Energy Strategy Reviews 45 (2023) 101056

FI. SEVIER

Contents lists available at ScienceDirect
Energy Strategy Reviews

journal homepage: www.elsevier.com/locate/esr

ENERGY

Check for

Beyond personal vehicles: How electrifying scooters will help achieve e

climate mitigation goals in Taiwan

Yuan-Hsi Chien?, I-Yun Lisa Hsieh ®" ", Tsung-Heng Chang®

@ Department of Civil Engineering, National Taiwan University, Taipei, 10617, Taiwan
Y Department of Chemical Engineering, National Taiwan University, Taipei, 10617, Taiwan

ARTICLE INFO ABSTRACT

Handling Editor: Mark Howells Electrification is considered a key enabler for decarbonizing road transportation. Recently, increasing attention
has been directed to the deployment of electric two-wheelers in cities across the globe. However, climate change
mitigation potential across the diversity of today’s available scooter models is still missing in the existing
literature. With a focus on Taiwan—the world’s highest density of scooters—we comprehensively examine the
performances of 156 scooter models on the market to understand the potential cost and carbon trade-offs among
two-wheeler purchase options. We find that such a trade-off does exist when choosing scooters with different
powertrain technologies. Compared to gasoline scooters, low-carbon-emitting electric scooters are more costly to
own but not necessarily more expensive to purchase—because battery-swapping techniques convert the capital
cost of the battery itself into an operating expense. Surprisingly, all the Phase 7 emissions standard internal
combustion engine scooters appear to meet the near-term climate goal for 2030 in Taiwan, providing a less-costly
transition from liquid fuels to electrification. While all the e-scooters supplied with the current electric power
meet the 2040 emissions reduction target, deep decarbonization of electricity generation is also required, along
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with a large-scale adoption (at least 90%) of electric scooters to achieve net-zero emissions by 2050.

1. Introduction

The 2015 Paris Agreement commits countries to limit the global
average temperature rise to well below 2 °C, preferably to 1.5 °C,
compared to pre-industrial levels. The transport sector accounts for
around one-fourth of global CO2 emissions, and road transport is
responsible for three-quarters of transport emissions [1]. Thus, to ach-
ieve the climate goals, the ground transportation sector across the globe
is a must to be decarbonized. Electrification is considered an important
pathway toward sustainability. When it comes to electric mobility, most
attention has been placed on electric cars. However, great emission
mitigation potentials could be realized through the wide-scale intro-
duction of electric two-wheelers—especially in urban areas [2].

Motorized two-wheelers are especially the favored transport mode in
South-East Asia countries, as they offer a ntumber of benefits—relatively
affordable private vehicle ownership, quick and efficient personal
transport, and space-saving vehicle option. However, although
providing riders with a convenient means of traveling on congested city
streets, gasoline-powered two-wheeled vehicles create significant
emissions and cause severe environmental damage [3]. Electric

two-wheelers tend to perform more energy-efficiently, thus becoming
increasingly popular and being introduced in several cities worldwide
[4]. Environmental consciousness, as well as financial incentives, are
key motivating factors for electric vehicle (EV) adoption [5-8]. Lifecycle
climate benefits and ownership costs of vehicle electrification have been
broadly evaluated, as synthesized in the reviews and published articles
[9-11]. Most of the existing life cycle assessment (LCA) studies focused
on emission comparison across comparable passenger vehicles or
two-wheelers with different powertrain technologies [12-18]. To cap-
ture the diversity of personal vehicle options on the market, Miotti et al.
[19] assessed a comprehensive set of 125 car models available to con-
sumers against climate change mitigation targets in the U.S. The study
suggested that consumers are not required to pay more for vehicles with
lower carbon emissions; subsidized EVs are not more costly than com-
parable ICEVs. The study also showed that EVs with nearly carbon-free
electricity generation are needed to meet the 2050 climate policy
targets.

Understanding the carbon footprints and ownership costs of vehicle
choices from consumers’ perspectives is essential for well-informed
purchasing decisions and evidence-based policymaking. Nevertheless,
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comprehensive investigations on diverse two-wheelers models have not
yet been conducted. Against this background, this study closely exam-
ines the cost and carbon intensities among all the available two-wheeler
purchase options from consumers’ perspectives to answer the following
questions: What are the climate change mitigation potentials for
different scooter technologies to facilitate the transition towards a net-
zero emissions future? Are there any trade-offs between two-wheelers
ownership costs and carbon emissions faced by today’s consumers?
With 610 two-wheeled vehicles per 1000 population, Taiwan has the
highest motor scooter ownership rate globally [20]. Therefore, this
study explores the Taiwanese two-wheelers market in order to cover a
wide range of purchase options available to consumers. Note that motor
scooters commonly seen on the roads in Taiwan are those with a
step-through chassis and footrest platform. The most well-known brand
of this motor scooter type is the Vespa, which was first introduced after
the Second World War in Italy and has been exported worldwide since
then [21].

Starting in 2016, the Taiwanese government has provided financial
incentives to encourage people to replace their old, high-emitting gas-
oline scooters (internal combustion engine; ICE scooters) with cleaner
ones—including battery electric scooters (e-scooters). Like global EV
market adoption, fiscal subsidies are also a major driver of e-scooter
adoption in Taiwan. The e-scooter sales market share reached a record
18.7% in 2019 but fell to below 10% in 2020 when the subsidies were
cut [22]. Unlike the EV charging ecosystem, battery swapping has
become mainstream (nearly 90%) for e-scooter recharging in Taiwan
[22]. The Taiwanese company Gogoro has successfully popularized the
idea by deploying a battery swap network. By the end of 2021, more
than 2200 swap stations (i.e., GoStation) have been built nationwide-
—approaching the number of gas stations in Taiwan [23]. Before the
emergence of Gogoro in 2016, lightweight e-scooters (with lower than 5
horsepower) used to be more common in Taiwan but are still available in
the current market, taking about 13% of the sales market share [20]. On
March 30, 2022, the Taiwanese government officially published "Tai-
wan’s Pathway to Net-Zero Emissions in 2050”, setting out a clear
timetable for the ICE ban, including electrifying all new sales of scooters
by 2040 [24]. However, it remains questionable whether e-scooters can
truly help achieve the emission goals and if they are economically
attractive for large-scale adoption. Here, we address the concerns and
contribute to the literature by evaluating the environmental and
techno-economic aspects of various scooter models available for pur-
chase today. Although Taiwan is selected as the study focus, we develop
an interactive online tool (https://how-much-e-scooter.netlify.app/),
allowing users to change input parameter values to enhance
decision-making during the net-zero transition across the globe.

2. Methods
2.1. Scooter models selection

We examine the lifecycle carbon emissions and consumer ownership
costs of a total of 156 scooters in Taiwan—including all the domestic
internal combustion engine scooters powered by gasoline (ICE scooters)
and battery electric scooters (e-scooters) that are available on the mar-
ket in 2021. Emission standards for new ICE scooters in Taiwan are
based on European regulations [25,26]: The Taiwan Phase 6 and Phase 7
emission limits are comparable but not identical to Euro 4 and Euro 5
limits—they are in fact more stringent in some respects. With the
implementation dates of January 2017 and 2021, all the new ICE
scooters produced in Taiwan should meet Phase 6 and Phase 7 stan-
dards, respectively [25]. We select 64 Phase 6 scooter models and
another 45 models following the latest Phase 7 standards—all with en-
gine capacity from 100 cc to 150 cc. Regarding e-scooters, there are two
different charging versions on the market: battery swapping and battery
charging. We consider all the e-scooter models (28 with swapping ver-
sions and 5 with charging versions) that have motors similar to ICE
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counterparts with 100 cc-150 cc and the other lightweight e-scooters (7
with swapping versions and 7 with charging versions) that are compa-
rable to 50 cc ICE scooters.

2.2. Life cycle assessment (LCA) of greenhouse gas (GHG) emissions

To better understand the environmental benefits of scooter electri-
fication, LCA is used to compare the lifecycle emissions per distance
driven among different scooter models. This study defines the system
boundary in LCA to include two-wheeled vehicle manufacturing, up-
stream fuel, and feedstock production, and vehicle operation stages.
Emissions from end-of-life procedures are excluded due to the lack of
data and their expected negligible amount compared to emissions from
vehicle production and operation [27]. We assume a nominal lifetime
distance traveled of 102,400 km, with the national average kilometer
ridden per year of 6400 km [28] and a lifespan of 16 years [29].

We derive the carbon emissions of scooter manufacturing from the
published literature on cradle-to-gate emissions of lithium-ion batteries
and scooter production [30,31], resulting in 2.2290 kgCO2eq/kg for
e-scooters excluding battery, 2.4988 kgCO2eq/kg for ICE scooters
(including ICE), and 10.3994 kgCO2eq/kg for battery production. Note
that battery manufacturing is presented separately here because of its
high carbon footprint relative to scooters themselves. Regarding the
lifecycle emissions (i.e., well-to-wheel; WTW) of transportation fuels, we
estimate the results based on the carbon footprint of the gasoline [32],
the emission intensity of the electricity mixes [33,34], and fuel con-
sumption rates for all the selected scooter models [35,36]. In Taiwan,
the carbon emissions to produce a liter of gasoline is 0.65 kgCO2eq/L, to
consume a liter of gasoline is 2.2631 kgCO2eq/L, and to generate a
kilowatt-hour (kWh) of electricity (including fuel production and feed-
stock production stages; i.e., well-to-pump) is 0.552 kgCO2eq/kWh in
2020 (Section 2.4 for details)."

2.3. Total cost of ownership (TCO) calculations

The total cost of ownership (TCO) denotes the costs incurred during
the vehicle ownership period, including vehicle purchase costs, fuel
costs, and non-fuel operating and maintenance costs. The TCO per
kilometer calculation approach applied in this study is shown in the
following formula,

(IPC — RVyxPVFy) + fj FC; x PVF; + YV O&M; x PVF,

TCO [NTS$ / km] = fi}‘v KT

@

where PVF; is the present value factor at the end of year n with the
equation of 1/(1 +r)i, r is the discount rate (6%), and N is the scooter
lifespan (16 years [29]). IPC is initial purchase costs incurred at time
zero, which is made up of retail price and financial incentives (varying
by county, as shown in Table S1). RVy is the residual value after the
ownership period N, which is estimated using the straight-line depre-
ciation method with the assumed depreciation rate of 25% [37]. FC is
the fuel costs incurred every year: (1)for ICE scooters, FC is determined
by the fuel efficiency [36], gasoline prices (10-year average from 2012
to 2021 is NT$27.18/L [38]), and the annual kilometer ridden (VKT;
6400 km/yr [28]); (2) for e-scooters with monthly riding plans, FC de-
pends on the swapping/charging subscription plan [39-41] (Table 52);
(3) for e-scooters without riding plans, FC depends on fuel efficiency
[35], electricity prices (the 10-year average is NT$2.73/kWh [42]), and

1 The upstream WTP emissions of electricity generation is divided into the
fuel production and the feedstock production periods. While the feedstock
production emissions are obtained from the GREET-Taiwan model (0.022
kgCO2eq/kWh) [34], the electricity production emissions (0.530
kgCO2eq/kWh) are derived from the publicly available data (Section 2.4).
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annual VKT. O&M is the non-fuel operating and maintenance costs per
year, including compulsory insurance costs [43] (Table S3), mainte-
nance costs [44,45](ICE scooters: based on Sanyang Motor official data;
e-scooters: based on Gogoro official data; Table S4), and annual vehicle
use taxes [46] (Table S3).

2.4. GHG emission intensity projections in the electricity system

The carbon emissions impact of electricity generation can be
measured through GHG emission intensity, which is a key factor when
evaluating the lifecycle climate benefits of vehicle electrification. In this
study, we follow the European Commission definitions and compute the
GHG emission intensity of electricity production as the ratio of carbon
emissions from electricity generation and gross electricity generated
[47]. The study scope includes all the electricity generated in Taiwan,
not only limited to the electricity sold by Electricity Retailing Utility
Enterprises” as defined in the power emission factor published by the
Bureau of Energy [48].

By utilizing the data provided by Environmental Protection Admin-
istration (EPA) [49], Taiwan Power Company (i.e., Taipowerg) [50], and
Independent Power Producers (IPPs) [51], we estimate the GHG emis-
sion intensities of every fossil-fuel-fired power generator and the
average carbon intensity of electricity generated in 2020. Furthermore,
we project the future GHG emission intensity in Taiwan’s electricity
system throughout 2050 based on the power mix trajectory—derived
from "Taiwan’s Pathway to Net-Zero Emissions in 2050 (2050 Pathway
to Net-Zero Emissions)" [52]. According to the government’s roadmap
for the power sector, the share of renewables in the electricity supply
will significantly increase to at least 60%, with another 9-12% coming
from hydrogen by 2050 to achieve net-zero emissions. The estimated
future electricity mix and the associated GHG emission intensity of
electricity during the fuel production and feedstock production periods
are summarized in Table S5. It is noted that Taipower’s development
plans through 2027, such as the new installation schedule for natural gas
generators and retirement dates of the existing coal-fired power gener-
ators, are considered when assessing the national average emission in-
tensity of the thermal power plants [53].

2.5. Fuel efficiency targets to achieve net-zero emissions by 2050

In response to the rising global ambitions on climate change miti-
gation, Taiwan has established long-term GHG emissions reduction
targets and committed to attaining net-zero emissions by 2050. The
2050 Pathway to Net-Zero Emissions sets the targets that direct GHG
emissions from the road transportation sector should be reduced from
37.0 Mt in 2019 to 24.2 Mt in 2030, 13.7 Mt in 2040, and 3.2 Mt COzeq
in 2050 [52]. By following the method applied by Miotti et al. [19], we
estimate the fuel efficiency targets for on-road scooters in two steps: (1)
allocate a fraction of the road transport emission targets to scooters; (2)
divide these numbers by the total distance expected to be ridden by
scooters. We note that the fuel efficiency target calculations face
numerous uncertainties in allocating emission reductions across vehicle
types (i.e., passenger cars, scooters, buses, and trucks) and scooter riding
demand. While the policy decision will largely determine the former, the
latter will be affected by various factors such as public transport systems
and transportation innovations.

Due to the lack of future trend studies in Taiwan, we make the
following assumptions and calculations. Firstly, we assume the scooter
share of the total road transport emissions remains at the 2020 lev-
el—which was found to be 21.6% [54]. Secondly, we assume the annual

2 Electricity Retailing Utility Enterprise is defined as a public utility that
purchases electricity to resell it to the users.

3 Taipower is the leading state-owned electric power company in Taiwan,
providing about 68% of the national electricity needs [59].
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scooter riding demand per scooter stays constant. The scooter use in-
tensity (i.e., two-wheeled vehicle kilometer traveled; VKT) is estimated
from the regular exhaust inspection records of scooters provided by the
EPA [28], which is 6400 km per year on average in 2020. Lastly, Tai-
wan’s scooter market dynamics (such as scooter ownership demand) are
explored. According to the government household survey [55], pas-
senger car ownership follows an S-shaped curve as income increases, but
the scooter ownership rate shows an inverted U-shaped pattern in
Taiwan. This observation is consistent with the recent study pointing out
that two-wheeler ownership will increase in the beginning stage as in-
come increases but will start decreasing once a threshold income is
exceeded—which is called the “Motorcycle Kuznets Curve” [56,57].
Based on Tsai et al. [54], the scooter stock in Taiwan will peak at 13.96
million in 2024 and then decrease to 13.83 million in 2030, 13.25
million in 2040, and 12.11 million in 2050. By dividing the GHG
emission targets for scooters by the expected total number of scooters
and the annual two-wheeled VKT, we obtain the required fuel con-
sumption rates for meeting 2030, 2040, and 2050 targets.

3. Results
3.1. GHG emissions and ownership costs of 156 scooters on the market

Fig. 1 shows the cost-carbon space of the scooters available on the
market today in Taiwan (see Table S6 for all the data points). We find
that the lifecycle carbon footprints and ownership costs differ a lot from
one to another, both within and across scooter technology types.
Overall, advanced powertrain technologies (e-scooters) produce lower
carbon emissions but cost more than their gasoline counterparts. For
example, the most popular e-scooter, Gogoro VIVA MIX, emits 62% less
than the average ICE scooter; however, riders need to pay 38% more for
ownership without subsidies and 22% more with subsidies.

Today’s consumers face a trade-off between costs and carbon emis-
sions when selecting a scooter model with different powertrain tech-
nologies. This trade-off is also encountered (but not so obvious) when
consumers choose between the Phase 6 and Phase 7 gas scooters. On the
other hand, with the same powertrain technology, scooters with lower
emissions are generally less expensive to own. As one example, Yamaha
Jog, one of the best-selling scooters in Taiwan, is not only the least
emitting but also the most affordable ICE scooter. Note that the carbon
footprints of personal vehicles — BEV (Tesla Model 3) and ICEV (Toyota
Corolla Altis) — are also evaluated and displayed in the figure, high-
lighting that electric two-wheelers offer a much more sustainable means
of personal vehicle transport.

When only considering the scooter purchase prices (Fig. 1(b)), we
find that most e-scooters do not have higher upfront costs than ICE
scooters. This observation contrasts the previous study regarding per-
sonal vehicles, which showed that the comparison would shift in favor of
ICEVs [19]. The main reason causing this difference is primarily because
battery swapping techniques convert the capital cost of the most
expensive component — battery — to an operating expense. Separating
the battery from an e-scooter brings it on par with an ICE counterpart or
even lower in some cases. Consumers who are not sensitive to the initial
cost when buying a scooter may find e-scooters are cost-competitive to
own.

Currently, the governments provide purchase subsidies for both e-
scooters and ICE scooters with the Phase 7 emission standard.” The
purchase subsidy amount varies by powertrain technology, e-scooter
class, and county, as displayed in Table S1. While the Phase 7 ICE
scooter buyers can receive NT$3000 to $9000 in subsidies, e-scooter
purchase subsidies vary greatly—ranging from NT$10,000 in Hualian to

4 Whether ICEs should be financially supported for “the coexistence and co-
prosperity of gasoline- & battery-powered scooters” remains a debate over
the past few years in Taiwan [60,61].
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Fig. 1. (a) Costs and carbon emissions comparison of 156 new scooter models offered in the Taiwan market in 2021, assuming a 16-year lifetime, 6400 km ridden
annually, a 6% discount rate, and without subsidies. Carbon emissions of personal vehicles are also examined and indicated for comparison (ICEV: Toyota Corolla
Altis; BEV: Tesla Model 3); (b) Same as panel (a), but the x-axis refers to the initial purchase costs only without subsidy. (c—f) TCO with and without subsidy: (c) ICE
scooters with the Phase 7 standard; (d)-(e): e-scooters with battery swapping and charging versions; (f) lightweight e-scooters with battery swapping and charging
versions. Estimated GHG emissions and ownership costs for each of the 156 analyzed scooter models can be found in Table S6.

$42,000 in Kinmen county. By selecting the direct subsidy in the capital
city of Taiwan (Taipei) as an example,” we evaluate the impacts of the
purchase incentive program on the cost-competitiveness of advanced
powertrain technologies; the results are shown in Fig. 1(c)-(f). The
government is closing the cost gaps through subsidies and differences in
taxes collected, making the subsidized Phase 7 ICE scooters achieve TCO
parity with the Phase 6 ones. However, the subsidized e-scooters are still
much more costly than their ICE counterparts by 21%-78%.

3.2. Breakdown of GHG emissions and ownership costs comparisons

Fig. 2 shows the average GHG emissions and ownership costs of 156
scooters available on the market today, broken down by different con-
tributors. Within the same powertrain technology, the Phase 7 emissions
per km are, on average, 5% lower than the Phase 6 ICE scooters; how-
ever, these carbon reduction benefits are uncertain—depending on the
various model-specific fuel consumption rates. Besides, e-scooters with
charging mode produce 15% more emissions per km than those with

5 The purchase subsidies from the central and local government in Taipei are
as follows: Phase 7 ICE scooter NT3,000; e-scooters NT19,000 for normal and
NT13,000 for lightweight.

swappable batteries due to the lower fuel efficiency. Across the different
powertrain technologies, scooter electrification would significantly
reduce carbon emissions by 63%. Increased emissions from battery and
electricity production phases are offset by decreased emissions during
the vehicle operation phase (owing to enhanced powertrain efficiency).
Moreover, lightweight e-scooters would further reduce emissions by
20% compared to normal electric ones by consuming 9% less electricity
per km.

Despite their environmental advantages, e-scooters cost much more
than their ICE counterparts—even considering the government subsidies
(Fig. 2(b)). When adopting an e-scooter (no matter with charging or
swapping versions), customers are not buying the most expensive part —
the battery ownership, making the upfront purchase costs of e-scooters
competitive with ICE ones even in the absence of incentives. Never-
theless, customers have to pay a monthly fee for riding, ranging from NT
$ 299 to 899—depending on the subscription plans and scooter models
(Table S2); these riding plans cause e-scooters to be more costly to
operate and own. The current financial incentives for e-scooters pur-
chased in Taiwan amount to 19,000 NT$ reductions in lifetime 16-year
(i.e., 102,400 km) TCO, equivalent to 0.19 NT$ reductions per kilometer
traveled. However, government subsidies are not sufficient to make e-
scooters more economically attractive nowadays, and making subsidy
policy does not meet the societal goals (for more details regarding
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Fig. 2. Averages by scooter class and powertrain technology of (a) lifecycle GHG emissions and (b) total ownership costs for the data displayed in Fig. 1. Error bars
are from model differences in the purchase price, fuel economy, and battery size.

energy policy failure, see Ref. [58]). e-scooter model with swapping or charging mode depends on the cus-
tomers’ riding intensity (i.e., VKT). Under lower scooter use intensity
conditions, such as the citizens in Taipei county, e-scooters with
charging mode cost less than their swapping counterparts. In regions
with relatively high scooter use intensity, like Kaohsiung county,
swappable e-scooters are found to be cheaper overall than the charging
version. A breakeven analysis is conducted to determine at what annual
distance-ridden level battery charging version would become more cost-
attractive. Take the Ionex S6 for an example (see inset Fig. 3). Both

3.3. Scooter use intensity impacts on trade-offs between carbon and costs

Within the same powertrain technology, the cost-carbon comparison
of different emission standards or charging versions for the comparable
scooter models could provide further insights. We find that ICE scooters
with stricter emission limits always cost more for the same scooter
model. However, the existence of a cost-carbon trade-off in selecting an
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Fig. 3. Cost-carbon space for the counterpart scooters with different emission standards (phase 6 versus phase 7 gasoline) and charging versions (swapping versus
charging) under 4,000, 6400, and 7500 km ridden annually. The inset shows the breakeven analysis results for fuel costs with various VKT between battery charging
and swapping versions, using Ionex S6 as an example.
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swapping and charging versions are offered in the market with different
subscription plans: For swapping mode, the monthly subscription plans
start at 499 NT$ for monthly VKT below 304 km (point O to 1) and in-
crease to 799 NT$ when monthly VKT is greater than 488 km and less
than 573 km (point 2 to 3). For charging mode, the monthly flat fee is
699 NT$ with a maximum annual VKT of 10,000 (point a). After
exceeding the kilometers packaged in a plan, customers need to pay an
additional charging fee per kilometer ridden. We find that the battery-
swapping version would cost less than the charging one when the
annual VKT is below 5500. Fig. 3 also points out that no matter which
propulsion system a scooter is equipped with, the greater intensity a
scooter is used, the cheaper per-km TCO would be.

3.4. Scooter models for achieving net-zero emissions targets in taiwan

We find that, surprisingly, all the Phase 7 ICE scooter models meet
the 2030 emissions reduction targets, but none of them meets the me-
dium- and long-term climate goals (Fig. 1(a)). To enable climate goals
for 2040, electrifying nearly half of the on-road operating scooters (i.e.,
47%) is needed under the current electricity mix. 100% e-scooter stock
share in 2040 implies that consumers should start switching from ICE
scooters to electric ones around 2025, given the average scooter
ownership lifespan of 16 years. However, with the current electricity
carbon intensity, none of the currently available e-scooter models meet
the long-term 2050 target. According to the power sector roadmap,
renewable energy will account for 60% of Taiwan’s power supply in
2050, decreasing the grid emission intensity by 77% from 2020 to 2050.
Fig. 4(a) illustrates the expected lifecycle GHG emissions reductions
achieved by improving grid carbon intensity throughout 2050. The re-
sults indicate that deep decarbonization of the electric power system and
scooter electrification are simultaneously needed to achieve the 2050
net-zero emissions target. Under the expected power mix trajectories,
the emissions targets require the on-road fleet consisting of at least 62%
and 89.7% e-scooters, with the rest of 38% and 10.3% Phase 7 ICE
scooters in 2040 and 2050, respectively (Fig. 4(b)).

3.5. Sensitivities of ownership costs and GHG emissions to parameters

A number of factors contribute to the ownership cost and lifecycle
GHG emissions, making the cost-carbon space of scooters vary under
different conditions. We explore the uncertainties in four parameters:
discount rate, scooter ownership years, e-scooter purchase subsidies,
and carbon intensity of electricity. Fig. 5 illustrates the cost and carbon
ratios of e-scooters to ICE scooters with respect to these parameters. The
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2020 average ownership costs and GHG emissions of 156 scooters dis-
played in Fig. 1 are used to calculate the base of the tornado diagram
(Fig. 5); the baseline TCO and carbon ratios are 1.56 and 0.42, respec-
tively. Note that the impacts of the uncertainty in annual distance ridden
are already examined in Section 3.3 and thus not included here.

The discount rate reflects the relative importance of the upfront costs
compared to annual potential savings/expenses on fuel and mainte-
nance. Our sensitivity analysis results show that the discount rate only
has a minor impact on the cost ratio. Increasing the discount rate from
2% to 10% (baseline is assumed to be 6%) increases the e-scooter/ICE
scooter TCO ratio from 1.55 to 1.57. This result is mainly driven by the
fact that instead of future savings, there are even more expenses on fuel
(electricity) for swappable e-scooters that technically convert the
upfront costs of the battery to future operating costs. According to the
results for sensitivity to ownership lifespan, the TCO ratio is still not
sensitive to this variable (though more than the discount rate). Longer
ownership years would amplify the fuel cost differential between e-
scooters and ICE scooters, causing the TCO ratio to increase from 1.52 to
1.60 when the lifespan lengthens from 12 years to 20 years. Purchase
subsidies have been a key factor in promoting e-scooter deployment.
However, the cost-carbon space mapped out in Fig. 1(a) assumes no
subsidies because the governments are expected to phase out the
incentive programs as the e-scooter market matures. In Fig. 5(a), we
include the purchase incentives of NT$42,000 (i.e., the highest subsidy
amount in Taiwan) to examine the sensitivity, which decreases the TCO
ratio to 1.32—illustrating the strong influence of government subsidy on
e-scooter ownership costs.

The decarbonization level of the electric power sector varies by
country, making the climate benefits of scooter electrification differ
across the globe. To evaluate whether e-scooters provide carbon ad-
vantages over ICE scooters across the globe, we explore the sensitivity of
the emissions to grid carbon intensity. Fig. 5(b) suggests that the
makeup of the power mix determines the carbon footprint mitigation
potential of electrifying scooters. Decreasing the carbon intensity of
electricity generation from 0.625 kgCO5/kWh to 0.012 kgCO2/kWh
would lower the ratio of the emissions for e-scooters relative to ICE
scooters by 82% (from 0.65 to 0.03). Note that South East Asian coun-
tries with many scooters are indicated in the figure, showing that even in
Indonesia, where electricity is mainly generated from fossil fuels
(~88%), scooter electrification still delivers great environmental
benefits.
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Fig. 4. (a) Average lifecycle GHG emissions projections of e-scooters as a function of improving carbon intensity of the electricity generation under Taiwan’s power
sector transformation roadmap for the net-zero emissions target by 2050. (b) Fleet composition with minimum shares of battery powertrain technology to meet the
2040 and 2050 net-zero emissions targets, based on the average fuel efficiency of the available models shown in Fig. 1.
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Fig. 5. Sensitivity analysis for the ratios of e-scooters relative to ICE scooters: (a) total cost of ownership (TCO); (b) lifecycle carbon emissions.

4. Discussion

This paper examines the cost and carbon performances of a
comprehensive set of 156 scooter models on the market today. With the
world’s highest density of scooter ownership, Taiwan is selected as a
study interest to cover a broad spectrum of scooter models. Two-
wheelers have been a favored and dominant mode of personal trans-
port in many countries, especially in South-East Asia, mainly because of
their comparatively lower private vehicle ownership costs. Despite its
popularity, two-wheeled vehicles have not yet been thoroughly studied
across the diversity of today’s available models against climate change
mitigation targets in the existing literature. This study, therefore, fills
the current scientific gap in understanding the potential trade-offs
among two-wheeler purchase options from consumers’ perspectives.

We find that consumers do not face a trade-off between costs and
emissions when selecting a scooter model within the same powertrain
technology: The less-emitting scooters generally correspond to lower
ownership costs. However, such cost and carbon trade-off does exist
when choosing scooter models with different powertrain technologies.
Consumers have to pay up to 124% more (110% more costly with sub-
sidies) for e-scooters having 56% lower emissions than their ICE coun-
terparts. When only considering the purchase prices, the cost differences
between electric and ICE scooters become even more significant because
swappable batteries technically convert the initial capital cost of the
battery — the most expensive component — to an operating cost. These
findings suggest that the existing government subsidies are not sufficient
to fill the cost gaps and thus fail to encourage wider e-scooter adop-
tion—which might be further exacerbated amid the rising inflation.
Financial incentives play a significant role in encouraging consumers to
switch to low-emission scooters. However, with the government
beginning to cut the e-scooter purchase subsidies, we expect that the e-
scooter uptake will slow down in the foreseeable future, causing a
problem for Taiwan in achieving its net-zero emissions future.

Surprisingly, it appears that all the available Phase 7 ICE scooters
meet the near-term 2030 climate target—implying that ICE scooters
with higher fuel efficiency are a promising form of two-wheeled trans-
portation to facilitate a less-costly transition from liquid fuels to elec-
trification. Our analysis results provide good evidence and reasons why
the government is simultaneously subsidizing the Phase 7 ICE purchases
besides electric ones. Nevertheless, none of the Phase 7 ICE scooters
meet the target for the mid-term future goal—exceeding 36% on

average. In contrast, all of the available e-scooter models, even with the
current electricity supply mix, can meet the 2040 climate goal. The long-
term net-zero emissions, however, do require the deep decarbonization
of the power grid. Under the government’s power sector transformation
roadmap, the GHG emission intensity will continue to decline with the
increase in renewables and a decrease in coal-fired electricity. To enable
a net-zero emissions future, the share of e-scooters would need at least
90% in the operating scooter fleet by 2050, with more than 60%
renewable power supply. The study highlights that the climate impacts
of e-scooter deployment depend on the decarbonization progress of the
electric grid. Consequently, policies to encourage scooter electrification
should go hand-in-hand with support for low-carbon electricity
generation.
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