues concerning the costs and benefits of congestion pricing in practice are now discussed. Firstly,
private transport users benefit from improved travel times and travel time reliability, however, they
pay the congestion charge and adapt their travel patterns to the charges. Secondly, public transport
passengers might suffer from increased transit crowding when some private transport users shift
to use PT. In most cities, the congestion charge has been introduced with an expansion of public
transport. This can not only attract more private transport users to use PT but also amend the
potential problem of increased transit crowding. Thirdly, environmental benefits of congestion
charges can be important although they seem to be comparatively small. The main reason can be
caused by decreases in private transport volumes, which might lead to huge congestion reductions

(Cowie and Ison, 2017).

The London Congestion Charging Scheme, which started on 17 February 2003, is an area licensing
system. All vehicles entering, leaving, driving or parking on a public road within the charging zone

between 7:00 am and 6:30 pm, Monday to Friday, excluding public holidays, were charged. As of
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2021, the charging period is from 7:00 to 22:00, everyday, except Christmas Day (Transport for
London, 2021). This charging scheme has had positive impacts. First, the average speed after the
introduction of the scheme increased between 14% and 21%, compared to the average speed pre-
charging. Second, bus passengers increased both in 2003 and 2004. While there was no evidence
of any effect from the congestion charge scheme on the economy (Santos and Fraser, 2006).
Moreover, the success of the London congestion charge scheme proves that urban road charging
technology can become possible over the next decades. In addition to technology, political
willpower is the other important factor to implement the congestion charge scheme in other urban

areas (Kaparias and Bell, 2012).

2.3.2.9 Summary

The total social costs of private transport should include operating costs for users, vehicle capital
costs, user costs presenting travel time, schedule delay costs, infrastructure maintenance costs,
external costs, infrastructure costs and parking costs (Small and Verhoef, 2007). Because the
average operating speed is used to calculate most cost elements, it is very important to choose an
appropriate equation of the average speed, particularly in mixed transport environments where
several transport modes share the infrastructure facilities such as bus, car and motorcycle or where
motorcycles are dominant. Additionally, the infrastructure costs need to be allocated to transport
modes in the mixed transport environments. Similar to the estimation of PT external costs, these
costs of private transport can be calculated by using the WTP approach. A congestion charge is a
transfer between the road user and operator. This charge affects demand in demand models but it

is not included in the total social cost calculation.

233 Cost functions of Demand Responsive Transit

All costs of a Taxi/Uber service are generally defined as those costs which are incurred through the
addition of the Taxi/Uber service to the public transport offer and which would not be included if
the service was not operated. These costs divide into administrative costs, capital costs and
operating costs. In any one scheme, some of these costs can be relevant, in other schemes
additional items might be considered or items can be removed from the following list. But for all

schemes, it seems to allocate costs at least to (Brake, Mulley and Nelson, 2006):
- Administrative costs: advertising, publicity, telephone, office supplies, light, power and postage.
- Capital costs: vehicle provision (buy/lease), office equipment, computer hardware and software.

- Operating costs: dispatchers’ wages, drivers’ wages, fuel, maintenance, insurance, tyres and

vehicle cleaning.
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2.3.3.1 Taxi cost models

Cooper (2007) stated that elements included in the taxi cost model vary between authority areas,
but most have common parts including: (i) Vehicle costs cover vehicle purchase cost and vehicle
operation cost; (ii) Infrastructure costs include licenses/permits, insurance and radio hire; (iii)
Personnel cost or drivers’ wages. Firstly, the cost of a vehicle is commonly based on the list price
for a new vehicle, which can be either for a single vehicle type (the most common vehicle in a fleet)
or a combined cost representing two or more major vehicle types. Most of the authorities use the
survey of regulation determined the actual cost price of a taxi. The most popular estimate of
maintenance costs of taxis is based on a typical basket of parts that varies between cities. Secondly,
the infrastructure costs are defined as fixed costs, which do not increase in line with increased
mileage. Thirdly, drivers’ wages vary significantly between authorities and account for a major

element of the total costs of taxis.

The Glasgow Taxi Cost model has been applied in the city since its development in 2008 (Cooper,
2007). Transport Research Partners (2016) calculated the following cost elements in the Glasgow
Taxi Cost Model: vehicle costs, vehicle maintenance, fuel cost, infrastructure costs, radio dues costs
and driver earnings. The model developed a structure, where changes in these costs measured
between a base year and a target year are calculated, and then applied to the tariff by using an
Industrial Price Index. Reviewing the model allows for the baseline values to be updated, regardless
whether an increase is applied to tariff or not. This ensures that the growth is measured based on

changes from year to year, rather than over a period of years.

However, there seems to be very little evidence on taxi cost models in LMICs, the cost elements in
the Glasgow Taxi Cost Model can be used but parameters for estimating each cost element should

be obtained from the local conditions in LMICs.

2.3.3.2 Cost functions of Uber

As a new transport mode in the last few years, there appear to be very little studies on cost
functions of Uber. Hall and Krueger (2018) provided the first detailed analysis of a representative
and national sample of Uber driver-partners in the US. Driver-partners of Uber provide transport
services to customers who request rides using Uber’s application on their smartphones or other
devices. Driver-partners who made at least four trips for passengers in a given month are
considered in the research. Anonymised administrative data from Uber on the driving histories,
schedules, and earnings of drivers who used the Uber platform from 2012 to 2015 were used. From
a base of near zero in mid-2012, the number of driver-partners of Uber in the United States reached

more than 460,000 by the end of 2015. Furthermore, the authors draw on two surveys
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implemented by the Benenson Strategy Group (BSG) including a survey of 601 driver-partners
conducted in December 2014 (BSG 2104) and a survey of 632 driver-partners conducted in
November 2015 (BSG 2015). In addition, a comparison of driver’s earnings between Uber and taxi
was analysed by using data on the characteristics of a representative sample of taxi drivers and

chauffeurs, and of all workers, on the basis of some Government surveys.

Hall and Krueger (2018) compared net hourly earnings (before vehicle expenses) of Uber driver-
partners and hourly wages of taxi drivers and chauffeurs by using data in 20 survey markets in 2014.
The average net hourly earnings of Uber driver-partners is 19.355, compares with 12.56S for taxi
drivers. Then, the authors estimated Uber driving expenses by vehicle type and part-time and full-
time driver-partners. These expenses include gasoline, maintenance, depreciation, or insurance.
The results showed that the average hourly expense of $4 for part-time driver-partners and S5 for
full-time driver-partners. To conclude, the authors stated that the average Uber driver-partner is
likely to earn at least as much per hour, and probably more, than the average taxi driver and

chauffeur.

Uber drivers using the driver application are charged the Uber Fee as a percentage of each trip fare.
If surge pricing applies to a trip, the Uber Fee percentage is also deducted from the surge amount.
The Uber Fee is defined as the administrative costs of Uber. The Uber Fee helps cover costs
including technology, development of application features, marketing, and payment processing for
driver-partners (Uber, 2018). The Uber Fee varies by countries and types of Uber. Indeed, Uber
receives from 5% to 20% of the trip price, with the rest for the driver (Schneider, 2017). Mostly,
that number is 20%, for example, as in the UK and for Uber Black in Netherland. The Uber Fee
increased from 20% to 25% in Vietnam because the Uber company directly paid Value Added Tax
and income tax of Uber drivers to the tax administration (Zeldin, 2016). However, Uber sold South

East Asia operations (including the Vietham market) to Grab in 2018 (Grab, 2018).

2.3.33 Summary

These previous studies mainly focused on the operator costs of Taxi/Uber, which should include at
least administrative costs, capital costs and operating costs. Hence, Taxi/Uber user costs, external
costs and unreliability costs should be included in the total social costs of Taxi/Uber. Compared to
the cost functions of passenger cars, there are two main different cost components of Taxi/Uber,
which are administrative costs and driver earnings. In addition, the waiting time of Taxi/Uber users,

which is different from the waiting time of PT passengers, should be included in the user costs.
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2.4 Conclusion

Transport evaluation methods including multi-criteria analysis, cost-benefit analysis and cost-
effectiveness technique have been reviewed in this chapter. This thesis focuses on evaluations of
urban transport infrastructure options in LMICs where motorcycles are dominant in mixed traffic
environments and several potential new PT modes and transport policy are introduced. Hence, the
cost-effectiveness analysis is chosen to develop in such situations. The cost-effectiveness analysis
can be used for transport projects where all relevant costs are monetised while the expected
benefits of the proposed projects are quantified as some measure of effectiveness. The measures
of effectiveness including an ASC per passenger-km, a modal share of public transport and an

increase in total general traffic are considered in this thesis.

The cost functions of different types of transport modes including PT, PRV and Taxi/Uber are also
reviewed. Firstly, the total social costs cover operator costs, user costs, external costs and wider
economic impacts. However, the last type of cost is ignored in this research due to a lack of a huge
of data sources for a wider economic impact appraisal at a network scale. Brand and Preston (2003)
developed a comprehensive cost model of PT by using the intermediate outputs of the PT
performance, therefore this method is used for developing the PT social cost model in this study.
Secondly, the total social costs of private transport consist of operating costs for users, vehicle
capital costs, user costs presenting travel time, congested-related delay costs, infrastructure
maintenance costs, external costs, infrastructure costs and parking costs (Small and Verhoef, 2007).
Thirdly, based on cost functions of taxis by Transport Research Partners (2016), the total social cost
model of Taxi/Uber cover administrative costs, capital costs and operating costs, unreliability costs,
user costs and external costs. In general, these previous studies focused on automobile,
conventional bus and PT technologies. However, there appears to be very little evidence on cost
models for motorcycle, Uber and innovative PT technology (e.g. Monorail). Moreover, the following
main things in these social cost models need to be considered carefully. The first problem involves
the operating speed of each transport mode in mixed transport environments, as well as a
segregated PT technology. Because the quality of service highly depends on the operating speed of
vehicles and many cost components in these cost models are estimated as functions of the speed.
The second issue relates to infrastructure costs allocated to each vehicle type in the mixed traffic.
The third concern is a case where there is a lack of required data for estimating external costs in
LMICs. By using the WTP approach, external costs can be transferred from another country with

the available required data (Gwilliam, Kojima and Johnson, 2004; Nellthorp, Bristow and Day, 2007).

An average social cost per passenger-km is chosen as one of the measures of effectiveness for

evaluating urban transport infrastructure options when several potential new PT modes and
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transport policy are introduced in mixed transport environments. After total social cost models of
all transport modes are developed, transport demand needs to be considered to calculate this
output. Furthermore, if a comparative cost model does not incorporate a suitable demand model
(e.g. logit model), preferences of users for alternative transport modes cannot be taken into
account. Hence, the transport demand models will be reviewed in the next chapter to choose

suitable models for the situations above.

The strategic level modelling and traffic simulation modelling were integrated to evaluate
alternative options in a case study of a guided bus system on a busy urban/inter-urban corridor in
Oxfordshire, the UK (Brand and Preston, 2003). The key indicators of the real network are obtained
from the traffic simulation in order to assess the costs and benefits of operating a PT service. To
reflect the real mixed transport system, traffic simulation modelling needs to be used properly. As
a result, Chapter 3 will review traffic simulation models and choose the most suitable package for

the mixed transport system with the dominance of motorcycles.
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Chapter 3  Literature Review of Transport Demand

3.1 Introduction

This thesis aims to develop a comparative economic assessment of urban transport infrastructure
options in LMICs where a new PT mode and transport policy can be introduced in existing mixed
traffic environments that are dominated by motorcycles. The comparative economic assessment
then analyses whether any changes should be made to the existing network, and which option
should be implemented. Decisions for ‘do something’ scenarios and choosing the best option
should be informed by evidence of existing problems or potential future problems, as well as the
consequences of each option (Department for Transport, 2017c). The improvements in the supply
of transport services need to meet a basic demand because without a basic demand for an area’s
goods and services these cannot stimulate that demand (Cowie, 2009). Hence, both transport

supply and demand need to be reviewed.

After reviewing transport evaluation methods, the cost-effectiveness analysis is considered in this
research. Measures of effectiveness chosen for comparing different transport infrastructure
options include average social cost per passenger-km, modal share of public transport and increase
in total general traffic. Hence, to compare different proposed transport infrastructure options, not
only does cost per unit (supply) need to be calculated but also the number of units (demand)
(Department for Transport, 2017c). Chapter 2 reviewed cost models of different transport modes
including PT, PRV and DRT. Chapter 3 is going to review suitable demand models for such
comparisons, which are considered for one urban corridor rather than a complete network. For
general traffic, an elasticity model can be used to estimate changes in total demand according to
changes in composite costs. The variable demand modelling can predict and quantify a change in
demand when existing transport conditions change (Department for Transport, 2017c). For modal
split, variable demand models with logit formulation calculate how many passengers are likely to
choose specific transport modes. Those types of variable demand models are reviewed in the next

part of this chapter.

Vehicle speed and vehicle travel time are important parameters in the transport cost models and
variable demand models. Traffic simulation might obtain these parameters for existing transport
networks. Therefore, traffic simulation is reviewed in the third part of this chapter. This study
focuses on an existing mixed transport environment that is characterised by a dominance of
motorcycles, hence the suitability of available traffic simulation packages will be considered in

these terms.
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3.2 Demand Model

In general, there are three broad approaches to representing travellers’ response to cost. Firstly, a
fixed demand approach might be used in a situation where demand is independent of cost and no
behavioural model is required. Secondly, an own cost elasticity approach assumes that the demand
for travelling between two locations is purely a function of the change in costs on a mode between
the two points. Thirdly, in a variable demand approach, the demand of each transport mode may
vary according to the demand of other modes and cost components. The full variable demand
model is usually implemented using discrete choice models (Department for Transport, 2017c). The
utility functions of transport models are discussed in the first place, the elasticity demand model is

then reviewed, followed by the variable demand models of logit formulation.

3.2.1 Utility functions of transport modes

The concept of utility is used to represent the attractiveness of the alternatives in transport demand
models. The utility is usually defined as a linear combination of variables that represent attributes
of the option or of the traveller that represent the traveller’s willingness to pay for the option. For
example, variables can be time, cost, income, number of vehicle ownership. etc. The relative impact
of each attribute is given by its coefficient. The alternative specific constant (or modal penalty)
normally represents the effect of all unobserved (or not explicitly included) characteristics of the
option and the traveller in its utility function. For example, this can include factors such as comfort,
service reliability, convenience or safety that are difficult to measure or observe (Ortuzar and

Willumsen, 2011).
Alternative/Mode specific constant (MSC)

Ben-Akiva and Morikawa (2002) presented an analysis of commuters’ choice of travel mode using
revealed preference survey data in Metropolitan Washington. The unique aspect of this analysis is
the separate treatment of four different transit modes, namely: rapid transit (Metro), commuter
rail, express bus and local bus. The estimated utilities of the mode choice model are used to obtain
the preference order for these transit modes under eight corridor types. These utilities are
functions of the alternative specific constants, travel times and costs. Multinomial logit models
were estimated for each of the three segments (0, 1 and 2+ car households). The full choice set

includes three primary travel modes: transit, drive alone and shared ride.

Ben-Akiva and Morikawa (2002) estimated the relative attraction of bus and rail with the following
assumptions: (i) the transit level of service coefficients are the same for all transit modes. Thus, if

the transit travel times and costs are held constant, the relative attraction of each transit mode
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relative to the car modes is measured by the coefficients of the dummy variables, which represents
the alternative specific constants. (ii) Only one transit mode is available and the constant represents
the transit share in competition with drive alone and shared ride. This means that other modes (e.g.
motorcycle) are not taken into account in competition in this analysis. Corridor type 5, which is ‘At
least either origin or destination is in the central business district; not Metro low frequency line
corridor; not HOV lane corridor’ can represent for urban corridors in this thesis. The results for the

corridor type 5 are shown in Table 3-1.

Table 3-1 Preference order of transit modes for Corridor type 5

0 car households 1 car households 2 + car households
Metro 4.78 2.74 2.37
Local bus 2.94 1.39 1.07
Express bus 2.88 1.34 0.62
Commuter rail 2.14 1.10 0.42

Source: Ben-Akiva and Morikawa (2002)

Notes: The values are the estimated transit mode specific constants in minutes of equivalent in-vehicle travel

time.

Table 3-1 shows that Metro travel is most preferred under Corridor type 5. In other words, the
Metro service in the central business area attracts more ridership than a bus service with
comparable travel times and costs because of its quantified advantages as well as other attributes

that were not quantified (Ben-Akiva and Morikawa, 2002).

In other study, Currie (2005) stated that the Mode Specific Factor (MSF) is the user-perceived
attractiveness of one transit mode compared to another, excluding the influence of factors such as
fare, walk time, wait time, in-vehicle travel time, and the need to transfer. The MSF is usually

measured as a constant and expressed in minutes of equivalent in-vehicle travel time.

Currie (2005) summarised the evidence of the MSF measured in a range of previous studies. The
values of the MSF for heavy rail, light rail and BRT are indicated. In each case, the MSF is expressed
as the value of the difference of the transit mode relative to on-street bus. A positive value
represents a preference to the transit mode whilst a negative value represents a preference to on-

street bus. The results are shown as follows:

- Heavy rail is preferred over on-street bus with the value of preferences ranging between 2 minutes

and 33 minutes. The overall average is around 4 minutes.

- All MSF values for light rail showed a preference of light rail over on-street bus ranging from 2 to

20 minutes. The average of the values shown is around 10 minutes.
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- All MSF values for BRT systems also display a preference for BRT compared to on-street bus. Values
range from 9 to 20 minutes with an average of around 12 minutes. The average results implied that
BRT might be better than both light and heavy rail. However, the results are limited and scattered
because the results for BRT are based on only four data points while there are some small number

of negative values for heavy rail.

However, motorcycle is not taken into account in the studies mentioned above. Hence, the utility

of motorcycle is reviewed below.
Utility of motorcycle

To investigate travel behaviour and individual mode choice preferences in some Asia cities,
Dissanayake et al. (2012) developed multinomial logit models for inter-regional analysis by using
databases from Bangkok (13,964 trip samples), Kuala Lumpur (12,667 trip samples) and Manila
(15,000 trip samples). The MSC is equal to zero in the rail options for all models except Kuala
Lumpur where there were no data on rail trips. Hence, The MSC is set to zero in the motorcycle
option. Variables of utility functions for rail, bus, car, motorcycle, taxi and tricycle in these three

cities were estimated, as shown in Table 3-2.

Table 3-2 Parameter estimates of the multinomial logit models in inter-regional analysis

Variables Bangkok Kuala Lumpur Manila
MSC (Rail) 0 - 0
MSC (Bus) 0.31 1.83 1.40
MSC (Car) -2.35 -0.20 -2.83
MSC (Taxi) -2.71 -3.69 -1.02
MSC (Motorcycle) -1.48 0 -3.57
Tricycle - - 0.17
Travel time (hours) -0.15 -0.24 -0.34

Source: Dissanayake et al. (2012)

In addition, Bray and Holyoak (2015) studied travel behaviour in Hanoi, Vietham by establishing a
discrete choice modelling framework with the ability to represent mode choice. Two travel
behaviour surveys were conducted via face-to-face interviews and paper-based forms.
Respondents to the surveys were distributed across locations in all of Hanoi’s 21 districts. One of
the two surveys was the mode choice survey, which establishes statistically valid explanations of
the quantitative factors that impact the discrete choice decision to use a motorcycle, car,
motorcycle taxi, existing bus or proposed rapid transit modes (e.g. Urban Railway Transit or Bus

Rapid Transit). This survey design included:
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- Demographic and socioeconomic questions, including gender, household size, income, housing

type and vehicle ownership.

- Questions related to either a routine trip or a non-routine trip.

- A stated preference survey included cost of fuel, cost of parking, travel time, existing bus walking

time and proposed PT access time.

The survey was carried out between April and June 2014, and attracted a total of 6,047 responses.
Then 5,993 complete records were distributed for both routine trips (such as trips related to work
or education) and non-routine trips. The results of the mode choice survey were utilised to estimate
discrete choice models representing the mode choice model in Hanoi. Utility function parameters
were estimated for routine work (i.e. journeys related to work or education) and non-routine trips

(i.e. shopping or recreation), which are shown in Table 3-3.

Table 3-3 Utility function parameter estimates for routine work and non-routine trips

Mode Parameter Routine Work Non-Routine All
Estimate Sig. Estimate Sig.
ASC 1.4952 0.0000 1.8582 0.0000
PI— Fuel Cost | -00001 | 077194 | -0.0004 | 0.0004
Parking Cost | -00053 | 03347 | -0.0116 | 0.0114
Travel Time -0.0115 0.0000 -0.0076 0.0000
ASC 1.6141 0.0000 0.8380 0.0000
o Fuel Cost | -0.0002 | 0.0000 | -0.0001 | 0.0767
Parking Cost | -0.0086 | 00000 | -0.0048 | 0.0012
Travel Time -0.0068 0.0000 -0.0007 0.4887
ASC 0.0000 - 0.0000 -
yotoreycle  IMotorcycle Taxi Fare | -0.0086 | 00004 | -0.0099 | 0.0000
Travel Time -0.0047 0.0008 -0.0019 0.0462
ASC 0.6513 0.0000 0.6896 0.0000
o Public Transport Fare | -00145 | 0.0000 | -0.0149 | 0.0000
Walk Time | -00101 | 00750 | -00131 | 00119
Travel Time -0.0066 0.0000 -0.0027 0.0002
ASC 1.0640 0.0000 0.8817 0.0000
Rapid Transit Public Transport Fare | -00145 | 00000 | -0.0149 | 0.0000
Walk Time | -00101 | 00750 | -0.0131 | 00719
Travel Time | -0.0071 | 0.0000 | -0.0001 | 0.8937

Source: Bray and Holyoak (2015)

Notes:

Fuel Cost: VND/km

Parking Cost VND/1000 (e.g. 25,000 VND is represented in the model as 25)
Travel Time: minutes

MC Taxi Fare: VND/1000

Public Transport Fare: VND/1000

Walk Time: minutes
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3.2.2 Incremental elasticity analysis

Demand elasticity involves the responsiveness of transport users to change in any of the
determinants of demand, which can be price, income, travel time etc. (Cowie, 2009). A demand
elasticity model can be applied to general traffic and to each transport mode. Firstly, the
incremental elasticity analysis evaluates endogenous changes in total general demand by using the
demand elasticity with respect to a composite cost of all transport modes. Secondly, for one
transport mode, the level of initial demand for a mode is Tp and its initial level of service So. A change
in one (seldom more) level of service attributes, which can include travel time, fare, waiting time,
etc., causes changes in demand. The elasticity of demand with respect to LOS is given by (Ortuzar

and Willumsen, 2011):

Es =135 ® 7, 5-5 (3:1)
If Tis a multiplicative function of S, the equation above can be rearranged as:

T s\Es

7= (32)

If the change in S (and hence T) is non-marginal, the arc elasticity of demand is considered as (Allen

and Lerner, 1934):
—_— = ES * — ( 3'3 )
0

However, the elasticity demand model cannot estimate the transfer trips from one transport mode
to another when the generalised cost changes. An isolated elasticity demand model should not be
recommended over full variable demand models in multimodal settings (Department for Transport,

2017d).

3.23 Incremental multinomial logit model

Ortuzar and Willumsen (2011) stated that the multinomial logit model is the simplest and most
popular practical discrete choice model, which assumes the probability of an alternative i is chosen

by the individual g as:

exp(BViq)
Piq = 4

- Lajeacg) exP(BVjq) (3-4)

Where,

P;, is the probability that an alternative i is chosen by the individual g;
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Viq(Vjq) the utility of alternative i (j) is chosen by the individual g;
Aj € Ay is alternative j in all alternatives, which are chosen by the individual g;
B is the parameter, which is taken as 1.0 in practice.

The Department for Transport (2017d) stated the standard incremental multinomial logit model as:

PPexp(AAU,)

P = 3, Plexp(AAU,) (3-5)

Where,

B, is the forecast probability of choosing alternative p out of g possibilities;
Ppo is the reference case probability of choosing alternative p;

A is the positive parameter, which can be taken as 1.0 in practice.

AU, is the change in the utility of alternative p.

Because the multinomial logit model is based on Independence from Irrelevant Alternatives (l1A),
the main drawback of the multinomial logit model manifests when alternatives are not
independent. For example, there are some alternatives that are more similar than others, such as
public transport modes versus private transport modes (Ortuzar and Willumsen, 2011). In other
words, the incremental multinomial logit model is suitable for mixed transport environments,
where only one public transport mode is operated, but is no longer suitable if a new PT technology
is introduced while the existing PT mode is still operated. A nested logit model, which might

overcome this disadvantage, might be used for such situation.

3.24 Incremental hierarchical/nested logit model

A hierarchical/nested logit model can be expressed as follows (Ortuzar and Willumsen, 2011):

Step 1: All subsets of correlated (or more similar) alternatives are grouped in hierarchies or nests.
Each nest is represented by a composite alternative which competes with the other options

available to the individual.

Step 2: For the lower nest, the mean of the utilities of the composite alternatives has two
components. The first component consists of the expected maximum utility (EMU) of the lower
nest options. The second component considers the vector z of attributes which are common to all

members of the nest. The EMU portion is determined as follows:
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EMU = logy.;exp(W)) (3-6)
Where,

W; is the utility of an alternative A; in the nest, except variables z which are common to choice set.
For example, if the cost of travel by bus and BRT (e.g. the fares) are the same, this cost would not
enter the W function. Moreover, walking time can enter to z for PT modes. The composite utility of

the nestiis:

Vi=@QEMU + az (3-7)
Where,

@ and a are parameters to be estimated from observed data. Note that 0 < @ <1.

Step 3: A multinomial logit model for the higher nest is estimated, which contains all composite

alternatives representing lower nests plus the alternatives which are non-nested at that level.

Step 4: Finally, the probability of each alternative in the lower nest is computed based on the

probability of composite alternatives.

The first incremental form of the nested logit model is given by Bates, Ashley and Hyman (1987).
Then, considering a situation where a new public transport mode is introduced, Preston (1991)
suggested the Extended Incremental Logit Model (EIL). EIL was based on a multinomial logit model
for non-car-owning households and a nested logit model for car-owning households. The structures
of the models are given in Table 3-4, as well as the results adapted from data for five new stations

and predicted for further potential sites.

Public transport’s share in the upper nest is given by

[9)
Ppr [exp(Uyr—Uxr)+exp(Uxr—Uxr)]
[4]
Ppr [exp(Uyr—Uxr)+exp(Uxr—UxT)] +[1-Ppr]

Ppr = (3-8)

Where,

Py (Ppr) is the proportion of choosing public transport in the after (before) situation;
U'(U) is the utility measure in the after (before) situation;

XT is the existing public transport mode (bus);

NT is a new public transport mode (rail); and

@ is the EMU parameter. The EMU portion is determined from all utility of each mode U; as follows:
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EMU = InYexp(U;) (3-9)

Table 3-4 Market Segmented hierarchical logit and multinomial logit models

(A) Non Car Owners (B) Car Owners
Bus Train Car Car Car Public Transport
passenger driver passenger \
Bus Train
Value (t-stat) Value (t-stat)
(i) Upper split

ASC-passenger —0.844 (—1.305) ASC-passenger —0.339 (—0.596)
ASC-bus 0.427 (1.004)  ASC-driver 1.597 (2.789)
Wait time —0.090 (—2.630) IVT —0.064 (—3.178)
Walk time —0.071 (—2.335) OVT —0.059 (—1.481)
IVT —0.029 (—1.339) Total cost —0.013 (—4.176)
Availability -3.012 (—4.643) EMU 0.377 (4.996)
Adjusted rho squared 0.500  Adjusted rho squared 0.803

Number of observations 173 Number of observations 721

(ii) Lower split

IVT-train =0.111 (—1.785)
IVT-bus —0.118 (—2.605)
Walk time -0.191 (—3.998)
Wait time -0.276 (—2.565)
Total cost —0.067 (—2.196)
Adjusted rho squared 0.574
Number of observations 97
Source: Preston (1991)
The lower nests are therefore:
!
Pl = exp(Unt—Uxr) p! 3-10
NT exp(Unp—Uxr)+exp(Ugr—Uxr) ~ FT ( )
and
! p—
P),(T — eXp(l"XT UXT) IT (3_11 )

exp(Unr—Uxt)+exp(Uyr—Uxr) P

If the utility of the existing public transport mode is assumed to be unchanged, exp( Uy — Uxr) is

equal to 1.

The probability for all other modes Py in the upper nest is estimated as:

(3-12)

The main advantage of the EIL is that it reduces data requirements. Required data include the modal

shares Py and Pxr and the change in utility (Uyy — Uxr).
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In the nested logit model, alternatives within each nest are correlated while there is no correlations
across nests. The main drawback of the nested logit occurs if alternatives might not be divided into
well separated nests to reflect their correlation, for example, one alternative can be allocated in
two different nests (Ben-Akiva and Bierlaire, 1999; Ortuzar and Willumsen, 2011). To overcome this
issue, a cross-nested logit model, which allows alternatives to appear in multiple nests, allows for
more flexible correlation patterns (Ben-Akiva and Bierlaire, 1999). For example, Vovsha (1997)
developed a cross-nested logit model for mode choice, where the ‘park & ride’ alternative can
belong to the ‘composite automobile’ and the ‘composite transit’ nests. Although the social cost
models reviewed in Chapter 2 include PT, PRV and Taxi/Uber, Taxi/Uber can be only considered in
the total social cost models and compared to PT and PRV at a strategic planning level. Due to time
limits and unavailable data, the comparative economic assessment cannot include Taxi and Uber.

As a result, the cross-nested logit model is not considered in this thesis.

3.2.5 Summary

Utility is defined as a linear function of the alternative specific constant, time and cost (Ortuzar and
Willumsen, 2011). Several approaches have focused on demand analysis of the impact of changes
to transport conditions. The best known of these methods are demand elasticity analysis and
variable demand models with logit formulation (Ortuzar and Willumsen, 2011). The elasticity
approach can be used when demand is purely a function of the change in generalised costs. The
demand elasticity model can estimate the endogenous growth of total demand due to a change in
composite costs of all transport modes; however, the demand elasticity approach might not
forecast the shift from one mode to another. This drawback can be overcome by incremental
multinomial/nested logit models. The incremental multinomial logit model can calculate the
probability of an alternative chosen by transport users when their travel costs change. The
incremental nested logit model seems to be suitable when alternatives are not independent, for

example, when two public transport modes are operated at the same time.

3.3 Traffic Simulation

Due to the rapid development of computer technology, traffic simulation is widely used in the
transport sector. Traffic simulation models represent the operation of a real traffic network and are
used to forecast potential/future traffic conditions, which can be demand, modal share, vehicle
speed, vehicle time, environment effects, etc. This section reviews traffic simulation approaches,
existing simulation packages and highlights the most suitable simulation package for the current
research, which considers an existing mixed transport environment in which motorcycles are

dominant.
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3.3.1 Simulation requirements

This study will model mixed transport environments where motorcycles, cars and PT modes share
infrastructure facilities such as conventional buses, Monorail, Metro and BRT. The following key

simulation requirements are listed:

- The traffic simulation model must simulate the operation of a fixed-line PT system, including the

location of stops/stations, dwell time and passenger boarding and alighting.

- The traffic simulation model must simulate the operation of motorcycles, including driving

behaviour and lane changing.

- The traffic simulation model needs to present detailed interactions and impacts between vehicles

in order to reflect the changes in costs and benefits to users.

- The traffic simulation model must be flexible and adaptable to simulate the characteristics of the

PT modes such as right-of-way and bus priority, as well as the impacts on other road users.

3.3.2 Simulation approaches

Macroscopic traffic simulation is developed based on traffic flow theory in order to consider the
whole traffic network. The equations used in the model are based on a hydrodynamic theory of
fluids and include variables such as volume, speed and density. Advantages of macroscopic
simulation models include: (i) their ability to model the overall traffic picture; (ii) less detailed

behaviour knowledge required; and (iii) quicker run-times.

Microscopic traffic simulation is able to simulate precisely each individual vehicle in the traffic flow
and the interactions between vehicles by using their acceleration, deceleration, speed and driver

behaviour, among other factors (Ortuzar and Willumsen, 2011).

Mesoscopic approach combines the individual vehicle analysis in microscopic simulation and the
dynamics of traffic flow in macroscopic simulation (Barceld, 2010). This simulation approach is
mainly used for large networks where a detailed microscopic approach is infeasible or where there

is a lack of available resources for the network (Burghout, 2004).

3.33 Reasons for choosing microscopic simulation

Microscopic traffic simulation is preferable over the macroscopic and mesoscopic approaches for

the comparative economic assessment for a number of reasons.

59



Chapter 3 Literature Review of Transport Demand

Firstly, the comparative economic assessment includes PT technologies and private transport (cars
and motorcycles) in mixed traffic environments. There are significant interactions among several
transport modes such as motorcycle, car, bus and BRT. Therefore, the interaction between each

vehicle on the road should be simulated in detail.

Secondly, lane change behaviour must be able to be modified in the simulation model, because the

lane changing behaviour of motorcyclists needs to be taken into account.

Thirdly, the traffic simulation needs to model junctions on the links, where PT technologies (such
as BRT or exclusive bus) share the infrastructure facilities with car and motorcycle traffic. These PT

modes can require some priority schemes when they enter the junctions.

As a result, microscopic simulation is used in this research.

3.34 Microscopic traffic simulation selection

Microscopic traffic simulation can simulate the behaviour of an individual’s choices, which are
based on the probability of each choice being made and determined using random numbers. Using
random seeds in microsimulation models, the outputs of each run will differ and hence
microsimulations do not have a unique solution. Therefore, the equilibrium might not be based on
a single run of the model. To overcome this issue, the average results from many model runs should

be obtained as a convergence to a stable solution (Department for Transport, 2017c).

There are several existing microscopic traffic simulation packages including VISSIM, PARAMICS,

AIMSUN and FLOWSIM.

VISSIM is a microscopic simulation tool, which is suitable for a wide range of traffic applications
(PTV AG, 2011). Three key aspects, infrastructure, traffic and control, are built into the structure of
a completed VISSIM model. The infrastructure covers the detail of the road, railway and all other
fixed elements in the network. The traffic specifies vehicles in traffic flows either by automatically

generated traffic or O-D matrices using a dynamic assignment module (PTV AG, 2011).

VISSIM is able to comprehensively simulate PT modes through its flexibility of setting transit routes,
stops/stations and bus timetables (Feng, Perrin and Martin, 2003). PT vehicles in VISSIM are treated
similar to private vehicles by adding more characteristics and operating PT stops/stations on the
selected route. The operation of PT modes such as buses, trams and LRT might be simulated and
presented in a 3D animation. Of the various simulation packages, VISSIM has been argued to the

most suitable for simulation of PT networks (Papageorgiou et al., 2009).
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In addition, VISSIM users can define points in the networks at which to collect travel time data from
simulated vehicles. The model can then produce time-space and speed-distance diagrams along the

route (Dowling, 2005).

PARAMICS (PARAIllel MICroscopic Simulation) is a micro-simulation developed by Quadstone Ltd.
and SIAS Ltd. in Edinburgh, the UK, which is able to simulate large networks with ITS (Cheu, Tan and
Lee, 2003). These two companies developed their own version of PARAMICS called Q-PARAMICS
and S-PARAMICS and provided the simulation package for outside the UK and Ireland and within
the UK and Ireland, respectively. The model building procedure in PARAMICS mainly requires two
inputs: network construction and vehicle demand. The limitations of PARAMICS include its limited
options in modelling traveller information/guidance (e.g. the model updates the routing
instructions at each intersection); and its inability to explicitly model several control options such

as bus signal pre-emption from mixed lanes (Dowling, 2005).

AIMSUN is a traffic simulation software developed by Transport Simulation Systems Ltd. (TSS).
AIMSUN is able to simulate not just microscopic but also macroscopic and mesoscopic traffic
networks (Transport Simulation Systems, 2014). One drawback of AIMSUN is that it is unable to
present motorcycle parameters (Government of South Australia, 2013). However, external and
extra functions can be coded by users with the C++ or Python programming languages and then
inserted into the original traffic network model (Transport Simulation Systems, 2014). In practice,
for the simulation of mixed traffic with motorcycle, motorcycle parameters need to be coded using
adapted bicycle parameters. Motorcycle physical parameters and bicycle physical parameters are
similar; however, there are several differences between the two modes, including lane changing,

behaviour and speed.

FLOWSIM (Fuzzy Logic based Motorway Simulation) is a micro-simulation modelling tool featuring
fuzzy inference systems, and was developed by Jianping Wu at the Transportation Research Group,
University of Southampton. Compared to other modelling packages, FLOWSIM is more focused on
the drivers’ behaviour on speed and gap acceptance (Cacciabue, 2007). FLOWSIM also includes its
unique model for bicycles and pedestrians for networks with large numbers of those user types.
However, there seems to be no literature reporting on FLOWSIM'’s ability to model bus signal

priority and motorcycles.

To conclude, VISSIM is considered as the most appropriate microscopic simulation package and is

therefore selected for use in this study.
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3.3.5 Calibration and validation of a simulation model

The development of a complete traffic simulation model requires a calibration and validation
process to prove the model can successfully represent actual traffic conditions and provide reliable

results. This has been argued to be the most important part of the procedure (Hellinga, 1998).

Model validation is defined to be the process of determining if the model logic is correctly
represented by the computer code. This means the outputs from the computer code are consistent
with the model logic. Model validation does not make any assessment of the validity of the
proposed model logic or of the theory on which the logic is based. Model validation is primarily the

responsibility of the model developers (Hellinga, 1998).

Model calibration is the process by which the model user establishes input parameter values in
order to reflect the local traffic conditions being modelled. Model calibration is the responsibility
of the model user (Hellinga, 1998). For model calibration, Hellinga (1998) proposed a process that

consists of three main phases and eight component steps as presented in Figure 3-1.

Study Definition

1. Define Study
3. Measures of

| 2. Field Data — Performance

I
-
v

5. Initial Calibration
- network
- demand J 4
- driver/vehicle
! ;

Compare to criteria

6. Output _— 7. Evaluation —_—

Criteria
Criteria not met met
8. Re-calibrate -4
Initial Calibration Evaluation of Model Outputs l
Apply

Simulation Model

Figure 3-1 Structure of the calibration process

Source: Hellinga (1998)

In practice, the calibration activity is typically limited by constraints on data collection. Therefore,
data requirements should be clearly and realistically defined, and these requirements should be
prioritised on the basis of their relative importance to the calibration process (Hellinga, 1998).

Similarly, for the calibration and the validation, it is essential to use different field data under
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untried condition, and the validation data should be collected in different time periods or

conditions compared with the calibration data (Park and Schneeberger, 2003).

Based on the works of Hellinga (1998) and Sacks et al. (2002), Park and Schneeberger (2003)
proposed a nine-step procedure for the calibration and validation of a microscopic simulation
model and presented a case study which is widely used among transport researchers. The nine-step

procedure is shown below.

Step 1. Measures of effectiveness selection. The first step is to decide the controllable and
uncontrollable input parameters in the model and one performance measure to identify if the
model is suitable for the selected real traffic network. The reason for that is the research does not
require the simulation model to reflect the real traffic network exactly in every aspect but at one
or some important points in order to give the outputs about the concerning problems. Therefore,
the calibration and validation procedure should identify all measures of effectiveness in the first

place before any data is collected.

Step 2. Data Collection. The second step is to collect data from the real traffic system. This data
collection must include one performance measurement (e.g. travel time) and all identified
uncontrollable parameters. Controllable parameters are optional, as they can be changed in the

simulation model.

Step 3. Calibration parameter identification. The third step is to identify all parameters needed in
the calibration stage, as those parameters are going to be adjusted. This step is also going to decide

the acceptable ranges for all of the controllable parameters for the calibration.

Step 4. Experimental design. The experimental design step is used to determine the process of the
simulation because the number of combinations of those controllable parameters could be very
large and the required simulation run would be very difficult to proceed. Therefore an effective

simulation plan must be designed beforehand.

Step 5. Run simulation. The fifth step is to run the simulation according to the experiment plan and
then record the average value and the standard deviation for the performance measure

determined in step 1.

Step 6. Surface function development. After collecting the performance measure results from the
simulation, a surface function can be developed to present the relationship between the

performance measurements and the controllable parameters.

Step 7. Candidate parameter set generation & Step 8. Evaluation. The seventh and eighth steps are

to find the best related set of controllable parameters for the calibration and then to test if they
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can give significant results that link to the measure of performance. Once the sets of controllable
parameters are verified according to these two steps, the final data collection activity can be

performed for the model validation.

Step 9. Validation through new data collection. A new data set for all of the verified parameter sets
must be used and compared again with the output from the model in order to prove that the model

is validated and able to provide accurate results to reflect the actual traffic conditions.

This procedure, proposed by Park and Schneeberger (2003), strictly includes every step not just for
the calibration but also the validation of a microscopic simulation model and has been
acknowledged by many other transport researchers (Toledo et al., 2004). As this pattern is well
developed for microscopic simulation model calibration and validation, the simulation model of the

comparative economic assessment will follow this nine-step procedure.

3.3.6 Summary

To develop a comparative economic assessment for a mixed transport environment with the
dominance of motorcycles, the traffic simulation package must be able to simulate the operation
of mixed traffic including motorcycles, cars and public transport modes. Travel time and vehicle
speed need to be obtained from the traffic simulation in order to link social cost models and
demand models. Hence, microscopic simulation, rather than macroscopic or mesoscopic
simulation, has been chosen to evaluate detailed interactions between all transport modes. Among
several microscopic simulation packages, VISSIM has been selected for this comparative economic
assessment because this software can effectively simulate not only public transport modes but also
private transport vehicles, particularly in mixed traffic with an abundance of motorcycles. As an
important role in developing the microscopic traffic simulation, the nine steps procedure proposed

by Park and Schneeberger (2003) is selected for this research.

34 Conclusion

To create a comparative economic assessment of urban transport infrastructure options in LMICs,
where there are mixed traffic environments with the dominance of motorcycles, transport demand
has been reviewed. The demand elasticity model can be used to calculate endogenous changes in
total demand with respect to changes in composite costs of all transport modes. The incremental
multinomial logit model might be used in a situation where there are no correlated transport
modes. The incremental nested logit model is suitable for a case where two public transport modes

are operated at the same time.
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Because travel time and vehicle speed are treated as important inputs of social cost models and
incremental demand models, a traffic simulation that includes these parameters for an existing
traffic network needs to be adopted. After reviewing traffic simulation approaches and software
options, VISSIM, a microscopic traffic simulation, has been chosen for the comparative economic
assessment in this study. Of the various options, this software is the most suitable for the context

of the current study, for example, mixed traffic with a dominance of motorcycles.

The VISSIM simulation can simulate one existing urban corridor to obtain key parameters such as
travel time and speed of each vehicle. The incremental elasticity demand model might forecast the
endogenous changes in general traffic with respect to any change in transport conditions. The
incremental multinomial/nested logit models can predict modal share of each transport mode
when generalised costs change. These models and the social cost models are integrated into a
comparative economic assessment. The next chapter will discuss the methodology of the whole

assessment and then describe how the assessment will be applied to a case study.
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Chapter4 Methodological Framework

4.1 Introduction

Cowie (2009) stated an example about investing in a new toll motorway which is located parallel to
an overcrowded existing motorway. The first task is to estimate the total traffic on the route by
developing a gravity type model incorporating tolls and reduced journey times in the generalised
cost function. This is treated as the first estimate at the total traffic on the route. The next task is
to forecast the share of traffic between the toll and the free motorway in the choice model. Then,
the new prediction of traffic and journey time/average price is put into the models to generate a
new share, recalculate total demands, re-estimate shares, recalculate costs, and so on. This is
known as iteration. Similarly, this thesis focuses on the investment of a new PT technology on one
existing mixed traffic corridor in urban areas. Multiple models must be integrated and run iteration
to get outcomes in terms of given criteria. This chapter is going to discuss the methodology of the
comparative economic assessment to evaluate options when one PT mode (e.g. BRT, Metro and
Monorail) is invested in one urban corridor. Chapter 2 reviewed the social cost models of different
transport modes. Chapter 3 reviewed demand models and traffic simulation models for such
situations. The next part of this chapter describes the methodology of the completed assessment,
which shows the connection between these models and displays how each model works. The third

part of this chapter explains how this methodology can be applied to a case study.

4.2 Methodology

After reviewing literature in Chapter 2 and Chapter 3, there seems to be very little evidence on
evaluation methods of motorcycles, cars, Taxi, Uber and PT technologies. Hence, the methodology
of a comprehensive comparative economic assessment is suggested to fill this gap of literature. The
comparative economic assessment will be made of four models: the social cost model, the
incremental elasticity analysis, the incremental multinomial/nested logit model and the
microscopic simulation model, which is shown in Figure 1-2. These four models would be closely
interacting with each other to analyse the performance of different PT technologies, DRT and PRV
modes at a strategic planning level. In addition, the integrated assessment might compare mixed
transport systems with the introduction of a new PT mode and/or transport policy in terms of ASC.
Hence, the SCM is the core model in this thesis. As a theoretical model, the stand-alone SCM has
some drawbacks compared to the realistic traffic network. Firstly, as a strategic level model, it only

considers an isolated corridor without any interaction of different modes and any junctions, as well
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as only one transport mode is operated in the corridor. This assumption could be not true for mixed
traffic environments where several transport modes share infrastructure facilities such as bus,
motorcycle and car. Therefore, the actual social cost calculations should take the interactions
between different modes into account. The second disadvantage is that the actual number of
passengers using each transport mode would vary rather than be fixed. It can depend on choices of
travellers based on the generalised cost. The third drawback is that modal choice of users among

all alternative modes is not taken into account.

Firstly, the mixed transport social cost model should consider the social costs of several transport
modes sharing infrastructure facilities by allocating infrastructure costs to each transport mode and
calculating vehicle speeds in mixed traffic. Additionally, the MSM can overcome the first drawback
because the MSM seems to represent the vehicle interactions and the actual average speed of the
vehicles, as well as the travel time of public transport passengers. These outputs are the main
differences between the SCM model and the real world traffic network. Secondly, the IEA appears
to solve the second drawback because the IEA can evaluate endogenous changes in demand levels
according to any change to existing transport conditions. Therefore, the demand level will also
become a dependent variable in the comparative economic assessment. Thirdly, the incremental
multinomial/nested logit models might overcome the third disadvantage because these models

analyse preferences of users for all alternative transport modes.

The comparative economic assessment begins with providing existing transport conditions and an
introduction of a new PT technology and/or a transport policy such as a congestion charge scheme
for private transport. A proposed PT demand needs to be set for introducing a new PT mode. This
demand level should be assumed based on the infrastructure capacity of the new PT technology.
Then, the main following steps of the completed assessment, which are shown in Figure 1-2, are

described below.

Step 1: The microscopic simulation model simulates an existing mixed transport network to obtain

traffic data for private transport and bus. The traffic data include travel time and vehicle speed.

Step 2: The social cost model evaluates operating speed, in-vehicle time and waiting time of new

PT users.

Step 3: Traffic data obtained in Steps 1 and 2 are used as inputs for the incremental elasticity
analysis to estimate the new endogenous general traffic with respect to composite costs of all
transport modes. The utility of each transport mode is estimated by using data on time and cost in

Steps 1 and 2, the composite cost is then calculated.
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Steps 4 & 5: Input data for the incremental multinomial/nested logit models include: (i) In-vehicle
time data and vehicle speed for each existing mode obtained from the microscopic simulation
model in Step 1, (ii) Data on in-vehicle time, waiting time and operating speed for the new PT mode
achieved from the social cost model in Step 2, and (iii) New endogenous total demand from the
incremental elasticity analysis in Step 3. The outputs of the incremental logit models cover modal
share and new demand for each transport mode. The incremental multinomial logit model is used
in a situation where a new exclusive public transport is introduced to replace all bus services
running on the partial and whole corridor. In other words, after the introduction of the new PT
mode, conventional bus is not operated on the corridor. While the incremental nested logit model
is used in a case where bus services running on the whole corridor are replaced by a new PT
technology and bus services running on the partial corridor are still operated. This means that the
existing bus and the new PT mode are grouped in a lower nest while the upper nest includes PT, car

and motorcycle.

Step 6: The new demand for each transport mode in mixed traffic is input into the microscopic

simulation to get new values of travel time and vehicle speed.

Step 7: The new demand for a segregated PT mode is input into the social cost model to obtain new

values of operating speed, in-vehicle time and waiting time of new PT users.

After step 7, the first iteration of the assessment is finished. Implement the next iterations (Steps
1-7) until convergence - the difference between the previous PT passenger demand and current PT
passenger demand is less than 1%. The Department for Transport (2017d) states that
demonstrating the whole model system converges to a satisfactory degree proves that the model

results are as free from error and ‘noise’ as possible.

After the convergence is achieved, the final demand levels of all transport modes are calculated
and the ASC of each transport mode is estimated from the social cost models. Final outputs of each
mixed transport option, where a new PT mode and/or transport policy is introduced, are identified
and compared to choose the best option. The final results include the ASC, the modal share of public

transport and the total general demand.

4.3 Case Study Approach

This section expresses a justification of choosing a case study approach based on Hanoi, Vietnam,
as well as explains the reasons of determining types of data in a real case study to be collected for

filling the gaps and the comparative economic assessment.
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43.1 Hanoi case study

Hanoi, the capital of Vietnam, can be a good case study for this thesis because of following reasons.

Firstly, Vietnam is determined as a lower middle-income country with a gross national income per

capita of USS 2,400 in 2018 (World Bank, 2019).

Secondly, the characteristics of the transport system in Hanoi are representative of many cities in
developing countries, particularly in South East Asia where motorcycles are dominant and most of
them are small and medium-sized one (less than 150 cm? engine). Indeed, registered motorcycles
accounted for about two-thirds of all motor vehicles at the end of 2003 in Taiwan. Motorcycles with
small engines less than 150 cm?® are especially popular, because of their high accessibility and low
fuel consumption (Chang and Yeh, 2006). Furthermore, due to the low socioeconomic status of its
people and relatively poor public transport services, especially in busy urban areas, motorcycle
riding is an alternative and cheaper mode of transport which provides the freedom of door-to-door
travel in countries such as Malaysia and other developing Asian countries. The small- and medium-
sized motorcycles (less than 150 cm?® engine) represented 99% of all motorcycles in Malaysia
(Hussain, Radin Umar and Ahmad Farhan, 2011). Moreover, the transport characteristic in
Yogyakarty, Indonesia is mixed traffic and overloaded on some road links. For example, in the
Central Business District of Malioboro, motorcycle accounts for 82.15% of the total traffic volume
in 2007 (Sugiyanto et al., 2011). In addition, in Khon Kaen, Thailand, the motorcycle share is 49% of
all travel trips (Satiennam et al., 2011). Similarly, the motorcycle share in Hanoi in 2012 is high, at
around 67.41% (Transport Engineering Design Incorporated, 2013). The rate of motor vehicle
ownership in developing East Asian countries roughly tripled between 2003 and 2009 in line with
nominal gross domestic product per capita increases. However, the huge volume of motorcycle in
mixed traffic results in many challenges, including congestion, noise, emissions, and negative

impacts on non-motorized transport and pedestrian spaces (Bray and Holyoak, 2015).

The third reason for choosing the Hanoi case study is that in conjunction with existing conventional
bus systems, several new PT projects have been invested in Hanoi such as BRT and urban rail transit.
These investments have been implemented in other countries. Taipei, in Taiwan, is an obvious
example, where the mode share of public transport (buses, mass rapid transit, shuttle buses, trains,
long-distance buses and taxis) is 38.8%. Of these, the share of mass rapid transit is around 19.7%.
This can prove the success of investments in new PT technologies. (Taipei Department of

Transportation, 2013).

In addition, the following subsections will state a review of Hanoi in more details.
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43.1.1 City site

Hanoi, the capital of Vietnam, is located in northern Vietnam, and also is the second largest city by
population. Hanoi capital, which is hatched in the grey area in Figure 4-1, has an area of 3,324 km?2.
In addition, Hanoi is the country's political, cultural, scientific and technological centre, and also
plays an important role in the economy and international trade. The population of Hanoi was
around 8.1 million in 2018 with an average annual growth rate at about 3% (General Statistic Office
of Vietnam, 2020). Urban areas with high density including 12 districts cover approximately 6.86%
of the whole city area and the density is high at 10,576 persons/ km?in 2012 (Transport Engineering
Design Incorporated, 2013) whilst the average Hanoi density is 2,410 persons/ km?in 2018 (General
Statistic Office of Vietnam, 2020).

Figure 4-1 Location of Hanoi and transport networks

Source: Transport Engineering Design Incorporated (2013)

43.1.2 Traffic level

The road network in Hanoi can generally be summarized by being incomplete and consisting of
major radial arterials converging into the city centre and ring roads linking the radial roads. The
main road networks are shown in Figure 4-1. However, ring road system has not been completed
in Hanoi, hence, several vehicles still have to go through the central area of Hanoi to access their
destination. As a result, the probability of traffic congestion in the city centre can increase (Japan

International Cooperation Agency, 2016).
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43.1.3 Public Transportation

Currently, buses are the most popular means of PT in Hanoi, as well as the first BRT has been
operated since January 2017. Up to 2017, Hanoi has 103 bus routes, including 79 urban bus routes
and 24 sub-urban bus routes, operating from 5:00 am to 10:35 pm (Hanoi Transport & Services
Corporation, 2017). Bus frequencies range from five to twenty minutes, depending on the type of
route. The urban bus network, which has 1,272 vehicles, runs the total route mileage of about 2,300
km and transports over 1.1 million passengers per day (Hanoi Transport & Services Corporation,

2017).

4.3.1.4 PT network in the Hanoi Transportation Master Plan (TMP)

According to the TMP of Hanoi, one main objective is that the modal share of PT will continue to
increase, and it is expected to reach between 50 per cent and 55 per cent by 2030 (Government of
Vietnam, 2016). Table 4-1 shows not only the modal share of PT in the TMP but also historical
numbers in 2005 and 2012. In order to obtain this aim, new PT technology networks will be built as
radial and ring routes, which consists of light railway transit, mass railway transit, monorail and bus
rapid transit. Four Metro lines and three BRT lines were expected to operate by 2020 (but see
below) while eight LRT and/or Metro lines, three monorail routes and eleven BRT lines are expected
to operate by 2030. In addition, the existing bus networks have been improved and expanded. The
expected increase in the modal share of PT in the TMP of Hanoi is substantial. However, the aims
were not achieved by 2020 in terms of development of new PT lines and PT share because of the
following reasons. Firstly, only BRT line 1 has been operated since January 2017 while the first urban
rail transit, named as line 2A, is under pilot operation from December 2020. Secondly, the PT share
was around 10.5% in 2019 before the Covid-19 pandemic (Transport Department of Hanoi, 2020).
In the TMP of Hanoi, there has not been any evidence on forecasting PT demand by 2020 or by
2030. As a result, the methodology of the comprehensive comparative economic assessment in this

thesis is important for the Hanoi case study.

Table 4-1 Modal share of PT in Hanoi, Vietnam

Year 2005* 2012* 2020 2030 After 2030
Modal share of PT (%) 5.6 9.43 30-35 50-55 65-70

Source: Government of Vietnam (2016), * from Transport Engineering Design Incorporated (2013)
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4.3.1.5 Chosen corridor in Hanoi case study

Nguyen Trai - Tran Phu - Quang Trung (NT-TP-QT) corridor with the length of 7.0 km, which is a
major arterial in the Hanoi road networks shown as a black line in Figure 4-1, is selected for the

Hanoi case study because of the following reasons.

Firstly, this corridor, which plays an important role in the Hanoi transport system, has four lanes
per direction. This corridor links between the central Dong Da district and one coach station in the
western area in the recently developed new district, Ha Dong district. On this corridor, the first

urban rail transit line has been operated in the pilot scheme since December 2020.

Secondly, the corridor has extremely high levels of traffic volume at links and junctions. Adapt data
on traffic survey at the Le Trong Tan-Quang Trung junction on 10/5/2016 from the TTS group, the

total traffic volume in both directions on this corridor at this junction is around 7,000 PCU/hour.

Thirdly, a large number of PT services are operated on this corridor. Indeed, thirteen existing bus
routes are operating on the whole or segments of the NT-TP-QT corridor. These bus services carried
around 102,311,953 passengers in 2015 (Hanoi Transport Management and Operation Centre,
2017).

Finally, the potential availability of traffic data includes primary data and secondary data.

4.3.2 Main required data

Main data required for the social cost model, the microscopic simulation model and the incremental

demand model include:
a) Costs of existing transport modes and proposed PT technology

b) Existing traffic volume data for the simulation model and the incremental demand model cover

car, motorcycle and bus at junctions and/or links.
b) Bus data

(i) Total bus passenger demand of the chosen corridor for the simulation model and social cost
model. The data involve bus passenger demand on the chosen corridor in the last few years, as well
as bus infrastructure (bus stops) and bus fleet. These secondary data should be collected from the
Hanoi Urban Transport Management and Operation Centre, who is in charge of all bus systems in

Hanoi.
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(i) Primary data required at all bus stops on the corridor consist of numbers of boarding/alighting,
bus occupancy, arrival/departure time and stopping time of each bus vehicle. These data are for

the simulation model and the mixed transport social cost model

c) Signal data at all junctions on the corridor for the simulation model.

d) Infrastructure data: Geometric data at junctions and links for the simulation model.
e) Data for the calibration and validation of the simulation model.

- For Measures of Effectiveness: Travel time of conventional buses, motorcycles and cars between

two given points on the chosen corridor.

f) Local acceleration parameters for inputs of the VISSIM software. These parameters of
motorcycle are required to be collected by using a Stalker ATS Il radar gun (see Figure 4-2). The
reason for collecting these data is that VISSIM provides default acceleration/deceleration functions
for vehicle types typically used in Western Europe. VISSIM uses functions instead of individual
acceleration or deceleration data. In other words, acceleration and deceleration are functions of
the speed. There are four types of functions: two acceleration functions and two deceleration
functions that are illustrated as curves including maximum acceleration, desired acceleration,
maximum deceleration and desired deceleration. VISSIM users can insert, select and edit
acceleration/deceleration functions for local conditions (PTV AG, 2011). Among four functions, the

difference between desired acceleration functions of dissimilar modes is the most significant.

Monitor not included

Figure 4-2 The Stalker ATS Il radar gun
Source: https://www.stalkerradar.com/sportsradar/ATS-Il.html

A limitation of an available VISSIM package with student version 6.0 is to simulate a maximum
corridor of 1.5 km. Hence, it is essential to select a segment with two or three intersections in the

chosen corridor, of which length is less than 1.5 km. Moreover, this segment should represent the
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average traffic volume and the average bus passenger demand level of the entire corridor. Collected
data for developing the simulation and the calibration and validation process is focussed for the

selected segment.

4.4 Conclusion

The comparative economic assessment compares mixed transport systems with the introduction
of a new PT mode and/or transport policy in terms of ASC. Therefore, the SCM is the key model in
this completed assessment. However, the SCM has some drawbacks needed to be solved. The
microscopic simulation model can overcome the first drawback of the SCM, which only considers
an isolated corridor without any interaction between dissimilar modes and any junctions. The IEA
might solve the second drawback of the SCM that demand is assumed to be fixed. The incremental
multinomial/nested logit models can overcome the third disadvantage of the SCM, where
preferences of users for all alternative transport modes are not taken into account. As a result,
these four models are integrated into one comprehensive assessment, in which one iteration has
seven steps showing the connection between these models and displaying how each model works.
The iterations are implemented until the convergence is reached when the difference between the
previous PT passenger demand and current PT passenger demand is less than 1%. The final outputs
of the assessment are then obtained as well as the infrastructure options are compared to choose

the best one.

Hanoi, the capital of Vietnam, is selected as a case study for this thesis because of the following
main reasons. First, Vietnam is determined as a lower middle-income nation (World Bank, 2019).
Second, the characteristics of the transport system in Hanoi can found in many cities in developing
countries, where motorcycle is dominant in mixed traffic environments. Third, in conjunction with
existing bus systems, several new PT modes have been introduced in Hanoi such as BRT and urban
rail transit. The Nguyen Trai - Tran Phu - Quang Trung corridor, one main arterial, is chosen for
collecting primary data. The main required data for four models in the comparative economic

assessment have been determined and therefore collected for the next tasks of this study.

After developing the methodology of the completed assessment and choosing a case study for this
research, as the core models of the assessment, the social cost models are developed in the next
chapter in more details. The social cost models are built for PT, PRV, Taxi/Uber and mixed transport
to evaluate total operator cost (or infrastructure operator costs for PRV), total user cost (vehicle
user cost for PRV) and total external costs. These models might compare the performance of

different PT technologies, PRV modes, Taxi/Uber and mixed transport at a strategic planning level.
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Chapter 5 Transport Social Cost Model

5.1 Introduction

Chapter 4 illustrated the procedure of the comparative economic assessment, which is integrated
from four models. The main aim of this assessment is to compare urban transport infrastructure
options in terms of average social cost. Therefore, the social cost model is the core model in this
completed assessment, which needs to be developed in more details. Based on the existing
literature reviewed in Chapter 2, this chapter is going to describe the development of the social

cost models for PT, PRV, and Taxi/Uber in the first place.

The PT, PRV and Taxi/Uber social cost models are developed for one single urban corridor rather
than a complete network for fixed daily passenger demand. The main assumption is that only one
transport mode is operated on the whole corridor. Moreover, the daily passenger demand level (Q)
is assumed to be exogenous, with a starting total daily passenger demand level of 1,000 and
increases with an increment of 1,000 total daily passengers until 700,000 passengers per direction
per day (pdd). In general, the total social costs (TSC) of each transport mode include three main
components: total operator costs - TOC (or infrastructure operator costs for PRV), total user costs -
TUC (or vehicle user cost for PRV) and total external costs (TEC). However, elements of these three
components and their calculations are different for dissimilar modes. The general equation of the

total social costs is shown as:
TSC=TOC + TUC + TEC (5-1)

The fifth section of the chapter illustrates total social costs for mixed transport, which is the sum of
total social costs for PT, PRV and Taxi/Uber, except infrastructure costs. Because the infrastructure
costs need to be allocated to transport modes sharing the facilities. The last section of the chapter
discusses the application of the four social cost models to the Hanoi case study. These social cost
models are calculated based on Microsoft Excel and MATLAB to compare the performance of
different transport models at a strategic planning level. As a performance indicator, the average
social cost (ASC), which indicates the relationships between costs and demand levels, is calculated

as follows:
ASC = TSC/ PKM (5-2)

where,
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PKM is the total annual passenger-kilometres, which is calculated by the product of total passenger

demand and average passenger journey length as:
PKM=2*a*Q*JL (5-3)
where,

Q is the daily passenger demand on the corridor (passengers/direction/day). Depending on local
conditions, the daily passenger demands will be split into the different time periods including the

peak and off-peak periods;
a is the annualisation factor, the default value is 261 (weekdays/year);

JL is the average passenger journey length (km).

5.2 Public Transport Social Cost Model

The PT social cost model is built based on the study by Brand and Preston (2003). The total social
costs for PT cover total operator costs, total user costs and total external costs, which are described

below.

5.2.1 Operator cost

As mentioned in Subsection 2.3.1.1, there are three approaches to estimate operator costs of public
transport modes. In practice, available descriptive data has strong influence on cost modelling
decisions and the precise definitions of the resource variables. Due to the available data for the

case study, the Fully Allocated Costs model is used in this research.

Fully Allocated Costs (FAC) model

The procedure of the FAC model is implemented in five steps in Figure 2-4.

Step 1: Assign expense object classes to allocation variables.

The operator costs of the PT service include both operating cost and capital investment cost. The
operating cost can be assigned to allocation variables such as Vehicle-Hours, Vehicle-Distance and
Peak Vehicle. If vehicle depreciation is allocated to vehicle-related operating cost, hence, the capital
investment cost should be infrastructure cost. The infrastructure cost might be allocated to
Track/Lane Distance, number of Stops/Stations and number of Depots. For the available capital
investment cost, these costs must be converted to an annual basis by using the Capital Recovery

Factor (CRF), which is a function of economic life expectancy and discount rate (Rogers and Duffy,
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2012). As a result, the operator cost allocation matrix for the PT services can be suggested as shown

in Table 5-1 with six allocation variables.

Table 5-1 The operator cost allocation matrix for the PT services

Expense object Vehicle- | Vehicle- | Peak Route Distance | Number of | Number
/ Allocation variables Hours Distance | Vehicle |(Track /Lane) |Stations/ Stops | of Depots
Crew, Admin X

Fuel, tyres, third party X

insurance

Vehicle maintenance X

Vehicle depreciation and X

leasing

Operating power supply X

Infrastructure cost for X

guide-ways/lane

Infrastructure cost for X

power supply (only for

electrical railway system)

Infrastructure cost for X

signalling and

communications (for

railway system)

Civil  work cost for X
stops/stations

Station equipment, X

escalators and lifts

Infrastructure cost for X
depots

Step 2: Calculate total costs assigned to each allocation variable by using available local data. If any

data is not available, a transfer approach with a PPP factor from one city into a study city can be

used. However, this approach should be avoided to maximise the accuracy of the model.

Step 3: Calculate unit costs for each allocation variable by dividing the total costs allocated to each

allocation variable by values of the allocation variable. The values of the allocation variable are

estimated from available local data. Any expense objects cost related to infrastructure investment

is converted to annual capital investment charge by using the Capital Recovery Factor below

(Rogers and Duffy, 2012).

Capital Recovery Factory,s =

Where,

r(1+r)™
(1+r)m-1

m is the economic life expectancy of the PT infrastructure (years);

ris the discount rate for capital infrastructure investment (%).
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In addition, because bus and BRT are road-based modes, the estimate of the infrastructure costs

for these modes is also discussed in more details in subsection 5.3.6.

Step 4: Calculate route-specific values for each allocation variables. These values are estimated for
the chosen corridor in this thesis and according to the daily passenger demands (Q), which start at

1000 pdd and go up with the increment of 1,000 pdd until 700,000 pdd.
Route distance/length: is the length of the study corridor in km.
Annual Vehicle-hours

Annual vehicle-hours (VH) for the PT technology are required to calculate the time-related

operating costs of the operator, which is the total hours of the vehicles operating on the corridor:
VH = a * 3, F, * T, “rack (5-5)
Vau

where,

V. is the average operating speed, including all stop density and capacity restraints, which is

shown in Equation ( 5-11 ) (km/hour);

T; is the time period t, which presents for peak and off peak periods (hours);
Li¢rqck is twice of the length of the chosen corridor (km);

a is an annualisation factor, the default value is 261 (weekdays/year).

F; is the service frequency at time period t (vehicles/hour);
Vehicle-kilometres

Total vehicle-kilometres (VKM) on the chosen corridor are calculated by the total distance travelled

by the total number of vehicles in all time periods as:

VKM = a * Lyrge * Lo Fe * Tt (5-6)
where,

Fy, Tt, Leyqer @nd a are shown in Equation ( 5-5 ).

Peak vehicle requirement

Peak vehicle requirement (PVR) is the number of public transport vehicles required to provide the

service frequency on the corridor. This peak vehicle requirement is essential to calculate the
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maximum number of vehicles required by the operator and hence the capital investment required

for the vehicle fleet.

PVR = CEILING [MAX (Ft %) «(1+ 6)] (57)

all

Where,

4 is a factor allowing for spare vehicles, the default value is 10%.
CEILING() is a function to round up to integer values;

MAX() is a function to return maximum value over the different periods.
Number of stations/stops

The number of stations/stops is calculated by dividing the length of the corridor by the average

distance between stations/stops, which is shown in the following equation:

L Trac
Nstation/stop = CEILING (t—k> (5-8)

station/stop
Where,
Dgtation/stop IS an average distance between stations/stops (km);
Lirqck is twice of the length of the chosen corridor (km);
CEILING() is a function to round up to integer values.
Number of depots

The number of depots for the public transport service depends on vehicle fleets in local conditions.
According to the secondary data provided by Hanoi Transport Management and Operation Centre
(TRAMOC), Hanoi Metro Company (HMC), the numbers of depots for the first BRT line and the first

Metro line are equal to one. The default value is therefore equal to 1.0 in this thesis.
Service frequency

The service frequency of public transport technology can be calculated based on the passenger

demand level of the time periods and the maximum capacity of the vehicle as:
Fr = a-Q¢/y + Cveh (5-9)

where,
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F: is the service frequency requirement for the passenger demand level in the time period t

(vehicle/hour);

a is a supply/demand factor to allow for seasonal variation in demand (default value is assumed to

be 1.1);
y is a maximum load factor of the vehicle at which level a new vehicle is required;

Cver is the total passenger capacity of the vehicle, including seating and standing

(passenger/vehicle).

Qt is the passenger demand of the time period t (passenger/direction/hour), which is calculated as:
Qe=p-Q/T: (5-10)
where,

[ is passenger demand share of the time period t (%);

Q is the total daily passenger demand (passengers/direction/day);

T is the duration of the time period t (hours).

Operating speed

Based on speed equations of Small (1983), Brand and Preston (2003) and Li (2015), the operating

speed of a PT mode is calculated as follows:

VNoCap if Fy < Cfac (= f* Cinf)
Vau = L if Fe > Crac(= f * Cing) (5-11)

L +1“‘W* Ft 1
VNocCap 2 Crac

VNocap » Crac @are mentioned in Equations (2-4 ) and (2-5).

W is the peak period duration in hours. The default value can be 1 hour (Small, 1983).
L is the length of the study corridor in km.
fis capacity percentages, as listed in Table 2-1.

Ciny is the infrastructure capacity, which is the maximum possible number of vehicles per lane (for

road-based systems) or per track (for rail-based systems), is calculated as the following equation:

3600
Cing = —— (5-12)
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where,

H is the safety headway (second), which is calculated as the minimum possible service interval

without any passenger boarding and alighting as follows:

3.6%Lyen Vinax

2% Lye
H = Tseop + ( 2 h)1/2 + (5-13)

Vinax 3.6%2%Amax
where,

Tstop is the average fixed vehicle stopping time per stop/station (second), which includes

opening/closing doors and changing shifts for drivers;
L,en is the total length of the vehicle (metres);
A is acceleration/deceleration of the public transport vehicle (metres/second?);

Ajnax is the maximum deceleration of the public transport vehicle in emergency braking situation

as stopping distance (metres/second?);

The average dwell time is assumed as a uniform distribution of the passengers in each stop/station.

Therefore, the average dwell time per stop/station is estimated as (Brand and Preston, 2003):

Q
Taweu = Tstop + Tpas (Ltmc,i) - (5-14)
Ltrack) ,p,

Dstop
Where,
Tawer is the average dwell time per stop/station (second);

L¢rack is the total track/lane length of the corridor (Km). In order to account for both direction of

the transit route, the value of L;, 4 is twice of the route length.
Tyqs is the average boarding time per passenger (second);
Dstop is the distance between stops/stations (Km);

Q; is the passenger demand in the time period t, which is calculated based on the total daily

passenger demand Q (passenger/direction/hour);
F; is the service frequency at time period t (vehicles/hour);
Step 5: Calculate fully allocated costs.

Total annual operator cost (TOC) is the sum of annual operating costs and annual infrastructure

costs:
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TOC = AIC + AOC = (1 + O() * (Ltrack/lane * UICtrack/lane + Nstation/stop * UICstation/stop +
Ngepot * UlCqepor) + (VH *UOCr + B+ VKM «UOCp + PVR « UOCy) (5-15)

where,
AIC is the total annual infrastructure investment charge of the PT service (£/year);
AOCis the annual operating costs (£/year);

o is a factor to account for supplementary costs which can cover extra incurred costs during the
construction period in reality. Ministry of Construction (2016) states that the maximum value of ‘a’

is 10%. Hence, this value can be calculated as 10% for the Hanoi case study;

Lirack/iane 1S the total length of the PT track/lane route (km).

UICirack/iane is the unit annual track/lane-related infrastructure cost costs (£/km).
UlCstation/stop is the unit annual station/stop-related infrastructure cost costs (£);
Nistation/stop i the total number of stations/stops for the PT route.

Naepot is the total number of depots for the PT route.

UlCdepot is the unit annual station/stop-related infrastructure cost costs (£).

VKM is the annual vehicle-kilometres on the chosen corridor, shown in Equation ( 5-6 );
UOCpis the unit distance-related operating costs (£/vehicle-kilometre);

[ is a factor to account for additional fuel and oil consumption due to congestion in mixed traffic.

which is usually between 1 and 1.2 (Brand and Preston, 2003);
VH is the annual vehicle-hours, shown in Equation ( 5-5 );
UOCris the unit time-related operating costs (£/vehicle-hour);

PVR is the maximum number of the required vehicle in service during a weekday, shown in Equation

(5-7);

UOCyis the unit vehicle-related operating costs (£/vehicle);

5.2.2 User cost

Transfer time is not considered in the PT user costs because of the following reasons. Firstly, the

results of a survey sample of 2,000 households in the influence area of the Metro lines in Hanoi in
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2019, which are provided by the Transport Engineering Design Incorporated, showed that the
number of PT trips with transfers is minor. Secondly, this thesis focuses on only one transport
infrastructure corridor rather than a complete network. The total cost of PT users is estimated as

(Brand and Preston, 2003):

TUC = Wyaik * TTwaik + Wwait * TTwaic + TTivr) * VoT (5-16)
Where,

TUC is the total annual user cost (£/year);

W, a1k is a factor to represent the weighting perception of walking versus in-vehicle time (IVT).

Wi ait is a factor to represent the weighting perception of waiting versus IVT.

Asian Development Bank (2013) suggested that these factors should be equal to 1.5 for LMICs,
however, a value of 2.0 is used for the walking and waiting factors in this thesis (Department for
Transport, 2017b). The reason for choosing a higher value is that the existing conditions at bus stops

and sidewalks seemed to be poor in Hanoi (Hansen, 2016).

TTwaik, TTwait » TTiyr are the total annual walking time, total annual wait time and total annual

IVT respectively (hours);
VoT is the value of IVT for the PT users (£/hour).

5.2.2.1 In-vehicle time

The total annual in-vehicle time is calculated by using the average passenger journey length, the
average operating speed of the transit service and the total passenger demand level. Note that a

factor of 2 is used for both directions.

TTyr=2xaxjLs 5t (517)

where,
TTyr is the total annual in-vehicle time (hours);
JL is the average transit passenger journey length (Km);

Vo Q¢ » Tr and a are shown in Equation ( 5-10 ) and ( 5-11).
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5.2.2.2 Walking time

Brand and Preston (2003) suggested an equation to evaluate the walking distance from/to stop
based on the average influence width and the average distance between stops/stations as follows:

WC+ Dstop

Dyaux = 2 (5-18)
where,

Dwaikis the average walking distance from/to the transit stop/station (km);

W(C is the average influence width of the transit corridor, or service coverage (km);

Dqiopis the average distance between stops/stations (km).

The average walking time is calculated by the following equation:

Tyau = 2ok (5-19)

Vwalk

where,
Twaikis the average walking time per passenger (hours);
Vwaikis the average walking speed (km/hour).

The total annual walking time is estimated by multiplying the average walking time per passenger
by the total annual passengers. Note that a factor of 2 is multiplied to the average walking time to

take into account for both accessing the stop/stop and getting to the destination.

TTwae = 2 * a * Q * 2% Tyqi (5-20)
where,

TTwaiis the total annual passenger walking time (hours);

Q is the total daily passenger demand (passenger/direction/day);

a is the annualisation factor, the default value is 261 (weekdays/year).

5.2.2.3 Waiting time

By assuming all transit passengers are evenly distributed, the passenger waiting time is calculated

as a function of the service frequency and dwell time (Brand and Preston, 2003):

_ 1 o Taweu R
Twair = 2F T Zx3600 (5-21)
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Where,

Twaic is the average waiting time per passenger (hours);

F is the service frequency (vehicle/hour);

Tawer is the average vehicle dwell time per stop/station, is shown in Equation ( 5-14 ).

The total annual waiting time is estimated by multiplying the average waiting time per passenger

by the total annual passengers.

TTyair = 2 * a * Q * Tyq;t (5-22)
where,

TTwairis the total annual passenger waiting time (hours);

Q is the total daily passenger demand (passenger/direction/day);

a is the annualisation factor, the default value is 261 (weekdays/year).

5.2.3 External cost

The total external costs for PT include accident cost, noise pollution cost, air pollution cost and
climate change cost. The total external costs are calculated by multiplying the total annual traffic
volume (vehicle-kilometre) by the unit external cost value (Brand and Preston, 2003). Using vehicle
occupancy rate values, unit external costs for PT technologies can be transferred from

pence/vehicle-km into pence/pax-km. Therefore, the total external costs are rearranged as:

TEC = (UECu + UEC,pise + UECjimate + UEC ccident) * 100 * PKM (5-23)
where,

TEC is the total annual external cost (£/year);

UECair, UECnoise , UECiimate , UECaccident are the unit air pollution cost, unit noise pollution, unit climate

change cost and unit external accident respectively (pence/pax-km);
PKM is the total annual passenger-kilometres (pax-km).

The ‘Willingness to Pay’ approach mentioned in subsection 2.3.1.3 is used for transferring of unit

external costs for PT between the UK (showed in Table 2-2) and a study country.
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5.2.4 Operating Procedure of public transport social cost model

Figure 5-1 shows the operating procedure of the public transport social cost model to estimate the

ASC for PT for different demand levels.

Input Data (Optional) Input Data (Required)
Basic Vehicle Parameters Passenger Journey Length
Default values Default values
Input
data
Demand Level
1,000 to 700,000 with increment of
1,000 passenger/direction/day
Next PT
Mode
|
Intermediate Outputs Next
Operating speed demand
Vehicle-Kilometres (VKM) level
Calculation Peak Vehicle Requirement (PVR)
in Excel | vehicle-Hours (VH) Social Cost Calculation
Number of stations/stops Calculate TOC, TUC, TEC
Number of depots TSC = TOC + TUC + TEC
Passenger-Kilometres (PKM) ASC = TSC/PKM
Results Final Outputs

Average Social Costs Graphs

Figure 5-1 Procedure of public transport social cost model

Due to high person capacity, the daily passenger demand level for the Monorail and Metro options

starts at 20,000 pdd and 30,000 pdd respectively.

5.3 Private Transport Social Cost Model

The private transport social cost model is developed based on the cost functions of PRV by Small
and Verhoef (2007). The total social costs (TSC) of each private transport mode include the total
vehicle user cost (TUC), the total infrastructure operator costs (TOC) and the total external costs
(TEC). The TUCs for PRV consist of operating costs for users, private vehicle capital costs, travel time
and congested-related delay costs. The TOCs for PRV cover maintenance costs, infrastructure costs
and parking costs. The TECs cover noise pollution, air pollution, climate change and accident cost.

Each cost element is illustrated below.
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5.3.1 Operating cost for users

The operating costs for the PRV users include fuel and non-fuel costs. The non-fuel costs cover oil,
tyres and vehicle maintenance (Department for Transport, 2017b). The road tax and insurance
could be treated as costs to the private vehicle operator. However, these might be benefits to the
infrastructure operator. Hence, they can be treated as transfers and ignored in the calculation of

total social costs and average social costs.
Car fuel operating costs

Car fuel operating cost is the product of fuel consumption and fuel price. Fuel consumption is

estimated as (Department for Transport, 2017b):

L=(a+bxv+cxvi+d*v3/v (5-24)
Where,

L is the fuel consumption (litres/kilometre);

v is the average speed (km/h);

a, b, ¢, d are parameters defined for each vehicle category. Table 5-2 shows fuel consumption

parameter values in the UK.

Table 5-2 Fuel consumption parameter values in the UK (litres per km, 2010)

Parameters
Vehicle Category
a b C d
Petrol Car 1.180115 | 0.046395 | -0.000086 | 0.000003
Diesel Car 0.518875 | 0.065559 | -0.000623 | 0.000005

Source: TAG Data Book (Department for Transport, 2017a)

There is very little evidence on estimations of fuel consumption in Vietnam. Hence, it is assumed
that parameters of the car fleet in a developed country (UK) in 2010 can be used for the car fleet in

a developing country (Vietnam) at the present time.
Car non-fuel operating costs

These costs cover oil, tyres, maintenance and vehicle capital saving (only for vehicles in working

time), which are combined in the following formula (Department for Transport, 2017b).
C = aq + bl/V (5'25)

Where,
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Cis the cost in pence per kilometre travelled;
Vis the average link speed (km/h);
a; is a parameter for distance-related costs defined for each vehicle category;

b: is a parameter for vehicle capital saving defined for each vehicle category (only relevant to

working vehicles). This value is not considered in this thesis.

Table 5-3 shows these parameter values in the UK.

Table 5-3 Non-fuel resource vehicle operating costs (2010 prices)

Parameter Values

a1 p/km b1 p/hr
Work Petrol 4.966 135.946
Work Diesel 4.966 135.946

Vehicle Category

Car

Source: TAG Data Book (Department for Transport, 2017a)
Motorcycle operating costs

Sugiyanto et al. (2011) estimated the congestion cost for motorcycles users in Malioboro,
Yogyakarty, Indonesia. According to Sugiyanto et al. (2010) as cited by Sugiyanto et al. (2011), the

motorcycle operating cost is formulated as:
OCmotorcycle = 0.0921 V?- 8.8647 xV + 555.51 (5-26)
Where,

OChotorcyle is the motorcycle operating cost (IDR/km). A PPP factor is used to transfer Indonesian

Rupiah (IDR) to the currency of a study country;
Vis the speed of motorcycle (km/h).

After estimating the unit operating costs for PRV, the total operating costs for PRV is calculated as
a function of the unit operating costs, the average journey length, the daily passenger demand on

the corridor and the vehicle occupancy.

5.3.2 Private vehicle capital cost

The private vehicle capital costs can be estimated by combining interest and depreciation costs and
might be averaged over the life of the private vehicle by applying the CRF to the price of a new
vehicle (Small and Verhoef, 2007).
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So, the average private vehicle capital cost is calculated as:

__APNV; . T a+rm
TAVKT;  (1+r)Mm-1

AV,

(5-27)

where,

AVC;is the average capital cost of private vehicle type i (£/vehicle-km);

APNV; is the average price of a new private vehicle type i (car or motorcycle) (£);
AVKT; is the annual distance one private vehicle type i travelled (vehicle-km/year);
m is the median lifetime of the private vehicle (years);

ris the discount rate for capital investment (%).

The total private vehicle capital costs are calculated by multiplying the average private vehicle
capital cost by the total vehicle-km. The total vehicle-km is estimated as a function of the average

journey length, the daily passenger demand on the corridor and the vehicle occupancy.

5.3.3 Travel time cost

This study does not consider accessing the vehicle at parking areas and walking from parking areas
to final destinations. In other words, the in-vehicle time for PRV users is treated as the travel time.
The travel time for PRV users includes travel time on links and travel time at intersections. The
travel time cost for each mode is calculated by multiplying the travel time and the value of time for

that mode.

5.3.3.1 Travel time on links

The travel time on links with the journey length of JL can be estimated by the following formula:

JL

e 5-28
Vau ( )

TraTll-nk =

Where,
TraT);, is the travel time on a link (hours);
Vi is the mean operating speed of private vehicles (km/h).

The average operating speed of private vehicles on a link is calculated for two cases: traffic volume
is smaller than capacity and traffic volume is higher than capacity. The equation of the average

speed is shown in Equation ( 5-11 ), however, the values of Viocqp are different for dissimilar modes.
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For motorcycle, based on the motorcycle equivalent unit (MCU) model of Nguyen, Sano and Chu

(2007), Vinocap kph at a link of for one-lane per direction corridor is calculated as:

Viocap =39.82 - 0.0011 * Flow (5-29)
and for a two-lane per direction corridor as (Chu, Sano and Matsumoto, 2005):

Viocap = 37.90 - 0.0018 * Flow (5-30)
where,

Flow is the motorcycle flow (motorcycle/direction/hour).

For car, Taxi and Uber, the average link vehicle speed Viocap kph at flow (Flow) is given by the

following formula (Department for Transport, 2014).

Viocap = 39.50 - 0.003 * Flow (5-31)
Where,

Flow is the car flow (car/hour/3.65m lane).

The vehicle flow can be calculated based on passenger demand and vehicle occupancy.

5.3.3.2 In-vehicle time at intersections

Assume all intersections on the selected corridor have traffic two-phase signals. A simple approach
to estimate the average travel time at signalised junctions as a quarter of signal cycle time. Hence,

the IVT at intersections is calculated as:

Intersection time = INT * Cycle_time/(4 * 3600) (5-32)
Where,

INT is the number of intersection on the corridor;

Cycle_time is an average cycle time for a signalised junction on the corridor (seconds).

5.3.4 Congested-related delay costs

The congested-related delay costs (SDC) for each mode is estimated by multiplying the delay time

(SDTT) and the value of time for that mode, which is:

SDC = 2 (5-33)
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Where,
VoT is the value of time (£/hour);
JL is the average length of the journey (Km).

For one study corridor, the SDTT is calculated by multiplying the Coefficient of Variation CV by the

mean travel time (MTT) (Department for Transport, 2017a):

SDTT = CV x MTT (5-34)

MTT =2~ (5-35)
Vau

Where,

Vair is the mean operating speed (km/h).

CVis calculated as Equation ( 2-19 ). Of these, the Congestion Index (ci) is determined as follows:

ci = 2T (5-36)
FLTT

Where,

FLTT is the free-flow travel time in the objective corridor, which is:

FLTT =1 (5-37)
FLS

where,
FLS is the free-flow speed in the objective corridor (km/h), which is treated as the maximum

operating speed.

5.3.5 Maintenance cost

The average maintenance cost is estimated as (Small and Verhoef, 2007):

AMC
AVKT

AVMC =

(5-38)
where,

AVMC is the average highway maintenance costs (£/vehicle-km);

AMC is the annual highway maintenance costs for whole networks (£/year);
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AVKT is the annual all vehicles kilometre travelled (vehicle-km/year), which is calculated by the

formula as follows:
AVKT =Y APVKT; (5-39)
where,

APVKT; is the annual private vehicle type i kilometre travelled (km/year). These values need to be

estimated according to local conditions.

The total annual maintenance cost is calculated by multiplying the average maintenance cost by

the total annual vehicle-km.

5.3.6 Infrastructure cost

The infrastructure costs for PRV are fixed costs, which are the product of the infrastructure costs
per km and the length of the corridor. This means that these costs are independent of passenger
demand. The infrastructure costs per km must be converted to an annual basis using the Capital
Recovery Factor, which is estimated as Equation ( 5-4 ). In the PRV social cost model, only one
transport mode is assumed to be used infrastructure facility. Hence, the infrastructure costs for car
and motorcycle are assumed to be the same if the number of lanes per direction is identical.
Moreover, as road-based modes, the infrastructure costs for BRT and bus in the PT social cost
models, which exclude the costs of PT stops and depots, are identical to those costs for PRV. These

costs need to be estimated based on local conditions.

5.3.7 Parking cost

The average parking costs for private vehicle type i, PC; in pence/vehicle-km, can be estimated as

follows:

PC: = Average cost of parking for vehicle type i
i

- Average distance of each trip by vehicle type i

(5-40)

The average parking costs are estimated based on local conditions. Then, the total annual parking
costs for PRV are calculated by multiplying the average parking cost in pence/vehicle-km by total

annual vehicle-km.

5.3.8 External cost

The ‘Willingness to Pay’ approach is used for transferring of the unit external costs by car and

motorcycle between the UK and a study country where an income elasticity of 1.0 and a PPP rate
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are used. The results of the unit external costs by car and motorcycle for a study country are
estimated by using findings of several empirical studies by Sansom et al. (2001), Chen et al. (2003),
Vu et al. (2013), Tsai et al. (2005), Maibach et al. (2007) and WebTAG. The findings of those studies

are shown in subsection 2.3.2.7. Then, the total external costs are calculated as Equation ( 5-23 ).

5.3.9 Operating Procedure of private transport social cost model

Figure 5-2 shows the operating procedure of the private transport social cost model to estimate the

ASC of each mode. This model is applied to motorcycle and car.

Input Data (Optional) Input Data (Required)
Basic Vehicle Parameters Passenger Journey Length
Default values Default values
Input
data |
Demand Level
1,000 to 700,000 with increment of
1,000 passenger/direction/day
Next demand level
| I
Intermediate Outputs Social Cost Calculation
Calculation Operating speed Calculate TOC, TUC, TEC
in Excel | TSC = TOC+TUC+TEC
ASC = TSC/PKM
Final Outputs
Results Average Social Costs Graphs

Figure 5-2 Procedure of private transport social cost model

5.4  Taxi/Uber Social Cost Model

The total social costs (TSC) of Taxi/Uber include the total operator costs (TOC), the total user costs
(TUC) and the total external costs (TEC). The operator costs consist of vehicle capital cost; fuel and
non-fuel operating cost; administrative cost; infrastructure costs and highway maintenance cost;
and driver earnings. The total user costs cover travel time cost and congested-related delay costs.
The TECs cover noise pollution, air pollution, climate change and accident cost. These cost

components are described below.
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54.1 Operator cost

5.4.1.1 Vehicle capital cost

For taxi, assume that the capital cost of taxi fleets is mostly determined by vehicle provision, hence,
the average taxi capital costs are calculated as the following equations by using the Capital Recovery
Factor (Rogers and Duffy, 2012):

APTaxi r(1+r)™

ATaxiC =
ATaxiKm  (14+r)M-1

(5-41)

Where,

ATaxiC is the average taxi capital unit cost (£/vehicle-km);
APTaxi is the average price of a new taxi vehicle (£);

ATaxiKm is the annual taxi kilometre travelled (vehicle-km/year);
m is the median lifetime of the taxi fleet (years);

It seems to be difficult to estimate Uber vehicle capital cost because an Uber driver runs for not
only the Uber service but also his/her personal purpose. Hence, the Uber vehicle capital cost
depends on the extent to which Uber miles are additional and the extent to which depreciation is
mileage related. It is assumed that all Uber miles are additional and that capital costs are annualised
using the Capital Recovery Factor and apportioned using mileage. In the United States, 53% of Uber
driver-partners work 1-15 hours per week, 30% of them work 16-34 hours/week, 12% of them work
35-49 hours/week and 5% of them work more than 50 hours/week (Hall and Krueger, 2018). It is
assumed that the average hours an Uber driver-partner works per week is the average of the mid-
points of these values, which is estimated at around 19.28 hours per week. Moreover, Hall and
Krueger (2018) stated that an Uber driver would travel about 35,000 miles in 2,000 hours of
professional driving. Hence, a speed of 17.5 miles an hour is used to estimate the annual distance
that an Uber driver-partner drives (around 17,544 miles per year). This compares with an average
for cars in the United States of 12,375 miles in 2005 (Small and Verhoef, 2007). Therefore, in broad
terms, the vehicle capital cost of Uber can be allocated 41.4 % for personal purposes and 58.6 % for
Uber rides. This means Uber vehicle capital cost is estimated as 58.6% of the vehicle capital cost of

a private passenger car.

The total capital costs for taxi/Uber are calculated by multiplying the average vehicle capital cost
by the total vehicle-km. The total vehicle-km is estimated as a function of the average journey

length, the daily passenger demand on the corridor and the vehicle occupancy.
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5.4.1.2 Fuel and non-fuel operating cost

The fuel and non-fuel operating costs for Taxi and Uber are assumed as the same as car. These costs

are illustrated in subsection 5.3.1.

5.4.13 Administrative cost

For taxi, these costs include advertising, publicity, telephone, office supplies, light, heat, power,
postage etc. Each year, the Independent Pricing and Regulatory Tribunal of New South Wales was
asked to review taxi fares and recommend new maximum fares to Transport for New South Wales.
In 2012, the results show that for standard taxi system in urban areas, the driver labour cost is
62,673 S/taxi/year while the operator administration cost is 9,328 (S/vehicle/year) (Independent
Pricing and Regulatory Tribunal of New South Wales, 2012). This means the administration cost is
equal to around 15% of the driver labour costs. Therefore, the administrative cost of taxi is assumed

as 15% of the taxi driver wage in this thesis.

Uber drivers using the driver app are charged the Uber Fee as a percentage of each trip fare. If surge
pricing applies to a trip, the Uber Fee percentage is also deducted from the surge amount. The
Uber Fee helps cover costs including technology, development of app features, marketing, and
payment processing for driver-partners (Uber, 2018). The Uber Fee varies by countries and types
of Uber. Indeed, Uber receives from 5% to 20% of the trip price, with the rest for the driver
(Schneider, 2017). Mostly, that number is 20%, for example, as in the UK and for Uber Black in
Netherland, whilst it is 25% in Vietnam. In this study, the Uber Fee is assumed as 25% of Uber driver
earnings before vehicle expenses. The Taxi/Uber driving earnings are illustrated in subsection

5.4.15

5.4.1.4 Infrastructure cost and highway maintenance cost

The infrastructure costs and highway maintenance costs for Taxi and Uber are assumed as the same

as car.

5.4.1.5 Driver earnings

Taxi driver earning unit can be calculated as follows (Transport Research Partners, 2016):

ASalaryTaxi
ATaxiKm

ASalaryC = (5-42)

Where,

ASalaryC is the taxi driver earning unit cost (£/vehicle-km);
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ASalaryTaxi is the average annual taxi driver earnings (£/year);
AT axiKm is the annual taxi kilometre travelled (vehicle-km/year);

The annual taxi driver earnings and annual taxi kilometre travelled can be estimated by using

available data from local taxi companies.

There seems to be difficult to obtain data for estimating directly Uber driver earnings. Hence, an
indirect estimation from Taxi driver earnings is considered, because data on Taxi driver wages can
be available. Based on the results of the study by Hall and Krueger (2018), it is assumed that the
taxi driver wages (after vehicle expenses) are as the same as the hourly earnings of Uber driver-
partners (after vehicle expenses). Hall and Krueger (2018) also find that the Uber driver-partners
wages after vehicle expenses are around 2/3 of the wages before vehicle expenses and it is assumed

this also applies to taxi drivers.

5.4.2 User costs

The total user costs cover travel time cost and congested-related delay costs. Taxi/Uber travel time
cover in-vehicle time, walk time and wait time. In this thesis, the walk time is assumed as zero while
the wait time for Taxi/Uber users is assumed as three minutes. This value is implied as an average
travel time of an available Taxi/Uber between the moment a driver accepts the ride and the
moment the driver pick a passenger up. The congested-related delay costs of Taxi and Uber are

assumed as the same as car.

5.4.3 External costs

The external costs of Taxi and Uber are assumed as the same as car.

5.4.4 Operating procedure of Taxi/Uber social cost model

The operating procedure of the Taxi/Uber social cost model is similar to the private transport social

cost model (see Figure 5-2).

5.5 Mixed Transport Cost Model

The PT, PRV and Taxi/Uber social cost models seem to be suitable in situations where only one
transport use infrastructure facility. However, if conventional bus, car, motorcycle and Taxi/Uber
share facilities in mixed transport systems, the mixed transport social cost model is therefore

considered. These modes can include Taxi, Uber, conventional bus, car and motorcycle. Hence, the
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total social costs for mixed transport are the sum of the total social costs for PT, PRV and Taxi/Uber,
except infrastructure costs. The infrastructure costs of mixed transport include the infrastructure
costs of the segregated public transport modes (e.g. Metro and Monorail) and the infrastructure
costs of mixed lane facilities. The infrastructure costs of the mixed lane facilities are allocated to
transport modes sharing facilities (e.g. car, motorcycle and conventional bus). In addition, the
operating speed of the exclusive public transport technology is determined as shown in Equation
( 5-11 ) while the mean operating speed of all modes sharing infrastructure facilities will be

discussed below.

5.5.1 The mean stream speed on links

The PT, PRV and Taxi/Uber social cost models are developed for one single urban corridor for fixed
daily passenger demand. In other words, speed and other parameters in these models are
estimated based on given demand levels. Hence, it is essential to determine the speed of mixed
traffic corresponding to a given traffic flow (or passenger demand). However, there are very little
studies on this problem, whilst other studies show the traffic flow corresponding to the mean
speed. By using a motorcycle equivalent unit (MCU) model, Nguyen and Sano (2012) produced the
flow-speed relationships for three types of urban mixed traffic corridors, which are shown in Table
5-4.

Table 5-4 Flow-speed relationship for three types of mixed traffic corridors

Four lanes per direction Three lanes per direction | Two lanes per direction

Traffic flow (F) in MCU and |F =5,852*S*exp(-S/11.3) |F=5,271*S*exp(-S/11.2) |F =2,951*S*exp(-S/12.3)
mean stream speed (S)
relationship

Source: Nguyen and Sano (2012)

As reviewed equations of speed in subsection 2.3.2.3, the equations shown in Table 5-4 seem to be
suitable for mixed transport environments with the dominance of motorcycles. However, for a
given traffic flow, the speed cannot be estimated by using basic mathematics principles. To
estimate the speed corresponding to a given traffic flow, Biswas, Chandra and Ghosh (2017)

rearranged Greenberg’s speed-flow equation by using Lambert W function below.
Suppose that two variables x and z are related as:
xe* = z (5-43)

Biswas, Chandra and Ghosh (2017) cited that Euler (1927) suggested a function for solving the

Equation above and rearranged it as:
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_yn-1
x=W() = 3o, S0 4 (5-44)

n!

Biswas, Chandra and Ghosh (2017) cited that Lambert (1758) obtained a solution of the trinomial
equation x = g + x™ and then Euler’s work was an extension of the research of Lambert. Therefore,
the function W was named as Lambert W in his honour. Speed can be expressed as (Biswas, Chandra

and Ghosh, 2017):

v = —c.Lambert W (— L) (5-45)

kj.c
Where,
v is the speed (km/h);
g is the flow (vehicle/h);
k;is the density for a traffic jam (or jam density) (vehicle/km);
c is a parameter shown in Equation ( 2-8 ).

The minor branch of the Lambert W function shows the speed corresponding to the uncongested
part of the speed-flow curve whereas the principal branch expresses the speed in the congested
part (see Figure 5-3). This means the uncongested part shows the smaller solution of the Lambert

W function (Biswas, Chandra and Ghosh, 2017).

N — — Principal Branch

Minor Branch

W(z)
Speed

"‘-"3 = = Principal Branch

+eeees- Minor Branch

(a) (b)
Figure 5-3 (a) Two branches of Lambert W function and (b) Flow-speed relationship in Greenberg

model by using Lambert W function
Source: Biswas, Chandra and Ghosh (2017)

The MATLAB program can solve Lambert W function. Indeed, for real x where -1/e < x < 0, the
equation has exactly two real solutions. The larger solution is represented by y = lambertW(x) and

the smaller solution by y = lambertW(-1,x) (Mathworks, n.d).
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As a result, an application for estimating speed corresponding to a given uncongested traffic flow

is suggested by using the Lambert W function in MATLAB as follows:

v = —c * lambertW (—1, —i> (5-46)

k]'C
where,
All variables are shown in Equation ( 5-45 ).

To validate an application of this suggested speed equation, the equation for four-lane per direction
corridor in Table 5-4 is chosen to test. The results of the test are shown in Appendix A.2. The results

prove this application can be acceptable.

To conclude, the mean stream speed on a mixed traffic corridor is estimated for two cases below.
(i) For a two-lane divided corridor (one lane per direction) (Chu, Sano and Matsumoto, 2005):
Vinean = —0.0018 x g + 28.29 (5-47)
where,

g is the mixed flow in MCU. Maximum flow is 5,000 MCU/direction/hour.

(ii) If there is more than one lane per direction:

min [—c * lambertW (—L—%)J’max] ifqsC
Vimean = L ' (5-48)

Where,

Vinean is the mean stream speed on links (km/h);

k;is the density for a traffic jam (or jam density) (MCU/direction/km);

cis a parameter shown in Equation ( 2-8 ). This is shown in Table 2-4 for the Hanoi case study;
g is the all mixed traffic flow (MCU/direction/h);

Vinax is the maximum operating speed on the corridor (km/h);

C is the highway capacity (MCU/direction/hour), which are shown in Table 2-4;

L is the length of the corridor (km);

W is the peak period duration in hours. In this thesis, the default value can be 1 hour.
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The speeds of Taxi, Uber, motorcycle and car can be estimated as mean stream speed on links,
which is shown in Equations ( 5-47 ) and ( 5-48 ). By taking time at bus stops into account, the speed

of bus can be calculated based on Equation ( 2-4 ) as:

Vmean*A*Dswp*looo

Vs = (5-49)

v z ~
(%) +A*(Dscop*1ooo+wae”* n;ian)

where,
Vmean is the mean stream speed, which is shown in Equations ( 5-47 ) and ( 5-48 );

Other parameters are shown in Equation ( 2-4 ).

5.5.2 Percentage of total infrastructure cost allocated to each vehicle type

If there is an exclusive PT mode in mixed transport systems, the infrastructures costs of this PT
mode are calculated separately in the PT social cost model. The infrastructure costs of mixed traffic
facilities are allocated for transport modes sharing facilities such as car, motorcycle and
conventional bus. The total infrastructure costs (T/C) for mixed transport vary from place to place

and should be estimated from available data in local conditions.

Based on the study by Sansom et al. (2001), the percentage of the total infrastructure cost allocated

to each vehicle type is shown as the following formula.

5;*APVKT; GMWPV *APVKT;
SeATTRT 4015 * i i
> 8;*APVKT; S GMWPV*APVKT;

o; = 0.85 * (5-50)

where,
o; is the percentage of the total infrastructure cost allocated to each vehicle type i

6, is passenger car unit (PCU) value for vehicle type i. These factors for motorcycle and bus/coach
are 0.4 and 2.0 respectively (Transport for London, 2010). Another approach can use conversion

factors from other modes into MCU (Nguyen and Sano, 2012);
GMWPV; is the gross maximum weight of vehicle type i (tonnes);

APVKT; is the annual vehicle type i kilometre travelled (km/year);
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5.5.3 Total social cost for each transport mode and all transport modes
5.5.3.1 Total social cost for each transport mode

The total social costs (TSCpupiic) for each PT mode are the sum of total operator costs, total user costs
and total external costs, which are shown in section 5.2. For PT modes sharing infrastructure

facilities with other modes, the infrastructure costs are allocated as shown in Equation ( 5-50 ).

The estimate of the total social costs (TSCprivate) for car or motorcycle is illustrated in section 5.3.

The infrastructure costs allocated to car and motorcycle are calculated as shown in Equation ( 5-50 ).

The calculation of the total social costs (TSCraxi/uver) for Taxi or Uber is described in section 5.4.

Equation ( 5-50 ) shows how to estimate the infrastructure costs allocated to Taxi or Uber.

5.5.3.2 Total social cost for all transport modes in mixed transport

The total social costs (TSC,y) for all transport modes are the sum of social costs of PT (TSCpusiic), social

costs of Uber/Taxi (TSCraxi/uber) and private transport (TSCprivate).

5.5.3.3 Average social cost for each vehicle user and all users
The ASC for each public transport user (ASCpubiic) is calculated as follows:

TSCpupli
ASCpublic = Do (5-51)
PKMpublic

where,
PKMpypiic is the annual public transport passenger kilometres travelled.

The ASC for users of each private transport mode (ASCprivate) is estimated as:

TSCyhrivate
ASC, = _—_Pe (5-52)
private PKMprivate

where,
PKMpyipqte is the annual private transport user kilometres travelled.

The ASC for users of Taxi or Uber (ASCraxi/uber) is identified as follows:

SCTaxi
ASCraxijuper = = Taxt/Uber (5-53)

PKMTaxi/Uber
where,

PKMr7qayxi/yper is the annual Taxi or Uber passenger kilometres travelled.
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The ASC for all transport users (ASCa) is calculated as follows:

TSCan

ASCa” = PKM

(5-54)

where,

PKM,;; is the annual passenger kilometres travelled by all transport modes.

5.5.4 Operating procedure of mixed transport social cost model

Input Data (Required)
Passenger Journey Length
Default values

Input Data (Optional)
Basic Vehicle Parameters
Default values

Input | Modal share (inputs for Matlab)
data
Demand Level
15,000 to 700,000 with increment of
5,000 passenger/direction/day
Next demand level
! I
; Intermediate Outputs
Calculation . P Social Cost Calculation
in Excel and | Operating speed Calculate PT cost. private t "
Matlah Infrastructure cost alculate PT cost, private transpor
Il . —>{ cost, DRT cost
program allocation a
TSC = TSCpubIiC +TSCprivat‘3 +TSCTaxi/Uber
ASC = TSC/PKM

Final Outputs
Results Average Social Costs Graphs

Figure 5-4 Procedure of the mixed transport social cost model

Figure 5-4 shows the operating procedure of the mixed transport social cost model to estimate ASC.
To compare mixed traffic infrastructure options in terms of ASC, mixed traffic divided corridors with
two, three and four lanes per direction are considered in this thesis. The main differences between
the three types of corridors in the cost model are infrastructure costs and mean speed. The
operating procedure of the mixed transport social cost models are run as shown in Figure 5-4 for
demand levels ranging from 15,000 to 700,000 pax/day/direction. The modal share in mixed traffic
environments is an important input of the mixed transport social cost model. The modal share
should be adapted from available data in local transport systems. The calculations are run in the

MATLAB program and Microsoft Excel. The following suggested options, which can represent
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situations in reality, are compared in the mixed transport social cost model at a strategic planning

level.

- Option 1: two-lane (per direction) divided corridor for only motorcycle in a case with car ban. This
can be considered if transport planners and decision makers would like to introduce a policy to
reduce car dependency. The modal share of motorcycle is 100% in the mixed transport social cost

model or the PRV social cost model can be used for this case.

- Option 2: two-lane (per direction) divided corridor for only car in a case with motorcycle ban. This
can be considered if transport planners and decision makers would like to introduce a policy to
reduce motorcycle dependency. The modal share of car is 100% in the mixed transport social cost

model or the PRV social cost model can be used for this case.

- Option 3: two-lane (per direction) divided corridor for conventional bus, car and motorcycle. There

are no new PT modes.

- Option 4: three-lane (per direction) divided corridor for conventional bus, car and motorcycle.

There are no new PT modes.

- Option 5: four-lane (per direction) divided corridor for conventional bus, car and motorcycle. There

are no new PT modes.

- Option 6: Combination of three-lane (per direction) divided corridor where there are an exclusive
bus lane per direction and two mixed lanes per direction for car and motorcycle. There are no new

PT modes, however, one existing lane is converted into an exclusive bus lane per direction.

- Option 7: Combination of three-lane (per direction) divided corridor where there are an exclusive
BRT lane per direction and two mixed lanes per direction for car and motorcycle. In this case, BRT
is introduced to replace existing bus services and one existing lane is converted into an exclusive

BRT lane per direction.

- Option 8: Combination of four-lane (per direction) divided corridor where there are an exclusive
bus lane and three mixed lanes for car and motorcycle per direction. There are no new PT modes,

however, one existing lane is converted into an exclusive bus lane per direction.

- Option 9: Combination of four-lane (per direction) divided corridor where there are an exclusive
BRT lane and three mixed lanes for car and motorcycle per direction. In this case, BRT is introduced

and one existing lane is converted into an exclusive BRT lane per direction.
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- Option 10: Combination of four-lane (per direction) divided corridor where a segregated Monorail
service is introduced to replace existing bus services and four existing mixed lanes per direction are

for car and motorcycle.

- Option 11: Combination of four-lane (per direction) divided corridor where a segregated Elevated
Metro service is introduced to replace existing bus services and four existing mixed lanes per

direction are for car and motorcycle.

Depending on how many mixed lanes per direction on the existing corridor, some of these options
above will be compared in terms of ASC or new options can be added. For example, if an existing
corridor has three mixed lanes per direction, the options 4-11 are considered. Of these, the option
5 can be a case when Right of Way is expanded from three lanes per direction to four lanes per

direction.

5.5.5 Basic parameters and unit costs

Basic input parameters in the four social cost models are adapted from secondary data provided by
the People’s Committee of Hanoi (PCH), Transport Engineering Design Incorporated (TEDI), Hanoi
Transport Management and Operation Centre (TRAMOC), Hanoi Metro Company (HMC), T&D
Vietnam Highway Consultancy Companies (T&D) and TTS Group. Considering the price dissimilarity
concerning labour costs and material costs between the UK and Vietnam, the PPP rate from the
World Bank (WB) is used. The PPP rate in 2015 for the UK was 0.69 while that number for Vietnam
was 7,576.25 (World Bank, 2015b). Hence, a factor of 0.00009 (0.69/7,576.25) is used to convert
the Vietnamese currency (VND) into the British currency (GBP). Similarly, the PPP factors are used
to convert USS and IDR into GBP. The main input parameters are illustrated in details below and all
prices are calculated in GBP in 2015 prices. Eight transport modes are modelled in this study. The
characteristics, default unit capital costs and life expectancies of these modes are summarised in

Table 5-5.
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Table 5-5 Vehicle characteristics, default unit capital costs and life expectancies

Transport modes Person | Occupancy? | Vehicle | Max. Infrastructure | Vehicle | Life expectancies | Infrastructure
capacity?* (pax) length | speed capacity costs in years (Vehicle/ costs?
(pax) (m) (km/h) (vehicles/h) (£ 000/ Infrastructure) (£ million/km)
vehicle)

Conventional bus* 80 33 12 55 225 (340)° 182.1 20/20 9.0 (15.0)°

BRT® 90 41 12.3 60 240 455.4 20/20 9.0

Elevated Metro’| 820 287 80 138 3,045.3 25/50 -

(4-car unit) 80

Monorail® (4-car| 360 126 50 156 2,000 25/50 -

unit) 80

Passenger car® 5 1.57 - 55 1,800 15.6 20/20 9.0 (15.0)°

Motorcycle® 2 1.22 - 5,000 1.5 13.3/20 9.0 (15.0)°

(125cc) 50 (9,000)°

Taxil® 5 1.57 - 55 1,800 17.3 20/20 9.0

Uber 5 1.57 - 55 1,800 7.8 20/20 9.0

Notes:

All costs are in 2015 prices.

! Based on data which are provided by Hanoi Metro Company and Hanoi Transport Management and
Operation Centre.

2Monorail and Metro occupancy rates are assumed as 35% of vehicle person capacity (European Environment
Agency, 2015). Motorcycle and bus occupancies are shown in the report of Transport Engineering Design
Incorporated (2013). BRT occupancy in 2017 was provided by TRAMOC. Passenger car occupancy is assumed
as 1.57 (Department for Transport, 2017b). It is assumed that occupancies of Taxi/Uber (excluding the driver)
and car (including the driver) are the same.

3 Based on data provided by the PCH and T&D.

4 Based on the report of Hanoi Transport Management and Operation Centre (2011).

5> Values in bracket () are for the two-lane per direction corridor.

6 Based on the report of Hanoi Transport Management and Operation Centre (2011).

7 Based on data on URT line 1, 2A and 3, which are provided by Hanoi Metro Company.
8 Based on the study of DMJM Harris (2001).

° Based on the studies by Bray and Holyoak (2015) and Nguyen, Sano and Chu (2007).

10 Taxi vehicle cost is adapted from data showed on a Taxi Group website (Taxi Group, 2018). Other
parameters are assumed as those numbers of car.

5.5.5.1 Parameters for the public transport cost model

Table 5-6 shows unit PT operator costs for the Hanoi case study. Appendix A.1 illustrates more

detailed calculations of the FAC for each PT mode.

Table 5-6 Default unit PT operator costs

Cost components Vehicle | Vehicle Peak Vehicle Track/lane Station / Stop Depot
Hours Distance | Requirement Distance

Units £2015 | £2015 per | £2015 per £2015 per £2015 per £2015 per
per VH VKM PVR pa track/lane Station/stop depot pa

distance pa pa

Conventional bus?! 21.14 0.55 15,384.70 1,204,909.02 182.89 60,964.43

BRT? 17.66 0.55 62,355.85 1,204,909.02 109,948.03 60,964.43

Elevated Metro3 444.42 7.87 442,502.85 1,836,945.18 | 2,243,595.49 | 5,483,418.43

Monorail* 331.09 5.51 178,499.96 1,806,249.95
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Notes:

1 Based on data provided by TRAMOC and the report of Hanoi Transport Management and Operation Centre
(2011).

2 Based on the report of Hanoi Transport Management and Operation Centre (2011).
3 Based on data on URT line 1, 2A and 3, which are provided by Hanoi Metro Company.

4 Based on the study of DMJM Harris (2001). The study summarised characteristics and parameters of
Bombardier technology as follows. The capital construction cost is around $50 million per track mile. Assume
that Annual Vehicle-Hours and Vehicle-Kilometre are equal to 70 % of Metro Vehicle-Hours and Vehicle-
Kilometre. Infrastructure costs cover capital costs of track, station and depot, which are per Route Km.

Hanoi Transport Management and Operation Centre (2011) showed that the average distance
between bus stops in Hanoi is 0.5 km. For urban rail transit services, the average distance between
stations is around 1.1 km (Government of Vietnam, 2016). Molt (2016) stated that the average

walking speed of Hanoi citizens is 4.0 km/h.

5.5.5.2 Parameters for the private transport cost model

The capital cost for a typical motorcycle, including taxes and delivery charges, is around US$ 2,200
in 2014 prices (Bray and Holyoak, 2015). Whilst the capital cost for a typical car is approximately
from USS 20,000 to USS 25,000, which covers all taxes and road use fee (Hansen and Nielsen, 2014).

Hence, USS 22,500 is assumed as the price of a new passenger car.

According to the Decree No0.95/2009/ND-CP issued by the Government of Vietnam (2009), the
maximum lifetime of a coach and a freight vehicle is 20 years and 25 years correspondingly whilst
there are no regulations about the lifetime of car and motorcycle. Hence, the lifetime of a car is
assumed as the same bus. Because the mean disposal age of motorcycles in Taiwan was about 13.3
years (Chang and Yeh, 2006), 13.3 years can be therefore used as the lifetime of a motorcycle in

this thesis.

Average car parking price is VND20,000 for a 2-hour slot while the price for motorcycle is VND3,000

(Hanoi Transport & Services Corporation, 2017).

Fuel price is VND19,000 per litre in 2015 prices, which was shown in the Unique Petro Group in

Vietnam.

Using available data on modal share in Hanoi and total bus passengers for the whole year of 2015,
the average highway maintenance cost for bus, car or motorcycle is estimated as 0.21

(pence/vehicle-km).

Trang, Van and Oanh (2015) carried out a survey of car fleet in Hanoi. The results of the survey show
that petrol cars and diesel cars account for 93% and 7% respectively. Hence, the values for petrol

cars shown in Table 5-2 are assumed to calculate operating costs for cars.
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5.5.5.3 Parameters for Taxi/Uber cost models

Available data for the Hanoi case study are shown as follows: (i) The taxi life time is 12 years
(Government of Vietnam, 2014); and (ii) The average monthly salary of a taxi driver is VND8 million

and average 4,000 km driven with taxi’s passenger per month (Taxi Group, 2018).

5.5.5.4 Other key parameters

The length of the study corridor
The length of the NT-TP-QT corridor is 7 Km.
Average passenger journey length

The average passenger journey length is a required input data for the social cost model. This value

is either set by the user or used default value as 4 km for urban corridors.
Unit infrastructure cost for 6-lane and 8-lane divided arterials

Based on data provided by the People’s Committee of Hanoi and T&D Vietnam Highway
Consultancy Company, the unit infrastructure costs for 6-lane and 8-lane divided arterials are

calculated as 22 and 30 million £/km respectively.
Daily demand split into different times

Based on results of a traffic survey in 2016 provided by the TTS Group, data on passenger split by
time at several roads in Hanoi are collated. The core operating day time services are assumed to be
from 06:00 to 21:00 and daily passenger demand is split into the four periods including the peak
hours (2 hours), peak periods (3 hours), mid-day off-peak (7 hours) and early morning-late evening

off-peak (3 hours), which are described in Table 5-7.

Table 5-7 Passenger demand split into different times in the Hanoi case study

. . . Period duration Split rate for . .
- D

Periods Time-time (hours) one hour period aily split
Early morning off-peak 6:00-7:00 1 4.0% 4.0%
Morning peak hour 7:00-8:00 1 10.0% 10.0%
Morning peak period 8:00-9:00 1 7.5% 7.5%
Mid-day off-peak 9:00-16:00 7 6.5% 45.5%
Afternoon peak period | 16:00-17:00 1 7.5% 7.5%
Afternoon peak hour 17:00-18:00 1 10.0% 10.0%
Evening peak period 18:00-19:00 1 7.5% 7.5%
Late evening off-peak 19:00-21:00 2 4.0% 8.0%

Source: data collated from the TTS Group.
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The value of time

The value of time seems to be sensitive to estimate the user costs, therefore the total social cost
and average social cost. There are few empirical estimates of the value of time (VOT) in Vietnamese
cities. Hence, this study considers the two following approaches. The transfer approach from the
UK into Vietnam should be used in the first place, based on available data on modal splits in the
case study. Empirical evidence on the VoT in Vietnam can be then analysed. Both approaches are
compared to evaluate the reliability of the implied value of time and the sensitivity of the VoT is

then tested to impact on results of the social cost models.

Firstly, due to available data on modal splits in Hanoi in 2010, transferring of the value of time in
the UK to Vietnam is suggested. The comparable value of time in the UK (VOTyk2010,comp) in 2010

prices (£/hour) is estimated as:

By using modal splits in Hanoi travel survey, comparable the value of time in the UK is estimated by

the following equation:

VOTyk2010comp = VOTykz010wr * Pwr + VOTyk2010,c * Pc + VOTyk2010,0 * Po (5-55)
Where,

VOTyk2010,comp is the comparable value of time in the UK, in 2010 prices (£/hour);

VOTUKZOIO,WTJ VOTUKZOlO,CJ VOTUKZOIO,O are the value of Working time, by Commuting and non-

working time in the UK respectively, in 2010 prices (£/hour);

Pwr, Pc, Po are the proportions of travellers in course of work, travellers commuting and travellers

for other purposes in the Hanoi travel survey (%).

Then, the value of time in Vietnam is calculated as follows:

Mean Incomeyn2o10

vor = VO, * >3
VN2010 UK2010,COMP ™ pMogn Incomeykao1o ( )

Where,

VOTyn2010 is the value of time in Vietnam in 2010 price (£/hour);
Mean Incomey 010 is the mean income in Vietnam in 2010 (PPP £);
Mean Incomeyg,g1 is the mean income in the UK in 2010 (£).

Using data on modal share by purpose of journey (Transport Engineering Design Incorporated,

2013), GDP deflator and values of time in the UK in WebTAG, the value of IVT for car in Vietnam (in
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2015 prices) is calculated as 0.77 (£/hour). In addition, based on the study of Wardman,
Chintakayala and de Jong (2016), it is assumed that the values of IVT by mode are as follows. Those
numbers for PT and Uber/Taxi are the same, which are equal to 0.7 times than the value for car,

while the number for motorcycle is twice than the value of IVT for car.

Secondly, the value of time for the Hanoi case study for different modes are estimated based on
utility functions of dissimilar modes in the study by Bray and Holyoak (2015), which is shown in
subsection 3.2.1. The work and non-work values of time are assumed to increase with income over
time with an elasticity of 1.0 (Department for Transport, 2017b). GPD per capita in Vietnam for
years of 2014 and 2015 are $2,030.262 and $2,085.101 respectively (World Bank,

https://data.worldbank.org/indicator/NY.GDP.PCAP.CD?locations=VN, accessed 26 June 2020).

The results of the VoT for different modes are shown in Table 5-8.

Table 5-8 Value of in-vehicle time for different modes for the Hanoi case study

Value of time | Value of time | Value of time
Coefficient | Coefficient | Coefficient | (VND/hour), (PPP £/hour), | (PPP £/hour),
Modes of IVT of fuel cost | of PT fare | 2014 prices 2014 prices 2015 prices
Motorcycle -0.0100 -0.00021 20,516 1.87 1.92
Car -0.0045 -0.00016 12,023 1.09 1.12
Bus -0.0051 -0.0146 21,091 1.92 1.97
New PT -0.0045 -0.0146 18,415 1.68 1.72

Notes: The average journey length of 7.2 km is taken into account for estimating the value of time for private
transport users because the unit of fuel cost is per km. The units of the in-vehicle time, fuel cost and PT fare

in the utility functions are minute, VND/km and VND/1,000 respectively.

The value of time for car in the transfer method above is £0.77 in 2015 prices while the value
adapted from the study by Bray and Holyoak (2015) is £1.12 shown in Table 5-8. The difference
between these two values is not significantly high. Moreover, the value of time for motorcycle are
£1.54 and £1.92 correspondingly. However, the value of in-vehicle time for both existing
conventional bus and proposed PT technology seems to be high compared to the value of time for
private transport. The reason for that can relate to characteristics of the existing bus systems during
the time that the surveys were carried out in 2014 while new PT modes (e.g. BRT) were not
operated. Bray and Holyoak (2015) suggested that people in Hanoi were concerned about the bus
system, which includes safety and personal security, over-crowding, service reliability and air
conditioning. Similarly, Molt (2016) and Vu (2015) showed that there were poor bus services in
Hanoi around that time. These factors can lead to increases in the value of in-vehicle time unit for
bus passenger (Litman, 2020). Those values can be used in the total social cost models to test how

the results of these models change.
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The discount rate for capital investment

The discount rate (DR) for capital investment is set at 12% for the Hanoi case study (Duong, 2005;
Asian Development Bank, 2013;2014; World Bank, 2015a). To illustrate how the cost comparisons
are impacted by the discount rate, a sensitivity analysis is implemented with other two different

DRs (8% and 16%).

Unit external costs

The results of unit external costs by different modes for the Hanoi case study are estimated by using
findings of several empirical studies by Sansom et al. (2001), Chen et al. (2003), Tsai et al. (2005),
Maibach et al. (2007), Wang (2011), Vu et al. (2013), Li and Preston (2015), Manoratna, Kawata and
Yoshida (2017) and WebTAG. For most unit external costs by dissimilar modes, the ‘Willingness to
Pay’ approach mentioned in subsection 2.3.1.3 is used for transferring unit external costs between
the UK (showed in Table 2-2) and Vietnam. Moreover, the air pollution cost for motorcycle is
estimated based on data on air pollutants in Hanoi in the study of Vu et al. (2013). The climate
change cost for motorcycle is calculated from evidence in Taiwan in the study of Chen et al. (2003)
and Tsai et al. (2005). In order to take into account of the vehicle occupancy, unit external costs of
each mode are transferred from pence/vehicle-distance into pence/passenger-distance. The

central values are used rather than low and high values in this study, which are shown in Table 5-9.

Table 5-9 Default external unit costs by impact category in the Hanoi case study, 2015 prices

Noise
Transport modes Air pollution pollution Climate change Accidents cost
(p/pax km) (p/pax km) (p/pax km) (p/pax km)

Bus 0.10* 0.04* 0.0089* 0.01*

BRT 0.10? 0.04* 0.0078* 0.01!
Monorail 0.0008* 0.0014! 0.00092 0.00013
Elevated Metro 0.0008* 0.0017* 0.0005* 0.00013
Car/Uber/Taxi 0.11% 0.06* 0.06* 0.10*
Motorcycle 0.12° 0.15° 0.03’ 1.928

Sources:* Sansom et al. (2001), > Chen et al. (2003), >’ Tsai et al. (2005), >58 Maibach et al. (2007),
3 Wang (2011), ° Vu et al. (2013),* Li and Preston (2015), 2 Manoratna, Kawata and Yoshida (2017)
and >’ WebTAG.

Notes:

- External costs of Uber and Taxi are assumed as the same as car.

- External costs of BRT are assumed as the same as a single bus on busway.

- Air and noise pollution costs of Monorail are assumed as those of modern light rail.

- Air pollution, noise pollution and climate change costs of elevated Metro are assumed as the same as
suburban heavy rail.

- Assume that accidents cost of Monorail and elevated Metro are the same.
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5.6 Case Study

As discussed in Chapter 4, the Nguyen Trai - Tran Phu - Quang Trung corridor with the length of 7
km, one main arterial in Hanoi, Vietnam, is chosen as a case study for this study. Basic parameters
and unit costs in the four social cost models are described below. The results of these cost models

for the Hanoi case study are then discussed.

5.6.1 Results of transport social cost models
5.6.1.1 PT, PRV and Taxi/Uber social cost models

One-lane per direction corridor

To compare the ASCs of different transport modes, the PT, PRV and Taxi/Uber social cost models
are calculated for a 1-lane (per direction) corridor with the length of 7 km and average passenger
journey length of 4 km. Figure 5-5 shows the results of the ASCs of PT, PRV and Taxi/Uber modes
for 1-lane (per direction) corridor in the Hanoi case study. Two example calculations for the one

exclusive motorcycle lane option and the elevated Metro option are shown in Appendix A.3.
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Figure 5-5 The ASC as a function of demand for 1-lane (per direction) divided corridor, 2015 prices

As can be seen from Figure 5-5, the relationships between the ASC and demand level for all

transport modes are shown as U-shape curves. The explanation can be that while fixed costs per

113



Chapter 5 Transport Social Cost Model

passenger are high at low demand levels, these reduce as they are spread across higher levels of
demand. By contrast, route capacity constraints have a significant impact on speeds, and therefore
costs, at higher demand levels. When demand reaches route capacity, speeds decrease
dramatically. In addition, Figure 5-5 shows that the slopes of the curves for PRV and Taxi/Uber are

much steeper than those for PT due to low person occupancy of PRV and Taxi/Uber.

Figure 5-5 shows that when the daily demand levels range from 1,000 to 35,000 pdd, the ASC of

the motorcycle option is the smallest. The reasons for this might be:

- Motorcycle speed is quite high at low demands due to small size and flexibility, as well as

motorcyclists do not appear to stop during their journeys.

- Operating costs of motorcycle is lower than those costs of bus-based technologies, which seems

to have advantages at low demand levels.

However, the ASC of the motorcycle option is only slightly lower than the ASC of the conventional
bus option at low demand levels, because infrastructure costs for road-based options including
motorcycle, car, Uber/Taxi and conventional bus are the same, and this accounts for a major portion
of total social costs at low demand levels. When the daily demand is from 35,000 to 107,000 pdd,
conventional bus shows the smallest ASC. When compared to motorcycle, the significantly higher
person capacity of bus is an advantage. Moreover, compared to rail-based technologies,
infrastructure costs and operator costs of bus-based technologies are significantly smaller. This
seems to be a benefit for conventional bus at low and medium demand levels. BRT is the best mode
for a daily demand range of between 107,000 and 220,000 pdd although the ASCs of BRT and bus
can be similar due to insignificant differences in vehicle capital costs and person capacity of
vehicles. This can be reasonably consistent with several successful BRT systems in the world such
as Transmilenio in Bogota, Sao Paulo, Porto Alegre, and Curitiba with 20,000 passengers per hour
per direction (Hensher and Golob, 2008). Indeed, the peak hour demand is assumed as 10% of the
daily demand in this study, which is shown in Table 5-7. Obviously, conventional bus in mixed traffic
with private transport modes would change this similarity dramatically as conventional bus would
not be dedicated anymore and, consequently, there would be lower average speed and higher

waiting and in-vehicle time for bus users.

When daily demand level is between 220,000 and 290,000 pdd, the ASC of Monorail is the lowest
while Metro has advantages with demand higher than 290,000 pdd. This might prove the BTS Sky
Train in Bangkok, Thailand is a successful elevated Metro line with average March weekday
ridership of 749,180 passengers in both directions in 2018 (Bangkok Mass Transit System Public

Company Limited, 2018). The higher capacity than bus-based technologies, and the lower capital
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investment for vehicles and infrastructure than Metro, make Monorail achieve the lowest ASC

within the demand level from 220,000 pdd to 290,000 pdd.

The ASC for car and Taxi/Uber are similar if their occupancy are the same. The ASCs of these options
are considerably higher than those numbers for conventional bus, BRT and motorcycle. The reasons

for this might be:

- Compared to motorcycle with the similar occupancy, capital vehicle costs for car, Taxi and Uber
are much higher, as well as greater taxes for these vehicles. For the Hanoi case study, the new prices
of these vehicles include a value added tax (VAT) of 10 percent; an import duty of between 15
percent and 60 percent; a special consumption tax that ranges from 45 percent to 60 percent
(depending on engine capacity); and an ownership registration tax and a one-off first time
registration fee that are together a little over 20 percent (Bray and Holyoak, 2015). Because only
one Vietnamese car brand has started to operate since 2019, most of cars running in Vietnam are
imported from other countries. A sensitivity test was performed to investigate the differences if
these taxes are not included in the SCMs. Based on the results of the sensitivity test, the curves for
car, Taxi and Uber in Figure 5-5 shift downwards for around 7 pence/pax-km. This does not

essentially impact on the basic results of the analysis.

- Compared to PT modes, lower occupancy is a drawback whist these modes appear to have

advantages of minor higher average speed.

Two-lane per direction corridor

These comparisons above are measured for the one-lane per direction corridor. However, this
seems to be insufficient for road-based arterials in urban areas, where there are normally more
than one lane per direction. In addition, buses are not allowed to overtake in the one-lane per
direction corridor, which can cause congestion rapidly when demand increases and reaches
capacity, whilst motorcycles can overtake easily in the one-lane per direction corridor. As a result,
a two-lane per direction corridor is considered for motorcycle, car and bus options, and is then

compared with rail-based systems. The results of ASCs of these options are shown in Figure 5-6.
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Figure 5-6 ASCs of different road-based and rail-based modes, DR=12%, 2015 prices

Figure 5-6 describes that when one more lane per direction for motorcycle or bus is expanded, the
curves for motorcycle or bus shift to the right side. This means that higher demand levels can be
supplied at the same ASC when Right of Way (RoW) is expanded. Therefore, an expansion of RoW
can be a feasible option when the demand levels of one single mode increase. However, the
expanding option should be compared to other options for different modes. This can be illustrated

below.

The one exclusive motorcycle lane per direction corridor is the best option at demand levels below
35,000 pdd. When demand levels increase, expanding one motorcycle lane per direction does not
appear to be appropriate because this option cannot be as competitive as the one exclusive bus
lane or two exclusive bus lanes per direction options. When demand is higher than 220,000 pdd,
expanding one bus lane per direction can be better than Monorail. However, when demand reaches
315,000 pdd and above, bus-based technologies are not sufficient. The reason for that is that the
costs are extremely high as the number of vehicles required becomes more than the infrastructure
capacity and congestion causes the user costs to be much higher. Hence, Metro is the most

appropriate option for those high demand levels due to high person capacity.

The results show that external costs account for a small proportion of total social costs for all
modes, compared to the operator and user costs. This is consistent to the study of Wang (2011).

Most external unit costs for all modes are less than 0.1 p/pax-km (except the accident costs of
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motorcycle), which are minor components of the ASC. Hence, a sensitivity analysis for external costs
can be ignored in this study. A sensitivity test with respect to the discount rate is carried out to
analyse how the cost comparisons are affected by the discount rate. The baseline estimate of the
discount rate is 12% and alternative values are 8% and 16%. In addition, a sensitivity test with
respect to the value of time is conducted to analyse how the cost comparisons are affected by the

value of time.

A sensitivity test with respect to the discount rate

Figure 5-6, Figure 5-7 and Figure 5-8 show the results under three dissimilar DRs. In general, when
the DR rises from 8% to 16%, the cost curves of all modes shift upward due to increases in
infrastructure costs and capital vehicle costs. Moreover, the cost curves of car with low occupancy
move upward at a faster rate than those of other modes. Additionally, the costs of the more capital-
intensive elevated Metro is the most sensitive to changes in the DRs, particularly significant changes
occur at low demand levels. However, the options having the minimum ASC are broadly unchanged
for the range of demand levels studied. There are only insignificant changes at critical points of
demand levels, where the lowest ASC switches from one mode to another mode. The changes from
the two bus lanes per direction option to the elevated Metro option is an example. Critical points
of demands levels are at 305,000; 315,000 and 320,000 pdd with respect to the DRs of 8%, 12% and
16% respectively. To conclude, this sensitivity test demonstrates that DRs do not materially impact
on the basic results of the analysis because of the main following reason. Firstly, the DRs impact on
the infrastructure costs and vehicle capital costs, which are elements of the total social costs.
Secondly, the basic results are about comparisons of the ASC between different transport
infrastructure options, which mainly occur from a demand level where the ASC of the motorcycle
option is minimum (the upwards portion of the U-shape curve). On the upwards portion of the U-
shape curve, the ASCs are significantly impacted by the user costs. The reason is that the user costs

are major parts of the total social cost when the traffic conditions are more congested.
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Figure 5-7 ASCs of different road-based and rail-based modes, DR=8%, 2015 prices

100

[0}
o

I
o

Average social cost (pence/pax km)
(@)
o

N
o

0
0 100,000 200,000 300,000 400,000 500,000 600,000 700,000
Daily passenger demand (pax/direction/day)
===p 1 exclusive bus lane — - =Monorail option Elevated Metro option
------- 2 exclusive car lanes 2 exclusive motorcycle lanes ——&1 exclusive motorcycle lane

— - @2 exclusive bus lanes

Figure 5-8 ASCs of different road-based and rail-based modes, DR=16%, 2015 prices

118



Chapter 5 Transport Social Cost Model

A sensitivity test with respect to the value of time

The value of time for different transport modes shown in Table 5-8 are used in the social cost
models to analyse how the results of these models change, compared to outcomes in Figure 5-6.
The values of time for all modes adapted from the study by Bray and Holyoak (2015) are higher
than those numbers adapt from the transfer approach from the UK. The new ASCs of different road-

based and rail-based modes are shown in Figure 5-9.
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Figure 5-9 New ASCs of different road-based and rail-based modes for different VoT, DR=12%,
2015 prices

Figure 5-6 and Figure 5-9 show that the cost curves of all transport modes shift upward when the
value of time increases. The reason can be that the total user costs account for between around
30% and 50% of the total social costs for all modes. Additionally, the cost curves of bus move
upward at a faster rate than those of other modes because the value of time for bus users rise at
the highest rate. Compared to the cost curves of motorcycle and car, the cost curves of new PT
modes shift up at a higher rate because the rates of increases in VoT for private transport are
smaller than those rates for the new PT modes. There seems to be no change in that Metro is still
the best mode at highest demand levels, above around 320,000 pdd. However, the options having
the minimum ASC are changed for medium demand levels, ranging from 100,000 to 320,000 pdd.
The bus and Monorail cannot be as competitive as the motorcycle options. Hence, the value of time

appears to be sensitive to choosing the best option at medium demand levels.
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5.6.1.2 Mixed transport social cost model

The mixed transport social cost model is applied for the Hanoi case study where the chosen corridor
has four lanes per direction. Modal shares of motorcycle, car and bus are 77.47%, 13.72% and 8.81%
respectively. The detailed calculation of these values is shown in section 6.2. Of all options shown
in subsection 5.5.4, option 5, as a base option, represents the existing situation for the NT-TP-QT
corridor. Hence, option 5 is compared to the following options. Options 8 and 9 are cases, where
one lane per direction is converted to an exclusive bus and BRT lane correspondingly while three
lanes per direction are for motorcycle and car. Options 10 and 11 are cases where there is a
segregated Monorail service and an elevated Metro line correspondingly while four existing lanes
per direction are for motorcycle and car. The main assumptions are: (i) the new modal share of the
PT mode increases to 20%, compared to the modal share of the existing bus of 8.81% and (ii)
according to the existing modal share, the modal shares of motorcycle and car in mixed traffic lanes
without PT are 67.96% and 12.04% of the total demand respectively. Based on all required data for

the Hanoi case study, the results of the ASCs of five options are calculated and shown in Figure 5-10.
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Figure 5-10 Average social costs of five mixed traffic options, DR=12%, 2015 prices
As can be seen from Figure 5-10, there are four kinks on each cost curve. These kinks appear at
demand levels where traffic flows reach infrastructure capacity, vehicle speeds therefore decreased

dramatically. As a result, the ASC increases considerably around these demand levels. Four kinks on

each cost curve are relevant to four time periods of a day, which are shown in Table 5-7. For
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example, on the curve of the option 5, a kink appears at a demand level of around 250,000 pdd at
which the demand for the peak hour is 25,000 passengers/direction/hour. The traffic flow, which is
converted to the motorcycle unit, reaches the capacity of 24,335 MCU/direction/hour. This value

of capacity is shown in Table 2-4.

In general, with the assumptions of the modal share above, option 8 with exclusive bus lane has
the smallest ASC at low and medium demand levels. However, the ASC of option 9 with BRT is only
slightly lower than the ASC of option 8 at any demand levels. Option 8 with bus, option 9 with BRT
and option 10 with Monorail have very similar ASCs within the demand level from around 300,000
pdd to 550,000 pdd. When daily demand level is higher than 550,000, option 10 with Monorail has
advantages. The ASCs of the existing option and option 11 with Metro are very high at any demand

levels.

The total existing demand of this corridor, which is shown in details in section 6.2, is 407,700 pdd.
All other options seem to be better than the existing option in terms of ASC. As a result, in order to
improve the performance of the current situation, transport planners and decision makers might
consider these four options to analyse their feasibility and comparisons. However, the main
drawback of the mixed transport social cost model is that demand is exogenous and modal share is
fixed. The mixed transport social cost model cannot estimate changes to the existing transport
conditions when a new PT mode is introduced. The incremental demand models, the traffic
simulation model and the comparative economic assessment are developed to overcome this

disadvantage.

5.6.2 Summary

The social cost models are applied to the Hanoi case study. All basic parameters and unit costs are
adapted from primary and secondary data for the case study. The PT, PRV and Taxi/Uber social cost
models, which can be used for homogeneous traffic, evaluate several transport modes in terms of
ASC. Then these models might identify the most cost-effective transport mode with respect to
different passenger demand levels at a strategic planning level. In addition, the mixed transport
cost model, which might be used for mixed traffic environments, can determine whether or not
options with a new PT mode are better than the existing situation at a strategic planning level. In
other words, the mixed transport social cost model is for use in strategic analysis of public transport
technology choices. Then, the chosen options will be analysed for a more detailed assessment.
When these cost models are implemented, sensitivity tests with respect to the discount rate and
value of time are considered. For the sensitivity tests with respect to the discount rate, the options

having the minimum ASC are broadly unchanged for the range of demand levels studied. On the
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contrary, the lowest ASC option seems to be sensitive to the value of time at medium demand

levels.

5.7 Conclusion

This chapter illustrates the development of the social cost models for one single urban corridor.
These social cost models can evaluate the total operator costs (or infrastructure operator costs for
PRV), total user costs (or vehicle user costs for PRV), total external costs and hence TSC and ASC for
individual transport mode and mixed transport from daily passenger demand of 1,000 pdd to

700,000 pdd.

For all modes, the total external costs include accident cost, noise pollution cost, air pollution cost
and climate change cost. Elements of total operator costs and total user costs and their calculations
are different for dissimilar modes. Firstly, the operator costs of the PT service include both
operating cost and capital investment cost, which are estimated in the Fully Allocated Costs model.
The PT user costs cover walking time, waiting time and in-vehicle time. Secondly, the infrastructure
operator costs for PRV cover infrastructure costs, maintenance costs and parking costs. The vehicle
user costs for PRV consists of operating costs for users, private vehicle capital costs, travel time and
congested-related delay costs. Thirdly, the Taxi/Uber operator costs cover capital cost; non-fuel
operating cost; fuel cost; administrative cost; infrastructure costs and highway maintenance cost;

and driver earnings. The Taxi/Uber user costs cover in-vehicle time and waiting time.

The PT, PRV and Taxi/Uber social cost models are initially considered in situations where only one
transport mode uses the infrastructure facility. To calculate the costs in these models, the
intermediate outputs must be obtained in the first place. For the PT social cost model, these
intermediate outputs are operating speed, Vehicle-Kilometres, Peak Vehicle Requirement, Vehicle-
Hours, number of stations/stops, number of depots, passenger-kilometres. For the PRV and
Taxi/Uber social cost models, the key intermediate output is operating speed. This study improves

the calculation of the speed based on previous studies to consider all types of transport modes.

The mixed transport social cost model is considered if several modes share facilities in mixed
transport systems with the dominance of motorcycles. The total social costs for mixed transport
include the total social costs for PT, PRV and Taxi/Uber, except the infrastructure costs. The
infrastructure costs cover the infrastructure costs of the exclusive PT mode and the infrastructure
costs of mixed lane facilities. The latter is allocated to transport modes sharing infrastructure
facilities based on the study by Sansom et al. (2001). To estimate average speed in mixed transport

environments, the flow-speed relationships in exponential function by Nguyen and Sano (2012) are
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chosen. However, these flow-speed relationships are improved by using the Lambert W function to

determine the speed of mixed traffic corresponding to a given traffic flow.

The social cost models are applied to Nguyen Trai - Tran Phu - Quang Trung corridor with a length
of 7 km, a main arterial in Hanoi, Vietnam. The PT, PRV and Taxi/Uber social cost models can be
used for homogeneous traffic while the mixed transport cost model might be used for mixed traffic.
The results of the Hanoi case study prove that these social cost models can be useful for transport
planners and decision makers to determine the most cost-effective transport mode with respect to
different passenger demand levels at the strategic planning level. Furthermore, to improve the
performance of the existing mixed transport conditions, potential new PT modes can be considered
for analysing their feasibility and therefore for a more detailed assessment. Moreover, with
optional inputs and the flexibility of the cost functions, the social cost models are able to be

modified to suit other local conditions.

However, the main drawback of the mixed transport social cost model is that demand is exogenous
and modal share is fixed. The transport social cost model cannot estimate changes to the existing
transport conditions after an introduction of a new PT mode. Moreover, these cost models might
not reflect interactions between vehicles at links and junctions, compared to the real network. This
means that the social cost model cannot evaluate congestion effects in the multimodal models.
Hence, the traffic simulation model, the incremental demand models and the comparative
economic assessment are developed to overcome these disadvantages in the following chapters.
Chapter 6 is going to show the development of the traffic simulation model for the case study.
Chapter 7 will describe incremental demand models. Chapter 8 illustrate the comparative economic

assessment integrating the social cost models, demand models and traffic simulation models.
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Chapter 6  Traffic Microscopic Simulation Model

6.1 Introduction

Chapter 4 describes the methodology of the comparative economic assessment, which compares
existing mixed transport systems and potential options with an introduction of a new PT mode
and/or transport policy in terms of ASC. The core model of the comparative economic assessment,
which is the social cost model, is developed in Chapter 5. However, as a strategic level model, the
social cost model is built for a stand-alone corridor without any interaction between vehicles.
Therefore, a traffic simulation model is required in the comparative economic assessment to reflect
real transport networks. As discussed in Chapter 3, VISSIM is chosen to develop the microscopic
simulation model for mixed transport systems. This chapter is going to demonstrate the VISSIM

simulation model as one component of the completed assessment.

As mentioned in section 4.3, the Nguyen Trai — Tran Phu — Quang Trung (NT-TP-QT) corridor with a
length of 7.0 km is selected for the Hanoi case study. The next part of this chapter describes the
data collection process on the selected corridor in Hanoi. The third part of this chapter
demonstrates the development of the simulation model in VISSIM, which is based on infrastructure
data, signal data and traffic data. To test the accuracy of the simulation model, the calibration and

validation process is implemented and shown in the fourth part of the chapter.

6.2 Data Collection and Analysis

The data collection process was carried out from 10 February 2018 to 25 June 2018 by the author
and around 100 undergraduate students at the National University of Civil Engineering in Hanoi,
Vietnam. Ethics number 40105 for this project including the data collection process was approved
by the Ethics Committee of Faculty of Engineering and Physical Sciences. The data were collected
on the Nguyen Trai - Tran Phu - Quang Trung corridor, which is shown in Figure 6-1. Types of
collected data include traffic volume, bus passenger demand, bus arrival/departure time, signalised
data at intersections, infrastructure geometry, data for simulation model calibration and validation
and local acceleration data. Note that all collected data are not only for the microscopic simulation

model but also for the incremental demand models and the social cost models.
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Figure 6-1 Location of Nguyen Trai - Tran Phu - Quang Trung corridor

Source:

https://www.google.com/maps/@20.9817054,105.7890439,16.79z/data=15m1!1lel1?hl=en

Notes: Width of green lines and size of black circles show a high level of traffic level at links and junctions
correspondingly. Nine existing bus services, which are operated on segments of the corridor, are shown in

black lines. Moreover, four bus services run on the whole corridor.

The VISSIM package with student version 6.0, which was available in 2018, is able to simulate a
maximum corridor of 1.5 km. Hence, the segment from the junction J2 to the junction J4 on the
corridor (‘Quang Trung’ road) was selected for the simulation model because of the following
reasons. Firstly, this segment can represent the average traffic volume and the average bus
passenger demand level of the entire corridor. Secondly, this segment with a length of less than 1.5
km includes three junctions. Representing the whole corridor by a segment of three junctions
seems to be better than a segment of two junctions. Thirdly, there can be potentially available video
recordings at the junctions J2 and J3, which are provided by the Hanoi Police Department. This can
avoid collecting a huge amount of data on-site. Collected data for the calibration and validation

process are focussed on the selected segment.
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6.2.1 Traffic volume data

6.2.1.1 Primary data

The traffic volume data cover car, motorcycle and bus at junctions for the peak period. The real
surveys at ten junctions (J1-J10) on the chosen corridor shown in Figure 6-1 were carried out from
16:30 to 18:30 on Monday 16 April 2018. Required data include volumes of car, motorcycle and bus
for all movements at each junction, for example, twelve movements consist of turning left, turning
right and going straight for four approaches at a crossroad. It is very difficult to count manually
traffic volume on-site in real time. Hence, the method for collecting data is that one group of
undergraduate students at each junction used cameras to record all movements of vehicles. Then,
the traffic volume of each mode for each movement had been counted in-house by using video
recordings. For example, four cameras were located at the junction J5 to record all movements of

vehicles, which are shown in Figure 6-2.

Camera 4
f |
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Camera 4 Junction layout with cameras

Figure 6-2 Location of recording cameras at junction J5

6.2.1.2 Secondary data

The Hanoi Police Department (HPD) manages cameras in real time at the junctions J2 and J3 on the
corridor. Video recordings at these junctions (7:00-9:00, 12:00-13:00 and 17:00-19:00) on Monday
19 March and Thursday 22 March 2018 were provided by the HPD. These data can be used for

developing the simulation models and the simulation model calibration and validation.
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6.2.1.3 Counting data in-house from video recordings

For the peak period, video recordings for the ten junctions were stored and volumes of each vehicle
type in an interval of 15 minutes were counted in-house by the undergraduate students and the
author. Volumes of each vehicle type for each movement in an hour were then calculated. The
results are separately obtained for the period from 16:30 to 17:30 and the period from 17:30 to
18:30 on Monday 16 April 2018. The reason for that is that two different sets of data are for the
calibration and validation process of the simulation model. For example, Figure 6-3 shows the
results of motorcycle and car volumes at the junction J3. Bus volumes are counted separately. Other

results are summarised in Appendix B.1.2.

For the off-peak period, video recordings of the period from 12:00 to 13:00 for the junctions J2 and
J3 were provided by the HPD. The data were recorded on Monday 19 March and Thursday 22 March
2018. The method for counting traffic volume for the off-peak period is the same as the peak period.
Two different sets of data on both days are used for the calibration and validation process of the

simulation model. Results are summarised in Appendix B.1.3.
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Figure 6-3 Volumes of car and motorcycle at the junction J3 from 17:30 to 18:30 on 16 April 2018
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6.2.2 Bus data

The real surveys at thirty bus stops on the whole corridor were implemented from 16:30 to 18:30
on Thursday 19 April 2018. The types of data were collected for all bus services running on the
corridor, which include: (i) number of boardings and alightings at all bus stops; (ii) bus occupancy;
(iii) arrival/departure time and stopping time; and (iv) boarding/alighting time per passenger. Four
bus services run on the whole corridor while nine existing bus services are operated on different
segments of the corridor. The locations of the nine bus services are shown in Figure 6-1. Two
methods for collecting these data were used as (i) one group of the undergraduate students at each
bus stop used cameras to record all movements of bus passengers and bus vehicles; and (ii) the
surveyors used survey forms to count manually on-site. The combination of the two methods

ensures that the results are accurate enough. Appendix B.2 summarises results of bus data.

6.2.3 Control data

To get signal data, surveys at the ten junctions on the whole corridor were carried out on-site by
the undergraduate students and the author. All junctions are controlled by a signal with the
traditional “Red — Green — Amber” phase and traffic lights show phasing time in seconds. Moreover,
all signal timings are fixed and there is no difference between the peak and off-peak period.

Signposts on links were collected to determine their locations.

6.2.4 Infrastructure

Geometric measurement surveys at all junctions and links on the corridor were carried out on-site
by the undergraduate students and the author. Geometric data of links include the number of lanes,
lane width and gradient while the data at junctions consist of the number of lanes, lane width and

gradient of each approach and curb curvature radius for turning right and turning left.

6.2.5 Local acceleration of motorcycle for inputs of VISSIM

As discussed in subsection 4.3.2, acceleration surveys were carried out by using the speed gun (see
Figure 4-2). Samples of 200 motorcycles were obtained at different speeds ranging from 0 km/h to
a speed limit of 50 km/h. The undergraduate students and the author chose suitable segments on
the corridor and suitable time of a day to implement these surveys. For example, very low speeds

were observed at junctions whilst high speeds were observed at links at off-peak morning periods.

Long (2000) suggested that the linearly decreasing model of acceleration related to speed of travel

performs successfully for both maximum vehicle acceleration and normal motorist-chosen
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acceleration, for both cars and trucks. The results showed that the acceleration is not constant
during speed changes, but the rate of change in acceleration is constant. Long (2000) reviewed
some research on vehicle acceleration, which based on observation of vehicle speed increments.
Firstly, Long (2000) reviewed the study by Loutzenheiser (1937) that conducted a series of tests on
six- and eight-cylinder passenger cars. The acceleration results from repeated trials at full
acceleration with all six vehicles and different drivers were averaged together in successive 8.05
km/h (5-mph) speed increments. Secondly, Long (2000) reviewed the study by Beakey (1938) that
reported the acceleration results for each vehicle separately for 16.1-km/h (10-mph) speed

increments.

As a result, in this thesis, a 5-km/h speed increment is chosen for estimating motorcycle
acceleration. A mid-point of acceleration, which represents for a speed band, will be inserted in
VISSIM. The acceleration at 0 km/h represents for the smallest speed band of 0-2.5 km/h while the
acceleration at 5 km/h represents for the next speed band of 2.5-7.5 km/h. The highest speed band
of 47.5-50 km/h is represented by the acceleration at 50 km/h. Hence, for each speed increment,
the acceleration of observed motorcycles is estimated. Then a function of motorcycle acceleration

is produced for a range speed between 0 and 50 km/h.

There are six steps for estimating motorcycle acceleration for each speed band, which include: (i)
observed motorcycle were selected for one speed band; (ii) for raw data of each motorcycle from
Stalker ATS 5.0, biased points, which show speeds of other vehicles nearby the objective vehicle,
need to be eliminated; (iii) speed-time values for each vehicle from Stalker ATS 5.0 are exported to
an Excel file; (iv) a linear model is made for speed-time relationship for each observed motorcycle
where a correlation coefficient and equation of the fitted line are determined for this motorcycle;
(v) if the speed-time linear model appears to be consistent, the acceleration of each observed
vehicle can be calculated from the slope of the fitted line; and (vi) Maximum, minimum and median
values of acceleration are determined for each speed increment. To minimise impacts of outliers,
an approach is to use a 5 per cent trimmed median, where the 5 per cent of observations in each
tail of the distribution are removed from the sample (Long, 2000). Then, 95" percentiles, 5"
percentiles and trimmed median of motorcycle acceleration are used as maximum, minimum and
median values respectively. The threes values are inserted in VISSIM for one speed band. The

detailed six-step process is shown in Appendix B.3.

Using observation data in the Hanoi case study, the results show that the speed-time relationship
is a linear function for all speed bands because all sample correction coefficients are higher than
0.85. The six-step process above is conducted for all speed bands from 0 to 50 km/h. Figure 6-4

shows upper bound, lower bound and median of desired acceleration of motorcycle in successive
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5-km/h speed increments, which are 95" percentiles, 5" percentiles and trimmed median of
motorcycle acceleration. Three curves in Figure 6-4, which are used as ‘desired acceleration

functions’ of motorcycle, are inserted in VISSIM.
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Figure 6-4 Upper bound, lower bound and median of desired acceleration of motorcycle for the

Hanoi case study

6.2.6 Data for simulation model calibration and validation

As mentioned in subsection 3.3.5, the nine-step procedure for the microscopic simulation model
calibration and validation is used in this thesis. Travel time is chosen as a measure of effectiveness.
Therefore, travel time of bus, motorcycle and car needs to be collected on-site for the peak period.
For the off-peak period between 12:00 and 13:00, data can be extracted from video recordings

provided by the HPD.

6.2.6.1 Travel time of bus

Travel time of conventional bus between two given points on the chosen segment from the junction
J2 to the junction J4. The real surveys were carried out from 15:00 to 19:00 on 17 May 2018 at eight
bus stops (four successive bus stops each direction). The locations of eight bus stops are shown in
Figure 6-5. Two surveyors at a stop counted manually information including bus service number,
bus plate number and bus arrival/departure time. This set of data is different from the set of data

collected on 19 April 2018, which is shown in subsection 6.2.2.

Similarly, travel time of conventional bus can be determined from video recordings provided by the
HPD when bus service number and time recorded can be identified. These data are used for the off-

peak period.
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6.2.6.2 Travel time of the car

Travel time of cars between two given points on the study corridor. It is difficult to chase and see a
car from video recordings at the two points. As a result, one surveyor and the author ride a car
between the two points on different weekdays during the collection data period. A sample of 100
cars was carried out between the 182 Quang Trung bus stop and 418 Quang Trung bus stop for the
period from 16:30 to 17:30 and another sample of 100 cars was implemented between the 705
Quang Trung stop and the 267 Quang Trung bus stop for the period from 17:30 to 18:30. These are
two different sets of data in terms of time periods and directions. This is necessary for the

calibration and validation process.

6.2.6.3 Travel time of the motorcycle

Travel time of motorcycles between two given points on the chosen corridor. Ten surveyors
including the author ride motorcycles of two people between the two points on different weekdays
during the collection data period. A sample of 200 motorcycles was carried out between the 182
Quang Trung bus stop and 418 Quang Trung bus stop for the period from 16:30 to 17:30 and
another sample of 200 motorcycles was implemented between the 705 Quang Trung stop and the
267 Quang Trung bus stop for the period from 17:30 to 18:30. These are two different sets of data

in terms of time periods and directions.

6.2.7 Summary

The required collected data for the microscopic simulation model include both primary data and
secondary data. The primary data were collected by the author and around 100 undergraduate
students while secondary data were provided by the Hanoi Police Department. The data were
collected for both the peak and off-peak periods. Moreover, the data cover traffic volume data at
junctions, data on bus, data on signals at junctions, infrastructure geometry, motorcycle
acceleration, vehicle travel time. Traffic volume and data on bus passenger are collected by using
cameras and then counted in-house. Data on local motorcycle acceleration are analysed to get local

parameters for inputs of the VISSIM simulation.

6.3 Developing Simulation Model

As mentioned in Chapter 3 and Chapter 4, the microscopic simulation model is based on VISSIM to
develop an urban mixed traffic corridor where bus, car and motorcycle share facilities. This model
is integrated with the social cost model and incremental demand models to form the comparative

economic assessment to analyse the feasibility of proposed public transport modes on the selected
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corridor and identify the best mixed transport option. The VISSIM model simulates the Quang Trung
segment of the chosen corridor in Hanoi. To develop the VISSIM model, infrastructure, signalised

control data and traffic data are input in the VISSIM package.

The results of traffic data provided by the HPD show that there are significant differences in general
traffic volume and bus travel time between the peak and off-peak period. These results are
summarised in Figure B-2 and Figure B-7 in Appendix B. This is consistent with data on passenger
demand split in the different time provided by the TTS Group, which are shown in Table 5-7. Hence,
the simulation models are developed for the peak and off-peak periods separately. The VISSIM
model for the peak period simulates a segment between the junctions J2 and J4 while the VISSIM
model for the off-peak period is developed for a segment between the junctions J2 and J3 in Figure
6-1 due to lack of data for the junction J4. The process for building infrastructure and signal data in
VISSIM for both peak and off-peak periods are the same whilst general traffic data of both periods
are different. The junctions J2, J3 and J4 are named for the Van La — Quang Trung intersection, Le
Trong Tan — Phuc La — Quang Trung intersection and Ngo Thi Nham — To Hieu — Quang Trung

intersection respectively.

6.3.1 Infrastructure

There are two ways to build an infrastructure network in VISSIM. The first way is based on
geographic data in VISSIM, which is named as ‘bing maps’. The ‘bing maps’ can be switched ‘on’ or
‘off’ in VISSIM. The second way is that VISSIM users can build the network manually. However, there
are some differences of updated data between ‘bing maps’ and the corridor condition due to the
time gap between release data of the VISSIM package and data collection time. Hence, a
combination of two ways is used to develop the VISSIM model in this thesis. Based on ‘bing maps'
and collected data at all links and junctions (on geometric data, post, one-way lane, etc.), the
infrastructure network of the segment between the junction J2 and J4 is built. The VISSIM
infrastructure network contains the geometry of the selected segment and the other roads
intersecting at the junctions J2-J4. Additionally, the VISSIM network includes any existing signposts
on the real network. Figure 6-5 shows the simulated segment for the peak period. To build the
simulated network, each junction needs to be developed in VISSIM based on the collected data.
Figure B-11 in Appendix B.4 shows an example of the detailed layout of the junction J3 that is
imported in VISSIM.
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Figure 6-5 Simulated traffic network of the study corridor in VISSIM

Notes: Eight bus stops on the selected segment are shown in red stars.

6.3.2 Signalised control data

In Hanoi, the signal phases are fixed without any priority for public transport modes at junctions.
The collected signalised data for the junctions J2-J4 were inserted into the VISSIM model by using
the signal control input interface, that are shown in Figure 6-6, Figure 6-7 and Figure 6-8. Pedestrian
stages were not inputted into the control data because traffic signals for pedestrian follow the three

stages for the general traffic.

Name: [Junction 12

Intergreens: Cycle time: Offset: Switch point:
1: Intergreen matrix 1 v 90 = 0 = 0

No Signal group Signal sequence | o M M W N & &

Figure 6-6 Signalised control data for the junction J2
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Name: [Junction J3 _[
diengeets: Cycle time: Offset: Switch point:
| 1: Intergreen matrix 1 vl 43 0 = ‘0 51;\

No Signal group Signal sequence 130 (14 L N E N

-~

» W straight Red-green

E straight

3 NS W Red-green 139 4

Figure 6-7 Signalised control data for the junction J3

Name: [Junction J4 J

Intergreens: Cycle time: Offset: Switch point:
1: Intergreen matrix 1 v ns [ 0 + 0 ::-7‘
‘ No Signal group Signal sequence 100 110 . . . . . .

» W-E straight T Red-green

Bl B Red-green

Figure 6-8 Signalised control data for the junction J4

A signal sequence for each phase in each signal cycle is “Red-Green-Amber” for all junctions. The
durations for each sequence are based on the collected data on-site. The signal sequence for one

phase in the junction J4 is shown in Figure 6-9.

Name:

[ W-E straight |

Default sequence:

| BB Red-green-amber v|

(Minimum) durations:

=

5 4 ‘

Notes:

Figure 6-9 Signal sequence setting for ‘W-E straight’ phase in VISSIM
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6.3.3 General traffic input

Traffic input data need to represent the traffic network of the chosen segment in Hanoi. The traffic
input data, which include private transport and public transport, represent the characteristics of all
vehicles, the origin-destination movements, bus routes and bus stops. In this study, general traffic
cover motorcycle, car and bus while HGVs and bicycles are not considered due to very minor
volumes. This subsection is going to demonstrate general traffic input for cars and motorcycles in

the first place, followed by public transport input.

6.3.3.1 General traffic input

General traffic inputs in VISSIM consist of vehicle volumes, vehicle compositions and origin-
destination movements at each junction. Vehicle volumes are input by using the ‘Vehicle Inputs’
setting in VISSIM. The ‘Vehicle Compositions / Relative Flows’ attribute is used for vehicle
composition inputs while the ‘Static Vehicle Routing Decisions / Static Vehicle Routes’ attribute is
used for origin-destination movements at each junction. Traffic volumes of car and motorcycle at
each junction (e.g. values shown in Figure 6-3) are required to input in the VISSIM simulation. An

example of this process for general traffic input in VISSIM is shown in Appendix B.4.2.

6.3.3.2 Public transport input data

Public transport data are input in VISSIM by using the Public Transport Lines and Public Transport

Stops settings.

To create each bus line through the Public Transport Line setting in VISSIM, the bus origin, bus
destination, bus route and the activated public transport stops must be defined. The starting time
of each bus vehicle on the simulated corridor needs to be input through the ‘departure times’
attribute, which can be set either by service frequency or by entering an exact starting time.
Because the start point and end point of the simulated corridor are not terminations of the bus
routes, the starting time of each bus in the VISSIM simulation model is used from collected data on-
site. In addition, the occupancy of each bus vehicle, which is the number of passengers on board
when this vehicle enters the VISSIM network, needs to be input through the ‘occupancy’ attribute
in the Public Transport Line setting. This value, which is calculated by dividing the total initial
passengers on board at the first bus stop of each direction by the total number of bus vehicle

entering the VISSIM network, is inserted for each bus service separately.

Data on each public transport stop are input in VISSIM through the Public Transport Stops setting
in VISSIM. The locations of each bus stop were identified based on the collected data on-site.

Boarding passenger of each bus line at each bus stop, which is boarding passenger volume per hour,
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is inserted through the ‘Volume’ attribute. Alighting percentage of each bus line at one bus stop is
input through the Public Transport Line setting and ‘PT line stop’ attribute. Based on the boarding
passengers, occupancy and alighting percentage, the dwell time data are calculated automatically

in VISSIM. An example of this process of public transport input in VISSIM is shown in Appendix B.4.3.

6.3.4 Summary

The VISSIM simulation models are developed for the peak and off-peak periods separately because
there are significant differences in general traffic volume and bus travel time between these
periods. The peak period is between 16:30 and 18:30 while the off-peak period is from 12:00 to
13:00. To develop the VISSIM models, infrastructure, signalised control data and traffic data are
input in VISSIM. The infrastructure geometry, which includes links and junctions are input in the
first place. Secondly, signals data are set for all junctions. Finally, traffic data including general traffic

and bus data are inserted in the VISSIM simulation model.

6.4 Model Calibration and Validation

The previous section illustrates the development of the VISSIM simulation models for the peak and
off-peak periods. The VISSIM simulation models were developed based on the data collected from
the Quang Trung segment on the selected corridor. Calibration and validation of the model need to
be implemented to ensure the outputs of the VISSIM simulation model represent the transport
network in reality. This is a process to adjust parameters in the model and test the accuracy of the

model by comparing with the data collected in the field.

Chapter 3 discusses the model calibration and validation process by Park and Schneeberger (2003),
which is a comprehensive and standardised calibration and validation procedure for the
microscopic simulation model. This nine-step procedure includes: (1) measure of effectiveness
selection; (2) data collection; (3) calibration parameter identification; (4) experimental design; (5)
run simulation; (6) surface function development; (7) candidate parameter set generation; (8)
evaluation; and (9) validation with new data collection. This process is demonstrated for the both

peak and off-peak periods.

6.4.1 Calibration and validation process for the peak period

6.4.1.1 Measure of effectiveness selection

The first step is to determine the key performance indicators as the measure of effectiveness. The

key performance indicators are considered in not only the simulation model but also the social cost
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models and incremental demand models in the comparative economic assessment. In addition, the
key performance indicators need to be collected from the VISSIM simulation model and from the
fields to test the accuracy. In this thesis, motorcycle, car and bus are considered for the existing
transport condition. As a result, the travel time of motorcycle, car and bus are chosen as key
performance indicators. Two travel time evaluation points were identified on the selected segment
on-site to collect data. These points were also placed on the VISSIM network. The distance between

the two points is 1.5 km.

6.4.1.2 Data collection

Section 6.2 describes the data collection process. The collected data for calibration and validation

are summarised below.

The field data for the 16:30-17:30 period for the calibration process include: (i) Traffic volume at
three junctions were collected on Monday, 16 April 2018; (ii) Data on bus passenger demand were
collected on Thursday, 19 April 2018; (iii) Data on bus travel time were collected on Thursday, 19
April 2018; (iv) Data on car and motorcycle travel time were collected on different weekdays during
the collection data period (February to June 2018); (v) Data on acceleration motorcycle were

collected on different weekdays during the collection data period (February to June 2018).

The field data for the 17:30-18:30 period for the validation process include: (i) Traffic volume at
three junctions were collected on Monday, 16 April 2018; (ii) Data on bus passenger demand were
collected on Thursday, 19 April 2018; (iii) Data on bus travel time were collected on Thursday, 17
May 2018; and (iv) Data on car and motorcycle travel time were collected on different weekdays

during the collection data period (February to June 2018).

Travel times of vehicles on the westbound corridor were selected for the calibration process whilst

travel times of vehicles on the eastbound corridor were selected for the validation process.

6.4.1.3 Calibration parameters

Seven calibration parameters were considered in the study by Park and Schneeberger (2003), which
are the emergency stopping distance, lane-change distance, desired speed, number of observed
preceding vehicles, average standstill distance, additive part of desired safety distance, waiting time
before diffusion, and minimum headway. Furthermore, bus desired speed, bus acceleration and

bus deceleration are chosen as three calibration Parameters (Li, 2015).

As discussed in subsections 4.3.2 and 6.2.5, data on acceleration motorcycle were collected and
analysed. The motorcycle acceleration parameters are then used as direct input data for the VISSIM

simulation without calibration. Due to time limits, four calibration parameters are selected as (i)
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desired speed of car and bus; (ii) desired speed of motorcycle; (iii) minimum lateral distance driving
when overtaking vehicles on the same lane; and (iv) average standstill distance. Because these
parameters might have significant impacts on vehicle travel time in mixed transport systems with
the dominance of motorcycles. The base values of the four parameters are chosen based on the
default values in VISSIM and regulations of the speed limit in Hanoi. Other possible values, which
are smaller than the base values, are also selected because of the following reasons. Firstly, the
base value of the speed is the speed limit in Hanoi. Secondly, volumes of motorcycles in the Hanoi
roads are high, therefore, other possible values of average standstill distance and minimum lateral
distance driving should be smaller than the default values. All possible values of these parameters

are shown in Table 6-1.

Table 6-1 Model calibration parameters

Parameters Possible values
Desired speed distribution of bus and car (km/h) 60 50 40
(base value)
Motorcycle desired speed distribution (km/h) 50 40 30

(base value)

Average standstill distance (m) 2 1 0.5
(base value)

Minimum lateral distance driving at 50 km/h (m) 1 0.8 0.6
(base value)

Note that minimum lateral distance driving at 50 km/h is the minimum distance between vehicles when
overtaking at 50 km/h within the lane and keeping the distance to vehicles in the adjacent lanes. The
minimum distance is linearly interpolated for other speeds between 0 km/h and 50 km/h (PTV AG, 2011).

Minimum lateral distance driving at 0 km/h is chosen as 0.2 m.

The distribution function of desired speeds is a particularly important parameter, as it has an impact on link
capacity and achievable travel times. If not hindered by other vehicles or network objects, e.g. signal controls,
a driver will travel at his/her desired speed. Desired speed takes the permissible speed into account, the
upper limit of its distribution, however, mostly exceeds the permissible speed. This is not the case though if

the route examined is equipped with a permanently installed speed trap (PTV AG, 2011).

Average standstill distance is defined as the average desired distance between two stopped cars; and cars

and stop lines (PTV AG, 2011).

6.4.1.4 Experimental Design

In order to obtain the parameter set that produces the vehicle travel time values that match the
data collected from a field survey, different combinations of the four parameters were tested.

There are 81 possible combinations for the four calibration parameters in Table 6-1.
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6.4.1.5 Run Simulation

To ensure the variability of the simulation results and to reduce the randomness, each parameter
combination case has been run five times with different random seeds. Therefore, a total of 405
runs were performed in VISSIM to obtain the vehicle travel times of the westbound traffic. The total
simulation time in VISSIM has been set to 60 minutes (3,600 seconds), which include 15 minutes

system warming up period and 45 minutes of travel time collecting period.

6.4.1.6 Surface function development

The surface function was created to estimate the relationships between the calibration parameters
and the vehicle travel times obtained from the simulation model. A linear regression model was
built in the SPSS program with the four calibration parameters as the independent variables and
the vehicle travel time as the dependent variable (Park and Schneeberger, 2003; Li, 2015). The

linear regression model is implemented for travel time of bus, car and motorcycle.

6.4.1.6.1 Bus travel time

Bus travel time is a criterion (or dependent variable). Motorcycle desired speed distribution
(MCSpeed), desired speed distribution of car and bus (BusCarSpeed), minimum lateral distance
driving (LateralDistance) and average standstill distance (AvgStandstillDistance) are the

predictors (or independent variables). Table 6-2 shows the outputs from the SPSS program.

Table 6-2 Results of a linear regression model for bus travel time

Model Summary

Adjusted R
Model R R Square Square Std. Error of the Estimate
1 .9842 .968 .967 78.03346

a. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance
IANOVA?

Model Sum of Squares [df Mean Square F Sig.

1 Regression 14208328.758 | 3552082.190 583.339 .000°
Residual 462780.819 76 6089.221
Total 14671109.578 |80

a. Dependent Variable: BusTraveltime
b. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance

Coefficients?
Standardized
Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 118.546 82.254 1.441 .154
IAvgStandstillDistance 670.840 13.904 .983 48.250 .000
LateralDistance -120.472 53.095 -.046 -2.269 .026
BusCarSpeed -.460 1.062 -.009 -.434 .666
MCSpeed -.019 1.062 .000 -.018 .986
a. Dependent Variable: BusTraveltime
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As can be seen from Table 6-2, p-values for average standstill distance and minimum lateral
distance driving are smaller than 0.05. This means that these parameters have significant impacts

on the average bus travel time based on a significance level of 5%.

Moreover, the b coefficient for average standstill distance is a positive number. This indicates that
higher average standstill distance is associated with higher average bus travel time. This seems to
be sensible because higher average distance between two vehicles can cause lower capacity in the

VISSIM simulation, therefore higher travel time with the same existing traffic volume.

By contrast, the b coefficient for minimum lateral distance driving is a negative number. This means
that higher minimum lateral distance driving is associated with smaller average bus travel time. This
appears to be consistent with the study by Nguyen and Sano (2012). Those authors suggested that
the relationship between speed and effective space is an increasing one in the peak period. Higher
minimum lateral distance driving can lead to higher effective space, which is a product of lateral
distance of running vehicle and longitudinal distance of the running vehicle. Therefore, higher
minimum lateral distance driving results from larger mean speed, and then, lower average travel

time.

Additionally, Table 6-2 shows the p-values for the desired speed distribution of bus, car and
motorcycle are much higher than 0.05. This means that these parameters do not have a significant
impact on the average bus travel time based on a significance level of 5%. The reason for that can
be explained that car, bus and motorcycle cannot reach desired speed (or around speed limit) in
the peak period where traffic volume is high and any vehicle might be hindered by other vehicles

or network objects. As a result, a driver cannot travel at his/her desired speed.

6.4.1.6.2 Car travel time

Similarly, the results of a linear regression model for car travel time are shown in Table 6-3 displays
that the relationships between the car travel time obtained from the simulation model and the
calibration parameters are similar to the relationship between the bus travel time and calibration
parameters, which are mentioned in subsection 6.4.1.6.2. This means that there is significant
evidence that average standstill distance and minimum lateral distance driving have significant
impacts on the car travel times whilst speed distribution of motorcycle, car and bus do not have
significant impacts on the car travel times. As mentioned in subsection 6.4.1.6.2, car, bus and
motorcycle cannot reach desired speed (or around speed limit) in the peak period when traffic

volume is high.
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Table 6-3 Results of a linear regression model for car travel time

Model Summary

Model R R Square Adjusted R Square Std. Error of the Estimate

1 .969° .940 .937 96.97482

a. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance

ANOVA?

Model Sum of Squares |df Mean Square F Sig.

1 Regression 11154287.792 |4 2788571.948 296.527 .000°
Residual 714712.821 76 9404.116
Total 11869000.614 |80

a. Dependent Variable: CarTraveltime
b. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance
Coefficients?

Standardized

Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 162.179 102.220 1.587 117
IAvgStandstillDistance 593.910 17.278 .968 34.373 .000
LateralDistance -134.789 65.983 -.058 -2.043 .045
BusCarSpeed -.591 1.320 -.013 -.448 .656
MCSpeed -.635 1.320 -.014 -.481 .632

a. Dependent Variable: CarTraveltime

6.4.1.6.3 Motorcycle travel time

Results of a linear regression model for motorcycle travel time are shown in Table 6-4.

Table 6-4 Results of a linear regression model for motorcycle time

Model Summary

Adjusted R
Model R R Square Square Std. Error of the Estimate
1 .9632 .928 .924 91.61382

a. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance
IANOVA?

Model Sum of Squares [df Mean Square F Sig.

1 Regression 8250968.390 4 2062742.097 245.767 .000°
Residual 637874.927 76 8393.091
Total 8888843.317 80

a. Dependent Variable: MCTraveltime
b. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance
Coefficients?

Standardized

Unstandardized Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 207.842 96.569 2.152 .035
IAvgStandstillDistance 510.430 16.323 .961 31.270 .000
LateralDistance -128.220 62.335 -.063 -2.057 .043
BusCarSpeed -.469 1.247 -.012 -.377 .708
MCSpeed -1.162 1.247 -.029 -.932 .354

a. Dependent Variable: MCTraveltime

Table 6-4 shows that there is significant evidence that average standstill distance and minimum

lateral distance driving have significant impacts on the motorcycle travel times whilst speed
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distribution of motorcycle, car and bus do not have significant impacts on the motorcycle travel

times.

6.4.1.7 Candidate parameter sets

This step aims to identify an optimal parameter set that provides a close match with the field
performance measure. Candidate parameter sets were created with the linear regression model.
There is significant evidence that average standstill distance and minimum lateral distance driving
have significant impacts on the vehicles travel times but speed distribution of bus, car and
motorcycle do not. However, the linear regression model was created from the results of five
VISSIM simulation runs for each candidate parameter set. A sample of five runs seems to be not
large enough. Hence, to cover all possibilities, speed distribution of bus, car and motorcycle should
be still considered for choosing the candidate parameter set, which can be the one with an
estimated travel time close to the observation value from the field are selected for the evaluation

step. Forty simulation runs rather than five runs are conducted for this evaluation step.

For the period from 16:45 to 17:30, the average bus, car and motorcycle travel times observed from
the field are 288.14, 220.17 and 213.59 seconds respectively. A parameter set is chosen if the
differences between vehicle travel times on both directions obtained from the VISSIM simulation
and the field are less than six seconds?. As a result, five combinations of parameters were selected

and are presented in Table 6-5.

Table 6-5 Candidate parameter sets

Case |Average |Minimum Desired Motorcycle |Average bus|Average car |Average
standstill |lateral speed desired travel time in | travel time in | motorcycle
distance |distance distribution |speed 5 simulation |5 simulation |travel timein5
(m) driving (m) |of bus and car | distribution |runs runs simulation

(km/h) (km/h) runs

1 0.5 0.6 60 40 283.07 212.78 213.94

2 0.5 0.6 50 40 283.44 220.75 216.73

3 0.5 0.6 40 40 284.35 226.85 216.78

4 0.5 0.8 40 40 283.04 224.03 216.42

5 0.5 1.0 60 50 282.69 220.01 215.63

2 Due to time limits, the number of parameter sets should not large, therefore six seconds is chosen and then
the number of possibilities is five.
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6.4.1.8 Candidate Parameter Set Evaluation

Forty random seeded runs were made for each of five candidate parameter sets and each set is
evaluated based on two criteria. The first criterion is visualisation. The second evaluation criterion

is distribution of vehicle travel times produced from VISSIM.

6.4.1.8.1 Visualisation

Visualisation is a necessary performance measurement to validate microscopic simulation models.
If the values of the parameters are not realistic, errors will be produced during the simulation runs,
which might be in the error output file or from the visualisation. Hence, visualisation is checked
during the simulation runs as well as the error files to ensure the parameters are realistic. After
implementing 40 simulation runs, errors occur in outputs of Case 1, Case 2 and Case 5. For example,
Figure 6-10 shows a result error of the simulation run number five for Case 2. The same error occurs
for the simulation run 27 and the simulation run 28 for Case 1 and Case 5 respectively. The
simulated network is totally blocked in those simulations, therefore, all vehicles cannot move until
the end of the simulation period. The reason can relate to a lane change problem where vehicles
were not able to change their desired lane. For example, two vehicles at two adjacent lanes at the
stop line tried to change to the other lane. The block did not occur in a day when the survey was
carried out. Hence, Case 1, Case 2 and Case 5 are ignored whilst Case 3 and Case 4 are tested with

the second criterion.

6.4.1.8.2 Travel time distributions

Travel times of bus, car and motorcycle on the westbound direction were collected from 40 random
seeded runs. For each simulation run, the average bus, car and motorcycle travel times are collected
and then used to compare vehicle travel times collected from the field. The field bus data, which
was collected in one single day, might represent the average travel time on the corridor but might
not. Therefore, the bus data collected on-site can be average or lower or higher than the true mean.
In addition, the field car and motorcycle data were collected in different weekdays. Hence, both
comparisons of mean travel time and travel time distribution from the field and the simulation are

tested.

Firstly, an independent two-tailed Student’s t-test was run to see if the means of vehicle travel time
obtained from the field observation and the simulation are equal. Secondly, the Kolmogorov-
Smirnov (K-S) test was used to evaluate the goodness-of-fit of the two probability distributions of
vehicle travel times. For each candidate parameter set passing the t-test, one simulation run is
chosen and travel time of every single vehicle in the chosen simulation run is obtained from outputs

of VISSIM. Consequently, the distribution of the vehicle travel times for the chosen simulation run
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is compared with the distribution of the field sample. One candidate parameter set will pass the K-
S test if at least one simulation run (out of 40 runs) passes the K-S test. This proves that at least

once the distribution of vehicle travel time for the simulation and the field are the same.
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Figure 6-10 An example of an error in VISSIM outputs

a) Student’s t test

The test hypotheses are:

Ho: Null Hypothesis is that the means of vehicle travel time from the field survey and the simulation

model are the same.

Hi: the means of vehicle travel time from the field survey and the simulation model are not the

same.
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a.1) Student’s t test for bus

Thirty-nine buses were observed at the 182 Quang Trung and 418 Quang Trung stop on the
westbound corridor from 16:45 to 17:30 on Monday, 16 April 2018. Then bus travel times from the
182 Quang Trung stop to the 418 Quang Trung stop were explored. In each Vissim simulation for
Case 3 and Case 4, the average bus travel times from the 182 Quang Trung stop to 418 Quang Trung
stop on the westbound corridor were obtained. Hence, for each Case there are 40 values of the
average bus travel times were collected from 40 VISSIM random seeded runs. The independent
two-tailed Student’s t-test was run to see if the means of bus travel time obtained from the field

observation and the simulation for each Case are equal.

However, Levene's Test for equality of variances should be tested along with Student’s t-test.
Levene's testis an inferential statistic used to assess the equality of variances for a variable
calculated for two or more samples. It tests the null hypothesis that the population variances are
equal. If the significance value of Levene's test is less than some significance level (typically 0.05),
the obtained differences in sample variances are unlikely to have occurred based on random
sampling from a population with equal variances. Thus, the null hypothesis of equal variances is
rejected and it is concluded that there is a difference between the variances in the population. Both

tests for Case 3 and Case 4 are run in SPSS program and the results are shown in Table 6-6.

Table 6-6 Results of Student’s t test and Levene's Test for two Cases with respect to bus travel

time

Group Statistics

GroupBus N Mean Std. Deviation  [Std. Error Mean
BusTravelTimeCase3 Simulation 40 289.9502 41.19036 6.51277

Observation 39 288.1538 56.57996 9.06004
BusTravelTimeCase4 Simulation 40 276.5608 14.31796 2.26387

Observation 39 288.1538 56.57996 9.06004

Independent Samples Test

Levene's Test
for Equality
of Variances |[t-test for Equality of Means
95% Confidence
Interval of the
Sig.  (2-Mean Std. ErrorPifference
F Sig. It df tailed) |Difference |Difference |Lower Upper
BusTravel [Equal variances9.156 [003 |162 |77 .872 1.79633 [11.11411 }[-20.33470 [23.92735
TimeCase3 @ssumed
Equal variances| .161 69.371 |.873 1.79633 [11.15798 [|-20.46111 [24.05377
not assumed
BusTravel [Equal variances38.755 |.000 |-1.255 (77 1213 -11.59307 [9.23384  |-29.98000 [6.79386
TimeCase4 [assumed
Equal variances| F1.241 42.731 |[221 -11.59307 [9.33860 |-30.42958 (7.24345
not assumed
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As can be seen from Table 6-6, the sig. values in the Levene's test for the two cases are smaller than
0.05, this means there is significant evidence to reject the null hypothesis of equal variances. Then,
the sig. value in the Student's t test is selected in a situation where equal variances not assumed (in
Table 6-6). Obviously, the sig. values in the Student's t test for Case 3 and Case 4 are higher than
0.05, this indicates that the null hypothesis that the means of bus travel time for the observation

and simulation are the same cannot be rejected.

a.2) Student’s t test for car

Undergraduate students and the author ride cars from the 182 Quang Trung stop to the 418 Quang
Trung stop on the westbound corridor from 16:30 to 17:30 on different weekdays during the
collection data period (February to June 2018). As the evaluation period is from 16:45 to 17:30, a
sample of 76 cars was carried out and 76 values of car travel times were explored. In each Vissim
simulation for Case 3 and Case 4, the average car travel time from the 182 Quang Trung stop to the
418 Quang Trung stop on the westbound corridor in the period between 16:45 and 17:30 was
obtained. Therefore, for each Case there are 40 values of the average car travel times were
collected from 40 VISSIM random seeded runs. The independent two-tailed Student’s t-test was
run to see if the means of car travel time obtained from the field observation and the simulation
are equal. The Student’s t test and Levene's Test for Case 3 and Case 4 are run in SPSS program and

the results are shown in Table 6-7.

Table 6-7 Results of Student’s t test and Levene's Test for two Cases with respect to car travel

time

Group Statistics

GroupCar N Mean Std. Deviation  [Std. Error Mean
CarTravelTimeCase3 Simulation 40 229.6156  42.70356 6.75203

Observation |76 220.1711  [39.32137 4.51047
CarTravelTimeCase4 Simulation 40 216.8972 12.67850 2.00465

Observation |76 220.1711 39.32137 4.51047

Independent Samples Test

Levene's Test|
for Equality of]

\Variances t-test for Equality of Means
95% Confidence
Interval ~ of  the|
Sig. (2-{Mean Std. ErrorPifference
F Sig. It df tailed) [Difference Difference |Lower Upper
CarTravel [Equal variances/1.117 [293 [1.194 (114 .235 [9.44458 |7.91329 |-6.23158 [25.12074
TimeCase3 [assumed
Equal variances 1.163 ([73.919 |249 [9.44458 [8.11999 |6.73514 [25.62430
not assumed
CarTravel [Equal variances/16.621 000 [.512 (114 .610 [-3.27383 [6.39635 [15.94494 [9.39728
TimeCase4 [assumed
Equal variances -.663 |100.049 509 |-3.27383 (4.93588 |-13.06643 [6.51877
not assumed
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As can be seen from Table 6-7, the sig. value in the Levene's test for Case 4 is smaller than 0.05, this
means there is significant evidence to reject the null hypothesis of equal variances. Hence, the sig.
value in the Student's t test is selected in a situation where equal variances not assumed (in Table
6-7). Then, the sig. value in the Student's t test for Case 4 is higher than 0.05, this indicates that the
null hypothesis that the means of car travel time for the observation and simulation are the same

cannot be rejected.

Moreover, the sig. value in the Levene's test for Case 3 is higher than 0.05, this means the null
hypothesis of equal variances cannot be rejected. Therefore, the sig. value in the Student's t test is
selected in a situation where equal variances assumed (in Table 6-7). Then, the sig. value in the
Student's t test for Case 3 is higher than 0.05, this indicates that the null hypothesis that the means

of car travel time for the observation and simulation are the same cannot be rejected.

a.3) Student’s t test for motorcycle

Undergraduate students and the author ride motorcycles from the 182 Quang Trung stop to the
418 Quang Trung stop on the westbound corridor from 16:30 to 17:30 on different weekdays during
the collection data period (February to June 2018). As the evaluation period is from 16:45 to 17:30,
a sample of 153 motorcycles was carried out and 153 values of motorcycle travel times were
explored. In each Vissim simulation for Case 3 and Case 4, the average motorcycle travel time from
the 182 Quang Trung stop to the 418 Quang Trung stop on the westbound corridor in the period
between 16:45 and 17:30 was obtained. Hence, for each Case there are 40 values of the average
motorcycle travel times were collected from 40 VISSIM random seeded runs. The independent two-
tailed Student’s t-test was run to see if the means of motorcycle travel time obtained from the field
observation and the simulation for each Case are equal. The Student’s t test and Levene's Test for

Case 3 and Case 4 are run in SPSS and the results are shown in Table 6-8.

As can be seen from Table 6-8, the sig. value in the Levene's test for Case 4 is smaller than 0.05, this
means there is significant evidence to reject the null hypothesis of equal variances. Therefore, the
sig. value in the Student's t test is selected in a situation where equal variances not assumed (in
Table 6-8). Then, the sig. value in the Student's t test for Case 4 is higher than 0.05, this indicates
that the null hypothesis that the means of motorcycle travel time for the observation and

simulation are the same cannot be rejected.

Moreover, the sig. value in the Levene's test for Case 3 is higher than 0.05, this means the null
hypothesis of equal variances cannot be rejected. As a result, the sig. value in the Student's t test is

selected in a situation where equal variances assumed (in Table 6-8). Then, the sig. value in the
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Student's t test for Case 3 is higher than 0.05, this indicates that the null hypothesis that the means
of motorcycle travel time for the observation and simulation are the same cannot be rejected.

Table 6-8 Results of Student’s t and Levene's Test for two Cases with respect to motorcycle travel

time

Group Statistics

GroupMC N Mean Std. Deviation Std. Error Mean
MCTravelTimeCase3 Simulation 40 220.4811 |40.90875 6.46824

Observation 153 213.5948 |41.50800 3.35572
MCTravelTimeCase4 Simulation 40 210.1418 [11.40831 1.80381

Observation 153 213.5948 |41.50800 3.35572

Independent Samples Test

Levene's Test for|
Equality of Variances|t-test for Equality of Means

95%  Confidence
Interval of the
Sig. (2-{Mean Std. Error[Pifference
F Sig. it df tailed) [Difference |Difference [Lower |Upper
MCTravel |[Equal variances2.375 125 .937 |191 .350 [6.88637 [7.34954 |-7.61032 [21.38305
TimeCase3 [assumed
Equal variances| .945 161.673 [.348 |6.88637 [7.28691 |-7.68149 [21.45422
not assumed
MCTravel |[Equal variances{14.897 000 -.520(191 .604 [-3.45299 [6.63909 [-16.5483 9.64235
TimeCase4 @ssumed
Equal variances| -.906(190.53 |.366  |-3.45299 [3.80980 [-10.9678 {4.06182
not assumed

To conclude, both Case 3 and Case 4 have passed the Student’s t test.

b) Two-sample Kolmogorov-Smirnov test

The independent two-tailed Student’s t-test was run to see if the means of vehicle travel time
obtained from the field observation and the simulation are equal, which does not look at the whole
vehicle travel time distribution of the result while the two-sample Kolmogorov-Smirnov (K-S) test
evaluates the goodness-of-fit of the two probability distributions of vehicle travel times. Therefore,
it is necessary to ensure the candidate parameter set that has passed both tests before the model
validation process. One simulation run, which has the smallest difference in average bus travel time
with the field data, will be chosen initially for the K-S test. The distribution of travel time of all bus
vehicles in this simulation run (given name as c1) is compared with the distribution of the field

sample. The test is implemented for each vehicle type. Therefore, the test hypotheses are:

Ho: the vehicle travel time distributions from field survey and the simulation model are the same.

Hi: the vehicle travel time distributions from field survey and the simulation model are not the

same.

For the two-sample K-S test, the critical d-value was calculated as:
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n+m

deritical = C(a) * nrm

where,
n and m are the sample sizes of the simulation runs and field samples respectively;

c(a) is a factor for the selected level of significance, which is equal to 1.36 at the 5% significance

level.

If Kolmogorov—Smirnov statistic (the most extreme difference) D > Dciticar, the Null Hypothesis can

be rejected.

If the Null Hypothesis for the simulation run c1 is rejected, among the rest of thirty-nine simulation
runs, another simulation run, which has the smallest difference in average bus travel time with the
field data, will be chosen for the K-S test. The process of choosing one simulation run will be
implemented until the Null Hypothesis for a simulation run cannot be rejected. If the Null

Hypothesis for all forty runs is rejected, the candidate parameter set cannot pass the K-S test.
b.1) Candidate parameter set Case 3

For Case 3, the simulation run number eight is chosen initially for K-S test as the differences in bus
travel times between the simulation and the field for both direction are smallest, which are both
smaller than five seconds. In the simulation run number eight, 39 buses, 153 cars and 1881
motorcycles are explored to identify travel times on the westbound direction by using a RSR file.
Indeed, one RSR file is written in direct outputs of VISSIM by setting up in the Evaluation
Configuration setting. Then, the RSR file is imported in the Excel package to read travel times of
every single vehicle during the evaluation period between 16:45 and 17:30. As a result, the sizes of
samples for bus, car and motorcycle in the simulation number eight are estimated as 39, 153 and
1881 respectively. While the sizes of field samples for bus, car and motorcycle are 39, 76 and 153
correspondingly, the size of motorcycle sample in the simulation is huge and around twelve times
higher than the size of the field sample. In other words, an average of around 42 motorcycles pass
observed points in the simulated network in each minute and this implies non-lane-based
movements of these vehicles on the corridor at the same time. However, data on 153 motorcycles,
which were ridden by the author and surveyors between 16:45 and 17:30, cannot represent this
characteristic. Hence, the K-S test is not run for the motorcycle samples. As a result, the K-S test is
implemented for the car and bus samples. Critical d-values in the K-S tests for bus and car are 0.308
and 0.191 correspondingly. The results of the K-S test for the simulation run number eight with

respect to bus and car travel time are shown in Table 6-9 and Table 6-10 respectively.
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Table 6-9 The results of the K-S test for the simulation run number eight with respect to bus travel

time

Test Statistics®

BusTravelTimeCase3
Most Extreme Differences  |Absolute .154
Positive .103
Negative -.154
Kolmogorov-Smirnov Z .679
Asymp. Sig. (2-tailed) .745

a. Grouping Variable: GroupBus
critical d-value = 0.308

As can be seen from Table 6-9, the most extreme difference of 0.154 is smaller than critical d-value
of 0.308, the null hypothesis that the bus travel time distributions from field survey and the

simulation number eight are the same cannot be rejected.

Table 6-10 The results of the K-S test for the simulation run number eight with respect to car

travel time

Test Statistics®

CarTravelTimeCase3
Most Extreme Differences [Absolute .155
Positive .027
Negative -.155
Kolmogorov-Smirnov Z 1.101
Asymp. Sig. (2-tailed) 177

a. Grouping Variable: GroupCarCase3
critical d-value =0.191

As can be seen from Table 6-10, for the most extreme difference of 0.155 is smaller than critical d-
value of 0.191, the null hypothesis that the car travel time distributions from field survey and the

simulation number eight are the same cannot be rejected.

b.2) Candidate parameter set case 4

For Case 4, the simulation run number twenty-one is chosen initially for K-S test as differences in
bus travel times between the simulation and the field for both direction are smallest, which are
both smaller than three seconds. In the simulation run number twenty-one, 39 buses, 168 cars and
1926 motorcycles are explored to identify travel times on the westbound direction by using a RSR
file. While the sizes of field samples for bus, car and motorcycle are 39, 76 and 153 correspondingly,
the size of motorcycle sample in the simulation is huge and around twelve times higher than the
size of the field sample. As mentioned above, the K-S test is not run for the motorcycle samples.
Hence, the K-S test is implemented for the car and bus samples. Critical d-values in the K-S tests

for bus and car are 0.308 and 0.188 correspondingly.
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The results of the K-S test for the simulation run number 21 with respect to bus and car travel time

are shown in Table 6-11 and Table 6-12 correspondingly.

As can be seen from Table 6-11, the most extreme difference of 0.077 is smaller than critical d-
value of 0.308, the null hypothesis that the bus travel time distributions from field survey and the

simulation number 21 are the same cannot be rejected.

As can be seen from Table 6-12, for the most extreme difference of 0.166 is smaller than critical d-
value of 0.188, the null hypothesis that the car travel time distributions from field survey and the

simulation number 21 are the same cannot be rejected.

Table 6-11 The results of the K-S test for the simulation run number 21 with respect to bus travel

time

Test Statistics®

BusTravelTimeCase4
Most Extreme Differences |Absolute |.077

Positive .077

Negative |.077
Kolmogorov-Smirnov Z .340

Asymp. Sig. (2-tailed) 1.000

a. Grouping Variable: GroupBus

critical d-value = 0.308

Table 6-12 The results of the K-S test for the simulation run number 21 with respect to car travel

time

Test Statistics®

CarTravelTimeCase4
Most Extreme Differences [Absolute |.166

Positive .107

Negative |-.166
Kolmogorov-Smirnov Z 1.201

Asymp. Sig. (2-tailed) 112

a. Grouping Variable: GroupCar

critical d-value =0.188

To conclude, both the parameter set Case 3 and Case 4 have passed two criteria. Therefore, both

Cases are chosen for the validation process below.

6.4.1.9 Validation process

To perform validation of the microscopic simulation model, a new set of field data under untried
conditions were collected. This means validation data were collected for different time periods or

conditions. Travel times of vehicles on the westbound corridor were collected from 16:30 to 17:30
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for the calibration process whilst travel times of vehicles on the eastbound corridor were collected
from 17:30 to 18:30 for the validation process. Thirty-nine buses were observed at the 705 Quang
Trung and 267 Quang Trung stops on the eastbound corridor from 17:45 to 18:30 on Thursday, 17
May 2018. Then bus travel times from the 705 Quang Trung stop to the 267 Quang Trung stop were
explored. Additionally, undergraduate students and the author ride cars from the 705 Quang Trung
stop to the 267 Quang Trung stop on the eastbound corridor from 17:30 to 18:30 on different
weekdays during the collection data period (February to June 2018). As the evaluation period is
from 17:45 to 18:30, a sample of 72 cars was carried out and 72 values of car travel times were then
explored. Similarly, undergraduate students and the author ride motorcycles from the 705 Quang
Trung stop to the 267 Quang Trung stop on the eastbound corridor from 17:30 to 18:30 on different
weekdays during collection data period (February to June 2018). As the evaluation period is from
17:45 to 18:30, a sample of 142 motorcycles was carried out and 142 values of motorcycle travel
times were then explored. The average bus, car and motorcycle travel times observed from the

field and their sizes are shown in Table 6-13.

Table 6-13 Average vehicle travel times and sample size from the field data

Samples Bus Car Motorcycle
Sample size 39 72 142
Average travel time (s) 259.57 177.23 180.21

In terms of input data for the calibrated VISSIM simulation, traffic volume at three junctions were
collected from 17:30 to 18:30 on Monday, 16 April 2018 while data on bus passenger demand were
collected from 17:30 to 18:30 on Thursday, 19 April 2018. The calibrated VISSIM models with
parameters set Case 3 and Case 4 were conducted for another forty different random seeded runs
to obtain average bus, car and motorcycle travel times from the 705 Quang Trung stop to the 267
Quang Trung stop on the eastbound corridor. With 15 minutes system warming up, forty values of
the average bus, car and motorcycle travel times were collected from these runs for the period
from 17:45 to 18:30. The two-tailed Student’s t test is conducted for the model validation process

with respect to bus, car and motorcycle travel times.
a) Bus travel time

The results of Student’s t test with respect to bus travel time are shown Table 6-14.
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Table 6-14 The results of Student’s t test with respect to bus travel time

Independent Samples Test

Levene's Test|
for Equality|
of Variances [t-test for Equality of Means

95% Confidence
Interval of  the
Sig. (2-{Mean Std. Errorifference

F Sig. |t df tailed) |Difference [Difference [Lower |Upper
BusTravelTime [Equal variances27.066 |.000 (1.906 (80 .060 (8.13711 |4.26983 |.36012 |16.63434
Case3 assumed
Equal variances| 1.948 (45.725|058 [8.13711 |4.17645 |.27102 [16.54525
not assumed
BusTravelTime [Equal variances29.859 |.000 (1.581 (80 118 [6.68488 14.22918 |-1.73147(15.10122
Cased assumed

Equal variances| 1.618 (43.937 113 [6.68488 [4.13278 |1.64453(15.01428
not assumed

As can be seen from Table 6-14, the sig. values in the Levene's test for both Cases are smaller than
0.05, this means there is significant evidence to reject the null hypothesis of equal variances. As a
result, the sig. value in the Student's t test is selected in a situation where equal variances not
assumed (in Table 6-14). Then, the sig. values for both Cases are higher than 0.05, this indicates
that the null hypothesis that the means of bus travel time for the observation and simulation are

the same cannot be rejected for both Cases.

b) Car travel time

The results of Student’s t test with respect to car travel time are shown in Table 6-15.

Table 6-15 The results of Student’s t test with respect to car travel time

Independent Samples Test

Levene's Test|
for Equality|
of Variances |[t-test for Equality of Means

95% Confidence|
Interval of  the
Sig. (2-Mean Std. ErrorPifference
F Sig. t df tailed) Difference |Difference |Lower [Upper
CarTravelTime [Equal variances(15.639 |.000 [986 (110 .326 [6.03747 6.12476 [-6.10036 (18.17530
Case3 assumed
Equal variances| 1.211 [103.679 |228 [6.03747 4.98362 [-3.84560 [15.92054
not assumed
CarTravelTime [Equal variances27.861 |.000 [479 (110 .633 [2.81226 [5.86772 [-8.81617 (14.44070
Case4 assumed
Equal variances| .641 [73.103 |524 [2.81226 4.38717 [}-5.93115 [11.55567
not assumed

As can be seen from Table 6-15, the sig. values in the Levene's test for both Cases are smaller than
0.05, this means there is significant evidence to reject the null hypothesis of equal variances.
Therefore, the sig. value in the Student's t test is selected in a situation where equal variances not

assumed (in Table 6-15). Then, the sig. values in the Student's t test for both Cases are higher than
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0.05, this indicates that the null hypothesis that the means of car travel time for the observation

and simulation are the same cannot be rejected for both Cases.
¢) Motorcycle travel time

The results of Student’s t test with respect to motorcycle travel time are shown in Table 6-16. As
can be seen from Table 6-16, the sig. value in the Levene's test for both Cases are smaller than 0.05,
this means there is significant evidence to reject the null hypothesis of equal variances. Hence, the
sig. value in the Student's t test is selected in a situation where equal variances not assumed (in
Table 6-16). Then, the sig. values in the Student's t test for both Cases are higher than 0.05, this
indicates that the null hypothesis that the means of motorcycle travel time for the observation and

simulation are the same cannot be rejected for both Cases.

Table 6-16 The results of Student’s t test with respect to motorcycle travel time

Independent Samples Test
Levene's Test|
for Equality,
of Variances [t-test for Equality of Means
95% Confidence|
Interval of the|
Sig. (2{Mean Std. Errorifference
F Sig. |t df tailed) |Difference [Difference |Lower Upper
MCTravelTime [Equal variances|17.394 000 [-.526 [180 599 |-2.45227 14.66086 |-11.64923 |6.74469
Case3 assumed
Equal variances| -.764 [138.290 (446 |-2.45227 [3.20979 |-8.79888 [3.89434
not assumed
MCTravelTime [Equal variances[34.917 |.000 [-1.034 (180 303 |-4.67696 |4.52445 }-13.60475 14.25083
Case4 assumed
Equal variances| -1.944 |143.487 (054 |-4.67696 [2.40639 }-9.43351 |.07959
not assumed

Hence, both Cases have passed the t test. The validated models are sufficiently reliable to
produce similar bus, car and motorcycle travel time results compared with the real results on-site.
However, only one Case should be chosen for the comparative economic assessment. A Case,
which has smaller differences in average vehicle travel time compared to the field data will be
chosen Table 6-14, Table 6-15 and Table 6-16 show that the highest difference in travel time
occurred with car samples in Case 3, which is 8.14 seconds. Therefore, the calibration parameters
set of Case 4 are used in the VISSIM simulation model for the peak period for the Hanoi case

study.

6.4.2 Calibration and validation process for the off-peak period

The calibration and validation process of the simulation model for the off-peak period is
implemented as for the peak period. This subsection summarises the main differences of the

process between the peak and off-peak periods while the detailed process for the off-peak period
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is illustrated in Appendix B.5. Firstly, due to time limits, data on only bus travel time could be
collected from the real network, therefore the travel time of bus was selected as a key performance
indicator for the process of calibration and validation. Secondly, data for this process were
extracted from video recordings provided by the Hanoi Police Department. The data, which were
recorded at the junctions J2 and J3 on Monday, 19 March 2018, are used for the calibration stages
while the data recorded on Thursday, 22 March 2018 are used for the validation stage. The results
of the process for the off-peak period are shown as (i) the desired speed of car and bus is 50 km/h;
(i) the desired speed of motorcycle is 50 km/h; (iii) the minimum lateral distance driving is 1.0 m;

and (iv) the average standstill distance is 0.5 m.

6.4.3 Summary

After building the VISSIM simulation models for both the peak and off-peak periods, the calibration
and validation processes have been implemented to ensure that the VISSIM simulation model truly
represents the real transport network. The nine-step process by Park and Schneeberger (2003) is
used for this thesis. The first step is to determine the key performance indicators as the measures
of effectiveness. The travel time of motorcycle, car and bus were chosen as key performance
indicators because these indicators are important in not only the simulation model but also in the
social cost models and incremental demand models. In addition, these indicators can be collected
from the VISSIM simulation model and from the fields to test the accuracy. Another important step
is to choose calibration parameters in VISSIM. As the VISSIM model simulates the mixed transport
system with motorcycle, the local acceleration parameter of motorcycle was analysed and inserted
directly in VISSIM without calibration. The acceleration default value, which is for typical
motorcycles used in Europe, was replaced. Four parameters in VISSIM are calibrated as (i) desired
speed of car and bus; (ii) desired speed of motorcycle; (iii) minimum lateral distance driving when
overtaking vehicles on the same lane; and (iv) average standstill distance. Based on a significance
level of 5%, these four parameters have significant impacts on the travel time of bus, car and
motorcycle. The relationship between these calibration parameters and the vehicle travel times are
summarised in Table 6-17. This proves that choosing the four parameters is consistent and
acceptable. The calibration parameters set for the VISSIM models of peak and off-peak periods are

described in Table 6-18.
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Table 6-17 Relationships between the calibration parameters and the vehicle travel times

obtained from the VISSIM model

Periods |Average standstill | Minimum lateral | Desired speed distribution | Motorcycle desired speed
distance (m) distance driving (m) |of bus and car (km/h) distribution (km/h)

Off-peak | Significant impact | No significant impact | Significant impact Significant impact

Peak Significant impact | Significant impact No significant impact No significant impact

Table 6-18 Chosen calibration parameter sets for the simulation models

Period |Average standstill | Minimum lateral | Desired speed distribution | Motorcycle desired speed
distance (m) distance driving (m) |of bus and car (km/h) distribution (km/h)

Off-peak 0.5 1.0 50 50

Peak 0.5 0.8 40 40

6.5 Conclusion

This chapter described the development of the microscopic simulation model, which includes the
data collection process, the creation of the VISSIM simulation model and the calibration and
validation process. Firstly, primary data and secondary data were collected for the chosen corridor
in Hanoi in both peak and off-peak periods. The data include traffic volume data at junctions, data
on bus, data on signals at junctions, infrastructure geometry, motorcycle acceleration, vehicle
travel time. Secondly, collected data on infrastructure, signalised control data and traffic data are

inserted in VISSIM to develop the VISSIM simulation models for the peak and off-peak periods.

After building the VISSIM simulation model for both the peak and off-peak periods, the calibration
and validation process is conducted by using the nine-step procedure by Park and Schneeberger
(2003). Two different sets of data are used for the model calibration and the model validation. The
travel time of motorcycle, car and bus are selected as key performance indicators for this process.
The local acceleration parameter of motorcycle is collected, analysed and inserted directly in
VISSIM without calibration because the acceleration default value is for typical motorcycles used in
Europe. Moreover, four parameters in VISSIM are chosen to calibrate the simulation model. The
best parameter sets are determined by using one set of data collected on-site. The validation
process is conducted to test the accuracy of the parameter sets by comparing the outputs of the
VISSIM simulation and another set of vehicle travel times collected on-site. Two statistical tests are
performed in the calibration and validation process to test the reliability of the simulation model
Firstly, the independent two-tailed Student’s t-test was run to see if the means of vehicle travel
times obtained from the field observation and the simulation are equal. Secondly, the Kolmogorov-

Smirnov test was used to evaluate the goodness-of-fit of the two probability distributions of vehicle
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travel times. The results of these statistical tests prove that the VISSIM simulation models are

sufficiently reliable to represent the real mixed traffic with motorcycle.

The aim of the comparative economic assessment is to evaluate proposed options when a new PT
mode and/or transport policy are introduced in an existing transport network. The social cost model
cannot consider interactions among vehicles at links and junctions. To overcome this issue, the
VISSIM simulation model represents vehicle interactions on the transport network. However, the
social cost and VISSIM models cannot evaluate any changes in total demand and modal share when
the existing transport condition changes. The incremental demand models can solve this issue.
Hence, the next chapter is going to develop the incremental elasticity analysis and incremental logit

model to complete the comparative economic assessment.
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Chapter 7 Incremental Demand Model

7.1 Introduction

The comparative economic assessment is created to compare an existing mixed transport situation
and proposed options with an introduction of new PT technologies and/or transport policy, in terms
of ASC. Chapter 5 develops the social cost model, which is the core model of the comparative
economic assessment. The social cost model evaluates ASCs for individual transport mode and
mixed transport in one urban corridor based on fixed daily passenger demand. The VISSIM
simulation model, which is described in Chapter 6, simulates the existing transport network in
reality to obtain key performance indicators such as vehicle travel time. However, these two models
cannot evaluate any changes in total demand and modal share according to any change to the
existing transport condition. Hence, incremental demand models are required to develop in the

comparative economic assessment to overcome this problem.

A new PT mode (e.g. BRT, Metro or Monorail) is introduced to replace either all or partial existing
bus services on one mixed traffic corridor where bus, car and motorcycle share infrastructure
facilities. This can depend on local regulated or deregulated environments. Firstly, if the new PT
technology replaces all bus services running on the partial and whole corridor, these bus routes can
be adjusted to not overlap the new PT route in reality. Therefore, they become feeder systems
transport passengers to new PT stations/stops. This means that the new PT mode is run exclusively
whilst car and motorcycle share the mixed environment. The incremental multinomial logit model
is used for this case, which is described in detail in the next part of this chapter. Secondly, if the
new PT mode replaces only bus services running on the whole corridor, existing bus services
running on segments of the corridor are still operated. The incremental nested logit model is used
for this case and illustrated in the third part of this chapter. These two incremental logit models
estimate changes in modal share but cannot evaluate endogenous growth of total demand when
the existing transport condition changes. As a result, the incremental elasticity analysis is also
required to solve this issue of the incremental logit models and therefore complete the comparative
economic assessment. The fourth part of this chapter is going to develop the incremental elasticity
analysis. Finally, the fifth part of the chapter describes key components of the three incremental

demand models for the Hanoi case study.
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7.2 Incremental Multinomial Logit Model

When a new PT technology replaces all bus services running on the partial and whole corridor
where bus, car and motorcycle share facilities, the incremental multinomial logit model is used to
estimate probabilities of choosing new PT, car and motorcycle. The structure of the incremental

multinomial logit model for this situation is shown in Figure 7-1.

Travel

A4

Car Motorcycle A new PT replaces all
existing bus services

Figure 7-1 Incremental multinomial logit model structure

The probability of choosing each mode is calculated as (Department for Transport, 2017d):

Plarexp(AUcqr)

P..r = 7-1
car Pcoar exp(AUcar)+ PT?’[C exp(AUmc)+ PF(’)TeXp(AUPT) ( )
)2) _ PRcexp(AUmc) 7.2
mc — po 0 0 ( = )
Pgar €xp(AUcqr)+ Ppyc €Xp(AUmc)+ Pprexp(AUpT)
Pprexp(AUpr)
Ppr (7-3)

" Plar exp(BUcar)+ Pihe eXp(Um)+ PRrexp(AUpr)

where,

P.or» Pnc, Ppr are the forecast probability of choosing car, motorcycle and PT respectively;

P2, PO., P are the reference case probability of choosing car, motorcycle and PT respectively;
AU,ur, AUy, AUpr are the changes in the utilities of car, motorcycle and PT respectively.

After the introduction of the new PT mode, the change in the utility of PT is calculated as:

AUpr = Unewpr — Upus (7-4)
where,

Unewpt, Upys are the utilities of the new PT mode and existing bus.

After the new PT mode is operated, any changes to the transport conditions on the chosen corridor

cause changes in the utilities of the new PT mode, car and motorcycle because the conventional
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busis no longer to run on the corridor. To estimate the modal shares in the incremental multinomial

logit model, the utility of each transport mode needs to be identified.

7.3 Incremental Nested Logit Model

When a new PT mode replaces only bus services running on the whole corridor while the existing
bus services running on segments of the corridor are still operated and shared the infrastructure
facilities with car and motorcycle, the incremental nested logit model is used to estimate
probabilities of choosing new PT, bus, car and motorcycle. The structure of the incremental nested

logit model for this situation is shown in Figure 7-2.

Travel
v
Car Motorcycle Public transport
/\ New mode
. BRT
Conventional
or Metro

Bus .

or Monorail

Figure 7-2 Incremental nested logit model structure

Based on the equation in the study of Preston (1991), the share of public transport in the upper

nest is given by:

[4]
PpT o [eXp(UnewPT_l - Ubus_o) +exp(Upys 1~ Ubus_o)]

[4]
Ppr o [eXp(UnewPT_l_Ubus_o)+eXp(Ubus_1_Ubus_0)] +[1_PPT_0]

PPT_l -

(7-5)

where,

Ppr 1 (Ppr o) is the proportion of choosing public transport in the after (before) situation. Per ¢ is

the modal share of the existing bus;

Ubus_1 (Unus o) is the utility of bus in the after (before) situation;
Unewer 1 is the utility of the new PT mode in the after situation;
@ is the expected maximum utility.

Hensher and Rose (2007) introduced state-of-the-art stated choice designs to parameterise modal

choice models for commuting and non-commuting travel futures in the introduction of new public
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transport infrastructure in the north-west section of metropolitan Sydney such as new heavy rail,
light rail and segregated busway systems. The choice sets include all existing main modes (bus,
heavy rail, car and busway) and access modes (subsets of walk, bus and car) plus two of the new
transport modes from the sample (new heavy rail, new light rail and new busway). A two-level
nested logit model with a competition between car and all PT modes is run for both work trip and
non-work trip segments. The results show that the structural parameter for public transport nest
for the work trip segment is 0.6775 while that number for the non-work trip segment is 0.8813. The
modal share of work and non-work trips in Hanoi were 62.84% and 37.26% (Japan International
Cooperation Agency, 2007). To simplify the analysis in this study, the average of work and non-work
values is calculated as 0.7532 (0.6775*%62.84% + 0.8813*37.26%). As a result, the utility of PT in the

higher level is estimated as:
Upr 1=0.7532 x In (eVrewPT-1 4 gUbus 1) (7-6)

The possibility of the new PT mode (Prewer 1) and existing bus (Ppys_1) in the lower nest are therefore:

eXp(UnewpT_1~Ubus o)
P = = = .P 7-7
newpT_1 eXp(UnewpT_1—Ubus_0)+€XP(Upus_1—Ubus_0) PT_1 ( )
and
_ exp(Upus 1—Upus o)
Pous1 = Ppr 4 (7-8)

eXp(UnewpT 1~ Ubus_0)+€XP(Upus_1—Ubus_ o) )

The probability for motorcycle (Pmc 1) and car (Per 1) in the upper nest are estimated as:

Pnc1 = Pm —PL1 (7-9)

€01-Ppry

Pear 1 = P¢ —rr (7-10)

01— pPpry
where,
Pmc o, Pcar 0 are the existing modal share of motorcycle and car.

After the new PT mode is operated, any changes to transport conditions on the chosen corridor
cause changes in the utilities of the new PT mode and bus in the lower nest, as well as changes in
the utilities of the combination of PT, car and motorcycle in the higher nest. Introduction of a
congestion charge scheme can be an example of this change. This can be named as the ‘second
change’ to the transport condition while the ‘first change’ is the introduction of the new PT mode.
Hence, the notations for the before and after situation are ‘1’ and ‘2’. Then, the changes in utilities

of the new PT and bus at the lower level are:
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AUnewPT_Z = UnewPT_Z _UnewPT_l ( 7-11 )
AUbus_Z = Ubus_2 'Ubus_l ( 7-12 )
where,

Ubus_2 (Unus 1) is the utility of bus in the after (before) situation;

Unewrt 2 (Unewpr 1) is the utility of the new PT mode in the after (before) situation.

Therefore, the utility of PT in the higher level is estimated as:

Upr 2= 0.7532 x In (eUnewPT-2 4+ gUbus 2) (7-13)
The change in the utility of public transport at the highest level is as:

AUpr 2 = Upr 2=Upr 1 (7-14)
The changes in utilities of motorcycle and car at the highest level are as:

AUmc 2= Umc 2=Unmc 1 (7-15)
AUcar 2= Ucar 2 =Ucar 1 (7-16)

Probabilities of choosing PT, car and motorcycle in the higher split are estimated as (Department

for Transport, 2017d):

Ppr 1€Xp(AUpT 3)

P = 7-17
PT_2 Ppr 1 eXp(AUPT_2)+ Pear 1 eXp(AUcar_Z)"' Pmc1 eXp(AUmc_z) ( )
Pcar_1€Xp(AUcar 2)
P — car_1 car_. 7'18
car.2 Ppr 1 eXp(AUPT_2)+ Pear 1 eXp(AUcar_Z)"' Pmc1 eXp(AUmc_Z) ( )
Pmc_z =1- PPT_Z - Pcar_z (7-19)
where,
Pp1 1, Pmc_1, Pear 1 @are shown in Equations ( 7-5 ), ( 7-9), ( 7-10) respectively;
AUpt 2, AU 2, AUcor 2are shown in Equations ( 7-14 ), ( 7-15 ), ( 7-16 ) correspondingly.
Probabilities of choosing the new PT mode or bus at the lower split are estimated as:
P *eXp(AUnewPT 2)
P = Ppr 3. e - 7-20
newpT_2 PT_2 PnewpT 1*€XP(AUnewpr_2)+ Ppus_1*€Xp(AUpys 2) ( )

and
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Pous_2 = Pp1_2 —Prewer 2 (7-21)
where,

Ppr 2 is shown in Equation ( 7-17 );

Prewer 1, Pbus_ 1 are shown in Equations ( 7-7 ), ( 7-8 );

AUnewet 2, AUpus 2are shown in Equations ( 7-11), ( 7-12).

To estimate modal shares in the incremental nested logit model, the utility of each transport mode

needs to be determined.

7.4 Incremental Elasticity Analysis

The incremental multinomial logit model and incremental nested logit model, which are described
above, evaluate changes in modal shares when the existing transport condition changes. This
section is going to develop the incremental elasticity analysis, which estimates endogenous changes
in the total demand by using the demand elasticity with respect to a logsum. A general utility

function in logit models is shown as:

U=MSC+a *Time + b * Cost (7-22)
where,

MSC is the mode specific constant;

a, b are the time and cost coefficients respectively.

The logsum of general traffic including car, motorcycle and PT is calculated as (De Jong et al., 2007):
logsum = _ib Ln (eUcar + gUme 4 gUpT) (7-23)
where,

b is shown in Equation ( 7-22 );

Ucar, Umc, Upr are the utilities of car, motorcycle and PT respectively;

For the incremental multinomial logit model, existing bus represents the before situation while a
new PT mode represents the after situation. For the incremental nested logit model, existing bus
represents the before situation while the new PT mode and bus (in the lower nest) represent the

after situation.
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The demand elasticity (E) with respect to the logsum is defined as:

_ A_Q logsum -
E= Q Alogsum (7 24)
where,

Q is the total demand for general traffic.

Litman (2019) reviewed several studies, which have investigated transport elasticities. Those
studies have measured various types of transport, prices, users and travel conditions by using many
analysis methods. Some studies simply measure how changes in a single variable (i.e. fuel prices or
transit fares) impact on a single outcome (i.e. fuel consumption or transit riders). However, more
recent studies tend to use more sophisticated evaluation techniques, which consider a variety of
variables and statistical analyses. Additionally, Balcombe et al. (2004) stated the elasticities with
respect to generalised costs that include PT fare, in-vehicle time, walking time and waiting times.
The generalised costs elasticities range between -0.4 and -1.7 for buses, -0.4 and -1.85 for London
Underground, and -0.6 and -2.0 for national railways. Moreover, Lee (2000) estimated the elasticity
of vehicle travel with respect to total price, which consists of fuel cost, tolls, parking fees, vehicle
wear and travel time. The results showed the generalised cost elasticities are from -0.5 to -1.0 in
the short-term, and from -1.0 to -2.0 in the long-term. In general, those studies illustrated that the
generalised cost elasticities are different for different modes and range between -0.4 and -2.0. To
simplify the analysis in this thesis focusing on passenger car, bus, motorcycle and new PT modes, it
is assumed that the demand elasticity with respect to utility is equal to -1.0. This means that

Equation ( 7-24 ) becomes as:

AQ Alogsum

0~ logsum (7-25)
The logsums of general traffic in the before and after situations are shown as:

logsum_before = _ib Ln (eUcar0 4 gUmc.0 4 oUbus.0y (7-26)
logsum_after = _ib Ln (eVcar-t 4 gUmel 4 oUpra) (7-27)

Hence, based on Equation ( 7-25 ), the 1/-b component is cancelled in both Equations ( 7-26 ) and

( 7-27 ) and the change in per cent in the total demand is therefore estimated as:

AQ n (eUcar1+eUmc1+eUPT1)_ n (eUcar,O_l_eUmc,O_*,eUbus,O)
? - Ln (eUcar 04 Umc 0 oUbus 0y ( 7-28 )
where,

165



Chapter 7 Incremental Demand Model

Ucar_0, Umc_o, Upus_o are the utilities of car, motorcycle and bus in the before situation respectively;
Ucar_1, Umc_1, Upr 1 are the utilities of car, motorcycle and PT in the after situation correspondingly;

To estimate the endogenous growth in the total demand in the incremental elasticity analysis, the

utility of each transport mode is required to be determined.

7.5 Case Study

There are distinct characteristics of the bus system in Hanoi and bus services running on the study
corridor. Firstly, the bus system has been regulated in Hanoi (Hanoi Transport Management and
Operation Centre, 2011). Secondly, there are four bus services running on the whole corridor and
nine bus services running on segments of the corridor that are shown in Figure 6-1. For the existing
situation, buses still shares the facilities with motorcycle and car. As a result, two main scenarios

are considered in the thesis as follows:

Scenario 1: A new exclusive public transport mode (BRT, Metro or Monorail) is introduced to
replace all bus services running on the partial and whole corridor. These bus routes can be relocated
to not overlap with the new PT route. Therefore, they can either become feeder systems transport
passengers to new PT stations/stops or serve neighbourhood areas of the new PT mode. This means
that the new PT mode is run exclusively whilst car and motorcycle share the mixed environment.

The incremental multinomial logit model is used for this case.

Scenario 2: A new exclusive public transport (BRT, Metro or Monorail) is introduced to replace the
bus services running on the whole corridor. This means that the four bus services running on the
whole corridor are adjusted to other corridors whilst the nine bus services running on partial
segments of the corridor are still operated on the study corridor. The incremental nested logit

model is used for this case.

For both Scenarios above, for the BRT option, median BRT lanes are considered, which leads to
reduce the number of mixed traffic lanes by one lane per direction. Whilst, for the elevated Metro

and Monorail, the number of mixed traffic lanes are unchanged.

The utility functions of different modes and traffic demand for the Hanoi case study are described

below.

7.5.1 Utility functions

As discussed in subsection 3.2.1, Bray and Holyoak (2015) studied on travel behaviour in Hanoi by

establishing a discrete choice modelling framework. The study focused on the discrete choice
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decision to use a motorcycle, car, motorcycle taxi, existing bus or proposed rapid transit modes
(e.g. Urban Railway Transit or Bus Rapid Transit). In addition, subsection 5.5.5.4 discussed the value
of time for the Hanoi case study. Based on the modal share data in the study of Japan International
Cooperation Agency (2007) and the study of Bray and Holyoak (2015), coefficients of utilities for

the Hanoi case study are estimated, which are shown in Table 7-1.

Table 7-1 Utility function parameters for the Hanoi case study, 2014 values

MSC Travel time Walk time | Wait time Fuel cost PT fare
Motorcycle 1.6303476 | -0.0100492 -0.0002116
Car 1.3253908 | -0.0045308 -0.0001628
Bus 0.6655476 | -0.0051492 -0.011216 | -0.011216 -0.0146
New PT 0.9961844 | -0.0044962 -0.011216 | -0.011216 -0.0146
xz:orcyde 0.0 -0.003636 -0.0079

Adapted from Japan International Cooperation Agency (2007) and Bray and Holyoak (2015)

Notes: The units of the time, fuel cost and PT fare in the utility functions are minute, VND/km and VND/1,000

respectively. The wait time coefficient is assumed to be the same as the walk time coefficient.

Table 7-1 shows that motorcycle has the highest MSC. The reason for that can be explained that
the vast majority (92 per cent) of households do not own a car in the survey in the study of Bray
and Holyoak (2015). Additionally, bus seems to be an unattractive mode compared to other modes.
Bray and Holyoak (2015) showed that people are bothered more by some parts of a public transport
trip than others. For example, the surveys indicate people are much more concerned by the time
and bother of the walk to access public transport. Moreover, passengers are concerned about
matters involving bus including safety and personal security, over-crowding, service reliability and
air conditioning. Similarly, revealed preference mode choice surveys indicate that only people with
the lowest income choose bus and/or bicycle for cost saving; the great number of people choose
motorcycle for time saving and convenience; and the richest prefer car because of comfort and
safety (Vu, 2015). The survey in that study was conducted in 2012 with 800 people including 300
motorcyclists, 200 bus users, 150 car users and 150 bicycle users. Those people were asked about
their household size and income, as well as the reasons for choosing a transport mode such as time

savings, convenience, comfort and safety.

To estimate the utility of each mode, the coefficients of utility functions shown in Table 7-1 are
used, as well as the components of the utility functions must be calculated. These components,
which include in-vehicle time, walking time, waiting time and fuel cost, are calculated from the
social cost model and VISSIM simulation model. The fares of all public transport modes are assumed
to be the same and be fixed. As this study focuses on the incremental framework, the PT fares

element can be ignored.
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7.5.2 Traffic demand

Generally, demand is the number of vehicles or other roadway users desiring to use a given system
element during a specific time period, typically an hour or 15 minutes. Demand volume is the
number of vehicles that arrive to use the facility. Under non-congested conditions, demand volume
is equal to the observed volume (Transportation Research Board, 2010). Public transport demand
is shown in three ways: annual numbers of passenger trips (one-way); annual passengers km; and

annual passenger revenue (Balcombe et al., 2004).

For the Hanoi case study, using traffic volume data at ten junctions and bus passenger data at all
bus stops on the NT-TP-QT corridor, which were collected in two peak hours of between 16:30 and
18:30 (see Subsection 6.2), the demands for motorcycle, car and bus for the whole corridor are
estimated below. In addition, as discussed in Chapter 6, the VISSIM simulation model for the peak
period is developed for the segment (1.5 km) between the junctions J2 and J4 while the VISSIM
simulation model for the off-peak period simulates the segment (0.9 km) between the junctions J2
and J3. Hence, the demands for these segments are also calculated. All values of existing demand
are going to be used for the case study of the comparative economic assessment, which is

illustrated in the next chapter.

7.5.2.1 Bus demand

Bus demand (passenger trips) of this corridor is estimated as the total number of boardings and
alightings at all bus stops on the corridor minus the total number of bus trips of which origin and
destination are bus stops on the corridor (nhamed as O-D trips on the corridor). This ensures that
the number of passengers is not counted twice. There are four bus services running on the whole
corridor and nine bus services running on segments of the corridor which is less than 4 km. As a
result, the number of O-D trips on the corridor is assumed as a factor of (4/13) multiplies by the
number of boardings at all bus stops on the corridor. The results of the bus demand of the study

corridor on 19 April 2018 are shown in Table 7-2.
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Table 7-2 Existing bus demand of the study corridor for both directions from 16:30 to 18:30

Simulated segment for off-
peak period - Segment 1
(0.9 km)

Simulated segment for
peak period - Segment
2 (1.5 km)

Whole corridor
(7.0 km)

bus services (pax)

Bus demand (pax) 2,484 3,342 12,571
Bus demand for four replaced 928 1,292 4,759
bus services (pax)

Bus demand for nine remaining 1,556 2,050 7,812

Relative demand of a segment
to the whole corridor for nine
remaining bus services

19.9% (1,556/7,812)

26.2% (2,050/7,812)

Table 7-2 shows the relative demand of Segment 1 to the whole corridor for only nine remaining

bus services is around 19.9 % while that number for Segment 2 is about 26.2%. Hence, the daily

bus demand, off-peak bus demand and peak bus demand are calculated and shown in Table 7-3.

Table 7-3 Existing daily bus demand, off-peak bus demand and peak bus demand

Simulated segment for off-
peak period - Segment 1
(0.9 km)

Simulated segment for
peak period - Segment
2- (1.5 km)

Whole corridor
(7.0 km)

from 5:30pm-6:30pm
(pax/direction/hour)

Daily bus demand for | 4,442 5,848 22,320 =
remaining bus services 7,812/17.5%/2
(pax/direction/day)

Mid-day off-peak remaining|289 =22,320*6.5%%19.9%

bus demand

(pax/direction/hour)

Peak remaining bus demand 497 =

22,320*8.5%*26.2%

Notes: Based on data in Table 5-7, demand for the period from 16:30 to 18:30 accounts for 17.5%

of the daily demand while the number for the period from 17:30 to 18:30 is 8.5 %.

7.5.2.2

Private transport demand

Private transport demand (in passenger trips) of a segment from junction J1 to the junction J3 in

Figure 7-3 is estimated as:

J1—J]3 demand = Occupancy * ( Maximum (J1 Exit flow, ]2 Entry flow)- J2.2 +
Maximum (J2 Exit flow,]3 Entry flow))

Where,

Occupancy is 1.22 for motorcycle and 1.57 for car;
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Maximum (J1 Exit flow, J2 Entry flow) represents the traffic volume of link 1 (vehicles). In reality,

transport users can start or stop along with the link 1;
Maximum (J2 Exit flow, J3 Entry flow) represents the traffic volume of link 2 (vehicles);

J2.2 represents the straight flow passing the junction J2 (vehicles). This flow is counted once for the

demand for link 1.

Junction Junction Junction
1 2 3
i 2.4 :
Link 1 2.1 Link 2
J2.2
) ) [ [
J1 Exit J2Entry J2.3 12 Exit J3 Entry
flow flow J2.5 flow flow
J2 Entry flow J2 Exit flow
=J2.1+J2.2+J2.3 =J2.2+J2.4+)25

Figure 7-3 Estimating private transport demand of a segment from junction J1 to junction J3

The methodology to estimate private transport demand of the segment from junction J1 to the
junction J3 is used for the NT-TP-QT corridor with 10 junctions. The total passenger trips for the
corridor by motorcycle and car are calculated separately. Based on the collected data on 16 and 19
April 2018, existing demand levels of bus, motorcycle and car are shown in Table 7-4. The modal

share of other modes, which are very minor, are therefore ignored in this study.

Table 7-4 Existing demand of the study corridor for both directions from 16:30 to 18:30

Simulated segment|Simulated segment|Whole corridor
for off-peak period -|for peak period -|(7.0km)
Segment 1 (0.9 km) |Segment 2 (1.5 km)
Bus demand (pax) 2,484 3,342 12,571
Motorcycle demand (pax) 23,400 29,410 110,553
Car Demand (pax) 3,919 5,253 19,572
Total demand from 16:30-18:30 29,803 38,005 142,697
(pax)
Relative demand of a segment to 21% 27%
the whole corridor (29,803/142,697) (38,005/142,697)
Bus share (%) 8.33% 8.79% 8.81%
Motorcycle share (%) 78.52% 77.38% 77.47%
Car share (%) 13.15% 13.83% 13.72%
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Firstly, Table 7-4 shows that modal shares for Segment 1, Segment 2 and the whole corridor are
very similar for the period from 16:30 to 18:30. This can prove that the simulated segments for the
peak period can be represented for the whole corridor. The total demand level from 16:30 to 18:30
for Segment 2 is equal to 27% of the total demand level for the whole corridor. This value can be
used for estimating the total demand of the whole corridor after the demand level for Segment 2
is obtained from the VISSIM simulation model. This process is going to be outlined in the next
chapter. Moreover, according to the passenger demand split into different times shown in Table

5-7, the daily passenger demand for this corridor is calculated as 407,700 pdd.

Secondly, demand data on the off-peak simulated segment from 12:00 to 13:00 on 19 March 2018
are obtained from video recordings provided by the Hanoi Police Department, which are shown
Table 7-5. The results show that motorcycle and car demands are 8,855 and 1,664 pax
correspondingly. The bus share for the whole corridor of 8.81% shown in Table 7-4 is used for
estimating the bus demand for the off-peak period. Table 7-5 shows the existing demand for the

off-peak simulated segment from 12:00 to 13:00 on 19 March 2018.

Table 7-5 shows that relative 16:30-18:30 demand (16 April 2018) to 12:00-13:00 demand (19
March 2018) is similar to the number for the national scale shown in Table 5-7. Additionally, the
ratio of motorcycle demand to car demand for the off-peak period is estimated around 5.32
(8,855/1,664), which is close to the rate of (77.47%/13.72%) for the whole corridor for the peak
period shown in Table 7-4. As a result, the simulated segments for the off peak period can be
represented for the whole corridor. However, there is no available demand data of bus, car and
motorcycle on the remaining corridor (junction J3 to J10) for the off-peak period. Hence, the ratio
of the demand of Segment 1 to the whole corridor demand for the peak and off-peak periods are
assumed to be the same, which is equal to 21%. After demand levels for Segment 1 are obtained
from the VISSIM simulations, the total demand of the whole corridor is estimated by using this

percentage. This process is mentioned in the next chapter.

Table 7-5 Existing demand for the off-peak simulated segment for both directions from 12:00 to

13:00 on 19/3/2018

Simulated segment for off-peak Modal
period — Segment 1 (0.9 km) share (%)

Bus demand (pax) 1,016 (11,535 x 8.81%) 8.81%
Motorcycle demand (pax) 8,855 76.76%
Car Demand Motorcycle demand (pax) 1,664 14.43%
Total demand from 12:00-13:00 (pax) 11,535 = (8,855+1,664)/(1-8.81%) 100%
Relative 16:30-18:30 demand to 12:00-13:00 2.58 (29,803/11,535)
demand
Relative 16:30-18:30 demand to 12:00-13:00 2.69 (17.5%/6.5%)
demand based on data for national scale
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7.6 Conclusion

When an existing mixed transport system changes, suitable incremental demand models need to
be used to forecast changes in demand of each transport mode such as bus, car and motorcycle. If
a new PT technology replaces all bus services running on the partial and whole corridor, the
incremental multinomial logit model is used to estimate probabilities of choosing new PT, car and
motorcycle. For a situation where a new PT mode replaces only bus services running on the whole
corridor and the existing bus services running on segments of the corridor are still operated, the
incremental nested logit model is used to estimate modal shares of new PT, bus, car and
motorcycle. The next requirement is to identify absolute changes in demand for each transport
mode. Hence, total demand is required to forecast. The incremental elasticity analysis estimates

endogenous changes in the total demand by using the demand elasticity with respect to a logsum.

The main component of these incremental demand modal is the utility of each transport. Based on
the study of Japan International Cooperation Agency (2007) and the study of Bray and Holyoak
(2015), the utility functions of motorcycle, car, bus and new PT modes are developed for the Hanoi
case study. Existing demand levels of each transport mode on the study corridor in Hanoi are
calculated based on the collected data, which is shown in section 6.2. The results of the demand
show that the VISSIM simulation models simulating Segments 1 and 2 can represent for the whole
corridor. Calculation examples for the incremental demand models shown in this chapter are

illustrated in the case study of the assessment, which are shown in Appendix C.2.

The components of the utility, which consist of in-vehicle time, walking time, waiting time and fuel
cost, are estimated from the social cost model and VISSIM simulation model. Hence, the
incremental elasticity analysis, incremental logit model, social cost model and VISSIM simulation
model are integrated into a comprehensive comparative economic assessment to achieve the aims
of this study. The next chapter is going to describe an application of this assessment to the Hanoi
case study, which compares the existing mixed transport situation and proposed infrastructure
options with an introduction of new PT technologies (Bus Rapid Transit, elevated Metro and
Monorail) and a congestion charge scheme for PRV, in terms of ASC, total general demand and PT

share.
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Chapter8 Comparative Economic Assessment

Application

8.1 Introduction

The main aims of the comparative economic assessment are to analyse the feasibility of new public
transport technologies in a mixed traffic environment with a dominance of motorcycles and identify
the most cost-effective mixed transport system in terms of given criteria. Chapter 4 introduces the
methodology of the assessment and Chapters 5-7 develop the social cost model, microscopic
simulation model, incremental elasticity analysis and incremental logit model. This chapter
demonstrates an application of the comparative economic assessment on the NT-TP-QT corridor in
Hanoi, Vietnam. The assessment is applied to compare the existing mixed transport situation and
proposed transport infrastructure options to find the best option in terms of ASC, total demand and

PT share.

A new PT mode is introduced in the mixed transport environments to attract more private transport
users to use PT. In conjunction with the new PT technology, a congestion charge scheme can be
considered to achieve a larger shift from private transport. In most cities in the world, the
congestion charge has been introduced with an expansion of public transport, for example London,
Singapore and Stockholm (Santos, 2004). The congestion charge is included in the comparative

assessment and its estimation for the Hanoi case study is illustrated in the next part of the chapter.

The third part of the chapter describes the detailed operating procedure of the comparative
economic assessment application and illustrates twelve proposed options on the study corridor.
The fourth part of the chapter indicates the comparative results of these proposed options on the

corridor, as well as the best option.

As mentioned in Chapter 5, the sensitivity test with respect to the value of time is implemented in
the social cost models to find the most cost-effective transport mode at a strategic planning level,
in terms of ASC. The results show that the value of time seems to be sensitive to choosing the lowest
ASC option at medium demand levels. Therefore, a sensitivity test with respect to the value of time
is conducted with the completed assessment to evaluate the impacts of the value of time on the

general results. The sensitivity test is illustrated in the fifth part of the chapter.

The sixth part of the chapter shows detailed results of the best option, compared to the existing

situation.
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8.2 Congestion Charge

In the private transport social cost model shown in Chapter 5, the total social costs (TSC) of each
private transport mode (PRV) include total infrastructure operator costs (TOC), total vehicle user
costs (TUC) and total external costs (TEC). The TOCs for PRV cover infrastructure costs, maintenance
costs and parking costs. The TUCs for PRV consist of private vehicle capital costs, operating costs
for users, travel time and congested-related delay costs. The congested-related delay costs are
borne by the user themselves but not imposed on other travellers. The TECs cover noise pollution,
air pollution, climate change and accident cost. Marginal environment costs and marginal accident
costs are not considered as a basis for pricing in this thesis. The main reason is that the environment
and accident costs in the private transport social cost model are estimated based on unit external
costs of each mode in pence/passenger-distance. Moreover, the infrastructure and vehicle capital
costs are also excluded because of the use of the short-run approach for estimating the marginal
social cost. The long-run marginal costs of these components are issues for further work. Hence,
the Marginal Congestion Cost (MCC), which is estimated in this study, relates to the change in travel
time and operating costs for users. For one corridor, the MCC can be calculated as (Walters, 1961;

Santos and Shaffer, 2004; Link et al., 2016):

MCC = —Eq.5

(8-1)
where,

MCC is the marginal congestion cost (£/vehicle-km);

Esis the elasticity of speed with respect to traffic;

Vis the value of time and additional operating costs (£/vehicle-hour);

Sis the speed (km/hour).

8.2.1 Congestion charge estimation for the Hanoi case study

The marginal congestion costs are estimated for car and motorcycle separately. For each transport
mode, the marginal congestion costs are calculated for the peak and off-peak periods individually
as the VISSIM simulation models were developed for these two periods based on data collected on
the study corridor in 2018. The development of the VISSIM simulations is shown in Chapter 6. The
existing traffic demand for the peak and off-peak periods is described in Chapter 7 while the existing

traffic volumes are summarised in Table 8-1.
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Table 8-1 Existing car and motorcycle volumes of the simulated segments for both directions

Simulated segment for the peak|Simulated segment for the off-peak
period between 17:30 and 18:30 | period between 12:00 and 13:00

Motorcycle volume 12,054 7,258

Car volume 1,673 1,060

To identify the existing average motorcycle and car speeds, travel times of motorcycle and car
between two given points are obtained from the VISSIM simulation models. The distance between
the two points on the simulated segment for the peak period is 1.5 km while this length for the off-
peak period is 0.9 km. In order to ensure the variability of the simulation results and to reduce the
randomness, the VISSIM simulation has been run forty times with different random seeds. The
travel time of each vehicle type for both directions between the two points on the corridor is
estimated based on the average travel time of that vehicle type for each direction and number of
vehicles observed for each direction in the VISSIM simulations. One calculation example of one
VISSIM simulation run is shown in Table 8-2 while Table 8-3 shows the existing average motorcycle

and car speeds based on 40 VISSIM simulation runs for the existing situation.

Table 8-2 Travel times for different modes in one VISSIM simulation run

Number Number Number Bus travel | MC travel
of Car of Bus of MC Car travel time (s) time (s) time (s)
Direction 1 124 41 825 122.16 182.57 121.96
Direction 2 180 39 1704 156.85 206.90 148.50
Both directions 304 80 2529
Average travel
time for both 142.70 =
directions ((124*122.16 +
(second) 180*156.85)/304) 194.43 139.84

Table 8-3 Existing average car and motorcycle speeds for the peak and off-peak periods

Peak period (17:30-18:30) | Off-peak period (12:00-13:00)

Average car speed (km/h) 14.89 22.71

Average motorcycle speed (km/h) 16.09 23.17

In order to estimate the MCC for cars, the VISSIM simulations are developed for four scenarios with
increases of 10% and 20%; and decreases of 10% and 20% in the total car volumes for the simulated
segments, compared to the existing car volumes shown in Table 8-1. The motorcycle and bus
volumes are unchanged in the VISSIM simulations. The VISSIM models simulate interactions
between motorcycle, car and bus on the corridor, motorcycles and buses therefore impose
congestion on cars. The average travel time and speed of cars are obtained from the VISSIM
simulations and then compared to existing values to calculate elasticities of speed with respect to

traffic. The average demand elasticities of speed, which is a mean of four values for the four
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scenarios, is used for calculations of the marginal congestion costs. Due to time limits of the study,
the number of scenarios cannot be higher than four, as well as the estimated marginal congestion

costs are not the optimal congestion charge.

Similarly, for the calculation of the MCC for motorcycles, the VISSIM simulations are developed for
four scenarios with rises of 2% and 3%; and reductions of 2% and 3% in the total motorcycle
volumes, compared to the existing motorcycle volumes shown in Table 8-1. The reason for the
difference between the percentages of changes in the total car volumes and total motorcycle
volumes is that the existing motorcycle volume is around seven times as high as the existing car
volume. The car and bus volumes are unchanged in the VISSIM simulations, however, cars and

buses still impose congestion on motorcycles.
Assumptions for input data in the VISSIM simulations

There is the following assumption for developing a VISSIM simulation for a scenario with the
increase/decrease of X%, compared to the existing total car volume for the simulated segment. As
mentioned above, X% are equal to 10% and 20%. The car volumes entering all junctions from all
approaches (including the study corridor and intersected streets) rise/reduce by X%. These values
are changed in the ‘Vehicle Inputs’ and ‘Vehicle Compositions/Relative Flows’ objects in the VISSIM

simulations. The motorcycle and bus volumes are unchanged in the VISSIM simulations.
The same assumption is applied to the VISSIM simulations for estimating the MCC for motorcycles.
Value of time and additional operating costs

The value of time in PPP £/hour for the Hanoi case study is described in subsection 5.5.5.4. By taking
into account the occupancies, the value of time in PPP £/vehicle-hour at 2015 prices for car and
motorcycle are 1.76 and 2.34 correspondingly. Equations for estimating car and motorcycle
operating costs are shown in subsection 5.3.1. After obtaining vehicle speeds from the VISSIM

simulations, additional operating costs are estimated.
A calculation example

Table 8-4 shows the calculation for the scenario with an increase of 10% in the total car volume.

Table 8-4 The calculation of MCC for cars for the peak period, 2015 prices

Parameters Values | Notes

Existing car speed (Km/h) 14.89

New car speed (Km/h) 13.47

Speed change (%) -9.5% | (13.47-14.89)/14.89

Traffic change (%) 10% For the scenario with increases of 10%
VoT (PPP £/car-hour) 1.76
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Parameters

Values

Notes

New fuel consumption (I/km)

0.1333

Use Equation ( 5-24 ) with the new car speed

Fuel price in Vietnam (VND/I)

19,000

In 2015 prices

A factor of (0.69/7,576.25) is used to convert the Vietnamese

Fuel price in Vietnam (PPP £/1) | 1.73 currency into the British currency (World Bank, 2015b)
New fuel cost (£/car-km) 0.2307 | 0.1333*1.73
Existing fuel cost (£/car-km) | 0.2164 | With respect to the existing car speed
Additional fuel cost (£/car-km) | 0.0143
9.5% 1.76
MCC (£/car-km) 0.126 MCC = —200-- (5 gg 1 0:0143)

Results of marginal congestion cost

The results of the elasticity of speed with respect to traffic and MCC for cars for the peak and off-

peak periods are shown in Figure 8-1 and Figure 8-2 respectively. Moreover, Figure 8-3 and Figure

8-4 illustrate the results of the elasticity of speed with respect to traffic and MCC for motorcycles

for the peak and off-peak periods correspondingly.
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1,840 2,008 (Car/hour)

-0.62

-0.95

Marginal congestion cost (£/car-km in 2015 prices)

Elasticity of speed with respect to traffic

Figure 8-1 Relationship between elasticity of speed with respect to traffic, MCC and car traffic

levels for the peak period

Notes: The existing car traffic level for both directions in the peak is 1,673 car/hour.
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Figure 8-2 Relationship between elasticity of speed with respect to traffic, MCC and car traffic

levels for the off-peak period

Notes: The existing car traffic level for both directions in the off-peak is 1,060 car/hour.
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Figure 8-3 Relationship between elasticity of speed with respect to traffic, MCC and motorcycle

traffic levels for the peak period

Notes: The existing motorcycle traffic level for both directions in the peak is 12,054 MC/hour.
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Figure 8-4 Relationship between elasticity of speed with respect to traffic, MCC and motorcycle

traffic levels for the off-peak period
Notes: The existing motorcycle traffic level for both directions in the off-peak is 7,258 MC/hour.

Figure 8-1 and Figure 8-3 illustrate that the mean elasticity of speed with respect to traffic for both
car and motorcycle in the peak period are -1.105 and -2.495 respectively. This implies that the speed
of vehicles in the peak period is sensitive and motorcycle speeds are more sensitive to flow. In
addition, the elasticity of speed with respect to traffic for both car and motorcycle are more
sensitive when traffic reduces in the peak period. These can be explained that the existing speed
and traffic in the peak period are critical in their relationship curve, which was produced in the
study in Hanoi by Nguyen and Sano (2012). The relationship between mean speed and traffic flow
for a four-lane (per direction) link in Hanoi s shown in Figure 8-5. The existing situation seems to be
at a critical area, which is shown in a red circle in Figure 8-5. Hence, the mean speed appears to be

very sensitive to changes in traffic.

As can be seen from Figure 8-1, Figure 8-2, Figure 8-3 and Figure 8-4, there are significant
differences between the vehicles MCC in the peak and off-peak periods because the vehicle speeds
and traffic volumes in these two periods are considerably different. Although the vehicles MCC for
the off-peak period are minor, the different congestion charges should be implemented for both
periods. If the congestion charge scheme is introduced for only the rush hours, private transport
users can shift considerably from the peak period to the off-peak period while existing bus services

and new PT mode are encouraged to use. This can relate set times for the start of work and school
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etc. Moreover, this suggestion seems to be consistent because a limitation of this thesis is that

cross-effects between time periods are not considered.
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Figure 8-5 Relationship between mean speed and traffic flow for a four-lane (per direction) link

in Hanoi
Source: Nguyen and Sano (2012)

Figure 8-1, Figure 8-2, Figure 8-3 and Figure 8-4 show that the MCCs for motorcycles are higher
than those numbers for cars. The first reason is that the value of time for motorcycles is greater
than for cars. Secondly, the motorcycle speed seems to be more sensitive than the car speed with
respect to traffic as motorcycles are dominant in the existing mixed traffic situation. However, the
congestion charge for cars can be suggested for both private transport modes for the Hanoi case
study to ensure that the congestion charge cannot be a regressive tax on the middle-income and
poor people. A regressive tax is defined as where a tax takes a higher share of the income of low-
income people than of high-income people (Santos and Shaffer, 2004). Vu (2015) carried out a
survey with 800 Hanoi citizens in 2012 about household vehicle ownership and mode choice
preferences. The results of that study showed that the poorest mainly use bus and bicycle, the
lower-middle-income and upper-middle-income people choose motorcycles while high-income

individuals use cars.

If an average distance a vehicle travels is around 4 km in the peak period, the estimated MCC of
£0.114/car-km suggests that the congestion charge should be £0.912 for one vehicle travelling a
return trip on the corridor in the peak period. Table 5.4.4 in Data Book on WebTAG shows that the
MCC in London for the PM peak is £0.827/car-km. In April 2015, the average wage of full-time
employees in London citizens is £660 per week (Office for National Statistics, 2015). By contrast,

this number of Hanoi citizens is PPP £96 per week (General Statistic Office of Vietnam, 2020). By
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taking into account comparable values of the MCC in London, the average wage in London and
Hanoi, the estimated MCCs for the Hanoi case study might be acceptable. To conclude, the
estimated MCCs of £0.114/vehicle-km and £0.005/vehicle-km are applied for the private transport
users in the peak and off-peak period correspondingly. The peak periods are between 7-9 AM and

4-7 PM, which are shown in Table 5-7.

8.2.2 Congestion charge coefficients in the utility functions

The utility functions of motorcycle and car for the Hanoi case study, which are shown in subsection
7.5.1, includes only fuel cost in terms of cost. Hence, the congestion charge coefficients included in
the utility functions need to be identified. The methods for estimating the congestion charge
coefficients are used as: (i) development of equations of the elasticity of private transport demand
with respect to fuel cost and congestion charge based on the logit model formulation and (ii)
transferability of evidence from the London congestion charge scheme to the Hanoi case study.
Using the PPP rate, the congestion charge for the off-peak and peak periods in the utility are
estimated as 56.74 and 1,250.7 VND/ vehicle-km respectively. The results show that the congestion
charge coefficients in car and motorcycle utilities are estimated as -0.000501 and -0.000393
respectively. The detailed calculations are shown in Appendix C.1. The congestion charge for car
and motorcycle are only included in the utility function after the congestion charge scheme is
introduced. In other words, this charge is not included in the utility function before the introduction
of the charging scheme or in a situation where there is no congestion charge scheme. This charge
affects demand in the incremental elasticity analysis and incremental logit models but it is not

included in the total social cost calculation.

8.3 Procedure of Comparative Economic Assessment

In Chapter 1, Figure 1-2 shows the operating procedure of the comparative economic assessment.
The operating procedure of the assessment application on the objective corridor in Hanoi is shown

as a flow chart in Figure 8-6. The main steps in Figure 8-6 are shown in detail below.

8.3.1 Step 1

The first step is to set up the VISSIM simulation models that simulate an existing mixed transport
corridor. These are the validated simulation models for the off-peak and peak periods, which are
shown in Chapter 6. The VISSIM simulation model for the peak period simulates the segment (1.5

km) from the junction J2 to junction J4 while the VISSIM simulation model for the off-peak period
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represents the segment (0.9 km) from the junction J2 to junction J3. The completed assessment is

run for the off-peak and peak periods separately.

Set up VISSIM models with base
condition (existing condition)

(1)

Setup | l
Introduction of a new PT mode with or without

a congestion charge scheme (future condition)

()

) (4)
- Run VISSIM for existing networks - PRV travel time and = Run Incremental
- Run Social Cost Model for the new speed Elasticity Analysis
PT mode - PT in-vehicle time
] wait time and speed Evaluate
Iteration T No endogenous
(6) (5) total demand
Convergence Run incremental
for PT « . .
L multinomial/nested
demand Evaluate modal share, logit model
demand of each mode &
l Yes
Result - Identify demand of each mode and total demand
- Identify social costs and average costs

End

Figure 8-6 Model application procedure for each proposed option for each period time

8.3.2 Step 2

A new PT mode is introduced on the study corridor with or without a congestion charge scheme.
Three new PT modes, BRT, Monorail or Elevated Metro, are considered in the assessment. As
mentioned in subsection 7.5, two scenarios are suggested as follows: (i) Scenario 1: The new
exclusive public transport replaces all bus services running on the partial and whole corridor. The
incremental multinomial logit model is used for Scenario 1; and (ii) Scenario 2: The new exclusive
public transport replaces the bus services running on the whole corridor whilst nine bus services
running on segments of the corridor are still operated on the study corridor. The incremental
nested logit model is used for Scenario 2. To conclude, twelve options are proposed on the study
corridor in Hanoi to improve the performance of the existing situation, which are shown in Table

8-5. Each option is run in the next steps of the completed assessment.
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Table 8-5 Twelve proposed options on the study corridor in Hanoi

No Proposed options Incremental Incremental | Introduction of
multinomial nested logit a congestion
logit model model charge scheme

1 |BRT - Scenario 1 without congestion charge X

2 | Monorail - Scenario 1 without congestion charge X

3 | Metro - Scenario 1 without congestion charge X

4 | BRT - Scenario 2 without congestion charge X

5 | Monorail - Scenario 2 without congestion charge X

6 | Metro - Scenario 2 without congestion charge X

7 | BRT - Scenario 1 with congestion charge X X

8 | Monorail - Scenario 1 with congestion charge X X

9 |Metro - Scenario 1 with congestion charge X X

10 |BRT - Scenario 2 with congestion charge X X

11 |Monorail - Scenario 2 with congestion charge X X

12 |Metro - Scenario 2 with congestion charge X X

Figure 5-5 in Chapter 5 shows the results of the ASCs of PT, PRV and Taxi/Uber modes for 1-lane
(per direction) corridor in the Hanoi case study. Figure 5-5 shows BRT shows great potential when
demand ranges from 107,000 to 220,000 pax/direction/day (pdd). However, the BRT infrastructure
capacity is 240 vehicle/direction/hour that the BRT system can supply around 109,000 pdd.
Similarly, the Monorail and Elevated Metro infrastructure capacities are 138 and 156
vehicle/direction/hour correspondingly. These systems can supply approximately 255,000 and
512,000 pdd respectively. Hence, 109,000 pdd, 255,000 pdd and 512,000 pdd are set for
introducing a BRT, Monorail or elevated Metro line correspondingly. New PT frequencies for the
off-peak and peak periods are estimated based on these demand levels above, which are assumed
to be fixed. Therefore, travel time and waiting time of new PT users are calculated in the social cost

model with respect to these frequencies.

8.3.3 Step 3

Firstly, the VISSIM simulation models representing the existing networks are run to obtain travel
time and speed of motorcycle, car and bus. To reduce the randomness, forty random seeded runs
are made to achieve the average travel time of each vehicle. Secondly, the social cost model
evaluates operating speed, in-vehicle time and waiting time of new exclusive PT users, as well as

waiting time of the existing bus.
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8.3.4 Step 4

Based on the traffic data obtained in Step 3, the incremental elasticity analysis is run to estimate
new endogenous general traffic with respect to a logsum. The utility of each transport mode is
estimated by using data on time and cost in Step 3, the logsum of general traffic is then calculated.
Coefficients in utility functions for BRT, Monorail and Elevated Metro are assumed to be the same
in this thesis. The reason is that the utilities of transport modes are estimated based on the study
by Bray and Holyoak (2015). The surveys of that study considered motorcycle, car, bus and
proposed rapid public transport (BRT and Mass Rapid Transit). However, the proposed public
transport was made generic because neither exists at that time and people therefore has limited
precise understanding of the service characteristics that Metro and BRT will provide. Only one BRT
line has been operated in Vietnam since 2017 whilst Metro or Monorail have not yet operated in

Vietnam.

8.3.5 Step 5

Input data for the incremental multinomial/nested logit models include: (i) In-vehicle time data and
vehicle speed for each existing mode obtained from the VISSIM simulation model in Step 3, (ii) Data
on in-vehicle time, waiting time and operating speed for the new PT mode achieved from the social
cost model in Step 3, as well as waiting time of bus users and (iii) New endogenous total demand
from the incremental elasticity analysis in Step 4. The incremental multinomial/nested logit models

are run to obtain modal share and new demand for each transport mode.

8.3.6 Step 6

The changes in PT demand are estimated. After step 6, the first iteration of the assessment is
finished. New demand for each transport mode obtained from Step 5 of the first iteration is used
as inputs for the second iteration. Implement the next iterations (Steps 3-6) until convergence - the
difference between the previous PT passenger demand and current PT passenger demand is less

than 1%.

After the convergence is achieved, the final demand levels of each transport mode for the simulated
segments are obtained. As discussed in Chapter 7, the demands of each transport mode for the
simulated segments for the off-peak and peak periods are equal to 21% and 27% of the demand
level for the whole corridor respectively. As a result, for each Option in Table 8-5, the demands for
each transport mode for the whole corridor are calculated for the off-peak and peak periods by
using these ratios. The daily demand for each transport mode is the sum of the demand for the off-

peak and peak periods. These demand levels are inserted in the mixed transport social cost model
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to obtain the total social cost and ASC for each Option. A description of new daily demand for one
option is shown in Appendix C.3. Moreover, the congestion charge is an additional component of

the ASC of motorcycle and car for the options with the congestion charge scheme in Table 8-5.

8.3.7 VISSIM models from the second iteration

There are the following assumptions in the VISSIM simulation models from the second iteration in

Figure 8-6.

- For the BRT option, a median lane is converted to be a dedicated BRT lane per direction.
This means that three lanes per direction are shared by car, motorcycle and bus. Turn-left
lanes are allocated to lanes next to the median lanes at junctions. Traffic signal cycles at two
junctions are assumed to be unchanged. These changes are adjusted in the input data
settings in the VISSIM simulation. Hence, the VISSIM model simulates the mixed traffic
including motorcycle, car and bus while the PT social cost model is run for BRT. This means
that BRT is given a priority at junctions when travel time of BRT is estimated in the social cost
model. However, this is a limitation because interactions between BRT vehicles and private

transport vehicles at junctions are not simulated.

- Assume that private vehicle volumes entering all junctions from all approaches (including
the study corridor and intersected streets) are changed proportionally to changes in the total
private transport demand for the simulated segment. These values are changed in the

‘Vehicle Inputs’ object in the VISSIM simulation.

- For each private vehicle type, the proportion of vehicles going straight, turning right and
turning left from one approach to each junction are assumed to be identical to the existing

situation.

For the proposed options with Scenario 1 in Table 8-5, all existing bus lines are removed in the

VISSIM model, only motorcycle and car share mixed lanes.

For the proposed options with Scenario 2 in Table 8-5, there are the following assumptions in the

VISSIM simulation models.

- Nine existing bus services running on segments of the corridor are still operated. Assume

that departure times and frequency of buses are fixed and identical to the existing situation.

- Assume that boarding passengers and bus occupancy at all bus stops are proportional to
total bus demand for the whole corridor whilst alighting rates at all bus stops are unchanged.

For example, the ratio of new bus demand to the existing bus demand is equal to 0.87. The
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value of 0.87 is used to calculate boarding passengers and occupancy for the nine remaining

bus services at all bus stops, compared to values for the existing situation.

8.3.8 Procedure in Python

The comparative economic assessment is integrated from the social cost model, microscopic
simulation model, incremental elasticity analysis and incremental multinomial/nested logit model.
The social cost model is developed in Microsoft Excel and MATLAB by using a range of equations.
The incremental demand models are run based on a number of equations. The microscopic
simulation models for the off-peak and peak period are built in the VISSIM package. However, there
may be several iterations of the completed assessment to achieve the convergence. Moreover,
there are twelve proposed options are considered for this study. Therefore, Python program is
chosen to run the completed assessment because of four main reasons: (i) The Python program can
access and control the VISSIM simulations externally and automatically, and (ii) The Python program
can run all equations for the social cost model and incremental demand models, (iii) There is a loop
function in Python and (iv) All performance indicators can be shown in outputs of the Python

program.

8.4 Comparative Results of Twelve Proposed Options

The comparative economic assessment is run for each option and each period. Normally, the
process requires from two to eight iterations to achieve the convergence. The existing situation is
compared with all options in terms of ASC, modal share of PT and total demand to analyse the
feasibility of each option and choose the best option. These comparative results are shown below.

The calculation example for the completed assessment is shown in Appendix C.2.

8.4.1 Modal shares

This subsection covers the comparisons of modal shares and shifts for the options with and without
the congestion charge while comparisons of the total demands for all options are shown in the next

subsection. Figure 8-7 and Figure 8-8 describe the modal shares for the Metro options.
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Figure 8-7 Modal shares in the peak period for the Metro options for both Scenarios with and

without the congestion charge scheme

Figure 8-7 shows that significant shifts from private transport to public transport occur in both
scenarios with the congestion charge where PT shares increase more than twice in the peak period.
For example, the PT share for the Metro option for Scenario 2 with charging rises from 8.8% to
22.8%. This can prove the attractiveness of the new PT mode due to its better performance and the
congestion charge scheme, compared to the existing conventional bus. These shifts are mainly from
motorcyclists because of the following reasons: (i) the existing motorcycle is dominant, which is
around 77% of the total demand and (ii) differences between changes in motorcycle and car utilities
are small because car and motorcycle travel times are very similar in the mixed traffic environment.

The similar trend of modal share for the BRT and Monorail options are shown in Appendix C.4.

For both scenarios without the congestion charge, there is a modest shift from private transport to
public transport with increases in PT share by 4 - 8 percentage points. Although these numbers are
smaller than those values for the options with charging, this might still prove that the introduction

of the new PT attracts more passengers compared to the existing situation.

Compared to the Metro options with Scenario 1, the PT shares for the options with Scenario 2 are
higher because both the Metro service and the remaining bus service are competitive with private
transport including motorcycle and car. However, the interchange between bus and Metro cannot
be determined in this thesis because of the main following reason. Nine existing bus services
running on the partial corridor are still operated while four existing bus services running on the
whole corridor are replaced by the Metro service. It seems to be difficult to determine existing bus

users of the four replaced bus services will still use buses or shift to use Metro.
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Figure 8-8 Modal shares in the off-peak period for the Metro options for both Scenarios with and

without the congestion charge scheme

As can be seen from Figure 8-8, there is a modest shift from private transport to public transport
for both scenarios with and without the congestion charge scheme. The increases in the PT share
range between 4 per cent and 8 per cent. In addition, the modal shares for the options with and
without the congestion charge scheme are very similar for the off-peak period because the
congestion charge for private transport in the off-peak period is very minor compared with the

charge in the peak period.

8.4.2 Analysis of feasible and best options

In order to analyse the feasibility of new PT technologies and identify the most cost-effective mixed
transport system, the ASC, total daily demand and PT share of all infrastructure options are

produced and then shown in Figure 8-9.
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Figure 8-9 ASCs, total daily demand and PT share of twelve infrastructure options, a discount rate

of 12%, 2015 prices

Notes for Figure 8-9:

- One marker presenting for one option is plotted based on the total daily demand and the ASC of the option
while a label number above the marker shows the PT share for this option.

- The BRT, Monorail and Metro options are shown in red, blue and purple markers respectively.
- Circle markers show options of Scenario 1 without the congestion charge scheme.

- Diamond markers show options of Scenario 2 without the congestion charge scheme.

- Star markers show options of Scenario 1 with the congestion charge scheme.

- Plus markers show options of Scenario 2 with the congestion charge scheme.

As can be seen from Figure 8-9, there are the following findings.

- Two comparisons among the options of the three new PT modes are shown below. Firstly, the
ASCs of the BRT options are the smallest whilst the elevated Metro options have the greatest ASCs.
This can be explained that the introduction of Monorail or elevated Metro attracts approximately
between 45,000 pdd and 70,000 pdd respectively, which are much lower than their infrastructure
capacity of around 255,000 for Monorail and 512,000 pdd for Metro. Therefore, the ASCs of the
Metro and Monorail options are still great, especially the Metro options with the highest operator
costs. By contrast, the daily BRT demands for all options are around half of the BRT capacity, which
is 109,000 pdd. Secondly, the total demands of the corridor after the introduction of Monorail or
elevated Metro are similar but higher than those numbers for the BRT options. The main reason is

that a median mixed traffic lane is converted to be a dedicated BRT lane per direction while private
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transport users have more spaces in the same current number of mixed traffic lanes when the
existing bus is partially or completely replaced by Metro or Monorail. To summary, the Monorail or
elevated Metro demands are considerably lower than their infrastructure capacity although the
frequency of the new PT mode reaches the infrastructure capacity. Hence, a sensitivity test with
respect to the Alternative Specific Constant of all transport modes must be conducted for further
work because the ASCs of new PT modes are smaller than those numbers for private transport. The
reason is that the utility functions are adapted from the surveys in the study by Bray and Holyoak
(2015) that were carried out in 2014 when the performance of only PT mode (bus) seemed to be
quite poor. Furthermore, a crowding function can be included in further work in order to evaluate
the attractiveness of Metro. Another limitation is that external factors (e.g. land-use changes) are

not considered in this thesis.

- Two comparisons between Scenario 1 with circle and star markers and Scenario 2 with diamond
and plus markers are drawn. First, the ASCs of the options with Scenario 2 are higher than those
numbers of the options with Scenario 1. Compared to the options with Scenario 1, the PT shares
for the options with Scenario 2 are higher but the new PT demand is smaller because the partial
existing bus services still share the facility with private transport. The smaller new PT mode demand
can cause the higher ASCs due to the high operator costs of the new PT mode. Second, the total
demands for the corridor for Scenario 2 are greater than those numbers for Scenario 1. The
exception is the BRT option without the congestion charge scheme. This can prove that operating
both new segregated PT mode and existing bus service can be more competitive and attractive than

private transport.

- Both the total demand for the corridor and the ASCs of the options with the congestion charge
scheme are smaller than those values for the options without the congestion charge scheme. For
the comparison of the total demand, the congestion charges lead to dramatic decreases in car and
motorcycle demand, as well as significant shifts from private transport to public transport. For
example, the PT share for the Monorail option with the congestion charge is around 18.9%,
compared to 8.8% for the existing situation. Compared to the options without the congestion
charge scheme, the higher PT demand and the smaller private transport demand for the options
with the congestion charge scheme result in the lower ASCs. To summary, the congestion charge
scheme leads to lower ASCs and higher PT share for all options. This charging scheme also causes
the higher demand for the Monorail and Metro options. As a result, the transport planners and
decision makers should consider the congestion charge scheme for the local conditions to meet
specific objectives such as a reduction in ASCs and an increase in modal share of PT. Moreover,
those people might introduce internalised environment costs as well as the congestion charge to

attract more Metro or Monorail passengers to avoid wasteful investments.
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- When decision makers set the ASC, total demand and PT share as the multi-criteria for analysing
the feasibility of each option, one feasible option has smaller ASC, higher total demand and higher
PT share compared to the existing situation. Therefore, six options including the Monorail options
for Scenario 1 with and without charging, the Monorail option for Scenario 2 with charging, the BRT
options without charging for Scenario 1 and Scenario 2, the Metro option for Scenario 1 with
charging are feasible. Among these six options, decision makers can select the Monorail option for
Scenario 2 with charging because this option has always two advantages in three criteria compared

to the other options.

- To compare with the existing situation in terms of ASC, eight options including the Monorail
options for Scenario 1 with and without charging, the Monorail option for Scenario 2 with charging,
the Metro option for Scenario 1 with charging and all four BRT options are better. Interestingly, five
of six options with charging are feasible except the Metro option for Scenario 2 with charging.
Among these eight feasible options, the BRT option for Scenario 1 with charging has the smallest
ASC of 37.57 pence/pax-km. However, the total demand for this option decreases by around 12,000
pdd, compared to the existing situation. This decrease is caused by the congestion charging scheme.
To conclude, the BRT option for Scenario 1 with charging is the best of the options considered in
the comparative economic assessment of this study. The detailed results of comparisons between

this option and the existing situation are shown in section 8.6.

8.5 Sensitivity Test with respect to Value of Time of PT Users

A sensitivity test with respect to the value of in-vehicle time for new PT technologies is implemented
because of the following reasons. Firstly, the user costs account for a main portion of the total social
cost. This is also discussed in subsection 5.5.5.4 shown in Chapter 5. Secondly, the VoT can impact
on results of the incremental demand models due to change in the utility. Thirdly, the VoT for the
Hanoi case study is adapted from the study by Bray and Holyoak (2015). The surveys in that study
were carried out at the time when no new PT mode was operated. Fourthly, after the introduction
of a new PT technology, this new mode can provide better comfort, safety and service reliability
etc. This will be reflected in lower IVT parameter in the utility functions. Hence, the reduced VoT
should only be in the after situation whilst the increased VoT is not considered. The baseline
estimate of the value of in-vehicle time for new PT (in 2015 prices) is shown in Table 5-8 and
alternative value is equal to 50% of the baseline value. The alternative value for PT users is therefore
smaller than the VoT for cars. That is why a factor of 25%, which is suggested by the Department
for Transport (2017b), is not used for this study. It is assumed that PT fares are unchanged, the
coefficients of travel time in the PT utility functions decrease by 50%. Furthermore, the coefficients

in the utilities for car and motorcycle remained unchanged but the values of car and motorcycle
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utilities still vary due to changes in travel time and fuel cost. Figure 8-10 and Figure 8-11 show
changes in the mean PT utilities and probabilities for twelve options after conducting this sensitivity
test for the off-peak and peak periods respectively. In general, the changes in mean PT utilities and
probabilities are similar. Additionally, these two parameters appear to slightly sensitive respect to

the value of time for new PT users.

BRT - Scenario 1 without charging
Monorail - Scenario 1 without charging
Metro - Scenario 1 without charging
BRT - Scenario 2 without charging
Monorail - Scenario 2 without charging
Metro - Scenario 2 without charging
BRT - Scenario 1 with charging
Monorail - Scenario 1 with charging
Metro - Scenario 1 with charging

BRT - Scenario 2 with charging
Monorail - Scenario 2 with charging
Metro - Scenario 2 with charging

0.0% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0% 3.5%

m Change in PT probability B Change in mean PT utility

Figure 8-10 Changes in mean PT utilities and probabilities for different options for the peak period

after the sensitivity test

BRT - Scenario 1 without charging
Monorail - Scenario 1 without charging
Metro - Scenario 1 without charging
BRT - Scenario 2 without charging
Monorail - Scenario 2 without charging
Metro - Scenario 2 without charging
BRT - Scenario 1 with charging
Monorail - Scenario 1 with charging
Metro - Scenario 1 with charging

BRT - Scenario 2 with charging
Monorail - Scenario 2 with charging
Metro - Scenario 2 with charging

0.0% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0% 3.5%

B Change in PT probability B Change in mean PT utility

Figure 8-11 Changes in mean PT utilities and probabilities for different options for the off-peak

period after the sensitivity test

Figure 8-12 shows changes in the total daily demand and PT share for different options when the
value of time for new PT users reduced by 50%, compared to the base values. Figure 8-13 illustrates

changes in the ASC for all options.
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Figure 8-12 Changes in total demand and PT share for different options when the value of time

for new PT users reduced by 50%, compared to those values with the base VoT

As can be seen from Figure 8-12, the total demand of all modes and PT share seem to be insensitive
with respect to the value of time for new PT users. The increases in the total demand for all twelve
options are very small ranging from 0.1% to 0.8% while the changes in PT share ranges between

0.7% and 2.4%.

Figure 8-13 shows that the ASCs of twelve options appear to be slightly sensitive with respect to
the value of time for new PT users because the decreases in the ASC of twelve options range from
2% to 5% when the new PT users’ value of time declined by 50%. Compared to the changes in the
total demand and PT share, the changes in the ASC of the twelve options are higher. The reason
can be that the total new PT user costs account for between around 30% and 50% of the total new
PT social costs at forecasted demand after the introduction of the new PT mode. Additionally, at
forecasted demands, the IVT costs for Monorail and Metro account for around 20% of the total user
costs while this number for BRT is about 30%. However, the new PT share of between
approximately 12% and 17% for all options cannot make the ASC be sensitive with respect to the

value of time for new PT users.
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Figure 8-13 Changes in the average social cost for different options when the value of time for

new PT users reduced by 50%, compared to the ASCs with the base VoT

Notes:

- One marker presenting for one option is plotted based on the change in the ASC when the VoT reduced by
50% and the ASC of this option with the base VoT while a label number above the marker shows the ASC of
this option when the VoT reduced by 50%.

- The BRT, Monorail and Metro options are shown in red, blue and purple markers respectively.
- Circle markers show options of Scenario 1 without the congestion charge scheme.

- Diamond markers show options of Scenario 2 without the congestion charge scheme.

- Star markers show options of Scenario 1 with the congestion charge scheme.

- Plus markers show options of Scenario 2 with the congestion charge scheme.

However, the comparison of the ASC between one proposed option and the existing situation might
be sensitive with respect to the value of time for new PT users. Two of four options, of which their
ASCs are higher than the ASC of the existing situation, become to have smaller ASCs when the new
PT users’ value of time reduced by 50%. In other words, these two options, which are the Monorail
for Scenario 2 without the congestion charge scheme and the Metro for Scenario 2 with the
congestion charge scheme, are feasible in terms of ASC. In addition, the BRT option for Scenario 1
with the congestion charge scheme is still the best option when the new PT users’ value of time
reduced by 50%. To summary, for an analysis of the feasibility of one option on a given corridor,

the sensitivity test with respect to new PT users’ value of time should be taken into account.
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8.6 Detailed Results of the Best Option

This section describes the results of comparisons between the best option and the existing
situation. The best option mentioned in section 8.4 is the BRT option for Scenario 1 with the
congestion charge scheme. For this option, all existing bus services running on the study corridor
are replaced by the BRT service and one existing mixed traffic lane is converted into an exclusive

BRT lane per direction.

8.6.1 Performance indicators

The performance indicators of the existing situation are obtained from the mixed transport social
cost models. After running the comparative economic assessment, the performance indicators of
the best option are achieved from the social cost model and incremental demand models. Table

8-6 shows the performance indicators of the best option and the existing situation.

Table 8-6 Results for performance indicators

- Existing The best Change
Performance indicators . . .
situation option (%)

Total daily demand (pdd) 407,700 396,115 -2.84%
Motorcycle demand (pdd) 315,846 281,562 -10.85%
Car demand (pdd) 55,936 49,312 -11.84%
Bus demand (pdd) 35,918 81.64%
BRT demand (pdd) 65,241
Modal share of PT (%) 8.81 16.47 86.95%
Average speed of car and motorcycle in the peak
period, 5-6 PM (km/h) 9.69 12.55 29.51%
Average speed of car and motorcycle in off peak
period, 7-8 PM (km/h) 23.47 23.79 1.36%
Average operating speed of bus in peak period,
5-6 PM (km/h) 8.24
Average operating speed of BRT in peak period, 306.31%
5-6 PM (km/h)

33.48
Average operating speed of bus in off-peak
period, 7-8 PM (!<m/h) . 16.58 101.93%
Average operating speed of BRT in off-peak
period, 7-8 PM (km/h) 33.48

Notes: Speeds are obtained from the social cost models. Speeds of car and motorcycle in mixed traffic are
assumed to be the same.

Compared to the existing situation, the total daily demand of the best option decreases by 2.84%
while the demand for private transport reduces by around 11%. The reductions are caused by the
congestion charging and a shift from private transport to public transport. On the contrary, there is
a significant rise of about 82% in PT demand. Moreover, the speeds of all private transport vehicles

increase considerably in the peak period due to reductions in private transport demand and the
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replacement of existing bus services. In addition, the speed of BRT is around four times greater than
the speed of the existing bus because the BRT vehicles run on the exclusive lane while existing bus
vehicles share facilities with motorcycles and cars. Therefore, the BRT system attracts more existing
bus users and private transport users - mainly motorcyclists to reach 65,241 pdd, over half of the
BRT capacity. The BRT demand could be higher if the attractions of BRT are taken into account in
the VISSIM models. For example, motorcycles and cars are not affected by the priority of BRT at

intersections in the VISSIM models in this research.

8.6.2 Costs

Table 8-7 describes the results of cost indicators for both the best option and the existing situation.

Table 8-7 Results of cost indicator, 2015 prices

Existing The best | Change
Cost indicators, 2015 prices situation option (%)
Total social costs (£/year) 368,507,631 310,718,882 | -15.68%
Average social cost (p/pax-km) 43.29 37.57 -13.21%
Average generalised time cost for motorcycle
(p/pax-km) 20.03 18.78 -6.24%
Average generalised time cost for car (p/pax-km) 11.69 10.96 -6.24%
Average generalised time cost for bus (p/pax-km) 37.38 6.71%
Average generalised time cost for BRT (p/pax-km) 16.18

Notes: Generalised time costs for PT include in-vehicle time, walk time and wait time while those costs for
PRV include only travel time.

Compared to the existing situation, the total social costs and average social cost per passenger-km
of the best option decrease modestly by about 16% and 13% respectively. The main reasons can be
explained as (i) the BRT services attract more existing bus users and private transport users to reach
over half of the BRT capacity; (ii) compared to the current situation, the speeds of mixed traffic and
BRT increases in the best option, particularly a significant rise in the speed of BRT in the peak period,
and (iii) one existing mixed traffic lane is converted into one exclusive BRT lane per direction,
therefore infrastructure costs of the BRT option are not high, especially much lower than those
costs of the Monorail and elevated Metro options. These mean that the approximate doubling of
bus demand leads to a dramatic decrease in the ASCs of PT users while the ASCs of private transport
users reduce slightly. Moreover, the changes in speed imply that the average generalised time cost
for PT users decreases dramatically whilst there are minor reductions in the average generalised

time cost for car and motorcycle users.
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8.6.3 Summary

When the BRT service is introduced on the Nguyen Trai — Tran Phu — Quang Trung corridor to
replace all existing bus services, in conjunction with charging for private transport, there are several
significant improvements in performance and cost. The total social costs and average social cost
decrease by approximately 16% and 13% respectively while the total daily demand reduces from
407,700 pdd to 396,115 pdd. In particular, the daily PT demand nearly doubles from 35,918 to
65,241 passengers. Additionally, the average generalised time cost for private transport users
reduces by around 6% whilst there is a great decline of about 57% in the average generalised time
cost for PT users. These enhancements might be improved if the BRT service provides better
comfort, safety and service reliability etc. This will be reflected in a lower value of in-vehicle time
and/or a higher alternative specific constant (or preference) in the utility function of BRT. In
addition, the Mode Specific Factor, which represents these attributes, can be expressed in minutes
of equivalent in-vehicle travel time (Currie, 2005). In other words, these attributes can be estimated

as equivalent to an in-vehicle travel time reduction.

8.7 Conclusion

In conjunction with an introduction of a new PT mode on an urban corridor, a congestion charge
scheme for private transport is suggested. The congestion charges for car and motorcycle are
estimated based on collected data on the study corridor and the VISSIM simulation models. Due to
the higher value of time and dominance in mixed traffic, the estimated MCCs for motorcycles are
higher than those numbers for cars. However, the congestion charge for cars can be suggested for
both private transport modes for the Hanoi case study to ensure that the congestion charge cannot
be a regressive tax on middle- and low-income people, because these people are a majority of the
population and mostly use motorcycles in Hanoi. Furthermore, although the MCC for the off-peak
period, which is minor, should be implemented to encourage people to use PT and avoid private
transport users shifting considerably from the peak period to the off-peak period. Hence, the MCCs
of £0.114/vehicle-km and £0.005/vehicle-km are suggested for charging private transport users in

the peak and off-peak periods correspondingly.

The three new PT modes including BRT, Monorail and Elevated Metro are considered in the
comparative economic assessment, as well as a congestion charge scheme. Replacing all or partial
existing bus services with a new PT technology are defined as two alternatives. Hence, twelve
options shown in Table 8-5 are proposed on the study corridor in Hanoi to improve the performance
of the existing situation. All options are compared in terms of ASC, modal share of PT and total daily

demand. The results imply following general findings.
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For the comparisons between new PT modes, the ASCs of the BRT options are smallest whilst the
elevated Metro options have the greatest ASCs due to high operator costs. The demands for
Monorail or elevated Metro reach between around 15% - 25% of their infrastructure capacity. On
the contrary, the number of BRT passengers is about half of the BRT capacity. In addition, the capital
infrastructure costs of BRT is much lower than those costs of Monorail or Metro because one
existing mixed traffic lane is converted to one exclusive BRT lane per direction. If Monorail or Metro
are invested in an urban corridor, these technologies need to attract a large number of passengers
to reduce the ASCs. Transport planners and decision makers should suggest transport policies in
conjunction with the introduction of the new PT. This is implied by the results of options with the
congestion charge scheme because this scheme leads to lower ASCs and higher PT share for all

options.

Compared to the options replacing all existing bus services, the options replacing the partial existing
bus services have higher total daily demand and higher PT share but higher ASCs. However,
replacing the whole or partial existing bus service must be considered based on the local bus
regulation or deregulation. Additionally, it is necessary to take into account the whole transport
networks and bus networks because the replaced bus services should become feeder systems

transport passengers to new PT stations/stops.

A sensitivity test with respect to the value of in-vehicle time for new PT technologies is conducted
in a situation where the alternative value is equal to 50% of the baseline value. The total demand
of all modes and PT share seem to be insensitive with respect to the value of time for new PT users
while the ASCs of twelve options appear to be slightly sensitive because changes in ASCs range
between 2% and 5%. In addition, the comparison of the ASCs between one proposed option and
the existing situation might be sensitive with respect to the value of time for new PT users because
two of four options are reversed to become smaller ASCs when the new PT users’ value of time
reduced by 50%. Hence, it is recommended to conduct the sensitivity test with respect to the value
of time for new PT modes for analysing the feasibility of proposed infrastructure options. However,
the BRT option for Scenario 1 with the congestion charge scheme is still the best option in terms of

ASC when the new PT users’ value of time reduced by 50%.

The detailed results of the best option show several significant improvements in performance and
cost when the BRT service is operated on the Nguyen Trai — Tran Phu — Quang Trung corridor to
replace all existing bus services and the charging scheme is introduced. Compared to the existing
situation, the total social cost and average social costs decrease by 16% and 13% respectively while
PT demand nearly doubles. In addition, there are a modest reduction of 6% in the average

generalised time cost for private transport users while the average generalised time cost for PT
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users decreases by 57%. However, the total daily demand reduces from 407,700 pdd to 396,115

pdd due to reductions in private transport users caused by the charging.
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Chapter9 Conclusion

9.1 Overview

Currently, several PT projects (e.g. BRT, Metro and Monorail) have been invested in urban mixed
traffic environments in low- and middle-income countries in which motorcycles are dominant. The
following two questions need to be addressed. Firstly, does improving PT lead to improvements in
system efficiency given motorcycle dominance? Secondly, how is the best PT technology found
among several feasible options in terms of given criteria such as average cost per passenger, modal
share of public transport or increases in total general demand? However, there seems to be very
little evidence on evaluation methods to answer these questions. CBA is one of the most popular
approaches for assessing transport projects in LMICs (Asian Development Bank, 2017). However,
CBA cannot be suitable in a mixed traffic situation where several new PT technologies modes are
introduced because the analysis needs to cover a range of modes such as bus, car, motorcycle, BRT,
Monorail and Metro. Moreover, the ‘rule of half’ in CBA might not be appropriate for modal shifts
among these transport modes (Asian Development Bank, 2013). Hence, this study develops a
methodology of a comprehensive comparative economic assessment to fill these research gaps.
The comparative economic assessment is integrated from four models: the social cost model, the
incremental elasticity analysis, the incremental multinomial/nested logit model and the

microscopic simulation model, which is shown in Figure 1-2.

The next part of this chapter summarises the main activities compared with the aims and objectives
of this study, which was set in the first chapter. Moreover, the findings of this research are drawn.
The third part of the chapter explains the contribution of the study. The final part notes the

limitations of this research and then illustrates the potential future work.

9.2 Research Summary

To answer the research questions above, the main aims of the comparative economic assessment
are to (i) Analyse the feasibility of new public transport technologies in the mixed traffic
environment with an abundance of motorcycles and (ii) Identify the most cost-effective mixed
transport system where transport modes share infrastructure facilities in terms of given criteria.
The main activities of this research have been reported in Chapter 2 - Chapter 8. The literature
review of transport supply and demand are shown in Chapter 2 and Chapter 3 respectively. Chapter
4 describes the methodological framework of this study. The social cost model is developed in

Chapter 5. Chapter 6 illustrates the traffic microscopic simulation model based on the VISSIM
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package. The incremental demand model is demonstrated in Chapter 7. The comparative economic

assessment is applied to the Hanoi case study, which is shown in Chapter 8.

9.2.1 Research tasks

To determine the main achievements of this study, the research objectives, which were set in

Chapter 1, are evaluated with the tasks completed during this research.

9.2.1.1 Research objective 1

Assess social costs including operator costs, user costs and external costs of the fixed-line PT

technologies, private transport, DRT and mixed transport for different user demand levels.

1) The social cost models are developed for an urban corridor for fixed daily passenger demand
ranging from 1,000 pdd to 700,000 pdd. The total social costs include the total operator costs (or
infrastructure operator costs for PRV), total user costs (or vehicle user costs for PRV) and total
external costs. For all modes, the total external costs include accident cost, noise pollution cost, air
pollution cost and climate change cost. Elements of total operator costs and total user costs are
different for dissimilar modes. Firstly, the operator costs of the PT service, which include both
operating cost and capital investment cost, are assigned to variables in the Fully Allocated Costs
model. These variables cover Vehicle-Hours, Vehicle-Distance and Peak Vehicle, Track/Lane
Distance, number of Stops/Stations and number of Depots. The PT user costs cover walking time,
waiting time and in-vehicle time. Secondly, the infrastructure operator costs for PRV cover
infrastructure costs, maintenance costs and parking costs. The vehicle user costs for PRV consists
of operating costs for users, private vehicle capital costs, travel time and congested-related delay
costs. Thirdly, the Taxi/Uber operator costs cover capital cost; non-fuel operating cost; fuel cost;
administrative cost; infrastructure costs and highway maintenance cost; and driver earnings. The

Taxi/Uber user costs cover in-vehicle time and waiting time.

2) The public transport, private transport and demand responsive transit social cost models are
considered in a situation where only one transport mode uses infrastructure facility. To calculate
the costs in these models, the intermediate outputs are estimated in the first place. For the PT
social cost model, these intermediate outputs are operating speed, Vehicle-Kilometres, Peak
Vehicle Requirement, Vehicle-Hours, Track/Lane Distance, number of Stations/Stops, number of
Depots, Passenger-Kilometres. For the PRV and Taxi/Uber social cost models, the key intermediate

output is operating speed.

3) The mixed transport social cost model is developed in a situation where several modes share

facilities in mixed transport systems with a dominance of motorcycles. The total social costs for
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mixed transport include the total social costs for PT, PRV and Taxi/Uber, except the infrastructure
costs. The infrastructure costs consist of the infrastructure costs of an exclusive PT mode (e.g.
Metro and Monorail) and the infrastructure costs of mixed lane facilities. The infrastructure costs
of mixed lane facilities are allocated to modes sharing infrastructure facilities based on the study
by Sansom et al. (2001). Furthermore, the flow-speed relationship is improved by using the Lambert

W function to determine the average speed of mixed traffic corresponding to a given traffic flow.

4) The four social cost models are applied to the Nguyen Trai — Tran Phu — Quang Trung corridor in
Hanoi by using all basic parameters and unit costs. These models identify the most cost-effective
transport mode with respect to different passenger demand levels at a strategic planning level, in

terms of ASC.

9.2.1.2 Research objective 2

Develop traffic simulation models of mixed transport with a dominance of motorcycles to present
their interactions and congestion effects in an existing mixed traffic environment. These models can

evaluate the performance of each transport mode such as vehicle travel time.

1) Microscopic Simulation Models were developed to represent an existing mixed traffic
environment, and therefore evaluate the performance of each transport mode. Among several
microscopic traffic simulation, the VISSIM package is chosen to simulate a mixed transport network
with a dominance of motorcycles. As the comparative economic assessment is applied to the NT-
TP-QT corridor, all required data were collected on this corridor. The required data include traffic
volume data at junctions, data on bus, data on signals at junctions, infrastructure geometry,
motorcycle acceleration and vehicle travel time. As a result, the VISSIM simulation models were
built for the off-peak and peak periods separately. The local acceleration of motorcycle was
analysed and inserted directly in VISSIM because the default value of acceleration is for typical

motorcycles used in Europe.

2) Model calibration and validation were implemented to prove that VISSIM simulation model
results are sufficiently reliable to represent the real mixed traffic network. The nine-step procedure
by Park and Schneeberger (2003) is used for the calibration and validation process with a different
set of data. The travel time of motorcycle, car and bus are selected as key performance indicators
for this process. The independent two-tailed Student’s t-test and the Kolmogorov-Smirnov are
performed to test the reliability of the VISSIM simulation model. The first test examines means of

vehicle travel times while the second one tests distributions of vehicle travel times.

3) Traffic volumes might increase or decrease according to any change to the existing transport

condition such as an introduction of a new PT mode and/or a transport policy. By inputting new
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traffic volumes in the VISSIM transport network, the simulation model can evaluate the new
performance of each transport mode in the network. This helps the VISSIM simulation model to

integrate the incremental demand models in the comparative economic assessment.

9.2.1.3 Research objective 3

Develop transport demand models to evaluate changes in total demand for each transport mode
and all transport modes after the introduction of a new PT mode and/or a transport policy in an
existing mixed traffic environment. These models can find out how the performance of the PT system
and the transport policy might affect level of service of each transport modes, and therefore the

total user demand levels.

1) When a new PT mode and/or a transport policy are introduced on an existing mixed traffic
corridor, incremental demand models are developed to predict changes in demand of each
transport mode such as bus, car and motorcycle. The incremental logit models were developed to
estimate probabilities of choosing a new PT and each existing mode while the incremental elasticity
analysis forecasted endogenous changes in the total demand by using the demand elasticity with
respect to a logsum. If the new PT technology replaces all bus services running on the partial and
whole corridor, the incremental multinomial logit model is used. When the new PT mode replaces
only bus services running on the whole corridor and the existing bus services running on segments

of the corridor are still operated, the incremental nested logit model is used.

2) These incremental demand models are applied to the Hanoi case study. As the main component
of these models, the utilities of motorcycle, car, bus and new PT modes were determined. The
coefficients in the utility functions were calculated based on the study of Bray and Holyoak (2015).
The components of the utility, which consist of in-vehicle time, walking time, waiting time and fuel

cost, are estimated from the social cost models and VISSIM simulation models.

9.2.14 Research objective 4

Integrate the social cost model, microscopic simulation model and demand models into the
comparative economic assessment. Apply this assessment to a case study in Hanoi, Vietnam where
a new PT mode and/or a transport policy are introduced. This application might demonstrate the
usefulness of the comparative economic assessment in analysing the feasibility of a new PT

technology and determining the most cost-effective mixed transport system.

1) After developing the social cost model, the VISSIM simulation model, incremental elasticity
analysis and incremental logit model, these models are integrated into the comparative economic

assessment. In-vehicle time, wait time and speed of the PT mode obtained from the social cost
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model and travel time and speed of motorcycle, car and bus achieved from the VISSIM simulation
models are inputs for the incremental elasticity analysis and incremental logit models. The new
demand for each transport mode obtained from the incremental demand models is input for the

social cost model and VISSIM simulation model.

2) The comparative economic assessment was applied on the chosen corridor in Hanoi to compare
the existing mixed transport situation and twelve transport infrastructure options with an
introduction of new PT technologies (Bus Rapid Transit, elevated Metro and Monorail) replacing
the whole or partial existing bus services; and with or without a congestion charge scheme for PRV,

in terms of ASC, total general demand and PT share.

3) Comparative results of the assessment were given to analyse the feasibility of each option and
identify the best option in terms of ASC. Eight of twelve options are feasible and the BRT option
with a congestion charge scheme, where all existing bus services are replaced by BRT, is the best
alternative for the Hanoi case study. This proves the usefulness of the completed assessment. The
framework of the assessment, which includes the social cost model, incremental logit models,
incremental elasticity analysis and traffic simulation model, might be transferred to other cities.
The defaults parameters in these models can be able to be modified to suit other local conditions
while data on traffic volumes, infrastructure and signalised control in the traffic simulation need to

be updated for those contexts.

4) An alternative to the methodology of this study is to run a four-stage transport model and a CBA,
which is one popular approach for assessing transport projects in developing countries funded by
the World Bank and Asian Development Bank (World Bank, 2015a; Asian Development Bank, 2017).
Compared to this macro-level working procedure, the comparative economic assessment of this
thesis has the following advantages. Firstly, since the four-stage transport model is used to forecast
transport demand for the whole network if a new PT mode is introduced, a huge amount of traffic
data for the whole network is required to be collected for this model, whilst only traffic data on the
study corridor is required in the comparative economic assessment. Secondly, a main issue of the
four-stage model is the consistent use of variables affecting demand such as travel time. For
example, at the end of the traffic assighment stage, the new traffic volumes are produced and new
travel times will be obtained. These might be different from travel times assumed when the
distribution and mode choice models were run. Hence, the distribution and modal-split models
need to be re-run based now on the new travel times, and can therefore lead to an unstable set of
distribution, modal split and assignment models with consistent travel times (Ortuzar and
Willumsen, 2011). This problem is overcome in the assessment of the current study because the

comparative economic assessment integrating from the social cost model, microscopic simulation
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model, incremental elasticity analysis and incremental multinomial/nested logit model is run
automatically in Python to achieve a convergence of PT demand after several iterations. Thirdly, as
there are several PT modes such as conventional bus, BRT, Monorail and Metro, as well as PRV
including car and motorcycle, it seems to be difficult for estimating modal shifts between these
modes in the four-stage model whilst the assessment can forecast modal shifts between PT and

PRV. However, the assessment has drawbacks that are outlined in subsection 9.4.

9.2.2 Key findings

9.2.2.1 Social cost models for strategic assessment

For homogeneous traffic environments

The PT, PRV and Taxi/Uber social cost models are for use in a strategic assessment of transport
modes in a homogeneous traffic environment. Through comparing the ASCs of four PT technologies
(bus, BRT, Monorail and elevated Metro); two PRV modes (car and motorcycle); and two DRT modes
(Taxi and Uber) for an urban corridor in the Hanoi case study, this study identifies the most cost-
effective transport mode with respect to different passenger demand levels at a strategic planning
level. Transport planners and decision makers in LMICs can draw the following from the Hanoi case

study depending on demand levels.

First, car cannot be the best social option at any demand levels due to the higher ASC. With service
quality advantages and great support by technology companies, Uber and Taxi are still expensive
and, therefore might not be chosen. The main drawback of these modes is the low occupancy of
around 1.57 passengers (Department for Transport, 2017b). To some extent, this supports the
policy adopted by some cities to promote car sharing and UberPool to increase the occupancy.
“Three-in-one” policy in Jakarta, Indonesia is an example. All private cars on two major roads were
required to carry at least three passengers during peak hours in Jakarta. This policy was abandoned
in April 2016. However, Hanna, Kreindler and Olken (2017) proved that this policy may improve

traffic conditions by showing increases in delays in the peak hours after ending the policy.

Second, motorcycle is cheapest at low demand levels due to small size and flexibility advantages
and hence low travel time. This may prove that motorcycle dominates and may be sufficient in
many small and medium cities in LMICs. However, conventional bus seems to be an alternative
because the ASC of conventional bus is only slightly higher than the ASC of motorcycle. It should be
noted that demand is assumed to be fixed. In reality, all other things being equal, we might still
expect different modes to have dissimilar level of usage due to different individual preferences and

capabilities - in particular not everyone can ride a motorcycle. When demand levels increase, and
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especially when the capacity of motorcycle infrastructure is exceeded, this mode does not have
advantages any more due to a dramatic decrease in speed. Expanding one more motorcycle lane
per direction is not as competitive as dedicated bus-based technologies. Conventional bus or BRT

are the best modes for a daily demand range of between 35,000 and 220,000 pdd.

Third, for big cities where demand levels are greater, expanding one more exclusive bus lane per
direction and rail-based technologies could be compared to choose the cost-effective mode. For
example, when the daily demand level is greater than 220,000, bus option with expansion of ROW
and Monorail can be two competitive alternatives. For the Hanoi case study, the two bus lanes per
direction option might be better. However, at the highest demand level (above around 315,000

pdd), elevated Metro seems the best option, given its high person capacity.

For mixed traffic environments

The mixed transport social cost model is applied for a four-lane (per direction) divided corridor in
Hanoi where modal shares of motorcycle, car and bus are 77.47%, 13.72% and 8.81% respectively.
By assuming that the new PT mode (BRT, Monorail and elevated Metro) replaces all existing bus
and attracts 20% of the existing demand (407,700 pdd), all three options have ASCs than the existing
situation. To improve the performance of the existing mixed transport conditions, these potential
new PT modes might be considered for analysing their feasibility in a more detailed assessment.
However, the assumption that the PT share increases from 8.81% to 20% needs to be considered
sensibly by transport planners and decision makers, based on local conditions and their objectives

of an investment in a new PT technology.

9.2.2.2 Comparative economic assessment for more detailed assessment

The comparative economic assessment, which is integrated from the social cost model, VISSIM
simulation model, incremental elasticity analysis and incremental logit model, can be used for more
detailed evaluations of urban transport infrastructure options. This completed assessment is
applied to the Nguyen Trai - Tran Phu - Quang Trung corridor in Hanoi, Vietnam. The key findings
are listed below. Firstly, a congestion charge scheme, which is introduced in conjunction with a new
PT technology, leads to lower ASC and higher modal share of PT share. Secondly, compared to the
options replacing all existing bus services, the options replacing partial existing bus services have
advantages in terms of total daily demand and PT share but have higher ASCs. Thirdly, for the study
corridor with the dominance of motorcycle, the ASCs of the BRT options are the smallest whilst the
elevated Metro options have the greatest ASCs due to high operator costs. Lastly, the BRT option
with a charging scheme replacing all existing bus service, which is the best option, has several

significant improvements in performance and cost, compared to the existing situation. These
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include smaller total social cost, lower ASC and lower generalised time cost for all users as well as

a significant increase in PT demand.

9.3 Contributions

This research not only suggests the key findings but also makes contributions. This study and its
results imply the following contributions, especially for LMICs where motorcycles are dominant in

mixed transport environments.

9.3.1 Evaluation of urban transport infrastructure options at a strategic planning level

This thesis introduced the social cost models for motorcycle and DRT including Uber and Taxi as
well as developed the cost models for car and PT technologies based on the previous studies.
Furthermore, the mixed transport social cost model is developed in a situation where several
modes share facilities. With optional inputs and the flexibility of the cost function, the social cost
models are able to be modified to suit other local conditions where there are conventional bus, car
and motorcycle sharing facilities, as well as innovative PT modes. For homogeneous traffic
environments, the PT, PRV and Taxi/Uber social cost models can determine the most cost-effective
transport mode with respect to different passenger demand levels at a strategic planning level, in
terms of ASC. For an existing mixed traffic corridor, potential public transport modes can be
suggested to analyse their feasibility in a more detailed assessment by using the mixed transport
social cost model. Policy makers might apply the total social cost models to strategically assess

urban transport infrastructure options.

9.3.2 More detailed evaluation of urban transport infrastructure options

The VISSIM models are developed to simulate a mixed transport network where small and medium-
sized motorcycles are dominant compared with cars and buses. The desired acceleration default
value in VISSIM, which is for typical motorcycles used in Europe, should be replaced by local
acceleration of motorcycle. Four calibrated parameters in VISSIM were validated on the Hanoi case
study. The methodology for developing a microscopic traffic simulation and model calibration and
validation can be modified to suit other local mixed traffic conditions with a dominance of small

and medium-sized motorcycles.

Overall, the main contribution of this study is to develop the comprehensive methodology of the
comparative economic assessment to analyse the feasibility of a new PT mode and/or a congestion
charge scheme and identify the best mixed transport system with an abundance of motorcycles, in

terms of ASC, modal share of PT and total general traffic. The comparative economic assessment is
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integrated from the social cost model, VISSIM simulation model, incremental elasticity analysis and
incremental logit models. Firstly, the comparative economic assessment evaluates the social costs,
including the operator, user and external costs for both private transport and public transport, as
well as mixed transport. Secondly, this assessment simulates the interactions between all vehicles
in a mixed traffic environment by using the VISSIM simulation models. Thirdly, this assessment
forecasts the endogenous growth of the total demand for the corridor and the changes in demand
for each transport mode when the existing conditions change. Forth, the assessment is run through
the interface between VISSIM and Python. The methodology of the comparative economic
assessment can be applied and modified to various mixed transport networks with a dominance of
motorcycles to analyse the feasibility of a new PT mode and best infrastructure options, and

therefore to provide evidence for decision makers.

9.4 Limitations and Future Work

Despite some contributions mentioned in the previous section, it is necessary to note the

limitations of this study and then illustrate the future work.

Firstly, as the social cost models are run to obtain in-vehicle time of new PT modes including BRT,
Monorail and elevated Metro, interactions between BRT vehicles and private transport vehicles at
junctions are not taken into account. Hence, the VISSIM simulation models need to simulate BRT
and other modes running on the transport network to obtain vehicle travel time and speed. The

priority of BRT at intersections in the VISSIM models should be simulated.

Secondly, the utilities of transport modes in the incremental demand models are estimated based
on the study by Bray and Holyoak (2015). Those surveys in the study by Bray and Holyoak (2015)
were carried out in 2014 when only PT mode (bus) was operated in Vietnam. In addition, the
incremental modelling approach in this research is driven by the low initial PT share of 8.81% and
the increase in PT share seems to be modest. Many factors affecting the attractions of a new PT
mode are not taken into account in the current research. Hence, future research should consider
the role of non-time factors such as comfort, safety, convenience and service reliability etc.
Moreover, the value of time for all mode users should be studied because the non-time factors
above can change and the average income of Hanoi citizens might increase over time. Variation of

the value of time seems to imply error ranges of ASCs of each option.

Thirdly, for the options with Monorail and elevated Metro, the demands for these modes are
considerably lower than their infrastructure capacity at which the frequency reaches. Hence, a
sensitivity test with respect to the MSCs of all transport modes must be conducted for further work

because the MSCs of new PT modes are the same and smaller than those numbers for PRV in this
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study. Ben-Akiva and Morikawa (2002) estimated the relative attraction of bus and rail relative to
the car modes, which is measured by the coefficients of the dummy variables representing the
mode specific constants. Those authors concluded that the Metro service in the Washington DC
area attracts more ridership than a bus service with comparable travel times and costs. In addition,
a high quality express bus service with exclusive right-of-way may be equally attractive as the Metro
service. Furthermore, Scherer (2010) used cognitive approaches to understand the preferences of
light rail to bus transit. Four main factors for higher ridership attraction for light rail included
capacity of light rail vehicles (load factor); qualitative factors of reliability and comfort; individual
perception about transit (modern vehicles, special design, visibility of route and media presence).
These factors need to be included in demand models through the MSCs. Hensher and Rose (2007)
showed that the MSCs of PT modes are higher than those for cars. Those authors introduced state-
of-the-art stated choice designs to parameterise modal choice models for commuting and non-
commuting travel futures in the introduction of new public transport infrastructure in the north-
west section of metropolitan Sydney such as new heavy rail, light rail and segregated busway
systems. A two-level nested logit model with a competition between car and all PT modes is run for
both work trip and non-work trip segments. Furthermore, a crowding function can be included in
further work in order to evaluate the attractiveness of Metro. Another limitation is that external

factors (e.g. land-use changes) are not considered in this research.

Fourthly, this study shows that the introduction of both a congestion charge scheme and a new PT
mode leads to an increase in the modal share of public transport. Hence, considering air pollution
and climate change charge for private transport is a potential additional work to evaluate impacts
of these charges. These environmental charges can be a solution to attract more existing private

transport users to use PT.

Fifthly, after the comparative economic assessment is run for the off-peak and peak periods
separately, the daily demand is the sum of the demands for the off-peak and peak periods. This
means that demand shift between different periods of the day is not considered. Hence, the
additional work needs to consider that the utility of peak travel may be affected by the time and
costs of off-peak travel and vice versa. Moreover, the interchange between a new PT mode and
remaining bus services running on an urban corridor needs to be assessed in the assessment for
further work. This might evaluate how existing bus passengers would shift to the new PT mode or

still use the remaining bus services.

Sixthly, because transport projects seem to be sensitive to capital costs and forecasted demand
(Asian Development Bank, 2013), future research might conduct sensitivity tests with respect to

infrastructure costs and demand elasticity with respect to a composite cost. Additionally, wider
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economic and social benefits should be included because these factors can change the results of

ASC of each option.

Seventhly, it is recommended that further development work on the completed assessment should
focus on developing a comprehensive, usable, automated and integrated tool based on Python and
VISSIM. This can be the tool in a web-based platform. Because Python is easy to interface with other
software or packages such as Microsoft Excel, VISSIM and spatial data software. Moreover, Python
creates basic modules to interface and recall other software or program. First, the tool needs to
store a substantial database covering the information and characteristic of existing transport modes
in the world, in particular public transport technologies. Second, a spreadsheet cost model for each
transport mode must be designed as a basic package, which can interface with Python. Third,
another kind of basic package in Python is created for each incremental demand form. Fourth,
VISSIM simulations should be developed for typical transport networks in terms of length, the
number of lanes per direction, the number of junctions, types of junctions, types of transport
modes. Python packages need to be built to interface and control externally with these VISSIM
networks to update input data with respect to different local conditions. Fifth, the core package in
Python, which interfaces with all basic packages and the VISSIM simulations, will produce the
outputs. The users can change easily input data in the packages of the integrated tool to suit the
local conditions because characteristics, parameters, costs etc. differ from locations. Note that the
users should update their own VISSIM simulations representing the local transport networks in one
of two following ways: (i) This process can be done based on this integrated tool, and (ii) the users
can develop independently their VISSIM transport networks and then link them to the tool. The
outcomes of the core package in Python should be performance indicators such as average social

cost, total social cost, total demand, modal share etc.

Eighthly, an equal marginal utility of income is assumed in the assessment. This means that the
effect of different incomes on demand of is neglected although dissimilar incomes might impact on
VoT, mode specific constants and congestion charges in reality. Hicks (1946) suggested that income
effect needs to be included for market demand that has almost exactly the same properties as
individual demand. The actual change in individual demand is based on the income effect and the
substitution effect and the change in the demand of a group is the sum of changes in individual
demands. Additionally, the results of the TSCs and ASCs of infrastructure options can be changed if
different incomes of dissimilar groups are taken into account. To overcome these issues, further
work might consider income and socio-demographics segmentation in variable demand models

(Department for Transport, 2017d) and the total social cost models.
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Chapter 9 Conclusion

Finally, the social cost models in this study do not include other transport modes in urban areas
such as bicycle, electric bicycle, electric motorcycle or taxi-motorcycle. Moreover, Taxi and Uber
are included in the social cost models but not considered in the comparative economic assessment
due to time limits. As a result, those transport modes must be considered for future work. The
incremental logit model needs to expand more levels and nests or a cross-nested logit model should
be considered. The microscopic simulation models need to be developed to simulate more

transport modes in mixed traffic networks.
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A.l

Unit PT Operator Cost

Transport Social Cost Model

Appendix A

Table A-1 Calculation of fully allocated costs for conventional bus route 08 in Hanoi (2015)

Vehicle Vehicle Peak Track /lane l\::‘ar:it:\rs(;f Number of conof;)o
No|Expense object / Allocation variables Hours Distance Vehicle Distance stops depots nents
1|Crew, Admin 1,417,661 45.53%
2|Fuel, ail, tyres, third party inssurance 1,020,415 32.77%
3|Vehicle depreciation 310,663 9.98%
4[Vehicle maintenance 239,487 7.69%
5|Building/workshop 27,801 0.89%
6|Annual track/lane infrastructure cost 457,233 14.69%
7|Annual station/stop infrastructure cost 12,071 0.39%
8|Annual depot infrastructure cost 60,964 1.96%
9|Allocated costs 1,657,148 | 1,020,415 338,463 24,386 12,071 60,964
10|Allocated costs percentage 53.23% 32.77% 10.87% 0.78% 0.39% 1.96%
11|Value of allocation variables 78,393.47 | 1,838,868.75 22 18.75 66 1
12[Unit cost (£), 2015 prices 21.14 0.55 | 15,384.70 1,300.57 182.89 | 60,964.43
13|Total operater cost (£), 2015 prices 3,113,447.46
Table A-2 Calculation of fully allocated costs for BRT line 1 in Hanoi (2015)
Vehicle Vehicle Peak Track /lane Num.ber of Number of %
Hours Distance Vehicle Distance stations / depots compo-
No|Expense object / Allocation variables stops nents
1|Crew, Admin 1,419,077 17.08%
2|Fuel, ail, tyres, third party inssurance 1,021,433 12.30%
3|Vehicle depreciation 1,219,289 14.68%
4(Vehicle maintenance 239,726 2.89%
5|Building/workshop 27,828 0.34%
6|Annual track/lane infrastructure cost 1,789,428 21.54%
7|Annual station/stop infrastructure cost 2,528,805 30.44%
8|Annual depot infrastructure cost 60,964 0.73%
9|Allocated costs 1,658,803 | 1,021,433 | 1,247,117 | 1,789,428 | 2,528,805 | 60,964
10|Allocated costs percentage
11|Value of allocation variables 93,913.50 | 1,840,704.60 20 15 23 1
12[Unit cost (£), 2015 prices 17.66 0.55 62,355.85 | 121,729.80 | 109,948.03 | 60,964.43
13|Total operater cost (£), 2015 prices 8,306,550.17
Table A-3 Calculation of fully allocated costs for Elevated Metro in Hanoi (2015)
Vehicle Vehicle Peak Track /lane Num.ber of Number of %
R . . stations / compo-
. . . Hours Distance Vehicle Distance depots
No|Expense object / Allocation variables stops nents
1[{Crew, Admin 4,297,531 5.57%
2|Electricity supply 5,625,898 7.30%
3|Vehicle depreciation 5,086,356 6.60%
4|Maintenance (rolling stock, track...) 5,400,049 7.00%
5|Building 223,678 0.29%
6|Annual track/lane infrastructure cost 24,063,982 31.21%
7|Annual station/stop infrastructure cost 26,923,146 34.92%
8|Annual depot infrastructure cost 5,483,418| 7.11%
9|Allocated costs (AIC) 9,697,581| 5,625,898 5,310,034| 24,063,982 26,923,146 5,483,418
10|Allocated cost percentage (AIC/OC) 12.58% 7.30% 6.89% 31.21% 34.92% 7.11%
11|Value of allocation variables 21,820.80| 714,631.20 12.00 13.10 12.00 1.00
12(Unit cost (£), 2015 prices 444.42 7.87| 442,502.85| 1,836,945.18| 2,243,595.49| 5,483,418.43
13|Total operater cost (£), 2015 prices 77,104,059.26
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A.2 Equation of Speed in Mixed Traffic

The application and validation of the speed-volume equation in the mixed transport social cost
model are shown below. For an urban corridor with four lanes per each direction, speed (v)-flow

(q) relationship is expressed as:

q =5,852*v*exp(-v/11.3)

Hence, the speed is expressed as a function of the flow:
v =-11.3*W(-q/66,127.6)

The lambertW(-1,x) function can be used in the MATLAB program. The validation process includes

the following steps:

- Step 1: Values of traffic flow ranged from 1 to 24,335 in 24,335 cells of the first column in one

Excel file named as ‘test.xlsx’.

- Step 2: Import data on traffic flow in ‘test.xIsx’ into the MATLAB program and create a matrix
named ‘flow’ in the MATLAB program. This matrix has 24,335 rows (from 1 to 24,335) and only 1

column.

- Step 3: The following commands are run in the MATLAB program:
speed=-11.3*lambertw(-1,-flow(:,1)/66127.6);
filename='speed.xlsx'
xlswrite(filename,speed(:,1))

- Step 4: The results of speed are shown in an Excel file named ‘speed.xlsx’. In this Excel file, the
revised flow is calculated from the values of estimated speed by using the equation g
=5,852*v*exp(-v/11.3). Consequently, the values of the revised flow are compared with the values
of the original flow in the ‘test.xlsx’ file. The results show that difference between the revised flow
and the original flow ranges from -0.033% to 4*10%. The difference is -0.033% at the maximum
flow of 24,335. Because those numbers are very minor, the application of the speed equation can

be acceptable.
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Appendix A

Examples for Calculating Average Social Cost

Table A-4 One motorcycle (MC) lane per direction corridor with a demand of 10,000 pdd

Cost Key parameters / short description | Values Notes
elements (round
numbers
up)
Total demand, D 10,000 Unit is pax/direction/day.
Journey length, JL (km) 4
Annualisation factor, a (day) 261
Annual Passenger-km for both | 20,880,000 | PKM =2 *D *JL *a
directions, PKM
Demand for Morning/Afternoon | 1,000 D1 = 10% * D (see Table 5-7). Unit is
peak hour (Period 1), D1 pax/direction/hour.
Corridor length, L (km) 7
MC occupancy, MC_O 1.22
Annual MC-km 17,114,754 | Annual MC.km = PKM /MC_O
MC flow in Period 1, Q1 (MC/h) 820 Q1=D1/MC O
MC speed on links in Period 1, V1 | 38.92 As Q1 < C, V1 is calculated as Vpocap, Which is
(km/h) shown in Equation ( 5-29).
Travel time per one trip in Period 1, | 0.136 TT1=JL/V1+0.033. Assume that travel time at
TT1 (hour) intersections is 0.033 hours.
Total travel times per direction per | 1,110 Travel time per trip is calculated in different
day, TTPD (hour) periods showing in Table 5-7. Then, TTPD is the
sum of travel times of all periods of a day.
Value of time for MC in Hanoi, | 1.54
MC _VOT (£/hour in 2015 prices)

1. Annual | These are variable costs. 890,184 Annual travel time costs for both directions are

travel time (E/year) equal to 2*a* MC_VOT* TTPD. These costs are

costs related to speed.

2. Annual | The congested-related delay costs | 88,386 Based on methods to estimate reliability from

delay costs are variable costs. (E/year) the Department for Transport (2017b). These

costs are related to speed.

3. Annual | These are variable costs, which are | 658,978 Average annual distance one motorcyclist

vehicle products of MC capital cost per | (£/year) travels is adapted from the study of Transport

capital costs MC-km and Annual MC-km. Engineering Design Incorporated (2013). Then
MC capital cost is estimated as 0.0385 (£/MC-
km).

4, Annual | These are semi variable costs. | 254,927 Based on the relationship between MC

operating Operating cost for 1 motorcycle in | (£/year) operating costs and speed from the study of

costs Period 1 is calculated as 0.059 (PPP Sugiyanto et al. (2011). These costs, which are
£/km). related to speed, are estimated for all periods
of a day, then for the whole day.

5. Annual | These are variable costs, which are | 36,515 The total maintenance costs for Hanoi entire

maintenance | products of maintenance cost per | (£/year) road networks are allocated into motorcycle,

costs MC-km and Annual MC-km. car and bus based on total kilometre travelled
by modes. Then the MC maintenance cost is
estimated as 0.213 (p/MC-km).

6. Annual | These are fixed costs, which are | 179,705 The average parking cost is estimated as 1.05

parking costs | products of average parking cost | (£/year) (p/MC-km).
per MC-km and Annual MC-km.

7. Annual | These are fixed costs, which are the | 8,434,363 CRF=r*(1+r)m/((1+r)m-1). ris DR, 12%. m is the

infrastructure | product of annual infrastructure | (£/year) life expectancy of infrastructure, 20 years.

costs cost per km and L. Annual infrastructure cost per km is the product
of infrastructure cost per km and CRF.

TUC TUC=(1)+(2) +(3) +(4) 1,892,475 Unit cost is £/year.

TOC TOC=(5)+(6) + (7) 8,650,583 Unit cost is £/year.

TEC These are variable costs, which are | 465,207 Unit cost is £/year. These costs include air
products of external unit costs and pollution, noise pollution, climate change and
annual Passenger-km. accidents costs.

TSC TSC=TUC+TOC+ TEC 11,008,265 | Unit cost is £/year, in 2015 prices.

ASC ASC = TSC*100 / PKM 52.72 Unit cost is p/pax-km, in 2015 prices.
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Table A-5 Elevated Metro option with a demand of 100,000 pdd

Cost Key parameters / short description Values (round | Notes
elements numbers up)

Total demand, D 100,000 Unit is pax/direction/day.

Journey length, JL (km) 4

Annualisation factor, a (day) 261

Annual Passenger-km, PKM 208,800,000 PKM =2 * D * JL * a. This is for both directions.

Demand for Morning/Afternoon peak | 10,000 D1 = 10% * D (see Table 5-7). Unit is

hour (Period 1), D1 pax/direction/hour.

Corridor length, L (km)

Average distance between | 1.1

station/stop, Dstop (km)

Person capacity, PC (pax) 820

Infrastructure capacity, C (veh/h) 138 This is the maximum possible vehicle numbers per
track, which is based on safety headway.

Max speed, Viax (km/h) 80

Operating speed, Viocsp (km/h) 30.53 Vivocap=(Vmax*A* Dstop*1000)/
((Vmax/3.6)*+A*(Dstop* 1000+ Towen* Vvex /3.6)) (Brand
and Preston, 2003). A is acceleration/deceleration,
1.12 m/s% Tower is average vehicle dwell time per
station, 60.36 s.

o 1.1 A factor to allow for seasonal fluctuations.

y 50% This is the maximum relative load factor at which level
a new vehicle is required.

Required service frequency in Period | 27 F1=(a*D1)/(PC*y) (Brand and Preston, 2003). This

1, F1 (veh/h) is also a Metro volume, Q1.

Speed in Period 1, V1 (km/h) 30.53 As Q1< C, V1 = Vnocap

In vehicle time (IVT) per one trip in | 0.13101 IVT1=JL/V1

Period 1, IVT1 (hour)

IVT per direction per day, IVTPD (hour) | 13,101 IVT per trip is calculated in different periods showing
in Table 5-7. Then, IVTPD is sum of travel times of all
periods of day.

Walking time (WKT) per passenger, | 0.109 Based on the average distance between stations, the

WAKT (hour). This is the same value for service coverage of 0.65 km and the pedestrian speed

all passengers. of 4 km/h.

WKT per direction per day, WKTPD | 21,800 WKTPD = 2*D* WKT. A factor of 2 is considered to

(hour) take into account for both accessing the stops and
getting to the destination.

Waiting time (WTT) per passenger for | 0.027 WTT1= 1/(2*F1)+ Towen /(2*3600)

Period 1, WTT1 (hour).

WTT per direction per day, WTTPD | 3,624 WTT per trip is calculated in different periods showing

(hour) in Table 5-7. Then, WTTPD is the sum of travel times
of all periods of a day.

Value of IVT for Metro in Hanoi, | 0.54 Values of walking and waiting time are twice the value

Metro_VOT (£/hour, 2015 prices) of in-vehicle time.

1. Annual | These costs include IVT, WKT and | 17,989,676 TUC =2*a* Metro_VOT *(IVTPD +2* WKTPD +
user costs WTT. These are variable costs. (E/year) 2*WTTPD). These costs are related to speed.

Annual Vehicle Hours, VH 32,226 Based on required service frequency (F), speed (V)
and L. F and V are calculated for all periods of day.
Time-related operating costs are variable costs.

Annual Vehicle Distance, VD 983,941 Based on Fand L. Distance-related operating costs are
semi variable costs.

Peak Vehicle Requirement, PVR. Thisis | 14 PVR=CEILING(F1*2*L/V1*(1+6)). CEILING() is a

calculated for Period 1, that requires function to round up to integer values. & is a factor

the maximum number of vehicles. allowing for spare vehicles, 10%. Vehicle-related
operating costs are semi variable costs.

Track Distance, TD 7 Track Distance costs are fixed costs.

Number of Station, NoS 7 NoS=CEILING(L/ Dstop). This value is double for the bus
option. Station costs are fixed costs.

Number of Depots, NoD 1 Depot costs are fixed costs.

2. Annual | The operator costs include vehicle | 62,310,195 TOC = > (VH*unit cost_VH+VD*unit

operator operating and maintenance costs; and | (£/year) cost_VD+PVR*unit cost_PVR+TD*unit

costs capital investment costs. cost_TD+NoS*unit cost_ NoS+ NoD *unit cost_ NoD).
Using default unit operator costs in Table 5-6.

3. Annual | These are variable costs, which are | 6,245 These costs include air pollution, noise pollution,

external products of external unit costs and | (£/year) climate change and accidents costs. Using default unit

costs annual Passenger-km. external costs in Table 5-9.

TSC TSC=TUC+TOC + TEC 80,306,116 Unit cost is £/year, in 2015 prices

ASC ASC = TSC*100 /PKM 38.46 Unit cost is p/pax-km, in 2015 prices
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Appendix B Traffic Microscopic Simulation Model

B.1 General Traffic Volumes

B.1.1 General traffic difference between the peak and off-peak periods

Figure B-1 shows a screenshot of the junction J3 from video recordings provided by the HPD. Based
on these video recordings, the general traffic volumes are counted in-house. Figure B-2 shows the

traffic volumes in an interval of five minutes at the junction J3 on 22 March 2018.

Figure B-1 Screenshot of the junction J3 from video recordings provided by the HPD
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Figure B-2 Traffic volumes at the junction J3 on 22nd March 2018
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As can be seen from Figure B-2, there are significant differences in the traffic volumes of the

junction J3 between the peak period and the mid-day period. In addition, the traffic volumes

between the morning peak period and the afternoon peak period are similar.

B.1.2 Peak period

Figure B-3 and Figure B-4 show the general traffic volumes at the junction J2 and J4 for the period

between 17:30 and 18:30.
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Figure B-4 Volumes of car and motorcycle at the junction J4 from 17:30 to 18:30 on 16 April 2018

B.1.3

Off-peak period

Figure B-5 and Figure B-6 show the general traffic volumes at the junction J2 and J3 for the period

between 12:00 and 13:00.
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B.2 DataonBus

Table B-1 shows an example of results for the 267 Quang Trung stop.

Table B-1 Results for 267 Quang Trung stop

No Bus Bus plate Arrival time | Stopping time | Number of | Number of
route number (hh:mm:ss) (second) boardings alightings
1 02 30T-4731 16:30:01 16 13 0
2 02 30T-4664 16:32:34 12 7 0
3 01 30Z-5154 16:35:02 23 25 2
4 21a 29B-06747 16:36:56 14 7 0
5 27 29B-16550 16:39:12 1 0
6 02 30T-4789 16:39:29 5 1
7 57 29B-04919 16:40:23 11 3 2
8 89 29B-09994 16:42:12 9 7 0
9 33 29B-15461 16:42:39 13 5 0
10 01 30Z-5979 16:43:13 3 2
11 02 29B-00379 16:44:23 1 0
12 21A 29B-06654 16:45:13 1 0
13 27 29B-16734 16:45:34 7 0 0
14 02 30T-4911 16:45:59 14 0 0
15 57 29B-04931 16:47:13 8 1 0
16 02 30T-4893 16:47:35 7 2 0
17 27 29B-16339 16:52:02 8 4 0
18 01 30Z-5494 16:52:56 8 1 0
19 78 30B-04924 16:54:12 6 2 0
20 02 30T-4924 16:55:23 10 2 0
21 33 29B-15468 16:57:02 8 0 0
22 21A 29B-06771 16:57:34 0 1
23 27 29B-10729 16:59:04 7 2 1
24 02 30T-4926 16:59:49 10 5 1
25 01 30Z-5065 17:00:34 7 0 0
26 57 29B-04934 17:02:04 8 1 1
27 89 29B-02871 17:02:23 6 3 0
28 21A 29B-06780 17:02:45 9 2 0
29 02 30T-4976 17:02:56 7 1 1
30 27 29B-16630 17:04:03 9 4 1
31 33 29B-15464 17:04:46 6 0 0
32 02 30T-04005 17:06:01 12 1 1
33 01 30Z-5544 17:08:24 7 0 1
34 02 29B-02084 17:09:34 8 1 0
35 21A 29B-05775 17:11:12 9 4 0
36 27 29B-16837 17:11:56 6 0 0
37 02 30T-4045 17:13:01 7 0 1
38 57 29B-02842 17:15:24 10 1 0
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No Bus Bus plate Arrival time | Stopping time | Number of | Number of
route number (hh:mm:ss) (second) boardings alightings
39 02 30T-4174 17:16:02 9 2 1
40 33 29B-15447 17:18:19 8 2 0
41 89 30T-2852 17:18:35 9 0 0
42 01 30T-4190 17:18:57 6 3 0
43 27 29-16779 17:20:18 7 1 0
44 01 30Z-5054 17:21:02 14 0 0
45 21A 29B-06754 17:22:23 9 2 2
46 57 29B-04865 17:22:56 1 0
47 02 30T-4215 17:23:45 8 3 1
48 27 29B -16703 17:23:02 13 4 0
49 02 30T-4758 17:23:09 12 4 0
50 21A 29B-09298 17:25:14 0 0
51 51 30Z-5961 17:26:45 1 1
52 27 29B-16828 17:28:12 2 1
53 02 30Z-4865 17:28:25 10 2 0
54 33 29B-15453 17:30:13 10 3 0
55 01 30U-0919 17:30:47 0 0
56 78 29B-05531 17:33:12 0 0
57 57 29B-4651 17:33:49 1 1
58 27 29B-16797 17:34:02 13 8 0
59 21A 29B-06786 17:35:09 14 5 0
60 02 30T-4240 17:35:37 11 4 3
61 33 29B-15438 17:40:16 10 4 2
62 89 29B-02861 17:40:36 0 0
63 78 29B-01497 17:40:49 3 0
64 02 30T-4254 17:42:15 11 6 1
65 21A 29B-06748 17:42:34 6 0 0
66 27 29B-16795 17:42:56 0 0
67 01 30Z-5566 17:43:02 1 0
68 02 30T-4337 17:47:02 9 2 0
69 57 29B-04612 17:49:37 10 1 5
70 27 29B-10783 17:50:13 10 6 0
71 02 30T-4565 17:50:45 9 3 1
72 02 30T-4426 17:51:13 6 0 0
73 01 30Z-5882 18:14:34 7 0 0
74 21A 29B-06683 18:17:01 5 0 0
75 89 29B-02937 18:17:01 7 0 0
76 33 29B-15466 18:17:23 9 2 2
77 27 29B-10698 18:21:24 8 2 2
78 01 30U-0720 18:23:04 10 3 1
79 57 29B-04613 18:23:23 8 2 0
80 21A 29B-088464 18:25:02 6 0 0
81 78 29B-01449 18:26:04 9 2 2
82 02 30T-4526 18:29:03 9 1 0
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Based on the collected data on travel time in the field, average bus travel times in intervals of ten

minutes are calculated to analyse differences of bus travel time between time periods and both

directions. Figure B-7 and Figure B-8 show results for the eastbound and westbound directions

respectively.
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Figure B-7 Average bus travel time from 182 Quang Trung stop to 418 Quang Trung stop on the

westbound corridor on 17th May 2018
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Figure B-8 Average bus travel time from 705 Quang Trung stop to 267 Quang Trung stop on the

eastbound corridor on 17th May 2018

Figure B-7 shows that the average bus travel time in the peak period between 17:05 and 17:35 is

higher than that number in the off-peak period. The reason for that can be that the traffic volume
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of westbound direction is significantly high during afternoon peak hours, compared to the morning
peak hours and the mid-day period because most people in central areas return home from work

during the afternoon peak period.

Figure B-8 illustrates that the average bus travel times on the eastbound corridor are similar from
15:00 to 19:00. The reason can be that the eastbound direction is towards the central areas, hence
the traffic volumes in this direction are similar in the afternoon period. Moreover, the signal phases

of these junctions are fixed without bus priority.
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B.3 Data Analysis Process for Motorcycle Acceleration

There are six steps for estimating motorcycle acceleration as follows:

First step: For each speed band of 5 km/h, observed motorcycles, which accelerated within this

speed band, are chosen for the next steps.

Second step: After chasing vehicles on-site, raw data were stored in the speed gun Stalker ATS,
which is linked with software. For example, Figure B-9 shows an example of raw data from the
Stalker ATS 5.0 representing the speed-time relationship of an objective motorcycle. The speed gun
chased the motorcycle in around 12.5 seconds. The range of the motorcycle speed is between 2
km/h and 50 km/h. However, some biased points can occur if there are other vehicles nearby the
objective vehicle. Hence, these biased points need to be eliminated. For instance, all points in the
red box are eliminated in the Stalker ATS 5.0 software. This motorcycle is chosen for estimating

acceleration for several speed bands ranging from 10 km/h to 40 km/h.

P Stalker ATS 5.0 - [Graph] - =]
]

File Record Trials Graph Statistics Edit View SetUp Help
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Figure B-9 An example of raw data from Stalker ATS 5.0

Third step: speed-time values for each vehicle from Stalker ATS 5.0 are exported to an Excel file.
Table B-2 shows an example of an Excel file for one motorcycle. Values of time in second and speed
in km/h are used for the next step. For each speed band of 5-km/h, values of time and speed are
grouped separately as well as speed unit in km/h is converted into in m/s. For example, Table B-2
shows samples from 16 to 54 were used for estimating acceleration for the band speed from 2.5

km/h to 7.5 km/h.

Fourth step: for each speed band of 5-km/h, a linear function is made for speed-time relationship
for each observed motorcycle. A correlation coefficient and equation of the fitted line are

determined for this motorcycle for each speed band. The strength of a linear relation is measured
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by the square of the sample correlation coefficient, which represents the proportion of the y
variability explained by the linear relation (Johnson and Bhattacharyya, 2014). Figure B-10 presents

the time-speed relationship of the motorcycle ‘m12’ in the speed band between 2.5 and 7.5 km/h.

Table B-2 An example of an Excel file exported from Stalker ATS 5.0

STALKER Version 5.02 Using ATS Il
TRIAL NAME : ml2
05/26/2018 | 08:28:13 | (mm/dd/yyyy)
SAMPLE RATE : 46.875
SAMPLES : 738
DATA TYPE : 0 : Acceleration
UNITS : 2 : METRIC
Speed Units : Kph
Acceleration | Units : G
Distance Units : Meters
Sample Time Speed Accel Dist
0 0 0.04 0
1 0.02 0.18 0
2 0.04 0.33 0.01
15 0.02 2.39 0.11
16 0.34 2.55 0.13
17 0.36 2.71 0.14
18 0.38 2.87 0.16
54 1.15 7.44 13
55 1.17 7.54 1.35
2.5
y=1.6479x +0.2192
P R? = 0.9801
% 15
kst
8 1
(%]
0.5
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (s)

Figure B-10 Speed-time relationship of an observed motorcycle ‘m12’, speed of between 2.5-7.5

km/h
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For the speed band of 2.5-7.5 km/h, outputs from the speed gun Stalker ATS show 39 paired values
of speed and time, which are shown by 39 points in the scatter chart in Figure B-10. As can be seen
from Figure B-10, the equation of the fitted line is expressed as y = 1.6479 x + 0.2192 while the
sample correlation coefficient is as 0.9801. Therefore, the acceleration of the motorcycle ‘m12’ for

the speed band of 2.5-7.5 km/h is estimated as 1.6479, which is the slope of the fitted line.

Fifth step: If the speed-time linear model appears to be consistent, the acceleration of each
observed vehicle is calculated from the slope of the fitted line. Then, all acceleration values are
sorted from smallest to largest. For example, Table B-3 demonstrates the results of 43 observed
motorcycles for the speed band of 2.5-7.5 km/h. The results show that 41 out of 43 sample
correlation coefficient are higher 0.90, 2 out of 43 sample correction coefficient are between 0.85

and 0.90. Therefore, for 5-km/h speed increments the speed-time linear model seems satisfactory.

Sixth step: To minimize affected by outliers, an approach is to use a 5 per cent trimmed median,
where the 5 per cent of observations in each tail of the distribution are removed from the sample.
For the speed band of 2.5-7.5km, values of 95" percentile, 51" percentile and trimmed median are
3.66, 1.12 and 2.13 m/s? respectively. These three values are shown as upper bound, lower bound
and median of desired acceleration of motorcycle at 5 km/h. Then, values of 95 percentile, 5™
percentile and trimmed median for different 5-km/h speed increments (from zero to 50 km/h) are

produced. Based on these values, Figure 6-4 is plotted.

Table B-3 Results from a linear model for 43 observed motorcycles (2.5-7.5 km/h)

Observed motorcycle | Speed (y) - time (x) | Sample correlation | Estimated
No | D Number linear relation coefficient: r-square | Acceleration (m/s?)
1 m50 y =4.0343x + 0.0099 0.9992 4.0343
2 m62 y =3.8101x - 0.0796 0.9968 3.8101
3 mt9 y =3.6769x + 0.1143 0.9976 3.6769
4 ml y =3.5281x + 0.205 0.9867 3.5281
5 m45 y =3.3672x + 0.6204 0.8293 3.3672
6 m38 y =3.3056x - 2.9581 0.935 3.3056
7 m82 y =3.0231x-0.2166 0.9844 3.0231
8 mt5 y =3.0097x - 0.014 0.9996 3.0097
9 mt3 y =3.0089x + 1.2013 0.9788 3.0089
10 | m22 y =2.9327x - 0.0094 0.9996 2.9327
11 | mt4 y =2.865x + 1.2666 0.9744 2.8650
12 | m92 y =2.7014x - 18.532 0.9945 2.7014
13 | m96 y =2.5692x + 0.068 0.9916 2.5692
14 | m14 y = 2.4406x - 1.3739 0.9946 2.4406
15 | m66 y =2.3943x - 2.4516 0.9799 2.3943
16 | m98 y =2.3924x - 0.4461 0.9859 2.3924
17 | mt2 y =2.3098x + 0.6723 0.9602 2.3098
18 | m34 y =2.2284x +0.0012 0.9997 2.2284
19 | m89 y =2.2258x - 0.7278 0.9975 2.2258
20 | m32 y =2.1925x - 0.0385 0.9966 2.1925
21 | m76 y =2.167x + 0.0452 0.9979 2.1670
22 | m20 y=2.133x+0.1674 0.9554 2.1330
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Observed motorcycle | Speed (y) - time (x) | Sample correlation | Estimated
No | D Number linear relation coefficient: r-square | Acceleration (m/s?)
23 | m68 y =2.0433x - 0.6732 0.8732 2.0433
24 | m84 y = 2.0423x + 4E-05 0.9998 2.0423
25 | m74 y =1.8989x + 0.0124 0.9955 1.8989
26 | ml10 y=1.8124x +1.3914 0.9677 1.8124
27 | m64 y =1.8097x - 2.0014 0.8757 1.8097
28 | mt8 y =1.6706x - 1.9965 0.9885 1.6706
29 | m12 y=1.6479x +0.2192 0.9801 1.6479
30 | m24 y = 1.5908x + 0.6549 0.9218 1.5908
31 | m70 y = 1.5849x + 0.0904 0.9759 1.5849
32 | m18 y=1.5747x + 0.6121 0.9658 1.5747
33 | m94 y=1.5447x - 0.2133 0.9896 1.5447
34 | m53 y =1.5293x - 0.107 0.9965 1.5293
35 | m56 y =1.5215x - 0.0984 0.9963 1.5215
36 | m43 y = 1.4695x + 0.0223 0.9806 1.4695
37 | m19 y = 1.4306x + 0.0016 0.9999 1.4306
38 | m55 y = 1.346x - 0.3459 0.8539 1.3460
39 | m78 y = 1.3024x + 0.3984 0.9856 1.3024
40 | m58 y =1.1397x + 0.3821 0.9559 1.1397
41 | mt7 y =1.1133x + 0.0002 0.9999 1.1133
42 | m60 y =1.1045x + 0.5848 0.9425 1.1045
43 | m72 y = 1.2605x - 0.3697 0.9733 0.2605
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B.4 Vissim Simulation Model

B.4.1 Infrastructure

Figure B-11 shows the detailed layout of the junction J3, which was produced based on the collected

data on geometry on-site.
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Figure B-11 Detailed layout of the junction J3
B.4.2 General traffic input

Figure B-12, Figure B-13 and Figure B-14 show the process of general traffic input in VISSIM.
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Figure B-12 Vehicles Input user interface in VISSIM
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Total volumes of motorcycle and car for each approach at a junction are inserted through the
‘Volume’ function in VISSIM. For example, 2,539 vehicles per hour is the total volume from the Le

Trong Tan approach to the junction J3.
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Figure B-13 Vehicle Compositions settings in Vissim

Firstly, for each approach to a junction, volumes of car and motorcycle should be inserted in the
‘relative flow’ attribute. For example, in Figure B-13, 341 and 2198 are inputs for car and motorcycle

volumes of ‘Le Trong Tan’ approach at the junction J3. These values are shown in Figure 6-3.

Movements of motorcycle or car are determined by using Static Vehicle Routing Decisions in
VISSIM. Going straight, turning left and turning right are three movements of a vehicle at a
crossroads. The origin of the movement is placed at each approach at a junction while the
destination of the movement is placed at an exit. After setting the movements of each vehicle type,
the proportions of these movements are inserted through the ‘Relative Flow’ attribute in VISSIM.
For instance, from the Le Trong Tan approach at the junction J3, the numbers of cars turning right,
going straight and turning left are 101, 163 and 77 respectively. These input data for car and

motorcycle are imported separately in Figure B-14.
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Static Vehicle Routing Decisions / Static Vehicle Routes 3 x
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Figure B-14 Static Vehicle Routing Decisions settings in VISSIM
B.4.3 Public transport input data

Figure B-15, Figure B-16 and Figure B-17 show an example of the process of public transport input

in VISSIM.
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Figure B-15 Public Transport Lines setting in VISSIM

Figure B-15 shows an example of inserting data for the bus route 2 in the eastbound direction. The
desired speed distribution is 40 km/h. The first bus vehicle of the bus route 2 enters the VISSIM
network at 424 seconds ( 7 minutes and 4 seconds) after starting running the VISSIM simulation. In
other words, if the VISSIM model starts to run at 16:30:00, the first bus vehicle of the bus route 2
enters the network at 16:37:04. The occupancy of each vehicle of the bus route 2 at the first bus

stop on the eastbound direction is 13 passengers.
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Figure B-16 Public Transport Stops settings in VISSIM

Figure B-16 shows an example of inserting data for the 267 Quang Trung bus stop on the eastbound
direction. The location of this stop is at 43 metres from the beginning of the lane ‘4-1’. The length
of the stop is 25 metres. The boarding passengers of the bus line 7 at this stop is four passengers

per hour.
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Figure B-17 Alighting percentage input through ‘PT Line Stop’ attribute in the Public Transport

Lines setting

The alighting rate of each bus route at each bus stop is inserted through the ‘PT Line Stop’ attribute,

which is shown in Figure B-17.
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B.5 Model Calibration and Validation for the Off-peak Period

This appendix shows the detailed calibration and validation process of the simulation model for the
off-peak period. The first five steps of the process for the off-peak period are the same as the peak

period, which are shown in section 6.4.1. The last four steps are described below.
B.5.1 Surface function development

A surface function was created to estimate the relationships between the bus travel times obtained
from the simulation model and the calibration parameters. A linear regression model was
developed in SPSS with the four calibration parameters as the independent variables and the bus

travel time as the dependent variable (Park and Schneeberger, 2003; Li, 2015).
a) Bus travel time on the eastbound direction

Bus travel time is a criterion (or dependent variable). Motorcycle desired speed distribution
(MCSpeed), desired speed distribution of car and bus (BusCarSpeed), minimum lateral distance
driving (LateralDistance), average standstill distance (AvgStandstillDistance) are the predictors (or
independent variables). Table B-4 shows the outputs in SPSS for the bus travel time in the

eastbound direction.

Table B-4 Results of a linear regression model for bus travel time on the eastbound direction (to

centre)

Model Summary

Adjusted RStd. Error of the
Model R R Square Square Estimate
1 .9262 .858 .850 1.56703

a. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance,
IAvgStandstillDistance

Coefficients®
Unstandardized Standardized
Coefficients Coefficients
Model B Std. Error |Beta it Sig.
1 (Constant) 74.430 |1.652 45.060 |.000
AvgStandstillDistance 5.778 .279 .895 20.696 [.000
LateralDistance .104 1.066 .004 .098 .922
BusCarSpeed -.110 .021 -.223 -5.158 [.000
MCSpeed -.043 .021 -.087 -2.006 [.048
a. Dependent Variable: BusTraveltimeToCentre
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As can be seen from Table B-4, p-values for average standstill distance; and speed of bus and car;
and speed of motorcycle are smaller than 0.05. This means that these parameters have significant

impacts on the average bus travel time based on a significance level of 5%.

Moreover, b coefficient for average standstill distance is a positive number, which indicates that
higher average standstill distance is associated with higher average bus travel time. This seems to
be sensible because higher average distance between two vehicles can cause lower capacity in the

VISSIM simulation, therefore higher travel time with the same existing traffic volume.

By contrast, both b coefficient for speed of bus and car and b coefficient for speed of motorcycle
are negative numbers, which indicates that higher vehicle speed distribution is associated with
smaller average bus travel time. The reason for that can be explained that car, bus and motorcycle
can easily reach desired speed (or speed limit) in the off peak period. Hence, the average bus travel

time reduces due to the higher speed.

Additionally, Table B-4 shows the p-values for minimum lateral distance driving is 0.922, which is
much higher than 0.05. This means that this parameter does not have a significant impact on the
average bus travel time based on a significance level of 5%. The reason for that can be explained
that traffic volume is not high in the off-peak period, vehicles have plenty of spaces in four lanes
per direction when overtaking, real lateral distance can be therefore higher than minimum lateral
distance. This means that minimum lateral distance cannot have a major influence of infrastructure

capacity and hence the vehicle travel time in the off-peak period.
b) Bus travel time on the westbound direction

Similarly, the results of a linear regression model for bus travel time on the westbound direction

are shown in Table B-5.

Table B-5 Results of a linear regression model for bus travel time on the westbound direction

Model Summary

Model R R Square IAdjusted R Square [Std. Error of the Estimate
1 .6982 .488 .461 3.55106
a. Predictors: (Constant), MCSpeed, BusCarSpeed, LateralDistance, AvgStandstillDistance

Coefficients?

Unstandardized Coefficients [Standardized Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 129.050 [3.743 34.47 |.000
6
AvgStandstillDistance {1.258 .633 .163 1.988 |.050
LateralDistance -2.600 2.416 -.088 -1.076(.285
BusCarSpeed -.115 .048 -.195 -2.376/.020
MCSpeed -.379 .048 -.644 -7.849/.000

a. Dependent Variable: BusTraveltimeToSuburban
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Table B-5 shows that the relationships between the bus travel times on the westbound direction
obtained from the simulation model and the calibration parameters are similar to the relationship
between the bus travel time on the eastbound direction and calibration parameters. This means
that there is significant evidence that average standstill distance and speed distribution of
motorcycle, car and bus have significant impacts on the bus travel times whilst minimum lateral
distance driving does not have significant impacts on the bus travel times on the westbound

direction.

B.5.2 Candidate parameter sets

Candidate parameter sets were created with the linear regression model. There is significant
evidence that average standstill distance and speed distribution of bus, car and motorcycle have
significant impacts on the bus travel times but minimum lateral distance driving does not. However,
the linear regression model was created from the results of five VISSIM simulation runs for each
candidate parameter set. A sample of five runs seems to be not large enough. Hence, in order to
cover all possibilities, minimum lateral distance driving should be still considered for choosing the
candidate parameter set, which can be the one with an estimated travel time close to the
observation value from the field are selected for the evaluation step. The average bus travel times
on the eastbound and westbound directions observed from the field are 72.00 and 94.86 seconds
respectively. A parameter set is chosen if the differences between the bus travel times in both
directions obtained from the VISSIM simulation and the field are less than six seconds. As a result,

three combinations of parameters are selected, which are presented in Table B-6.

Table B-6 Candidate parameter sets

Case |Average Minimum Desired speed | Motorcycle Average bus | Average bus
standstill lateral distance | distribution of | desired speed |travel time on|travel time on
distance (m) |driving (m) bus and car|distribution |the eastbound|the westbound

(km/h) (km/h) direction in 5 |direction in 5
simulation runs | simulation runs
(seconds) (seconds)

1 0.5 0.8 60 50 67.98 100.16

2 0.5 1.0 60 50 68.24 97.42

3 0.5 1.0 50 50 70.01 99.77

B.5.3 Candidate Parameter Set Evaluation

Forty random seeded runs were made for each of the three candidate parameter sets. Each
parameter set is evaluated based on two criteria. The first evaluation criterion is distribution of bus

travel times produced from VISSIM. The second criterion is visualisation.
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a) Travel time distributions

Bus travel times on both directions were collected from 40 random seeded runs. For each
simulation run, the average bus travel times are collected and then used to compare vehicle travel
times collected from the field. The field data, which was collected in one single day, might represent
the average travel time on the corridor but might not. Therefore, the data collected on-site can be
average or lower or higher than the true mean. Hence, both comparisons of mean travel time and

travel time distribution from the field and the simulation are tested.

Firstly, an independent two-tailed Student’s t-test was run to see if the means of vehicle travel time
obtained from the field observation and the simulation are equal. Secondly, the Kolmogorov-
Smirnov (K-S) test was used to evaluate the goodness-of-fit of the two probability distributions of
vehicle travel times. For each candidate parameter set passing the t-test, one simulation run will be
chosen and travel time of every single bus in the chosen simulation run is obtained from outputs of
VISSIM. Consequently, the distribution of bus travel time for the chosen simulation run is compared
with the distribution of the field sample. One candidate parameter set will pass the K-S test if at
least one simulation run (out of 40 runs) passes the K-S test. This proves that at least once the

distribution of bus travel time for the simulation and the field are the same.

a.1) Student’s t test

The test hypotheses are:

Ho: Null Hypothesis is that the means of vehicle travel time from the field survey and the simulation

model are the same.

Hi: the means of vehicle travel time from the field survey and the simulation model are not the

same.

Through video recordings, forty-five buses were observed at the 182 Quang Trung and 418 Quang
Trung stops on the westbound corridor from 12:15 to 13:00 on Monday, 19 March 2018. While
thirty-nine buses were observed at the 707 Quang Trung and 521 Quang Trung stops on the
eastbound corridor at the same time. Then bus travel times between the two stops in both
directions were explored. In each VISSIM simulation run, the average bus travel times between two
stops on both directions were obtained. Hence, there are 40 values of the average bus travel times
for each direction were collected from 40 VISSIM random seeded runs. The independent two-tailed
Student’s t-test is run to see if the means of bus travel time obtained from the field observation

and the simulation for Case 1, Case 2 and Case 3 are equal for both directions.
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Levene's Test and Student’s t test for three Cases are run in the SPSS program and the results are

shown in Table B-7 and Table B-8.

Table B-7 Results of Student’s t test and Levene's Test for three Cases with respect to bus travel

time on the westbound direction

Group Statistics
GroupCar N Mean Std. Deviation Std. Error Mean
BusTravelTime Simulation 40 101.0290 [2.78066 .43966
OutCentreCasel |Observation |45 94.8667 18.26273 2.72245
BusTravelTime Simulation 40 99.1015 3.01751 47711
OutCentreCase2 |Observation 45 94.8667 18.26273 2.72245
BusTravelTime Simulation 40 99.3680 2.31520 .36607
OutCentreCase3 [Observation @45 94.8667 18.26273 2.72245
Independent Samples Test
Levene's Test|
for Equality of]
\Variances t-test for Equality of Means
95%  Confidence)
Interval of the
Sig. (2-Mean Std. Error|Rifference
F Sig. |t df tailed) [Difference |Difference |Lower |Upper
BusTravelTime [Equal variances(100.871 |.000 [2.111 |83 .038 [6.16232 [2.91906 |.35643 [11.96822
OutCentreCasel [assumed
Equal variances not 2.235 146.289 |.030 [6.16232 [2.75772 .61226 |11.71239
assumed
BusTravelTime [Equal variances(97.325 |.000 (1.448 |83 .151 4.23487 2.92427 |-1.58139|10.05114
OutCentreCase2 [assumed
Equal variances not 1.532 46.695 132 4.23487 [2.76394 |-1.32641[9.79616
assumed
BusTravelTime [Equal variances{108.426 |.000 [1.547 |83 126  [4.50131 [2.91003 [1.28662 [10.28924
OutCentreCase3 [assumed
Equal variances not 1.639 [45.589 (108 [4.50131 [2.74695 |-1.02936(10.03198
assumed

As can be seen from Table B-7, the sig. values in the Levene's test for the three Cases are smaller
than 0.001. This means that there is significant evidence to reject the null hypothesis of equal
variances. Therefore, the sig. value in the Student's t test is selected in a situation where equal
variances not assumed (in Table B-7).The sig. values in the Student's t tests for Case 2 and Case 3
are higher than 0.05. This indicates that the null hypothesis that the mean bus travel time on the
westbound for observations and simulation are the same cannot be rejected. On the contrary, for
Case 1, the null hypothesis that the mean bus travel time for observations and simulation are the

same can be rejected as the sig. value is smaller than 0.05.
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Table B-8 Results of Student’s t test and Levene's Test for three Cases with respect to bus travel

time on the eastbound direction

Group Statistics
GroupCar N Mean Std. Deviation Std. Error Mean
BusTravelTime Simulation 40 67.4984 2.87533 45463
ToCentreCasel Observation 39 72.0000 28.51961 4.56679
BusTravelTime Simulation 40 68.1386 2.90704 45964
[ToCentreCase2 Observation 39 72.0000 28.51961 4.56679
BusTravelTime Simulation 40 68.7669 2.43001 .38422
ToCentreCase3 Observation 39 72.0000 28.51961 4.56679
Independent Samples Test
Levene's Test
for Equality|
of Variances [t-test for Equality of Means
95% Confidence
Interval of the
Sig. (2-Mean Std. ErrorPifference
F Sig. |t df tailed) [Difference |Difference |Lower Upper
BusTravelTime [Equal variances[59.730 |.000 (.993(77 .324 -4.50164 14.53205 [-13.52611 [4.52282
ToCentreCasel@@ssumed
Equal variances| +.98138.753 333  }4.50164 4.58937 |-13.78641 14.78312
not assumed
BusTravelTime [Equal variances[59.944 |.000 (-.852 (77 .397 |-3.86143 4.53257 |-12.88693 [5.16407
ToCentreCase2[@ssumed
Equal variances| +.84138.770 405 |3.86143 14.58987 |-13.14707 [5.42421
not assumed
BusTravelTime [Equal variances|61.953 000 (.714(77 477 13.23311 4.52536  [-12.24425 |5.77804
ToCentreCase3@ssumed
Equal variances| +.70538.538 (485 }3.23311 4.58293 |-12.50651 [6.04029
not assumed

As can be seen from Table B-8, the sig. values in the Levene's test for the three Cases are smaller
than 0.001, this means that there is significant evidence to reject the null hypothesis of equal
variances. Hence, the sig. value in the Student's t test are selected in a situation where equal
variances not assumed. The sig. values in the Student's t tests for all three cases are higher than
0.05, this indicates that the null hypothesis that means bus travel time on the eastbound direction

for observations and simulation are the same cannot be rejected.

To conclude, Case 2 and Case 3 have passed the Student’s t test for both directions. Both these

Cases are therefore evaluated by the K-S test.
a.2) Two-Sample Kolmogorov-Smirnov Test

Candidate parameter set Case 2

Simulation run number 40 is chosen initially for K-S test as differences in bus travel times between
the simulation and the field for both direction are smallest, which are both smaller than two
seconds. In the simulation run number 40, travel times of 39 buses on the eastbound direction are

explored while that number for the westbound direction is 45. The sizes of field samples are 39 and
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45 for the eastbound and westbound direction respectively. As a result, critical d-values in the K-S

tests for the eastbound and westbound direction are 0.308 and 0.287 correspondingly.

The results of the K-S test for the simulation run number 40 are shown in Table B-9 and Table B-10.

Table B-9 The results of the K-S test for the eastbound direction

Test Statistics®

BusTravelTimeToCentreCase2

Most Extreme Differences |Absolute  |.205
Positive .205
Negative |-.179
Kolmogorov-Smirnov Z .906
Asymp. Sig. (2-tailed) .385
a. Grouping Variable: GroupToCentre

critical d-value = 0.308

As can be seen from Table B-9, the most extreme difference of 0.205 is smaller than critical d-value
of 0.308, therefore, the null hypothesis that the bus travel time distributions from field survey and

the simulation run number 40 for the eastbound direction are the same cannot be rejected.

Table B-10 The results of the K-S test for the westbound direction

Test Statistics?

BusTravelTimeOutCentreCase2

Most Extreme Differences |Absolute |.222
Positive .133
Negative |.222
Kolmogorov-Smirnov Z 1.054
Asymp. Sig. (2-tailed) .216
a. Grouping Variable: GroupOutCentre
critical d-value = 0.287

As can be seen from Table B-10, the most extreme difference of 0.222 is smaller than critical d-
value of 0.287, therefore, the null hypothesis that the bus travel time distributions from field survey

and the simulation run number 40 for the westbound direction are the same cannot be rejected.

For the first evaluation criterion, which is distribution of bus travel times produced from VISSIM,
Case 2 has passed the Student’s t test and the K-S test. In other words, Case 2 has passed for the
first criterion. In addition, the simulated result should reflect the field observations at different
times of the day. For example, based on time of day, comparisons of the simulation run number 40

results and field data are shown in Figure B-18.
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Figure B-18 Comparisons of bus travel time on the eastbound direction between simulation run

number 40 and field data based on time of day

Figure B-18 displays that the simulation run 40 results lie in the same range of the field data in term
of time of day and bus travel time. It does not appear to show any significant difference compared

with the field data.

Candidate parameter set case 3

Simulation run number 24 is chosen initially for K-S test as the differences in bus travel times
between the simulation and the field for both directions are smallest, which are both smaller than
two seconds. In the simulation run number 24, travel times of 39 buses on the eastbound direction
are explored while that number for the westbound direction is 45. The sizes of the field samples
are 39 and 45 for the eastbound and westbound direction respectively. As a result, critical d-values

in K-S test for the eastbound and westbound direction are 0.308 and 0.287 correspondingly.

The results of the K-S test for the simulation run number 24 are shown in Table B-11 and Table B-12.

Table B-11 The results of the K-S test for the eastbound direction

Test Statistics®

BusTravelTimeToCentreCase3
Most Extreme Differences |Absolute  |.205

Positive .205

Negative |.179

Kolmogorov-Smirnov Z .906

Asymp. Sig. (2-tailed) .385

a. Grouping Variable: GroupToCentre

critical d-value = 0.308
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As can be seen from Table B-11, the most extreme difference of 0.205 is smaller than critical d-
value of 0.308, therefore, the null hypothesis that the bus travel time distributions from the field
survey and the simulation run number 24 for the eastbound direction are the same cannot be

rejected.

Table B-12 The results of the K-S test for the westbound direction

Test Statistics®

BusTravelTimeOutCentreCase3
Most Extreme Differences |Absolute |.192

Positive .161

Negative |.192

Kolmogorov-Smirnov Z .882

Asymp. Sig. (2-tailed) 418

a. Grouping Variable: GroupOutCentre

critical d-value = 0.287

As can be seen from Table B-12, the most extreme difference of 0.192 is smaller than critical d-
value of 0.287, therefore, the null hypothesis that the bus travel time distributions from the field
survey and the simulation run number 24 for the westbound direction are the same cannot be

rejected.

To conclude, for the first evaluation criterion, which is distribution of bus travel times produced
from VISSIM, Case 3 has passed the Student’s t test and the K-S test. In other words, Case 3 has

passed for the first criterion.
b) Visualisation

There are no errors in forty runs for Case 2 and Case 3. As a result, both Parameter Set Case 2 and

Case 3 are chosen for the validation process.
B.5.4 Validation process

To perform the validation of the microscopic simulation model, a new set of field data under untried
conditions should be collected. This means validation data must be collected for different time
periods or conditions. Data for the calibration process are obtained from video recordings from
12:00 to 13:00 on Monday 19th March 2018. Hence, the data for the validation process will be
explored from video recordings from 12:00 to 13:00 on Thursday 22nd March 2018. The average
bus travel times on the eastbound and westbound directions observed from the field are 78.37 and
93.02 seconds respectively. Forty random seeded runs were made for each of two parameter sets

and evaluated based on the Student’s t-test in the first place. Because bus travel time is only the
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key performance indicator for the calibration and validation process of the simulation model for

the off-peak period, the K-S test needs to be conducted for the validation process.

a) Student’s t test

Student’s t test and Levene's Test are run in the SPSS program and the results are shown in Table

B-13 and Table B-14.

Table B-13 Results of Student’s t test and Levene's Test for Cases 2 and 3 with respect to bus

travel time on the westbound direction

GroupCar N Mean Std. Deviation  [Std. Error Mean
BusTravelTime Simulation 40 97.2655 3.30624 .52276
OutCentreCase2 Observation a4 93.0227 18.10241 2.72904
BusTravelTime Simulation 40 98.0983 3.00700 .47545
OutCentreCase3 Observation 44 93.0227 18.10241 2.72904

Independent Samples Test

Levene's Test

for Equality|
of Variances [t-test for Equality of Means
95% Confidence Interval
Sig. (2-{Mean std. Erronof the Difference
F Sig. |t df tailed) |Difference [Difference [Lower |[Upper
BusTravelTime [Equal variances|64.910 [000 [1.460 (82 148 14.24275 [2.90683  [-1.53985 [10.02536
OutCentreCase2 jassumed
Equal variances| 1.527 146.145|.134 4.24275 [2.77866 |-1.34992 9.83543
not assumed
BusTravelTime [Equal variances/63.916 |.000 [1.751 (82 .084 [5.07553 [2.89944  |-.69238 |10.84344
OutCentreCase3 jassumed
Equal variances| 1.832 (45.604|.073 [5.07553 [2.77015 |.50179 [10.65285
not assumed

Table B-14 Results of Student’s t test and Levene's Test for Cases 2 and 3 with respect to bus

travel time on the eastbound direction

GroupCar N Mean Std. Deviation [Std. Error Mean
BusTravelTime Simulation 40 68.9684 2.38110 .37649
OutCentreCase2 Observation 39 78.3750 26.51239 4.19198
BusTravelTime Simulation 40 70.5445 1.68702 .26674
OutCentreCase3 Observation 39 78.3750 26.51239 4.19198

Independent Samples Test

Levene's Test
for Equality,
of Variances

t-test for Equality of Means

95% Confidence Interval
Sig. (2-Mean Std. Errorof the Difference
F Sig. |t df tailed) Difference |Difference |Lower Upper
BusTravelTime [Equal variances|70.035 000 [-2.235 (78 .028 |-9.40662 14.20885 [-17.78580 [-1.02745
OutCentreCase2 jassumed
Equal variances| -2.235 [39.629 (031 [-9.40662 4.20885 |-17.91551 [.89774
not assumed
BusTravelTime [Equal variances|74.804 |.000 [1.864 (78 .066 [-7.83046 |4.20046 |-16.19292 (53200
OutCentreCase3 jassumed
Equal variances| -1.864 [39.316 (070 |-7.83046 (4.20046 |-16.32450 (66358
not assumed
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Table B-13 shows both Case 2 and Case 3 have passed the t test while Table B-14 shows only Case

3 has passed the t test. Hence, Case 3 is evaluated with K-S test.
b) Two-sample Kolmogorov-Smirnov test

Simulation run number 19 is chosen initially for the K-S test as differences in bus travel times
between the simulation and the field for both direction are smallest, which are both smaller than
four seconds. In the simulation run number 19, travel times of 41 buses on the eastbound direction
are explored while that number for the westbound direction is 39. The sizes of the field samples
are 40 and 44 for the eastbound and westbound direction respectively. As a result, the critical d-
values in the K-S test for the eastbound and westbound direction are 0.302 and 0.299
correspondingly. The results of the K-S test for the simulation run number 19 are shown in Table

B-15 and Table B-16.

Table B-15 The results of the K-S test for the eastbound direction

Test Statistics®

BusTravelTimeToCentreCase3
Most Extreme Differences [Absolute |.244

Positive .244

Negative |-.163

Kolmogorov-Smirnov Z 1.097

Asymp. Sig. (2-tailed) .180

a. Grouping Variable: GroupToCentre

critical d-value = 0.302

As can be seen from Table B-15, the most extreme difference of 0.244 is smaller than critical d-
value of 0.302, therefore, the null hypothesis that the bus travel time distributions from field survey

and the simulation run number 19 for the eastbound direction are the same cannot be rejected.

Table B-16 The results of the K-S test for the westbound direction

Test Statistics®

BusTravelTimeOutCentreCase3
Most Extreme Differences [Absolute |.190

Positive .190

Negative |.059

Kolmogorov-Smirnov Z .864

Asymp. Sig. (2-tailed) .445

a. Grouping Variable: GroupOutCentre

critical d-value = 0.299

As can be seen from Table B-16, the most extreme difference of 0.190 is smaller than critical d-
value of 0.299, therefore, the null hypothesis that the bus travel time distributions from field survey

and the simulation run number 19 for the westbound direction are the same cannot be rejected.
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To conclude, the parameter set Case 3 has passed the K-S test and is used for the VISSIM simulation

model for the off-peak period.
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Appendix C Comparative Economic Assessment Application

C.1 Congestion Charge for the Hanoi Case Study

Congestion charge coefficients in the utility functions are estimated below.
Calculation examples for car

Ucar before (Ucar 0) = 1.325391 - 0.0216*tt_car_0 - 0.0001628*cf car_0

- Existing car fuel cost (fc_car_0) = 2,376 (VND/Km).

- Existing motorcycle, car and bus share are 77.38%, 13.83% and 8.79% respectively. Pmc 0 = 77.38%,
Pcar 0=13.83%, Ppus 0 = 8.79%.

- Existing demands of all modes, motorcycle, car and bus are Q, Qmc o, Qcar 0, Qbus 0, cOrrespondingly.
If the total demand of all modes is unchanged, the following equations are consistent.

Qcar1 _ Pear1*Q  Peara
Qcaro Pearo*Q Pearo

AQCar _ PCar_l - PCar_O

QCar_O PCar_O
Percentage change in fuel price and percentage change in car fuel cost are the same, which is:

Acf_car (cfcar_1 — cf_car_0)
cf car 0 cf car_0

Express an equation of the elasticity of car demand with respect to fuel price below if the change

in car fuel cost is 1.0 VND/km (cf_car_1 - cf_car_0).

PCar_l - PCar_O

E. = PCar_O — (PCar_l - PCar_O)- cf_car_O
f ; P Cary
cf car_0

Then, change in car utility (AUcr) is fuel cost parameter value (cf_coefficient =-0.0001628). Changes

in utilities of motorcycle and bus are assumed to be unchanged.
Probability of choosing car is estimated as:

P car_0 exp (A UCar)
Pcar 0 €xXp(AUcqr) + Puyc o €Xp(AUyc) + Ppys 0€Xp(AUgys)

P car.1 =
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AUMC = AUBus = O

So,
b _ PCar_O exp (A U, c ar)
€L Prar 0€Xp(AUcqr) + Puc o + Pruso
Pyc o+ Peuso=1— Pearo
Hence,
_ Pear 0€Xp(AUcqr)
Pear1 =

Pear o exp(AUcqr) + 1 — Pcar o

Pcar, €Xp (AUcqr)
PCarO exp(AUcqr) + 1 — Pearo

Pear 1 — Pearo = — Pear o

Divide by Pgq; ¢ in both sides of the equation, the equation is rearranged as:

(PCar1 = Pcar o) _ exp(AUcqr)
PCar_O PCaro exp(AUCar) +1- PCarO

-1

(Pcar, — Pcaro) _ exp(AUcqr) — Pear 0 €Xp(AUcqr) — 1+ Pear o
PCar_O PCar_O exp (AUCar) +1- PCar_O

(PCar1 - PCar_O) _ [exp(AUCar) —1].(1 - PCar_O)
PCar_O PCar_O exp (AUCar) +1- PCar_O

Now, the elasticity of car demand with respect to fuel price is estimated as:

E. = [exp(AUcqr) —1]. (1 = Paro) cf car_0
cf Pcar_O exp(AUCar) +1- PCar_O - B

[exp(cf_coefficient) — 1].(1 — Pggy o)-cf_car_0
Pcar o exp(cf_coefficient) + 1 — Py o

cf —

Substitute Pcgr o= 13.83%, cf_car 0 = 2,376 (VND/vehicle-km), cf_coefficient =-0.0001628,
cc_car_0 = 1,250.7 (VND/vehicle-km) in the equation above, the elasticity of car demand with
respect to fuel price is estimated as -0.175. This value can be consistent. Because Goodwin, Dargay
and Hanly (2004) reviewed the effects of fuel price on traffic levels and showed that the elasticity

of car demand with respect to fuel price is -0.16 for the short-term estimation.

Similarly, the elasticity of car demand with respect to congestion charge is estimated as:

_ [exp(cc_coefficient) — 1]. (1 — PCar_O)- cc_car_0
c Pcar o exp(cc_coefficient) + 1 — Pegyr o
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Santos (2004) studied the London Congestion Charge Scheme and showed the elasticity of car
demand with respect to the generalised cost is -2.5. A congestion charge of £5 was a component of
the generalised cost of £23. This can imply the elasticity of car demand with respect to the
congestion charge is around -0.54. Assume that Ecc = -0.54 for the Hanoi case study. Substitute
Pcar 0=13.83%, cf_car_0=2,376 (VND/vehicle-km), cf_coefficient =-0.0001628, cc_car_0 = 1,250.7
(VND/ vehicle-km) in the equation above, the congestion charge coefficient in the car utility is

estimated as -0.000501.

Calculation examples for motorcycle

Unmc_vefore (Umc o) = 1.630348 - 0.048*tt_mc_0 - 0.0002116*fc_mc_0

- Existing motorcycle fuel cost (fc_mc_0) = 760 (VND/Km).

- Pme 0=77.38%, cc_mc_0 = 1,250.7 (VND/ vehicle-km).

The elasticity of motorcycle demand with respect to fuel price is estimated as:

£ - [exp(cf_coefficient_mc) — 1]. (1 — Pmc_O)- cfmc 0 0.036
o P o exp(cf_coefficient_mc) + 1 — Py o -

The motorcyclists seem to very insensitive to fuel price due to the following reasons. Firstly, fuel
consumption of motorcycle is around one third that number of car, which are adapted from data
in the study of Bray and Holyoak (2015). Secondly, motorcycles are dominant with a share of around
77%. Thirdly, motorcyclists are mainly lower middle-income and upper middle-income people, who

neither have any car and nor be attracted by existing bus services (Vu, 2015).

Based on studies of Santos (2004) and Goodwin, Dargay and Hanly (2004), assume that the elasticity
of motorcycle demand with respect to congestion charge are three times (0.54/0.175) as high as
the elasticity of motorcycle demand with respect to fuel price for the Hanoi case study. E. for
motorcycle is assumed as -0.1111. The congestion charge coefficient in the motorcycle utility is

estimated as -0.000393.
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C.2 An Example Calculation for the Completed Assessment

This appendix shows an example calculation for the Metro option — Scenario 2 with the congestion
charge scheme for the peak period. The process of the first two iterations of the completed

assessment in Figure 8-6 is illustrated below.

c.2.1 For the first iteration after an introduction of Metro

Existing situation

The following parameters are obtained from the VISSIM simulation model and social cost model.
- Existing motorcycle travel time (tt_mc_0) = 5.593876 minutes.

- Existing motorcycle fuel cost (cf_mc_0) = 760 VND/Km.

- Existing car travel time (tt_car_0) = 6.046047 minutes.

- Existing car fuel cost (cf_car_0) = 2,376 VND/Km.

- Existing bus travel time (tt_bus_0) =6.795102 minutes.

- Existing bus wait time (wt_bus_0) = 0.4184 minutes.

Notes that the average journey length is 7.2 km in the study of Bray and Holyoak (2015) and the
length of the simulated segment is 1.5km. The utilities of motorcycle (mc), car and bus are

estimated as:

Unmc before (Umc o) = 1.630348 - 0.01*%(7.2/1.5)*tt_mc_0 - 0.0002116*cf_mc_0 = 1.201

Ucar before (Ucar 0) = 1.325391 - 0.0045%(7.2/1.5)*tt_car_0 - 0.0001628%*cf car_0 = 0.808
Ubus_before (Ubus_0) = 0.665548 - 0.005149%(7.2/1.5)*tt_bus_0 - 0.0112216*wt_bus_0 = 0.4929
Incremental elasticity analysis after an introduction of Metro

After the introduction of Metro, the following parameters are obtained from the VISSIM simulation

model and social cost model.

- Motorcycle travel time (tt_mc_1) = 5.4657 minutes.
- Motorcycle fuel cost (cf_mc_1) = 755.48 VND/km.

- Car travel time (tt_car_1) = 5.9849 minutes.

- Car fuel cost (cf_car_1) =2,360.88 VND/km.
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- Remaining bus travel time (tt_bus_1) = 6.7643 minutes.

- Remaining bus wait time (wt_bus_1) = 0.4683 minutes.

- Metro travel time (tt_metro_1) = 3.4012 minutes.

- Metro wait time (wt_metro_1) = 0.918 minutes.

Hence, the utilities of each mode in the after situation are estimated as:

Unmc_after (Umc 1) = 1.630348 - 0.01%*(7.2/1.5)*tt_mc_1 - 0.0002116*cf mc_1 =1.2081
Ucar_after (Ucar 1) = 1.325391 - 0.0045%(7.2/1.5)*tt_car_1 - 0.0001628*cf car_1=0.8118
Ubus_ after (Ubus_1) = 0.665548 - 0.005149%(7.2/1.5)*tt_bus_1 -0.0112216*wt_bus_1 = 0.4931
Untetro (Umetro_1) = 0.996184 - 0.004496*(7.2/1.5)*tt_metro_1-0.0112216*wt_metro_1=0.9125
The utility of PT in the upper nest is:

Upt = 0.7532 x In (eVmetro + gUbus-after) = 1 067

Change rate in a logsum and total demand is:

ALogsum Logsumgsier — Logsum_before

Logsum_before Logsum_before
Logsum before =In (eUcar_before + eUmotorcycle before 4 eUbus_before) = 1.97459
Logsum_after = Ln (e aster 4 gUmotorcycleaster + oUpt) = 2.14104

So,

AQ _ Q1—Qo __ ALogsum

Q Qo Logsum_before =0.0843

As existing demand (Q o) is 19,000 pax in both directions, new total demand after the introduction

of Metro (Q ;) is 19,000*(1+0.0843) = 20,601 pax.
Incremental nested logit model

Existing motorcycle, car and bus share are 77.38%, 13.83% and 8.79% respectively. These values

are shown in Table 7-4. Prc 0= 77.38%, Pcar 0 = 13.83%, Ppr 0 = Pous 0 = 8.79%.

Using equations in the study of Preston (1991), public transport’s share in the upper nest is:
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(0]
PPT_O [exp(Umetro_l - Ubus_O) + exp(Ubus_l - Ubus_O)]
PPT_O [exp(Umetro_l - Ubus_o) + eXp(Ubus_l - Ubus_O)]w + [1 - PPT_O]

P PT_1 =

where,

Ppr 1 (Ppr o) is the proportion choosing public transport in the after (before) the introduction of

Metro;

@ is EMU parameter (or structural parameter for public transport nest). This value is 0.7532 for the
Hanoi case study, based on the study of Hensher and Rose (2007) and modal share data in the study

of Japan International Cooperation Agency (2007).

b 8.79%. [exp(0.9125 — 0.4929) + exp(0.4931 — 0.4929)]%7532
PT-1 ™ 8.79%. [exp(0.9125 — 0.4929) + exp(0.4931 — 0.4929)]07532 + [1 — 8.79%]

So, Ppr 1 = 16.206%
The lower nest are therefore:

exp( Umetro, — Ubuso)
exp( Umetro, — Ubuso) + exp( Ubus, = Upus,

P, metro; —

)'PPT1

exp(0.9125 — 0.4929)

P = .0.16206 = 9.7779
meTor T exp(0.9125 — 0.4929) + exp(0.4931 — 0.4929) ’

and

exp( Ubus_l - Ubus_O) p
exp( Unetro 1 — Ubus_O) + exp( Upus 1 — Ubus_O) Tt

P bus_1 =

A exp(0.4931 — 0.4929)
bus1 ™ exp(0.9125 — 0.4929) + exp(0.4931 — 0.4929)

.0.16206 = 6.429%

The probabilities for motorcycle (Pmc 1) and car (Pcqr 1) in the upper nest are estimated as:

P _p 1- PPT_l = 77.38% 1—16.206% = 71.088%
mc_1 — fmc0 1 _ PPT_O - ! 0 1 - 879% B . °
1—Ppr 4 1—16.206%

Poar 1 = Prar o ———=+ = 13.83% ——————— = 12.706%
car_1 car_0 1 — PPT_O 3.83% 1— 8.79% 706%

As new total demand after the introduction of Metro (Q ;) is 20,601 pax, new motorcycle, car, bus

and Metro demands are 14,645; 2,618; 1,324 and 2,014 pax correspondingly.
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For the first iteration of the completed assessment, the changes in motorcycle and car utilities are
used to estimate the total general demand after the introduction of Metro in the incremental
elasticity analysis, whilst they are not considered in the equations in the study of Preston (1991) in
the incremental nested logit model. The congestion charge in the first iteration only impacts on the
total general demand but do not affect modal shares. Hence, the congestion charge impacts on

both the total general demand and modal shares from the second iteration.
C.2.2 For the second iteration after an introduction of a congestion charge scheme
Incremental elasticity analysis

After the introduction of the congestion charging, the following parameters are obtained from the

VISSIM simulation model and social cost model.

- Motorcycle travel time (tt_mc_2) = 5.20603 minutes.

- Motorcycle fuel cost (cf_mc_2) =728.10 VND/km.

- Car travel time (tt_car_2) = 5.64104 minutes.

- Car fuel cost (cf_car_2)=2275.32 VND/km.

- Remaining bus travel time (tt_bus_2) = 6.95001 minutes.
- Remaining bus wait time (wt_bus_2) = 0.47144 minutes.
- Metro travel time (tt_metro_2) = 1.7475 minutes.

- Metro wait time (wt_metro_2) = 0.3113 minutes.

- Congestion charge = £0.114/vehicle-km = 1250.7 (VND/ vehicle-km) by using the PPP rate in 2015

prices.
Hence, the utilities of each mode in the after situation are estimated as:

Umc 2 = 1.630348 - 0.01*%(7.2/1.5)*tt_mc_2 - 0.0002116*cf mc_2 - 0.0002116*3.375*1250.7 =
0.3332

Ucar 2=1.325391- 0.0045%(7.2/1.5)*tt_car_2 - 0.0001628*cf_car_2 - 0.0001628*3.375%1250.7 =
0.1459

Ubus 2 = 0.665548 - 0.005149%(7.2/1.5)*tt_bus_2 - 0.0112216*wt_bus_2 = 0.4885

Unmetro_2 = 0.996184 - 0.004496*(7.2/1.5)*tt_metro_2-0.0112216*wt_metro_2= 0.9550
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The utility of PT in the upper nest is:
Upt 2=0.7532 x In (eVmetro-2 4 gUbus2) = 108599

ALogsum Logsumgfier — Logsum_before

Logsum_before Logsum_before

Ln (eUcarz + eUmc2 + eUsz) —In (eUcar_l + eUmc_l + eUpt_l)

Ln (eUcar_l 4 eUmc1 eUpt_l)

_ 1.97459 — 2.14104
N 1.97459

20 _ -0 _ ALogsum _ 4 5025
Q Q1 Logsum

As Q_ 1 = 20,601 pax, the new total demand after the introduction of the congestion charge scheme

(Q 2) is 20,601 *(1-0.2025) = 16,430 pax.
Incremental nested logit model

As a result, the following equations can be used for estimating the probability of choosing transport
mode in the INLM from the second iteration (Department for Transport, 2017d). The changes in

utility functions at the lower level are:
AUpus 2 = Upus_2 -Upus 1 = 0.4885 - 0.4931 = -0.0046
AUmetro_Z = Umetro_z _Umetra_l = 0.9550 - 0.9125 = 0.0425

Moreover, the utilities of bus and the new PT mode (at the lower level) can be estimated in the
completed assessment, which are shown above. As a result, the change in the utility of public

transport at the highest level is as:
AUPT_Z = UPTZ - UPTl = 108599 - 1067 = 001899

Additionally, the congestion charge is taken into account in the changes in utility of private

transport at the highest level, which are as:
AUcar_z = UCGI‘_Z _chr_l = 0.1459 - 0.8118 =- 0.6659
AUmc 2= Umc 2=Umc 1 =0.3332 -1.2081 = -0.8749

Note that the change in the congestion charge is equal to zero from the third iteration of the

completed assessment.

Probability of choosing PT at the higher split is estimated as:
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Ppr 1exp(AUpr )
Ppr 4 EXP(AUPT_Z) + Pear 1 eXP(AUcar_z) + Ppca eXP(AUmc_z)

P PT 2 =

Appendix C.2.1 shows Ppr ; = 16.206%, Py, ; = 71.088% and P, 1 = 12.706%, as well as
Pretro1 = 9.777% and Py, 1 = 6.429%. Probabilities of choosing PT, car and motorcycle at the

higher split are estimated as:

b 16.206%. exp(0.01899)
PT2 ™ 16.206%. exp(0.01899) + 12.706% exp(— 0.6659) + 71.088% exp(—0.8749)

= 0.3133

b 12.706% exp(— 0.6659)
€ar2 = 16.206%. exp(0.01899) + 12.706% exp(— 0.6659) + 71.088% exp(—0.8749)

= 0.1239

Ppe1=1- 03133 — 0.1239 = 0.5628
Probabilities of choosing Metro or bus at the lower split are estimated as:

Pretro1 * €Xp(AUpetro 2)
etro1 * €XP(AUnmetro 2) + Ppus 1 * €Xp(AUpys 2)

Pmetro 2 = Ppr,. P
m

, _ 03133 9.777% * exp( 0.0425) — 01926
metro 2 = U. "9.777% * exp( 0.0425) + 6.429% * exp( — 0.0046)

and PbU,S_Z = PPT_Z - Pmetroz = 03133 - 01926 = 01207
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C.3 Time of Day Demand Splits

To estimate ASC of mixed traffic in the mixed transport social cost modal, time of day demand splits
need to be identified. The demand is defined as mixed traffic demand, which either includes
motorcycle and car for Scenario 1 or consists of motorcycle, car and partial existing bus for Scenario
2. Because the demand for the new PT mode is used in the public transport social cost model. As
mentioned in Chapter 5, the core operating day time services are assumed as from 06:00 to 21:00
and the daily passenger demands are split into four periods including Pear Hour (2 hours), Peak
Period (3 hours), Mid-day Off-peak (7 hours) and Morning-evening Off-peak (3 hours). The peak
periods include the Pear Hour and Peak Period while the off-peak periods cover the Mid-day Off-
peak and Morning-evening Off-peak. Split rates for one hour period for the existing situation are
shown in Table 5-7. However, the VISSIM simulations are run for one peak hour and one off-peak
period separately. Assume that the rate of demand between the Peak Hour and the Peak Period
are unchanged, as well as the rate of demand between the Mid-day Off-peak and Morning-evening
Off-peak. In addition, the cross-effects between the peak and off-peak periods are not considered
in this thesis. Table C-1 displays the differences of mixed traffic demand split rate for the one-hour
period among the existing situation, the Metro options for Scenario 1 with and without the

congestion charge scheme.

Table C-1 Mixed traffic demand split into different times for the existing situation and the Metro

options with Scenario 1

Split rate for one | Split rate for one
hour period (The | hour period (The
Metro option, | Metro option,
One Split rate for one | Scenario 1, | Scenario 1, with
hour Period hour period | without congestion)
Period period duration | (Existing situation) | congestion)
Early morning | 6:00-
off-peak 7:00 1 4.0% 4.1% 4.6%
Morning  Peak | 7:00-
Hour 8:00 1 10.0% 9.8% 7.9%
Morning Peak | 8:00-
Period 9:00 1 7.5% 7.4% 5.9%
Mid-day Off- | 9:00-
peak 16:00 7 6.5% 6.6% 7.5%
Afternoon Peak | 16:00-
Period 17:00 1 7.5% 7.4% 5.9%
Afternoon Peak | 17:00-
Hour 18:00 1 10.0% 9.8% 7.9%
Evening  Peak | 18:00-
Period 19:00 1 7.5% 7.4% 5.9%
Late evening | 19:00-
off-peak 21:00 2 4.0% 4.1% 4.6%
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Table C-1 indicates that there are minor changes in demand split into different times after the
introduction of only Metro mode whilst significant differences occur after the introduction of both
the Metro technology and the congestion charge scheme. The reason can be that the congestion
charge and the introduction of Metro causes a dramatic decrease in car and motorcycle demand in
the peak periods whilst there is a small reduction in the mixed traffic demand in the off-peak
periods. That implies that traffic in the Mid-day Off-peak periods is higher than that level in the
Peak Period between 16:00 and 17:00. Although mixed traffic demands between 7-8 AM and 5-6
PM are still busiest after the introduction of the congestion charge scheme. The split rate shown in
Table C-1 are inserted in the mixed transport social cost model. The general trend of mixed traffic

demand split rate for the Monorail and BRT options are similar to the Metro options.
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C.4 Modal Shares

Figure C-1 and Figure C-2 show modal shares for the BRT options for both Scenarios with and
without the congestion charge scheme in the peak and off-peak periods respectively. Figure C-3
and Figure C-4 illustrate modal shares for the Monorail options for both Scenarios with and without
the congestion charge scheme in the peak and off-peak periods correspondingly.

80% 77.5%

72.6% 72.6% 68.5% 70.9%
70%
60%
50%
40%
30% 0.7% 10.3%
. 13.6% 12.6% 20.5% 18.8%
20% 3.7% 13 8% fas
8.8%
10% - 5.4% II7 1%
0

Existing situation  Scenario 1 Scenario 2 Scenario 1 with Scenario 2 with
without charging without charging charging charging

X

B MCshare mCarshare = PTshare ™M Busshare

Figure C-1 Modal shares in the peak period for the BRT options for both Scenarios with and

without the congestion charge scheme

80% /6.8%

71.0% 71.6% 72.5% 71.4%
70%
60%
50%
40%
30% -
13.3% 13.5% 13.3%
20% 14.4% 15 7% 15 1% 14 0% 15.3%
. 8.8%
10% 5 9% 6 0%
0

Existing situation ~ Scenario 1 Scenario 2 Scenario 1 with  Scenario 2 with
without charging without charging charging charging

X

B MCshare mCarshare ®PTshare B Busshare

Figure C-2 Modal shares in the off-peak period for the BRT options for both Scenarios with and

without the congestion charge scheme
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Figure C-3 Modal shares in the peak period for the Monorail options for both Scenarios with and
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Figure C-4 Modal shares in the off-peak period for the Monorail options for both Scenarios with

and without the congestion charge scheme
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