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Abstract

The mitigation of climate change impacts from the automotive sector is important for
sustainable development, and for that purpose, synthetic liquid fuel vehicles (SLF-Vs) are
being considered as a potential clean option alongside electric vehicles (EVs). However,
the energy-intensive production of synthetic liquid fuels (SLFs) requires a thorough life-
cycle analysis, as CO, emissions vary significantly depending on the power sources and
feedstock production technologies. This study evaluates the life-cycle CO, emissions of
SLF-Vs in Japan through long-term multiple scenarios up to 2050 and compares them
with those of gasoline vehicles (GVs), hybrid electric vehicles (HEVs), and battery electric
vehicles (BEVs). The results reveal that, in 2020, SLF-Vs’ life-cycle CO; emissions were
more than 2.9 times higher than those of GVs. By 2050, SLF-Vs’ emissions could only
decrease to BEV-like levels if Japan achieves significant decarbonization of its power grid.
Even if hydrogen is produced via water electrolysis in Australia, where renewable energy
is abundant, and then imported, emissions remain high if Japan’s power grid remains
insufficiently decarbonized. This highlights the critical importance of expanding domestic
decarbonized power sources, particularly renewable energy, to reduce the life-cycle CO,
emissions of SLF-Vs in Japan.

Keywords: synthetic liquid fuel; e-fuel; system expansion; direct air capture (DAC); carbon
capture and utilization (CCU); electrical power mix

1. Introduction
1.1. Life Cycle of Vehicles and Synthetic Liquid Fuel Vehicles

Accelerated and equitable action in mitigating and adapting to climate change impacts
is critical to sustainable development, as highlighted by the Intergovernmental Panel on
Climate Change (IPCC) [1]. Currently, the largest proportion of global greenhouse gas emis-
sions consists of fossil-resource-derived CO,, accounting for 73.7% of total emissions [2].
Furthermore, the transportation sector accounts for approximately 23% of carbon dioxide
emissions [3], with the automotive sector making up the largest portion. Therefore, reduc-
ing carbon dioxide (CO,) emissions in the automotive sector is critical for mitigating climate
change, and one option for doing so is through the use of battery electric vehicles (BEVs) [4].
Unlike internal combustion engine vehicles (ICEVs), BEVs do not emit CO; during the
tank-to-wheel (TtW) process. However, when comparing the environmental impacts of
BEVs and ICEVs, it is essential to consider not only TtW but also well-to-tank (WtT), which
covers fuel production up to the point of filling the tank, as well as the overall well-to-wheel
(WtW) and vehicle life cycle [5]. In addition, the CO; emission reduction effect of BEVs
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heavily depends on the carbon intensity of the power sources used throughout the BEV life
cycle [4,5].

The Japanese government is aiming for BEVs to account for 100% of new passenger
car sales by 2035 [6]. However, the spread of BEVs in Japan has been limited. In 2022, BEVs
accounted for only 1.8% of new car sales in Japan [7]. Contributing factors include their
limited driving distance, long charging times, and poor access to charging infrastructure [8].

Therefore, in order to achieve the new passenger car sales target, a large volume of BEV
production will be essential in the future, but this will entail an enormous consumption of
critical metals. Zhang et al. analyzed the trade-off between the potential for CO, emission
reduction through BEV adoption and the increase in demand for critical metals. They also
point out that the extraction and processing of critical metals are concentrated in a small
number of politically unstable countries, which could worsen supply risks [9]. On the other
hand, synthetic liquid fuels (SLFs) can potentially be used as a substitute for current fossil
fuels in existing internal combustion engines by refueling at gasoline stations [10,11]. SLFs
are liquid fuels produced from hydrogen (H;) and CO;, and if the latter is captured from
exhaust gases or the atmosphere, then SLFs can contribute to net CO, emission reductions.
Consequently, attention is shifting not only to electric vehicles but also to synthetic liquid
fuel vehicles (SLF-Vs), and Japan aims to commercialize the latter by the early 2030s [12].
SLFs include Fischer—-Tropsch (FT) fuels, methanol, dimethyl ether, and oxymethylene
dimethyl ether, which differ in how the H, and CO, are synthesized [13-15], and this study
is focused on FT fuels, which are considered promising [14]. Among these, FT fuels are
regarded as promising drop-in fuels that can be used in existing internal combustion engine
vehicles [14]. This study conducts a life-cycle analysis focusing on FT fuels.

1.2. Related Studies on SLF-Vs

SLFs have been the subject of focused research, with numerous environmental impact
assessments to date. For example, Hanggi et al. (2019) analyzed the well-to-mile energy
requirements of various SLFs and showed that producing them requires a large amount
of energy, with FT fuels requiring the highest energy input [16]. Therefore, because of
the high energy requirements for producing SLFs, many studies have evaluated the GHG
emissions associated with their production [17-19]. Hombach et al. (2019) conducted a
WtW evaluation of SLFs produced from Hj via alkaline water electrolysis and CO, via
direct air capture (DAC) [20]. Schreiber et al. (2024) performed a WtT assessment of SLFs
produced using H, from alkaline water electrolysis and CO, captured from flue gases
in thermal power plants [carbon capture and utilization (CCU)] [15]. Zang et al. (2021)
evaluated the life-cycle GHG emissions of synthetic methanol produced using H, from
water electrolysis and CO, as a by-product of ammonia production [21]. Via scenario-based
calculations, those studies showed that the GHG emissions from SLF production vary
considerably depending on the electrical power source used. Uddin and Wang (2024)
emphasized the importance of life-cycle assessment (LCA) of e-fuels in a review article and
showed that the sustainability of e-fuels depends on multiple factors, such as the fuel’s
production processes and raw material sources [11].

Meanwhile, comparisons of the environmental impact of ICEVs such as SLF-Vs with
that of BEVs should consider the life cycle, including both WtW and vehicle life-cycle
processes. Richter et al. (2024) evaluated the life-cycle GHG emissions of ICEVs, considering
both WtW and vehicle life-cycle processes, using various fuels such as synthetic gasoline
and fossil gasoline [22]. Sacchi et al. (2022) evaluated the life-cycle GHG emissions of HEVs
powered by SLF or fossil gasoline and BEVs under various electricity supply scenarios,
taking into account both WtW and vehicle life-cycle processes [23].
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Luo et al. (2022) evaluated the GHG emissions of vehicles based on coal-based
methanol, considering both WtW and vehicle life-cycle processes, and compared the results
with those for GVs and BEVs [24]. In previous studies, the production technologies used
for the raw materials of SLFs (e.g., Hy and CO,)—including alkaline water electrolysis,
CCU, and DAC—were not yet at the commercial stage. The Cabinet Secretariat (2020) and
METI (2023) have outlined target introduction years for each technology in their technology
roadmaps [12,25]. Currently, the mainstream H, production technology in Japan is steam
reforming [26], and the primary CO; production method is as a by-product of ammonia
production [27]. Additionally, there is a future possibility of importing H, produced via
water electrolysis overseas [28], and it is necessary to consider the years in which these
production technologies are expected to be widely adopted. Furthermore, some current
Hj; and CO; production technologies may become unusable because of future societal
conditions; for example, the CO, production technology that captures CO; from flue gases
of thermal power plants may become obsolete if these are replaced by renewable energy
power plants.

Presented in this study is a scenario-based carbon footprint analysis conducted to
evaluate the life-cycle CO, emissions of SLF-Vs in Japan under multiple scenarios, and it
includes the following:

a.  Setting of scenarios that consider the options for H, and CO; production technologies
and power source configurations used in WtW processes for each evaluation year.

b.  Evaluation of the life-cycle CO, emissions of SLF-Vs for each scenario and compari-
son of the results with those for GVs, HEVs, and BEVs.

c. Sensitivity and uncertainty analyses conducted to identify which processes in SLF

production have the most impact on life-cycle CO, emissions.

2. Materials and Methods
2.1. Scenario-Based Carbon Footprint

Life-cycle assessment (LCA) is a methodology used to evaluate sustainability by con-
sidering the entire life cycle of a product. ISO 14040, which outlines the procedure for
LCA, defines four steps: (i) defining the goal and scope, (ii) life-cycle inventory analysis,
(iii) life-cycle impact assessment, and (iv) life-cycle interpretation [29]. In contrast, the
carbon footprint is an indicator that evaluates the impact on climate change. The carbon
footprint is defined as follows: “The carbon footprint is a measure of the exclusive total
amount of carbon dioxide emissions that is directly and indirectly caused by an activity
or is accumulated over the life stages of a product.” [30]. The author of this definition
also argues that other greenhouse gases should not be included due to limitations in data
availability. Schmidt (2009) discussed the relationship between carbon footprint and LCA,
stating that a carbon footprint is a single indicator extracted from the LCA framework and
must conform to it [31]. In ISO 14040, a study that only performs (i) defining the goal and
scope, (ii) life-cycle inventory analysis, and (iv) life-cycle interpretation, without (iii) impact
assessment is called a life-cycle inventory study (LCI study) [29].Synthetic fuels, which are
the subject of this study, are technologies that have not yet been widely commercialized. For
such emerging technologies, prospective LCAs have been proposed. Bisinella et al. (2021)
provided recommendations for applying future scenarios and LCA [32]. Prospective LCAs
are often highly dependent on data uncertainty. Accordingly, sensitivity and uncertainty
analyses are used to quantify these uncertainties, while scenario analysis addresses epis-
temic uncertainties arising from modeling assumptions and future developments. Other
key recommendations include the following:

e  Assessing the quality of both future scenarios and the LCA itself.
e  C(Clearly defining the term “scenario”.
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Giesen et al. (2020) proposed using Monte Carlo simulations to consider parameter
uncertainty in prospective LCAs of technologies not yet in widespread use [33].

Scenario-based LCA involves incorporating scenario analysis into LCA to evaluate
and compare different future conditions through various assumption combinations [34].
This allows for the consideration of future technological changes and shifts in societal
conditions, supporting more realistic decision-making. In LCA, scenario analysis is not
merely predictive; it presents multiple potential futures to clarify risks and opportunities
that may not be visible in the present. This approach improves decision-making quality,
especially in climate change mitigation and technology innovation assessments. Due to
these characteristics, scenario-based LCA has been applied to renewable energy technolo-
gies [35,36] and bio-based chemicals [37], making it highly effective for evaluating SLF-Vs,
which are the focus of this study. Scenario use allows for the evaluation of a wide range of
assumptions.

In this study, a scenario-based carbon footprint is examined using CO; as a single
indicator, and assumptions are made regarding inventory models, specifically the choices
of H, and CO, production technologies and power mix configurations.

In the scenario-based carbon footprint approach, scenario setting is performed between
steps (i) and (ii) of an LCI study. Therefore, the paper is structured along the following
steps: (I) goal and scope definition described in Sections 1 and 2.2, (II) scenario setting
described in Section 2.3, (III) life-cycle inventory described in Sections 2.4 and 3, and (IV)
interpretation provided in Sections 4 and 5.

2.2. Functional Unit and System Boundary

Figure 1 shows the system boundary of this study. The life cycle of a vehicle includes
material production, component manufacturing, vehicle manufacturing, usage, and dis-
posal/recycling. The usage phase encompasses both the production of fuel or electricity
required for operation (WtT) and fuel combustion during operation (TtW); in other words,
the WtW process is included. In this study, the construction and operation of plants used
for material manufacturing and fuel production are not considered. However, the power
generation required for each WtW process is taken into account, including the construction
and operation of power plants.

In LCA, comparisons of products must be based on the same functional unit. Assen
et al. (2013) provided a systematic framework for handling raw-material CO, in LCA; CO,
recovery from air via DAC is considered a basic flow and is accounted for as negative
emissions, whereas CO, from flue gases (CCU) is considered an economic flow and is not
counted as negative emissions [38]. Also, a system expansion approach has been proposed
for evaluating the environmental impact of flue-gas carbon capture, with the functional
unit defined as SLF production and power generation, and Schreiber et al. (2024) also used
this approach [15].

From the present life-cycle inventory, an SLF-V using CO, from CCU has 23,635 kWh
of power generated at a thermal power plant simultaneously with CO, production for the
vehicle’s life cycle. Therefore, a system expansion approach is adopted, with the functional
unit defined as the life cycle of one vehicle with a driving distance of 150,000 km and
23,635 kWh of power production. The driving distance in the use phase is assumed to be
150,000 km, which is a commonly used assumption in the automotive industry [39]. SLF-Vs
using CO; production technologies other than flue-gas CCU—as well as GVs, HEVs, and
BEVs—include the generation of 35,490 kWh of compensatory power within the system
boundary in addition to the life cycle of one vehicle, and this compensatory power comes
from the grid electricity in each evaluation scenario and year.
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Figure 1. System boundary of the study.

2.3. Scenario Setting

In this study, long-term multiple scenarios were developed considering the applicable

year and electric power mix of each technology used for SLF production. The scenarios

considered are (1) business as usual (BAU), (2) decarbonization, and (3) Australia decar-

bonization and Japan BAU. The BAU scenario reflects the current trends and measures in

Japan. The decarbonization scenario assumes a considerable reduction in Japan'’s fossil

resource usage and CO, emissions by 2050 compared with the BAU scenario. The Australia

decarbonization and Japan BAU scenario assumes that Japanese FT fuel companies import

H; produced via water electrolysis in Australia, where renewable energy adoption is more

advanced than in Japan.

Figure 2 shows the combinations of H; and CO; production technologies to be eval-

uated for each scenario and their applicable years. Regardless of the scenario, CCU is
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considered applicable from 2030 and DAC from 2040. In the decarbonization scenario,
fossil-resource-dependent production technologies (such as by-product and CCU) are as-
sumed to be phased out by 2040. For the Australia decarbonization and Japan BAU scenario,
the evaluation includes H, production using water electrolysis in Australia; however, even
in this scenario, all other processes such as CO; production (excluding water electrolysis)
are conducted in Japan.

) ) Production technology Applicable year
Evaluation scenario
H, COZ 2020 | 2030 | 2040 | 2050
Steam reforming As a by-product v v v v
Scenariol: -
v v v
BAU Electrolysis (JP) CCU
Electrolysis (JP) DAC v v
Steam reforming As a by-product v v
Scenario2: -
v
Decarbonization Electrolysis (JP) CCU
Electrolysis (JP) DAC v v
Scenario3: Electrolysis (AUS) i As a by-product v v
Australia Electrolysis (AUS) | CCU v | v
Decarbonization and
Japan BAU Electrolysis (AUS) { DAC v v

V': Applicable period of target technology

Figure 2. Applicable period of production technology from technology roadmaps [5,20].

Figure 3 shows the power generation mix for each scenario from 2020 to 2050. The
values for 2020 are based on confirmed data from each country [40,41], while forecasts are
used from 2030 onward [42]. The power generation mix in the decarbonization scenario
represents a more advanced adoption of renewable energy in Japan than that in the BAU
scenario. In the Australia decarbonization and Japan BAU scenario, the power generation
mix in Australia reflects a higher level of renewable energy adoption in the future than that
in Japan under the BAU scenario, while Japan’s power generation mix remains the same as
in the BAU scenario.

Evaluation Electric Power Mix
scenario Australia
100%
80%
60%
Scenariol: N
BAU 40%
20%
0%
100%
80%
) 60%
Scenario 2:
Decarbonization 40%
20%
0%
100% Other
Bio
Sceuarig 3: 80% Hydro
Australia 60% Geothermal
decarbonization Wind
and . 40% Solar
oil Nuclear
Japan 20% B
BAU Gas
0% Coal
2020 2030 2040 2050

Figure 3. Electrical power mix of each scenario.
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2.4. Life-Cycle Inventory
2.4.1. Vehicle Life Cycle

Data on the vehicle life cycles of GVs, HEVs, and BEVs are from MHRT (2008) [43],
Kosai et al. (2021) [44], and AIST (2020) [45]. AIST provides the Inventory Database
for Environmental Analysis (IDEA), a Japanese inventory database to support LCA. For
SLEF-Vs, the vehicle body and engine are assumed to be the same as those of GVs. Data on
these vehicle life cycles are provided in Tables S1-S5 (in this study, all tables and figures
with the prefix “S” are in the Supplementary Material). CO, emissions during material
production, parts manufacturing, vehicle manufacturing, and disposal/recycling are fixed
and do not vary by year.

242 WtW

Inventory data for the WtT of SLFs were collected from various literature sources,
and Table S6 gives the inventory data showing the inputs and outputs for each WtT
process [16,17,45-48]. For electrolysis (AUS), the assessment includes not only water
electrolysis in Australia but also maritime transportation to Japan.

For FT synthesis, since the body and engine of SLF-Vs in this study are the same as
those of GVs, it is desirable to use inventory data for FT gasoline production. However, as
most studies and reports on FT fuels focus on FT diesel, obtaining accurate inventory data
for FT gasoline is difficult. Therefore, in this study, inventory data for FT diesel production
were referenced. Considering this, the fuel efficiency E; [km/L] with SLF is expressed as

Es = Eg Qdiesel
Qgﬂsoline

where Eg [km/L] is the fuel efficiency of GVs; Qjeser [kWh/L] is the diesel calorific value;
and Qggsorine [KWh/L] is the gasoline calorific value. Table S7 gives the calorific value of
each fuel, as well as the fuel and electricity efficiencies [17,44].

The CO, emissions from electricity generation used in the production of SLFs depend
on the electrical power mix. Table S8 gives the embodied CO; intensity by power generation
type [47,49], and Figure S1 shows the embodied CO, intensity of grid power by electrical
power mix. The CO, emissions from the combustion of SLFs are equivalent to those of
diesel, set at 2.54 kg /L [11].

3. Results

The results of the scenario-based carbon footprint are shown in Figure 4. The carbon
footprint (life-cycle CO, emissions) of SLF-Vs using the only H, and CO, production
technology combination that was available in 2020 (i.e., steam reforming and by-product) is
approximately 2.5 times that of GVs. This is due to the large amount of CO, emitted from
steam reforming and CO, production as a by-product of ammonia. Therefore, in terms
of carbon neutrality, SLF-Vs based on current H, and CO; production technologies offer
no advantage.

In the BAU scenario, the carbon footprint of SLF-Vs was approximately 2.7 times that
of GVs and about 4 times that of BEVs in 2030. In 2040 and 2050, the carbon footprint
of SLF-Vs varied significantly depending on the SLF production method, but in all cases,
the carbon footprint was more than 1.5 times that of GVs and more than 2.7 times that of
BEVs in the same year. This is because, even with the use of future technologies like water
electrolysis, CCU, and DAC, the decarbonization of the electricity used to operate them
does not progress sufficiently in the BAU scenario. Therefore, under the BAU scenario,
SLF-Vs have no advantage in terms of carbon neutrality, even in the future.
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BWtW Ovehicle life cycle
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Evaluation Year
Scenario 2020 2030 2040 2050
400% 400% H00% 400%
300% 300% 300% 300%
226 227
200% 200% 200%
156
) 114
Scenario 1 |, 1100 g5 84 100% |75 57
BAU 42
0% 0%
J ] J By ) o] ] J/ J By e} ] J 7 J B ) o] ] 7 ] By jm] Q
GV HEV BEV 3 3 2 GV HEV BEV : 3 2 GV HEV BEV : 3 2 GV HEV BEV i 5 2
& 2 2 [+ 3 3 o~ 2 ”5 ~ R
“woa oA “woa e “woa e “woa e
SLE-V SLF-V SLF-V SLF-V
400% 400% 400% 400%
300% 300% 300% 300%
234 222
204
200% 200% 200% 200%
. 130
Scenario 2 100 34
Decarbo-  |100% 82 100 | 81 63 59 100% |71 53 82 oo [ 67 49
.. 36 29 42
nization i
0% 0% 0% 0%
JHEVBEV & D O JHEVBEV & D ¢ JHEVBEV & D < JHEVREV & D €
GVHEVBEV & 3 2 GVHEVBEV & 2 2 GVHEVBEV & B 2 GVHEVBEV & B 2
8 O A8 8 0O O s O 0 s O QA
v B 3 v 3 3 v B 3 v 3 3
“oa e woa A “oa e “oa e
SLE-V SLE-V SLE-V SLE-V
400% 400% 400% 400%
340
300% 300% 285 300% 300%
Scenario 3 |200% 200% 200% 200%
Australia
Decarbo-
.. 100
nization 100% 82 84 100% |84 66 57 100% o |75 57 0
and
Japan
BAU 0% 0% 0% 0%
GVHEVBEV & 2 2 GVHEVBEV & 5 GVHEVBEV & B 2 GVHEVBEV & 3 2
3 O A4 8 O A4 8 O Q 8 O A
z 3z z 25z z 3z z 35z
SR SR ¥ 2 = SR
SLE-V SLE-V SLE-V SLE-V

Figure 4. Carbon footprint expressed as a relative ratio of that of GVs in 2020 (34,276 kg CO;).
Regarding SLF-V, “A&B” refers to SLF-Vs that run on SLF synthesized from Hj produced by method
A and CO, produced by method B. (SR: steam reforming, E(JP): electrolysis (JP), E(AUS): electrolysis
(AUS), BP: by-product, CCU: carbon capture and utilization, DAC: direct air capture).
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In the decarbonization scenario, the carbon footprint of SLF-Vs was more than
2.4 times that of GVs and more than 3.8 times that of BEVs in 2030. In 2040 and 2050,
the carbon footprint varies significantly depending on the SLF production method. The
carbon footprint of SLF-Vs using water electrolysis and DAC in Japan (i.e., E (JP) and DAC)
decreases to approximately 1.15 times that of GVs in 2040 and to about 0.6 times in 2050.
This is due to the significant progress in decarbonizing the electricity used for SLF produc-
tion in Japan. However, it is evident that the carbon footprint of BEVs in 2050 is about
0.4 times that of GVs, demonstrating a greater CO, emission reduction effect than SLF-Vs.
Furthermore, SLF-Vs using fossil fuel-dependent technologies such as H, from steam
reforming and byproduct CO, or CCU are not applicable in the decarbonization scenario.

For the Australia decarbonization and Japan BAU scenario, the carbon footprint of
SLF-Vs using imported hydrogen produced via water electrolysis in Australia was more
than 3.3 times that of GVs in 2030 and more than 1.7 times in 2040. Even in 2050, the carbon
footprint is on par with GVs’ in the same year and is larger than that of HEVs and BEVs.
This is attributed to the fact that even if water electrolysis (which requires a large amount
of power) is performed in Australia with advanced renewable energy, Japan’s insufficient
renewable energy penetration leads to considerable CO, emissions from DAC and other
processes conducted in Japan. This indicates that, for SLF-Vs in Japan to contribute to
carbon neutrality, domestic renewable energy penetration is essential.

In summary, there is only one case in which the carbon footprint of an SLF-V is lower
than that of a GV and an HEV: 2050 SLF-Vs under the decarbonization scenario. The
H, production technology is electrolysis conducted in Japan, and the CO, production
technology is DAC.

4. Discussion
4.1. Sensitivity and Uncertainty Analyses

Sensitivity and uncertainty analyses were conducted to examine the impact of indi-
vidual parameters related to SLF production on the carbon footprint. In the sensitivity
analysis, the energy efficiencies of Hy production, CO, production, and synthesis are varied
independently by +10%, and the resulting changes in the carbon footprint are examined.

The sensitivity analysis was performed for the following two cases, with the results
shown in Figures 5 and 6.

Sensitivity on carbon footprint [ %]
-8 —6 —4 =2 0 2 4 6 8

Steam reforming [
As a by-product / |

Synthesis [l

B-10% O+10%

Figure 5. Sensitivity analysis for Case 1: 2020 SLF-Vs under BAU scenario. The H, production
technology is steam reforming, and the CO, production technology is as a by-product.
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Sensitivity on carbon footprint [%]
-8 -6 -4 -2 0 2 4 6 8

Electrolysis I |
DAC [

Synthesis Il

@-10% O+10%

Figure 6. Sensitivity analysis for Case 2: 2050 SLF-Vs under decarbonization scenario. The Hj
production technology is electrolysis conducted in Japan, and the CO, production technology is DAC.

Case The 2020 SLE-Vs under the BAU scenario. The H; production technology is steam
1.  reforming, and the CO, production technology is as a by-product.

Case The 2050 SLE-Vs under the decarbonization scenario. The H, production technology
2. is electrolysis conducted in Japan, and the CO; production technology is DAC.

In Case 1, the sensitivity of the carbon footprint to a £10% variation in each parameter
was less than +4% at maximum. Individual parameters related to SLF production did not
have a significant impact on the carbon footprint.

On the other hand, in Case 2, the carbon footprint showed a high sensitivity of over
6% to a £10% change in the production efficiency of water electrolysis. In this study, we
used inventory data for the most advanced and widely used alkaline water electrolysis
(56.7 kWh/kg-H;). Meanwhile, more energy-efficient water electrolysis methods are also
being researched. Dresp et al. (2019) compared the energy consumption for producing 1 kg
of hydrogen across various water electrolysis methods [50]. While the energy efficiency of
alkaline water electrolysis is 47-63 kWh/kg-Hj, that for proton-exchange membrane (PEM)
electrolysis is 47-63 kWh/kg-H, and for direct seawater electrolysis it is 50-53 kWh/kg-H,.
The results of the sensitivity analysis indicate that the realization of such high-efficiency
water electrolysis methods is highly valuable as it would lead to an improvement in the
carbon footprint of SLF-Vs.

In the uncertainty analysis, Monte Carlo simulation is used to assign a normal distribu-
tion with a standard deviation of 10 to the CO, intensity of H, production, CO, production,
and synthesis, and a distribution of life-cycle CO, emissions is generated over 1000 trial
counts. The uncertainty analysis was conducted for all cases. The mean values and stan-
dard errors for all cases are shown in Table S9. In the main text, the results are shown only
for the two cases that were the subject of the sensitivity analysis in Figures 7 and 8.

The results of the uncertainty analysis for Case 1 are shown in Figure 7. In Case 1,
the carbon footprint of GVs is 34,276 kg CO,, and even when considering uncertainty, the
carbon footprint of SLF-Vs is much larger than that of GVs, indicating no advantage.

The results of the uncertainty analysis for Case 2 are shown in Figure 8. In Case 2,
the carbon footprint of HEVs is 16,800 kg CO,. The carbon footprint of BEVs is 9940 kg
CO;, and even when considering uncertainty, SLF-Vs do not outperform BEVs in terms
of carbon footprint. This is attributed to the lower energy efficiency of SLF-Vs compared
with BEVs, which is a result of energy conversions, such as water electrolysis, in the fuel
production process [16].
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Figure 7. Uncertainty analysis for Case 1: 2020 SLF-Vs under BAU scenario. The H; production
technology is steam reforming, and the CO, production technology is as a by-product.
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Figure 8. Uncertainty analysis for Case 2: 2050 SLF-Vs under decarbonization scenario. The H,
production technology is electrolysis conducted in Japan, and the CO, production technology is DAC.

4.2. Significance and Limitations

In this section, the significance of this study is clarified by comparing its evaluation
conditions with those of previous studies on SLF-Vs by Sacchi et al. (2022) [23] and Schreiber
et al. (2024) [15]. The limitations of this study are also discussed.

A comparison of the key evaluation conditions of the three studies is shown in Table 1.
The scope of evaluation in this study is the entire vehicle life cycle, including WtW. Previous
studies that evaluated the environmental impacts of SLFs typically had WtT or WtW scopes.
However, BEVs and HEVs emit considerable amounts of CO, during the production of
lithium-ion batteries. Therefore, when comparing the climate impacts of ICEVs (including
SLF-Vs) with those of BEVs and HEVs, it is crucial to assess the carbon footprint over the
entire vehicle life cycle, including WtW emissions. Similarly to this study, Sacchi et al.
also incorporated the vehicle life cycle into the system boundary, which enables a direct
comparison between different vehicle types such as BEVs and HEVs. Furthermore, this
study is the first scenario-based carbon footprint study on SLF-Vs specifically for Japan.
Although Japan was included as a target country in the study by Sacchi et al., this is
the first study to discuss the CO, reduction effects of Japan-specific processes, such as
the import of hydrogen from Australia. In this study, a scenario-based carbon footprint
approach is adopted. Specifically, an evaluation was conducted for scenarios made up of



Sustainability 2025, 17, 7500 12 of 17

various combinations of hydrogen production technologies, CO, production technologies,
power generation mixes, and their feasibility. By providing more-nuanced results, this
approach enhances the decision-making quality of stakeholders in the SLF and automotive
industries, as well as that of energy policymakers. This study and Schreiber et al. applied a
system expansion approach to ensure consistency in the functional unit. Through this, the
environmental impact of CCU in SLF production is considered, and a direct comparison
with SLF-Vs using CO, created by DAC and other vehicle types is made possible. Schreiber
et al. also applied system expansion, which enables a direct comparison between different
fuel synthesis processes. The results of the present study indicate that the inclusion or
exclusion of compensation electricity can reverse the comparative magnitude of life-cycle
CO; emissions. The significance of using system expansion to align the functional unit has
been shown [15,38]. The driving distance during the use phase in this study was set to
150,000 km, which is a commonly used assumption in the automotive industry. In contrast,
Sacchi et al. set it to 200,000 km. If the driving distance were to be 4/3 times longer in
this study, the CO, emissions from WtW in Figure 4 would be 4/3 times greater. This
indicates that, if the driving distance during the use phase is extended, the advantage of
BEVs in the 2050 decarbonization scenario, which have very small emissions from WtW,
would increase.

Table 1. Comparison of key evaluation conditions.

This Study

Vehicle life cycle (manufacturing,
usage, disposal/recycling). The
usage phases encompasses both

WiT and TtW.

SLE-V (body/engine same as GV),

Sacchi et al. [23] Schreiber et al. [15]

Vehicle life cycle (manufacturing,
usage, disposal/recycling, road).
The encompasses both WtT
and TtW.

BEV and HEV (fossil gasoline and

Scope of Evaluation WHT.

Target Vehicle Types GV, HEV, and BEV. synthetic gasoline). N/ A (focus on fuel production).
. . European countries, Brazil, China,
Target Country Japan. (1_11121 ﬁgzzsz;g;ﬁ ustralia India, Japan, and the Germany.
United States.
H, Production Technology Stean; :;f(:{:;rr‘iyesli?(t?éyss)ls Jp) Electrolysis Electrolysis
CO; Production Technology By-product, CCU and DAC DAC CCu
Availability of each technology Considered. Not Considered. Not Considered.
Fuel Synthesis Processes FT synthesis. Methanol to gasoline. Methanol, dymethyl ether, and

oxymethylene dimethyl ether.

Electricity Power Mixes

”Japan’s BAU”,
“Decarbonization”, and “Australia
decarbonization and Japan BAU”

Electricity mix in climate
scenarios of “2 °C” and “3.5 °C”
in each target country

German electricity mixes (2021,
2030), and wind power.

scenarios (2020-2050). (2020-2050).

Functional Unit

Life-cycle of one vehicle with a

driving distance of 150,000 km and Supply of 1 L diesel-equivalent

GHG emissions per kilometer and 3.53 kWh of power

23,635 kWh of power production driven. . .
(System Power Production). production (System expansion).
Driving Distance in use phase 150,000 km. 200,000 km. N/A (WtT scope).

In this study, the CO; emissions from SLF production vary according to the power
generation mix. However, CO, emissions from other aspects of the vehicle life cycle
are treated as fixed values, independent of the power generation mix. In practice, CO,
emissions during the vehicle life cycle may vary depending on the power generation
configuration. The target years of this study are 2020-2050, assuming constant production
efficiency for all manufacturing technologies during this period. In practice, technological
advancements may lead to improved production efficiency, and equipment such as water
electrolysis units may experience degradation over time, resulting in lower efficiencies
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than their catalog specifications. However, this study does not account for such changes
and conducts the evaluation using catalog specifications. In this study, it was assumed
that FT fuels could be refueled directly into existing internal combustion engines. On the
other hand, in the aviation sector, for example, due to the differences in characteristics
between SLFs and fossil jet fuels, the blending ratio of sustainable aviation fuels (SAFs),
which include SLFs, is currently set at a maximum of 50% [51]. Therefore, if an existing
internal combustion engine were to be fueled with SLFs only, a process such as engine
modification might be necessary, but such a process is not considered in this study.

4.3. Future Work

In this study, passenger cars fueled by SLFs were evaluated using a scenario-based
carbon footprint approach. However, it is also important to apply this approach to large-
scale transportation equipment that is difficult to electrify, such as large trucks, ships, and
aircraft, which are also fueled by SLFs. Ueckerdt et al. argue that SLFs, which have a limited
supply, should be used preferentially for these transportation devices [52]. Richter et al.
conducted an LCA for the application of SLFs not only to passenger cars but also to various
other transportation equipment [22]. For a more refined scenario-based carbon footprint
assessment of SLE-Vs, it is necessary to account for changes in CO; emissions from both
SLF production and the vehicle life cycle based on variations in the power generation mix.
This requires separating CO; emissions from electricity generation and other emissions
within the vehicle life cycle.

While future advances in production efficiency are anticipated, these can be accommo-
dated by setting production efficiencies on a yearly basis. Additionally, scenario-specific
settings for efficiency improvements can further enhance the quality of decision-making.

On the other hand, for equipment such as water electrolysis devices, it is necessary
to consider stock effects, including replacements due to wear and degradation over time.
In the context of widespread SLF-V adoption, it is also expected that existing GV bodies
and engines will be repurposed for use in SLF-Vs. However, the scenario-based carbon
footprint method, like conventional product-based carbon footprint or LCA approaches,
typically evaluates a single product and does not consider stock effects. In this regard,
life-cycle simulation (LCS) is effective, using dynamic material flow analysis, LCA, and
discrete event simulation to model stock and material flows, thereby enabling dynamic
assessments of CO, emissions [53,54]. Based on these considerations, it is desirable to
utilize LCS to evaluate the transition pathway toward the future adoption of SLF-Vs.

This study evaluates and compares the carbon footprint of SLF-Vs, BEVs, and other
vehicle types. However, it does not aim to downplay the advantages of either SLF-Vs or
BEVs from the perspective of CO, emissions. Given the substantial electricity required for
SLF production and the convenience challenges associated with BEVs, it is anticipated that
both vehicle types will coexist in future society. Therefore, a long-term goal is to determine
the optimal mix of SLF-Vs and BEVs, and the present scenario-based carbon footprint
results provide essential information to support that deliberation.

5. Conclusions

In this study, the carbon footprint of SLF-Vs in Japan was analyzed across multiple
scenarios up to 2050 and compared with those of GVs, HEVs, and BEVs. The carbon
footprint of SLF-Vs varies considerably depending on the fuel production technology and
the power generation mix.

The results show that, in fiscal years 2020 and 2030, the carbon footprint of SLF-
Vs is more than 2.4 times that of GVs in all scenarios, indicating no advantage at that
time. However, the carbon footprint of SLF-Vs decreases considerably when using water
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electrolysis or DAC combined with the increased adoption of renewable energy sources.
In this scenario, the carbon footprint of SLE-Vs decreases to approximately 0.6 times in
2050, showing the potential for future CO, emission reductions. Nonetheless, even if
water electrolysis were to be conducted in Australia, where renewable energy adoption is
advanced, and the fuel was then imported, the impact of Japan’s power generation mix
remains. In this scenario, the carbon footprint of SLF-Vs was equal to or greater than that
of GVs even in 2050. This highlights that advancing the adoption of decarbonized power
sources in Japan is the most important future action.

In this study, the applicable year of each SLF production technology was determined
based on technology roadmaps during scenario setting. However, in practice, even techni-
cally feasible options are subject to supply capacity constraints, and various production
pathways are expected to coexist in the future. Additionally, while this study compares
the life cycles of individual products, the widespread adoption of SLF-Vs may involve the
reuse of GV bodies and engines. In this context, LCA, which focuses on a single product, is
insufficient for evaluating the constraints on production technologies as well as material
and energy stocks and flows. The complexity of assessing these limitations and dynamics
warrants another independent study, which is currently underway.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sul17167500/s1, Table S1: Material composition of GVs and SLF
vehicles, Table S2: Material composition of HEVs, Table S3: Material composition of BEVs, Table
S4: Per-unit data by material, Table S5: CO, emissions in each process of vehicle life cycle, Table Sé:
WiT inventory data, Table S7: Calorific value of each fuel, as well as fuel and electricity efficiencies,
Table S8: CO, emission intensity by power generation type, Table S9: The mean value and standard
errors of Carbon footprint of SLE-Vs, Figure S1: Embodied CO, intensity of grid power by electricity
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Abbreviations

The following abbreviations are used in this manuscript:

SLF-V  Synthetic liquid fuel vehicle

GV Gasoline vehicle

HEV Hybrid electric vehicle

BEV Battery electric vehicle

ICEV  Internal combustion engine vehicle
TtW Tank-to-wheel

WitT Well-to-tank
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WtW  Well-to-wheel

FT Fischer-Tropsch

LCA  Life-cycle assessment

DAC  Direct air capture

CCU  Carbon capture and utilization
BAU  Business as usual
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