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Abstract: There is rapidly growing interest in autonomous electric vehicles due to their potential in
improving safety, accessibility, and environmental outcomes. However, their market penetration rate
is dependent on costs. Use of autonomous electric vehicles for shared-use mobility may improve
their cost competitiveness. So far, most of the research has focused on the cost impact of autonomy
on taxis and ridesourcing services. Singapore is planning for island-wide deployment of autonomous
vehicles for both scheduled and on-demand services as part of their transit system in the year
2030. TUMCREATE developed an autonomous electric vehicle concept, a microtransit vehicle with
30-passenger capacity, which can complement the existing bus transit system. This study aims to
determine the cost of autonomous electric microtransit vehicles and compare them to those of buses.
A total cost of ownership (TCO) approach was used to compare the lifecycle costs. It was shown
that although the acquisition costs of autonomous electric vehicles are higher than those of their
conventional counterparts, they can reduce the TCO per passenger-km up to 75% and 60% compared
to their conventional counterparts and buses, respectively.

Keywords: total cost of ownership (TCO); autonomous vehicles; electric vehicles; transit services;
shared-use mobility

1. Introduction

Current road-based public transportation systems around the world are dominated by
fuel-powered non-automated vehicles. However, the technological advancement of alternative
power sources and automated driving systems pose challenges to the current system. In particular,
the possibility of improved safety [1–3] and accessibility [4] offered by autonomous vehicles (AVs) as
well as improved air quality and noise levels through electrification of the power system are expected
to enable a shift in current mobility trends, including public, private, and freight transportation. Recent
studies have shown that the deployment of AVs in urban areas may reduce the number of private cars
by approximately 80% [5]. However, this is only possible by using AVs for shared-use mobility [6].
Therefore, AV manufacturers have been leaning into van and minibus size vehicles with a passenger
capacity between 10 and 30, and an electric powertrain. The AV sizes varying between a passenger car
and a bus allows them serve as either fixed or on-demand microtransit services complementing the
high capacity transit systems or as autonomous ridesourcing services [7–10].

There have been numerous autonomous shuttle [11–13] and bus tests [14] conducted around the
world and more are planned for the coming years [15,16]. Although AVs are expected to be an accepted
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technology by the year 2030 [4], their penetration rate is dependent on costs. Driver compensation
has been one of the major components of the transit operation costs. Because AVs do not require
a driver, switching from piloted vehicles to AVs may lower operational costs [4]. The smoother driving
provided by AVs may also reduce the operating costs compared to piloted vehicle by lowering energy
consumption [2,3,17]. However, currently, autonomous driving technology constitutes the major cost
component of the vehicle, making AVs more expensive compared to regular vehicles. The typical costs
for autonomous driving hardware including LIDAR (Light Detection And Ranging) sensors, cameras,
a processing unit, and V2X equipment ranges around S$35,000–40,000 [18–21]. The Transport Systems
Catapult study [22] estimates the autonomy package costs as S$7454 for the year 2025. This study also
estimates a learning rate of 90–95% for autonomy packages based on the observed economies of scale,
which would bring costs down to a range between S$3467 and S$6067 by the year 2035. The KPMG
study [23] also estimates costs to go below S$4704 after 2030. Bansal and Kockelman [24] estimates
a cost of S$25,360 for the Level 4 autonomy package assuming an annual price reduction rate of 5%.
Litman [4] estimates navigation and security services costs, which are part of the autonomy package,
as S$275–825 per year.

AVs are generally equipped with an electric battery, which also increases the acquisition cost of
the vehicle. However, as in the case of AVs, operating costs may be reduced compared to conventional
vehicles due to lower maintenance and energy costs required for electric powertrain [25–30]. It is
also expected that battery prices go down with time and hence electric vehicles become cost effective
compared to conventional vehicles in the long term [31,32].

Wadud [33] conducted a total cost of ownership (TCO) analysis to assess the cost effectiveness of
autonomous private vehicles and commercial vehicles including taxis and trucks. It was shown that
full automation may result in substantial reductions in TCO for commercial vehicles, approximately
30% for taxis, and 15% to 23% for trucks. However, there is no clear benefit of full automation
for private vehicles. The reduction in TCO was mainly attributed to the savings from driver costs.
The smaller vehicles benefit more from autonomous driving, since driver costs constitute larger
share of their TCO. Hence, the early adaption of autonomy by taxis may bring significant reductions
in costs. Further reductions in costs can be obtained by ride-sharing. The shared autonomous
rides cost averaged S$0.16–0.65 per passenger-km [17,34–36] and non-shared autonomous rides
averaged S$0.35–0.70 per passenger-km [17,34,36], whereas the piloted rides averaged S$0.63–0.80
per passenger-km [17]. The bus cost of S$0.72–1.25 per passenger-km was shown to go down to
S$0.31–0.55 with the implementation of automation [17,34,36]. The previous research mainly focused
on fuel-powered AVs, whereas further reductions in costs could be obtained by the implementation of
battery electric vehicles.

Singapore is a city with over 5.6 million inhabitants and has the third-highest population density
in the world today [37,38]. Due to the limited land space and growing number of vehicles, and hence
increasing traffic congestion, Singapore’s Land Transport Authority (LTA) is working to increase the
attractiveness of public transport to reduce the reliance on private vehicles for transportation [39].
Singapore is aiming to use AVs for fixed route-scheduled transit services as well as on-demand services.
The island-wide deployment of AVs and the retrofitting/design of towns for the AVs are planned to
be completed by 2030. TUMCREATE develops a new vehicle concept for the year 2030 that could
operate as scheduled or on-demand microtransit vehicles in accordance with Singapore’s long-term
transportation plans. The new concept is an autonomous, SAE Level 4/5, battery-electric vehicle
with a capacity of 30 passengers. The autonomous microtransit vehicles are planned to operate on
intermittent bus lanes in vehicle platoons with the number of vehicles in the platoon depending on the
demand on each route [40]. However, before the full deployment of autonomous microtransit vehicles,
an economic assessment should be conducted to identify the impact of the advance vehicle technology
costs on the transit services.

This study aims to (i) assess the effects of incorporation of novel vehicle technologies, including
full autonomy and electric powertrain, on the vehicle acquisition costs over time, (ii) determine and
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compare the lifecycle cost of autonomous electric microtransit vehicles with that of the conventional
buses operating in Singapore. TCO approach was used to assess the cost effectiveness of the new
microtransit vehicle concept. Because the new AVs are envisioned to operate starting from 2030,
the TCO includes costs incurred beginning from the year 2030 until the end-of-life of the vehicle.
However, the effects of new vehicle technologies on the vehicle acquisition costs were determined both
for the years of 2017 and 2030 to evaluate the time effects on costs. The literature review indicated that
there is considerable uncertainty in estimating how future technologies will develop and affect land
passenger transport. Therefore, a sensitivity analysis has been conducted to demonstrate which cost
contributors are most significant to the evaluation results.

It should be noted that this study evaluates costs incurred by the individual vehicle for the
public transportation operators and compares the TCO of a bus with that of an autonomous electric
microtransit vehicle. The required infrastructure is built by the government and leased to the operators.
Therefore, the effects of autonomous electric vehicles on fleet size and hence traffic congestion or
infrastructure requirements, e.g., charging infrastructure, bus depot requirements, were not evaluated.
The bus ridership and hence the occupancy rates were assumed to stay the same for the new
microtransit vehicles as modeling these effects were beyond the scope of this paper.

2. Materials and Methods

In this study, TCO analysis included three major cost components: acquisition costs, operating
costs, and end-of-life costs. Acquisition costs consisted of manufacturing costs including bill of
materials (BOM), labor costs, and other manufacturing costs such as electricity costs; fixed costs
consisted of transportation/warranty, amortization and depreciation, engineering R&D, pension
and health care, advertising, and overhead; and sales costs consisted of price discount and dealer
mark-up [41]. Operating costs included road tax, electronic road pricing (ERP), energy costs,
maintenance costs, insurance costs, cleaning costs, and personnel costs. End-of-life cost included costs
incurred at the end of the vehicle’s operational life.

The impact of novel vehicle technologies on costs were assessed comparing the acquisition costs
of three microtransit vehicle concepts, including internal combustion engine vehicle, electric vehicle,
and autonomous electric vehicle. Then the TCO of the microtransit vehicles was calculated and
compared to those of single- and double-deck buses currently operating in Singapore. The description
of the evaluated vehicle concepts is given below:

• Internal Combustion Engine Vehicle (ICEV): 30-passenger maximum capacity internal combustion
engine (ICE) powered non-automated microtransit vehicle with a length of 6 m.

• Electric Vehicle (EV): 30-passenger maximum capacity battery-electric non-automated microtransit
vehicle with a length of 6 m. Currently, it requires a battery capacity of 120 kWh which was
determined based on the schedule of the current buses. However, the lifetime of the battery pack
may extend from 500 full cycles to 2000 full cycles by the year 2030 resulting in a smaller battery
size for the same driving requirements [42]. Hence, a battery capacity of 80 kWh is estimated for
the EVs for the year 2030 [43].

• Autonomous Electric Vehicle (AEV): 30-passenger maximum capacity fully autonomous (Level
4/5) electric microtransit vehicle with a length of 6 m. It has the same electric powertrain
specifications as the EVs. The autonomous driving components include four LIDAR units,
2 cameras, additional units such as IMU (inertial measurement unit), ultrasonic sensors,
multi-connectivity over Wi-Fi, 4G, and GPS, and an autonomous driving computer. Additionally,
indoor and outdoor screens which allow for improved human-machine interaction (HMI) are
included in the vehicle.

• Single-deck bus: 12 m ICE bus with a maximum passenger capacity of 90.
• Double-deck bus: 12 m ICE bus with a maximum passenger capacity of 130.
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A lifecycle of 17 years was used in the TCO analysis for buses as well as for the microtransit
vehicles, because LTA vehicle registration expires after 17 years and buses cease operation after the
registration expiry. Because the autonomous microtransit system is expected to launch in 2030, the TCO
was calculated for the period between 2030 and 2047. However, the acquisition costs of the ICEV,
EV, and AEV were calculated for the year 2017 as well as 2030 to assess the impacts of new vehicle
technologies over time. For the years where there are no forecasts for material, labor, energy costs,
or taxes/fees exist, it was assumed that the cost fluctuation would follow the Consumer Price Index
(CPI) [44]. Because there is no CPI prediction after the year 2020 an inflation rate of 1.9%, inflation rate
just under 2%, as suggested by Monetary Authority of Singapore, was used to estimate the CPI [45].

2.1. Acquisition Costs

The acquisition costs for the single- and double-deck buses operating in Singapore were obtained
from the LTA tender documents [46,47]. The acquisition cost determination scheme for the microtransit
vehicles are given in Figure 1. First, a manufacturing cost database was developed including BOM,
assembly labor, and other manufacturing costs. Then the acquisition costs were obtained scaling it
by the indirect cost multiplier and adding the taxes and fees for the public transportation vehicles
in Singapore.
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Figure 1. Acquisition cost calculation scheme for ICE, EV, and AEV minibuses.

The manufacturing cost database included the component costs, assembly costs and electricity
costs both for the years 2017 and 2030 due to the possible changes in the raw material prices as
well as technology and workforce costs in the future. A teardown costing method was applied to
estimate the BOM. The 12 m single-deck buses were identified for teardown and a high-level BOM was
created. The new and the base technologies for the electric and autonomous microtransit vehicles were
identified. For each part/assembly of the vehicle, costs were estimated from raw material to finished
products. A worksheet was developed for all parts with all cost elements. The new BOM was created
for each of the ICE, EV, and AEV.

Table 1 provides the summary of the variables and assumptions used in estimations of the
acquisition costs of the microtransit vehicle concepts for the year 2030. The price forecasts for the raw
materials, including metals, plastics, lubricants, and chemicals were used to obtain the 2030 BOM for
the vehicle body and chassis [48]. For the EV and AEV, vehicle technology prices for the year 2030 have
also been estimated. The prices for 60 Ah battery cells for the year 2017 and 2030 were estimated as
S$146/kWh and S$122/kWh, respectively [32]. The autonomous driving hardware costs included the
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sensors, cameras, and the processing unit prices [18–21]. The cost of a HMI system, an interactive screen
for passenger to vehicle communication inside the vehicle and an outside screen for the pedestrian
to vehicle communication, was included as part of the autonomous driving technology costs [49].
No autonomous driving software costs were included in the cost database assuming that the software
would be free for the connected vehicles that are part of the data sharing platform. A learning curve
with a learning rate of 90% was used for estimating the relationship between cumulative uptake and
manufacturing cost reduction rates based on the economies of scale suggested by TSC (Transport
Systems Catapult) market [22]. However, there may be further reductions in the autonomous driving
technology costs as the LIDAR costs are projected to go down by 90–95% by the year 2025 even
independent of the economies of scale [50].

In this study, it was assumed that annual production of the microtransit vehicles will be around
3000 vehicles per year similar to those of buses [51,52] and the vehicles are assembled in eastern
Europe. Hence, the assembly costs were calculated based on the eastern European labor rates [53,54]
and assembly time [32,53,55,56], while electricity costs were determined based on the vehicle assembly
electricity consumption [57] and the electricity prices in eastern Europe for the years 2017 and
2030 [58,59].

An indirect cost multiplier (ICM) was applied to the total manufacturing costs to account for
OEM (original equipment manufacturer) specific indirect costs, including R&D, corporate overhead,
marketing, retail margin, warranty, and depreciation. The ICM value for the upper mid-range and
premium cars given in Fries et al. [32] was used excluding the German tax rates.

The current fees and taxes/duties levied in the vehicle acquisition in Singapore are excise duty,
good and services tax (GST), registration fee (RF), additional registration fee (ARF), certificate of
entitlement (COE), and carbon emissions-based vehicle scheme [60]. They are either fixed values or
calculated as a percentage of the open market value (OMV) of the vehicle, a price determined by
the Singapore Customs based on the purchase price, which includes freight, insurance, and all other
charges incidental to the sale and delivery of the vehicle to Singapore. The excise duty, a duty levied on
goods imported into Singapore, is exempted for public buses in Singapore. The GST is a consumption
tax levied on imported goods as well as almost all supply of goods and service which is better known
in other countries as the Value-Added Tax (VAT). The GST levied on vehicles in Singapore is 7% of
their OMV. The RF is specified as S$140 per bus in 2017. The ARF is 5% of the OMV. The COE is
exempted for public buses. The carbon emissions-based vehicle scheme supports low emission vehicles
by reimbursing ARF expenses. However, the carbon emissions-based vehicle scheme is currently only
applicable to private cars.

Table 1. Derivation of the 2030 Vehicle Acquisition Costs.

Cost Variables Description

Bill of Materials

Vehicle body and chassis
components

2030 prices of the raw materials including metals, plastics, lubricants, and
chemicals were estimated based on the World Bank Commodities Price
Forecast [48].

Powertrain
2030 battery pack prices were estimated based on the study by
Fries et al. [32]. For rest of the powertrain/drivetrain components,
2017 prices were raised using CPI.

Autonomous driving technology
A learning curve with a learning rate of 90% was used to estimate the
relationship between cumulative uptake and manufacturing cost reduction
rates by 2030 [22].

HMI system
A learning curve with a learning rate of 90% was used for estimating the
relationship between cumulative uptake and manufacturing cost reduction
rates by the year 2030 [22].

Assembly Labor

It was assumed that vehicles are produced in low volume in continuous
assembly lines with little automation in eastern Europe. 2017 wages [53]
increased based on the change in the labor wages in eastern Europe [54].
A compound growth rate of 0.3% in productivity was used to calculate the
assembly labor hours in 2030 [56].
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Table 1. Cont.

Cost Variables Description

Energy Costs (assembly) Energy costs were calculated as a function of electricity consumption [57]
and 2030 electricity price forecasts in Europe [59].

Taxes and fees [60]
Excise Duty Exempt.
Good and Services Tax Calculated as 7% of the 2030 OMV of each vehicle.
Registration Fee 2017 value of S$ 140 was raised using CPI.
Additional Registration Fee Calculated as 5% of the 2030 OMV of each vehicle.
Certificate of Entitlement Exempt.
Carbon Emissions-based
Vehicle Scheme Exempt.

2.2. Operating Costs

The operating costs assessed included the road tax, energy costs, maintenance costs, cleaning
costs, and personnel costs. The operating costs were calculated for the period between 2030 and 2047.
The net present value (NPV) approach given in Equation (1) was used to discount future cash flows,
the operating costs. A discount rate of 3% was used in the analysis.

NPV =
n

∑
i=0

CFi

(1 + r)i , (1)

where NPV is the net present value of life cycle costs of minibus/bus, i is the year the cash flow is
occurring in, CF is the cash flows (costs) of minibus/bus, n is the life cycle length of minibus/bus, r is
the discount rate.

The operational characteristics of the current bus system as well as the microtransit system are
given in Table 2. Average distance travelled per bus is 162 km with an average operating speed of
8.76 km/h. Buses cannot be used 10% of the year due to preventive and unscheduled maintenance [61].
The average distance travelled by the minibuses is 213 km with a journey speed of 21.67 km/h
(excluding charging time but including dwell time) [62,63]. The journey speed of the microtransit
system was based on the Bus Rapid Transit (BRT) driving cycle as the vehicles will be operating on
intermittent lanes [64,65]. The details of the operational planning of the new autonomous electric
microtransit system are discussed in detail elsewhere [43,63]. Because the down time of EVs due
to maintenance is shown to be 50% of those of ICE vehicles [66], it was assumed that the electric
minibuses are used 95% of the year. For comparison purposes, the ICEV is assumed to have identical
daily operation schedules as the AEV and EV, but require identical maintenance time to conventional
buses. Current buses operate with an average occupancy of 17% [61]. The same rate of occupancy was
estimated for the microtransit vehicles.

Table 2. Operational characteristics of buses and minibuses.

Parameters 12 m Buses ICEV EV AEV

Average days of operation per year 329 329 347 347
Average distance travelled /day, km 162 213 213 213

Journey speed, km/h 8.76 21.67 21.67 21.67
Annual use, days 329 329 347 347

Occupancy, passengers 15 for single-deck bus
22 for double-deck bus 5 5 5

The summary of the variables and assumptions used in estimating the vehicle operating
costs and the end-of-life costs are given in Table 3. There are no forecasts for wage growth,
raw material/energy/technology prices, and fees/taxes pertaining to the years after 2030. Therefore,
this study assumed that the cost fluctuation related to materials, labor, energy, and fees/taxes would
be steady and follow the CPI. Figure 2 shows the change in the wages in the transportation sector
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and the change in CPI from the previous year for the period between 2007 and 2017 [67]. It can be
seen that the wages grew slower than or in line with the CPI until 2012, while after 2012 the wage
growth was faster than the CPI. In the future, the fluctuation in wages may mainly be affected by the
adoption of new automation technologies as well as pace of automation adoption. Automation has
the potential to bring a major productivity boost; however, it may also lead to an overall drop in the
labor demand as machines replace some workers. Therefore, automation may lead to a shift in the
requirements of skills and capabilities in a way where employment and wage growth concentrate
in jobs requiring high-skilled labor while leaving low-skilled workers unemployed or at jobs which
pay little [68,69]. For occupations with declining labor demand, e.g., drivers, assembly workers, etc.
wages are expected to fall or stagnate [56]. On the other hand, adopting AVs may result in lower
transportation costs and hence reduce the production or service costs for a company. This may in-turn
result in lower price levels for goods and services. Mobility becoming more affordable, companies
may expand their services and may require new staff to handle the new volume. The displaced labor
may be re-trained for the new jobs created using the savings from the productivity gains from the AVs
and absorb the displaced workers. The slower roll out of automation may give the workers enough
time to adjust [68,69]. Therefore, it is likely that automation puts downward pressure on wages of the
cleaners and drivers, if not displace them.
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2.2.1. Road Tax

Road tax is a 6-monthly tax applicable for all transit buses registered in Singapore. The tax amount
for each vehicle was estimated based on the engine type and maximum laden vehicle weight [60].

2.2.2. Energy Costs

The annual electricity costs for the EV and AEV were calculated as function of the daily hours
of operation, electricity consumption of the vehicle, efficiency of the charging station, and electricity
prices. A premium of 10% is added to the EV electricity consumption on top of that of the AEV to
account for less efficient driving of humans compared to automated driving [17]. Hence, the hourly
electricity consumption for the AEV is 13.4 kWh while it is 14.7 kWh for the EV [62,63]. The 2030
commercial electricity price was estimated applying the forecasted average change in the natural gas
price in Europe, Japan, and the US [48] to the 2017 value of the commercial electricity price [70] as
mainly natural gas is used to generate electricity in Singapore. The charging station efficiency was
estimated as 95% [71].
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The fuel costs were calculated as a function of the daily distances travelled, diesel prices, and diesel
consumption per vehicle. The fuel consumption of single-deck buses and double-deck buses are
0.51 L/km and 0.65 L/km, respectively [61]. The ICEV fuel consumption was estimated as 0.16 L/km
based on the Toyota Coaster, which has a comparable weight and passenger capacity to ICEV
shuttle [72]. The bus depot diesel price in 2030 was estimated applying the forecasted change in
the crude oil prices [48] to the 2017 diesel price [73]. The average daily operating time of the vehicles
was estimated based on Table 1.

2.2.3. Maintenance Costs

Maintenance costs for buses and the ICEV consist mainly of the service costs and overhaul costs
for transmission and engine; while for EVs, they are mainly the battery replacement and service costs.
LTA specifies a mid-life refurbishment on the 7th to 9th year of the bus registration that encompasses
the engine overhaul as well as the refurbishment of the interior fittings [61]. In this study, overhaul
costs were calculated based on the U.S. DOT Volpe bus lifecycle cost model [74]. However, the service
costs were adjusted to account for differences in labor costs in Singapore [75,76]. The service costs for
EVs were estimated as half of those of the ICE vehicles [64]. The autonomous driving components,
including the LIDAR, cameras, processing unit, and HMI hardware, as well as the interior fittings
and seats were assumed to go under mid-life refurbishment and therefore included in the mid-life
maintenance costs.

2.2.4. Insurance Costs

It is illegal to drive any vehicle in Singapore without valid vehicle insurance. The minimum
requirement is to cover at least third-party liability for death and bodily injury arising from the use of
the vehicle. The insurance costs of 12 m single-deck buses were estimated from the transit operations
annual reports [77]. The insurance costs for the 12 m double-deck bus as well as the microtransit
vehicles were obtained by scaling the 12 m single-deck insurance costs by the acquisition costs. For the
AEV, the insurance costs were estimated as 50% of that of the EV [36].

2.2.5. Cleaning Costs

The average service line time for cleaning is generally around 15 minutes per bus and buses
are usually cleaned once a day [78]. The Ministry of Manpower (MOM) of Singapore recommends
a minimum monthly salary of S$1,200 for cleaners starting from 2019 [79]. It was assumed that the
vehicles are cleaned only the days when they are operating. The service line time of 15 minutes
was used for 12 m buses and then scaled by the vehicle floor size for the double-deck buses and
microtransit vehicles.

2.2.6. Personnel Costs

According to the LTA, 1.8 bus captains are required on average to operate each bus. A bus captain
salary of S$3500 (in 2017) was used in the analysis [61]. Because the AEV is an autonomous vehicle,
there are no costs incurred by the bus captains.

2.3. End-of-life (EOL) Costs

Public transportation buses are scrapped at the end of their 17 years lifetime [61]. In the EOL cost
calculations, it was assumed that the revenue of selling vehicle scrap material would be equal to the
costs of scrapping. Therefore, no EOL value was assigned to ICE vehicles. However, for the EV and
AEV, the batteries are replaced when the remaining maximum battery capacity reaches 70–80% of its
original value [63]. Therefore, remaining battery value was added as a negative cost to the operational
costs for the years when the battery is replaced. It was assumed that the price for the second-life
batteries with 70–80% of its original capacity would be 50% of the new battery [80].
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Table 3. Derivation of the Vehicle Operating and EOL Costs.

Cost Variables Operating and End-of-Life Cost Estimations

Operating Costs

Road tax

The 2017 road taxes for microtransit vehicles and buses were estimated as S$524 for the
AEV and EV which fall under the category “Green, 3.5–7 tons”, S$658 for the ICE which
falls under the category “Diesel, 3.5–7 tons”, and S$1530 for buses which fall under the
category “Diesel, 20–26 tons” [60]. 2017 road taxes specified for buses increased by the
CPI to estimate the taxes for the years 2030 and beyond.

Energy costs

The 2030 commercial electricity price was estimated applying the forecasted average
change in the natural gas price in Europe, Japan, and the US [48] to the 2017 value of the
commercial electricity price [68] in Singapore. The bus depot diesel price in 2030 was
estimated applying the forecasted change in the crude oil prices [48] to the 2017 diesel
price [73]. It was assumed that AVs would consume 10% less energy due to smoother
driving compared to human driven vehicles [17]. The 2030 energy prices increased by the
CPI to estimate the prices beyond the year 2030.

Maintenance costs

The autonomous driving components, including the LIDAR, cameras, processing unit,
and HMI hardware, as well as the interior fittings and seats were assumed to go under
mid-life refurbishment. The service costs for EVs were estimated as half of those of the
ICE vehicles [64]. The estimated 2030 autonomous driving and furniture hardware costs
increased by the CPI to estimate the costs beyond the year 2030.

Insurance costs

It was assumed the insurance costs would be correlated with the acquisition costs and
AVs’ insurance costs would be half of those with human drivers due to the expected
increased safety with autonomous driving [36]. 2017 insurance costs increased by the CPI
to estimate the future costs.

Cleaning costs

It was assumed that the vehicles are cleaned only the days when they are operating, and
the cleaning time required is proportional to the vehicle floor size. Singapore applies
Progressive Wage Model for the low-wage earners including the cleaning sector [79].
However, there is no monthly minimum salary defined by MOM of Singapore after the
year of 2019. Therefore, the wages for the years beyond 2019 were adjusted using the CPI.

Personnel costs 2017 bus captain salaries increased by the CPI for the years 2030 and beyond.

End-of-life costs

It was assumed that the revenue of selling vehicle scrap material from vehicle
components would be equal to the costs of scrapping. However, for the EVs, remaining
battery value was added as a negative cost to the operational costs for the years when the
battery is replaced. It was assumed that the price for the second-life batteries with
70–80% of its original capacity would be 50% of the new battery [80]. The estimated 2030
battery costs increased by the CPI for the years beyond 2030.

3. Results

3.1. Acquisition Costs

Figure 3 shows the acquisition costs for the years 2017 and 2030 for the ICEV, EV, and AEV. The EV
costs are 40% more than the ICEV in 2017 while the AEV costs approximately 93% more than the ICEV.
However, there is a reduction in the acquisition costs of the ICEV, EV, and AEV by 8%, 21%, and 39%,
respectively, by the year 2030. The reduction in the ICEV can be mainly attributed to the changes
in the raw material and workforce costs. The further price drop in the EV can be attributed to the
reduction in battery size for the given driving requirements, while for the AEV, it can be attributed
to the reductions in autonomous driving technology prices. Figure 4 shows the breakdown of the
costs in the BOM for the EV and AEV. The EV cost components consist of the powertrain (battery and
motor), chassis, and vehicle body, while the AEV cost components consist of the powertrain (battery
and motor), chassis, vehicle body, and autonomous driving technology. The powertrain makes up
the 53% of the EV BOM in 2017, while this ratio goes down to 41% in the year 2030. For the AEV, the
share of autonomous driving technology in the BOM falls from 28% to 7% by the year 2030. The share
of the powertrain cost stays the same within the reduced BOM. Although the vehicle technology
costs are substantially reduced by the year 2030, the AEV still costs approximately 22% more than the
conventional one.
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3.2. TCO Analysis

Figure 5 shows the share of the acquisition costs and operating costs, including road tax, energy
costs, maintenance costs, insurance costs, cleaning costs, and bus captain costs, in the TCO for the
12 m single-deck (SD) buses, 12 m double-deck (DD) buses, and the ICEV, EV, and AEV discounted to
the year 2030. The analysis period of TCO is between 2030 and 2047. All the operating costs shown
are discounted to their 2030 values. The EOL cost for the EV and AEV were included as a negative
cost in the maintenance costs. The percentages are shown only for the costs with contribution to
TCO more than five percent. It can be seen that there is a substantial reduction in the TCO with
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the implementation of autonomous driving technologies. The TCO is reduced by 72% and 70% as
compared to that of the ICEV and EV, respectively. This reduction can be attributed to the elimination
of the bus captain. It can also be seen from the figure that operating costs of buses as well ICEV and EV
are mainly determined by the bus captain costs. Because microtransit vehicles have lower acquisition
costs, the bus captain costs make even higher share of the TCO. The cost determinants of the AEV are
somehow evenly distributed between maintenance and energy costs. The acquisition costs also have
a substantial effect on the TCO.

The figure also shows that further reductions in the TCO can be obtained by the implementation
of the electric powertrain. The maintenance costs of the EV and AEV are approximately 50% of those
of the ICEV. The energy costs of the EV and ICEV are approximately the same since ICEV is used less
due to higher downtime for maintenance. The energy cost of the AEV is approximately 10% lower
than that of the EV due to more balanced driving of AVs.Sustainability 2018, 10, x FOR PEER REVIEW  13 of 21 
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Figure 5. Comparison of the TCO structure for buses and microtransit vehicles. *EOL value is included
as a negative maintenance cost for EV and AEV vehicle concepts.

Figure 6 shows the TCO per passenger-km discounted to the year 2030 for the 12 m SD buses,
12 m DD buses, and the ICEV, EV, and AEV. It can be seen that with the introduction of autonomous
microtransit vehicles, the cost per passenger-km can be reduced by more than by 50% compared to
that of the current bus system. This reduction is even more substantial, up to 75%, when compared to
the per passenger-km costs of the EV and ICEV. However, EV and ICEV have no cost benefits when
compared to the current buses. The analysis assumed that the occupancy rate and average trip distance
per passenger of the microtransit vehicles would be the same as the current buses.
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3.3. Sensitivity Analysis

In this paper, the TCO was conducted for the period between 2030 and 2047 and therefore based
on a set of assumptions with some degree of uncertainty. To evaluate the robustness of the results
to the changes in the cost variables, a sensitivity analysis was conducted. The costs components of
acquisition costs, bus captain costs, energy costs, and maintenance costs were included in the sensitivity
analysis since they constitute the largest share of the TCO. Additionally, the effect of discount rate on
the TCO was assessed. The changes in the four costs components and discount rates were assessed
only uni-dimensionally. Table 4 shows the changes in the cost per passenger-km values with the
increase of the four cost components by 10%, 20%, and 30%, and the discount rate from 3% to 7%.
The sensitivity analysis results show that the TCO per passenger-km is highly dependent on the
discount rates. When the discount rate is increased from 3% to 7%, the TCO per passenger-km may go
down by 20–26%, 20% for the AEV and 26% for the ICEV. The results also confirm the findings given
in Figure 5. The bus captain salaries are the major cost component affecting the TCO per passenger-km.
An increase of 30% in the bus captain salaries would increase the TCO per passenger-km by 21% for
the EV, 19% for the ICEV, and up to 13% for buses.

The AEV is more elastic to changes in the cost components, whereas it is the least affected by the
changes in the discount rates compared to other vehicles. While the most important cost components
are the energy costs and maintenance costs for the AEV, acquisition costs also have a substantial
effect on costs. Therefore, any price reduction in the vehicle technology, including autonomous
driving technology and electric powertrain, may lead to significant reductions in the acquisition
and maintenance costs, and hence the TCO per passenger-km. Further reductions in the TCO per
passenger-km can be obtained if the discount rate increases in the future.

Table 4. Sensitivity analysis for cost per passenger-km.

Vehicle
Type

Acquisition Cost Bus Captain Costs Energy Costs Maintenance Costs Discount Rate

10% 20% 30% 10% 20% 30% 10% 20% 30% 10% 20% 30% From 3% to 7%

AEV 3% 5% 8% - - - 4% 7% 11% 3% 7% 10% 20%
EV 1% 1% 2% 7% 14% 21% 1% 2% 4% 1% 2% 3% 25%

ICEV 1% 1% 2% 6% 13% 19% 1% 2% 3% 2% 4% 5% 26%
12 m SD 2% 3% 5% 4% 9% 13% 2% 4% 6% 1% 3% 4% 23%
12 m DD 2% 4% 6% 4% 8% 12% 2% 4% 6% 2% 3% 5% 22%
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4. Discussion

The new AVs are envisioned to start operating in 2030, therefore the TCO assessment includes
costs incurred beginning from the year 2030 until the EOL of the vehicle, 2047. The TCO estimations
are based on a set of assumptions with some degree of uncertainty.

The microtransit vehicles will operate on the same schedule as buses and the current demand will
be handled by adjusting the number of vehicles in the platoon. Therefore, it was assumed that the
occupancy rate and average trip distance per passenger for the microtransit vehicles will stay the same
as it is for the current buses operating in Singapore. However, with the improved accessibility and
convenience provided by AVs, the transit ridership or passenger distances travelled may increase and
even further reductions in cost per passenger-km can be obtained by AEVs, i.e., doubling of vehicle
occupancy rate may result in 50% reduction in the TCO per passenger-km. It was also assumed that
the insurance premiums for the new microtransit vehicles would be 50% of that of the vehicles with
human drivers due to the expected decline in accidents [36]. However, premiums may not decline
immediately after the deployment of AVs, since the AVs should prove to be safer over the human
operated vehicles for the insurance premiums to adjust accordingly.

There are no forecasts for wage growth, raw material/energy/technology prices, and fees/taxes
for public transportation vehicles pertaining to the years after 2030. Therefore, this study assumed that
the cost fluctuation related to these variables would be steady and follow the CPI. However, there have
been sharp fluctuations in oil prices and wages compared to CPI in different time periods [67,81]. In the
future, as automation technologies spread, the employment opportunities and the wage growth may
concentrate in jobs requiring high-skilled labor, leaving mid- to low-skilled workers unemployed or
facing pressure on their wages. Although after 2012, the wage growth outpaced the CPI in Singapore,
in the future, it is likely that there is a slowdown in the wage growth in a way that wages grow by or
even slower than the CPI.

5. Summary and Research Prospects

This study identified the effects of autonomy and electric powertrain on the acquisition costs
of the 30-passenger capacity ICEV, EV, and AEV both for the years 2017 and 2030. Furthermore,
the cost structure as well as the TCO per passenger-km for microtransit vehicles were determined
and compared to that of buses. A sensitivity assessment was also conducted on the impacts of
acquisition, maintenance costs, bus captain, and energy costs as well as the discount rates on the TCO
per passenger-km. It should be noted that this study evaluated costs directly associated with the
vehicle for the public transportation operators. Bus interchanges and bus depots are owned by the
government and leased to the operators. Therefore, any required changes in the infrastructure, such as
bus depots, charging infrastructure; or the new microtransit vehicles’ effect on traffic congestion have
not been taken into account.

The acquisition cost comparison of ICEV, EV, and AEV showed that though the premium paid for
the autonomy and electric battery would significantly go down in the year 2030, still an additional
premium of S$22,000 and S$31,000 for the EV and AEV, respectively, should be paid in 2030 (constant
dollars). Therefore, full autonomy would cost around S$9000 in 2030, close to the estimates of
Wadud [33]. The electric powertrain still costing a substantial premium in 2030 may result in later
adoption of battery technology compared to autonomy adoption.

Although the acquisition cost of the AEV is higher than its conventional counterparts, the TCO
of the AEV is substantially lower than its counterparts or buses. By using AEVs as part of the transit
system, the TCO can be reduced by 70% compared to other microtransit vehicles and 80% compared
to buses. However, there is no benefit of using ICE or electric microtransit vehicles, as their TCO per
passenger-km is significantly higher than that of the single- and double-deck buses. In terms of the
cost per-passenger-km, the AEV may lower costs by 50–60% compared to buses. The reduction in costs
can be mainly attributed to the elimination of the bus captain driver compensation, which generally
constitutes 40–70% of the TCO. Because no captain compensation is included in the costs, the TCO
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of the AEV is more elastic to changes in the cost components. This means that any improvements in
vehicle technology that lead to reduction in the vehicle acquisition costs or maintenance costs would
result in even more savings.

This research may help transportation operators in decision making process related to EV, AV,
and microtransit deployment. However, adopting autonomous and electric public transportation
requires a massive investment which mainly concerns the transportation agencies. Therefore, further
research should be conducted with respect to system dynamics assessment of autonomous electric
public transportation systems. This would include the impacts of the new system on travel behavior,
congestion levels, and emissions as well as costs related to fleet requirements and infrastructure
changes, e.g., charging infrastructure, IT infrastructure.
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