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Abstract

The green transformation of public transportation is an indispensable way to
achieve carbon neutrality. Governments and authorities are vigorously
implementing electric bus procurement and charging infrastructure deployment
programs. At this primary but urgent stage, how to reasonably plan the
procurement of electric buses, how to arrange the operation of the
heterogeneous fleet, and how to locate and scale the infrastructure are urgent
issues to be solved. For a smooth transition to full electrification, this thesis aims
to propose systematic guidance for the fleet and charging facilities, to ensure life-
cycle efficiency and energy conservation from the planning to the operational
phase.

One of the most important issues in the operational phase is the charge
scheduling for electric buses, a new issue that is not present in the conventional
transit system. How to take into account the charging location and time duration
in bus scheduling and not cause additional load peaks to the grid is the first issue
being addressed. A charging schedule optimization model is constructed for
opportunity charging with battery wear and charging costs as optimization
objectives. Besides, the uncertainty in energy consumption poses new challenges
to daily operations. This thesis further specifies the daily charging schedules with
the consideration of energy consumption uncertainty while safeguarding the
punctuality of bus services.

In the context of e-mobility systems, battery sizing, charging station deployment,
and bus scheduling emerge as crucial factors. Traditionally these elements have
been approached and organized separately with battery sizing and charging
facility deployment termed planning phase problems and bus scheduling
belonging to operational phase issues. However, the integrated optimization of
the three problems has advantages in terms of life-cycle costs and emissions.
Therefore, a consolidated optimization model is proposed to collaboratively
optimize the three problems and a life-cycle costs analysis framework is
developed to examine the performance of the system from both economic and
environmental aspects.

To improve the attractiveness and utilization of electric public transportation
resources, two new solutions have been proposed in terms of charging strategy
(vehicle-to-vehicle charging) and operational efficiency (mixed-flow transport).
Vehicle-to-vehicle charging allows energy to be continuously transmitted along
the road, reducing reliance on the accessibility and deployment of charging
facilities. Mixed flow transport mode balances the directional travel demands and
facilities the parcel delivery while ensuring the punctuality and safety of
passenger transport.

Keywords: bus electrification, bus scheduling, charging station deployment,
battery sizing, charge scheduling
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CHAPTER 1: Introduction

CHAPTER 1 Introduction

1.1 Why electrification?

Transportation is a fundamental aspect of modern society, providing essential
mobility to people and goods alike. However, this sector accounts for a significant
portion of total greenhouse gas emissions, with oil-derived fuels accounting for
approximately 95% of transportation energy usage (ACEA, 2021; Liang et al,
2019). This indicates that it is imperative to explore and adopt sustainable

transportation alternatives.

Transportation electrification has long been seen as an efficient and dependable
method of reducing global warming and attaining carbon neutrality in the
transportation industry. According to research by the Union of Concerned
Scientists (Union of Concerned Scientists.,, 2019), a 40-foot electric bus (EB)
produces just 347 g/mile of CO2, while a comparable diesel bus (DB)emits up to
2,680 g/mile and a natural gas-powered bus releases 2,364 g/mile. Since more and
more renewable resources can create power instead of burning fossil fuels, the usage
of electric buses is lowering reliance on fossil fuels. (Majumder et al., 2021). Besides,
the exhaust from diesel buses contains a range of harmful pollutants, including
particulate matter, nitrogen oxides, and sulfur dioxide, which contribute to respiratory
and cardiovascular diseases (Chan et al., 2013). By contrast, EBs emit no tailpipe

pollutants and are significantly quieter than diesel buses, making them an ideal
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solution for reducing noise pollution in urban areas. This significant reduction in
emissions makes EBs an attractive option for local governments and
transportation companies looking to reduce their carbon footprint and meet

environmental targets.

In addition to reducing emissions, EBs also demonstrate greater energy efficiency
compared to DBs. On a well-to-wheel basis, electric motors are more efficient at
converting energy into motion than combustion engines, which lose energy
through heat (Chan etal.,, 2013; Ribau et al., 2014). Regarding the overall energy
efficiency, researchers estimated the instantaneous energy consumption of EBs
and DBs. By factoring in vehicle speed, acceleration/deceleration, and ridership
fluctuation, they arrive at average fuel consumption for DBs of 43.5 + 9.5 L /100
km and average energy consumption for BEBs of 1.42 + 0.32 kWh/100 km (Ma
et al., 2021). Therefore, EBs are considered to be a viable alternative to
traditional DBs, as they offer an efficient, cost-effective, and eco-friendly mode of

transportation.

The Conference of the Parties to the United Nations Framework Convention on
Climate Change in December 2015 resulted in Paris Agreement among 195
countries to limit global temperature increase to well below 2°C above pre-
industrial level (Paris Agreemen., 2015). Building on the agreement objective of
completely fossil-free transport by 2050, governments have been advocating the

large-scale procurement and implementation of electric buses.

International Energy Agency reported that electric bus stock has expanded in
major markets as shown in Figure 1.1 (IEA, 2021). Various worldwide programs
and initiatives have been implemented to support the adoption of electric buses.
e China - China continues to dominate the electric bus market accounting
for approximately 95% in 2021and has launched guidance in 2018 to
replace the entire bus fleet with renewable vehicles in key areas such as
provincial capitals by the end of 2020. The government has already

invested heavily in electric bus infrastructure, with thousands of charging
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stations and battery swapping facilities already in operation. According to
the Shenzhen Municipal Transportation Commission, the city’s electric
buses used 72.9% less energy in 2016 than diesel buses, which resulted in
the replacement of 366,000 tons of coal with 345,000 tons of alternative
fuels (Institute for Transportation and Development Policy., 2018).
Germany - Germany is in a leading position in Europe and has set a goal of
having entire public transport powered by renewable energy sources by
2050, and EBs are expected to play a major role in achieving this goal.
Currently, the country has already made significant progress towards this
goal, with 1,884 EBs in use. Germany has planned for longer-term
purchases of around 8500 electrically powered buses before 2030.

United Kingdom - The UK government has announced a commitment to
end the sale of new petrol and diesel petrol and diesel vehicles by 2030,
and committed to phasing out petrol and diesel cars and vans by 2035.
Besides, they launched several programs to support the deployment of
EBs across the country, including a £30 million Clean Bus Technology
Fund and the Ultra Low Emission Bus Scheme.

Norway - Norway has a target of phasing out sales of all new fossil-fuel
vehicles by 2025, and EBs are expected to make up the majority of new
bus purchases going forward. The government set a goal of obtaining a
100 percent EV share of urban bus sales by 2025. The country has already
made significant progress towards this goal, with its share of EB sales
skyrocketing from 9% in 2021 to 44% in 2022.

France - France has set a goal of having 100% clean buses in dense areas
by 2025 and 100% by 2029 in the suburbs. The government has launched
several initiatives to support the adoption of EBs, including the Bus2025
Programme, which aims to invest €1.8 billion in 4,700 buses.

Sweden - Sweden has the largest electric bus fleet in Northern Europe.
More than 3% of the passenger car fleet and bus fleet is plug-in electric
vehicles. The government has approved an investment of 11 million USD
annually during 2018-2020, to support hardware and installation cost of

electric vehicle charging stations. Vasttrafik, a public transport service
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agency, has formulated a target of electrifying 30 percent of the bus fleet
by 2025 with a 100% EB fleet in Gothenburg city by 2030.

e United States - The United States has set a goal of achieving 100% zero-
emission bus and truck sales by the year 2040. The federal government
has launched several initiatives to support the adoption of EBs, including
the $1.7 billion Low or No Emission Vehicle Program in 2023 and the
Clean Cities Program.

e India - India has set a target of having 30% of all wheels electrified by
2030 and the National Electric Bus Program aims to deploy 50,000
electric buses nationwide. The government has launched several
initiatives to provide financial incentives for the purchase of EBs and
other electric vehicles, including the e-Sawaari, India Electric Bus
Coalition, and the National Electric Mobility Mission Plan 2020.

e C(Canada - Canada has set a goal of having a fully electrified bus fleet by
2040, with a target of having 5,000 EBs on the road by 2025 nationally.
The government has launched several initiatives to support the adoption

of EBs, including the $2.75 billion Zero-Emission Transit Fund.

As illustrated in Figure 1.1, the global electric bus market is projected to double
in size, reaching 1,200,000 units by 2025, with approximately 40% of new city
buses registered in Europe expected to be battery electric (International Energy
Agency, 2021). The European Investment Bank has launched a lending program
to support the development of electric bus infrastructure. The program aims to
provide up to €2 billion in financing for the deployment of EBs, charging
infrastructure, and related projects. They also launched a Green Bus Fund, which
provides financing for the purchase of electric and low-emission buses by public
transport operators. These developments show that EBs are increasingly

becoming a viable alternative to traditional diesel buses.
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Electric bus stock (thousand)

1000

United Kingdom

Switzerland

018 2019 3020

(a) EB market size development 2018 - 2025
(b) 2020 European countries” market size breakdown

Figure 1.1: Global electric bus market size (from Zeng et al., 2022b)

1.2 Scope and objectives

To ensure a stable transition from conventional buses to electric ones, systematic
arrangements are needed from the planning to the operation phase. Compared
with traditional fuel vehicles, the planning and operation of EBs is a more
complex system engineering, and more parameters and indicators need to be
considered. The vehicle characteristics of EBs (such as bus type, battery type,
capacity, battery degradation, etc.), local climate, charging facilities, and charging
plans will all affect the development of operating plans and operational benefits.
Usually, when cities undertake an electric bus program, they can proceed in the
order described in Figure 1.2. From start to end, all components have a common
goal of reducing expenses. This allows for good operational performance with
reduced budgetary pressure. During the planning stage, decision-makers are
required to determine the type and size of the EB fleet to be purchased (Rogge et
al, 2015), as well as the location and scale of charging facilities for energy
replenishment (Zhang et al., 2018). Since electrification is now in its early stages,
the timetable remains conventional. But when the era of mass or full-electric fleet
comes, the timetable will also be redesigned in this phase. In the scheduling stage,

the EB routing and dispatching are considered in detail (van Kooten Niekerk et
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al, 2017), to fully utilize the available resources to cover the timetable trips.
However, from the previous literature, it was found that studies on the
scheduling of EB charging are lacking, especially for opportunity charging. This
problem however is an important issue in the operational phase, determining
whether the fleet size is sufficient to complete the scheduled trips. At the same
time, the charging schedule of electric vehicles is related to the depth of
discharge of the battery, which determines the cycle life, and therefore the

maintenance and replacement of the battery.

Start Types and characteristics of buses Infrastructure/emerging tech

Zero Emission Goals Green alternatives Necessary charging facilities; deployment
Battery capacity requirement Grid capacity
Paper Il Paper Il & IV

% (Re)Timetabling

Number of bus stops
Travel speed
Time and distance

Paper V
=

End System Maintenance Crew schedule Bus schedule and charging
Evaluation Equipment Maintenance Limited working hours schedule
Paper Ili Battery Degradation Demand for timetables Trip allocation

Paper | & Il Time and place of charging

Paper 1 & Il & V

Figure 1.2: The roadmap of electric bus system planning

Therefore, this thesis builds on existing research to further plan, optimize, and
evaluate the bus system from the planning to operation stage and focuses on the
integration of emerging technologies in the system. Bus electrification is explored
in terms of planning considerations: battery capacity, and charging station
deployment, as well as in terms of operational applications: charge scheduling,
and bus scheduling. The aim is to address the challenges of transport
electrification at the system level in the specific context of public transport.
Further, the possible purchase and operating solutions are evaluated in a full life-
cycle cost analysis framework. In view of the charging characteristics of electric
buses and the characteristics of passenger flow, the mixed transport model is
proposed to further improve service efficiency and resource utilization to

maximize the attractiveness of the green alternative.
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The purpose of the thesis is to provide practical decision support to managers
and to complement current research gaps. Specifically, this study is committed to
answering the following research questions:

e Modeling and Validation. As electric buses are gradually replacing
conventional vehicles, how can we provide quality decision support for
each of these issues in the transportation system?

e Charging. As the biggest challenge for electric buses, how to schedule the
charging events for the entire fleet while ensuring the feasibility of the
plans and how to quantify the impact of different charging behavior on
battery state-of-health?

e Evaluation and improvement. How to verify the environmental and
economic advantages and disadvantages of the plans developed in different

stages? How to improve operational efficiency accordingly?

The first aspect examined by the thesis is the description of the real-world
problem and then the construction of an optimization model. They are expected
to be in the form of mixed-integer linear programming, which can be easily
solved using commercial solvers such as GAMS, CPLEX, and GRUBI. The models
use total cost as the optimization objective, which usually includes several items
such as ownership cost, maintenance cost, operation cost, and emission cost,
where an emission tax is innovatively incorporated to calculate the whole life

cycle emission expenses.

The second aspect of this thesis is the implementation of fast charging and to
provide insights into the benefits of en-route fast charging technologies, as well
as the optimal charge scheduling for systems that perform without
compromising service quality in real-world operational settings. The impact of
time-of-use electricity pricing, battery aging, battery properties, and energy

consumption uncertainties on the charging schedule is thoroughly examined.

The third aspect focuses on evaluation and improvement. Based on a full life
cycle perspective, we bring together both economic and environmental aspects
to analyze the performance of the bus system in terms of vehicle acquisition,

charging facility configuration, operation and maintenance, and emissions.
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Regarding improvement, targeted practical solutions are proposed to facilitate

charging opportunities and improve operational efficiency.

1.3 Methods, limitations, and delimitations

As mentioned earlier, the study design was descriptive and exploratory. The
study was inspired by traditional systems theory approaches. Systems theory is
an interdisciplinary form of systems research. A system is defined by boundaries
(i.e., the delineation of the system) that represent more than the sum of its parts
(subsystems). The goal of systems theory is to model the dynamics, constraints,
and conditions of a system and to articulate principles (e.g., purposes, measures,
methods, tools) that can be discerned and applied to other systems at each level
of nesting and to achieve optimal equivalence across a wide range of domains

(Ashby, 1961).

Research questions are explored through a quantitative method. To better
provide decision support, quantitative simulation results of an optimization
model are presented, and the results are analyzed and compared to historical
operation data. In this way, causal statements are generated about the causality
between the various influencing factors and the objectives, statements that can
even go beyond the specific problem under study to inspire the potential and
future directions of bus electrification. The various components and
methodological tools used to develop the model are explained and discussed in

detail in Chapter 3.

The analysis is limited to the specific sector chosen (bus transportation) and the
charging technology chosen (opportunity charging). The term ‘electric buses’ in
this release refers to battery-electric buses, not to hybrid models with both
electric and internal combustion engines. The choice of charging power and
location is for en-route fast charging, therefore slow charging in the depot is not

the main focus.

When discussing life-cycle emissions, carbon dioxide equivalent (CO2eq) is used

as the unit of measurement. The full life cycle is simplified into four parts: Glider
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powertrain, well-to-tank, and tank-to-wheel. In addition, some simplifications
were made to build the optimization model. For example, the estimation of
energy consumption is based on the average energy consumption of the type of

bus and does not take into account temperature altitude, etc.

The bus network data (spatial and temporal) retrieved from Vasttrafik, a bus
operator in Gothenburg, may include discrepancies in the timetable and route
reporting. These discrepancies have been corrected, but some uncertainties still
exist. In addition, in determining the location of in-station chargers, we only

considered the entire station level without specifying which platform.

1.4 State-of-the-art

1.4.1 Infrastructure deployment

The electric transit systems require comprehensive infrastructure planning since
the bus networks have to be equipped with sufficient charging points to support
daily operation (El-Taweel et al.,, 2020). Based on the way of charging electric
buses, two technologies are emphasized: en-route charging and depot charging

(He et al., 2020).

Depot charging is the most time-consuming charging strategy for electric buses.
When buses finish their scheduled routes or stay in the depot during the shift.
This charging is usually overnight or sometimes within the dwell time with slow
chargers (typically 40-120 kW). The full charge process for depot charging takes
around 4 hours. From the grid network aspect, this strategy avoids peak hour
charging, where the subscribed power and the maximum charging power
delivered by the charger are rather stable. Some optimization algorithms

(Houbbadi et al., 2019) can attribute an optimal charging power for each bus.

Compared with depot charging, deploying charging piles along bus lines offers
convenience and improves charging accessibility. A smaller battery package
results in lighter bus weight, higher passenger capacity, and lower investment

costs for battery ownership, but a higher price for infrastructure procurement.
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(Lin et al., 2019). Supported by ABB (Wang et al,, 2017a), a power technology
group, the bus can be recharged at en-route charging stations with a 15-second
energy boost while passengers are boarding and alighting. Based on the fast
charging concept, the applications assume that en-route charging has no

significant impact on existing timetables (Miles and Potter, 2014).

En-route charging can be realized through conductive (plug-in) and inductive
(wireless) energy transfer. Inductive charging provides a lighter onboard battery
that gets charged from magnetic fields, which requires an underground coil
system and an onboard one. (Machura and Li, 2019) The charging power can
reach 200 kW. However, due to the air gap between the coil system, the efficiency
is relatively low (Lempidis et al., 2014). The maturity of the conductive charging
technology enables a maximum of 600 kW charging power through either
overhead or ground/underground infrastructures, which can be easily installed
with little impact on the existing road networks. In this transitional phase,
conductive fast-changing technology is widely used in European countries such
as France, Germany, Italy, the UK, and Sweden, while only a few projects with
inductive charging are presently being implemented (Nils Hooftman, 2020;

Pamuta and Krawiec).

Due to the relatively high cost of en-route chargers, arranging the location and
quantity of charging piles has become a challenge in the procurement and
planning process. The optimal planning policies must seek to take into
consideration as much as possible availability, effectiveness, and efficiency.
Availability in charging station deployment could be achieved by setting the
constraint that energy consumption should not exceed battery capacity (Xie et al.,
2018). The optimal deployment of en-route charging stations fundamentally
results from the efficient replenishment of real-time energy consumption. Thus,
to ensure effectiveness, especially to extend the battery lifespan, the battery state
of charge (SOC) must be kept within an optimal range (Zhang et al., 2020a) and
be balanced with the charging station deployment plan (Xu and Meng, 2019).
When the SOC is approaching the minimum level, a charging activity is required

(Xie et al., 2020). Objectives are set to minimize the number of charging stations,
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maximize the charging demand coverage and reduce delays stemming from bus
charging (Sebastiani et al, 2016). Although several studies have investigated
charging station deployment for electric buses, the majority adopted fixed bus
routes and schedules as input (Kunith et al,, 2017b). Thus, homogeneous fleets
are usually considered (Xu et al.,, 2015), and the fleet size is either empirical
(Xylia et al., 2017) or assumed (Bi et al., 2018). It creates a large gap between the
optimization results at the planning level and the optimal practical operation

goals.

1.4.2 Battery sizing

The battery sizing problem assigns a bus (battery) type to an electrified bus line,
fundamentally based on energy consumption (Rogge et al., 2015). In a battery-
electric bus transit system, the charging stations and the onboard battery have
the highest bearing on the ownership cost. For instance, the cost of the onboard
battery accounts for at least 20% of the total expenses depending on the size of
the battery (Nils Hooftman, 2019). If a homogenous bus fleet with the same
battery capacity is considered to serve the transit network, it would inevitably
lead to an oversizing and avoidable investment cost. Thus, the battery capacity of
the bus is recommended to be determined individually for each bus line, thereby

reducing required investments.

To determine the battery capacity, an adequate description of energy
consumption is crucial. The state-of-the-art has been focusing on estimating and
modeling the energy consumption of buses under real-world traffic conditions or
based on different scenario settings (Basso et al., 2019; De Cauwer et al., 2015;
Vepsaldinen et al., 2019). They reported that factors such as bus weight, the
topography of the transit network, and energy efficiency could influence line-
specific energy consumption and result in different charging demands. These
charging demands that can be satisfied at charging stations depend on the
dwelling time, the availability of charging infrastructures, and the battery state of
charge (SOC) (Millner, 2010). Due to the interdependence of the energy supply
through fast charging and battery capacity, a joint examination is necessary. Thus,

some joint consideration has been taken of charging station deployment and
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battery sizing to minimize the cost of electrification, which includes a trade-off
between battery capacity and charging infrastructure. Their model determines
the minimum number of charging stations and the respective locations, as well as
the optimal battery capacity for each bus route in the bus network while
ensuring adequate energy supply for daily operations. (De Filippo et al., 2014;
Kunith et al., 2017b; Rogge et al., 2015).

Another branch in terms of battery sizing is mainly focused on the co-
optimization of battery size and energy distribution for EBs. To simultaneously
optimize battery size and energy management for EB, combined optimization
loops where one loop is used to size the battery and the other implements energy

distribution (Du et al., 2017; Murgovski et al., 2011).

1.4.3 Bus scheduling

The bus scheduling problem extends the traditional vehicle routing problem to
the handling of deadheading trips connecting, where a trip refers to bus service
in a timetable and is characterized by the arrival and departure time at origin,
destination, and some intermediate stops (Wang et al., 2020b). Unlike in the VRP,
the station sequence of each trip is fixed, while range limitation and recharging

possibilities should be taken into account to guarantee the service.

The methodologies of problem-solving differ according to different charging
strategies as the required charging time varies. In the field of en-route charging,
partial charging is allowed, and the capacity of the charging station is strictly
limited. Li (2014) defined the bus scheduling problem with limited energy as the
vehicle-scheduling problem with route constrain, where he considered charging
stations with limited capacity and limited fleet size. A column-generation-based
algorithm to solve the proposed optimization problem. van Kooten Niekerk et al.
(2017) proposed a mathematical optimization model to address the homogenous
fleet scheduling problems, with consideration of both linear and non-linear
charging time. A column generation algorithm is proposed to solve the problem.
Tang et al. (2019) developed the dynamic scheduling strategies of electric buses

considering battery range limitation and the recharging plans of vehicles to deal
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with the problem brought by the stochasticity of urban traffic conditions. A
branch-and-price framework is extended to effectively solve the proposed model.
Wen et al. (2016) proposed a mixed-integer programming formulation of
homogeneous electric vehicle fleet scheduling and developed an adaptive large
neighborhood search method heuristic to solve the problem. A post-optimization
phase is implemented to further improve the solution. Besides, the simulation
method is widely used for bus scheduling based on operational data to acquire an
adequate number of electric buses and to ensure the bus right on time (Teoh et

al, 2018).

For depot charging, the deadhead trip between terminals and depots and the
relatively high charging time should be carefully considered. Rogge et al. (2018)
proposed a mixed-integer-linear programming method with heuristic and
metaheuristic solving algorithms. They reported that a lightweight bus offers a
more energy-efficient mode of transportation, although the deadheading mileage
increases due to the frequency of charging. A heterogeneous fleet can offer 5%
extra energy savings. Ke et al. (2016) developed a framework to simulate the
operation and battery charging schedule of electric buses in Penghu to minimize
the costs of an electric bus system including the expenses of EBs, batteries,
chargers, and electricity. The genetic algorithm was used as an optimization tool.
some recent works integrate depot charging and bus scheduling (An, 2020; Li et
al,, 2021; Rogge et al., 2018). Rogge et al. (2018) are the first to consider mixed-
fleet scheduling in depot charging optimization, while some practical factors are
not mentioned, such as battery type allocation, battery SOC management, and life
cycle emissions. Li et al. (2021) followed up by considering charging scheduling
and passenger demand uncertainty. An (2020) focused on the charging station

coverage to support the daily operation with the minimized bus fleet.

1.4.4 Charge scheduling

The electric bus charge scheduling (EBCS) problem focuses on scheduling the EB
charging events in time and space based on their access to different charging
alternatives Since the EBCS problem is still in a novel stage and the number of

studies in the literature is small, this section illustrates the approaches to solve
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the charging planning problem from different perspectives and summarizes their

drawbacks.

Considering the EBCS in the centralized depot, Gao et al. (2018) planned to
generate the lowest cost charging scheme for an EB fleet considering time-of-use
(TOU) electricity price. An integer programming model was presented and was
solved by a Genetic Algorithm Integer Programming Toolbox. Ke et al. (2016)
simulate the battery charging schedule with both daytime and night-time
charging alternatives. A genetic algorithm is introduced to jointly optimize the
charging time and size of the bus fleet. These two studies overlooked the impact
of EB charging demand on the grid, which may result in overloading the
distribution transformer. Thus, Arif et al. (2020) proposed a mixed-integer linear
programming model for depot charge schedule under a feed-in-tariff scheme to
reduce the overloading on the low voltage feeder while maximizing the profit of
the depot operator. The premise that the depot charging strategy can solve the
mileage anxiety is that the bus is equipped with a sufficiently large battery pack.
However, the battery still remains a significant cost component of EB, and this

strategy would result in over-budgeted bus procurement.

The emerging technology of en-route fast charging provides promising potential
to replenish the energy consumed during bus dwell time. Buses charging on the
road usually benefit from this frequent replenishment and are equipped with
smaller batteries to achieve lighter weight and higher efficiency (Aamodt et al.,
2021). However, the en-route charging demand may overlap with the electricity
demand peak, which results in expensive energy costs and pressures on the grid.
Without an effective strategy to address the TOU rate and the impact on the grid,
the advantages and reliability of EBs may be compromised. Therefore, the issue
of charge scheduling for EBs has raised interesting challenges. Recent studies

approached the problem through mathematical models of simulation methods.

Three related studies are in the context of mathematical optimization of en-route
charge scheduling. Abdelwahed et al. (2020) modeled terminal station charging
schedules for EBs. Two mixed-integer programming formulations are

constructed based on discrete-time and discrete-event with minimized charging
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costs. The case study assumed that any arriving EB finds a free charging slot to
avoid conflict. The proposed models were solved by a Cplex solver. The impact
on the grid network is not considered in their models. Yang et al. (2018) explored
an optimal charging scheme for wirelessly charged bus fleet on one route. The
model innovatively considers two en-route charging alternatives: charging at bus
stops and terminals. They introduced a peak-to-average ratio to reflect the
impact on the grid. The ‘Day-ahead RWED’ and ‘Optimal Actual CS’ algorithms are
presented for problem-solving without considering route interlining. Regarding
the simulation method, Wang et al. (2020a) designed a price-aware terminal
charging scheduling problem based on the Markov Decision Process. The model
aims to maximize collected passenger fares while minimizing the charging costs.
A full charging policy is adopted in the model. A large-scale simulation in
Shenzhen City was conducted based on a policy iteration algorithm. Chen and
Liang (2020) described the EB charging event as a Simi-Markov decision process
without transition probability consideration. As in Yang et al. (2018), charging at
bus stops and terminals are both available when considering a single route. The
average reward reinforcement learning method is introduced for problem-
solving. Qin et al. (2016) formulated an en-route charging strategy according to
the battery SOC threshold based on the full charging policy. The numerical
analyses explored the impact of different SOC charging thresholds on the cost of
electricity and demand charges. They believe that charging the battery with a
SOC of 60-64% is the most economical strategy and has the least impact on the
grid.

In addition, charge scheduling is also applicable to dedicated charging stations
around terminals. Zhou et al. (2020) constructed a Bi-level programming model
for collaborative bus fleet and charge scheduling. The charging event is
connected to the terminals through a dead-head trip. The TOU price policy is
used to determine the charging slot. The charge scheduling problem was solved
by a greedy dynamic selection strategy based on the multi-stage decision.
However, this model does not take into account the conflicts of charging events
caused by route interlining. Wang et al. (2017b) presented an optimization

model for EB charge schedules. They focused on allocating buses to chargers at
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transit centers shared by several routes. The method aims at minimizing the total
operational cost consisting of dead-head travel cost, charging price, and charging
waiting cost. In their mixed-integer linear model, the charging duration is

assumed to be fixed.

Recent studies also have approached the charge scheduling problem in an
infrastructure deployment context. Sebastiani et al. (2016) proposed a
simulation optimization method to minimize the number of on-route chargers
and the average extra stop time caused by charging. They assumed that if the
remaining energy plus the energy consumption within passenger boarding is
insufficient to reach the next station, extra stop time is required. NSGA-II
algorithm is introduced to solve the bi-objective problem. For joint consideration
of charging station locating and battery sizing, Kunith et al. (2017a) described the
problem as a capacitated set covering problem. They assumed that the bus
charging time equals the dwell time. The influence of charging power, climate,
and changing operating conditions are assessed. Besides, Liu et al. (2018b)
developed a mixed-integer linear program to solve the charging station
deployment problem. They assumed that a fast charger could be installed at bus
stops and terminals, and the charging time equals bus dwell time. All these
studies greatly simplify the charging behavior and do not take into account the
interactions in practice, while ignoring the impact of the charging strategy on the

battery.

1.5 Thesis structure

This thesis is based on five papers. Following the introductory chapter, the next
chapter presents existing and emerging charging technologies. The advantages
and disadvantages of each method are also presented. In Chapter 3, the
description, formulation, and implementation of the EB charge scheduling
problem are presented. The optimization model for charging plan generation is
discussed in detail and related to the literature in the field. The first sub-topic
focuses on static charge scheduling with battery degradation as one of the main

optimization objectives. The second part pays attention to the uncertainties in
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real-world option and generate a robust optimization model accordingly. In
Chapter 4, a joint optimization model is constructed to deal with battery sizing,
charging station deployment, and bus scheduling. A life-cycle cost analysis
framework is presented to evaluate the system performance in both economic
and environmental aspects. Chapter 5 introduces three emerging charging
solutions to provide more flexible charging alternatives to electric bus systems.
Chapter 6 deals with operational efficiency improvement. An innovative mixed-
flow transport mode is introduced to increase the utilization of transport
resources. The thesis closes with Chapter 7, with main conclusions, result

impacts and suggestions for future research on the topic.

The order of the appended papers moves from a presentation of the emerging
charging technologies to the systematic optimization of charge scheduling for bus
electrification, with a focus on en-route fast charging (PAPER I & II). With this
knowledge, the evaluation of the transportation system is conducted on a life
cycle cost analysis framework (PAPER III). To further increase the attractivity of
the green alternatives, vehicle-to-vehicle charging technologies are discussed to
better support the operation in the near future (PAPER IV) and a mixed-flow
transport mode is presented to improve the utilization of transport resources
(PAPER V). These papers address the issues faced by electrification from the
planning phase to the assessment stage covering environmental aspects (energy
efficiency, lifecycle emissions) and financial aspects (ownership costs,

operational costs, maintenance costs).
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CHAPTER 2 Charging technologies

Although there are reasons to be positive about the potential formation of an EB
market, significant difficulties remain in the way of large-scale EB adoption. One
possible key impediment to the widespread deployment of EBs is their short
driving range. Although the advances in battery technology have theoretically
increased the driving range similar to a full-tanked DB, yet, several factors such
as temperature, humidity, and battery degradation impact real EB battery
capacity(Pelletier et al., 2017), and capacity will be considerably decreased under
particular harsh weather situations. As a result, EBs must be recharged on a
regular basis to ensure the quality of operating service, and more EBs are

required to accomplish a given number of trips than DBs.

Moreover, because an EB’s driving range is constrained, a particular charging
strategy is needed to maintain the BEB operational during the day. In order to
offer dependable and effective charging behaviour, this section provides an

overview of the current charging principles and chargers.

EBs exclusively employ off-board chargers. Because they are not constrained by
restrictions on size and weight, these chargers may provide higher charging
power levels. Regular charging is required for EBs’ on-board battery. A BEB has a
charging interface that can be linked to the necessary charging infrastructure in

order to use grid power to charge the battery.
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Pantograph charging: a frequent method of charging EBs is to use a
pantograph, which automatically connects the bus to the charging
infrastructure. There are now two methods for making this contact. When
charging is required, the pantograph can be put on top of the EB’s roof and
elevated, or it can be mounted on the charging infrastructure and moved
downwards. The latter is preferable since it requires fewer pantographs and
adds less weight to the BEB. Additionally, the pantograph is not subjected to
bus vibrations.

Plug-in charging: EBs can also be charged by plugging in a connection from
the charging infrastructure. Currently, the connector must be manually
plugged in, making this form of charging interface less appealing for big BEB
fleets. But, in the near future, this procedure will be automated by
robotization.

Ground-based charging: Certain EBs are charged via a ground-based
charging mechanism. This can be accomplished in two ways. A current
collector, similar to pantograph charging, can be dropped from the bus to
make contact with a conductive device embedded in the road surface.
Another method is to use an electromagnetic field to transfer charging power
wirelessly between a transmitter coil on the road surface and a receiving coil
on the BEB. The primary benefit of wireless charging is that it allows EBs to

charge while in motion.

Depot charging, opportunity charging, and dynamic wireless charging are the

three most promising charging approaches as shown in Figure 2.1. Depending on

the features and specifications of the bus network in cities, each of them fills a

distinct demand and has pros and cons.
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Figure 2.1: Illustration of different charging technologies

2.1 Depot charging

The name of depot charging is self-explanatory. Operators of electric buses
charge their fleets overnight at the hub or depot where they park. This strategy
implies that the vehicle does only one shift per day and stays idle all night (or for
a longer period at the depot), and that the battery is large enough to sustain the

daily needed range when completely charged.

Depot charging is typically plug-in charging with wall cabinets or mobile
chargers with an output of 30-50 kW. The full charge process for depot charging
takes around 4 hours. It is rare (or there is no real need) to go for a higher
capacity (>100 kW) or via induction charging at a depot. That is why overnight
charging is often referred as ‘slow charging’. However, if necessary, fast chargers
can also be adapted for overnight charging, sharing the same infrastructures as

station charging technology.

Centralized and decentralized depot charging scheduling research raised
recently for small, medium, or large-scale EBs considering different constraints,
such as battery aging cost, grid distribution, and battery electro-thermal(Schoch

et al,, 2018). A centralized charging process is managed by a central controller,
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while decentralized charging process is operated by individual providers
considering personal charging profiles. Figure 2.2 illustrates a centralized
charging system, where the AC/DC module converts input alternating current
power into adjustable output direct current power, DC/DC module converts a
source of direct current from a high voltage level to a low level which is suitable
for an electric bus. These two modules are monitored by the center controller
maintaining the conversion infrastructure and communicating with the electric

buses to perform the charging plan according to a standardized communication

protocol.
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Figure 2.2 Centralized Depot Charging System (from Zeng et al., 2020)

Overnight charging is also perceived as the most cost-effective option for
medium and heavy-duty vehicles which requires the least amount of
infrastructure, as no other equipment is needed except the depot charger. With
the long idle duration, buses can use less expensive, slower chargers, allowing
fleet managers to cut their initial capital commitment. Furthermore, with
overnight charging, electric fleets can benefit from cheaper electricity at night.
But a large battery capacity is highly concerned, since electric buses need to
serve a scheduled route during the daytime without being recharged. However,
in some daily operational cases, it is difficult to complete the entire trip without
charging. In order to increase the battery capacity, turning bigger and heavier is

inevitable, which accordingly increases the overall consumption and reduces the
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maximum payload of the bus. Although the cost of infrastructure is the least, a

large expenditure is required for large capacity batteries.

In terms of operational optimization, the depot charging strategy has little impact
on the current electric bus schedule, and the dominant role will continue to be
battery size. Because buses should arrive at the depot after completing their
entire trip, there will be no delays in the scheduling process due to charging.
Regarding the charging events, there are directions for operators to improve, for
example, by proposing ways to manage night-time charging of the electric bus
fleet and determining the best charging strategy to minimize battery aging,

charging costs, or maintenance costs (Houbbadi et al., 2019).

From the grid aspect, this strategy avoids peak hour charging, where the
subscribed power and the maximum charging power delivered by the charger
are rather stable. Some optimization algorithms (Houbbadi et al., 2019) can

therefore attribute an optimal charging power for each bus and each time slot.

2.2 Opportunity charging

Opportunity charging refers to bus charging at a certain station within its
operational time. Opportunity charging can give EBs with charging chances while
on the road, partially substitute centralized charging, and help reduce deadhead
miles and fleet size buffer caused by empty driving. It covers two main charging

strategies: terminal charging and en-route charging.
Terminal charging

Terminal charging is a charging method with chargers placed in bus terminals.
Buses use mainly the regular turn-over time to replenish the energy. It usually
implements conductive charging, which typically fully charges EBs in minutes.
Conductive charging for terminals entails installing pantographs off-board and
connecting the vehicle to a particular energy source. Off-board chargers, such as
pantographs located on poles, promise cheaper infrastructure costs because a

single charger may charge numerous buses, lowering vehicle weight. Conductive
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chargers capable of transmitting up to 600 kW are now on the market (ABB EV
Charging Infrastructure 2015).

Terminal charging, as opposed to depot charging, is typically done during the
daytime and is used to charge one bus several times throughout a day. There are
no common charging units for different lines because it is located at the end of
the line. As a result, the utilization rate is directly proportional to the battery
capacity, battery management strategy, departure interval, and route length.
Furthermore, the charging plan based on terminal charging is a strong linkage
between the electric bus scheduling and the charging infrastructure planning.
The battery capacity of the bus should be sufficient to allow several missed
charges, to avoid the bus running out of energy due to external factors such as
congestion, emergency or dense charging request. Although vehicle purchase
costs can be lowered since the required battery capacity is significantly lower
than depot charging, the high cost of fast chargers will increase station

infrastructure expenditures.

When utilizing terminal charging, transit authorities must optimize both the
battery capacity and the recharging procedure for EBs to ensure the economy
and effectiveness of deployed EBs and charging facilities. The combination of
battery capacity and charging approach should first ensure that EBs function
normally. As a result, total capital and operational expenditures should be kept to
a minimum. A big on-board battery, as previously discussed, can greatly raise the
cost of EBs. EBs can carry a modest battery thanks to fast charging technology,
which can regularly recharge EBs during their customary terminal layovers. But
terminal fast charging stations incur significant capital expenses. For instance, a
500-kW on-route overhead rapid charging station costs round $500,000 to install.
Also, en-route fast charging may result in high electricity power demand charges

as well as increased energy expenditures due to charging.

As for the charge scheduling, one of the main aspects that need to be considered
in this strategy is the impact that charging events may have on the bus schedule.
Such as, the charging time should not exceed the next trip’s departure time to

avoid trip delay. For terminal charge scheduling, some solving algorithms such as
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genetic algorithm(Lee et al, 2013), dynamic programming (Lan et al., 2013),
exponential smoothing model (Aabrandt et al, 2012) have been widely

implemented.
En-route charging

En-route charging strategy provides EBs with prompt energy replenishment at
several intermediate stations during passengers’ boarding and alighting times.
En-route charging incorporates fast charging activities within service trips. This
is in contrast to the traditional charging time, which is at night (depot charging),
end of the service trip (terminal charging). By increasing reliance on external
charging infrastructure, en-route charging lessens the requirement for a big on-
board battery. In general, increasing battery capacity increases EB weights
greatly, resulting in higher energy consumption. Weiss et al. (2020) discovered
that a 10 kWh battery upgrade will acquire a 15 kg mass of EB, resulting in an
additional energy consumption of 0.7-1.0 kWh/100 km. Besides, this charging
method efficiently reduces the required driving range from the daily driving
distance to the distances between two planned charging operations. The next
recharging opportunity is determined by the extent and availability of charging
infrastructure, the type of equipment required on the vehicle, and the pattern of

vehicle usage (in time and within the transport network).

Two main problems in this system are the deployment of chargers and the
charge scheduling for electric buses. Both operations are complicated due to
numerous influential aspects, for example, route characteristics, vehicles used,

available places, and grid accessibility.

For charging infrastructure deployment, the major question is how to plan the
location and type of charging facilities along the routes to meet the ever-growing
electric bus demand in a systematic way, and how to couple the traffic and power
gird networks. A pantograph fast charger installed at a bus stop also has
substantially higher applicable purchasing, installation, and maintenance costs
than a standard plug-in charger installed at a depot or charging station. As a

result, it’s critical to accomplish the best possible deployment of fast chargers at
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a chosen few bus stops, rather than all of them, in order to meet the demand for

charging while minimizing capital expenditure or preserving financial viability.

When design charging plan, the charging cost, charging facility availability,
energy density, power density, and battery lifetime should be considered [21].
En-route fast chargers usually have a higher charging power which will bring
tremendous pressure on the grid, and it may be overloaded, especially for the
peak-hour period when the EB charging demand is high. For example, ABB EV
Charging Infrastructure (2015), which is a pioneering technology manufacturer
in the industry, provided 20 single-deck EBs and four 450 kW faster chargers. A
450 kW rapid charger will provide a load that is similar to the load produced by
410 1.5 horsepower air conditioners working simultaneously. The bus transit
operators shall make sure the total charging power cannot exceed the maximum
charger power in order to lessen the burden of EB charging on the grid and

maintain a stable environment of the power transmission system.

Additionally, the inevitably occurring battery aging also has an impact on how
efficiently electric buses operate. For instance, reduced capacity results in
decreased bus mileage and necessitates battery replacement when the capacity
reaches the battery’s end of life. Electric bus batteries typically deteriorate over
time in two ways. One is the cyclic capacity loss, which is based on the quantity of
charge-discharge cycles for batteries and is primarily brought on by the
expansion of the internal solid electrolyte interphase layer. The other is the
calendar capacity loss, which is related to self-discharge and side reactions of the
battery during the energy storage process. Uncontrolled charging and
discharging can have a substantial influence on battery aging, necessitate more

frequent battery replacements, and raise expenditures without proper planning.

State of charge (SOC) is a measurement of the level of charge of the battery. A
fully loaded battery has a SOC of 100 percent, while a fully discharged battery has
0 percent. To generate an efficient charging plan, the difference between the
allowed maximal and the minimal SOC should be kept at a certain optimal level

as shown in Figure 2.3.
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Figure 2.3: Battery State of Charge (SOC) (from Zeng et al., 2020)

In the en-route charging strategy, EB will be charged according to the current
SOC. A frequent charging plan allows smaller batteries while higher power is

needed along the route

To sum up, the main benefit of en-route charging is the possibility of partially
charging the bus without any interruption during the daily operation. An optimal
charging plan will maintain the battery in a certain SOC without letting the
batteries deplete completely. Therefore, with this charging strategy, electric bus
operation resembles the current DB operation, and some existing operational
strategies can be easily adapted to manage the electric bus fleet. In general, the
disadvantages of en-route charging include reliance on charging infrastructure
availability and changes to electrical infrastructure to accommodate rapid

charging, quicker battery deterioration, and worse overall energy efficiency.

2.3 Wireless charging

Wireless charging is a charging method using wireless power transfer technology.
The first development of wireless charging can be traced back to the year 1905
when Nicola Tesla presented near-field coupling of two loop resonators based on
magnetic resonance (Tesla, 1905). Wireless electric energy transmission is
possible between two coil plates that are implanted in the pavement and loaded
on the bottom of the vehicle, respectively and can provide powers of up to 300

kW with a charging efficiency of more than 80%. In general, wireless charging
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can be categorized as either static or dynamic. Operators may use stationary
wireless charging equipment at a bus stop, parking lot, or garage. With dynamic
charging, a variety of sets of embedded coils and accessories allow the vehicle to

be charged while it is moving.

Regarding the environmental aspects, comparatively to plug-in charging, the
usage-phase power consumption may be lowered, and there may be a reduction
in energy use and emissions during battery manufacture. However, extensive

wireless charging infrastructure may result in increased environmental issues.

As for the investment, the cost of wireless charging infrastructure is much higher
than conductive chargers. A reasonable cost for an inductive charger with a
capacity to transfer up to 200 kW can be estimated at 3 million SEK, including an
onboard pick-up system and power electronics. The corresponding cost for a
300-kW conductive charger, according to the same reference, is estimated to be
1.5 million SEK. Besides, inductive wireless charging systems require ferrite
cores for magnetic flux guidance and shielding, which are bulky and costly. Also,
to control the minimum loss in the ferrites, the charging system is kept under
100 kHz. In this situation, larger coils are needed, and lower power transfer
densities occur. The high cost and low power transfer density are particularly
problematic for implementing dynamic wireless charging, especially for dynamic
charging, as the charger should be equipped with a high-power capability to
deliver enough energy to the electric bus during its very brief time passing over a
charging coil. Therefore, this charging strategy has not yet been commercially
implemented. For future development, it is sense to examine the tradeoffs and

provide guidance for the future design of wireless charging bus systems.

2.4 Summary

There are mainly two concepts for the charging of batteries, standard and fast
charging. Standard charging (typically 40 to 120 kW) is adapted mainly in the
bus depot overnight and during longer brakes with moderate charging power.
This causes a high battery capacity and a high weight of the bus system. Fast
charging at bus stops (up to 600 kW), at terminals (usually between 150 to 500
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kW) or beneath the road (up to 300 kW) can reduce the battery capacity and

more importantly reduce the weight significantly.

To compare these charging methods from an economic standpoint, Chen et al.
(2018) examined the cost-competitiveness of stationary charging (at depots) and
dynamic charging in the EB operation (wireless charging). They stated that
dynamic charging was anticipated to result in greater operational and
maintenance expenses. Based on a life-cycle cost analysis framework, Bi et al.
(2017) concluded that a wireless charger deployment can reduce the size of the
battery and the cost of the battery and use-phase energy for an all-electric bus
system. In contrast, the infrastructure for wireless charging adds additional
expenses for the purchase and installation of chargers. The price of the battery
unit, the effectiveness of wireless charging, and the purchase, installation, and
maintenance costs of wireless chargers all have a significant role in the life-cycle
cost differences between plug-in charging and wireless charging. Additionally,
Lajunen and Lipman (2016) showed that opportunity charging was more

economical than overnight charging for EB operation.

To sum up, wireless charging requires the costliest infrastructure and has the
lowest power transfer density while it enjoys the least requirement of battery
capacity and the highest guarantee of battery health. However, recently wireless
charging is yet to become commercially viable, although a few experimental

systems have been demonstrated.

Similar to wireless charging, en-route charging also lowers the EB purchase cost,
preserves operational capability (i.e., driving range and payload capacity), and
does not disrupt the existing operation schedules and is widely commercialized.
Therefore, the focus of our thesis is on the deployment of en-route charging in
public transportation systems, the development of charging plans, and the

synergy with other transit resources.
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CHAPTER 3 En-route Charge
scheduling

3.1 On the role of battery degradation in charge
scheduling

3.1.1 Motivation

Although in previous work, the charge scheduling models have meaningful
results and important contributions, they all have a key weakness, the neglect of
battery aging. This ignorance leaves completely unaccounted for the huge
operational cost of battery replacement, which can be of the same order of
magnitude as, or even many times, the cost of charging (Pelletier et al., 2018). But
among other EB operation optimization issues, the consideration of battery aging
is showing an increasingly important trend (Du et al,, 2018; Zhang et al., 2021;
Zhang et al., 2020b).

Paper | aims to model and analyze charging schedules of EBs that have access to
chargers at bus stops and terminals in a route interlining context. For operational
decision support, the schedule is supposed to determine when to charge, where
to charge, and how long to charge. With this goal in mind, a mixed-integer linear

programming method is proposed to optimize EB charging schedules with
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minimized energy cost and battery wear costs. The model explicitly accounts for

the TOU rate, peak-to-average ratio, and battery degradation.

3.1.2 Problem description

The aim of this section is to introduce what we refer to as the electric bus charge
scheduling problem (EB-CSP). The description of the parameters and variables

discussed in this section can refer to Appendix A.

The EB-CSP is designed to solve the charge scheduling problem for a bus fleet
which is defined in the set N ={1,...,n,...,|N|} consisting of |[N| EBs, in which
bus n is equipped with a Q,, kWh battery. According to the bus schedule, bus n is
required to visit a total of L,, charging stations, where m,,; denotes the station ID
of the [-th stop of bus n’s schedule, ! = 1, ..., L,,. The arrival time at the [-th stop
of bus n, denoted by a,;, and the departure time, denoted by b,,;, are predefined
parameters. The time resolution in the proposed model is 1 minute. Set T,;; =
{an;, an + 1, ..., by — 1} is introduced to enumerate the available charging time
during the bus dwell time. We assume that the bus will not charge at the first

station, thus a,;; = by;.

Usually, bus stop m is equipped with one charging pile with a charging power of
P, kW, k,, = 1. For terminal stations, k,,, > 1. When all the charging piles are
occupied, the newly arrived bus cannot be connected to the grid. The specific
charging start time will be determined by the charging end time of the buses

occupying the charging piles.

As the scheduling strategy is designed for en-route fast charging, we assume that
the battery is charged at constant current under a linear charging process where
SOC rises linearly with time. The maximum energy that a bus can obtain in this
phase is denoted as E]'?*. For the convenience of modeling, it is assumed that
the initial energy and the maximum allowed energy for batteries are both E}*%*,

for example, 90% of Q,,.

We define a charge event as connecting a charger to a bus and disconnecting it

later. The next section seeks to generate the optimal en-route charging schedules
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in an EB network with minimized charging and battery wear costs while

guaranteeing the PAPR of the grid within an acceptable range.

3.1.3 Method

The following mixed-integer linear programming formulation then represents

the EB-CSP.
minimize Y.er Yies fir - Pir + Lnen ZleRn Agy - v (1.1)

The objective function minimizes the daily charging costs of the bus fleet and the
wear cost. The first term corresponds to the charging costs, where we aggregate
the energy recharged in the battery at time i from group i by introducing variable
®;,. Parameter f;; denotes the energy price of group i at time t. The second term
in the objective function corresponds to the battery wear costs of the bus running
on a predetermined schedule. The variable v;* decides the accumulated unit wear
cost from the departure of (I — 1)-th station to the departure of [-th stations. The
unit wear cost is closely related to the SOC value and will be explained later.
Parameter Ag,, indicates the quantity of energy transferred in the unit interval of

SOC (e.g., ASOC).

max

socyt = En neN (1.2)

Constraint (1.2) defines the initial battery SOC as E;*** /(Q,, when the bus starts to
serve the first station. It is assumed that only the linear charging behavior of the

CC stage is considered, so the maximum energy E;*** of this stage is introduced.

m Pm
eft =~ 2=t nE€N,lER,tETy (1.3)
Qn-Wlann-socl”+Zel’} neN,lER, (1.4)
teTy
Qn - soclty = Q, -soc]* — Fy; neN,le{l,..,L,—1} (1.5)

Constraint (1.3) depicts the energy retrieved from the station m,; in unit time

(e.g, from t tot + 1). Note that the energy recharged in the battery is linear with
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respect to charging time during the constant current charging process. When the
bus is connected to the charging pile, the decision variable x; is set to 1;
otherwise, it is 0. Assume that the chargers installed in the same station are
homogenous. Parameter B, , indicated the charging power of chargers at the

station my,;, N, ,, represents the charging efficiency of chargers at the station m,;.

Constraint (1.4) recurs the battery energy change from bus arrival to the next

departure at [-th station. Y;¢r, , ej; specifies the battery energy increase when it

is charged at [th station of bus n’s schedule.

Constraint (1.5) describes the energy change from bus departure to the next
arrival of bus n. We assume that the SOC only changes when the bus arrives at
the next station instead of changing while driving. Therefore, the real-time
energy consumption between stations is accumulated until reaching the next
stop. The accumulative energy consumption F,,; between the [-th and ({+1)-th
stations is calculated as F,;; = p - 6, - D,;. Parameter 8, indicates the efficiency
coefficient, which is inversely proportional to the road condition. Parameter p

represents the primary energy consumption rate.

soc) = Ef“" neN (1.6)
The boundary condition of battery SOC before beginning the next day’s schedule
is defined in Constraint (1.6). It shows that when bus n arrives at the last station

L,, a charge event is required to ensure that the energy level reaches EJ***.
Q,-socl' =E™M neN,leER, (1.7)
Qn-soc* <E"™* neN,leR, (1.8)

Constraints (1.7) and (1.8) appropriately defined the upper and lower bound of
battery SOC. They ensure that the energy would not exceed the maximum level
after charging and is above the minimum value before charging. The parameter
EM™" represents the minimum remaining energy allowed when not charging bus
n. This parameter determines the battery depth of discharge, which in turn

determines the cycle life of the battery.
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Ynen Xt m mmer, Xt Skm MEM, tE€T (1.9)

Zlg = Xy — X[t neN,leR,te{ay+1,..,by—1} (1.10)
Zia,, = Xla,, n€eN,lER, (1.11)
Dtery, Zit < 1 neN,leER, (1.12)
x;; = {0,1} ne€N,lER,tETy (1.13)
zt = {0,1} n€N,lER,,t €Ty (1.14)

Constraint (1.9) restricts that the sum of charging events carried out at the same
time in the charging station m should be less than the number of chargers
installed in the charging station. Constraint (1.10) and Constraint (1.11) denote
the start time of the charging event. If the bus is being charged at the current
time point and has not been charged at the previous time point, the present time
is considered the charging start time. Constraint (1.12) defines that at most, one
charging event takes place between each arrival and departure to avoid the
infeasible solution caused by constantly moving buses from one charger to
another. Constraint (1.13) determines whether bus n is being charged at station
mon triplat time pointt. Constraint (1.14) indicates whether busn starts
charging at station m on trip [ at time point ¢.

Gy S W Tnax (ELLET (1.15)

D Y el i€LteT (1.16)

1=1,m,€G{,tET

Since ®;; < maxyes tery®Pi¢, Constraint (1.15) introduces the maximum allowed

peak-to-average ratio to restrict the load balance. Parameter W indicates the total
energy charged by the entire bus fleet. Variable ®;, specifies the total charged

energy of group i at the time t, which is calculated in Constraint (1.16).

To incorporate the unit wear cost in our model the decision variable v}* is then

introduced to depict the cumulative unit wear cost between the departure of (I —
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1)-th station and the departure of [-th station. Referring to (Han et al., 2014),

w,, (S0C) can be defined. The accumulated unit wear cost can be formulated as

follows:
soc["; —ASOC soc]' (1.17)
vp = z W, (SOC) + z w, (SOC) L€ R,/{D,
SoC=socy* SOC=soc*+Asoc
neN
Emax 11
(B new (1.18)
Qn

The first term in Constraint (1.17) corresponds to the discharge-related wear
cost between two stations. Since we assume that the discharge process is a linear
function of time, the corresponding SOC-related unit wear costs are sequentially
accumulated until the next stop is reached. It adds up each SOC-related unit wear
cost w,(S0C) in the interval [soc]', Soc]*; — ASOC] with unit interval as ASOC.
The upper limit is set to Soc;* ; — ASOC instead of soc[* ; is because w, (Soc[* ;) is

considered in the second term. In this work, the unit wear cost before departing

Errlnax)
Qn /°

from the first station is defined as v}’ = w, (

3.1.4 Case study
In this section, a numerical study is presented based on the e-bus network

planned by Vasttrafik as shown in Figure 3.1. The detailed input can refer to

Appendix A.
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Figure 3.1: The electrified bus network in Vistra Gétaland (from Zeng et al.,

2022a)

The minimum total amortized daily operational cost for the bus network is

8575.44 USD, which consists of 1092.05 USD energy cost and 7483.39 USD

battery wear cost. The battery aging cost accounts for 87.26% of the total cost

and is 6.85 times the cost of charging, and that’s when we consider the small

battery with a low battery price. Obviously, when larger capacity batteries are

considered, the unit cost of battery wear increases and its share of the total cost

increases further. The PAPR is 1.736, approximately 92.3% of the maximum limit

value. Figure 3.2 shows the battery SOC profile of the 154 buses under the

optimal charge schedule. In general, only 12 out of 154 vehicles reached the

minimum energy threshold of 30% of battery capacity, while 67 buses

maintained their DOD above 0.4.
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Figure 3.2 Battery SOC profile in the optimal charging schedule (from Zeng
etal., 2022a)

The charging start time for each bus is shown in Figure 3.3, where the horizontal
axis is the time index in hours, and the vertical axis is the sequence of stations
visited by the buses. The upper square bar graph depicts the temporal
distribution of charging demand requests over the whole network. Between 7:00
and 8:00 a.m., the demand is higher since there is generally a high frequency of
bus service during the morning rush, resulting in a higher need for charging.
Besides, it is also an excellent opportunity to avoid paying peak electricity rates.
In general, the number of demands in each time slot does not change much,
indicating that the charging demand is evenly dispersed throughout the day. The
bar chart on the right depicts the station sequence distribution of the charging

stations where the vehicles are charged.
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Figure 3.3: Bus charging start time (from Zeng et al., 2022a)

Without introducing PAPR in the model, the total cost is then reduced to 802.87
USD, with a charging cost of 1366.75 USD and a battery wear cost of 6661.94 USD.
The actual PARP increased from 1.736 to 2.035, which may result in lower
stability of the power system. The frequency of charging in the plan increases,
thus reducing the wear cost of the battery. Without considering battery wear in
the objective function, the wear cost increases by 4.2%. However, when the
upper and lower boundaries of SOC are further relaxed, the battery wear cost
increases by 25.6%, which is ten times the charging expenses even with a 10.89%

drop in charging costs.

The numerical studies indicate that battery wear costs are a significant
component of EB operation and maintenance expenses, which are at least six
times the cost of charging under the optimal schedule. In the example study,
small-capacity batteries with low overall cost were employed, and the unit wear
cost would be significantly greater if a larger-capacity fleet was examined.
Furthermore, we discovered that an acceptable upper and lower boundary

setting for the battery SOC greatly reduced the expense of battery wear. This
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might be useful in EB-CSP modeling, where the design of boundaries is required

for charge scheduling.

From a grid perspective, not only does it greatly reduce charging peaks,
spreading charging demand, but it also attempts to balance charging demand
from various groups at different times as much as feasible. Because we do not
enable overnight charging at terminals, the degree of peak shaving is also limited.
Furthermore, the introduction of TOU prices more directly limits fleets from
having reduced charging demands during peak hours, therefore balancing
charging demand in the time dimension. More findings and discussion are

available in Appendix A.

3.2 Robust optimization of en-route charge scheduling

3.2.1 Motivation

In the previous section, we discussed the charge scheduling problem on the
premise that the energy consumption is known and proportional to the distance
traveled, resulting in a deterministic bus charging scheduling problem. In this
section, we still focused on wired charging technologies, intending to consider
energy consumption uncertainty and prevent charging conflicts at the network
scale. The robust plan helps policymakers make informed decisions when
developing policies and incentives aimed at promoting sustainable

transportation solutions and improving operational efficiency.

3.2.2 Deterministic model

Based on the model proposed in Section 3.1.3, we explicitly describe the
relationship between lines and stations in the bus route, allowing the possibility
of articulating timetabled trips with more complex situations, while providing a
detailed description of the energy consumption. In this model, the EB network
can be abstracted with only en-route charging stations, represented by the set M.
Each station is covered by one or more bus lines. The all-day service of one bus

line is divided into multiple timetabled trips R,, = {ly, ...,,{ +1,...lonq}- The
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stations passed by each trip [ are enumerated in Set M; = {m,, .., m,m+
1,...mgpq} in the order of arrival. The assumptions are the same as in Section
3.1.2. The introduction of sets, parameters, and variables used in the

deterministic model can be found in Appendix B.

The deterministic model designs a charging schedule based on TOU electricity
price to find the best time and place to charge the EB fleet. The following MILP

formulation then represents the EB charge scheduling problem.
L 1 y|
minimize Y., ey ZleRn ZmeMn_l ZteTn,l,m Crrrll,t : xrr:l,,: (2.1)

The objective function (2.1) minimizes the charging cost of the bus fleet. We

aggregate the energy recharged in the battery at time t € T from stationm € M
. . . 1 y/ :

by using the decision variable- x, . Parameter c,;, denotes the TOU energy price

for each station.

EMb = EMaX yneN (2.2)

mO:bn,lo,mo

Constraint (2.2) defines the initial battery energy as E;*** when the busn € N

started to serve the first station m, of the first timetable trip [,. Parameter b;_

denotes the departure time at the station m,, on trip [,.

n,l pn,l
P (2.3)
e;}l’,lt = %6—0mx;11’,lt ,Vt € Tyym,Vm € My, ¥l € R, Vn €N

Constraint (2.3) depicts the energy charged from station m in unit time (e.g.,

fromttot+ 1). When the bus is connected to the charging pile, the decision

variable x,’,ll’,lt is set to 1; otherwise, it is 0. Parameter P,;:'l indicates the charging

power of each charger at station m, nﬁ{l represents the charging efficiency of

chargers at station m.
En,l

nl
M,y im = E;Lnax + ZYEAn‘l‘m(ZtETn‘Y e\?},t - Fyn) + ZtET‘n,l,m em,t, (24)

vm € M, /{m,},VI € R,,Vn EN
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E,’;;}anyl,m E* + Yyeanim(Teer, v €4 — FY), (2.5)
me€ M,,/{m¢},VIER,, VR EN

1 2.6
i lg@.é,.l.(vy)zw_(wu we ™) g costl! (2.6)

+ (W + w-pp) - g-sinopt + (W™ + w- i) -

=)

¢ Dy’

1
vy +

,Ym € M, /{menq}, VI € R,V EN

The residual energy when the bus departs from m-th station is calculated in
Constraint (2.4). The energy change is formulated cumulatively in Constraint
(2'4)'ZtETn,l,m e,’%”lt specifies the battery energy increase when it is charged at
station m and Fy indicates the energy consumption between two sequential
stations. Constraint (2.5) recurs the energy level change from its first departure

to the arrival at m-th station along the [-th trip. The energy consumption F,Z‘l

between two stations is calculated in Constraint (2.6).

Enty < EM% Ym € My, V1€ Ry, ¥n €N (2.7)
Emanm = EM™ VYm € My, VI € Ry,Vn €N (2.8)

Constraints (2.7) and (2.8) defined the upper and lower bound of battery energy.

Ynen Lier, X mt <k, meMteT (2.9)

Ymem¥my <1 nENIER,tETm (2.10)
>l —x . mEMy,l€RLNEN,tETyym/{anim) (2.11)

errl{,lan,l,m = x,’,ll’,lan’l’m meM,,lER, nEN (2.12)
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SeerimZme S1  MEMy,lER,NEN (2.13)
xpl =1{0,1) mE My, l €Ry,nEN,t € Tyym (2.14)
zy', = {0,1} m € My,;,l €Ry,nEN,t €Ty (2.15)

Constraint (2.9) restricts that the sum of charging events carried out at the same
time at m-th station should be less than the number of chargers k,, installed in
the charging station. Constraint (2.10) forces each bus to use only one charger
per time unit. Constraints (2.11-2.12) denote the start time of the charging event.
If the bus is being charged at the current time point and it has not been charged
at the previous one, the present time is defined as the charging start time.
Constraint (2.13) defines that, at most, one charging event takes place between
each arrival and departure. Constraint (2.14) determines whether bus n is being
charged at m-th station on [-th trip at time point t. Constraint (2.15) indicates

whether bus n starts charging m-th station on [-th trip at time point t.

3.2.3 Robust optimization model

The energy consumption parameter F,:f‘l in the robust model is expected to be
uncertain. This uncertainty parameter is constrained by lower and upper bounds
in interval sets. To restrict the total number of uncertain parameters, a budgeted
uncertainty set is implemented. The introduction of symbols that are utilized in

the robust reformulation can be found in Appendix B.

In this section, F,;l’l =a F,::’l is introduced to represent the energy consumption

deviation, where F,;l’l denotes the nominal values and 0 < a < 1. We further
introduce the positive deviation ¢,y and the negative deviation ¢,y to rearrange

Constraints (2.4-2.5).

ZYEAn'l'm(ZtETn,y e{(l,t - F_{(l - (f;,Y - Scﬁ,v) ) F\\?) + Ztern,l,m errrl{,lt <0 (2.16)

vm € M, /{m,},VI ER,,Vn EN
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Sveanim(Teerny €t — Ff — (Giy — &ny) - Fy) = ERin — Efnax
(2.17)
vm € M, /{my},Vl € R,,Vn €N

However, Constraints (2.16-2.17) contain an unlimited number of constraints
and the finite number of variables due to uncertainty parameters ¢,y and ¢y,

making them unsolvable.

For Constraint (2.16), we have the robust counterpart deviation:

(ZYEAnvlvm(ZtETy ey — F_\?) + ZteTnlm e:,ll’lt) + (Fn,l,m “Upim + (2.18)

Yveartm(Viimy + Viimy)) <0 Ym € M, /{mo} VI€ R, Vn€N

Unim + Vitimy = — F¢ vm € M;,Vl € R,,¥Vn € N,Y € A™t™ (2.19)
Unim + Viimy = F} vm € M,,Vl € R,,Vn € N,Y € A™'™ (2.20)
Unim Viaimy Vpimy =0 Vm € M;,VI € R,,Vn € N,Y € A™™ (2.21)

Similarly, we can convert the Constraint (2.17) to its robust counterpart

deviation:

(Guim * Unim + Zyeanim(V mimy tV, le))"‘Emm Epa —

ZYEAn'l'm(ZtETy ey, — F\?) <0Vme€M,,;/{my},VIER,,VN EN (2.22)
Unim + Viomy = EY Vm € My, VI € R, Vn € N,Y € Anbm (2.23)
Unim + Viimy = — EF' Vm € M, VI € Ry, Vn € N,Y € Andm (2.24)
Un, Vi imy Vaimy =20 meM,VIER, Vn € N,Y € A™™ (2.25)

3.2.4 Results

Deterministic model results

The deterministic model consists of 175,924 binary variables and 336,150 single

variables. The execution time is 24.5 seconds with no optimality gap. The optimal
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result shows that to maintain the daily operation of 154 EBs, the minimal
charging cost is 3194.48 USD per day. The fleet receives a total of 26014.5 kWh of
energy from the grid per day, with an average of 168.93 kWh per vehicle with a
daily GHG emission of 30987.86 kg-CO2e. Figure 3.4 depicts the occupancy of
each charging station. It indicates that terminal charging becomes the most
dominant charging option. Although some intermediate stations are low in
utilization, these charging opportunities ensure that the battery’s SOC does not
go below 30% to shorten the depth of discharge and further extend the battery’s
state of health.
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Figure 3.4: Charging station occupancy in time

Fig. 3.5 illustrates the distribution of bus charging demand and its Kernel density
estimation. It can be observed that, of the 154 buses, 52 needed to be recharged
above their battery capacity. Furthermore, 34 EBs do not require charging and
are assured of returning to the depot with a battery level of more than 30%. This

also explains why a few charging stations in Figure 3.4 have no occupants.
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Figure 3.5: Daily charging demand distribution of the deterministic model
RO model results

The RO model consists of 175,924 binary variables and 792,886 single variables.
The execution time is 42.54 seconds with no optimality gap. The optimal result
shows that to maintain the daily operation of 154 EBs, the minimal charging cost
is 3372.05 USD per day, with a 5.57% increase compared with the deterministic
model. The fleet receives a total of 27141.75 kWh of energy from the grid per day,
with an average of 176.25 kWh per vehicle. The estimated daily GHG emission is
32330.61 kg-COZ2e. In terms of the average price per unit of energy spent on
electricity, there is a 0.9% increase. Figure 3.6 illustrates the distribution of bus
charging demand and its Kernel density estimation. Comparing with Figure 3.5,
we find that the general trend is broadly consistent, with the number of vehicles
with greater charging demand than battery capacity increasing by 1 unit and

those with no charging demand decreasing by 2 units.
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Figure 3.6: Daily charging demand distribution of RO model

To understand the behaviour of the EB system in response to different battery
capacities, fleet compositions, and DODs, a sensitivity analysis is conducted.
Based on the results, we conclude that, first, systems with larger batteries tend to
request less en-route energy replenishment than systems with smaller ones.
However, even if the battery capacity is large enough, it relies on opportunity
charging to keep the energy level above the minimum allowable value. Second, a
mixed fleet, i.e., assigning different battery capacities to different roads, is more
cost-effective and can further improve the utilization of charging infrastructure.
The advantages of a heterogeneous fleet will be more apparent if the battery size
and charging schedule can be optimized in an integrated way. Third, reasonable
charge/discharge limits will assist extend the cycle life of the battery. A battery
under a [0%,100%] complete charge/discharge plan will last half as long as
under a [30%,90%] plan. Setting strong DOD limitations in charge scheduling is
therefore useful for controlling system maintenance costs, particularly when

pack prices are still high.

In general, a robust electric bus charging schedule can improve the accessibility
of public transportation by ensuring that electric buses can operate at full
capacity, without any significant interruptions due to battery depletion. By
providing reliable and frequent service, a robust electric bus charging schedule
can also enhance the efficiency of public transportation systems by minimizing

downtime and ensuring optimal performance of electric buses. A strong electric
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bus charging schedule may be supported by transportation policy via investing in
electric public transportation infrastructure, such as charging stations and
battery technology, and ensuring that they are situated in convenient and
accessible areas for electric bus operators. Furthermore, policymakers should
emphasize electric public transportation adoption in transportation planning and
financing, as well as promote research and development in new technologies that
can increase the performance and efficiency of electric buses. More findings and

discussion are available in Appendix B.
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CHAPTER 4 Life cycle cost analysis

4.1 Motivation

When evaluating the operational performance of EBs, the majority of previous
studies were limited to one aspect, such as ownership costs or charging charges,
and failed to provide a more comprehensive framework. Further consideration of
lifecycle emissions would be of great benefit both in terms of evaluating the
potential of e-mobility systems for carbon neutrality and in finding insights to
specify the path for further improvement. Besides, previous studies for en-route
charging mainly focused on the strategic level when locating the bus chargers
instead of incorporating the operational level by considering bus scheduling. This
poses difficulties for operating EBs under large-scale networks. In this context, a
consolidated optimization model is proposed in this work to evaluate the en-
route charging station deployment, battery sizing, and bus scheduling problem

under a life cycle cost (LCC) analysis framework.

4.2 Problem description

The suggested LCC analysis framework aims to assess the performance of the
electric bus transit system from the economic and environmental aspects. Figure.
4.1 provides the evaluation framework that outputs the bus fleet composition,

the deployment of charging stations, and the bus schedule. The objective function
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is set as the annual equivalent LCC (with interest rate). It includes the
infrastructure ownership fee, external cost of emissions, operational cost of
charging, maintenance cost of battery changes, and other repairing work. The
inputs consist of the bus lines (red lines) and related service trips based on the
pre-defined timetable (grey and blue blocks in step 3), the dwell time at each
stop, and a set of available battery capacities (e.g., 50 kWh, 100 kWh, 150 kWh).
Under this evaluation criteria, the first step is to size the battery for each line to
ensure that the battery of a bus is sufficient to serve the line. The second step is
to set up charging stations by setting constraints. Constraints are for managing
the battery SOC range, ensuring that, when the battery is approaching the
minimum allowed SOC, a charger is installed at the next stop. For the bus
scheduling part, the available route choices after finishing each service trip are
provided, referring to time constraints and bus type compatibility constraints
determining the availability of connections between two trips. Thus, when the
bus arrives at the destination, the current trip of line 16 (8:00-8:40) is completed,
and the block is marked in gray. Then, the bus scheduling process starts where

alternatives are chosen based on a certain criterion, such as deadhead distance.
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Figure 4.1: Overview of the life cycle optimization model (from Zeng et al.,

2022b)

4.3 Consolidated optimization model

The model features will be detailed in the following sections: (1) life cycle cost
and (2) constraints. Different from sequential optimization problems, the
integrated model makes the variables that restrict each other between the sub-
problems. The description of the sets, parameters, and variables discussed in this

section are illustrated in Appendix C.
Life cycle cost

In this section, we describe the formulation of the objective function, which
calculates the annual equivalent life cycle cost of an electric transit system from

production to elimination.
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min CEAC = COWN + CEM + COM (41)

The objective function defined in Constraint (4.1) aims at minimizing the sum of
the infrastructure ownership cost Cyyy, the external cost of emissions Cgy,, and

annual operational and maintenance cost Cyy,.

Cown = (Zpep Yvev, (Couc+Chac = Chas) " Oy + Ties Cens 'xi) : $ (4.2)
Cem = Lvev(airr + apr +ag,) - § -n-DIS, ﬁ (4.3)
Com = (ZpEP (Zvevp CgUM 9, +u-n-b,DIS, + C¥sr "Uv) + (4.4)

14
Yies Cesm xi) -+

(4.5)

_ n-DISy by
Wy = —1/0.6844 VvevV

1-S0C,,;
(T;Tn) "qy'(S0Cmax—SO0Cmin)

Constraint (4.2) calculates the annual equivalent infrastructure ownership cost.
It consists of two parts: the capital cost for buses and that for the charging
stations. The first part of Constraint (4.2) equals the cost of battery and bus
purchases minus the residual value of the batteries. The decision variable 9,
indicates whether bus v is in use, which is the key object for optimizing bus
schedules, as shown in Constraint (4.15). The second part sums up the cost of
installing chargers at bus stops. Constraint (4.3) is for calculating the annual
equivalent life cycle emissions from well-to-tank (WTT), glider, and powertrain
based on yearly travel distance DIS,, which is calculated in Constraint (4.20).
After that, a monetary scalar ¢ is designed to convert the emissions into external
cost. The annual operation and maintenance costs in Constraint (4.4) include
four components: bus maintenance expenses, fleet charging costs, battery
replacement costs, and station maintenance costs. The frequency of battery
change for bus v within the entire life cycle is calculated in Constraint (4.5),

based on a calibrated fatigue model.
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Constraints

We then illustrate the formulation for battery sizing (e.g., Constraints (4.6—4.8,
4.14)), charger deployment (e.g., Constraints (4.9—4.13)), and bus scheduling
(e.g., Constraints (4.15—4.20)). We then reformulate the problem as a set
covering model as shown in Appendix C. Following the convention of daily

operations, we assume that the bus will be fully charged before it departs from

¢{+1=¢{+0-d£i+1—8-%-xi Vi€ S,Vr €R (4.6)
B-Qy-yy = max ¢i Vi € S,Vr €R 4.7
“Qp Yy = i €S, Vr
PEP p"p SO0Cnax —S0Cpmin
YperYp =1 Vr €R (4.8)
€1 =€ —Xpep By dij1 Yy € :_io " Xi VieS,Vr eR (4.9)
T ,
ef + 5 x; — Spep By diss - Vg = SOCoin - Sper Q- vy Vi€ S,vrer (410
e] <S0Cmax* Xper Qp " Vp Vi € S,Vr €R (4.11)
er (4.12)
SOC] =—+——  Vi€eSVreR
ZpeP Qp “Vp
x; € {0,1} VieSsS (4.13)
vy €1{0,1} Vp € P,Vr € R (4.14)

the depot and set SOC to SOC,,,, at the beginning of the day.

Constraint(4.6) calculates the estimated energy storage requirement for a bus to
serve station i + 1 with the maximum energy consumption rate 6. The parameter
0 refers to the maximum energy consumption per unit among all available bus
types. When a charger is provided, this requirement decreases by ¢ - T where ¢
is the charging power and T/ is the bus dwell time minus the charger connecting

time. Constraint (4.7) determines the battery sizing from an inventory P. The
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battery applicability level § indicates the percentage of battery capacity after
degradation, the degraded battery capacity f - @, should be applicable to the bus
route. Constraint (4.8) further ensures that one bus type should be assigned to
each line. Constraint (4.9) calculates the energy left when a bus arrives at stop
i + 1, with an updated energy consumption rate B, and charging station layout x;.
To keep the battery’s SOCin the optimal range, we set Constraint (4.10) to
constrain the remaining energy such that, when a bus leaves stop i, it is larger
than the summation of the traveling consumption between two adjacent stops
and the lowest allowed energy level. Constraint (4.11) defines the upper bound
of the battery energy, which should not exceed the maximum allowed SOC times
the battery capacity. Constraint (4.12) calculates the battery SOC when the bus
arrives at stop i of line r. Two decision variables for charging station layout and
battery sizing to the route are defined in Constraints (4.13—4.14) respectively.
Constraint (4.13) introduces the binary decision variable x;, representing
whether stop i is a charging station. Constraint (4.14) defines the binary decision

variable y; indicating the battery sizing for line r.

To further manage the heterogeneous bus fleet, we formulate an integer network
flow sub-model [P1] based on a node-arc framework, which decides the bus fleet
size Y.,ey 9, and further decides the value of Cy,y and Cyy, in Constraints (4.2)
and (4.4) respectively. To facilitate the use of algorithms to solve this problem,

we describe the following sub-model as [P1].

Bus scheduling sub-model [P1]

min Yyey Uy = Min Ypey XLnec Zon (4.15)
Subject to:

Yvev, Xnec, Zon = Yp Vp € P,Vr €R (4.16)

Yiheln (¢p) Zhg = 2heOut (9,p) Zoh Vv e, VpEPVgEG (4.17)

ZpEP Zvevp ZheOut(g,p) Z_Z,’h =1 VgeG (4.18)
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Zgp € {0,1} Vv EeV,Vg €EG,VhEG (4.19)

The objective function described in Constraint (4.15) does not exist
independently but is the specific description of )., 9, in Constraint (4.2)
representing that minimizing the bus fleet equals minimizing the number of

buses departing from the depot.

Constraint (4.16) depicts the relation between variables y,; and zg),. It ensures
that when the bus type p is assigned to line r, there should be one bus v of this
bus type to serve the trips running on line r. Constraint (4.17) ensures the
conservation of bus flow. Constraint (18) represents that there must be exactly
one bus serving every trip node. Constraint (19) defines a binary decision

variable zg,. When it equals 1, the bus v serves trips g and h sequentially, and

otherwise, it is set to 0. Note that z;, records the daily service route of bus v,

4.4 Case study

All instances in this section are implemented in the General Algebraic Modeling
System (GAMS) 25.1.3 and were solved with CPLEX 12.0 on a Dell laptop with a
1.9 GHz Intel Core i7 CPU and 8 GB running on Windows 10.

Existing Electrified Bus Line Optimization

This scenario is designed for optimizing the existing electrified bus line in
Gothenburg (Line 55), which is the first venture of Volvo Buses for the purpose of
developing, demonstrating, and evaluating next-generation sustainable public

transport.

The current operational strategy is shown in Figure 4.2(a). It depicts an existing
electrified line 55 with a distance of about 7.6 km. This line is equipped with two
terminal charging stations. The bus schedules have been served by 10 pure EBs
with 200 kWh battery capacity. The operational data is provided by Vasttrafik.
The proposed optimal solution is illustrated in Figure 4.2(b). In contrast to the

current plan, the charger deployment is considered separately for each direction
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in this scenario, with two chargers provided for outgoing trips (blue circle) and
two for returning trips (purple circle). The increase in the number of chargers is
caused by the compensation of downsizing in battery capacity. The bus fleet size
in the proposed plan reduces from 10 to 7, and the battery capacity reduces from

200 kWh to 30 kWh. In keeping with current operating conditions (Volvo 7900).

/\

Outgoing trip charger

O Terminal station charger Returning trip charger

Bus fl2et: 10 Bus fleet: 7
Battery capacity: 200kWh Battery capacity: 30 kWh
(a) The current plan (b) The optimized plan

Figure 4.2: Operational strategies of existing setting and optimized plan

Figure 4.3(a) describes the breakdown of the annual equivalent LCC, which
reveals the improvement delivered by the proposed plan. In the battery sizing
module, a suitable battery capacity (30 kWh) is allocated for the short line (7.6
km). We find that the 30 kWh of battery capacity is sufficient to support a single
trip operation under the optimal charging station configuration. More specifically,
the annual equivalent LCC decreases by 1.96 million SEK, achieving a 30.4%
reduction in comparison to the current plan. The individual measures, namely,
the ownership cost, emission, and operational maintenance, are reduced by 1.8,
0.13, and 0.03 million SEK, respectively, with the external cost of emissions
falling to around half that in the current plan. Figure 4.3(b) compares the
optimized breakdown of annual equivalent life cycle emissions with the real-
world operating plan. The results indicate that the annual emissions reduction in
the glider, powertrain, and WTT stages is 16.28, 28.51, and 9.04 tCO2e,
respectively, with the highest mitigation level in the powertrain, achieving an 86%

reduction through a lower-capacity battery.
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Figure 4.3: Performance of the current and proposed plans (from Zeng et al.,

2022b)

Future Multi-line Planning

This scenario focuses on a near-future electrified bus line planning, with one
existing electrified line and one planned line. For more information regarding the
characteristics of the two lines, including the length, travel time, serving time,

number of trips, and number of stops please refer to appendix C.

Figure 4.4 shows the optimal charger deployment for this network, with the
existing line in solid black and the planned line in dashed brown. The battery
sizing module assigns buses with 30 kWh battery capacity to both lines. The
charger deployment module selects eight stops as charging stations from the

available station set.
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shared charger
Returning trip
charger

Figure 4.4: Optimal charger deployment for multi-line bus service (from

Zeng et al., 2022b)

By analyzing the bus schedule, we can see that the strategy of sharing lines is
advantageous because of the increased trip coverage of a bus when a tolerable
bus deadhead mileage is allowed. The bus with the smallest number of trips has
the longest deadheading distance. The average operational time is around 15 h
per bus, while the longest is 24 h for the planned line. The average deadhead
length is around 12 km, while the longest is 50 km when a bus travels between

two lines or serves a single direction for one line.

To further evaluate the performance, the breakdown of the annual equivalent
LCC. Same as the conclusion in the previous section, the investment in the
ownership of infrastructures accounts for the largest share, at 62.5%. This is
followed by the cost of operation and maintenance, namely the battery changes
and energy consumption, accounting for 36.9%. Green electricity production in
Sweden makes the external cost of emissions much lower than the other costs by
only 0.56% of the total LCC. The emissions delivered by the glider, powertrain,
and WTT elements are less than 200 tCOZ2e per year. Note that the emissions of
WTT, powertrain, and glider in the network-scale electric bus system have a
consistent pattern with the single line scenario, the glider accounts for the largest

share, followed by WTT and finally powertrain.
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To sum up, in this work, a novel optimization approach is proposed to
consolidate the charging station deployment, battery sizing, and bus scheduling
problem. An LCC analysis framework is introduced to evaluate the performance
of the electrification infrastructure investment decisions. To make the problem
tractable with a low computational burden, the tailored branch-and-price
algorithm is suggested. The assessment results show that the integration of the
planning and operational layers dramatically reduces the LCC. By comparing
actual operations, and optimization results for one line and multi-line, it is large-
scale road networks will tend to rely more on efficient daily operation strategies.
The proposed method offers a wide range of applications due to the joint
consideration of the strategic and operational layers. It is suitable for existing

plan evaluation and adjustment and feasibility analysis of future planning as well.
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CHAPTER S5 New charging solutions:
V2V charging

The range anxiety of EBs is now being tackled by 1) high energy density and 2) the

opportunity for fast charging. We are optimistic about battery technology, but the

current experiments are still a long way from becoming commercially viable. Besides,

the author argues that the utilization of the pricey charging station/lane will

unexpectedly low. With two terminal chargers available for energy replenishment, the

be

author approximated the daily charging requirement for sixteen EBs on the fully

electrified bus line 16 in Gothenburg, Sweden. The result in Figure 5.1(a) indicates that

the average daily occupancy was 10.3%, with Terminals 1 and 2 seeing 10% and 10.76%,

respectively.

The motivation for this work is the unsolved problems of existing strategies, such
insufficiency and underutilization of chargers. As shown in Figure 5.1, we propose thr

charging technologies that outlook the global trend to grapple with the problems.

as
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Figure 5.1: EB system shortcomings and solutions (from Zeng et al., 2023)

(A) Low usage of terminal chargers for bus line 16 in Gothenburg, Sweden. Note that the
energy demands between time points t and t+1 are aggregated in time point t+1. (B)

Three charging strategies for future EB system

5.1 Vehicle-to-vehicle wireless charging

Vehicle-to-vehicle (V2V) charging allows buses to recharge each other. This technology
expands the transport network into two interdependent dimensions, the flow of vehicles
and the flow of energy. When a safe distance for energy transmission between EBs is
established, energy transfer is feasible in a dynamic wireless V2V charging system. Since
the energy source is always entering the network and sustaining the energy transfer, in
an ideal system, no EB on the road network would experience mileage anxiety. When
one EB is ready to finish the last timetabled trip, it distributes the leftover energy as far
as possible around the road network while reserving a little amount of power for getting
to the depot. This strategy, in theory, maximizes energy efficiency, provided that
transmission losses are insignificant. However, due to the added dimension of energy

flow, the complexity of the system operations becomes substantially increased.

Technically, the magnetic resonant coupling wireless power transmission technique is a
potential option for V2V charging due to its high-power transfer efficiency and long
transmission distance. The transmitter and receiver coils are embedded in the front and
back of the EB, respectively. With this approach, power is wirelessly delivered with high
efficiency across large air gaps. Efficiencies are estimated to be above 90% when the
distance is smaller than one meter at a standstill (Kurs et al.,, 2007). However, a long-

distance energy transfer with dynamic lateral shifts is a game-changer. Assuming a
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distance of 5-8 meters between two EBs (one-second headway), the predicted power
efficiency is next to none(Imura and Hori, 2011). To stimulate the development, the
challenge would be: 1) meeting safety regulations (e.g., IEEE safety criteria for broad
public exposure, and 2) maintaining effective power transfer under dynamic high-power

requirements.

Given this, we believe that V2V wireless transmission will be appealing when power
efficiency reaches roughly 45% (Kurs et al,, 2007), i.e, slightly below the average value

for dynamic charging lanes.

5.2 Mobile charging vehicle

Mobile charging vehicles (MCVs) are designed to deliver energy across a local grid via
bidirectional chargers and then distribute it to EBs via a specialized aggregator. The
aggregator oversees the interaction of MCV and EB, as well as the communication with
the grid for energy replenishment. We speculate that an MCV may be wired for energy
transfer and connected to the target EB, drawing inspiration from the architecture of the

modular bus.

According to this technology, the bus charging station changes from being fixed to active,
with MCVs following the EB on a timetabled trip and replenishing it with sufficient
energy during the journey. As a result, buses will be freed from reliance on fixed
charging locations; instead, all charging tasks could be completed en route. Besides,
MCVs can also provide charging services at night if the schedule is more intensive than
the fleet size of the MCV. Thus, the original EB charge scheduling problem is transformed
into an MCV routing problem and an MCV charging problem.

In general, the cost of MCV energy supply is determined by the total battery degradation
costs, electricity prices, energy delivery expenses, and the value of time savings. Taking
the example of line 16 in Gothenburg city, we consider a typical EB with a 200kWh
battery capacity serving 10 timetabled trips running back and forth with an average
energy usage of 22.12 kWh per trip. With the MCV providing an output of 400kW and
carrying a 700kWh high-power battery to charge the EB, we conclude that this approach
would hardly be profitable unless the energy delivery cost for one EB is less than $0.63
when we exclude the $221.2 from the battery wear. Reduced output power makes this
technique more cost-effective and lowers MCV development expenses but results in a

considerable rise in the demand ratio between MCVs and EBs. In addition, the results
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show that the charging efficiency is set to 95%, which is currently only suitable for the
lower output such as 2-level chargers (e.g., 6.6 kW). The calculation details are

illustrated in Appendix.

5.3 Portable charging devices

The portable charging device (PCD) further reduces the dependence on energy
replenishment from other vehicles. It can be seen as a backup battery with sufficient
energy to power an EB for at least one timetabled trip. Large interchange stations,
therefore, are set up as ‘battery banks’ in this system, where EBs with charging needs
arrive and are connected to one or more PCD(s), which are then unloaded to the next en-

route ‘battery banks’ when the PCD battery is depleted.

Weight, energy transfer efficiency, ownership cost, and lifespan of PCD are all key factors
to consider. To avoid putting an extra burden on the EB, the PCD may be designed in the
shape of a trailer, moving with the EB rather than being attached to the body. PCD differs
from MCV in that it cannot be actively suspended on or disengaged from the EB, and it
usually has a smaller battery aimed at serving one EB. On the other hand, this technique
requires little initial outlay and is adaptable to several uses. PCD is therefore seen as the
measure that can be commercialized the fastest for the EB system. There are already
commercially viable applications aimed at light-duty electric vehicles that provide an
emergency rescue service, and the battery capacity ranges from 3 kWh to 8 kWh with an

efficiency of up to 85%(Memari et al., 2020).

It is worth noting, however, that the energy density of PCDs will still not push the
technical limits of Li-ion batteries. Although neither the price nor the capacity of the PCD
can be broken in a short amount of time, it is possible to add and remove tiny batteries
for continuous energy delivery in the early stages. This concept can therefore be
employed as a temporary rather than a long-term fix until high-capacity batteries are

developed.
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CHAPTER 6 New solutions for
operational efficiency: mixed flow

6.1 Motivation

The important urban function of the EB is commuter service which has an
asymmetric passenger flow (Kraus et al.,, 1976). When focusing on urban-rural
regions, traffic is considerable heavier toward than away from the urban district
during the morning peak, and this phenomenon is reversed during the afternoon
peak. This results in a high directional disequilibrium factor, which poses a
challenge for traffic planning (White, 2016). But even if operational efficiency can
be improved, the nature of commuting is doomed to imbalances. The high urban-
rural operating costs, along with low and moderate bus fares, place a significant

strain on bus revenue.

The mobility and logistics across urban-rural regions confront comparable
challenges: limited transportation resources and sparse demand. Bus networks
connect numerous stations in rural regions to metropolitan hubs while
presenting extreme asymmetry in passenger flow. If the spare capacity of public
transit is implemented to carry freight for short-haul operations, the loss of
empty trips can be offset by the profitability of transporting goods. For logistics,

this approach promotes the accessibility and robustness of shipments. Not only
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does it reach remote rural areas, but it also rationalizes the parcel delivery time

through the bus schedule, which dramatically improves the service level.

In this work, a practical business mode is provided for mixed passenger and
freight flow based on the current public transit network. First, a standard is set
when mixed traffic is permitted. For public transportation, a hybrid of planned
and on-demand techniques is recommended, with scheduled timetables in high-
traffic directions and on-demand services in low-traffic ones. Only low-traffic
direction is assumed to be utilized for parcel delivery. To flexibly schedule the
bus, EB is allowed to deadhead to the cargo distribution center for loading before
returning to the origin to service the pre-booked passengers. Based on such a
novel transportation mode, a reliable scheduling method is designed to optimize
the electric bus schedules and charging plans with minimized operational costs

while avoiding transportation interruptions due to energy shortages.

6.2 Problem description

In this section, we define the mixed-flow rural-urban transit (MFURT) problem.

Notations mentioned in this section are summarized in Appendix E.

The MFURT problem is defined at the operational level and proposes to optimize
EB scheduling and charging schedules. In this problem, bus timetables, bus fleet
size, charger deployment, and passenger and cargo demand are the input
conditions (Barabino, 2009). Figure 6.1 presents an exemplary MFURT service.
We consider an MFURT network of two distribution centers with several
charging piles, one bus route, and a collection of passengers and goods. EBs in
this system offer passengers a scheduled service with predefined departure and
arrival times (e.g., 7:00 and 7:50) during peak hours in one direction and on-
demand service in the other due to passenger flow asymmetry. We are targeting
low-frequency bus routes with departure intervals of up to one hour. Freight
transport is only allowed to use vehicle resources in that direction where
passengers are scarce. Before being transferred (e.g., from urban to rural area),
we assume that all progressing products are gathered and stored at the

distribution center. When the EB has completed a scheduled timetable trip, it
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might deadhead to the nearest distribution center to load multiple palettes or
sets of parcels, and the time window for cargo picking up is relatively generous
(e.g., 8:00-12:00). During the loading/unloading process, EBs have access to the
chargers to refill their energy consumption. When the unloading is complete, the

bus returns to the terminal to serve the next scheduled trip.

7.00 7:50

(=R RI=R=R{=] et R

_,_,/'4 Pick-up
= | Drop-off [8:00,12:00

Pick-up

Distributionfp . : 3
center £ 2‘ LT} Droip:ff [8:20 %:0] L A)“\;\/ center

Figure 6.1: Graphical representation of the MFURT system (from Zeng et al.,
2022¢)

A three-dimensional network is then presented to represent the problem. The
six-node physical network is first constructed in Figure 6.2(a). For the on-
scheduled timetable trip, only the terminals (node 1 and node 2) remain, and the
demand is concentrated on terminals, as the travel times and stop patterns are
fixed in this mode of operation. The network is further extended, where each
requesting node for pick-up or delivery is expanded to include three nodes. The
main node i stands for the physical node. Similar to (Liu et al, 2018a), two
dummy nodes i’ and i” are introduced to denote the starting and ending of each
service, respectively. The time duration for each service is denoted by the link
between dummy nodes i’ and i”. For distribution centers (nodes 3 and 4), the bus
charging time is predefined and is included in this service duration time. When a
bus is planned to cover the request, the arc between i’ and i” must be visited for

both pick-up and drop-off.

A standard time-discretized space-time network can be constructed through the
procedure proposed in the papers with a minimum feasible space-time prism
(Liu et al.,, 2018a; Tong et al., 2015; Yang et al,, 2022). Figure 6.2(b) shows the
corresponding spatial and temporal variations in battery state-of-charge to

demonstrate both the state transition and bus route in the space-time-state
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network for a round trip. The bus, according to the timetable, travels from the
starting point at 7:00 and picks up 40 people via the arc (2’,2”) with a fully
charged battery. It arrives at the last stop after 50 minutes and passes through
(3, 3”) for passenger alighting. The bus then deadheads to the urban distribution
center with a SOC of 70% and is loaded and recharged for 15 minutes by an arc
(4’,4”). The bus left station 4 with SOC at 80%. Based on the on-demand
passenger request and their preferred time window, the bus arrives at the
passenger pick-up point 5 at 8:30 and takes these two passengers to drop-off
point 6 at 8:55 after waiting for 2 mins. To finish the unloading operation, the bus
arrives at the rural distribution center at 9:20 and completes 15-minute
unloading and charging activities through arcs (1’,1”), with the SOC climbing

from 50% to 70% before returning to station 2.

7:00 J4+40 7:50 JR-40

[8:00,12:00] [8:00,12:00]

© Distribution center — Pick-up arc F Passenger pic-kup request
O Bus terminal Drop-offarc 3 Passenger drop-off request
$3Package pick-up request

O Bus stop for on-demand passenger —— i
P P 9 Transportation arc & Package drop-off request

(a) The physical and modified transportation network
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100 T —

60

Distribution center
@ Busterminal
,,,,,,, © On-demand bus stop
—> Transport arc

= Pick-up arc

—> Dropoffarc

> Y Waiting arc
771727374758 818.28384859.19.29.39.495 “Time Time window

(b) Mlustrative bus schedule for a round trip

Figure 6.2: A toy example of the time-space-state network (from Zeng et al.,

2022c)

6.3 Method

The optimization model for the MFURT network is presented in this section,

which aims to optimize bus schedules, ensure passenger and cargo services and

arrange the charging events for the electric bus fleet so as to minimize the total

operational cost.
Primal problem:

Objective function,

k k

Cijet'ss'Xijet!ss

minimize
ke(KUK*) (i,jt,t's,s"eA

Subiject to,

(1) Flow balance constraint for each bus k:

(6.1)
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k _ * 6.2
xC e =1 Vke(KUK?) (6.2)
(on.jtkt' sks"ea
k _ . (6.3)
xi’j’t’t/’s’sr = 1, vk € (K UK )
(i.dpt.thssk)ea
k _ k 6.4
Xijtt'ss = Xjit ts's (64
i,t,s:(i,j,tt',s,s)EA i,t,s:(i,j,t,t',s,s)eEA

vk € (KUK, V(j,t,s") & {(o tk, sk), (dy, t5, sk)}
(2) Pick-up and delivery coupling constraint for each bus k and each request r:

X K (6.5)

Xijetss = Xijetss'

(i,jt,t's,s")eP, (i,j.t,t"s,s"eD,

vke (KUK*),Vr €R

(3) Mandatory visiting constraint for pick-up of request r:

xk =1, Vr € R (6.6)

ijtt'ss’
ke(KUK*) (i,jt,t's,s"eP,

(4) Capacity limitation for each bus:

ijtt'ss  Xijtt'ss' =
reR (i,jt,t's,s")E{P,UD,}

vke (KUK™")

(5) Binary decision variable:
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xfj,t,t’,s,s’ €{0,1} (6.8)
The objective function in Constraint (1) is designed to minimize the total costs of
all types of selected arcs, including travel costs, waiting expenses, and service
revenue. Constraints (2-4) are the standard vehicle-based traffic balance
constraints with a given initial departure state (o,tX,s¥) and end-of-service
state (dy, t¥, sk) for each vehicle. The possible traveling arcs are enumerated in
the space-time-state arc sets A with proper SOC limitation and specification of
the flow direction. Constraint (5) ensures that each demand r containing both
pick-up and delivery needs to be served by the same vehicle within a given time
window. Constraint (6) indicates that the pick-up and delivery arcs for each
demand should be visited by exactly one bus. Constraint (7) ensures that the

k

it ss! defined in

capacity limitation is respected. The decision variable x
Constraint (8) is a binary variable indicating whether the arc (i, j,t,t',s,s’) is
selected in the 3D route of bus k. Finally, our proposed model is a 0-1 integer

linear programming model, which can be solved directly in a commercial solver.

The 3D structure of the decision variable would raise the computational
complexity, which should be properly addressed by dedicated procedures and
innovative solution frameworks. Next, the prime model is related by relaxing the
Constraints (5-7) with two lagrangian multipliers A, and A, in the objective
function to reduce the number of constraints in the primal problem. Let

parameter a represents the link (i, j, ¢, t',s,s").
Lagrangian dual problem:

Objective function,

Z = Z Z ekxk — ZL (6.9)

ke(KUK*) aeA TER

where,

71



Towards electric bus system: planning, operating and evaluating

ck+ Aer + 2 (i,j,t,t',s,s") €P.
e =14 ck—Qr (i,j,t,t',s,s") €D,
ck, otherwise

Subiject to,
Constraints (6.2)— (6.4) and Constraint (6.7)
Solving Algorithm

The LR-based Algorithm 1 is presented as the main algorithm. The optimum
value generated by the Lagrangian dual problem can be seen as the lower bound
to the primal problem. This strategy calls algorithm 2 and updates the arc cost é¥.
By calculating the path cost for each vehicle, the solution is generated. If the
optimal solution of the Lagrangian dual problem is feasible for the primal
problem, we have certainly got the optimal solution for the primal problem. If
this is not the case, we use a heuristic to determine an upper bound for the
primal solution based on the solution of the lower bound. In the heuristic, the
demand satisfaction would be checked, and virtual EBs would be dispatched to

provide services for requests not accessed by physical EBs.

Algorithm 1: LR procedure

/I Initialization
Ser iteration number v = 0;
Ser LR multipliers A, ,, 4, to base value;
Initialize upper and lower bound solutions {x{z}, {x%:};
Initialize upper bound UB* = +oo, lower bound LB* = —oo;
Define a termination condition, a gap between UB* and LB*
While termination condition is false, for each iteration v
Do
Reset the visit count for each arca € {P. U D,.} t0 0;
/I Step 1. Calculate LBY
Initialize LB” =0
For eachbus k € (K U K*)
Do
Ilinput: &¥
Call Algorithm 1 based on arc cost ¢¥;
Update the visit count for each arc a € {P. U D,.};
/[Output LB”
End For
/l Update LB*
Substituting solution vector LB? in Eq. (10);
Update LB* = max (LB*, LB?) and x*;
/I Step 2. Update LR multipliers
Calculate the visit of each request arc in B, :
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Zke(KuK*) ZaePr x5
//Update arc multipliers /Tr”“ and sub-gradient VLfr for each request with the following

equations:
VLfr = Yke(kuk®) Laep, xg =1,
LR multiplier: 2.""' = 1.7 + 7 - VL7,
op

Step size: 67 = —

Checking the pairing between bus k and request 7

ZaEPr xg
ZaEDr xg

Update arc multipliers Ak_r”“ and sub-gradient VL}{kr for each bus and each request with the

following equations:
VLXk,r:ZaEPr xg — Yaen, xg
LR multiplier: 2,,."*" = 4, + 67 - VLY
_ Okr

Step size: 6y, = -~

Update the arc cost for a € {P, U D, .}
e {C(’f + 4, 27 aen
¢ ck =N, a €D,
/I Step 3. Generate UBY
Find a feasible solution for the primal problem with the result in Step 1.
For each request r:
If the pick-up requests are being served by more than one EB, then designate one of the EBs for the
request.
If both the pick-up and drop-off requests are not being served by any EB, then assign a backup EB
for both requests.
If the pick-up and drop-off requests are partially served, then designate the original EB and assign a
backup EB for both requests.
End For
Calculate the upper bound UB” based on the feasible solution {x}z}
Update the upper bound UB* = min{UB*, UB®}
/I Step 4: Evaluate the solution quality

Calculate the relative gap percentage by UB;;B* X 100%
v=v+1
End while

we design Algorithm 1 uses dynamic programming to generate the time-space-
state path for each EB, in which a label correction algorithm is coded to

manipulate unprocessed and useful paths.

Algorithm 1: Time- and state- dependent forward dynamic programming algorithm

For each bus k € (K U K*) Do
I/ Initialization
Label cost L(.,.,.) = +oo;

Node predecessor of vertex (.,.,.) = —1;
Space predecessor of vertex (.,.,.) = —1;
State predecessor of vertex (.,.,.) = —1;

Set load d,, for bus k € (K U K*) to 0;
/I Bus k starts from depot with L(o,, t¥,s?)=0
For the entire operating period t € (t3,t5) Do
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For each link (i,j) Do
For each state s Do
derive downstream state s’ = s + e(i, j, t);
derive arrival time t' =t + TT(i, j, t);
Ifdi +dyjeerssr < Vieand L3t 8) +E55, 0
[SOC.in, SOCprax] Then
dy = dy +d;j.s s 10ad update

L(j,t,s") =L(3i,t,s) + Eilfj,t,t’,s,s’ /Nabel update
Node predecessor of vertex (j, t',s") = i;
Node predecessor of vertex (j, t',s") == t;
State predecessor of vertex (j,t',s") i=s;
End If;
End For;
End For;
End For;
End For;
Output: Space-time-state path for each vehicle

' < L(,t',s")and s’ €

6.4 Case Study

Two urban-rural bus routes in Shanxi Province, China, are used as an example to
show how to integrate passenger and freight transport. Both the rural and urban
terminals are close to a distribution center, at distances of 3 km and 2 km,
respectively. Energy replenishment is planned at the distribution center with a
charging power of 450 kW and a charging efficiency of 0.95. We are targeting two
bus lines with lengths of 40.2 km and 37.3 km, as shown in Figure 6.3. They share
the same city terminal and cover 8 and 7 rural stations, respectively. The one-
way operating time is 70 minutes for line 1 and 65 minutes for line 2. The
distance between stations, timetabled trips and on-demand requests can refer to

Appendix E.
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YUSHE CENTRE
o \ \.

HEYU VILLAGE

& © Line 1

2 km = Line 2

Figure 6.3: Urban-rural bus routes (from Zeng et al., 2022c)

Referring to Mahmoudi and Zhou (2016), the operational cost of a transportation
arc traversed by a physical bus is assumed to be $22/h, while the expenses for a
virtual one are $50/h. Besides, the waiting cost of a physical bus is $15/h, while
waiting at depots is assumed to cost $0/h. The revenue of passenger service is
assumed to be $10. Because the transit system focuses primarily on passenger
service, the service allowance for goods is set at half the passenger rate. The

initial value for LR multipliers is 2.

For mixed passenger and cargo journeys, we specify the number of passengers or
cargo per requirement and ensure that the load on board is less than the capacity
(for example, 20 passengers and 20 containers). Four EBs are available for daily
operation, each with a 300-kWh battery capacity. A unit consumption of 1.8
kWh/km is assumed for the EB fleet. We assume that it takes 10 minutes to load
and unload 20 containers and less than 1 minute to board and alight passengers.
During the container loading/unloading time, the energy replenishment would
achieve 7.125 kWh per minute under the linear charging procedure. We offer a
variety of charging time (dwell time) options on the virtual arcs (e.g., (10’, 10”)
and (11°,11”)) to ensure that the goods can be loaded while having enough

power to support subsequent journeys.
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The optimized result is shown in Table 6.1. It indicates that all passenger and
cargo demands can be met within the time window and that there are three sets
of passenger demands combined with cargo movements. Furthermore, we
discovered that no EBs were operating on empty. Suppose the EB is unable to
pick up a passenger within the time window after performing the scheduled trip.
In that case, it will choose to carry the cargo exclusively to improve transport

efficiency.

Due to the long rural-urban bus routes, each EB is charged at least twice, while
bus 3 has four charges. We assume that the EB does not have the opportunity to
be charged during the midday break. The specific charging schedule, charging
duration, charging start times, and SOC fluctuations are shown in Table 6.2.
Thanks to the high-power charger, the EB can be replenished with 50% of its
energy in 21 minutes, making a full charge the ideal alternative while loading and

unloading freight.

Table 6.1: Optimized schedule for each EB

Bus Bus route SOC (%) profile

1 1-(21&13)-9-4-18-12 76-100-76-53-29-6
2 2-(14&15)-23-10-17-6 76-53-100-77-54-30
3 7-22-3-5-(25&19) 77-100-75-52-100

4 8-20-(24&16)-11 77-52-100-77

Table 6.2: Charging strategy for each EB

Bus | Charging | Charging start | Charging duration| From SOC| To SOC (%)

location time (min) (%)

1 11 7:16 11 75 100
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10 9:06 12 73 100
2 10 10:21 20 52 100
11 11:52 9 77 100
3 11 7:28 9 77 100
10 8:41 9 77 100
10 17:46 21 50 100
11 19:41 11 75 100
4 10 10:56 20 52 100
11 16:06 11 75 100

The results show that the LR algorithm can converge in fourth iterations and
achieve the upper bound solution without a gap. This is due to the fact that our
upper bound is derived from the lower bound solution, which is consistent with

Shang et al. (2021). For an extended case study, please refer to Appendix E.

In general, MFURT services offer an innovative and cost-effective solution for
public transportation providers, logistics providers, and authorities to improve
the coverage of logistics services and balance the directional transportation
demands. In places with scattered freight demand, the use of buses for freight
transport has the potential to enhance on-time performance by displacing the
usage of logistics transport vehicles. Focusing on minimizing operational costs,
this paper describes the MFURT design problem within a space-time framework.
The methods presented provide systematic technical direction and have

important methodological implications.
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CHAPTER 7 Conclusion

In this final chapter, the research questions are answered by bringing together
the knowledge compiled in this thesis. The main implications and contribution of

this work are discussed, together with directions for future research.

As shown in Figure 7.1, what contributions have been made at different stages of

the development of the EB system against the road map are summarized.

(Re)Timetabling

Start Types and characteristics of buses Infrastructure/emerging tech
Combined planned
and on-demand

Enabled heterogeneous bus fleet with ~ Balanced investment and demands
minimized procurement expenses Introduced en-route dynamic chargers
techniques for
passenger and cargo
=

End System Maintenance Crew schedule Bus schedule and charging

Life-cycle-cost Managed charge and To be considered schedule

analysis discharge to mitigate Network-scale en-route charge
battery aging scheduling

Figure 7.1: The contribution in electric bus system

The research behind this thesis confirms the characteristics of EBs have played a
huge restriction in the process of planning and operation, affecting operational

efficiency and life-cycle costs. Additionally, it is shown that the trade-offs
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associated with electrification should be captured and evaluated when

generating plans and schedules.

The main conclusions are presented below in relation to the research questions
initially posed in Chapter 1. In order to ensure a successful transition to electric
buses and electric vehicles overall, a systems approach is needed. Thus, the

research questions focused on the different stages of electrification.

As electric buses are gradually replacing conventional vehicles, how can we
provide quality decision support for each of these issues in the transportation

system?

As introduced in paper III, integrated optimization methods are conducive to
generating practical and feasible plans. We coordinated and optimized the
battery size, charging station deployment, and vehicle scheduling to achieve a
30.4% reduction in lifecycle costs compared to the current operational plan. In
addition, it is suggested to provide an exact optimization model for offline plans,
which can generate optimal solutions in a short time. The proposed models in the

thesis can be easily solved by commercial solvers.

As the biggest challenge for electric buses, how to schedule the charging
events for the entire fleet while ensuring the feasibility of the plans and how
to quantify the impact of different charging behavior on battery state-of-
health?

The charging problem is described and tackled in different ways depending on
the charging method. This thesis constructs two optimization models to find the
charging solution with the lowest operating cost for the opportunity charging
strategy. One model has battery aging as the main optimization objective by
quantifying the impact of battery wear (Paper I), while one focuses on the
robustness of the scheme i.e., considering the uncertainty of energy consumption
(Paper II). To avoid the problems in the description, battery management
constraints, charging conflict avoidance constraints, and arrival time constraints

are designed in the models.
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Evaluation and improvement. How to verify the environmental and economic
advantages and disadvantages of the plans developed in different stages?

How to improve operational efficiency accordingly?

In order to systematically describe the advantages and disadvantages of the
generated plans, a life-cycle cost analysis framework was constructed to consider
the costs and emissions during the production to retirement process from both

economic and environmental perspectives as shown in Paper III.

To further improve the efficiency of EB operations, new V2V charging technology
and the corresponding charging methods are introduced in Paper IV. The main
idea is to transform the traditional charging devices with fixed locations into
charging banks operating on the road, completely replacing traditional charging

activities that take up operational time.

In addition, improvement can also be made in terms of resource utilization. In
response to the directional passenger flow, Paper V proposed a mixed-flow
transport mode for passengers and cargo. The bus utilization rate is greatly
enhanced by running on a schedule in the direction of high passenger flow and
adopting an on-demand system in the opposite direction to flexibly adjust the

vehicle route.

Overall, the main contribution of the thesis is to the research field of electric bus

system planning, operating, and evaluating and can be summarised as follows:

1. Development of a systematic evaluation model of battery sizing, charging
station deployment, and bus scheduling to assess the life-cycle performance
of the bus system. Development of compelling scenarios and
recommendations from an economic and environmental perspective.

2. Development of two optimization models for en-route charge scheduling
model in large-scale networks. A case study in Sweden contextualizes and
reinforces the relevance of the proposed model and results.

3. Athorough analysis of the further improvement of the public transport sector
regarding operational efficiency, the service mode and optimization models

are tailored for the public transport sector and can be adapted to other cities.
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Impact of the results

A good reason to pursue large-scale bus electrification would be the lifecycle
benefit of emissions and the low costs of operation. The investment in large-scale
bus fleets is primarily influenced by four variables: fleet size, battery size, battery
aging, and charging strategy. As reported in Paper III, fleet size is the most

significant factor affecting emissions and costs.

With this in mind, stockholders and operators should fully consider the trade-offs
between charging station configuration and battery size, between fleet size and
charger size, and between charging methods and battery aging costs, when
initially deploying a fleet. Paper III points out that even if the number of charging
posts doubles, the benefits due to lighter batteries can reduce investments in
general. In addition, there is a counter-intuitive conclusion that while the
prevailing research suggests that depot charging is the most economical way to
go (in terms of installation and charging costs), the maintenance costs associated
with battery aging due to deep cycling will be several times greater than the
charging expenses, as reported in Paper 1. Therefore, opportunity charging may

be more economical from a life cycle perspective.

While opportunity charging has been practically achieved as a costly
infrastructure, Paper IV demonstrates that charger use is substantially below
expectations, with an average utilization rate of 10.3% unavoidably leading to
resource waste. However, this phenomenon cannot be fundamentally altered
because the location of the charger is fixed, and the bus dwell time is relatively
determined. But if the charging post is transformed into a mobile power supply
device, dynamically transferring power to the EB in transit, the usage rate will
vary qualitatively. As a result, in the future, when designing the bus network, the
concept of laying out the charging infrastructure will be expanded. Operators will
then be free to manage and distribute the dynamic charging facilities that are
moving throughout the network rather than being limited to selecting a location

and a capacity.
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Finally, the use of public transit in logistics opens the door for efficiency
improvements. Flexible transit systems, low-occupied transportation resources,
and rising logistical demands are the most fertile ground for the growth of mixed
transportation. Additionally, increased stakeholder networks and improved
governmental support for demonstration programs can help mature the
regulations and enhance cooperation among key players in efforts to make public

transit more attractive and efficient.
Future works

Reviewing the roadmap planned for the EB system (Figure 1.2), there are still

areas for further improvement.

For example, model selection in the planning stage can be included in the life-
cycle cost analysis framework, and the resulting operating costs and charging
demand will vary from different base energy consumption. In addition, different
energy sources not considered in this thesis, such as hydrogen, hybrid energy, etc.
will bring new advantages and challenges to the transit system. At this early
stage of electrification, it is worth exploring whether a hybrid fleet system is

technically feasible.

Besides, in addition to considering the peak-to-average power ratio, the ability to
install high power chargers at each site depends on the capacity of the grid. The
configuration of the power supply equipment and the safety of the installation
are important influencing factors. The deployment problem thus has additional
grid-related constraints. Furthermore, the cost of installing a charger may further
include the investment of upgrading the grid and the expenses of maintaining the

distribution network.

From an operational point of view, the speed at which the EB operates and the
number of passengers boarding and alighting the bus both represent significant
operational variables. The complexity of the charging problem is increased by
additional stochasticity in addition to the energy consumption uncertainty taken
into account in Paper II. The magnitude of the impact of these uncertainties and

the modeling approach might be used as new research concepts. Additionally,
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crew scheduling is also a plan that has not yet been considered, mainly in terms
of drivers’ working hours, rest arrangements, and route allocation. The feasibility
and economics at the operational level will be further optimized by combining

crew scheduling with vehicle scheduling.

Finally, in order to promote investment and long-term commitment to mass
electrification of public transportation, it is also important to continuously
research new business models and specific policy measures to embrace emerging

battery technology and charging methodologies.

84



Bibliography

Bibliography

Aabrandt, A., Andersen, P.B., Pedersen, A.B., You, S., Poulsen, B., O'Connell, N,
@stergaard, J., 2012. Prediction and optimization methods for electric
vehicle charging schedules in the EDISON project, 2012 IEEE PES Innovative
Smart Grid Technologies (ISGT). IEEE, pp. 1-7.

Aamodt, A, Cory, K, Coney, K., 2021. Electrifying Transit: A Guidebook for
Implementing Battery Electric Buses. National Renewable Energy
Laboratory.

ABB EV Charging Infrastructure 2015. ABB introduces automated fast chargers
for electric city busses Enabling zero emission public transportation in cities.

Abdelwahed, A. van den Berg, P.L., Brandt, T. Collins, ], Ketter, W. 2020.
Evaluating and Optimizing Opportunity Fast-Charging Schedules in Transit
Battery Electric Bus Networks. Transportation Science 54(6), 1601-1615.

ACEA, 2021. Vehicles in use Europe, European Automobile Manufactures
Association.

An, K, 2020. Battery electric bus infrastructure planning under demand
uncertainty. Transportation Research Part C: Emerging Technologies 111,
572-587.

Arif, S.M,, Lie, T.T., Seet, B.C., Ahsan, S.M., Khan, H.A., 2020. Plug-In Electric Bus
Depot Charging with PV and ESS and Their Impact on LV Feeder. Energies
13(9).

Ashby, W.R,, 1961. An introduction to cybernetics. Chapman & Hall Ltd.

Barabino, B., 2009. Transit Bus Route Network Design: A model and its
application in a real network, 15th International Conference on Urban
Transport and the Environment, Urban Transport 2009, June 22, 2009-June 24,
2009, Bologna, Italy, pp. 369-382.

Basso, R., Kulcsar, B, Egardt, B, Lindroth, P., Sanchez-Diaz, 1., 2019. Energy
consumption estimation integrated into the electric vehicle routing problem.
Transportation Research Part D: Transport and Environment 69, 141-167.

Bi, Z., De Kleine, R., Keoleian, G.A., 2017. Integrated Life Cycle Assessment and
Life Cycle Cost Model for Comparing Plug - in versus Wireless Charging for
an Electric Bus System. Journal of Industrial Ecology 21(2), 344-355.

Bi, Z., Keoleian, G.A,, Ersal, T., 2018. Wireless charger deployment for an electric
bus network: A multi-objective life cycle optimization. Applied Energy 225,
1090-1101.

Chan, S., Miranda-Moreno, L.F., Alam, A, Hatzopoulou, M., 2013. Assessing the
impact of bus technology on greenhouse gas emissions along a major
corridor: A lifecycle analysis. Transportation Research Part D: Transport and
Environment 20, 7-11.

Chen, W,, Liang, H., 2020. Average Reward Reinforcement Learning for Optimal
On-route Charging of Electric Buses, 2020 IEEE 92nd Vehicular Technology
Conference (VTC2020-Fall), pp. 1-5.

85



Towards electric bus system: planning, operating and evaluating

Chen, Z.,, Yin, Y., Song, Z.,, 2018. A cost-competitiveness analysis of charging
infrastructure for electric bus operations. Transportation Research Part C:
Emerging Technologies 93, 351-366.

De Cauwer, C., Van Mierlo, ], Coosemans, T. 2015. Energy consumption
prediction for electric vehicles based on real-world data. Energies 8(8),
8573-8593.

De Filippo, G., Marano, V. Sioshansi, R, 2014. Simulation of an electric
transportation system at The Ohio State University. Applied Energy 113,
1686-1691.

Du, J., Chen, ].,, Song, Z., Gao, M., Ouyang, M., 2017. Design method of a power
management strategy for variable battery capacities range-extended electric
vehicles to improve energy efficiency and cost-effectiveness. Energy 121, 32-
42.

Du, J., Zhang, X., Wang, T., Song, Z., Yang, X., Wang, H., Ouyang, M., Wu, X., 2018.
Battery degradation minimization oriented energy management strategy for
plug-in hybrid electric bus with multi-energy storage system. Energy 165,
153-163.

El-Taweel, N.A.,, Farag, H.E.Z,, Mohamed, M., 2020. Integrated Utility-Transit
Model for Optimal Configuration of Battery Electric Bus Systems. IEEE
Systems Journal 14(1), 738-748.

Gao, Y., Guo, S, Ren, |, Zhao, Z., Ehsan, A., Zheng, Y., 2018. An Electric Bus Power
Consumption Model and Optimization of Charging Scheduling Concerning
Multi-External Factors. Energies 11(8), 2060.

Han, S., Han, S., Aki, H., 2014. A practical battery wear model for electric vehicle
charging applications. Applied Energy 113, 1100-1108.

He, Y., Liu, Z.,, Song, Z., 2020. Optimal charging scheduling and management for a
fast-charging battery electric bus system. Transportation Research Part E:
Logistics and Transportation Review 142.

Houbbadi, A., Trigui, R, Pelissier, S., Redondo-Iglesias, E., Bouton, T., 2019.
Optimal Scheduling to Manage an Electric Bus Fleet Overnight Charging.
Energies 12(14), 2727.

IEA, 2021. Net Zero by 2050 Data  Browser, [EA, Paris
https://www.iea.org/articles/net-zero-by-2050-data-browser.

Imura, T., Hori, Y., 2011. Maximizing Air Gap and Efficiency of Magnetic Resonant
Coupling for Wireless Power Transfer Using Equivalent Circuit and
Neumann Formula. IEEE Transactions on Industrial Electronics 58(10), 4746-
4752.

Institute for Transportation and Development Policy., 2018. China Tackles
Climate Change with Electric Buses.

International Energy Agency, 2021. Global EV Outlook 2021. [EA, Paris.

Ke, B.-R,, Chung, C.-Y., Chen, Y.-C,, 2016. Minimizing the costs of constructing an
all plug-in electric bus transportation system: A case study in Penghu.
Applied Energy 177, 649-660.

Kraus, M., Mohring, H., Pinfold, T., 1976. The welfare costs of nonoptimum pricing
and investment policies for freeway transportation. The American Economic
Review 66(4), 532-547.

Kunith, A., Mendelevitch, R., Goehlich, D., 2017a. Electrification of a city bus
network—An optimization model for cost-effective placing of charging

86



Bibliography

infrastructure and battery sizing of fast-charging electric bus systems.
International Journal of Sustainable Transportation 11(10), 707-720.

Kunith, A, Mendelevitch, R, Gohlich, D., 2017b. Electrification of a city bus
network - An optimization model for cost-effective placing of charging
infrastructure and battery sizing of fast charging electric bus systems.
International Journal of Sustainable Transportation.

Kurs, A., Karalis, A., Moffatt, R, Joannopoulos, ].D., Fisher, P., Soljaci¢, M., 2007.
Wireless Power Transfer via Strongly Coupled Magnetic Resonances. Science
317(5834), 83-86.

Lajunen, A, Lipman, T. 2016. Lifecycle cost assessment and carbon dioxide
emissions of diesel, natural gas, hybrid electric, fuel cell hybrid and electric
transit buses. Energy 106, 329-342.

Lan, T, Huy, ], Kang, Q., Si, C., Wang, L., Wu, Q., 2013. Optimal control of an electric
vehicle’s charging schedule under electricity markets. Neural Computing and
Applications 23, 1865-1872.

Lee, |, Lee, B.-]., Park, G.-L., Kim, Y.-c., 2013. Web service-based tour-and-charging
scheduler framework for rent-a-car systems employing electric vehicles.
International Journal of Control and Automation 6(4), 83-92.

Lempidis, G., Zhang, Y., Jung, M., Marklein, R., Sotiriou, S., Ma, Y., 2014. Wired and
wireless charging of electric vehicles: A system approach, 2014 4th
International Electric Drives Production Conference (EDPC). IEEE, pp. 1-7.

Li, ]J.-Q., 2014. Transit Bus Scheduling with Limited Energy. Transportation
Science 48(4), 521-539.

Li, L., Lo, HK, Huang, W, Xiao, F., 2021. Mixed bus fleet location-routing-
scheduling under range uncertainty. Transportation Research Part B:
Methodological 146, 155-179.

Liang, X., Zhang, S., Wy, Y., Xing, J., He, X., Zhang, K., Wang, S., Hao, J., 2019. Air
quality and health benefits from fleet electrification in China Nature
Sustainability 2,962-971.

Lin, Y, Zhang, K., Shen, Z.-]M,, Ye, B, Miao, L., 2019. Multistage large-scale
charging station planning for electric buses considering transportation
network and power grid. Transportation Research Part C: Emerging
Technologies 107, 423-443.

Liu, ], Kang, J.E., Zhou, X, Pendyala, R, 2018a. Network-oriented household
activity pattern problem for system optimization. Transportation Research
Part C: Emerging Technologies 94, 250-269.

Liu, Z.,, Song, Z., He, Y., 2018b. Planning of Fast-Charging Stations for a Battery
Electric Bus System under Energy Consumption Uncertainty. Transportation
Research Record 2672(8), 96-107.

Ma, X., Miao, R., Wy, X,, Liu, X,, 2021. Examining influential factors on the energy
consumption of electric and diesel buses: A data-driven analysis of large-
scale public transit network in Beijing. Energy 216, 119196.

Machura, P, Li, Q. 2019. A critical review on wireless charging for electric
vehicles. Renewable and Sustainable Energy Reviews 104, 209-234.

Mahmoudi, M., Zhou, X, 2016. Finding optimal solutions for vehicle routing
problem with pickup and delivery services with time windows: A dynamic
programming approach based on state-space-time network representations.
Transportation Research Part B: Methodological 89, 19-42.

87



Towards electric bus system: planning, operating and evaluating

Memari, P., Tavakkoli-Moghaddam, R., Navazi, F., Jolai, F., 2020. Air and ground
ambulance location-allocation-routing problem for designing a temporary
emergency management system after a disaster. Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in
Medicine 234(8), 812-828.

Miles, J., Potter, S., 2014. Developing a viable electric bus service: The Milton
Keynes demonstration project. Research in Transportation Economics 48,
357-363.

Millner, A., 2010. Modeling lithium ion battery degradation in electric vehicles,
2010 IEEE Conference on Innovative Technologies for an Efficient and Reliable
Electricity Supply. IEEE, pp. 349-356.

Murgovski, N., Johannesson, L., Hellgren, J., Egardt, B., Sjoberg, ]J., 2011. Convex
optimization of charging infrastructure design and component sizing of a
plug-in series HEV powertrain. IFAC Proceedings Volumes 44(1), 13052-
13057.

Nils Hooftman, M.M., Thierry Coosemans, 2019. Analysis of the potential for
electric buses: A study accomplished for the European Copper Institute.
European Copper Institute.

Nils Hooftman, M.M., Thierry Coosemans, 2020. Samarbete kring framtidens
elektrifierade transporter, Statusrapport 2020 Electricity.

Pamuta, T., Krawiec, S., Electric Buses: A Review of Selected Concepts Solutions
and Challenges. Electric Mobility in Public Transport—Driving Towards
Cleaner Air, 71.

Paris Agreemen., 2015. Paris agreement, Report of the Conference of the Parties to
the United Nations Framework Convention on Climate Change (21st Session,
2015: Paris). Retrived December. HeinOnline, p. 2017.

Pelletier, S., Jabali, 0., Laporte, G., 2018. Charge scheduling for electric freight
vehicles. Transportation Research Part B: Methodological 115, 246-269.

Pelletier, S., Jabali, O., Laporte, G., Veneroni, M., 2017. Battery degradation and
behaviour for electric vehicles: Review and numerical analyses of several
models. Transportation Research Part B: Methodological 103, 158-187.

Qin, N., Gusrialdi, A., Paul Brooker, R., T-Raissi, A., 2016. Numerical analysis of
electric bus fast charging strategies for demand charge reduction.
Transportation Research Part A: Policy and Practice 94, 386-396.

Ribau, J.P., Silva, C.M., Sousa, ].M.C., 2014. Efficiency, cost and life cycle CO2
optimization of fuel cell hybrid and plug-in hybrid urban buses. Applied
Energy 129, 320-335.

Rogge, M., van der Hurk, E., Larsen, A, Sauer, D.U., 2018. Electric bus fleet size
and mix problem with optimization of charging infrastructure. Applied
Energy 211, 282-295.

Rogge, M., Wollny, S., Sauer, D, 2015. Fast Charging Battery Buses for the
Electrification of Urban Public Transport—A Feasibility Study Focusing on
Charging Infrastructure and Energy Storage Requirements. Energies 8, 4587-
4606.

Schoch, J., Gaerttner, J., Schuller, A., Setzer, T., 2018. Enhancing electric vehicle
sustainability through battery life optimal charging. Transportation Research
Part B: Methodological 112, 1-18.

88



Bibliography

Sebastiani, M.T., Luders, R, Fonseca, K.V.0., 2016. Evaluating Electric Bus
Operation for a Real-World BRT Public Transportation Using Simulation
Optimization. IEEE Transactions on Intelligent Transportation Systems
17(10),2777-2786.

Shang, P., Yang, L., Zeng, Z., Tong, L.C., 2021. Solving school bus routing problem
with mixed-load allowance for multiple schools. Computers & Industrial
Engineering 151, 106916.

Tang, X,, Lin, X,, He, F.,, 2019. Robust scheduling strategies of electric buses under
stochastic traffic conditions. Transportation Research Part C: Emerging
Technologies 105, 163-182.

Teoh, L.E., Khoo, H.L., Goh, S.Y., Chong, L.M., 2018. Scenario-based electric bus
operation: A case study of Putrajaya, Malaysia. International Journal of
Transportation Science and Technology 7(1), 10-25.

Tesla, N., 1905. Art of transmitting electrical energy through the natural mediums.
Google Patents.

Tong, L., Zhou, X, Miller, H.J., 2015. Transportation network design for
maximizing space-time accessibility. Transportation Research Part B:
Methodological 81, 555-576.

Union of Concerned Scientists., 2019. Electric Utility Investment in Truck and Bus
Charging: A Guide for Programs to Accelerate Electrification. .

van Kooten Niekerk, M.E., van den Akker, ].M., Hoogeveen, ].A., 2017. Scheduling
electric vehicles. Public Transport 9(1), 155-176.

Vepsaldinen, J., Otto, K., Lajunen, A., Tammi, K., 2019. Computationally efficient
model for energy demand prediction of electric city bus in varying operating
conditions. Energy 169, 433-443.

Wang, G., Fang, Z., Xie, X.,, Wang, S., Sun, H., Zhang, F., Liu, Y., Zhang, D., 2020a.
Pricing-aware Real-time Charging Scheduling and Charging Station
Expansion for Large-scale Electric Buses. ACM Trans. Intell. Syst. Technol.
12(1), Article 13.

Wang, J., Kang, L., Liu, Y., 2020b. Optimal scheduling for electric bus fleets based
on dynamic programming approach by considering battery capacity fade.
Renewable and Sustainable Energy Reviews 130, 109978.

Wang, X., Yuen, C,, Hassan, N.U,, An, N.,, Wu, W,, 2017a. Electric Vehicle Charging
Station Placement for Urban Public Bus Systems. IEEE Transactions on
Intelligent Transportation Systems 18(1), 128-139.

Wang, Y., Huang, Y., Xu, ., Barclay, N., 2017b. Optimal recharging scheduling for
urban electric buses: A case study in Davis. Transportation Research Part E:
Logistics and Transportation Review 100, 115-132.

Weiss, M., Cloos, K.C., Helmers, E., 2020. Energy efficiency trade-offs in small to
large electric vehicles. Environmental Sciences Europe 32(1), 1-17.

Wen, M,, Linde, E., Ropke, S., Mirchandani, P., Larsen, A., 2016. An adaptive large
neighborhood search heuristic for the electric vehicle scheduling problem.
Computers & Operations Research 76, 73-83.

White, P, 2016. Public transport: its planning, management and operation.
Routledge.

Xie, F., Liu, C, Li, S, Lin, Z., Huang, Y., 2018. Long-term strategic planning of inter-
city fast charging infrastructure for battery electric vehicles. Transportation
Research Part E: Logistics and Transportation Review 109, 261-276.

89



Towards electric bus system: planning, operating and evaluating

Xie, S, Qi, S, Lang, K., Tang, X, Lin, X, 2020. Coordinated management of
connected plug-in hybrid electric buses for energy saving, inter-vehicle
safety, and battery health. Applied Energy 268.

Xu, M., Meng, Q. 2019. Fleet sizing for one-way electric carsharing services
considering dynamic vehicle relocation and nonlinear charging profile.
Transportation Research Part B: Methodological 128, 23-49.

Xu, Y. Gbologah, F.E, Lee, D.-Y. Liu, H., Rodgers, M.O., Guensler, R.L., 2015.
Assessment of alternative fuel and powertrain transit bus options using real-
world operations data: Life-cycle fuel and emissions modeling. Applied
Energy 154, 143-159.

Xylia, M., Leduc, S., Patrizio, P., Kraxner, F., Silveira, S., 2017. Locating charging
infrastructure for electric buses in Stockholm. Transportation Research Part
C: Emerging Technologies 78, 183-200.

Yang, C., Lou, W, Yao, ], Xie, S., 2018. On Charging Scheduling Optimization for a
Wirelessly Charged Electric Bus System. IEEE Transactions on Intelligent
Transportation Systems 19(6), 1814-1826.

Yang, L., Shang, P, Yao, Y., Zeng, Z., 2022. A dynamic scheduling process and
methodology using route deviations and synchronized passenger transfers
for flexible feeder transit services. Computers & Operations Research, 105917.

Zhang, H., Moura, S.J., Hu, Z., Song, Y., 2018. PEV Fast-Charging Station Siting and
Sizing on Coupled Transportation and Power Networks. IEEE Transactions
on Smart Grid 9(4), 2595-2605.

Zhang, H., Peng, |., Tan, H., Dong, H., Ding, F., Ran, B., 2020a. Tackling SOC long-
term dynamic for energy management of hybrid electric buses via adaptive
policy optimization. Applied Energy 269.

Zhang, L., Wang, S., Qu, X., 2021. Optimal electric bus fleet scheduling considering
battery degradation and non-linear charging profile. Transportation
Research Part E: Logistics and Transportation Review 154, 102445.

Zhang, L. Zeng, Z., Qu, X, 2020b. On the Role of Battery Capacity Fading
Mechanism in the Lifecycle Cost of Electric Bus Fleet. IEEE Transactions on
Intelligent Transportation Systems.

Zhou, G., Xie, D., Zhao, X,, Lu, C., 2020. Collaborative Optimization of Vehicle and
Charging Scheduling for a Bus Fleet Mixed With Electric and Traditional
Buses. IEEE Access 8, 8056-8072.

90





