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Abstract 
This paper examines the impact on the life cycle greenhouse gas (GHG) emissions reduction when fossil-fueled ICE gasoline, 
diesel and natural gas vehicles, hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs) are banned in 
a step-by-step manner from 2035. We examine the impact of vehicle bans on life cycle GHG emissions and on the marginal 
cost (MC) of emissions reduction using four different scenarios defined by hydrogen production method, renewable energy 
share, and infrastructure development for refueling stations. The vehicle penetration and the fuel demand are determined by 
a consumer choice model characterized by a multinomial logit algorithm. Our analysis found that vehicle bans significantly 
promote battery electric vehicles (BEVs) for mini-sized vehicles and hydrogen fuel cell vehicles (FCVs) for light and heavy-
duty vehicles. A vehicle ban that excludes BEVs and FCVs from 2035 under an enhanced infrastructure plan can reduce the 
life cycle GHG emissions as much as 438 million tonnes by 2060 compared to the 2017 level. The MC of the life cycle GHG 
mitigation decreases continuously and reaches as low as $482 per tonne CO2eq in 2060. However, if PHEVs are excluded 
from the ban, the life cycle GHG emissions are reduced more by 88 Mt-CO2eq in 2060 at a lower MC of $122 per tonne 
CO2eq. This is due to decreases in GHG emissions from VP where the replacement of PHEVs for BEVs and FCVs reduces 
the production of batteries and fuel cells.
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Graphic abstract
The main structure of the model.
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Abbreviations
BaU	� Business as usual
BEV	� Battery electric vehicle
Bt-CO2eq	� Billion tonnes-CO2 equivalent
CCS	� Carbon capture storage
FCV	� Hydrogen fuel cell vehicle
GDP	� Gross domestic product
GHG	� Greenhouse gas
HDV	� Heavy-duty vehicle
HEV	� Hybrid electric vehicle
ICEV	� Internal combustion engine vehicle
LC	� Life cycle
LDV	� Light-duty vehicle
LEV	� Low-emission vehicle
MC	� Marginal cost
Mt-CO2eq	� Million tonnes-CO2 equivalent
MV	� Mini-sized vehicle
NGV	� Natural gas vehicle
PHEV	� Plug-in hybrid electric vehicle
TtW	� Tank-to-wheel
VP	� Vehicle production

WtT	� Well-to-tank
WtW	� Well-to-wheel

Introduction

The transport sector in Japan contributed 19.2% of the 
nationwide greenhouse gas (GHG) emissions in 2017 reach-
ing 248 million tonnes-CO2 equivalent (Mt-CO2eq) with the 
road transport alone generating 224 Mt-CO2eq (MOE 2019). 
On the basis of the Paris Agreement, GHG emissions from 
the transport sector are aimed to be cut to 163 Mt-CO2eq by 
2030 which is a 34.3% reduction over 13 years (MOE 2016).

The principal policies for reducing GHG emissions 
from road transport by the Government are to promote low 
emission vehicles (LEVs) such as battery electric vehicles 
(BEVs), hybrid electric vehicles (HEVs), plug-in hybrid 
electric vehicles (PHEVs), natural gas vehicles (NGVs) and 
hydrogen fuel cell vehicles (FCVs) through low-emission 
vehicle rebates, the tax reduction under eco-car tax program 
and increasing the number of battery charging, natural gas 
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and hydrogen refueling stations (ANRE 2016; METI 2016b; 
JGA 2017; NGVPC 2019b). Furthermore, hydrogen produc-
tion alternatives and the target price of hydrogen for FCVs 
after 2030 have been proposed. After 2030, carbon dioxide 
and capture storage (CCS) is planned to be introduced for 
natural gas reforming as well as technology using renewa-
bles, and the hydrogen price for FCVs reduced from $0.95 
per Nm3 ($10.58 per kg) in 2018 to $0.284 per Nm3 ($3.16 
per kg) in 2030. The price is planned to be further reduced 
to $0.19 per Nm3 ($2.12 per kg) toward 2050 (ANRE 2019). 
Infrastructure development of natural gas and hydrogen refu-
eling stations is also proposed, and a total of 900 hydrogen 
refueling stations and 1000 natural gas refueling stations are 
planned to be developed by 2030 (JGA 2019; METI 2019; 
NGVCR 2017).

Despite these promotion policies, the market penetration 
of LEVs has well below the roadmap targets of the Govern-
ment. In 2018, there were 103,569 BEVs, 103,211 PHEVs 
and 2440 FCVs (AIRIA 2019; NGVPC 2019a). The Japa-
nese Government targets for BEVs, PHEVs and FCVs are 
0.7-1 million BEVs and PHEVs combined by 2020, and 
0.2 million FCVs by 2025 with 0.8 million FCVs by 2030 
(ANRE 2016; METI 2016a).

The previous study by Watabe et al. (2019) examined the 
impact of carbon tax and infrastructure development of bat-
tery charging and refueling stations on the market penetra-
tion of LEVs and the life cycle (LC) GHG emissions from 
2016 to 2060 using the system dynamics simulation model 
of the Japanese energy systems. Vehicle shares are deter-
mined endogenously by using a multinomial logit algorithm, 
and the demand for vehicle fuels such as gasoline, diesel, 
natural gas, electricity and hydrogen is determined by the 
total number of vehicle fleets, fuel economy and annual dis-
tance travelled. It was found that infrastructure development 
with a carbon tax of $2.74 per tonne CO2 equivalent will 
reduce 29% tank-to-wheel (TtW) GHG emissions by 2030. 
Implementing a higher carbon tax of either $50 or $100 per 
tonne-CO2eq with an enhanced infrastructure development 
plan reduced TtW GHG emissions by 31% and the market 
share of BEVs, PHEVs and FCVs combined as 13% in 2030, 
being below the government roadmap targets. In 2060, the 
market shares of LEVs were estimated as 30% in all vehicles 
markets, leading to a TtW GHG emissions reduction of 68%, 
but GHG emissions from vehicle production (VP) growth of 
50% up to 180% in 2060. As a result, LC GHG emissions 
can drop by 35%, compared with 2016 levels.

The major difference between the present paper and 
Watabe et al. (2019) is that different policy instruments are 
used to reduce GHG emissions. Watabe et al. (2019) focused 
on a carbon tax, while the present paper focuses on fossil-
fueled vehicle bans combined with renewable fuel supports. 
Both papers are the first studies to endogenously model vehi-
cle fleet propagation and associated GHG emissions within 

the context of the Japan’s electricity and hydrogen genera-
tion systems.

From a methodological perspective, the current study 
contributes to the previous study by Watabe et al. (2019) as 
follows. Firstly, the scope of the model has been extended 
by developing a new sector for natural gas reforming for 
hydrogen production to examine the difference from the 
green hydrogen produced by distributed solar electrolysis. 
Secondly, new recent data for the costs of electric vehicles 
are used for a careful analysis of transition cost. This is very 
important as the cost of batteries has declined significantly 
in recent years. Thirdly, the presented extensive scenario 
analysis, which has been performed for the first time for 
Japan, evaluates the transition process from a different 
perspective both by comparing supportive policies which 
enhance the supply of renewable fuels, and by using banning 
strategies which represent restraining policies banning the 
registration of new fossil fuel vehicles. Implementing a ban 
on registration of new fossil-fueled vehicles is consistent 
with some EU countries proposing banning internal combus-
tion engine vehicles (ICEVs) of gasoline and diesel in the 
next ten to twenty years, as the European Union Parliament 
voted for a 40% CO2 emissions reduction from vehicle fleets 
by 2030 (EU 2018). The defined scenarios in the present 
analysis assume rapid transitions toward electric and hydro-
gen vehicles, caused by the fact that the elements of the 
vehicle choice set are no longer fixed over time. Few studies 
in the literature have defined these types of scenarios as tar-
get-driven or normative scenarios to explore an accelerated 
transition process (Riesz et al. 2016; Shafiei et al. 2017a, b). 
These scenarios are intended to assess the implications of 
transition to LEVs through stringent policies supporting a 
rapid shift to electricity and hydrogen fuels. The compara-
tive analysis of simulation results has important information 
for policymakers on the cost and emissions implications of 
banning policies.

The rest of the paper is organized as follows. The next 
section investigates the related literature to the present 
paper. Section 3 discusses the model structure and assump-
tions, and Sect. 4 explains scenarios used in the analysis. 
Section 5 demonstrates and discusses the results of the 
analysis. The last section concludes the paper with policy 
recommendations.

Related literature

There are previous studies on the deployment of LEVs 
and GHG emissions in Japan. The previous studies have 
analyzed different policy measures other than a vehicle 
ban policy to see the impact on the share of LEVs and 
the resulting GHG emissions. Gonzalez Palencia et al. 
(2016) examined the diffusion of BEVs and fuel cell 
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HEVs to reduce CO2 emissions using a vehicle stock 
turnover model. They focus on downsizing vehicles from 
normal-size to mini-sized vehicles (MVs) to improve fuel 
economy, materials usage and energy consumption dur-
ing the vehicle production process. The market penetra-
tion of MVs is determined by exogenously defined growth 
rate of new vehicle sales based on the data from Interna-
tional Energy Agency (IEA) and the Japanese Ministry 
of Environment. They showed that BEVs share over 80% 
of light-duty passenger vehicles in 2050 and MVs share 
in light-duty passenger vehicles ranges from 47 to 91%, 
leading to a well-to-wheels (WtW) emissions reduction of 
58–88% by 2050.

Yabe et al. (2012) project the market penetration rates of 
BEVs and PHEVs and the resulting CO2 emissions reduc-
tion from 2010 to 2050. They calculated the optimal share 
of BEVs and PHEVs and power generation sources using 
a learning curve for lithium-ion batteries to minimize the 
total cost of operating vehicles and power supply. BEVs and 
PHVs will share about 25% of the market in 2050, and CO2 
emissions reduction is as much as 63% by 2050.

Using the AIM/Enduse, a bottom-up model which sim-
ulates a country’s CO2 emissions from energy and mate-
rial flow, Oshiro and Matsui (2015) show that HEVs share 
over 50% of vehicles in 2050. If implementing a carbon tax 
scheme to achieve the 2 °C target, BEVs and FCVs share 
about 90% and 60% in passenger and freight transport, 
respectively, in 2050, reducing 81% of CO2 emissions com-
pared to the 1990 level.

Vehicle bans have been studied for different countries 
other than Japan. Shafiei et al. (2017a) analyzed the rapid 
transition toward BEVs and FCVs by implementing a petro-
leum fuel vehicle ban from 2035 in Iceland. They found 
that the BEV transition would be the most cost-effective 
measure at reducing GHG emissions from energy supply and 
consumers. Shafiei et al. (2017b) also studied the case of a 
petroleum vehicle ban from 2030 in New Zealand and found 
that a fully decarbonized transport sector can be achieved 
by 2048. Since Iceland and New Zealand do not produce 
automobiles, VP GHG emissions are not considered.

System dynamics models have been applied in the vehicle 
analyses of transitioning to LEVs. Leaver and Gillingham 
(2010) evaluated the economic impact of hydrogen fuel cell 
and battery electric technologies on the economy of New 
Zealand using UniSyD_NZ. The deployment of FCVs in 
Korean was examined by a system dynamics simulation 
model (Park et al. 2011). Pasaoglu et al. (2016) examined 
powertrain technology transitions in light-duty passenger 
vehicles in the EU. A series of studies on transitioning 
to LEVs and the impact on GHG emissions reduction in 
Iceland and New Zealand were performed by Shafiei et al. 
(2014, 2018) using the system dynamics approach. These 
studies have proved that system dynamics is a useful tool to 

assess the transition process toward LEVs and the pathway 
of associated energy sectors as well as GHG emissions.

Methodology

We analyze the impact of banning fossil fuel vehicles on 
the market penetration of LEVs and the LC GHG emissions 
using the system dynamics simulation model, UniSyD_JP, 
which is primarily developed from the adaption and updat-
ing of the New Zealand model, UniSyD_NZ (Leaver et al. 
2009, 2012) for the Japan’s energy economy. Japan’s energy 
and industrial sectors are quite different from New Zealand, 
and furthermore, unlike New Zealand, Japan is a major auto-
mobile manufacturing country and also Japan’s population is 
predicted to decline at an annual rate of 0.078% (IPSS 2019). 
These require significant modification and expansion of the 
model. Leaver et al. (2012) describe in detail the program-
ming logic and assumptions for the 53 sectors and 13 regions 
of UniSyD_NZ, while UniSyD_JP consists of 108 sectors 
and 10 regions.

Model structure

The main structure of the UniSyD_JP model is shown in 
Fig. 1. The box inside the consumer’ vehicle choice includes 
the attributes which affect the vehicle choice. Fuel prices are 
determined by electricity, hydrogen and fossil fuels markets. 
Consumer’s vehicle choice determines vehicle stocks and 
GHG emissions from WtT, TtW and VP. Gross domestic 
product (GDP) and population growth affect the vehicle fleet 
growth and the electricity demand. The readers are referred 
to Watabe et al. (2019) for more information. The main dif-
ference of the present model from the previous study by 
Watabe et al. (2019) is threefold. Firstly, the elements of the 
vehicle choice set are no longer fixed and vary over time in 
order to analyze a vehicle ban policy. Secondly, the natu-
ral gas reforming for hydrogen production sector is newly 
constructed to examine the difference from green hydrogen 
produced by solar electrolysis. Thirdly, a learning curve of 
battery technology is modified based on Shafiei et al. (2019). 
UniSyD_JP simulates the transition process and equilibrium 
paths on all vehicle fleets, energy prices and GHG emissions 
from 2018 to 2060.

The model consists of energy sectors and vehicle sectors. 
Energy sectors include electricity, hydrogen and fossil fuels 
markets, which determine electricity, hydrogen and natu-
ral gas prices. Vehicle sectors include consumer’s vehicle 
choice and vehicle markets, which determine the demand 
for fuel for each vehicle fleet type and the market penetra-
tion of vehicles using the multinomial logit model. Vehicle 
fleets are classified by powertrain and weight into MVs, 
light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs). 
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Fuels used for ICEVs are gasoline, diesel and natural gas, 
while HEVs and PHEVs use either gasoline or diesel. HDVs 
are 3.5 tonnes and over in weight, and LDVs are less than 
3.5 tonnes in weight. MVs are defined as an engine size of 
0.66 L or less. MVs are not available for diesel and hydro-
gen. PHEVs using gasoline are not considered for HDVs. 
The battery sizes of PHEVs are 2 kWh, 8.8 kWh and 51 
kWh for MVs, LDVs and HDVs, respectively. The battery 
sizes of BEVs are 16 kWh, 62 kWh and 324 kWh for MVs, 
LDVs and HDVs, respectively. The assumed battery sizes 
are the average of Japanese major automobile manufacturers.

Electricity market

The demand for electricity is driven by the demand of BEVs 
and PHEVs, hydrogen compression at refueling stations, as 
well as industrial, commercial and residential demand. The 
electricity demand of BEVs and PHEVs is determined by 
the number of these vehicles in the market, fuel economy 
and annual travel distance. The electricity demand of indus-
trial, commercial and residential sectors is driven by the 
GDP.

Electricity is supplied by power generation using coal, 
natural gas, oil, nuclear and renewable energy. The ratio 

of energy sources is based on the marginal cost (MC) and 
the energy mix plan of the Government (ANRE 2018c). 
Technological development for coal and natural gas power 
generation is incorporated into the model with CCS, which 
is planned from 2030 with as much as 90% of CO2 capture 
(METI 2018). Renewable energy contributed 15% of the 
electricity supply in 2016, and it is planned to increase 
to 22–24% in 2030. The reduction in renewable electric-
ity costs from 2030 to 2060 follows the projection in the 
Long-Term Energy Demand and Supply Outlooks (ANRE 
2015). New renewable energy plants are constructed based 
on the long-term outlook of the potential capacity (ANRE 
2017). The MC of power generation from each technology 
is estimated from the Long-Term Energy Demand Supply 
Outlook Committee of the Government (METI 2015a).

Nine nuclear reactors with 9130 MW are operating, 
and the remaining 36 reactors are waiting for the approval 
to resume operation (ANRE 2018b). Resuming opera-
tion requires meeting safety measures set by the Nuclear 
Regulatory Commission and approval from the prefecture 
where reactors are sited. Because of the uncertainties 
regarding nuclear power generation, we assume that the 
operating nine nuclear reactors will be decommissioned 
after a lifetime of 40 years.
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Fig. 1   Main structure of the model
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Hydrogen market

It is assumed that hydrogen for FCVs is supplied by either 
natural gas reforming or solar electrolysis. Under the hydro-
gen fuel cell roadmap by the government, hydrogen for 
FCVs is produced by off-site natural gas reforming by 2030. 
After 2030, CCS will be introduced with natural gas reform-
ing. The roadmap suggests that carbon-free technology for 
hydrogen production can be introduced after 2030, although 
no specific plans are addressed (ANRE 2016). The total sup-
ply cost of hydrogen in 2018 is $0.95 per Nm3 ($10.58 per 
kg), and it will be reduced to $0.284 per Nm3 ($3.16 per kg) 
in 2030. The cost is planned to further reduce to $0.19 per 
Nm3 ($2.12 per kg) toward 2050 (ANRE 2019).

As an alternative green hydrogen production scheme, 
we consider the case where hydrogen is produced by alka-
line electrolysis with off-site solar power. The solar power 
facility is off-grid so that the electricity cost for hydrogen 
production is only associated with solar power generation 
technology. Meanwhile, hydrogen transported to a refueling 
station is compressed at the station where the electricity for 
hydrogen compression is from the grid network. The cost 
of solar power is $0.16 per kWh in 2017 and is expected to 
reduce to $0.05 per kWh in 2035 (ANRE 2018a).

Electricity consumption for electrolysis in 2018 is set as 
4.1 kWh per Nm3 (45.66 kWh per kg) (NEL 2019). It is 
assumed that the electricity consumption for electrolysis in 
2060 to reach the theoretical minimum of 3.54 kWh per Nm3 
(39.42 kWh per kg) (EU 2014). We assume that hydrogen is 
compressed and dispensed at refueling stations at 700 bars 
with associated electricity consumption as low as 2.7 kWh 
per kg (NREL 2014).

Fossil fuel market

The demand for fossil fuels for vehicles such as gasoline, 
diesel and natural gas is determined by vehicle stock, the 
annual travel distance and fuel economy. The prices of gaso-
line, diesel and natural gas are estimated by an econometric 
analysis with an international oil price projected by World 
Energy Outlook 2017 (IEA 2017). Domestic reserves are 
used for natural gas, and reticulation cost is added to an 
estimated imported price.

Consumer vehicle choice

A consumer vehicle choice is characterized by a multinomial 
logit model which forecasts the probability that consum-
ers purchase a specific vehicle, �it , as defined in Eq. (1). 
Consumer’s preference for a vehicle is defined by a utility 
function as in (2) that includes attributes of vehicle price, 
fuel cost, maintenance cost, battery replacement cost, driv-
ing range and fuel availability.

where subscripts denote a vehicle type i at time t; Pit is the 
vehicle price, Fit is the fuel cost, Mit is the maintenance cost, 
Bit is the battery replacement cost, Rit is driving range, Iit is 
the fuel availability, �it is the error term, and �j (j = 1,…,7) 
represent the consumer preferences on the attributes.

The vehicle fleet growth follows a modified Sigmoid 
curve (Leaver and Watabe 2016) where the upper limit of 
the Sigmoid curve is the maximum vehicle per capita as 
defined in Eq. (3):

where Vk t is the vehicles per capita for vehicle weight cat-
egory k (k = MV, LDV and HDV) at time t, Vmax is the maxi-
mum achievable vehicles per capita, a is the fraction of room 
to increase vehicles per capita, and b is the growth rate of 
vehicles.

The Japanese population is predicted to decline continu-
ously at an annual rate of 0.078%, with the number of reg-
istered vehicles predicted to continue to decline at a higher 
rate than the population (IPSS 2019; Nomura Research Insti-
tute 2015). Since 2011, LDVs and HDVs have decreased at 
annual rates of 0.65% and 0.86%, respectively, and MVs 
have increased at the annual rate of 0.19%. The overall num-
ber of vehicles per capita is expected to decrease continu-
ously (JAMA 2017; MOE 2009).

The number of vehicles per capita in 2016 was 0.173, 0.36 
and 0.0117 for MVs, LDVs and HDVs, respectively, with the 
shares of MVs, LDVs and HDVs being 27.2%, 55.5% and 
17.3%, respectively (EDMC IEEJ 2017; AMA 2017). These 
data are used for the starting year of the simulation in 2018. 
The initial annual travel distances are 7475 km, 9120 km and 
18,000 km for MVs, LDVs and HDVs, respectively (MLIT 
2009).

Vehicle data

This subsection explains the data used for the attributes in 
the utility function given in (2). The purchase prices of gaso-
line ICEVs of MVs, LDVs and HDVs as the average prices 
of the three biggest automobile manufacturers in Japan: 
Toyota, Nissan and Honda, in 2018 are $13,265, $25,582 
and $204,660, respectively. The prices of LDVs and HDVs 
other than gasoline ICEVs are set by the relative prices to 
a gasoline ICEV. For HDVs where the relative prices to the 

(1)�it =
exp

�

Uit

�

∑

i exp
�

Uit

�

(2)

Uit = �1Pit + �2Fit + �3Mit + �4Bit + �5

1

Rit

+ �6 exp
(

−�7Iit
)

+ �it

(3)Vkt =
Vmax

1 + a ⋅ exp (−bt)
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gasoline ICEVs are unavailable, we set the prices based on 
vehicle weights and the average engine size. For MVs other 
than gasoline ICEVs, prices are determined by additional 
costs to a gasoline ICEV (Yabe et al. 2012). The price of 
NGVs is based on Knittle (2012). The relative prices in 2060 
are estimated by the reduction in the battery cost and other 
components.

The battery cost will decrease with a reduction rate of 
6-9% from doubling of cumulative production to as low as 
$150 per kWh in 2025 (Nykvist and Nilsson 2015). The 
battery cost further reduces by 9% to $93.3 kWh in 2030 
(NEDO 2015). It is assumed that the battery cost reduces 
to the lowest level of $75 per kWh in 2040, and there is no 
further reduction until 2060 (Shafiei et al., 2019).

The data on annual maintenance costs, driving range and 
fuel economy are shown in Tables 1 and 2.

Fuel availability is defined based on the number of refu-
eling and recharging stations. Table 3 shows the initial cost 

and the annual running cost of different refueling stations. 
The initial cost and the running cost of each type of refueling 
stations are assumed to decrease annually to 2030; i.e., for 
hydrogen, 4.7% and 7.62%, respectively (ANRE 2016), for 
natural gas, 1.3% and 1.2%, respectively (JGA 2017), and for 
battery charging stations, 3% and 3%, respectively (METI 
2016b, c).

Table 4 shows the number of refueling stations by 2030 
proposed and planned by the Government (JGA 2019; METI 
2019; NGVPC 2017). The proposed plan is based on the tar-
get market penetration of BEVs, PHEVs, FCVs and NGVs. 
18,400 charging stations for BEVs and PHEVs in 2030 will 
achieve an average distance of 10 km between charging sta-
tions. There are 6920 fast charging stations for BEVs and 
PHEVs in 2016 where it takes 60 min to charge a 62 kWh 
battery capacity (Nissan 2019).

Table 5 shows the infrastructure development plan after 
2030. Since there is no proposed government plan after 
2030, we assume the number of refueling stations in 2060 
based on the distance between the stations. The base plan is 
the same as the proposed government plan and the enhanced 
plan is for the case in which more refueling and recharging 
stations are necessary due to the banning of fossil-fueled 
vehicles. 23,000 charging stations in 2060 for BEVs serve a 

Table 1   Annual maintenance cost in 2018 (US$ per year). Source: 
Based on cost data in Shafiei et  al. (2017a, b) adjusted by inflation 
rates

Vehicle type MV LDV HDV

Gasoline ICEV 379 632 9262
Diesel ICEV – 667 9779
NGV 436 727 10,651
Gasoline HEV 379 632 9262
Diesel HEV – 667 9779
Gasoline PHEV 357 596 –
Diesel PHEV – 630 9227
BEV 288 481 7050
FCV – 498 7200

Table 2   Initial driving range (IDR) lower fuel economy (LFE) and higher fuel economy (HFE)

Lower fuel economy data is based on (JGA 2017; MLIT 2018) and is measured by km/l for petroleum fuels and km/kg for hydrogen. Fuel econ-
omy of natural gas ICE is measured by km/Nm3. Higher fuel economy is based on Top-runner system (METI 2015b)
(a) Fuel economy is calculated by the total annual fuel consumption and total annual distance of all vehicle fleets by taking weighted average 
(MLIT 2018)
(b) For HEV, PHEV and EV, the fuel economy is calculated endogenously in the model based on battery sizes

Vehicle type Gasoline ICEV Diesel ICEV NGV Gasoline HEV Diesel HEV Gasoline PHEV Diesel PHEV BEV FCV

MV IDR 621 – 200 714 – 782 – 150 –
LFE 13.7 – 13.77 (b) – (b) – (b) –
HFE 20.8 – 17.9) (b) – (b) – (b) –

LDV IDR 612 650 200 714 750 782 818 314 700
LFE 10.8 (a) 5.1 (a) 11.05 (b) (b) (b) (b) (b) 105
HFE 17.2 17.2 14.37 (b) (b) (b) (b) (b) 136.5

HDV IDR 612 1250 300 714 1459 – 1527 157 625
LFE 7.2 (a) 4.1 (a) 3.75 (b) (b) – (b) (b) 32.2
HFE 10.6 10.6 4.88 (b) (b) – (b) (b) 41.9

Table 3   Infrastructure development costs in 2016 (thousand US$ per 
year). Source: METI (2016c), ANRE (2016), JGA (2017)

Vehicle type Initial cost Running 
cost per 
year

BEV 47 2.4
FCV 3.97 436
NGV 2.33 237
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charging station for every 8 km distance, and 6100 refueling 
stations in 2060 for FCVs serve a refueling station every 
30 km. It should be noted that under the scenario analysis 
below in Sect. 4, NGVs are banned after 2045 and refueling 
stations for NGVs are used until the end of NGVs’ life in 
12–18 years. For the enhanced plan, the average distance 
between stations for BEVs, FCVs and NGVs is 5 km, 10 km 
and 10 km, respectively.

GHG emissions

GHG emissions from WtT, TtW and VP are estimated 
by their emission factors (Tables 6, 7, 8). For BEVs and 

FCVs, TtW value is zero and WtT depends on renewa-
ble energy share of electricity generation for BEVs and 
hydrogen produced by natural gas reforming either with 
or without CCS for FCVs. When producing hydrogen 
by solar electrolysis, GHG emissions are also generated 
because the LC GHG emission factor of solar technology 
production is considered. GHG emissions from electricity 
consumed by hydrogen compression at a refueling station 
are also counted. The GHG emission factor of electricity 
depends on the shares of renewables and fossil fuels, and 
it is endogenously calculated at each time step.

For an emission factor from VP, we use the data avail-
able in the literature. Ishizaki and Nakano (2018) and 
Kawamoto et al. (2019) estimated GHG emissions from 
production of batteries, engines, bodies and chassis parts. 
Sano et al. (2018) examined the LC GHG emissions of VP 
by focusing on the impact of recycling materials of retired 
vehicles on the reduction in GHG emissions. Yamada et al. 
(2005) estimated LC GHG emissions of FCVs.

We use the data available in these studies for LDVs 
to estimate the corresponding emission factors of VP for 
MVs and HDVs based on vehicle weight, battery sizes, 
motor weight, and fuel cell size. It is also assumed that 
the efficiency for VP with respect to GHG emissions is 
improved by 1% annually until 2030 which is the emission 
reduction target of VP from 2014 to 2030 by the automo-
bile manufacturing industry (JAMA 2019). Expecting the 
emissions reduction to exhibit an exponential decrease, 

Table 4   Infrastructure development drafted plan by Government. 
Source: METI (2016c), ANRE (2016), JGA (2017)

BEV and NGV refueling stations are quick charging stations

Vehicle type Refueling sta-
tions in 2016

Refueling sta-
tions in 2030

Annual growth 
rates from 2016 to 
2030

BEV 6980 18,400 7.17%
FCV 90 900 17.8%
NGV 282 1000 9.46%

Table 5   Refueling stations in 2060 and the annual growth rates from 
2030 to 2060

(a) Annual growth rate is the rate until 2045

Vehicle type Base plan Enhanced plan

BEV 23,000 (0.74%) 36,800 (2.34%)
FCV 6100 (8.79%) 18,400 (12.2%)
NGV 6100 (6.21%) 18,400 (6.21%) (a)

Table 6   Tank-to-wheel GHG emission factors for different fuels 
(tonne-CO2eq per GJ). Source: JLPGA (2017)

Gasoline Diesel Natural gas Electricity Hydrogen

0.0671 0.0686 0.0495 0 0

Table 7   Well-to-tank GHG 
emission factors for different 
fuels

WtT GHG emission factor for electricity is endogenously determined based on power generation mix
(a) Source: Toyota Motor Corporation (2004)
(b) Source: Mizuho Information and Research Institute (2016)

Gasoline Diesel Natural Gas Hydrogen (NG reforming) Hydrogen (NG 
reforming with CCS)

kg-CO2eq 
per liter 
(a)

kg-CO2eq 
per liter 
(a)

kg-CO2eq per Nm3 (b) kg-CO2eq per Nm3 (b) kg-CO2eq per Nm3 (b)

0.381 0.207 0.521 1.55 0.98

Table 8   GHG emission factors of vehicle production (kg-CO2eq per 
vehicle)

Vehicle type MV LDV HDV

Gasoline ICEV 2266 5493 16,479
Diesel ICEV – 5753 17,138
NGV 2719 6592 19,775
Gasoline HEV 2946 7174 21,423
Diesel HEV – 7485 22,280
Gasoline PHEV 3399 8196 –
Diesel PHEV – 8461 25,707
BEV 4543 13,370 56,670
FCV – 10,986 33,308
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we assume that after 2030, the reduction will improve by 
a half of the present rate.

GHG emissions from battery production are also avail-
able in the literature. Kawamoto et al. (2019) show that GHG 
emissions from battery production are as low as 121 kg-
CO2eq per kWh. On the other hand, Ishizaki and Nakano 
(2018) assumed that GHG emissions from battery produc-
tion to be 100 kg-CO2eq per kWh to estimate the LC GHG 
emissions from LDVs. It is assumed that GHG emissions 
from battery production of 121 kg-CO2eq per kWh will be 
reduced to 100 kg-CO2eq per kWh by 2030. After 2030, 
the assumed improvement in battery technology (Shafiei 
et al. 2019) will improve the emissions reduction by 0.5% 
annually.

Main assumptions and limitation

Data and assumptions influence the results of simulation. 
WtT, TtW and VP GHG emission factors, the purchase price 
of gasoline ICEVs and infrastructure costs are based on data 
from the roadmap of the Government, the associated Agen-
cies and the previous literature and are assumed to remain 
constant to 2060. All exogenous financial data is adjusted 
to the modelling datum of 2018 dollars. Predicted efficiency 
improvements and associated changes in emission factors in 
gasoline ICEVs after 2018 are included in the UniSyD_JP 
model. Gasoline, diesel and natural gas prices used in the 
analysis are estimated based on the projected international 
oil price by IEA (2017). Like these fossil fuel prices, the 
equilibrium path of the electricity supply–demand is affected 
by the projected coal and natural gas prices. Uncertainly 
regarding the international oil price affects the vehicle 
choice through fuel price. Learning curves of battery and 
solar electrolysis are modeled based on the previous stud-
ies from literature and official documents of the Govern-
ment. Besides the data, powertrain, vehicle types and battery 

sizes for BEVs and PHEVs and fuel cells for FCVs remain 
unchanged so that these assumptions affect the rationale of 
consumer vehicle choice.

One way to remedy the limitation regarding the exog-
enous data is to construct additional sectors as the subset of 
UniSyD_JP to estimate time series values for the exogenous 
data such as the costs of batteries and electrolyzers. The con-
struction of such modeling features needs a detail analysis 
of industrial production processes.

Scenario definition

We define five scenarios as shown in Table 9 based on the 
type of a vehicle to be banned, the start year of banning, 
hydrogen production method, the renewable share for elec-
tricity supply and refueling infrastructure development plan. 
We define the Government base plan as Business-as-Usual 
(BaU) in which no vehicle ban is planned. Hydrogen for 
FCVs is produced by natural gas reforming, and after 2030, 
CCS will be introduced. Renewable energy share for elec-
tricity generation in 2030 is targeted at 25%. It is assumed 
that renewable energy share can reach 50% in 2060.

Scenario 1 considers the case in which the both gaso-
line and diesel ICEVs ban is implemented from 2035 under 
BaU. A vehicle ban means that no new sale is admitted for a 
type of vehicles listed in a banning policy. Scenario 2 con-
siders an aggressive case where MVs and LDVs of NGVs 
and gasoline and diesel HEVs are also banned from 2040 in 
addition to the banning scheme under Scenario 1. Further-
more, hydrogen is produced by alkaline electrolysis using 
off-grid solar electricity and the renewable energy share will 
be 100% by 2060. Infrastructure development is considered 
as the enhanced plan. Scenario 3 is more aggressive plan 
than Scenario 2 by imposing the ban on HDVs of NGVs as 
well as PHEVs from 2045.

Table 9   Scenario analysis

Scenario Vehicle ban Year of ban start Hydrogen production Electricity supply by renewa-
bles

Infrastructure development

BaU No ban – NG reforming with 
CCS after 2030

17% in 2016 to 50% in 2060 Drafted plan

Scenario 1 ICEV(gasoline + diesel) 2035 Same as BaU Same as BaU Same as BaU
Scenario 2 Scenario 1 + NGV 

(MV&LDV) + HEV (gaso-
line + diesel)

2040 Solar electrolysis 17% in 2016 to 100% in 2060 Enhanced plan

Scenario 3 Scenario 2 + NVG 
(HDV) + PHEV (gaso-
line + diesel)

2045 Same as Scenario 2 Same as Scenario 2 Same as Scenario 2

Scenario 4 All types except BEV and 
FCV

2035 Same as Scenario 2 Same as Scenario 2 Same as Scenario 2
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Scenario 4 considers the extreme case where all vehicles 
except BEVs and FCVs are banned from 2035. Hydrogen 
production, electricity generation and infrastructure develop-
ment are the same as defined in Scenarios 2 and 3.

Results and discussion

This section examines the impact of a fossil-fueled vehi-
cle ban on the market penetration of vehicle fleets, the 
resulting GHG emissions from WtT, TtW, VP, the life 
cycle GHG emissions, the MC of the LC GHG emis-
sions reduction and the cumulative LC GHG emissions 
reduction.

A fossil-fueled vehicles ban will reduce the demand 
for gasoline, diesel and natural gas. On the other hand, 
it will increase the consumption of electricity for BEVs 
and hydrogen for FCVs. Furthermore, the production of 
BEVs and FCVs generates more GHG emissions than 
other types of vehicles. The scenario analysis provides a 
detailed picture of how a fossil-fueled vehicle ban affects 
the market penetration of other vehicles. Furthermore, it 

will provide how the life cycle GHG emissions and the 
marginal cost of reducing life cycle GHG emissions will 
be changed from 2018 to 2060.

Vehicle market penetration

Figure 2 depicts the penetration of all types of vehicles clas-
sified in weight under BaU and Scenarios 1–4.

Under BaU, no vehicle ban is implemented while recharg-
ing and refueling stations for BEVs, FCVs and NGVs are 
developed under the Government base plan. Hydrogen for 
FCVs is produced by natural gas reforming combined with 
CCS after 2030. The share of renewables’ electricity genera-
tion is based on the energy mix of the Government Plan. The 
total number of MVs increases from 31.4 million in 2018 
to 32.6 million in 2060. Gasoline ICEVs decrease continu-
ously, but they still dominate the MV market with about 14 
million vehicles and a share of 42.6% in 2060. BEVs and 
NGVs increase continuously to 1.5 million and 2.34 million 
in 2060, respectively.

Unlike MVs, the total number of LDVs decreases from 
46.7 million in 2018 to 35.6 million in 2060. Gasoline 

Fig. 2   Vehicle profiles under BaU and Scenarios 1–4
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ICEVs, diesel ICEVs and gasoline HEVs continue to 
decrease. On the other hand, the share of diesel HEVs 
among LDVs is less than 10%, exhibiting a slight increase 
until 2040 and then declining toward 2060. Despite the 
continuous decrease in gasoline ICEVs, there will be 923 
million with the share of 26% in 2060. NGVs, PHEVs, 
BEVs, and FCVs increase continuously and reach 3.16 
million, 9.2 million, 1.54 million and 3.52 million with 
the shares of 0.9%, 27.7%, 4.3% and 10% in 2060, respec-
tively. The number of FCVs will be about 148,000 and 
265,000 in 2025 and 2030, respectively, which fail to meet 
the corresponding government targets of 200,000 and 
800,000, respectively.

The total number of HDVs decreases from 14.6 million 
in 2018 to 0.93 million in 2060. Diesel ICEVs have a sig-
nificant decrease until 2040, but maintain the highest share 
of 28.5% in 2060. Gasoline ICEVs show a slight increase 
until 2043 and thereafter keep almost constant. NGVs, die-
sel PHEVs, BEVs and FCVs continue to increase. How-
ever, NGVs, BEVs and FCVs share only 9%, 0.3% and 
2.3% in 2060, respectively. Diesel PHEVs share 12.7% in 
2060, which is higher than the total share of NGVs, BEVs 
and FCVs.

Under Scenario 1, both gasoline and diesel ICEVs are 
banned from 2035. The ban reduces both gasoline and 
diesel ICEVs shares for MVs, LDVs and HDVs in a dif-
ferent manner. For MVs, after 2035, the ban expands the 
shares of gasoline HEVs and gasoline PHEVs at the annual 
growth rates of 2.7% and 4%, respectively. In 2060, gaso-
line HEVs and gasoline PHEVs share 31.4% and 38.4% 
in the MVs market, while BEVs share only 7.2% in 2060.

For LDVs, the ban decreases not only gasoline and die-
sel ICEVs but also gasoline HEVs. These three types of 
vehicles share 7.2%, 2.3% and 18.9% in 2060, respectively. 
After the ban, FCVs increase at the annual growth rate of 
10.4% and share 14% in the LDVs market in 2060, while 
gasoline PHEVs share 24.8%. On the other hand, BEVs 
increase at the annual growth rate of 5% and a share stays 
only 6.1% in 2060.

For HDVs, the ban on both gasoline and diesel ICEVs 
makes all other types of vehicles increase. After the ban, 
FCVs exhibit the highest annual growth rate of 14.1%, 
being higher than NGVs of 4.3% and diesel PHEVs of 
4.5%. However, FCVs’ share remains 3.8% in 2060, being 
far less than 14.6% of NGVs and 20.8% of diesel PHEVs.

Under Scenario 2, MVs and LDVs of NGVs, gasoline 
and diesel HEVs are banned from 2040 in addition to 
gasoline and diesel ICEVs banned in 2035. Hydrogen is 
produced by solar electrolysis, and an enhanced plan is 
introduced for infrastructure development. For MVs, gaso-
line PHEVs dominate and share 64% of the MVs market 
in 2060. BEVs increase over time, but the share remains 
12.6% in 2060.

For LDVs, the market shares for gasoline and diesel 
PHEVs, BEVs and FCVs increase over time. FCVs expand 
at the highest annual growth rate of 12% after 2035 and 
share 26.2% of the LDV market in 2060. Meanwhile, both 
gasoline and diesel PHEVs grow at 4% annually, reaching 
combined share of 49.7% in 2060.

For HDVs, NGVs increase at the annual growth rate of 
6.2% and share 23% of HDVs in 2060. FCVs grow at a faster 
rate than NGVs but share only 9.2% in 2060. Diesel PHEVs 
increase at a 6.2% growth rate, taking up the share of 32.5% 
in 2060.

Scenario 3 considers the case where an additional ban 
on PHEVs and HDVs of NGVs is implemented from 2045, 
and Scenario 4 considers the case where all vehicles except 
BEVs and FCVs are banned from 2035. Under both sce-
narios, the penetration of BEVs and FCVs is higher than 
other types of vehicles. However, if PHEVs are excluded 
from the ban, a sufficient penetration of BEVs and FCVs is 
not expected. Furthermore, even under Scenario 4, the pen-
etration of BEVs for LDVs and HDVs is as much as about 
20% and 5%, respectively (Fig. 3).

Life cycle GHG emissions

GHG emissions from WtT, TtW and VP perspectives depend 
on vehicle profiles depicted in Fig. 2, fuel consumptions and 
GHG emission factors. Figure 4 shows the life cycle GHG 
emissions which are the sum of the emissions from WtT, 
TtW and VP under BaU and Scenarios 1–4. The life cycle 
GHG emissions will be highest in Scenario 1 and lowest in 
Scenario 2.

Figure 5 depicts how the vehicle ban affects WtT GHG 
emissions compared to BaU for all Scenarios. Under Sce-
nario 1, WtT GHG emissions are similar to BaU until 2042; 
thereafter, the WtT GHG emissions will be greater than BaU 
and continue to increase until 2060. This phenomenon is due 
to the uptake of FCVs with a higher penetration rate than 
BaU after 2036, while hydrogen is produced by natural gas 
reforming.

Under Scenarios 2 and 3, TtW GHG emissions are similar 
until 2042 but with lower emissions relative to BaU. After 
2042, the emissions reduction in Scenario 2 is lower than 
Scenario 3. Because hydrogen is produced by solar elec-
trolysis under both scenarios 2 and 3 so that the electricity 
supply for BEVs is a major factor for a change in WtT GHG 
emissions. The GHG emission factor of electricity depends 
on renewable energy share and decreases continuously 
from 0.48 to 0.14 kg-CO2eq per kWh based on WtT GHG 
emission factors of gasoline, diesel, and natural gas given 
in Table 6 and the BEV’s fuel economy determined endog-
enously in the model. BEVs result in generating more WtT 
GHG emissions per km than ICEVs running on gasoline, 
diesel, and natural gas. Therefore, the uptake of FCVs can 
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effectively contribute to the reduction in WtT GHG emis-
sions under Scenarios 2 and 3 compared to BaU.

Under Scenario 4, GHG emissions from WtT exceed 
BaU from 2036 to 2048. During this period, there is a 

rapid growth of BEVs as well as electricity consumption. 
After 2048, BEVs capture 60% of the MV market and 
FCVs capture 40% of both the LDV and HDV markets. 
Therefore, an increase in GHG emissions from electricity 

Fig. 3   BEVs PHEVs and FCVs Shares under Scenarios

Fig. 4   Life cycle GHG emis-
sions under BaU and Scenarios 
1–4
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generation is offset by a reduction in GHG emissions from 
hydrogen production using solar electrolysis.

Figure 6 depicts total TtW GHG emissions in all scenar-
ios compared to BaU. All scenarios generate less TtW GHG 
emissions than BaU. As banning policy is expanded from 
gasoline and diesel ICEVs to HEVs, PHEVs and NGVs, 
more TtW GHG emissions are mitigated.

Figure 7 shows the impact of a vehicle ban on GHG 
emissions from the VP aspect. BEVs, HEVs, PHEVs and 
FCVs require concomitant production of batteries, motors, 
fuel cell stacks, and other associated components so that 
additional energy will be consumed compared to ICEVs. 
Therefore, an earlier implementation of banning strategies 
leads to a higher GHG emissions from the VP perspective. 
There is less than one-year delay from vehicle sale to vehicle 
production.

Figure 8 depicts the impact of vehicle ban on the life 
cycle GHG emissions. Since TtW GHG emissions account 

for 59–77% of the life cycle GHG emissions from 2018 to 
2060, the simulated trends are similar to those of TtW GHG 
emissions as presented in Fig. 6. Under Scenario 1, the life 
cycle GHG emissions will be reduced to as much as 11 Mt-
CO2eq. Scenario 2 has the highest impact on the reduction 
in the life cycle GHG emissions and reduces the emissions 
by 37 Mt-CO2eq. The emissions reduction under Scenario 
3 is almost equivalent to Scenario 2 until 2045. After 2045, 
the ban of PHEVs is implemented and Scenario 3 results 
in more emissions than Scenario 2 due to the production 
process batteries and fuel cells. Scenario 4 bans all vehicle 
types except BEVs and FCVs from 2035 and results in a sig-
nificant penetration of BEVs and FCVs, as shown in Figs. 1 
and 2, which needs more production of batteries and fuel 
cells and, thus, more GHG emissions from VP. Hence, from 
2035 to 2039, the emissions are greater than BaU. After 
2039, Scenario 4 is almost the same as Scenario 2.

Fig. 5   WtT GHG emissions 
compared to BaU

Fig. 6   TtW GHG emissions 
compared to BaU
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Fig. 7   VP GHG emissions 
compared to BaU

Fig. 8   Life cycle GHG emis-
sions compared to BaU

Fig. 9   Reduction in the cumula-
tive life cycle GHG emissions 
compared to BaU
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Figure 9 depicts the impact of the four scenarios on the 
reduction in the cumulative life cycle GHG emissions. Sce-
nario 1 reduces emissions by 0.19 billion tonnes-CO2eq (Bt-
CO2eq) by 2060. Scenario 2 is the most effective policy 
providing cumulative mitigation of 0.51 Bt-CO2eq by 2060. 
The amounts of the cumulative emissions reduction in Sce-
nario 3 and 4 are almost equivalent after 2052 at 0.43 Bt-
CO2eq by 2060. Thus, the two-stage banning policy, that is, 
the ban of ICEVs from 2035 and the ban of HEVs and NGVs 
of MVs and LDVs from 2040 is the most effective strategy 
to reduce GHG emissions toward 2060.

Marginal cost of reducing life cycle GHG emissions

We examine the marginal cost of reducing life cycle GHG 
emissions by implementing vehicle ban under Scenarios 
1–4. The marginal cost is defined as the changes in the cost 
of mitigating the life cycle GHG emissions with respect to 

BaU. The changes in the total cost include the capital costs 
of vehicles, maintenance cost, fuel expenditures and invest-
ment in infrastructure development.

Figure 10 shows the marginal cost of mitigation after 
2040, and Fig. 11 scales up the graphs of Fig. 10 after 2046. 
The marginal costs in Scenarios 1 and 4 decrease continu-
ously. There are two peaks of the marginal costs under 
Scenarios 2 and 3 in 2041 and 2046 caused by incremental 
capital expenditure on new vehicles in the next year after the 
start year of the banning policy. Consumers are not allowed 
to purchase vehicles banned which are less expensive than 
LEVs. Except for the peak points, the marginal costs con-
tinuously decrease until 2060.

Under Scenarios 1–4, the marginal cost reaches $390, 
$517, $2044 and $1238 per tonne-CO2eq, respectively, in 
2046 and, thereafter, it decreases to − $56, $122, $541 and 
$482 per tonne-CO2eq, respectively, in 2060. The marginal 
cost is lowest in Scenario 1 and the highest in Scenario 3. 

Fig. 10   The marginal cost of 
the life cycle GHG emissions 
reduction after 2040

Fig. 11   The marginal cost of 
the life cycle GHG emissions 
reduction after 2046
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The marginal cost in Scenario 4 is much higher than that in 
Scenario 2. The impact of both Scenario 2 and Scenario 4 
on the life cycle GHG emissions reduction after 2040 is not 
much different but Scenario 4 incurs substantial costs in pur-
chasing BEVs and FCVs. Under Scenario 3, a huge capital 
cost is born after banning PHEVs being replaced by BEVs 
and FCVs, and it can increase GHG emissions from VP. 
Under Scenario 1, the MC will be negative after 2056. This 
is caused by fuel savings outweighing an incremental capital 
cost over BaU and infrastructure development remains the 
same as the basic plan.

Conclusion and policy recommendations

We have examined the impacts of a fossil-fueled vehicle 
ban on the life cycle GHG emissions and assessed mitiga-
tion costs. BaU and four banning scenarios were defined 
to examine how the type of vehicle banned and the tim-
ing of ban affect the vehicle fleet profiles, the life cycle of 
GHG emissions, and the associated costs. The results of the 
analysis provide important policy implications for vehicle 
bans, infrastructure development for refueling and recharg-
ing stations, hydrogen production methods, and renewable 
energy shares.

Vehicle bans can significantly promote LEVs. However, 
the diffusion speed depends on when the bans start and what 
types of vehicles are candidates for a ban. In our analysis, 
a ban starts from 2035 and thus, BaU continues to until 
2035. Under BaU to 2035, the Government fails to meet its 
emissions reduction target by 10% achieving only 24.3% for 
the period of 2017–2030 with a $50 per tonne carbon tax 
likely needed to achieve this target without selective vehicle 
banning (Watabe et al. 2019). Our analysis shows that the 
Government target of 0.8 million FCVs by 2030 will not be 
reached before 2036 under any ban policy and only banning 
PHEVs will provide the rapid growth of FCVs.

When ICEVs, HEVs and NGVs of HDVs are banned and 
PHEVs, BEVs and FCVs are permitted (Scenarios 1 and 2), 
the market penetration of BEVs and FCVs remains small to 
2060, but PHEVs increase constitutes 70% of MVs, 50% of 
LDVs and 33% of HDVs by 2060. When PHEVs are added 
to the ban (Scenarios 3 and 4), BEVs and FCVs expand 
their shares in all vehicle weight categories. BEVs dominate 
the share of MVs, but shares of LDVs and HDVs are less 
than 20% and 5% in 2060, respectively. PHEVs are replaced 
by BEVs for MVs and FCVs for LDVs and HDVs. FCVs 
increase their share to as much as 60% in 2060 for both 
LDVs and HDVs in 2060.

A vehicle ban has different impacts on GHG emissions 
for WtT, TtW and VP. WtT GHG emissions comprise about 
11–22% of total emissions and are influenced principally by 
the hydrogen production methods, and the proportions of 

electricity from the national grid. Emissions increase over 
BaU when hydrogen is produced by natural gas reforming. 
TtW GHG emissions comprise about 29–77% of total emis-
sions. They are always less than BaU and reduced further 
as the vehicle ban policy becomes more stringent. VP GHG 
emissions comprise about 12–53% of total emissions, and 
they increase as the vehicle ban policy becomes more strin-
gent. When all vehicles expect BEVs and FCVs are banned, 
TtW GHG emissions comprise 29% of total emissions in 
2060 and VP GHG emissions comprise 53% of total emis-
sions in 2060.

The vehicle ban policy is more effective in reducing the 
life cycle GHG emissions than a carbon tax of $50 to $100 
per tonne-CO2eq when combined with accelerated infra-
structure development plan. The life cycle GHG emissions 
reduction is about ten times higher than using a carbon tax of 
$50 per tonne to $100 per tonne introduced by Watabe et al. 
(2019). Banning gasoline and diesel ICEVs only reduces 
the life cycle GHG emissions about 4 times more than the 
case of a carbon tax of $50 to $100 per tonne-CO2eq. The 
marginal costs of the life cycle GHG emissions reduction are 
continuously decreasing and will be $122 per tonne-CO2eq 
and $541 per tonne-CO2eq in 2060 under Scenarios 2 and 3, 
respectively. On the other hand, the marginal costs of imple-
menting carbon taxes of $50 per tonne-CO2eq and $100 
per tonne-CO2eq will be about $220 per tonne-CO2eq to 
$250 per tonne-CO2eq from 2028 to 2034. Thereafter, they 
will increase rapidly exceeding over $1000 per tonne-CO2eq 
after 2044 and 2060, respectively (Watabe et al. 2019).

The impact on GHG emissions of policy instruments such 
as a carbon tax or vehicle bans is governed by the complex 
interactions of variables in the commercial, industrial and 
residential sectors that include consumer preferences and 
the economics of infrastructure and electricity and hydrogen 
production. In theory, a carbon tax as a market-based incen-
tive changes consumers’ vehicle choice behavior through 
pricing. It is indirect regulation. The impact on GHG emis-
sions reduction is less immediate than direct regulation. A 
vehicle ban policy is direct regulation that restricts consum-
ers’ vehicle choice. The impact on GHG emissions reduc-
tion is more immediate than indirect regulation, but it is a 
blunt policy instrument that is more restrictive on consumer 
choice.

The analysis shows that the vehicle ban reduces the life 
cycle GHG emissions further and faster than the carbon 
tax of $50–$100 per tonne-CO2eq at less mitigation cost. 
In market-based instruments and direct regulations noted 
above, policies are evaluated in static theory that exclude 
the dynamic impact of associated changes in electricity and 
hydrogen production and pricing of technologies such as 
batteries and fuel cells. A dynamic analysis shows that the 
vehicle ban can contribute to a better environmental out-
come and be more cost-effective than the carbon tax.
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Concerning policy implementations, it should be noted 
firstly that a vehicle ban increases the life cycle GHG emis-
sions for 3–5 years after vehicle bans start due to increased 
GHG emissions from both battery and fuel cell production. 
Secondly, banning all fossil fuel vehicles may not necessar-
ily result in the lowest life cycle GHG emissions. Among the 
vehicle ban policies examined, banning all vehicles except 
NGVs of HDVs, PHEVs, BEVs and FCVs mitigates the 
most emissions and can reduce more than 4 Mt-CO2eq annu-
ally to the additional ban of NGVs of HDVs and PHEVs.

The marginal cost of the life cycle GHG emission is an 
important policy consideration. For the first ten years of the 
vehicle ban, 2035–2045, the more stringent the vehicle ban 
policy the higher is the mitigation cost. In particular, ban-
ning all vehicles except BEVs and FCVs from 2035 (Sce-
nario 4) results in the marginal cost being 2-7.6 times higher 
than other ban cases. If the same policy is implemented from 
2045 (Scenario 3), the marginal cost is $58 to $806 per 
tonne-CO2eq higher than cases defined in Scenarios 3 and 4.

The most durable policy to 2060 based on the marginal 
cost GHG emissions and the mitigation cost is to ban ICEVs, 
NGVs of MVs and LDVs, and HEVs from 2035 (Scenario 2) 
and to use distributed solar electrolysis for hydrogen produc-
tion with incentives for enhancing infrastructure develop-
ment. The vehicle ban policy can reduce the life cycle GHG 
emissions as much as 37 Mt-CO2eq annually, while using 
a carbon tax, $50 per tonne-CO2eq, only reduces emissions 
by as much as 3.5 Mt-CO2eq annually (Watabe et al. 2019).

In summary, a higher carbon tax can be effective until 
a vehicle ban is implemented, but does not need to remain 
high once the ban is implemented. The vehicle ban is strong 
regulation, and it needs the time for the industry to adjust 
strategies. We find that the best strategy is to ban all vehicle 
types except PHEVs, BEVs and FCVs in a stepwise fashion. 
Some fossil fuel use remains with PHEVs. PHEVs capture 
majority of all vehicle weight categories at 69% of MVs, 
50% of LDVs and 33% of HDVs in 2060. For a carbon-free 
vehicle market, it is essential to reduce GHG emissions from 
the production process of batteries and fuel cells as well as 
reducing the costs associated with renewable energy supply 
and battery and fuel cell production.
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